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Abstract. This paper highlights the relationship be-
tween isostatically supported surface elevation and the
lateral buoyancy forces of an orogen. The former is
a linear function; the latter is a quadratic function of
the thickness of the lithosphere. Thus surface elevation
and lateral buoyancy forces may have differing evolu-
tions in the development of an orogen. Indeed, during
the evolution of collisional orogens the qualitative rela-
tionship between these two parameters may reverse, so
that only in the early orogenic evolution, topographi-
cally high regions exert a net lateral buoyancy force on
topographically low regions. Later in the evolution this
may change to a counterintuitive scenario in which there
is a net lateral buoyancy force from the topographically
lower regions toward the topographically higher regions.
To illustrate this fact, we use a simple one-dimensional
kinematic model for an orogen which undergces simul-
taneous thickening due to convergence and erosion at
the surface. It can be shown that for reasonable ero-
sion and thickening rates, surface elevation increases
through time until a steady state is reached, while the
lateral buoyancy force changes from positive to nega-
tive, giving rise to the inward collapse of an orogen. In
the field this may be recognized as the occurrence of
two successive coaxial convergent deformation events.
Present-day examples may be the formation of back arc
basins where extension in the low-lying hinterland of an
Andean-type mountain belt is caused by a gravitational
compressive force exerted by the hinterland onto a belt
of significantly higher surface elevation but possibly of
lower potential energy.

1. Introduction
Akin to the confusion that is manifested in the liter-
ature about the differences between uplift and exhuma-
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tion [e.g., England and Molnar, 1990; Stiwe and Barr,
1998, surface elevation and extensional forces in an oro-
gen are also often confused, or it is implied that one
causes the other. While this confusion is widespread
among many field-oriented papers, we acknowledge that
it is well understood in the geophysical literature [e.g.,
Coblentz et al., 1994; Wdowinsky and Bock, 1994; Jones
et al., 1996, 1998]. Specifically, many papers do not dis-
criminate between the differences in the vertically inte-
grated vertical stresses in the lithosphere (which are the
cause of lateral forces) and differences in surface eleva-
tion (which are generally considered as the prime cause
of lateral forces). This is illustrated in Figure 1 where
three examples of lithospheric thickness cartoons are
shown with their relative surface elevations and their
relative lateral buoyancy forces. Figure 1 corresponds
to similar figures drawn in the past by Dalmayrac and
Molnar [1981] and Jones et al. [1998]. In Figure la an
intuitive situation is sketched in which the lithospheric
column with the higher surface elevation exerts a lateral
buoyancy force (black arrow between the two columns)
onto the column of lower surface elevation. The magni-
tude of this force is given by the area between the two
0, versus z curves. However, in Figure 1b a situation is
sketched where the difference in surface elevation is the
same as in Figure 1a but no horizontal buoyancy force
exists between the two columns, while in Figure 1c a
situation is sketched where there is no elevation con-
trast between the two columns but a horizontal force
does exist.

This paper serves to clarify this counter intuitive sit-
uation and illustrate, through a simple one-dimensional
mode, how qualitative changes between the evolution of
surface elevation and lateral buoyancy forces may de-
velop during the evolution of convergent orogens. Thus
this paper is meant as a “moderator” of the wide spread
belief that high topography corresponds directly to high
lateral buoyancy forces. We begin with a review of the
basic physical principles.

2. Physical Background

The physical foundation of isostatically supported
surface elevation and horizontal buoyancy force have
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(b) O..

Figure 1. Three possible and qualitatively different relationships between surface elevation and
horizontal buoyancy force. In all three examples, two schematic lithospheric columns are drawn
on the right (crust is shaded light and mantle lithosphere is shaded dark; see also Figure 2), and
a diagram of vertical normal stress (o.,) against depth (z) is shown on the left. The net force
exerted from one column onto the other is given by the area between the two curves on the o,
versus z diagrams (shaded regions). (a) A reference lithospheric column in comparison with a
lithosphere in which the crust is thickened and the mantle part of the lithosphere is thinned. The
surface elevation of this column is higher, and there is a lateral force outward from the higher
column onto the lower (black arrow between two columns). (b) Two columns that have the same
surface elevation contrast as in Figure la. However, only in the upper half of the column, a
buoyancy force exists from the right to the left column (light shaded area). In the lower part of
the column a lateral buoyancy force exists from the left to the right column (dark shaded area).
Integrated over the thickness of the lithosphere, no net lateral buoyancy force exists therefore
between the columns. (c) Two lithospheric columns with the same isostatically supported surface
elevation. However, there is a net lateral buoyancy force from the left column toward the right
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column.

