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Abstract. Stresses at Earth's surface are profoundly influenced by topography. Simple models 
indicate that gravitational and regional stresses are concentrated, attenuated, even reversed within 
landforms. Such topographically induced stresses are potentially manifest as bedrock fractures. 
Fractures reduce rock mass strength, decrease erosional resistance, and create conduits for water. 
By creating fractures, topographically induced stresses can alter processes of mass wasting, bed- 
rock incision, and groundwater flow. We use Savage et al.'s [1985] solution for stresses in sym- 
metric ridges and valleys on an elastic half-space in plane strain to assess topographic effects on 
regional and gravity-induced stresses. We have extended their solution to include lateral loads 
that vary with depth, which better approximates states of stress found in Earth's crust and allows 
us to examine a greater range of stress regimes. We examine the calculated stress fields to assess, 
in a classic Mohr-Coulomb context, the potential for consequent fracture. This model indicates 
that topographic relief can cause stresses of sufficient magnitude to break rock, creating fracture 
sets having a spatial distribution and orientation governed by landform shape and the regional 
state of stress. We find that in extensional tectonic regimes, topographically induced stresses 
favor surface-parallel fractures through ridges and steeply dipping fractures through valleys. Con- 
versely, in compressional regimes, topographically induced stresses favor steeply dipping frac- 
tures through ridges and surface-parallel fractures through valleys. Such topographic interactions 
with regional stresses pose consequences for interpretations of fracture orientation, for assess- 
ments of slope stability, and for processes of landscape development. 

Introduction 

Bedrock at Earth's surface is ubiquitously fractured, at scales 
ranging from subgrain microcracks, to local joint sets, to conti- 
nent-traversing fault zones. The extent and nature of fracturing 
affect bedrock permeability and strength. These properties in 
turn influence erosional resistance, slope stability, infiltration 
capacity, and groundwater flow, all of which serve as primary 
controls on geomorphic processes acting at Earth's surface. 
Characterization of the underlying bedrock is essential to an 
understanding of Earth surface processes, and identification of 
fracture sets is essential to characterization of bedrock. 

Fractures at a given site are a consequence of stresses created 
by forces acting on the rock mass. These stresses are a function 
of the geometry, structure, and rheological properties of the 
rock. Surface geometry strongly influences stresses at shallow 
depths, so certain near-surface fractures may reflect the effects 
of topography. Here we examine these topographic effects and 
infer the style of fracturing that may form in response to topo- 
graphically induced stresses. Topography is only one of many 
factors potentially contributing to the formation of fractures, 
some of which may form at depths entirely unrelated to condi- 
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tions at the surface. The topography, however, is readily quanti- 
fied, allowing predictions of the site-specific topographic 
influence on fracture development. To assess topographic 
effects, we use a simple elastic model, which includes regional 
and gravity-induced stresses. We calculate stress fields for a 
homogeneous, isotropic, self-gravitating elastic half-space in 
plane strain, with topography consisting of symmetric ridges or 
valleys aligned with the regional stresses. 

Many authors use the half-space model for estimating shallow 
stresses [e.g., Jaeger and Cook, 1979; Engelder, 1993]. In a lat- 
erally homogeneous half-space with no surface relief, gravity 
only induces vertical strains [e.g., Jaeger and Cook, 1979, p. 
372]. This condition provides a reference state of stress, to 
which one may add tectonic components or perturbations caused 
by topography. Uniaxial vertical strain, or the equivalent condi- 
tion of lateral constraint (imposing zero horizontal displace- 
ments), results in a state of stress dependent on material density 
and Poisson's ratio. All stresses are compressive, principal axes 
are oriented vertically and horizontally, the vertical stress is 
equal to the weight per unit area of overburden, and horizontal 
stresses are laterally isotropic and everywhere smaller than the 
vertical stress, in a proportion determined by Poisson's ratio. 

