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ABSTRACT 

Periodical sub-parallel fold-like structures observed in the Western Gobi have two characteristic dominant wavelengths 
of approximately 50 and 300-360 km. We explain these observations in terms of independent quasi-viscous folding of the 
crustal and upper-mantle parts of the lithosphere due to horizontal transpressional stresses in Central Asia induced by the 
collision with the Indian plate. We derive a model for the mechanical response of the continental lithosphere to horizontal 
stresses for a rheologically-layered plate with non-Newtonian power law rheology overlying a low-viscosity asthenosphere. 
The differentiation in the effective viscosity and thickness of the strong upper-crust and upper-mantle lithosphere, along 
with the presence of a low-viscosity lower crust between them, leads to their partial decoupling during compressional 
deformation. These features result in the appearance of different wavelengths of the folds in the Western Gobi region. We 
derive simple semi-analytical estimates for the dominant wavelengths and rates of growth of surface undulations, con- 
strained by data from experimental rock mechanics, topography, and gravity. 

Introduction 

Observation, theory, and experiments demon- 
strate a feedback between loads and forces on 
the continental plates and their mechanical prop- 
erties (e.g. Kirby, 1983, 1985; Kusznir and Karner, 
1985). Recent studies of the structure of the 
lithosphere have shown that it is significantly 
non-uniform at least in vertical direction and, 
therefore, can be stratified into several rheologi- 
cal zones (quasi-layers) with essentially different 
mechanical properties. Models for the layered 
rheology of the oceanic lithosphere account for 
non-uniform mechanical properties by the intro- 
duction of a 3-layer (brittle-elastic-plastic) yield- 
stress envelope analogue to that formulated by 
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Goetze and Evans (1979) and McNutt and 
Menard (1982) and initially applied primarily to 
oceanic lithosphere (McAdoo et al., 1985; 
Chamot-Rooke and Le Pichon, 1989). 

In most cases the crust is ignored in models of 
the mechanical behaviour of the oceanic litho- 
sphere, as its thickness is small in comparison 
with the total thickness of the lithosphere. In 
contrast, the crust contributes almost half of the 
total thickness of continental lithosphere and, 
consequently, cannot be neglected. The mechani- 
cal properties of crustal rocks are essentially dif- 
ferent from those of mantle rocks (the lower crust 
is much weaker than the overlying upper crust 
and underlying upper mantle lithosphere; the ex- 
istence of the low-strength layer between the 
stronger ones can provide decoupling levels). This 
separation is caused mainly by the difference in 
flow laws for the crustal and mantle rocks. The 
crustal part of the continental lithosphere is char- 
acterised by the flow law of quartz- (diabase-, 
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diorite-1 rich rocks having lower temperature of 
creep activation than of olivine-dominated man- 
tle (Ranalli and Murphy, 1987). Quartz, with 
properties constraining the lower mechanical 
boundary of the strength of the crustal rocks 
(Brace and Kohlstedt, 1980; Tsenn and Carter, 
19871, is weak at temperature-pressure condi- 
tions corresponding to depths from lo-15 to 20- 
35 km. whereas mantle olivine can be strong to 
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depths of the order of 100 km for the old conti- 
nental lithosphere (see Fig. 1). Correspondingly, 
the lower boundary of the mechanically strong 
upper crust can be considerably shallower than 
the Moho which presents in itself a major rheo- 
logical discontinuity (Figs. 1 and 3). Therefore, 
the interval located between these two bound- 
aries is relatively weak, thus forming a viscous 
channel separating the upper crust and mantle 

0 

50 

Fig. 1. Yield-stress envelope for continental lithosphere. The right-hand side of the envelope (tension) is computed for a typical 

case of thermal age 500 Ma, strain rate Cr * 3 X lo-r5 s-’ (for comparison, the effect of strain rate variation in a range of 

10-‘“-10-20s-1 is also shown). The left-hand side of the picture (compression) shows part of the yield-stress envelope for 

thermally young 175 Ma (e.g. rejuvenated, or re-heated) continental lithosphere. Note that Byerlee’s law of brittle failure is 

practically age/ temperature independent, but there is a strong difference (asymmetry) between the compressional and tensional 

modes. For the same age the ductile parts of the yield-stress envelope are symmetric for tension and compression. The effective 

basic viscosity of the material can be estimated from simple relation gLerr = a/2i. For the Western Gobi we assume: Moho depth 

h = 50 km, average surface heat flow of 60 mW me2 (after Burov and Diament, 1992). 
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lithosphere (Chen and Molnar, 1983; Zoback et 
al., 1985). This relatively low-viscosity channel 
can act as a detachment zone between the strong 
upper crustal level of the lithosphere and the top 
of the mantle lithosphere (Lobkovsky and Kerch- 
man, 1991). The differential movement between 
the upper crust, lower crust and the mantle litho- 
sphere can be accompanied by additional heat 
dissipation and passive movements of the mate- 
rial in the lower crust (Lobkovsky, 1988; Kruse et 
al., 1991). 