long been understood (e.g., summary by Fleitout and
Froidvauz [1982], Molnar and Lyon-Caen [1988], Cob-
lentz et al. [1994]. The isostatically supported surface
elevation of an orogen relative to an undeformed ref-
erence lithosphere, H, can be calculated from the dif-
ference of the integrals of density from the surface to
the isostatic compensation depth z; between two litho-
spheric columns M and L, which are to be compared.
This integral is equivalent to the difference in the ver-
tical normal stresses ¢,, at the depth z; and may be
written as

Ac=0= Gglz:zk - Ufz'z:z;\'

= ["o@gte= [ ot
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The superscripts M and L denote the orogen (moun-
tainous region) and the reference lithosphere (lowlands),
respectively [for concept of reference lithosphere, see Le
Pichon et al. 1982]. Here z is depth measured positive
downward from the surface of the reference column, p(z)
is density as a function of z, and g is the gravitational
acceleration. Equation (1) can be solved for elevation
if it is integrated in parts, for example, as the sum of
the integrals between z = H and 2z = 0, between z = 0

and z = z, (the Moho depth), and between z = z. and
z = z (the base of the lithosphere, which usually cor-
responds to zi) [Sandiford and Powell, 1990; Turcotte
and Schubert, 1982]. According to (1), surface elevation
is linear in z. In contrast to (1), the potential energy
difference AFE, between two lithospheric columns per
unit area may be found by the difference between the
vertically integrated vertical normal stresses of the two
columns. This may be written as

2k Zk
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0 0
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This integral may be graphically interpreted from the
area between two curves plotted on a diagram of o,,
against depth z (Figure 1). AE, may also be inter-
preted as the horizontal force per meter length of oro-
gen that is exerted from one column onto the other.
AFE, is therefore often called horizontal buoyancy force
Fy. It is this force that gives rise to the gravitational
collapse of an orogen. It is defined that Fy = AE,, and
we call this force here “lateral force,” “net horizontal
buoyancy force,” or “gravitational force” and keep in



1058

mind that it has the units of force per meter length of
orogen. According to (2), the horizontal buoyancy force
is quadratic in z.

By comparing the respective linear and quadratic re-
lationships described by (1) and (2) it should be ap-
parent that H and F, must follow different patterns in
time as the thickness of an orogen changes with time.
This fact forms the basic premise of this paper, and
we will now illustrate their relationship in a simplified
time-dependent evolution of a model orogen.

3. Model Description

In order to evaluate the relationships between hori-
zontal buoyance forces and surface elevation in conver-
gent orogens we use a simple one-dimensional model
orogen in which lithospheric thickening occurs simulta-
neously with crustal thinning due to erosion at the sur-
face. Within our model, we describe isostatically sup-
ported surface elevation and horizontal buoyancy force
both as a function of time using relationships that are
well-established in the literature and will not be derived
in detail here. In particular, we use integrals of (1)
and (2) that were derived using simplified assumptions
about the density structure of the lithosphere. Surface
elevation is described with the relationship

H= 5Zc(fc - 1) - gzl(fl - 1)} (3)

which stems from integrating (1) [Sandiford and Powell,
1990]. The first term of (3) describes the isostatically
supported surface elevation due to the density contrast
between crust and mantle part of the lithosphere (both
of constant density), and the second term describes the
surface elevation due to thermal contraction of the litho-
sphere relative to the asthenosphere. The two terms
have opposite sign as they have opposite influence on
the surface elevation. Here f. and f; are the vertical
thickening strains of the crust and the lithosphere; z.
and z; are the initial thickness of the crust and litho-
sphere; 4 is the density contrast between crust and man-
tle, 6 = (pm — pc)/pm; and ¢ is the average thermal
expansion of the lithospheric column, ¢ = (T, — Ts) /2,
where p,, and p. are the mantle and crustal densities,
respectively, a is the coefficient of thermal expansion,
and T; and T are the mantle and surface temperatures,
respectively. Details for the derivation of (3) are dis-
cussed by Sandiford and Powell [1990], Zhou and San-
diford [1992], Zhou and Stiwe [1994], and Stiwe and
Barr [1998].

