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Bouguer gravity anomalies over the Tien Shan and Pamir are large and negative, and therefore consistent with crustal
thickening beneath both mountain ranges. Gravity anomalies over the western Tien Shan are within about 10 mgal of
those expected for local Airy isostatic equilibrium, but those over the eastern Tien Shan are up to 50 mgal too large and
negative. Thus they require static or dynamic support of an uncompensated mass deficit. These gravity anomalies
cannot be matched using regional compensation of the weight of the range on a continuous elastic plate. A simple
model of two separate elastic plates extending north and south from the axis of the Tien Shan can allow an adequate fit
of observed and calculated anomalies. The flexural rigidity of the northern plate must be quite small (D <102 N m,
corresponding to an equivalent effective elastic thickness Ty < 25 km), but that of the southern plate must be larger
(D=10*" N m, Tg = 50-60 km). The data for the eastern Tien Shan cannot be fit without a force per unit length of
roughly 1-4 X 10'2 N, or by a bending moment, applied to the end of the southern plate. Thus either a deep mass per
unit length of about 1-4 x 10'! kg,/m must underlie the eastern part of the range, or dynamic (deviatoric tensional)
normal stresses of up to about 5 MPa, due to flow in the asthenosphere, must pull the Tien Shan down. Probably a
combination of them, resulting from the formation and sinking of a thickened lithospheric root, causes the deflection of
the Moho and the deviations from local isostatic equilibrium.

1. Introduction

Most mountain building occurs when and where
two plates of lithosphere converge with one
another, whether the plate boundary be between
an oceanic plate and a continental margin, as
along the Andes, or between two continents. Many
belts evolve from the first to second, when a
continent carried by a subducting plate of oceanic
lithosphere eventually collides with the overriding
continent. Most such mountain building occurs
near to where the two continents are sutured
together; the Himalaya, the Alps, the Appa-
lachian—Caledonian chain, and the Urals are noted
examples of this phenomenon.

The Tien Shan is probably the Earth’s most
spectacular active example of a mountain range
where these processes neither are happening, nor
have happened in Cenozoic time, but where, nev-
ertheless, active convergence of the lithosphere on
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the two flanks of the range is rapid. The range is
laced with active thrust and strike-slip faults, and
the seismicity of the Tien Shan is particularly
high, with four events with magnitudes exceeding
8 in this century, and a comparable number in the
last century [1-5]. As discussed below, a couple of
arguments suggest an average rate of convergence
across the chain of 5-20 mm/a, making the Tien
Shan the most active intracontinental mountain
range in the world. As such it probably is the best
active analogue for the style and distribution of
deformation that created the Rocky Mountains of
Colorado, Utah, and Wyoming, in the western
United States in Late Cretaceous and Early Ter-
tiary time [6-8]. Yet, the region is remote and
much less thoroughly studied than the major an-
cient ranges of the Earth, and what is known does
not, at present, offer strong constraints on the
physical processes that occur in the Tien Shan or
the reasons for why that area is the locus of active
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mountain building. One of the important ques-
tions that must be addressed in order to answer
such questions is: How does the deep structure of
the Tien Shan differ from that of the region
surrounding it?

Conservation of mass in regions where crustal
shortening and crustal thickening form mountain
belts requires convergence, if not also thickening,
of the mantle lithosphere beneath the range or
near to it [9,10]. The mantle lithosphere, which
underlay the crust that later was thickened, either
must have shortened horizontally and thickened as
well or must have detached from the overlying
crust to plunge into the asthenosphere. In the
latter case, one slab of continental lithosphere
might be underthrust beneath another, as occurs
in oceanic regions, and as seems to have occurred
in the Alps or the Himalaya. If continental crust
can be detached from its mantle lithosphere, then
the cold, negatively buoyant, mantle lithosphere
might plunge into the asthenosphere, drawing the
trailing part of intact lithosphere with it. There are
suggestions, from gravity anomalies and from
travel times of seismic waves, that this process
occurs beneath the Alps [11], beneath the Himalaya
[12,13] and beneath the Transverse Ranges of
California [14,15].

In intracontinental mountain belts, where
crustal shortening is not localized on one major
thrust fault but is distributed over a wide zone,
distributed thickening of mantle lithosphere be-
neath the belt of shortened and thickened crust
should, temporarily, form a lithospheric root be-
neath chain. Advection of cold, and hence dense,
material downward into the asthenosphere will
create lateral temperature gradients in the mantle,
which could induce convective downwelling be-
neath the mountain belt. Such convective flow, in
turn, would affect the thermal structure of the belt
and might enhance the crustal shortening [9,10].
In any case, plausible scenarios for the mantle
dynamics beneath mountain belts are sufficiently
numerous and different, that the existence of such
lithospheric roots cannot be established on theo-
retical grounds alone. The possibility that such a
process is occurring beneath the Tien Shan was a
motivation for the present study, and here we
present a preliminary study of gravity anomalies
across the Tien Shan, as a constraint on the struc-
ture and mantle dynamics beneath the chain.
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2. The Tien Shan

Although the rocks of the Tien Shan were
intensely deformed in Late Paleozoic time [16-20],
when the Tarim block of Precambrian rock ap-
parently collided with Siberia [21-23], relief asso-
ciated with that belt had been eroded by the
Cenozoic Era. Then, apparently beginning in the
Oligocene Epoch [24], or perhaps later, in the
Miocene Epoch [23], the region was rejuvenated
by intracontinental tectonic activity. Abundant
evidence for thrust faulting throughout the present
Tien Shan [16,17,23,25-29] indicates that the pres-
ent range was built by crustal shortening and
crustal thickening.