This reference state is appropriate for an infinite half-space 
but poorly represents the states of stress found in Earth's crust 
[McGarr, 1988], where horizontal stresses commonly exceed the 
vertical stress [Brown and Hoek, 1978; McGarr and Gay, 1978]. 
Several authors have included an additional horizontal stress 

[McTigue and Mei, 1981; Savage and Swolfs, 1986], or specified 
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lateral strains [Savage et al., 1992], to account for tectonic load- 
ing, but the depth gradient of horizontal stresses remains 
unchanged, whereas at many sites, measured horizontal stresses 
increase with depth at rates greater than that of the vertical 
stress. To accommodate such cases, we specify horizontal 
stresses for the reference state directly, with no constraints on 
lateral strain and independent of material properties. Having 
specified a reference state of stress, we then use a solution pre- 
sented by Savage et al. [1985] to calculate the effects of topogra- 
phy. By avoiding the requirement of lateral constraint, we use 
the half-space model to examine a range of stress states having 
stress gradients consistent with those observed, allowing us to 
better show how topographic effects may vary from one tectonic 
regime to another. 

We then use the calculated stress field to infer the location and 

orientation of topographically induced fracturing. We rely 
entirely on empirical observations of rock failure as described 
with a classical Mohr-Coulomb approach: fracture occurrence is 
a function of rock strength and is estimated by comparing calcu- 
lated stress magnitudes with the Coulomb failure criterion. This 
simple exercise indicates that the landscape itself, by perturbing 
regional and gravity-induced stresses, can cause bedrock to fail. 
The location, orientation, and density of such fractures are func- 
tions of rock type and of landform size and shape and will differ 
between extensive and compressive tectonic regimes. 

Elastic Solutions for Topographically 
Induced Stresses 

The complete stress field can be computed for certain simple 
surface geometries under conditions of plane strain. Several 
authors have published solutions applicable to long, linear land- 
forms such as ridges and valleys. Scheidegger [1963] used 
results for a circular notch and rib on the surface of a half-space 
subjected to horizontal compression or tension to estimate 
stresses near valleys or mountain ranges under a regional tec- 
tonic stress. Although his example did not include the effect of 
gravity, he inferred that regional horizontal stresses may be con- 
centrated along the axis of a valley and reduced or even inverted 
along the crown of a ridge. Perloft et al. [1967], Silvestri and 
Tabib [1983a,b], and Savage [1994] present results for gravita- 
tionally induced stresses in linear embankments. Their results 
show development of gravity-induced tensile stresses at the 
embankment toe and extending in front of the slope. Verruijt 
[1969], Ter-Martirosyan et al. [1974], Savage et al. [1985], and 
Savage and Swolfs [1986] present exact solutions for grav- 
ity-induced stresses in ridges and valleys. Their results indicate 
that gravity causes compression along ridge tops and tension 
along valley floors, in a manner dependent on Poisson's ratio. 
McTigue and Mei [1981] also present an approximate solution 
for ridges and valleys of small slope and for three-dimensional, 
axially symmetric topography of small slope [McTigue and Mei, 
1987]. Liao et al. [1992] present an approximate solution for 
symmetric ridges and valleys of small slope in anisotropic rock. 
Pan and Amadei [1994] present an analytic solution for smooth 
topography in plane strain for anisotropic rock. Anisotropy acts 
to shift the distribution of stresses from the isotropic case. Liu 
and Zoback [1992] present an approximate solution, applicable at 
depth, for three-dimensional landforms in homogeneous, isotro- 
pic rock. 

These authors all use the assumption of lateral constraint to 
define the reference state of stress (except for Liu and Zoback 
[1992], who, following McGarr [1988], use a lithostatic refer- 

ence state). To account for tectonic loading, McTigue and Mei 
[1981] and Savage and Swolfs [1986] include a horizontal stress, 
constant with depth and in addition to that caused by gravity. 
Alternatively, Savage et al. [1992] specify nonzero lateral 
strains, which produce a proportional change in the horizontal 
stresses. Without the tectonic component, the vertical stress 
everywhere exceeds the horizontal stresses, so the half-space ref- 
erence state represents a normal-faulting stress regime (in Ander- 
son's [1951] classification). With a tectonic component, both 
strike-slip and thrust-faulting regimes may be represented, but in 
all of these cases, the reference state of stress used to calculate 

topographic effects has a vertical stress that increases with depth 
more rapidly (or at the same rate for the lithostatic case) than the 
horizontal components. 