Horizontal buoyancy forces are described by integrat-
ing the vertical stresses throughout the lithosphere for
the same density structure for which (3) was derived:
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[Turcotte, 1983; Sandiford and Powell, 1990]. Both (3)
and (4) are plotted in Figure 2 as a function of thick-
ening strain of the crust f. and thickening strain of the
lithosphere f;. As explained in section 2, the horizontal
buoyancy contours (solid lines) are curved on Figure 2
and the elevation contours (dashed lines) are straight
lines.

In order to evaluate how surface elevation, horizontal
buoyancy force, and the relative relationship between
the two may change through time we use the simple one-
dimensional kinematic model of Stiwe and Barr [1998],
which describes the thickness evolution of a convergent
orogen during simultaneous lithospheric thickening due
to convergence and crustal thinning due to erosion at
the surface. Within this model we assume homogeneous
constant thickening of the lithosphere at constant strain
rate, and we assume that the erosion rate at the surface
Ver 18 proportional to surface elevation: v., = H/E.
While we are aware of the limitations of this assumption
(e.g., in the case of an elevated plateau), this model is
the closest possible approximation to reality in a one-
dimensional model. The erosion constant E defines the
proportionality between H and v., and has the units of
time. With these assumptions the surface elevation as
a function of time can be described by

_ €A He-B/E) _
H=""5/E (e 1) (5)

and trajectories of individual rocks through depth and
time may be described by
1-B

z = zeft + % (1—-e')+H (——B——) (6)

[Stiwe and Barr, 1998]. In (5) and (6), A and B
are constants summarizing the initial density structure:
A=20z.—&z and B = § —£. The term € is the thicken-
ing strain rate, which is assumed to be constant, and ¢
is time. Here z; is the initial depth of a chosen rock in
the reference column. Using the two values z; = 2z, and
z; = 2z in (6), the time-dependent evolution of crustal
and lithospheric thickness can be calculated for a simple
but realistic orogenic scenario. These thicknesses can be
substituted into (4) to obtain the lateral buoyancy force
as a function of time by using

fe = ezl ) = ez l)

2 2l

(7)
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Figure 2. Crustal thickening strain f. plotted against
lithospheric thickening strain f; and contoured for sur-
face elevation (thin dashed lines are calculated with (3))
and for horizontal buoyancy force (thick curved lines
are calculated with (2)). The point marked by the thin
lines at f. = f; = 1 is the reference lithosphere with
no thickening strain. In the area below this point the
lithosphere is thinner than normal. In the region to
the left of this point the crust is thinner than normal.
Labeled dots a-c correspond to the thickening geome-
tries shown in Figures 1a-1c (note that a and b have
the same surface elevation). Point d shows a location,
where the surface is not elevated (like at ¢) but suffers
an opposite horizontal force to c¢. In the shaded area
(e.g., point €) a terrain with lower surface elevation ex-
erts a net lateral buoyancy force onto the area of higher
surface elevation.

Thus we have now simple descriptions of both the evolu-
tion of surface uplift, (5), and of lateral buoyancy force,
(4), as a function of time, and the relationshiop between
the two can be easily compared.