This sandwich-like structure of the continental 
lithosphere potentially gives rise to disharmonic 
folding at upper crust and mantle levels due to 
horizontal stresses applied to the margins of plates 
interacting at intercontinental collision zones 
(King, 1986; Hall and Chase, 1989; Stein et al., 
1989; Stephenson and Cloetingh, 1991). Because 
of the difference in the effective strength of the 
levels, the characteristic wavelengths of the folds 
will be also different. We suggest that this mode 
of compressional deformation occurs in the re- 
gion of plate collision in the Western Gobi (Fig. 
2; see also Nikishin et al., 1993-this volume). To 
investigate the way of development of the defor- 
mation, we use a mechanical model of viscous 
folding of the continental lithosphere for this 
collisional zone (Fig. 3). As discussed in the com- 
panion paper (Nikishin et al., 1993-this volume), 
the neotectonic history of this area (formed in the 
Late Palaeozoic-Early Mesozoic, and renewed in 
the Jurassic, Cretaceous and Tertiary) is charac- 
terised by the presence of spatially periodical 
vertical movements of the basement related to 
the sub-parallel surface structures with dominant 
wavelengths clustering around 50 and 300-360 
km (Fig. 4). The trend of the sub-periodical struc- 
tures is approximately in a NE direction, roughly 
coinciding with the direction of northward mo- 
tion of the Indian sub-continent. The motion of 
India causes N-NW-NE movement of the 
Pamir-Tibet and Tarim blocks, apparently re- 
sponsible for the NW-N-NE orientation of the 
major horizontal compressional stresses and NE- 
N-NW orientation of the orthogonal intermedi- 
ate horizontal transpressional stresses, respec- 
tively, observed in Tien Shan and the Western 
Gobi (Tapponnier and Molnar, 1979). Deforrna- 

tions with a wavelength of 50 km are not associ- 
ated with the gravity anomalies, but are clearly 
expressed in the space spectrum of the move- 
ments. This supports the notion of upper crust 
detachment folding, because the deformation of 
the rheological interface between the upper crust 
and lower crust is not associated with deforma- 
tion of density boundaries. 

Mechanical properties of the lithosphere 

For old continental plates the effective flexural 
rigidity of the crust is always noticeably less than 
that of the mantle lithosphere (Kusznir and 
Karner, 1985; in fact, this may be valid also for 
young lithosphere). As a result, the overall me- 
chanical strength of the lithosphere is mainly 
controlled by the mechanical behaviour of the 
upper mantle levels (De Rito et al., 1986, 1989; 
McNutt et al., 1988; Burov and Diament, 1992). 
Burov and Diament (1992) found that for Palaeo- 
zoic lithosphere the average effective elastic 
thickness h, for quartz-dominated crust is about 
lo-20 km, whilst for the mantle lithosphere it is 
about A, = 40-65 km <h, = (h, -h); h, is the 
depth to the lower boundary of the mechanical 
lithosphere; h is the Moho depth). The effective 
elastic thickness of the plate, consisting of II 
detached layers is h,, = tE~s,,hf>‘/3, where hi is 
a effective elastic thickness of i-th layer. Corre- 
spondingly, the overall effective elastic thickness 
h, of the 2-layer plate is: 

h, = ym = max(h,, fz2) = h2 (2-l) 
Although experimentally derived power law 

relations describe a strongly non-Newtonian be- 
haviour of the materials, an “effective” viscosity 
can be introduced for ductile domains deforming 
at basic steady strain rate 6: 

CLefi = ff/2i (2.2a) 

For most lithospheric materials in creep mode 
i =A*# exp[-H*/(RT)] (Kirby and Kronen- 
berg, 1987; Ma&well et al., 1990), pefr can be 
expressed as: 

pefr = 1/(2A*)a’-” exp[ H*/RT)] 

= 1/(2A*‘/“)i-‘+‘I” exp[H*/(nRT)] 

(2.2b) 
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Fig. 2 (a). The map of mean topography elevations (60’ x 60’) in Central Asia with the location of data profiles. 60’ X 60' data 
overlapped on the profiles with fine 7.5’ x 5' data in the zone between 35S”N, 75”E-45”N, 800E. (b). Analogous map of mean 

Bouguer gravity anomalies. 
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FOLDING 

A’ 
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Fig. 3. Cartoon of the model of two-level folding of the 
continental lithosphere under action of horizontal stress P. 