We briefly describe the solution procedure for elastic stresses 
in plane strain to show explicitly how the reference state of stress 
is obtained. More extensive descriptions are found in many ref- 
erences [e.g., Jaeger and Cook, 1979, chapter 5; Sokolnikoff, 
1956; Savage et al., 1985; Savage and Swolfs, 1986]. Under 
plane strain, in which all displacements occur in a single plane 
(and of which uniaxial vertical strain is a special case), static 
stress equilibrium is specified by 

a-; =o, 
a% a% 
ax ay 

Here x and y refer to horizontal and vertical Cartesian coordi- 

nates, with y positive upward; or.. i specifies components of the 
second-order Cauchy stress tensor, %x and Oyy are the hori- 
zontal and vertical normal stress components, and %y is the 
shear stress component; p is mass density of the material, and g 
is gravitational acceleration. Following geologic convention, 
normal stresses are positive in compression, with corresponding 
displacements positive when in the negative x or y directions. For 
a linearly elastic material (stresses linearly proportional to 
strains) 

o= = v + %) (2,) 
where v is Poisson's ratio. If material density is homogeneous 
and g is constant with depth, then strain compatibility together 
with linear elasticity require that 

V 2(Oxx+Oyy) = 0. (3) 
The two equilibrium equations (1) and the compatibility con- 

straint (3) provide a system of elliptic partial-differential equa- 
tions in terms of the three independent components of stress. The 
body force term in (1) (pg on the right-hand side) renders the 
system inhomogeneous. Solution of an inhomogeneous system of 
equations consists of the sum of two parts: a "general" solution 
that satisfies the equations in homogeneous form (no body 
forces), and a "particular" solution that accounts for the body 
force. A general solution is found using complex potentials as 
described by Sokolnikoff [ 1956]. 

A particular solution to account for the body force must sat- 
isfy equilibrium (1). The simplest solution is of the form 

oxx = F(y) + a, 

oyy = pg (-y) + G (x) + (4) 

C•xy = •; 
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where F and G are functions of the indicated coordinate direc- 

tions and c•, 13, and Z are constants. The complete solution, 
obtained by summing the general and particular solutions, must 
satisfy the free-surface boundary condition, i.e., no stress com- 
ponent acts normal to the surface: 

ot..jn i = 0, (5) 

where n i are components of a unit vector directed normal to the 
surface. It is common to specify this boundary condition sepa- 
rately for the general and particular solutions: 

n, = (6) 
with the right-hand side viewed as a boundary condition that the 
general solution must satisfy. 

The particular solution is defined for a planar free surface (no 
topographic relief) with stresses given by the reference state of 
stress. A conformal transformation is used to map all points onto 
an orthogonal curvilinear coordinate system, within which the 
particular solution is solved using (6) as a boundary condition. 
These techniques are described by Muskhelishvili [1953]. 
Applied to an infinite half-space, this technique provides a solu- 
tion for topographically induced stresses. The reference state of 
stress is specified by the particular solution for a planar surface, 
topography is created by the conformal mapping, and the general 
solution, with (6) as a boundary condition, then includes stresses 
that account for departure of the free surface from a plane. This 
technique has been used by Perloft et al. [1967], Verruijt [1969], 
Ter-Martirosyan et al. [1974], Savage et al. [1985], and Savage 
and Swolfs [1986]. 

We use the conformal mapping of Savage et al. [1985], which 
produces surface topography consisting of symmetric ridges or 
valleys specified by the parametric equations: 

2 
abu a b 

x= u+ 2• Y- 2 2' (7) 
u +a u +a 

The surface is generated by setting values for a and b, and then 
varying u from --• to +oo. The value of y approaches zero at 
large positive or negative values of u or x. At u = 0, x = 0 and 
y = b. Thus b specifies the height of a ridge or, if negative, the 
depth of a valley centered at x - 0. The value of a determines 
the width and steepness of the feature: at y = b/2, x = a + b/2. 
For negative b, the ratio (-b)/a must be less than unity for y to be 
single valued at all x. 

The reference state of stress is defined for a planar free sur- 
face. The free-surface boundary condition (5) requires that the 
function GOc) and the constants 13 and • in (4) be zero, giving a 
reference state of stress of the form 

oxx = F(y) +c•, 

O yy = --pgy, 
(8) 

lJz z = V ( lJ x x + lJ y y ) , 
C•xy = O. 