4. Model Results

For our calculations, we assumed the following stan-
dard values for the physical parameters: p,, = 3200 kg
m~3, p. = 2700 kg m~3, T} = 1280°C , T, = 0 °C ,
ze = 35 km, z; = 120 km, and a@ = 3 x 1075 °C ~1.
A strain rate of ¢ = 1071% s71 is assumed. With these
parameters the constants in (5) and (6) are A = 3164
m and B=0.1371. The erosion parameter £ is assumed
to have the values E = 2B/¢, E = B/¢, E = B/(2¢),
and E = B/(4¢), which correspond to erosion rates of
Ver = H/2.17Tm.y., Ver = H/4.3m.y., v.,, = H/8.7 m.y.,
and ve, = H/17.4 m.y. This covers a range of geolog-
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ically realistic erosion rates. The use of full multiples
of B/¢ helps significantly to simplify and understand
(5). These parameters differ from those used by Stiwe
and Barr [1998] only in the value of z; (which is here
120 km and therefore a bit more realistic than the 100
km assumed by those authors) and the value for strain
rate. However, it is noted that in (5) and (6), strain rate
and time are directly proportional, so that changing the
strain rate by a given factor changes the time in all cal-
culations by the inverse of this factor. All calculations
can therefore easily be scaled for time.

Figure 3a shows the development of surface eleva-
tion in comparison with the development of horizontal
buoyancy force (Figure 3b) as described by (4) and (5).
The surface elevation is calculated for an erosion rate
of ve, = 2H¢é/ B [see Stiwe and Barr, 1998, Figure 3a).
The horizontal buoyancy force was calculated after sub-
stituting f. and f; from (7) in (4), and it is shown for all
four different erosion rates listed above. However, only
curves with erosion rates faster than v,, > Hé/B (this
is E < BJé) are geologically meaningful [Stiwe and
Barr, 1998]. Thus we focus below only on the lower
three curves on Figure 3. Comparison of Figures 3a
and 3b shows an extremely interesting result: It may
be seen that the horizontal buoyancy force changes from
positive values (“outward” from the orogen) to negative
values (“inward”, toward the orogen) during a continu-
ous increase in surface elevation. This transition occurs
well before the steady state surface elevation is reached
and is characteristic of all erosion rates. This feature
forms the principle result of this paper and the remain-
der of this paper, will focus on the interpretation of its
causes and its geological relevance.

In the remainder of section 4 we interpret the results
shown in the first part of the section. Interpretation of
Figure 3 is facilitated by reconsidering Figure 2. Figure
2 shows contours for Fy as well as for H as a function
of both thickening strain of the crust f. and thickening
strain of the lithosphere f;. To the right of the H = 0
contour, surface elevation is positive, and to the left,
surface elevation is negative. Correspondingly, to the
right of the Fy = 0 contour, the horizontal buoyancy
force is positive, and to the left, it is negative. Thus, in
the region between the H = 0 and the F; = 0 contours,
there is a compressive horizontal buoyancy force acting
from a topographically low region onto a topographi-
cally high region (shaded region).

In a similar way, f. — fi trajectories that move away
from the H = 0 contour lead to larger values of surface
elevations (positive or negative), while f. — f; trajec-
tories that move away from the F, = 0 contour lead
to larger magnitude (positive or negative) values of the
horizontal buoyancy forces and vice versa. Thus three
types of lithospheric thickening paths are conceivable
on Figure 2. First, there are paths that have a shal-
lower slope than both the F, and the H contours (the
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Figure 3. Time-dependent evolution of (a) surface el-
evation and (b) horizonal buoyancy force within the
model assumptions discussed here. Figure 3 is calcu-
lated with (4) and (5). Fy evolutions are shown for four
different surface erosion rates discussed in the text. The
thick line corresponds to the curve shown in Figure 3a.
The approximate magnitude of ridge push and slab pull
forces are shown for reference. For Figure 3 it was as-
sumed that 2,=100 km. (c) Plot showing the evolution
shown in Figures 3a and 3b can be divided into four
parts that will be discussed in detail on Figure 4b. Fig-
ure 3c also shows the timing of two inferred convergent
deformation phases D, and Ds; see section 5.

crustal thickness given by f. increases faster than the
lithospheric thickness given by f;). For such paths, Fj
and H both increase in an orogen. Second, there are
paths that have a steeper slope than both the Fj and
the H contours (f; increases faster than f.). For such
paths, Fy and H both decrease in an orogen. Third,
there are paths with an intermediate slope between the
Fy and the H contours (f; increases only slightly faster
than f.). For such paths, F, decreases, but the surface
elevation increases.