Competent crustal and mantle portions of the lithosphere are 
decoupled by low-viscosity material of the lower crust, and 

have different effective strengths and viscosities Or,, ia and 
&, pcLz respectively). As the result, the deformation has two 
different dominant wavelengths, A’ and A. The effective vis- 
cosity of the lower crust is &, and the viscosity of the 

asthenosphere is pt. 

where u is the differential stress; R = 1.986 cal 
(mol K)-’ is the gas constant; T is the tempera- 
ture in K, A* is the material constant; n is the 
effective power exponent, ranging from 2 to 4.5 
dependent on the mineral; and H * is the activa- 
tion enthalpy. For quartz-dominated rocks we 
assume A* = 5 x lo-‘* (Pa s)-i, H* = 45 kcal 
mol-‘, n = 3 (Brace and Kohlstedt, 1980). For 
dry olivine we use eq. (2.2b) for u Q 200 MPa 
(A* = 7 x lo-l4 (Pa s)-‘; H* = 125 kcal mol-‘; 
n = 3), whilst for u > 200 an approximate form 
suggested by Molnar and Tapponnier (1981) is 
more convenient: 

peff= 1/(21)~~[1- /ln(i,/i)RT/E*] (2.2~) 

where (T, = 8.5 x lo3 MPa, i, = 3 x 101’ s-l and 
E * = 128 kcal mol-‘. The average strain rates 
(3 + 6 x lo-l5 s-l) in Central Asia and Western 
Gobi are quite steady over the geological time 
scales (Molnar and Deng Qidong, 1984; see also 
Nikishin et al., 1993-this volume). 

The mechanical behaviour of the lower crust 
under certain conditions could be controlled by 
creep laws of rocks with higher activation temper- 
ature, than quartz (e.g. Stephenson and Cloet- 
ingh, 1991). This could be potentially important 
in cases where the surface heat flow is relatively 
low ( < 50 mW m-*) and/or Moho is not deeper 
than 30-35 km (Fadaie and Ranalli, 1990). In the 

Western Gobi the surface heat flow is exceeding 
60 mW m-*, and average Moho depths are about 
45-55 km (Burov et al., 1990; Li Fu-Tian et al., 
1990). Consequently, a quartz creep law for the 
whole crust is probably a reasonable approxima- 
tion. This choice is also justified by the absence 

PROFILE A6 

jz!s 

z 1000 ; 

c 0 : t- 
$il -1000 - 

; -2000 : 

+ -3000 ’ ’ ’ ’ ’ 
0 1000 3000 

DISTANCE, KM 

PROFILE CD 

3000 

DISTANCE, KM 

PROFILE EF 

I 6000 

u; 5000 ?N 

5 4000 - ! F; 1 

0 1000 2000 3000 4000 

DISTANCE, KM 

PROFILE GH 
I 6000 

$ 5000 ?N 

6 4000 - 
E 
y 3000 

$ 
z 

8 

2000 ‘““;: 

b -1000 - 

iyi 

; -2000 - 
+ -3000 I I I I,, , 

0 1000 2000 3000 4000 

DISTANCE, KM 

Fig. 4. Neotectonic vertical movements of the basement, along 
the profiles A-B, C-D, G-H, E-F shown in Fig. 2. 



7x 

of the lower crust seismicity in this region (Chen 
and Molnar, 1983; Meissner and Strehlau, 1982) 
which is to be expected if the lower crust is strong 
and brittle. 

The temperature distribution T = T( y ), neces- 
sary to estimate the effective viscosity, can be 
obtained from the equation of the thermoconduc- 
tivity with the assumption that for the old conti- 
nental plate the dependence of the temperature 
on the velocity of plate motion can be neglected: 

I 

aT a*T -- 
at X’jp = 

kc. 
for O<y<h, 

i3T a=T xc2 %z” 42 
-- 

( at 
xC*ay2 = 2k,, -Au,,---- 

aY +c,, (2.3) 

for h,<y<h 

aT a=T 
-- 
af 

x,,,.=O for h<y<a 
aY 

The boundary conditions are: 
T(0, t) = 0 (temperature at the upper surface = 

const = 0’0 
T(a, t) =T, = 1350°C (depth of the thermal bot- 

tom a = 250 km) 
T( y, 0) = T, (homogeneous temperature distribu- 

tion at the beginning) 
Here, k, and k,, are the thermal conductivity 

coefficients for the upper- and lower-crust mate- 

rials, xc, xc2, and x,,, are the thermal diffusitivity 
coefficients for the upper and lower crust and 
mantle, respectively; t is time; pc, and pc2 are the 
densities of upper and lower crust, H, is the 
surface radiogenic heat production rate per unit 
mass, and h, = 10 km denotes the characteristic 
depth scale for the decrease in radiogenic heat 
production. The radiogenic term must be in- 
cluded in calculations of temperature distribution 
at least in the upper crust, since the heat genera- 
tion due to decay of radioactive elements con- 
tributes around 50% to the total heat flux mea- 
sured at the surface of the crust. In the lower 
crust the term xc,k;‘pc2Hs exp(--yh;‘) can be 
replaced with averaged heat generation Hc2Cc11, 

where Hc2 is the average radiogenic heat produc- 
tion rate per unit mass in the lower crust and Cc2 
is the specific heat capacity of the “basic” rocks 
of the lower crust, 