Fault plane solutions of earthquakes demon-
strate continued thrust faulting and north-north-
west—south-southeast crustal shortening roughly
perpendicular to the overall trend of the range
[8,29-33], and seismic refraction profiles indicate
a thicker crust than normal [34-36]. From rough
estimates of variations in crustal thickness across
the Tien Shan, Ulomov [34] inferred at least 100
km of Cenozoic crustal shortening, and Molnar
and Tapponnier [37] considered 200-300 km pos-
sible, if an upper limit. Finally, the deformation
and seismic moments associated with major earth-
quakes in the 20th century suggest a rate of con-
vergence between the Tarim block and the Siberian
shield of between 5 and 20 mm/a [4]. Thus, the
rate and the amount of shortening in the Tien
Shan are probably the largest of any active in-
tracontinental mountain chain in the world, and
both of these quantities are comparable with those
for the Himalaya. Correspondingly, the Tien Shan
is @ major active mountain chain where the deep
structure might show systematic lateral variations
related to Cenozoic crustal shortening.

To a first approximation, the Tien Shan is a
linear chain with a roughly constant width of
300-500 km and constant mean elevation of about
2000 m (Fig. 1). At its west end, it diverges, and
the two branches surround the relatively small
Fergana basin (40-41°N, 70-72°E), which is
bounded on three sides by high mountains. The
southern branch, or South Tien Shan, lies adjacent
to the Pamir, whose geologic history is quite dif-
ferent from that of the Tien Shan. At the east end
of the Tien Shan, the belt diffuses into a series of
roughly parallel ranges that bound east—west
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Fig. 1. Contour map of 1° X 1° mean elevations of the Tien Shan, Pamir, and Tarim Basin, showing portions of the profiles of the
gravity anomalies across these areas that we analyzed. Major, active thrust faults are shown as dark lines with teeth on the downdip

sides.

trending basins; slip on reverse faults has allowed
the ranges to be thrust over the basins and the
weight of the ranges apparently has deepened the
floors of these basins, which are only a few tens of
kilometers wide [33]. Let us confine our attention
to regions east of the Pamir and west of the area
where the Tien Shan consists of separate high
ranges and narrow deep basins.

Along the southern margin of the Tien Shan,
Paleozoic sedimentary rock is folded, and thrust
faults dip north beneath the chain [16,17,33]. Ter-
man et al. [38] showed a deep basin, filled with
several kilometers of Cenozoic sediment, along the
southern margin of the range. Large variations,
however, in their indicated depths of the basement
along the southern margin of the basin suggest
that the flexure of the basin floor may vary along
the chain. Similar basins along the northern margin
of the range seem to be present, but the eastern
(Chinese) and western (Soviet) parts appear to be
quite different. The relatively deep Dzungarian
Basin north of the Tien Shan in China appears to
be similar to the basins along the southern margin
of the chain. Presumably, just as the floor of the
Tarim Basin is underthrust northward beneath the
Tien Shan, the floor of the Dzungarian basin is

underthrust southward beneath the range. In the
Soviet Union, north of Tien Shan, the evidence for
a flanking basin, like the Dzungarian Basin, is less
clear. Although the floor of the Kazakh platform
has probably been underthrust southward beneath
the chain, the amount of underthrusting, or the
recency of its occurrence, seems to be less than
that of the Dzungarian Basin or of the Tarim
Basin on the south side. Hence, whereas the east-
ernmost part of the range seems roughly symmet-
rical with underthrusting of both margins beneath
it, the western part seems much more asymmetri-
cal, with apparently only minor recent under-
thrusting of the northern side. In any case, these
variations along the chain clearly are small com-
pared with those across it, and a two-dimensional
analysis is justified.