Understanding this, it is now easy to interpret the
evolution shown in Figure 3 with the aid of Figure 4:
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During the initial thickening both crust and mantle part
of the lithosphere are thickened leading to surface up-
lift and an increasing horizontal buoyancy force out-
wards from the orogen. As surface elevation increases,
the erosion rate also increases. Thus the increasingly
rapid erosion from above prevents the crust from thick-
ening at the same rate as the mantle part of the litho-
sphere (which thickens while being unaffected by ero-
sion). Thus the negative buoyancy contribution of the
mantle lithosphere will eventually win over the positive
buoyancy force contribution of the crust. This is illus-
trated on Figure 4a, where the thickening strain of crust
and lithosphere are both plotted as a function of time
for the geologically relevant erosion rates from Figure
3. It may be seen that the temporal evolution of litho-
spheric thickness is much less sensitive to the erosion
rate at the surface than the crustal thickness.

Figure 4b shows one example of an f. — f; evolu-
tion during simultaneous thickening and erosion at the
surface. The diagram is similar to Figure 2 and may
be read in direct comparison with Figure 3b. It may
be seen that the evolution may be divided into four
parts. Initially, surface elevation and horizontal buoy-
ancy force both increase (part 1 on Figure 4b). As
elevation increases, the erosion rate increases as well,
and the rate of surface uplift decreases (part 2 on Fig-
ure 4b). The mantle part of the lithosphere thickens
rapidly relative to the crust, so that the orogenic path
on Figure 4b becomes curved until the horizontal buoy-
ancy force contours are crossed toward the left. The
horizontal force decreases and crosses over to negative
values (part 3 on Figure 4b). Only in the final stage
the steady state surface elevation is reached, while the
inward collapse of the orogen proceeds (part 4 on Fig-
ure 4b). Parts 3 and 4 on Fig. 4b correspond to the
scenario sketched qualitatively in the cartoon on Fig-
ure 1b, where the thickness of the mantle lithosphere
of the right-hand column has become so large that the
dark shaded region on the 0., versus z diagram out-
weighs the light shaded area. Thus, integrated over the
thickness of the whole lithosphere, there is a net lateral
buoyancy force exerted from the topographically lower
region onto the topographically higher region. Clearly,
these evolutions are only in part geologically relevant.
This will be discussed in section 5.

5. Discussion

Section 1-4 have shown an extremely interesting re-
sult, namely, that the lateral buoyancy force of a simple
collisional orogen may qualitatively change from out-
wards from the orogen to inward toward the orogen
even though the surface elevation continues to increase
at all times. However, before discussing the geological
relevance of this result it is important to emphasize the
limitations of the model presented here.



STUWE AND BARR: SURFACE UPLIFT VERSUS GRAVITATIONAL EXTENSION 1061
3— : 2 .
vertical scale is: part 4:
| fo - soldines fl Py~ Socrentes
== | fl - dashed lines Fbis negative
O part 3:
= H - increases
175) Fb - decreases
Fb is negative
part2:
2 H -increases
Fb - decreases
Fb is positive
/ part 1:
H -increases
,/_fll; -}increatjses
is positive
1 (b)

10 20 30
time (my)

40

1.5 2
fc

Figure 4. (a) The evolution of f. (thick lines) and f; (thin dashed lines) from Figure 3 for the
faster three erosion rates. It may be seen that the rate crustal thickening is much slower than
lithospheric thickening. (b) The evolution of the lithosphere from Figure 3 shown on an f. — f;
diagram for medium erosion rates of v., = 2H¢é/B. The evolution may be divided into four parts
that can also be identified on Figure 2 and that are labeled on Figure 3c.