Concentration of radiogenic elements in the 
mantle rocks is a factor of 10 less then in the 
crust, and thus can be neglected (Parsons and 
Sclater, 1977; Sclater et al., 1980; Turcotte and 
Schubert, 1982). The term (2k,,)F ‘xcrA.cr,,au,, 
(y)/ay -xk;‘fi,u$/(h -h,)’ is included to ac- 
count for dissipative heat generation due to pos- 
sible viscous sliding between the crustal and man- 
tle portions of the lithosphere; fi2 is the mean 
viscosity of crustal material in the viscous chan- 
nel; u,.) is the averaged velocity of differential 
motion between upper crust and lithospheric 
mantle. Z?&,,,/ay, afi,,,/ax) is the velocity per- 
turbation term, related to 2-D flow velocity pcr- 
turbations due to folding. Since these perturba- 
tions are assumed to be relatively small, for pre- 
liminary calculations it is taken to be zero. The 
expression for P is: 

~=xc~k&c&ky)L + (Icl,, -L,=] 

where 5k,,y, $y_v. +X, are second-order partial 
derivatives of the perturbation stream function 

derived in the next sections. 
The homogeneous solution T,( y, t) (Carslaw 

and Jaeger, 1959) is: 

T,,(Y, t) 

=T,, ya-’ 
i 

The partial solution TP is obtained with addi- 
tional assumption that 

TI,,_,= TI . dT 
‘I I hl+“’ aY h,-0 

= f h (); 
1+ 

The last boundary condition assumes heat flux 
continuity across the crust-mantle boundary. Ap- 
plying the solution T(y, t) = T,(y, t> + T,(y, t) 
of the thermoconductivity equation (2.3) to eqs. 
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(2.2b,c), we calculated the resulting yield-stress 
envelope, that is a contour a, = f(y), within which 
the lithospheric materials can be competent and 
outside of which they are weak in terms of char- 
acteristic geological time scales (say, the charac- 
teristic relaxation time for the competent litho- 
sphere is of order of lo-’ yr or more, while that 
for the weak regions and underlying mantle is 
about low4 + 10e5 yr (Fig. 1). Therefore we get 
that the typical relation of the effective viscosity 
within the yield-stress envelope (contour delineat- 
ing competent regions of the lithosphere; see Fig. 
1) to the effective viscosity of surroundings is 
about of two or more orders. 

The values of the parameters of the thermo- 
conductivity equations used for our calculations, 

are: 
k, = 2.5 Wm-‘K-l; k,, = 2 Wm-‘K-l; k, = 

3.5 Wm-‘K-l; ,yc = 8.3 X lo-‘m2s-‘; ,yc2 = 6.7 
X lo-‘m2s-‘; xm = 8.75 x lo-‘m2s-‘; pc = 2650 
kg mp3; pc2 = 2900 kg mV3; H, = 7.5-9.5 X 10-l’ 
W kg-‘; H,,C,’ = 1.7 x 10-13K s-l. 

The average Moho depth in Gobi is around 
h = 50 km (Burov et al., 1990) and an average 
value of h,, estimated using eqs. (2.2a-c) and the 
solution for T(y, t) for Palaeozoic age, is around 
120 km; that gives h, = 70 km (Fig. 1). The value 
of h, is approximately 10 + 15 km. The estimated 
typical relation of viscosity of the competent 
crustal and mantle layers to the viscosity of the 
surrounding material is thus around &/& p2/ 
/_&I = 10 + 50 (/.&,/A2 N 1O22 + 1O23 Pa X s and 
kL;,pi N 1021 Pa X s). The most reasonable value 

for CL~/CLL~~/CL~ is _ 20, because it corresponds 
to considerable average tectonic stresses of the 
order of N lo2 MPa (Meissner and Strehlau, 
1982; Cloetingh and Wortel, 1985). The values of 
h, and h, can be also treated in terms of the 
effective thickness of the high-viscosity (or com- 
petent) cores of the crustal and, respectively, 
mantle parts of the lithosphere (Zuber and Par- 
mentier, 1986; Zuber, 1987). It does not change 
the relation (eq. 2.1), since the definition of the 
flexural rigidity 0, for the case of viscous flexure 
is analogous to that for the elastic case: 

D, = hefi( h; + @)3n (2.4a) 

while for the elastic rigidity D,, expressed via the 

effective Young modules E and Poissons’s ratio 

V, we have: 

De = E( h; + @)/12( 1 - v2) (2.4b) 

This similarity of eqs. (2.4a) and (2.4b) allows us 
to interpret the estimates of the effective elastic 
thickness in terms of effective mechanical thick- 
ness of high-viscosity crustal and mantle layers. 