3. Profiles of gravity anomalies

The data consist of average gravity anomalies,
including terrain corrections, and corresponding
average elevations over regions with dimensions of
1° X 1°. We constructed profiles approximately
perpendicular to the range by projecting 1° X 1°
average Bouguer anomalies from regions within 1°
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Fig. 2. Profiles of 1° x1° complete Bouguer gravit
and elevations across the Tien Shan (see Fig. 1 fo

Elevation (km)

Elavation (km)

Elevation (km)

{a) T T T T | T T T T | T T T T ' T L .I ‘ Ll
- - [a] 2
I8 Local Isostatic =0 —-100
Equilibrium o
- I| o -1
¥
— " \ . — -200
! B g P 4
5 8 —-a00
iy Profile 1 o i
g .
4k —-500
b i TIEN SHAN *
2+
TARIM BASIN i
L KAZAKH PLATFORM
o o XS T, S T T R R SO AN S
500 1000 1500 2000
Distance (km)
[b' r T T T T T T T =7 T T T
= Local Isostatic ik
Equilibrium
' —-200
—-300
— -400
S5k Protile 2 1
4 .\ —-500
i i TIEN SHAN i
2
MARIM BASIN ]
2l __KAZAKH PLATFORM
o L L 1 | L L L 1 | 1 L 1 | i L
500 1000 1500 2000
Distance (km)
{c] T T T T |' T T T T [ T T T
= Local Isostatic =11,
Equilibrium 4
— -200
—-300
— -400
5F Profile 3 i
ok —-500
3t TIEN SHAN ¥
2 - i
TARIM BASIN
1F KAZAKH PLATFORM -
o O L | 1 1 | it ! 1 L 1 i 1 L 1 | I T
500 1000 1500 2000

Distance (km)

(1ebw) Alewouy Ayaes senBnog (1e0w) Ajewouy AlABID JenBnog

(1ebw) Alewouy Ayaes senbnog

E.V. BUROV ET AL.

y anomalies, calculated Bouguer anomalies assuming local isostatic equilibrium,
r locations of profiles). Open circles show raw 1° x1° average Bouguer gravity

anomalies; closed circles show corresponding gravity anomalies with the contributions of the first 10 harmonics of the long-wave-

length field [39] subtracted. These corrected data
anomaly profiles that would be observed
isostatic equilibrium over the Tien Shan

are used in all subsequent figures. The continuous line shows Bouguer gravity
if the crust were in local Airy isostatic equilibrium. Note the significant deviations from
along profiles 1, 2, and 3, but not along profiles 4-6 or 8-10.



GRAVITY ANOMALIES, THE DEEP STRUCTURE. AND DYNAMIC

PROCESSES BENEATH THE TIEN SHAN

{d) T T T T | T T T 1
| . -100
Local Isostatic
- Equilibrium 7
— -200
— -300
—{ -400
d i
Profile 4
. rofile N
T 4 —-500
=
c 3 -
9
T 2 7
@
o'l KAZAKH PLATFORM -
1] L 1 L L | L I 1 L | i |
500 1000 1500 2000
Distance (km)
{e} T T T T I T LI T
— —{-100
i Local Isostatic
| Equllt{urn —{ -200
—-300
i — -400
5 3
E TIEN SHAN Frofile. —-s00
g 3k £
= sl | TARIM
z BASIN :
ﬁ 1k T KAZAKH PLATFORM 4
_'_'__—'—'—'_'_""‘--\.
g|. iy H | (I L ety e -
500 1000 1500 2000
Distance (km)
{f} T T T T '| T T T T T
- 100
F Local Isostatic
Equilibrium
— -z00
—-300
| —{-400
5 4
B4 Profile 6 —-500
o TIEN SHAN
g 3 =
gt 1
H
il KAZAKH PLATFORM |
o|_ e ST £ T W [ |

500 1000 * 1500 2000
Distance (km)

Fig. 2 (continued).

(1efw) Alewouy Ajaein senBnog

(1efw) Ajlewouy A)AeiD JenBnog

(1eBw) Alewouy AlABID JenBnog

in



372 E.V. BUROV ET AL.

{g] T T T T ! T T T
L -100 F
e
o
B Local Isostatic e
Equilibrium —-200
@
1 [
s
—-300 2
>
9 =
o
—-400 32
E =3
~ % = _pamiR -
E¢ Profile 8 Tjsee: &
c 3 L &
°
5?2t 4
>
:‘; 1k KAZAKH PLATFORM -
ol 1 o T, l RSl TPl |
500 1000 1500 2000
Distance (km)
[h} L T 1 T I T T
= 100 @
c
- [ =]
Local Isostatic s
Equi —-200
24
1 W
<
—-300 <
>
N a3
El
—-400
0
£ =
a i -~
= Protile 9 500 2
= s
c 3 e -
o
w2 ]
>
2 L
o KAZAKH PLATFORM
0 1 1 1 1 I 1 1 1 i
500 1000 1500 2000
Distance (km)
{ll T T T T |' T T T Al | T T T 1 | T T T T I
= Local Isostatic —-100 &
Equilibrium £
1 €
@
—-200 7
@
9 o
<
—-300 =
>
9 =2
o
i —-400 3
o —
5F * & J ~=
- PAMIR -
E 4 Profile 10 500 3
< B
€3 2k S
w2 |
>
2
s KAZAKH PLATFORM %
o I i 1 L l L 1 |

500 1000 1500 2000
Distance (km)

Fig. 2 (continued).