5.1. Limits of Geological Relevance

5.1.1. Parameter ranges. Of the parameters
used for the calculations the largest uncertainty is about
the initial thickness of the lithosphere at the onset of
an orogenic evolution. For example, in some stable cra-
tons the thermally stabilized lithosphere is some 200
km thick, while in many other stable continental re-
gions the lithosphere is only 120 km thick. In order
to explore the influence of such different thicknesses we
show in Figure 5 the shaded region of Figure 2 as a
function of ¢ = z./z;: the initial ratio of crustal thick-
ness to lithospheric thickness. It may be seen that the
region in which topographic lows exert a net horizontal
buoyancy force onto topographic highs increases with
thicker intial lithospheres (smaller ). In particular,
for ¢ < 0.25, even homogeneous lithospheric thicken-
ing will lead to the counter intuitive situation discussed
above, and it is therefore not unreasonable to expect
some field examples where this can be observed.

5.1.2. One dimensionality. The model discussed
above is one-dimensional and does not consider the two-
or even three-dimensional complications in the stress or
strain field occurring in most real orogens [e.g., Platt,
1993]. As such, the model is not directly applicable to
many real orogens, which are, for example, often not
in isostatic equilibrium. Rather, the model presented
here should be seen as a cartoon illustrating some sim-
ple, but often confused, phsyical principles. Its merits
lie in the clarity, which is a mandatory requirement to
understand the basic principles highlighted herein. We

believe that any more complicated (and possibly more
realistic and applicable) model would obscure the phys-
ical processes emphasized here and would therefore do
a disservice to the fundamental aim of this paper.

A more serious model constraint than the one di-
mensonality assumption is the assuraption that hori-
zontal buoyancy force is derived by vertically integrat-
ing the lateral stresses. Thus we do not consider vertical
changes in the lateral force. For example, on Figure 1,
there is always a horizontal buoyancy force exerted from
the topographic high toward the topographic low in the
upper part of the column. Only in the lower part of the
column this relationship reverses in Figure 1b, so that
the integrated net force from one column onto the other
is zero. In real orogens, such a scenario may lead to the
development of shear zones near the depth where the
relative magnitude of the vertical stresses reverses be-
tween the two columns. The model discussed here may
therefore only be relevant to mechanically strong litho-
spheres, where the arising shear forces are hindered to
cause shear strains at depth and a vertical integration
of lateral forces is allowed (for a similar discussion, see
Avouac and Burov [1996]). It may be possible to infer
reversals in the direction of lateral forces by interpreting
the depth dependence of fault plane solutions.

5.1.3. Temporal and magnitude limitations.
Figure 4a shows that, for the assumed strain rate —
the lithosphere exceeds a geologically meaningful thick-
ening strain after ~30 m.y. (it reaches double thick-
ness after ~20 m.y.). This is a function of the assumed
constant strain rate and implies that interpretation of



1062

fl

0.5

0.5 1

fc ?

Figure 5. An f. — f; diagram showing the parame-
ter space in which there is a net horizontal buoyancy
force from the topographically lower regions onto topo-
graphically higher regions explored for a range of initial
ratios of z. to z;. It may be seen that, in particular for
thick initial lithospheres (¢ = 0.2), this region covers
geologically relevant thicknesses for crust and mantle
lithosphere in orogens. The thick path is discussed in
the text.

Figure 3 beyond 30 m.y. is not meaningful. However,
it may be seen on Figures 3 and 4b that the rever-
sal of F}, from positive to negative occurs already well
before this. Moreover, the curves on Figure 3 are self-
similar, so that curves for any erosion rate and strain
rate will show this feature. Thus the effect of a quali-
tative lateral buoyancy force reversal may occur at all
times in the thickness evolution of an orogen. Figure
3 also shows that the absolute magnitude of the lateral
forces may be small compared with the tectonic driving
forces, for example, ridge push or slab pull. However,
in view of the fact that lateral extension can occur in
directions orthogonal to the tectonic convergence and
the fact that orogenic collapse often occurs after the
tectonic driving forces have waned, the buoyancy forces
can be considered independent of the tectonic driving
force. Moreover, the principle occurrence of the reversal
of the lateral force will always have an influence on the
orogenic force balance (see below) and therefore may
ultimately imply surges in the strain rate evolution of
an orogen [see also Avouac and Burov, 1996].

