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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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Fig. 1. Time-migrated section of explosive-source CMP data, shown to a depth of 25 s, with topography (exaggerated 50: 1) and tectonic zones shown above. 

travel time of the ARS matches that ex- 
pected for a shear wave reflected from the 
Moho, the reflection appears to have a 
velocity more appropriate for a P wave. 
Additionally, comparison with the overly- 
ing west-dipping Moho suggests that this 
event is not a simple P-wave multiple. The 
ARS may represent a mantle shear zone 
developed during assemblage of the oceanic 
and microcontinental terranes in the Ura- 
lian hinterland. Diffuse reflection fabrics 
are observed in the upper mantle on the 
eastern and western parts of the profile and, 
upon migration, remain at upper mantle 
depths. Beneath the Trans-Uralian zone, 
east-dipping reflections from 20 to 40 s may 
be related to remnant fabrics of Paleozoic 
subduction (Fig. 2). 

In the eastern part of the profile, the 
NRS consists of a series of reflections be- 
tween 35 and 45 s that can be traced for 
more than 75 km (Fig. 2). These reflections 
include four west-dipping-tesubhorizontal 
reflection packages of ambiguous polarity 
and a signal-to-noise ratio of 2 : 1. The east- 
west extent of these reflections, crossing the 
dominant north-south structural strike of 
the orogen, implies that they do not origi- 
nate as reflections from shallow crustal fea- 
tures located out of the plane. Discontinu- 
ous, subhorizontal events consisting of two 
bands of reflectivity occur at 55 s (-200 
km) in the western part of the profile and 
are tentatively correlated with the NRS. 

There are several possible interpreta- 
tions for the origin of the NRS, including 
the base of the thermal lithosphere, a low- 
velocity shear zone, a fine-scale composi- 
tional variation, a relict west-dipping sub- 
duction zone, and fluids trapped within the 
mantle. Low-velocity zones have been iden- 
tified at similar depths within central Eur- 
asia in peaceful nuclear explosion data (3, 
and the NRS may correlate with these, 
implying a regional (>ZOO0 km long) ex- 
tent for this mantle signature. Because the 
polarity of the NRS reflections has not yet 
been determined with our existing P-wave 
reflection data, it is not possible to verify 
whether these reflections represent low or 

high velocities with respect to the surround- 
ing mantle. However, the depth of the NRS 
is consistent with inde~endent estimates for 
lithospheric thickness throughout Europe 
(6), and the geometry of the interpreted 
lithospheric boundary, shallowing from be- 
neath the Archean crust of the East Euro- 
pean craton to the accreted Paleozoic crust 
of central Eurasia, suggests a plausible corre- 
lation of lithos~heric thickness with the aee 

u 

of crustal formation. Reflectivity at the base 
of the lithosphere has not been widely re- 
ported; however, a few near-vertical inci- 
dence reflection studies have recorded to 
these depths, and the higher frequencies 
used in reflection seismology should pro- 
vide ereater resolution of the lithos~here- 

L7 

asthenosphere boundary, particularly for 
small-scale structure within a velocity gra- 
dient. Regardless of whether the strain is 
localized at a basal boundary or distributed 
within a thick zone of the upper mantle, 
the Eurasian plate has been translated by 
hundreds of kilometers relative to the un- 
derlying asthenospheric mantle since the 
Late Paleozoic (7), a process that has os- 
tensibly imparted strain fabrics and ac- 
cordingly impedance contrasts in the low- 
er mantle lid. 

Previously identified seismic reflections 
from the mantle ( 8 )  occur between 20 and . , 
30 s. In most cases, these are moderately to 
steeply dipping and migrate to considerably 
shallower levels (<80 km) in the mantle, 
making the NRS the deepest reflection im- 
aged with the common midpoint (CMP) 
technique. It remains unclear whether the 
fabrics and reflections observed in the Ura- 
lian mantle are preserved from Paleozoic 
orogeny or represent a younger history of 
structural and thermal evolution of the 
mantle lithosphere. If these mantle reflec- 
tions represent structures created during 
and preserved since the collision, the UR- 
SEIS '95 data ~rovide evidence that stabili- 
zation of continental lithosphere took place 
directly after orogeny, and relatively little 
modification of the mantle has taken place 
since. Alternatively, younger development 
of these features in the mantle, either as 

Fig. 2. Unmigrated section of the eastern end of 
the explosive-source CMP data, illustrating the 
position, geometry, and reflective character of the 
NRS, the ARS, diffuse east-dipping mantle fab- 
rics, and the Moho. 
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structural fabrics or as compositional differ- 
entiation, would imply that such mantle 
processes can take place without noticeably 
affecting the overlying crustal column. 
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A Mini-Surge on the Ryder Glacier, Greenland, 
Observed by Satellite Radar Interferometry 

Ian Joughin, Slawek Tulaczyk, Mark Fahnestock, Ron Kwok 

Satellite radar interferometry reveals that the speed of the Ryder Glacier increased 
roughly threefold and then returned to normal (100 to 500 meterslyear) over a 7-week 
period near the end of the 1995 melt season. The accelerated flow represents a sub- 
stantial, though short-lived, change in ice discharge. During the period of rapid motion, 
meltwater-filled supraglacial lakes may have drained, which could have increased basal 
water pressure and caused the mini-surge. There are too few velocity measurements on 
other large outlet glaciers to determine whether this type of event is a widespread 
phenomenon in Greenland, but because most other outlet glaciers are at lower latitudes, 
they should experience more extensive melting, making them more susceptible to 
meltwater-induced surges. 