GRAVITY ANOMALIES, THE DEEP STRUCTURE, AND DYNAMIC PROCESSES BENEATH THE TIEN SHAN 373

of each profile. We then smoothed the profiles by

eye and resampled them at intervals of 111 km.
The long-wavelength gravity field includes a

relatively steep northward gradient, decreasing by

20 mgal, across the region considered here..

Accordingly, as shown in the profiles in Fig. 2, we
subtracted the contribution from the first 10
harmonics of the Earth’s gravity field GRIM3B-L1
[39] from these 1° X 1° average values to obtain
corrected average Bouguer anomalies, due pri-
marily to density variations in the crust and upper
mantle. Thus, our analysis considers only the grav-
ity field with wavelengths shorter than about 4000
km.

3.1. Deviations from local isostatic equilibrium

Profiles of complete Bouguer gravity anomalies
show the expected minima over the highest re-
gions, the Tien Shan, the Pamir. and the northern
edge of the Tibetan Plateau (Fig. 2), and the gross
two-dimensional character of the relatively linear
Tien Shan is reflected by the Bouguer anomalies.
Our interest, however, is not so much in variations
in crustal thickness, as in deviations from local
isostatic equilibrium that might be manifestations
of dynamic processes beneath the crust. To iden-
tify uncompensated mass anomalies, we calculated
theoretical Bouguer anomalies assuming that the
crustal thickness varies linearly with mean eleva-
tion according to Airy isostasy. We used an aver-
age crustal thickness of 50 km beneath the sur-
rounding regions [34-36].

The region is nearly in local isostatic equi-
librium; differences between calculated and
observed anomalies are, in general, less than 10-20
mgal, particularly when the long-wavelength field
is removed. For the three easternmost profiles,
profiles 1, 2, and 3, however, large deviations from
local isostatic equilibrium can be seen over the
southern part of the Tien Shan and the northern
margin of the Tarim Basin, where differences be-
tween calculated and observed anomalies exceed
50 mgal. The absence of such differences along
profiles 4, 5, and 6 suggests that the portion of the
Tien Shan transected by these profiles is essen-
tially in local isostatic equilibrium. Similarly, the
absence of large differences along profiles 8, 9,
and 10 across the Pamir suggests that mass
anomalies are small there also. This variation along
the chain in deviations from local isostasy implies

that the dynamic processes operating in the upper
mantle also vary along the chain. Therefore, the
cylindricity implied by the geologic history, by the
present surface and crustal structure, and by the
elevations of the chain may not obtain in the
underlying mantle.

3.2. Elastic plate model

To analyze the gravity anomalies further, we
used the simple model of an elastic plate overlying
an inviscid fluid and loaded by the weight of the
topography above it. The approach to solving the
basic equation is given in Appendix A. Using the
solutions for deflections of the plate to define
polygonal blocks with densities of the sedimentary
cover, the crust, and the mantle, we calculated
gravity anomalies [40].

The fundamental parameter that governs the
shape of the deflection is the flexural rigidity, D.
For an elastic plate of thickness T:

D=E-T2/12(1 — »?)

where E is Young’s modulus, and » (= 0.25) is
Poisson’s constant. It is customary, much to the
annoyance of one of us (P.M.), to express the
flexural rigidity in terms of the thickness of an
equivalent elastic plate, and therefore with the
familiar dimension of kilometers, instead of, prop-
erly, in the less familiar Newton-meters. Here we
give both, with equivalent thicknesses calculated
assuming that £ =38 x 10" N/m’. For a value of
E more appropriate for the mantle (1.6 X 10"
N/m?), equivalent elastic thicknesses would be
80% of those listed. Since these thicknesses have
no physical meaning, a 20% difference is irrele-
vant.

Because we know the average elevations along
the profiles, the only unknown parameter that
characterizes the surface load is the density of the
rock above sea level. Thus, the calculated deflec-
tion is dependent on only a small number of
parameters. For a continuous plate, these parame-
ters are the flexural rigidity and the difference in
density between the sedimentary fill in the basins
and the mantle. For a semi-infinite plate, we may
also specify a force per unit length and a bending
moment per unit length at the free end of the
plate.

The elastic plate model is useful as a means for
examining the support of mass anomalies, because
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only one parameter, D, governs the effective
strength of the plate. A plate with a large flexural
rigidity can support essentially any mass anomaly,
by distributing its load over a large area, but one
with a small flexural rigidity only locally supports

E.V. BUROV ET AL.

mass anomalies. In the limit of a very small flex-
ural rigidity, Airy isostasy obtains.