If gravity is the only force acting on the half-space, the function 
F(y) has a specific form [Jaeger and Cook, 1979, p. 372]' 

v v 

F (y) - ( 1 - v) 6yy -- ( 1 -- V) pg (-Y)' (9) 
This is the reference state of stress commonly used for estimating 
topographically induced stresses, with the constant or in (8) used 
to account for regional horizontal (tectonic) loads. 

With (9), the variation of horizontal stress with depth depends 
explicitly on the Poisson's ratio chosen for the half-space. The 
Poisson's ratio applicable to Earth's crust is poorly constrained; 
intact rock exhibits a range from 0.01 to 0.45. A reference state 
using (9) with a Poisson's ratio of 0.25 has horizontal compres- 
sion increasing with depth at about one third the rate of the verti- 
cal stress. Even at a Poisson's ratio of 0.5 (no volumetric strain), 
horizontal compression increases at the same rate as the vertical 
stress. 

Equation (9) was obtained with the assumption of lateral con- 
straint, which restricts the range of stress regimes that can be 
examined to those for which horizontal stresses increase with 

depth at a rate less than the vertical stress. This is not the only 
option for defining a reference state, however, since a solution 
exists for any form of F(y). One can look to Earth itself for guid- 
ance and set parameters in (8) to be consistent with states of 
stress inferred from observed crustal stresses or, as Savage et al. 
[1992] point out, with observed crustal strains. 

Reference States of Stress Consistent 

With Crustal Stress Regimes 

Observed Regional Stresses 

Crustal stresses are characterized through a variety of 
stress-induced phenomena. The orientation and relative magni- 
tude of regional stresses are inferred from displacement on active 
faults, from the orientation of fold axes, from the alignment of 
young volcanic vents, and from earthquake focal mechanisms. 
Stress magnitudes and orientations are also inferred from the 
deformation of boreholes, from measurements obtained during 
hydrofracturing operations, and from in-situ strain measured 
during stress relaxation experiments. McGarr and Gay [1978], 
Zoback and Zoback [1980, 1989], and Engelder [1993] provide 
descriptions of these observations and of measurement tech- 
niques used to estimate in situ stresses. Observations indicate that 
horizontal stresses generally differ from the vertical stress and 
vary with azimuth. Directions of minimum and maximum hori- 
zontal stress are generally aligned over large areas, and the crust 
can be delineated into tectonic provinces consistent with other 
evidence of regional tectonism and plate motion [Richardson et 
al., 1979; Zoback and Zoback, 1980, 1989; Zoback, 1992]. 

Observations also indicate a systematic variation of stress with 
depth. Linear regressions of stress measurements show that the 
vertical component matches well with the weight per unit area of 
overburden and that the depth gradients of the horizontal compo- 
nents exhibit distinct regional trends [Brown and Hoek, 1978; 
McGarr and Gay, 1978; Gay, 1980; Hasegawa et al., 1985; 
Fangquan, 1986; Arjang, 1989; Cornet and Burlet, 1992]. Mea- 
surements of horizontal stresses from two regions are shown in 
Figure 1, with linear regressions to data for additional regions 
listed in Table 1. Substantial variation exists in the rate at which 

horizontal stresses change with depth between regions; values in 
Table 1 vary from a maximum of 0.067 MPa compression per 
meter depth in west China to a minimum of 0.009 MPa per meter 
in the southwest United States. Assuming an average crustal den- 
sity of 2650 kg/m 3, these numbers translate to a gradient with 
depth for horizontal compression > 2 times that of the vertical 
stress in west China and about one third that of the vertical stress 
in the southwest United States. 