Gravity anomalies in the Western Gobi region 

The crust does not contribute significantly to 
the total strength of the lithosphere and, there- 
fore, does not significantly affect its overall de- 
flections under distributed vertical loads or point 
forces (e.g. flexure of lithosphere due to load of 
surface topography). The crust has, however, to 
be taken into account in problems of non-uni- 
form horizontal deformation of the lithosphere, 
because in this case the crustal and mantle litho- 
spheric levels are allowed to deform more inde- 
pendently. Such effects play a potentially impor- 
tant role in the case of folding/ buckling of the 
competent upper crustal layer overlying a low- 
viscosity lower crust. This process begins due to 
the application of compressional horizontal 
stresses at margins of the plate. Because of the 
presence of the competent crust/viscous crust 
and viscous crust/ mantle interfaces, the compe- 
tent crust may fold relatively independently of 
the lithospheric mantle. One of the characteristic 
features of such process will be the modest ex- 
pression in the observed Bouguer gravity, whilst 
the periodical elevations of the basement may be 
considerable. The main source of Bouguer 
anomalies is related to deformation of the Moho 
boundary, which presents the main density dis- 
continuity in the lithosphere. Since there is no 
significant density change associated with the 
transition from the mechanically strong upper 
crust to the underlying low-viscosity crust, defor- 
mation of the interface between these layers will 
be not immediately expressed in the gravity field. 

The Western Gobi region (Fig. 2) is charac- 
terised by the occurrence of sub-parallel periodi- 
cally spaced SE-NW-striking folds, which are 
particularly well expressed on profiles of neotec- 
tonic movements of the upper surface (Fig. 4, see 
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also figs. 2 and 4 in Nikishin et al., 1993-this profiles. The data profiles include the observed 
volume). Spatial spectral analysis detects two Bouguer gravity anomalies, amplitudes of the ver- 
dominant harmonics corresponding to wave- tical neotectonic movements, topography, and the 
lengths of about 50 and 300-360 km. Figures 2 theoretical Bouguer anomalies calculated for a 
and 3 show the location of four data profiles, simple model of the local compensation (Airy 
selected in such a way that they cross the bends isostasy). These data reveal the existence of dis- 
of most pronounced folding. Figure 2a,b gives the crepancies of up to 50 mGa1 between the ob- 
topography and Bouguer anomaly map of Central served gravity signal and the signal predicted by 
Asia with the general location of the profiles, the “reference” Airy model. This is undoubtedly 
whereas Figures 4 and 5 display the individual a significant indication for the existence of a 
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more complicated mechanism of isostatic com- 
pensation. The periodical character of neotec- 

tonic movements also points to the presence of 
some specific dynamic processes responsible for 
the observed periodicity. The mechanism capable 
to create such sub-periodical structures is proba- 
bly related to the mechanism of the dynamic 
folding of the crustal and mantle layers of the 
lithosphere due to the horizontal stresses result- 
ing from the northward movement of the Indian 
plate (Cloetingh and Wortel, 1985, 1986). 

Folding of rheologically stratified lithosphere: 
theory 

The theory of the folding of a strong (com- 
petent) layer surrounded by significantly weaker 
material has been treated with assumption of 
various rheologies in series of papers published 
since the late fifties (Biot, 1957, 1961; Timo- 
shenko and Woinowsky-Krieger, 1959; Sherwin 
and Chapple, 1968; Ramberg, 1970; Fletcher, 
1974, 1977; Smith, 1975, 1977, 1979; Fletcher and 
Hallet, 1983; Ricard and Froidevaux, 1986; Zuber 
and Parmentier, 1986; Zuber, 1987; Bird and 
Gratz, 1990; Marthinod and Davy, 1992). Con- 
sider a layered system consisting of a layer of 
effective viscosity kz surrounded by material of 
lower viscosity pi and undergoing uniform short- 
ening at a basic strain rate i N (2/LXdL/dt), 
where L is a length of a reference segment. 
According to the theory of folding, if the layer is 
much stronger than the surroundings (pz >> or), 
the system as whole becomes unstable and fold- 
ing of the layer begins (Smith, 1979). The defor- 
mations developing during shortening are caused 
by amplification of small random pre-existing dis- 
turbances taking place at the boundaries (inter- 
faces) of the layers. One of the obvious reasons 
for the origin of the initial “waviness” of the 
interfaces is the flexural deformation of the litho- 
sphere due to the presence of pre-existing non- 
uniformly distributed topography loads. The ir- 
regularities on the interface between the materi- 
als produce a secondary perturbation flow which, 
in turn, interacts with the interface and deforms 
it. The intensity of the flow and the amplitude A 