A note on densities. In general, the calculated
gravity field is insensitive to the density chosen for
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Fig. 3. Comparisons of corrected Bouguer gravity anomalies with those calculated for a continuous elastic plate flexed down by the
weight of the topography above sea level, with different densities of material above the plate (e.g. sedimentary fill): (a) 2600 kg/m’
and (b) 2250 kg/m’. Neither a small flexural rigidity, 10*2 N m (Tg =11.2 km), nor a large value, 10%* N m (Tg = 52 km), works
well. Consequently, in subsequent analyses we used two separate plates. Note also that with a density of the sedimentary fill in the
basins of 2250 kg,/m’, the fit over the Tarim Basin is poor (b). Part of the poor fit results from the widely spaced data not sampling
well the short wavelength gravity field, but note also that with this low density, the fit over the middle of the Tarim Basin also is
poor. We used a density of 2600 kg/m’ in subsequent analysis.
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the material overlying the plate, such as sediment,
in such a calculation for a flexed plate [12]. The
calculated deflection of the plate is greater for a
larger than for a smaller sediment density. Be-
cause the greater deflection is compensated by the
smaller density difference between the mantle
(with its density fixed at 3300 kg/m’) and the
sediment, the calculated gravity anomalies, how-
ever, are not seriously affected by using an erro-
neous density of the sedimentary fill. Exceptions
occur where the plate is sharply flexed or where
materials with different densities are juxtaposed
near one another. With a small density of 2250
kg/m’ of the sedimentary fill, sharp edge-effects
are clear in calculated gravity anomalies near the
margins of the basins, even for a continuous plate
beneath the range (Fig. 3). With a spacing of data
of roughly 100 km, however, these edge effects
cannot be resolved by the data that we used.

Because both sides of the Tarim Basin are
flexed down, the center of the basin is flexed up
quite sharply. The amount of that flexure depends
not only on the flexural rigidity, but also on the
density difference between the sedimentary cover
and upper mantle. Smaller densities of sediment,
or greater density differences, yield larger deflec-
tions, as well as somewhat shorter characteristic
wavelengths of the flexure. With low densities of
sediment (2250-2400 kg/m’) the calculated grav-
ity anomalies over the center of the Tarim Basin
are too large (Fig. 3), and we adopted a density of
2600 kg/m’.

Although the density of 2600 kg,/m’ is high for
sediment, especially unconsolidated sediment, it is
not unreasonable for indurated sedimentary rock.
The Tarim Basin is underlain by a sequence of
well indurated Paleozoic sedimentary rock, and we
suspect that part of the thick low density material
in the basins flanking the Tien Shan consists of
slices of this rock overthrust atop one another.
Yudakhin [41] reported densities of sediment and
Cenozoic sedimentary rock ranging from less than
2000 kg/m’ to more than 2700 kg/m’. Thus, the
value of 2600 kg,/m’ clearly is plausible. Neverthe-
less, because this density is neither constrained
well, nor laterally constant, we pay no attention to
the calculated deflections of the plate.

Continuous elastic plate. With underthrusting of
the lithosphere beneath both sides of the Tien

Shan and crustal shortening throughout the range,
a continuous plate is not likely to be a good model
for the deep structure of the Tien Shan. Neverthe-
less, let us consider a continuous plate as an
approximation to a strong upper mantle beneath
the whole region. Using profile 2 as an example
(Fig. 3), it is clear that only with a contrived set of
mass anomalies within or beneath the plate could
a continuous plate provide a useful fit to the
observed data. A large deficit of mass over the
southern part of the Tien Shan is required to
match the large negative anomaly there, but only a
very large flexural rigidity could allow that deficit
to be localized without causing the calculated
gravity field over the rest of the region to be too
small. Only with a special set of forces on the base
of such a plate could the gravity anomalies be
matched. Allowing for different densities of the
sedimentary fill in the basins adjacent to the plate
does not improve the match (Fig. 3).

Two separate converging plates. Given underthrust-
ing of both flanks of the range and distributed
deformation across the range, a simple approxi-
mation is to consider two semi-infinite plates un-
derlying the areas north and south of the range
(Fig. 4). The breaks were chosen to lie at the
minima in the Bouguer anomaly profiles. For the
purposes of the calculations, we can treat the two
plates independently, with different flexural rigidi-
ties and with appropriate, separate loads on each.
Moreover, at the free ends, beneath the Tien Shan,
we can assign bending moments and forces per
unit length to each plate separately. We use such a
simple model to constrain the flexural rigidities of
the plates and the forces that must be applied to
each in order to match the gravity data, but we do
not imagine that two separate elastic plates are
rammed against one another beneath the axis of
the Tien Shan. We use this simple model merely to
quantify the parameters that govern the deviations
from local isostatic equilibrium, not to simulate
the dynamic processes occurring beneath the range.