5.2. Geological Examples and Field Evidence

Figure 3b shows that the horizontal buoyancy force in
orogens may first increase and later decrease and even-
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tually change from positive (outward from the orogen)
values to negative values (toward the orogen). The im-
plication of this may be understood in terms of the ef-
fective driving force Feg that is applied to a convergent
orogen. This effective driving force may be viewed as
the difference between the tectonic driving force Fy and
Fbl

Feg = Fg— By (8)

le.g., Sonder and England, 1986; Zhou and Sandi-
ford, 1992]. In comparison with Figure 3b, this equa-
tion states that the effective driving force has a mini-
mum during a continuous evolution of convergence. In
the early evolution of an orogen, Fj is small, and the
effective driving force is governed by the onset of con-
vergence. Thereafter, Fes decreases as Fj increases.
After Fy has gone past its maximum the effective driv-
ing force increases again. In the field this occurrence
of a minimum in Feg shortly after the onset of an oro-
genic evolution may be reflected in the development of
two colinear deformation phases (labeled as Dy and Dy
in Figure 3c). The occurrence of two colinear early
defomation phases is indeed common to many moun-
tain belts, for example, eastern Antarctica [Hand et
al., 1994], Namibia [Dirr and Dingeldey, 1996], central
Australia [Goscombe, 1991] or the Adelaide Fold Belt
[Oliver and Zakowski, 1995]. However, in view of the
kinematic boundary conditions of the model discussed
here, we will not discuss this potential example further.
Any valued discussion of this observation must be per-
formed on hand of a similar model subjected to stress
boundary conditions.

Figures 2 and 5 show that topographic lows may exert
net horizontal buoyancy forces onto topographic highs
in two different areas of parameter space: first, in ex-
tensional environments where f. < 1 and f; < 1 (this is
the part of the “bow tie” in the bottom left of Figures
2 and 5) and second, in collisional environments where
fe>1and fi > 1 (“bow tie” in the top right quadrant
of Figures 2 and 5). There examples are particularly
likely in regions where f. < f;, that is, where the man-
tle part of the lithosphere is even more thickened than
the crust. While this parameter space may be reached
in a range of orogenic environments, we believe that this
setting may be exemplified by subduction zone environ-
ments where the process discussed here may contribute
to the development of fore arc or back arc basins.

In subduction zones, entire slabs of oceanic lithos-
phere are emplaced underneath the margins of conti-
nental lithosphere. Because the thickness of the oceanic
crust is negligible and that of the oceanic mantle litho-
sphere is comparable to that of the continental mantle
lithosphere, this process leads to an immediate dou-
bling of the mantle lithosphere underneath the conti-
nent, while the total crustal thickness remains compa-
rably unaffected. Simultaneousy with or subsequent to
this process, convergence or underplating will lead to
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some thickening of the crust. This thickening evolution
is illustrated by the thick path of Figure 5. This path
enters the shaded area where topographically lower re-
gions exert a net lateral buoyancy force onto topogaph-
ically higher regions. Thus it is possible that Andean-
type mountain belts with significant surface elevation
have, despite their high topography, a lower potential
energy than their surroundings, at least during some
stages of their evolution. Albeit the fact that Andean-
type mountain belts may not be in isostatic equilib-
rium, this may cause gravitational forces to act from the
hinterland or foreland onto the mountain belt. These
forces would act in addition to the overall far-field driv-
ing forces. This then may result in extensional collapse
of the hinterland or foreland towards the mountain belt,
forming back arc or forearc basins. It is therefore pos-
sible that the formation of backarc or forearc basins is
unrelated to the overall kinematics of the subduction
zone and also need not be related to processes in the
mantle wedge and other processes that have been made
responsible for backarc basin extension (e.g., see sum-
mary by Allen and Allen [1990]).