of the irregularity grow together influencing each 

other. 
The stress components for generalised 2-D 

case can be expressed as: 

uii = -Paij + k( 8)iij i,j = 1,2 

-2 *2 
*2 - P=p+fi; e=Q+Q+E22- 

( 
&11+E,, 

1 

2 

Here P is the pressure equal to the sum of the 
basic (p) and perturbation ( fi) pressure compo- 
nents, is the viscosity defined as a function of 8 (19 
is the second invariant of the strain rate, defined 
as a sum of the basic strain rate J?? and perturba- 
tion strain rate P). Let n2 =p2/q2, n, =pi/ni 
be the effective power exponents for the layers 
(here q2 and q1 are the effective viscosities for 
perturbation normal shear), and y be the non-di- 
mensional growth rate which depends on the 
ratio m =p2/p,, on n2, n, and on the ratio of 
the wavelength of the irregularity A to the layer 

thickness H. First, let us consider a limit case of 
strongly non-Newtonian layer (n, + CQ> embed- 
ded in Newtonian material (n, -+ 1). The pertur- 
bation constitutive equations for the layer are 
(Smith, 1977, 1979): 

I 

ffll = -P 

a24 au 
ff12 =cL2 ay 

( I +ax 

*22 = -P 

The continuity equation is: 

(3.1) 

au au 

-+Fi=O ay 

The strain rate components are: in = 2 au/ax; 
G 12 = atd/ay + au/ax; i22 = 2 av/ay. 

Defining the stream function $ for velocity 
perturbations fi and fi (u = u0 + 1?; v = v,, + 6) as: 

we obtain the equilibrium equation: 

* xxxx - 24Lx,, + @YYYY = 0 (3.la) 
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with separable solution for I& 

*=eiax[C, sin(cuy) +C,y sin(cry) 

+c, cos( (Yy) + c,y cos( ay)]=@*( y)PX 

For simplicity, we assume here that the sur- 
rounding material has the Newtonian (n, + 1) 
rheology (for the lithosphere, due to the strong 
difference in the characteristic stress relaxation 
time of the material of the competent layers and 
surroundings, the rheological “details” of the sur- 
roundings, such as power law exponent, are prob- 
ably not very important). This assumption allows 
one to rewrite the perturbation constitution and 
equilibrium equations for the surroundings in the 
following form: 

ffll = -,+,,,g 

fl12 (3.2) 

Equations (3.2) can be reduced to the biharmonic 
equation: 

*XI,,,, + 2*X,,, + *,,y, = 0 (3.2a) 

The general solution of the equilibrium equa- 
tion is: 

Now, to solve eqs. (3.1) and (3.2) together, we 
assign four boundary conditions acting on the 
interface between the strong layer and the sur- 
rounding material (Smith, 1979): 

No slip condition, continuity of horizontal veloc- 

ity: 
‘, =u2 

Continuity of vertical velocity: 
ii, = ii2 

Continuity of the tangen?; Ltr;e$: 

Aa,, = 4(p2 - P’)E dt ax 

Continuity of normal stress: 
AU,, = 0 

Assuming also that the local displacement of 
the interface from its mean position h(x,t) satis- 

fies the kinematic ah/at = we can 
the boundary as: 

@, 

(3.2b) 
Y 

p2 a3@, a2aq a3q 3a2 aa,, 
- -+- =______ 

i Pl dY3 8Y I ay’ ay 

To simplify the solution, we assume $(x,-y) 
= -J/(x,y) and the solution for dimensionless 
growth rate of instability of growth y (defined as 
y=G/(E/2) - 1; G =A-‘dA/dt) will be: 

2m2 tan: 

Y= K K 
mt-+tanK+ m+- tan2- 

2 i 1 

K (3.3) 

2 2 

where m = pZ/p, and K = 2rrH/h. 
Derivation of the expression for growth rate of 

folds y for arbitrary values of CL*, /.L~, n2, n, (with 
the only limitation that p2 > pi, n2 > n,, .LL~ > n2, 
p, > nr) is analogous to the case of (n, --+ ~0; 

n, -+ 1). 
The equilibrium equations (3.la, 3.2a) will have 

the following form: 

LX, + 2(2/%,2 - WL,, + +yy,vy = 0 

whilst the last boundary condition in eq. (3.2b) 
will be replaced with: 

(y2 a@, 
- --(4/n,- 1) 

a3@, ff2 a*, 
= - - --(4/n, - 1) 

ay3 
(3.4) 

Correspondingly, the expression for growth rate 
y, valid for arbitrary values of pz, pl, n2, n1 