First, we searched for acceptable, and then
better, matches of calculated and observed
Bouguer anomaly profiles by varying the flexural
rigidities and the forces and moments per unit
length at the ends of the plates. Values of D > 1025
N m (7;>110 km) yield calculated gravity
anomaly profiles that are too smooth to match
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Fig. 4. Sketch of the simple image that we have of the deep structure of the Tien Shan. Lithosphere underthrusts the range from both
sides and is flexed down by the weight of the mountain range. The shortening occurring within the range must be associated with
similar horizontal shortening in the underlying mantle. Consequently, the weight of the thickened mantle lithosphere might flex the
plates down more than that due to the load imposed by the weight of the mountains. Moreover, the thickened lithospheric root might
detach. sink into the asthenosphere, and drive a circulation that imposes dynamic stresses to the base of the remaining lithosphere
above and pulls it down. This sketch illustrates the basic, simple qualitative image that we have of the deep structure of the eastern

Tien Shan.

those observed; wavelengths are too long (Fig. 5).
It is readily apparent that the flexural rigidities of
the two plates are very different. For the northern
side, a plate with D = 10?* N m (T = 50-60 km)
yields a poor fit; calculated gravity anomaly pro-
files do not show the clear variations that correlate
with variations in topography over distances of
200-300 km (Fig. 5). The flexural rigidity must be
less than 10> N m (7 <25 km). For flexural
rigidities of 10** N m, calculated gradients on the
south side are too steep, and a value near 10 N
m (T = 50-60 km) seems to be required (Fig. 5).
This value is similar to that inferred for the south
side of the Tarim Basin [42].

For profiles 4-6 and 8-10, local isostatic equi-
librium yields an adequate match to observed
average anomalies, and no additional forces or
moments need to be applied to the ends of the
plate (Fig. 2). For profiles 1, 2, and 3, acceptable
fits could not be obtained without specifying such
a force per unit length or bending moment per
unit length to the end of the southern plate. The
value of the force or moment per unit length
needed to yield an acceptable fit to the observed
data depends on the value of D (Fig. 5), with

larger forces or moments for larger flexural rigidi-
ties (see also [12]).

To evaluate the maximum sizes of likely forces
per unit length or bending moments per unit
length, we carried out a series of tests with differ-
ent flexural rigidities for each of profiles 1, 2, and
3. For each, we assumed no bending moment and
compared calculated gravity anomalies obtained
with a variety of forces, and then set the force to
zero and did the same with different bending
moments. Here, we show only the results with one
flexural rigidity for each of the plates and with a
small moment per unit length of 2 X 10' N ap-
plied to the ends of the plates.

For the north side, the calculations shown use
forces and moments, but both are small. Although
the matches to the data for profiles 2—6 are better
with such small forces and moments, their magni-
tudes are not well resolved (Figs. 2, 5, and 6).
Profile 1 cannot be matched without a force per
unit length, but even with one, the fit is not very
good. In any case, although a more complex
physical model may be required, the small number
of data does not make adding complexities useful
at present.
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Fig. 5. Comparisons of corrected Bouguer gravity anomalies along profile 2 with those calculated for plates with different flexural
rigidities and different forces per unit length applied to the ends of them. A flexural rigidity of D =10?* N m (T = 50-60 km) is
required for the southern plate (a), but a value of D <10%* N m (Tg < 25 km) is required for the northern plate (b). These plots were
constructed by fixing the flexural rigidity and searching for a force that yielded the best (or least bad) fit. Thus, for a given value of
D, other forces per unit length will not improve the fits. In all cases, a bending moment per unit length of 2x10'® N is applied. For
most flexural rigidities (D >102 N m), this small moment has no effect, but for very small flexural rigidities it does improve the fit.

For the south side, the large differences be-
tween observed and calculated gravity anomalies
along profiles 1, 2, and 3 require that forces per
unit length pull the plates down (Figs. 5 and 6).
For D=15x10** N m, the force needed to
deflect the southern plate sufficiently is 4 x 10'2
N/m, roughly comparable with that used for the
Himalaya [12,13]. If the flexural rigidity of the

southern plate were the same along the range, the
magnitude of such an inferred downward force
would decrease westward to essentially zero for
profiles 1, 2, and 3. Because of the dependence of
the inferred force on the assumed flexural rigidity,
and because a bending moment, instead of a force,
can also contribute to the deflection of the plate, it
is unwise to attribute much significance to the
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magnitudes of the forces per unit length, except to
note that the values are reasonable.

Finally, we also note that we made calculations
with a laterally varying flexural rigidity. The ad-
ditional flexibility in the calculations allowed fits
with relatively small values of D beneath the Tien
Shan and somewhat larger values of D beneath
the Tarim Basin than those shown here. Inclusion
of a vanable flexural rigidity, however, did not
alter the basic conclusions that the flexural rigid-
ity north of the chain must be less than that south
of it and that additional forces must be applied to
the southern plate along profiles 1, 2, and 3.

4. Implications for dynamic processes

The analysis of gravity anomalies described
above implies that some process has caused the
crust of the eastern part of the Tien Shan to be
out of local isostatic equilibrium, but that whatever
the process is, it does not act along the whole of
the chain. That analysis also shows that the devia-
tions from local isostatic equilibrium cannot be
due to the strength of the lithosphere supporting
mass deficits, or mass excesses, in the crust. Some
deeper process must cause the departure from
local isostasy.

One can imagine two simple mechanisms that
can cause deviations from local isostatic equi-
librium: the force exerted by gravity acting on a
deep mass attached to the plate could pull it
down, or dynamic stresses associated with convec-
tive flow in the asthenosphere could also do so.