As shown by the scatter in data of Figure 1, actual stresses at 
any particular site vary with depth in a fashion considerably 
more complicated than suggested by a linear relationship. 
Derailed measurements show that horizontal stresses vary greatly 
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Figure 1. Maximum and minimum horizontal stresses measured for the eastern and southwestern United Sates. 
Solid lines show linear regressions (for points deeper than 100 m in the eastern United Sates, maximum horizontal 
stress is 7(+ 10) + 0.035(+0.01)(-y) MPa and minimum horizontal stress is 6(+8) + 0.017(+0.01)(-y) MPa; in 
the southwestern United Sates, maximum horizontal stress is 2.8(-t- 1.5) + 0.021(+0.003)(-y) MPa and minimum 
horizontal stress is 1.2(-t- 1.7) + 0.009(+0.003)(-y) MPa). The vertical stress is assumed lithostatic. Dam are from 
compilations by Brown and Hoek [1978] and by Lindner and Halpern [1978]. Faulting regimes [Anderson, 1951] 
inferred from the regressions are shown. 

across lithologic and structural boundaries, resulting in complex 
depth profiles. Stresses correlate well with stratigraphy, how- 
ever, so the stress profile at any site systematically reflects the 
influence of local geology and structure [Evans et al., 1989a, b; 
Chandler and Martin, 1991; Warpinski and Teufel, 1991; 
Engelder, 1993]. Much of the scatter in the dam of Figure 1 may 
arise from differences in stratigraphic and structural geometry 
between sites. The large range of near-surface stresses measured 
in the eastern United Sates may arise in part from the influence 
of local topography. 

Our goal is to estimate the sate of stress that would exist if all 
the site-specific perturbations were removed. This gives a refer- 

ence sate of stress from which to calculate topographic effects. 
A regional average of measurements from many sites, as pro- 
vided by a regression, smooths out the effects of local perturba- 
tions and provides an estimate of the sate of stress that would 
exist if conditions were uniform. We use these regressions to 
define the range of reference sates needed to represent the 
potential range of stress conditions found (at very shallow 
depths) within Earth's crust. 

Regional stresses drive regional tectonism, so the regional 
sate of stress (inferred from regressions to measurements from 
within a region as reported in Table 1) should correlate with 
regional faulting regimes. Anderson [ 1951] defined three regimes 

Table 1. Regional Horizontal Stresses 

Maximum Minimum 

Horizontal Stress, Horizontal Stress, 
Locality MPa /c a MPa 

Canadian Shield b 8.2 + 0.042(-y) 1.6 3.6 + 0.028(-y) 
West China c 1.5 + 0.067(-y) 2.6 0.6 + 0.032(-y) 
Northeast China c 3.9 + 0.032(-y) 1.2 2.9 + 0.029(-y) 
East China c 0.2 + 0.043(-y) 1.7 0.3 + 0.029(-y) 
Eastern U.S. 6.9 + 0.035(-y) 1.3 6.0 + 0.017(-y) 
Southwest U.S. 2.8 + 0.021(-y) 0.8 1.2 + 0.009(-y) 

Averaged Horizontal Stresses 
Australia d 7.3 + 0.022(-y) 0.8 
South Africa d 6.6 + 0.012(-y) 0.5 

Implied Faulting 
/c a Regime 

1.1 thrust/strike-slip 
1.2 thrust 

1.1 thrust/strike-slip 
1.1 thrust/strike-slip 
0.6 strike-slip 
0.3 normal 

Ratio of horizontal to vertical stress depth gradient, from equation (10). 
Taken from Arjang [1989]. 
Taken from Fangquan [ 1986]. 
Taken from Brown and Hoek [ 1978]. 



MILLER AND DUNNE: TOPOGRAPHIC STRESSES AND BEDROCK FRACTURE 25,527 

based on the relative magnitudes of the vertical (•yy) and two 
horizontal stress components (•x• and •zz): (1) normal faulting, 
where •yy is most compressive; (2) strike-slip faulting, where 
• is intermediate between the two horizontal stress compo- 
nents; and (3) thrust faulting, where •yy is the least compressive 
normal stress. In the absence of local stress perturbations, equa- 

tion (13) indicates that •yy is equal to 0.026(-y) MPa for a crustal 
density of 2650 kg/m 3, with y measured in meters from the 
ground surface. With this value, the regressions in Table 1 indi- 
cate faulting regimes that match observed tectonic styles in the 
corresponding regions [e.g., Zoback, 1992]. 