One example where this process may be of relevance
is the central Andes. Figure 6 shows a schematic cross
section through a subduction zone as it is now a well-
accepted model for such environments [e.g., Turcotte
and Schubert, 1982] and which is consistent with re-
cent detailed work by a major German geophysical
Andean transsect (e.g., Graeber and Asch, [1999]; see
also http://www.fu-berlin.de/stb267/). Three impor-
tant profiles are emphasized on Figure 6. Profile a is
the stable hinterland in the far field, where continental
crust and mantle part of the lithosphere are of refer-
ence thickness. Profile b is in the foreland where the
continental crust has a near normal thickness and the
mantle part of the lithosphere consists of a sliver of con-
tinental mantle lithosphere plus the full oceanic litho-
sphere. Profile ¢ is in the center of the mountain belt
where the crust is overthickened and the mantle part of
the lithosphere is overthickened as well. Note that the
Moho and the upper surface of the subducting plate
diverge between profiles b and c, so that the overthick-
ening of the mantle part of the lithosphere is more rapid
than the overthickening of the crust as profile ¢ is ap-
proached. This is consistent with the arrow on Figure
5. The thickening geometries of profiles a, b and ¢ are
consistent with those required for gravitational forces to
arise, which are exerted from topographic lows toward
topographic highs. These are indicated by the small
white (schematic) arrows underneath profiles a and b.

Profiles b and c are consistent with the geometry of
the central Andes at longitudes 69.5°W and 68.5°W
[e.g., Graeber and Asch, 1999]. There the region cor-
responding to profile b is characterized by a longitudi-
nal valley between the Coastal Cordillera and the Pre-
cordillera, while profile ¢ is consistent with the region of
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the high topography of the Western Cordillera. We are
startled by the idea that this observation may be ex-
plained by the model discussed here; that is, the region
of the longitudinal valley is characterized by gravita-
tional extension toward the Western Cordillera. One
test to this interpretation would be an investigation of
the asymmetry of the forearc basin. Standard models
appealing to rollback or mantle wedge processes imply
a symmetric extension in the forearc or retroarc. The
model invoked here implies an asymmetry of the formed
basin with the depot center nearest the region of high
topography. Although some asymmetric basins devel-
oped in the Peruvian Andes [Dalmayrac and Molnar,
1981] are unrelated to the regions of interest discussed
here, we suggest that our model is potentially testable
in the foreland and hinterland of Andean-type moun-
tain belts.

6. Conclusion

Surface elevation and horizontal buoyancy forces are
linear and quadratic functions of the density distribu-

high low high
potential potential potential
energy, energy, energy,
low surface high surface low surface
elevation elevation elevation

(b) (C) (a)

Figure 6. Cartoon showing the geometry of subduc-
tion zone environments. The large white arrow in the
subducting plate indicates the motion of the subducting
slab. The small white arrows indicate the stress field
arising from gravitational potential energy differences
at the three labeled vertical sections. Light shaded re-
gion is continental crust, medium dark shaded region
is lithospheric mantle, and dark shaded area is oceanic
crust. Note that going from both profiles a and b toward
profile ¢ thickening of the mantle part of the lithosphere
is greater than thickening of the crust. For details, see
text.
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tion in the lithosphere, respectively. Thus surface eleva-
tion and horizontal force need not correlate directly, and
it is dangerous to imply that topographically higher re-
gions always exert a net horizontal buoyancy force onto
topographically lower regions. For some realistic thick-
ening geometries of crust and mantle part of the litho-
sphere, topographically lower regions may exert net lat-
eral buoyany forces onto topographically higher regions.
As a consequence, the relationship between surface
uplift and lateral buoyancy force may reverse during a
continuous thickness evolution of an orogen. For exam-
ple, early in the orogenic evolution, surface uplift may
be accompanied by an increasing lateral force outward
from the elevated region. Later in the same evolution,
continuing surface uplift may be accompanied by de-
creasing or even negative buoyancy forces, giving rise
to the gavitational inward collapse of the elevated re-
gion. Then, extension in the foreland and accellerated
compression in the orogen should be observed.

STUWE AND BARR: SURFACE UPLIFT VERSUS GRAVITATIONAL EXTENSION

We believe that this process may be observed in
Andean-type mountain belts, where the region of high-
est topography may have a lower gravitational potential
energy than the foreland and hinterland. Thus the for-
mation of forearc or retroarc basins may be related to
gravitational collapse of these regions toward the region
of significantly higher topography.
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