A deep anomalous mass will generate gravity
anomalies that we have not yet considered. If such
a mass were sufficiently deep, its contribution to
the gravity field would be a low-amplitude, long-
wavelength signal, which might not be detectable
with the sparse data that we have. The contri-
bution to gravity anomalies by a localized mass
per unit length, M, at a depth, z;,, and with
horizontal coordinate x =0 is given by:

Ag=2-M-G-z,/(x*+23)

where G is Newton’s gravitational constant. A
force per unit length of 1-4 X 10" N /m, if due to
a two-dimensional mass anomaly at depth, would
imply a mass per unit length of 1-4 X 10" kg/m.
If centered at a depth of 100 km, then its maxi-
mum contribution to the gravity field would be

13-50 mgal, decaying to 6-25 mgal at a distance
of 100 km. If it were centered at a depth of 200
km, the maximum anomaly would be half as great
(6-25 mgal), and the average gradient would be
four times smaller. We think that a mass per unit
length of 410" kg/m at a depth of 100 km
should be detectable, but the same mass at greater
depth, or a smaller mass at roughly 100 km, could
be hidden in the sparse gravity data that we use.
Thus, we think that gravity acting on such a static
deep mass could provide the additional force per
unit length deflecting the plate.

Convective circulation in the asthenosphere ex-
erts dynamic stresses on the lithosphere. Regions
of upwelling generally are associated with dynami-
cally supported positive topography and positive
gravity anomalies, relative to isostatic equilibrium,
and regions of downwelling are associated with
depressions and negative gravity anomalies [43—
46]. In all such calculations, the stress that deflects
the topography is proportional to the viscosity of
the material, which is not well enough constrained
to make a calculation of predicted topography
more than very approximate. Nevertheless, let us
consider an idealized case for which an analytic
solution can be given.

In Appendix B, we derive expressions for the
normal stress at the base of a plate that undergoes
lateral compression and that overlies an incom-
pressible fluid moving laterally beneath the plate
toward a corner and then downward. We assume
further that the fluid undergoes horizontal com-
pression (and vertical extension) as it moves later-
ally toward the corner and vertical extension (and
horizontal compression) as it moves downward.
This is clearly a severe idealization, and we use it
merely to illustrate plausible stresses and deflec-
tions for plausible strains, velocities, and viscosi-
ties.

The deviatoric normal stress ¢ applied to the
base of the overlying plate by such flow is given
by o = 2ne, where € is the strain rate (tensional
deviatoric stresses and strains are positive) and 7
is viscosity (Appendix B). The deviations from
isostatic equilibrium on profiles 1, 2, and 3 suggest
deficits of mass equivalent to excess crustal thick-
nesses of up to 6 km, for a density contrast at the
Moho of 500 kg/m’. Such deflections could be
maintained by a tensional deviatoric stress of 30
MPa applied to the base of the crust, or litho-
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sphere. If that stress were maintained dynamically
by flow beneath a region undergoing horizontal
compressive strain at 3 X 107" /s (10 mm/a over
a width of 100 km), it would require a viscosity of
roughly 5 X 10*' Pa s. Such a viscosity is large for
the asthenosphere, but probably not too large for
an average for the thermal boundary layer at the
base of the lithosphere. Thus we think that dy-
namic stresses arising from convergent flow and
downwelling beneath the range could account for
the deviations from isostatic equilibrium.

5. Conclusions

Average Bouguer gravity anomalies on profiles
across the Tien Shan show the characteristic nega-
tive anomalies over the areas of high elevations
and suggest that local isostatic compensation is
nearly complete. Deviations from isostatic com-
pensation, however, do exist for the profiles across
the eastern part of the range and show a deficit in
mass there.

Comparisons of measured and calculated grav-
ity anomalies for elastic plates loaded by the weight
of the mountain range show that the flexural
rigidity of the plate beneath the area north of the
Tien Shan must be less than about 10** N m
(T} <25 km), but that for the area south of the
range, beneath the Tarim Basin, it must be larger,
D =10 N m (T = 50-60 km). Gravity anoma-
lies over the eastern part of the Tien Shan require
the existence of an additional force to deflect the
plate extending beneath the southern part of the
range. The weight of the mountain range is inade-
quate to flex that plate down enough to cause the
large Bouguer gravity anomalies observed over the
range and over the basin south of it.

The force per unit length causing deviations
from isostatic equilibrium could be due to the
static force of gravity acting on cold material (a
thickened lithospheric root) beneath the range or
to dynamically induced viscous stresses arising
from convergent flow and downwelling beneath
the range. Neither the gravity data, nor the param-
eters that describe such processes, however, are
known well enough to allow either process to be
ruled out, or to constrain the relative contribu-
tions of each in combination with one another.
Clearly a combination of them is likely.

E.V. BUROV ET AL.