Discharge of ice through outlet glaciers 
represents a substantial part of the mass loss 
of the Greenland and Antarctic ice sheets 
and thus has a major impact on their mass 
balances. Few in situ observations have 
been made with which to assess the vari- 
ability of outlet glacier flow (1). Satellite 
radar interferometry now provides an im- 
portant means for measuring ice velocity 
(2-4). Using this technique, we document- 
ed a radical pulse in the speed of the Ryder 
Glacier, an outlet glacier at the northern 
edge of the Greenland Ice Sheet. This pulse 
or "mini-surge" (5) represents a significant, 
although short-term, increase in discharge 
from the ice sheet. There are onlv a few 
outlet glaciers from the large ice sheets on 
which substantial sueed variations have 
been observed ( 6 ) ,  a i d  none have exhibited 
a similar short pulse of enhanced motion. 
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Short pulses in speed have been document- 
ed on several valley glaciers, such as a large 
tidewater glacier in Alaska (7 ) ,  and the 
Variegated Glacier during an extended 
surge (8). 

The Ryder Glacier (Fig. 1)  drains a basin 
of 28.300 km2. about 1.7% of the inland ice 
area.  he total accumulation for the basin is 
a water eauivalent of 5.0 km31vear (9) -  mak- , ,  . . .  
ing the Ryder a moderately sized outlet 
glacier for Greenland. The Ryder has two 
branches, which converge at an elevation of 
1000 m; it then flows out through the Sher- 
ard Osborn Fiord. At  the head of the fiord. , , 

a prominent ice ridge is oblique to the fjord 
axis (Fig. 1) .  This feature is likely generated 
by ice flow over a subglacial bedrock ridge 
and shifts flow to the western side as ice 
enters the fjord. Ice backed up behind the 
ridge forms an ice plain (slope of -0.002) 
covered by several large lakes (Fig. 1). 

We  created several interferograms of the 
Ryder from images taken by the synthetic 
aperture radars on board the ERS-1 and 
ERS-2 satellites. There are striking differ- -. - 

Pasadena, CA 91 125, USA. ences between the interferograms for Sep- 
M. Fahnestock, Joint Center for Earth System Scence, 
Department of Meteorology, Un~versity of Maryland at tember and October of 1g95 (Fig. 2) over 
College Park, College Park, MD 20742, USA. the fast-moving portion of the glacier below 

about 1100 m. The density of fringes (color 
cycles) in the October interferogram (Fig. 
2B) is much greater than that in the Sep- 
tember interferogram (Fig. 2A), indicating 
that flow was more r a ~ i d  in October. The 
magnitude of the difference is far greater 
than the few frinees that mav be attribut- " 
able to differential propagation delays from 
atmospheric effects ( l o ) ,  and the patterns 
of enhanced fringes are clearly related to ice 
flow. Farther down-glac~er, on the fastest " 

moving parts, the pattern of fringes is lost 
completely in the October interferogram, 
whereas prominent fringes are still visible 
over this part of the September interfero- 
gram. The fringe loss is the result of gradi- 
ents in velocity beyond the rate that can be 
measured with a 1-day separation of images. 
In the region where there is a rapid increase 
in the flow speed (white boxes in Fig. 2, A 
and B), the pattern of fringes is more com- 
plex (Fig. 2C) than it had been before the 
speedup. 

The across-track comDonent of velocitv 
for the September obseivation (Fig. 3 ~ )  
agrees well with another velocity map made 
from ERS-1 images acquired in March 1992 
and appears to represent velocity in the 
normal flow mode of 100 to 500 mlvear for , , 
most of the glacier. A map of the difference 

Fig. 1. ERS-1 amplitude image of Ryder Glacier 
acquired on 18 March 1992 at the location indicat- 
ed by a solid-white box on the inset map. The 
pattern of low backscatter at the ice margin in- 
creasing to bright backscatter further Inland is the 
result of the different scattering properties of the 
bare-ice, wet-snow, and percolation facies (19). 
The locations where lakes existed during the previ- 
ous melt season appear as bright spots a few kilo- 
meters in diameter. Elevation contours at 50-m 
(thln) and 100-m (thick) intervals are plotted over 
ice-covered portions of the scene. We differenced 
pairs of interferograms to remove the displacement 
effect (20) to create this digital elevation model 
(DEM). The relative accuracy of the DEM is on the 
order of afew meters, although there may be long- 
wavelength errors of up to several tens of meters. 
White outlined box indicates area shown in Fig. 2. 
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