














































































































Mountain Belts 

FINITE AMPLITUDE, NON-NEWTONIAN FOLDING OF THE LITHOSPHERE ON VENUS AND 
EARTH; M. T. Zuber1•

2 and E.M. Parmentie?, 1Geodynamics Branch, NASA/Goddard Space Flight Center, 
Greenbelt, MD 20771; 2Department of Earth and Planetary Sciences, The Johns Hopkins University, 
Baltimore, MD 21218; 3Department of Geological Sciences, Brown University, Providence, Rl 02912. 

Radar images of the lshtar Terra highland area of Venus have revealed the presence of parallel, 
regular1y spaced, radar-bright and -dark lineations that trend along the axes of relatively narrow, elongated 
topographic highs [1,2,3). These features have been interpreted as folds associated with mountain belts that 
formed in response to horizontal compression of the Venus lithosphere [1 ] . Using the assumption that the 
regular spacing of lineations represents the dominant wavelength of folding in a strength- or viscosity
stratified lithosphere, models have been developed to constrain thermomechanical properties of the 
lithosphere, such as effective elastic thickness [4], and crustal thickness and thermal gradient [5-7]. Two 
notable simplifications characterize these models: First, they assume simpler vertical viscosity distributions 
than are likely to describe the lithosphere. Second, the solutions are valid only for infinitesimal fold 
amplitudes ( < < competent lithospheric layer thickness), and are thus not applicable at finite strains that may 
characterize highly-deformed fold belts. In order to develop a more realistic quantitative representation of 
lithospheric-sale shortening, we have constructed finite element models of a compressing medium that 
incorporate general vertical viscosity distributions and take into account non-Newtonian behavior of the 
lithosphere. With these models we address aspects of the structure and dynamical evolution of mountain 
belts on Venus and Earth. 

We used a penalty function approach (8] to calculate deformation due to uniform horizontal 
shortening of an incompressible viscous medium with an arbitrary vertical viscosity distribution. Laboratory 
experiments on the strength of rock [ct. 9] extrapolated to appropriate temperatures and pressures indicate 
that the lithospheres of both Earth and Venus may contain regions of brittle deformation, characterized by 
a linear increase of strength with depth, and ductile deformation, characterized by an exponentially 
decreasing strength with depth. We thus defined a reference viscosity structure J1

0
(z) corresponding to a 

typical strength envelope distribution (ct. Figure 2) using the expressions 

(1) 

(2) 

where J11 and J12 are the reference viscosities at the brittle-ductile transition and surface, respectively, z is 
relative depth, z80 defines the relative thicknesses of the brittle and ductile regions, and d is the e-folding 
depth in the ductile region. The strain rate-dependent viscosity Jl, with an assumed form 
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. 
where e 11 is the second invariant of the strain rate tensor and n is the power law exponent of stress, was 

estimated using an incremental procedure (10). To approximate deformation in the brittle regime we invoked 
the assumption of perfect plasticity in which n ... oo, while in the ductile creep regime we assumed n •3. 

The grid layout is schematically shown in Figure 1. The left boundary represents a symmetry plane 
in which the horizontal velocity, u, and shear stress, or, vanish. The top boundary is stress free, and on the 
bottom boundary 't and the vertical velocity, w, vanish. On the right boundary 't vanishes and u is assigned 
a constant value. Values of u and the horizontal grid dimension were chosen so as to yield a normalized 
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horizontal strain rate e XX with a value ot' -1. Using this approach, the growth rates of folding determined 

from the finite element analysis could be directly compared to those from previous infinitesimal amplitude 
analytical solutions [5,6]. In the analytical solutions the dimensionless rate of fold growth q is expressed 

q= 
(4) 

where ~0 is the amplitude of initial random interface perturbations and ~ is the fold amplitude at time t. In 
the finite element models q is determined from the slope of the relationship between the natural log of the 

rms amplitude of deformation, and the horizontal strain e xl . 
Figure 2 shows estimates of q for three vertical viscosity distributions with fixed thickness and 

viscosity structure in the brittle layer and different values of d tor the ductile layer. In each case q exceeds 
the critical value of one, which indicates that lithospheres with all of these viscosity distributions will develop 
folds when horizontally compressed. As for the infinitesimal amplituae solutions [5,6), the rate of fold 
amplitude growth is greater for smaller d. Also note that with decreasing d, q progressively decreases with 

increasing e xl . indicating that folds will grow increasingly slowly at finite strains. 

In infinitesimal amplitude solutions, folding instabilities are driven by discontinuities in vertical 
viscosity at the surface or at Interfaces between layers [e.g. 11]. However, Figure 2 demonstrates that a 
medium with a vertical viscosity distribution that Is everywhere continuous and that approximates the 
probable vertical distribution of strength In the lithosphere is also unstable with respect to folding. Hence, 
discontinuities in vertical viscosity, either within the lithosphere or at the surface, are not required for the 
development of folds. It is interesting to note that the growth rates obtained in Figure 2 are nearly Identical 
to those predicted if the brittle layer were instead characterized by a uniform viscosity l11. This indicates that 
the rate of fold growth in a medium with a distributed driving force associated with a continuous vertical 
viscosity distribution can be adequately estimated from a medium with a discrete viscosity jump at the 
surface. However, calculation of the perturbed velocity field that characterizes the style of deformation 
should be based on the detailed viscosity structure. 

The solutions in Figure 2 assume no lateral viscosity variations. However, spatial variations in 
lithospheric thickness might be expected on Earth or Venus due to thermal, compositional or mechanical 
heterogeneities. Simple solutions for compression of a non-Newtonian viscous lithospheric layer with a small 
thickness variation show significant stress supported topography that may explain salient morphologic 
features of certain mountain belts [12]. Similar models adapted to consider finite lithospheric thickness 
variations may be relevant to the large-scale topographic expression of structures on Earth and Venus, such 
as the Himalayas that border the Tibetan Plateau, and Vesta Rupes and Akna and Freyja Montes that 
surround Lakshmi Planum. 
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Figure 1. Geometry and boundary conditions for 
the non-Newtonian finite element folding problem. 
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Figure 2. Vertical viscosity structures (left) and associated relationships between ln(rms amplitude) and mean 
horizontal strain. The slopes of the lines on the right give the growth rates of folding, q. Parameter values 
for this calculation are llt = 100, IJ.2=0, zi~\=0.8, n1 = 100, and n2 =3. Values of q listed represent those at 
small strains, where the slopes, and growth rates, are greatest. For d = 0.1 and 0.05, the slopes of the lines 
decrease at larger strains, indicating that the rate of fold amplitude growth also decreases. 
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