(p2 > P,, n2 > n,, k > n2, ku, > nl), is: 
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2n*(l -m-l) 
Y= 

results of testing eq. (3.5) against arbitrary values 

Q2+&7+ 
(I+ Q)zeW’* - (I- Q)Z@P _ I 

2sin 7 

of PV and n2 (Figs. 6 and 7). Figure 6 represents a 
3-n; K map of dominant wavelengths corresponding to 

WI 
maximum growth rates for a broad range of val- 

where Q = m-l {m 
ues of n2/n1 and ajar. From this figure it is 
evident that for kz,/k, C&/&j G 20-30 and for 

One can see from eqs. (3.3-3.5) that in the 

Iimit case of m + m the growth rate y N S$K 

~~/~~~~~/~~) = 20 the dominant value of h/H is 
about 4-6. As we mentioned in the previous 

Note also that in the initial stage the growth of sections, the range of reasonable values for m is 

folds is governed by more simple relation: limited by h- 10 -z- 50, and by N 10 -+ 20 or slightly 

1 dA y-b1 dL 
more for yl*/nl (n, = ~~/r/~, ~1~ =~r/qr, with 

--=--- (3.6) 
the effective viscosities for iongitudin~ and nor- 

A dt L dr mal stresses pcLI, y2, qr, r/2 defined from the 

The dominant wavelength h/H, calculated expressions for stress and strain rate components). 

from eq. (3.5) for values of m -, 20-30 and n2 N The values of ~z/~l, p,fn,, ,ur/r)r, obtained 

20, constrained from combined solution of the from the analysis of this section, are within the 

perturbation Constitution and equilibrium equa- Iimits derived in the preceding sections on the 

tions and eqs. C2.2b,c) and (2.3) is found to be base of the rheological properties of lithospheric 

between 4 and 6. This result is confirmed by materials. It should be noted also that values 

Dominant wavelength corresponding to growth rate7 

^_I-_-- 

Fig. 6. The map of dominant wavelengths providing maximum growth rates of folds, as a function of n,/n, and P~/~_L,. It is clear 

that for pz/pcLI G 20-30 and for n,/n , = 20 the dominant value of h/W is about 4.5-6. 
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y ;, 

2 4 6 8 10 12 14 16 18 20 22 24 

h/h 
Fig. 7. The dependence of the growth rate y on the non-di- 
mensional wavelength A/H. Dashed lines show the regions 
characteristic for the profiles of neotectonic movements from 
Fig. 4. A good correlation exists between the observed and 
predicted dominant wavelengths. The sensible range begins 
from A/Ha2. (a) m=~~//.~r=lO: na/n,=l (Curve 1); 
10/l (Curve 2); 20/l (Curve 3); 50/l (Curve 4); 100/l 
(Curve 5); lOGO/ (Curve 6). (b) m = pL2 /pt = 20: n2 /nt = 1 
(Curve 1); 10/l (Curve 2); 20/l (Curve 3); 50/l (Curve 4); 
100/l (Curve 5); 1000/l (Curve 6). (c) m =/+/~t -50: 
n2 /n, = 1 (Curve 1); 10/l (Curve 2); 20/l (Curve 3); 50/l 

(Curve 4); 100/l (Curve 5); 1000/l (Curve 6). 

20-30 for m and 20 for n,/n, are in good agree- 
ment with earlier estimations made by Smith 
(1977). Figure 7 shows the growth rate as a func- 
tion of wavelength A/H calculated for different 
values of n2/lt, and &w,. The values of the 
growth rate y computed for rheological parame- 
ters best representing the lithosphere, are in a 
relatively narrow range of 15-30. Another con- 
clusion drawn on the base of this figure is that 
the maximum growth rate will be reached at 
smaller wavelengths as n2 increases. To consider 
the whole-lithospheric folding, we solve a system 
of four sub-systems of equations, analogous to 
eqs. (3.1) and (3.21, for the upper crust, lower 
crust, mantle lithosphere and asthenosphere. The 
boundary conditions are analogous to eqs. (3.2b) 
and (3.41, and assigned correspondingly at the 
upper crust, upper crust/ lower crust; lower 
crust/mantle lithosphere, mantle lithosphere/ 
asthenosphere interfaces. The results appear to 
be not significantly different from that for mantle 
lithosphere folding. This is more or less obvious 
since the whole-lithospheric deformation in the 
plate with weak lower crust is predominantly 
controlled by deformation of the strongest rheo- 
logical layer. 