What may ultimately be most important is that
the deviations from isostatic equilibrium vary
markedly along the chain. Therefore, whatever dy-
namic processes are responsible for such devi-
ations must also vary along the chain. Hence the
apparently similar geologic history along the Tien
Shan seems to conceal an important variation in
the deep structure and mantle dynamics along it.
Lateral variation in upper mantle structure along
the Tien Shan is also indicated by the distribution
of teleseismic P-wave residuals at seismograph
stations in the Tien Shan [36,37,48]. Unfortunately
the area where gravity anomalies are most sugges-
tive of cold material in the upper mantle lies
outside the region studied by Vinnik, Saipbekova,
and Yudakhin [36,47,48].

Suppose the large negative Bouguer gravity
anomalies beneath the eastern Tien Shan, which
reflect a deficit of mass there, were due to thicken-
ing of the lithosphere and to downwelling of
material beneath the range. Suppose also that such
a process either did not occur or were no longer
occurring beneath the western part of the Tien
Shan. Then, the downward flow beneath the east-
ern Tien Shan might draw mantle material from
the western Tien Shan into the downward plume.
This is the pattern of convection expected from
two-dimensional numerical experiments [9], and it
suggests that the detachment and sinking of a cold
lithospheric root would not necessarily be the
same in all cross sections across the chain. In-
stead, variations in the deep structure along such
chains might be at least as great as, if not greater
than, those across them.
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Appendix A—Method for solving the basic equa-
tion governing flexure

If an elastic plate overlies an inviscid fluid, and
if loads on it vary only in one horizontal direction,
then the deflection, w(x), is given by:

ddzz[D( )dw(x ] —“[FH( )dw(x)]

+[om—ps]-g-w(x)=Fy(x) (A1)

where D(x), the flexural rigidity, is defined in the
text, Fy(x)and F, (x) are horizontal and vertical
forces per unit length, p,, and pg are densities of
the underlying mantle and overlying material
(sediment or crust), and g is gravity.

In all cases we assumed that F,;=0. As x
approaches cc, w(x) and dw(x)/dx approach
zero. Integrating (A1) over x, and recognizing that
because of isostasy. the integral of the third term
on the left must equal the integral of the right
side, we have another boundary condition:

d d?w(x)
E[D(Jr)—-dx2

Note that the bending moment is given by M(x)
= —D(x)-d*w(x)/dx>.

Following Sheffels and McNutt [15], using pro-
cedures defined by Dahlquist and Bjorck [49], we
solved (Al) numerically using a finite difference
technique. We considered a plate that extends a
distance of 5-6 flexural parameters beyond the
region of interest. We compared calculated deflec-
tions made with spacings of x between 5 and 50
km, and found differences of less than 1% for this
range. Accuracies diminished for x > 50 km, and
we used a sampling at intervals of 25 km. We
tested the routine by comparing the numerical
results with the analytic solution for a plate loaded
at the end and found differences of less than 1%
for all points, except at the few points near the
ends of the plate, where we have no data.

J=0.31x=0

Appendix B—Simple analysis of the flow of a fluid
undergoing horizontal compression as it approach-
€s a corner

Consider a quarter space in which incom-
pressible flow occurs with velocities, v(x, z) or
v(r, 8) toward the corner along one side and away

from it on the other. The speed along the
boundaries is proportional to a constant strain
rate and to the distance from the corner:

v (x,0)=—e-x
v.(0, z)=¢-z
v.(x,0)=

v.(0, z)=0

where € is a positive strain rate, and extension is
positive. The horizontal velocity at the surface
(z =0) is toward the corner, and the vertical veloc-
ity below the corner (x = 0) is downward (positive
z). The velocity vanishes at the corner.

Using a stream function and cylindrical coordi-
nates to describe the velocity field:

v,=(1/r)-0y/90
vg= —0y/ar
The basic equation governing the flow in the fluid
is the biharmonic equation, and if we let  =r2-
f(8) [50], that equation reduces to:
(1/7%)-[1(0) +77(8)] =

for which the solution is:
Y(r,8)=r*-[asin20+bcos20+c0+d]

In cylindrical coordinates, the Boundary condi-
tions are:
at =0
at 0=a/2

v,=—e€-rand v, =0
v,=e-rand y,=0

from which we obtain b=¢=d=0, and a=
—€/2: Y= —(e-r?/2) sin 26.

The stresses are given by o,, = — P - 8;+2-q-
€, where o, and ¢, are the stress and strain
tensors, P is the dynamic pressure, 7 is viscosity,
and §;; is the Kronecker delta function. Using the
Navier-Stokes equation to evaluate the pressure,
we find that it is a constant, independent of r and
6. Thus, we can set it to zero, and o, =2-7-¢,,,
and oy =2-7m-€,4. Hence, o,= —2-7-cos 20,
Ogg=2-m-cos 20, o0,=2-7-sin 26, and, most
importantly, o, is a positive, and therefore tensile,
deviatoric stress at # =0, Hence, the surface be-
low the zone of crustal shortening should be pulled
down.

Suppose € = (10 mm/a)/(100 km) =
1075 /s. For n=5x10%, 5x10%, or 5 x 10
Pa s, 6 =3 MPa, 30 MPa, or 300 MPa,
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