Folding of rheologically stratified lithosphere in 
the Western Gobi 

The existence of a weak layer between the 
upper crust and mantle lithosphere, along with 
the essential difference in the effective strength 
of the crustal and mantle parts of the lithosphere 
as well as apparent separation between the ob- 
served periodical structures in the spatial fre- 
quency domain, suggests the occurrence of 
disharmonic folding of the crust and the mantle. 
The development of intraplate deformations 
could be essentially controlled by pre-existing dis- 
tributed topography loads which affect both the 
resulting wavelengths of subsequent compres- 
sional deformations and local spacing between 
resulting basement undulations. As shown by 
McAdoo and Sandwell (19851, the initial loads 
may increase the value of the dominant wave- 
length of the deformation in the lithosphere. For 
a thermal age of approximately 500 Ma, a Moho 
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depth h = 50 km and a surface heat flow value of 

-60 mW/m2, corresponding to the Western 
Gobi, an estimate for the effective elastic thick- 
ness of the competent crust and mantle is about 
lo-20 km and 65 km, respectively (Burov and 
Diament, 1992). For these values, the area be- 
tween the base of the mechanically strong crust 
and the upper boundary of the mantle litho- 
sphere presents a low-viscosity layer 2-3 times 
thicker than the strong crust itself. As shown in 
the previous section, the typical relation between 
the dominant wavelength of folding and the ef- 
fective thickness of the competent layer is about 
4-6. This supports the notion that the first of the 
two dominant wavelengths, forming the sub- 
parallel structures in the Western Gobi region 
(50 km), is related to folding of the strong high- 
viscosity upper crustal layer having an effective 
thickness of about lo-15 km. Structures with a 
wavelength of 300-360 km are probably caused 
by folding of the competent mantle layer having 
an effective thickness of 40-70 km. These results 
also conform our initial assumption of quartz- 
dominated crustal rheology, because, as follows 
from lithosphere strength envelopes calculated 
for different crustal rheologies by Stephenson 
and Cloetingh (19911, the quartz-diabase crust 
should be strong up to depths of > 30 km, whilst 
quartz-diorite crust is strong up to depths of 25 
km. In that case one could expect that the wave- 
length of related folds will be within 100-180 km, 
which does not correspond to the observations. 
On the other hand, it should be noted that even 
if the crust is more “basic” than it was supposed 
for Gobi, it will not be necessarily much stronger. 
The crustal strength envelope still will have the 
narrow “necks”, or strength defects, now located 
at quartz- diorite- diabase- transition zones. Pres- 
ence of these “necks” will permit detachment of 
the upper crust from the lower crust, even for 
relatively low levels of differential stresses in ex- 
cess of 100 MPa (Goetze and Evans, 1979; Tur- 
cotte and Schubert, 1982). Typical differential 
stresses in the continental lithosphere, induced by 
flexure and/or folding are normally higher than 
100 MPa. As soon as detachment occurs, the 
differential motion of the layers will start and 
facilitate an additional decrease in strength of the 

detached layers (e.g. heating due to viscous fric- 

tion). 
The topographic loads, disturbing the geome- 

try of the interface between the high-viscosity 
crust and the underlying low-viscosity crustal 
channel, will affect the flow of lower-crustal ma- 
terial and may lead to appearance of non-uni- 
form secondary flow “cells”. In fact, Smith (1979) 
has shown that such perturbation “cells” may be 
induced by irregularities of the shape of the inter- 
face between the shearing materials with differ- 
ent viscosities. The continental lithosphere is 
characterised by at least three interfaces (strong 
crust-viscous crust-strong mantle lithosphere- 
viscous mantle lithosphere) along which the 
shearing movements may take place. If these 
interfaces are closely spaced (at the distance of 
order l/4-1/6), disturbances developing along 
one interface, may influence deformation along 
the adjacent interface, resulting in much more 
complex flow patterns. This co-interaction must 
take a place, since the normal stress must be 
continuous across the interfaces while the mate- 
rial properties are discontinuous. Such interflu- 
ence between the rheological interfaces will af- 
fect the total dominant wavelength of deforma- 
tion which will be-dependently on time and 
A/H-slightly shorter than that computed di- 
rectly from eqs. (3.3-3.5). 

Conclusions 

Characteristic dominant wavelengths of ap- 
proximately 50 km and 300-360 km of the period- 
ical sub-parallel structures observed in the West- 
ern Gobi can be explained in terms of indepen- 
dent quasi-viscous folding of the crustal and man- 
tle parts of the lithosphere in response to hori- 
zontal stresses exerted on the plate margins as a 
consequence of collision between Asia and the 
Indian sub-continent. A key aspect of the model 
for the mechanical response of the continental 
lithosphere is the rheological zonation of the 
continental lithosphere. The differentiation in the 
effective viscosity and thickness of the upper crust 
and mantle parts of the lithosphere, separated by 
a low-viscosity layer, is consistent with different 
wavelengths of folds in the Western Gobi region. 
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The simple semi-analytical estimates for the dom- 
inant wavelengths constrained by the data from 
experimental rock mechanics, topography, and 
gravity provide a useful framework for the discus- 
sion of the spatial characteristics of large-scale 
folding of the lithosphere in Central Asia. 
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