Faulting Regimes Represented by the Half-Space, 
Plane Strain Analog 

The stress regimes represented with a half-space model in 
plane strain are limited by (8). Expressing F(y) as a linear func- 
tion of depth (F(y) = K*(-y)), and specifying K as a proportion 
of the depth gradient of the vertical component of stress (K = 
kog) gives 

•xx = K(-y) +a = k(og(-y)) +a = klJyy+qg (10) 
for the in-plane horizontal stress in the reference state. If a = 0, 
k is the ratio of horizontal to vertical stress. Likewise, in the ref- 

erence state, Ozz becomes 

(•zz = V(l•xx+l•yy ) = v(l•yy(k+ 1) +a). (11) 
If k > { 1-c•/[pg(-y)]}, then Ox• is the most compressive normal 
stress, and depending on the value of Poisson's ratio, Ozz is 
either the intermediate or minimum component. In Anderson's 
scheme, this represents a strike-slip or thrust faulting regime, 
respectively. If k < { 1-c•/[pg(-y)]}, the reference state of stress 
represents a normal-faulting regime, with Poisson's ratio again 
determining whether Ozz is the intermediate or minimum princi- 
pal stress. The state of stress imposed by (11) is a consequence 
of the plane strain constraint, which does not necessarily apply to 
Earth's crust. Nevertheless, use of (10) allows examination of a 
wide range of stress regimes. 

Calculated Stresses 

As noted above, a number of authors have used analytic solu- 
tions for a half-space in plane strain to estimate the nature of 
topographically induced stresses. Verruijt [1969], Ter-Mar- 
tirosyan et al. [1974], McTigue and Mei [!981], and, in particu- 
lar, Savage et al. [1985] and Savage and Swolfs [1986], whose 
method of solution is employed for this paper, calculate stress 
fields associated with curvilinear ridges and valleys. All these 
authors impose lateral constraint in the absence of relief. Hori- 
zontal stresses in the reference state are then defined by (9) and, 
consequently, increase with depth at a rate less than the vertical 
stress, i.e., k < 1 in (10). However, k values inferred from mea- 
sured stresses vary from less than 0.5 to greater than 2.0 (Table 
1). In the following sections, we examine cases for both low 
(k < 1) and high (k > 1) stress gradients. 

Ridges 

We examine stress fields for ridges having surface topography 
defined by (7). These equations produce a symmetric ridge with 
a shape specified by the parameters a and b. Ridge height (relief) 
is specified by b; for a given value of b, the value of a deter- 
mines ridge width. Ridge shape is specified by the ratio b/a. A 
large value indicates a narrow ridge with steep side slopes and 

large curvature at the top and base. Conversely, a lower value 
indicates a broader ridge. Two examples are shown in Figure 2: 
a relatively narrow ridge with steep side slopes (b/a = 1.5), and 
a broad ridge with low-gradient side slopes (b/a = 0.5). Stresses 
in Figure 2 are normalized by pgb; stress magnitude is propor- 
tional to ridge relief (b). 

The stress field calculated for low regional compression (Fig- 
ure 2, k = 0.5) is consistent with results of previous authors 
[e.g., Savage et al., 1985]: surface-parallel compressional 
stresses are induced within the ridge, creating stresses greater 
than zero at the ground surface; the magnitude of these induced 
stresses increases with increasing ridge relief and varies with 
ridge shape; and the largest induced differential stress (o 1 - o3) 
occurs in the concave-up portion of the slope below the inflection 
point and increases with increasing slope curvature. (We consis- 
tently refer to the in-plane principal stresses as o 1 and o 3. How- 
ever, under low regional compression, o 3 may be oriented 
normal to the x-y plane, depending on the value of Poisson's 
ratio, and the smaller in-plane principal stress is actually o 2.) 

We also examine stress fields for larger horizontal stress gra- 
dients (k > 1), indicative of high regional compression. Induced 
stresses change as the stress gradient increases. Savage et al. 
[1985] indirectly noted the influence of the stress gradient by 
increasing the value of Poisson's ratio, which (via equation (9)) 
caused horizontal stresses in the reference state to increase. They 
did not, however, examine cases for k > 1. We find that ridge 
top compression decreases, and when the horizontal stresses in 
the reference state exceed the vertical stress (k > 1), induced 
stresses can be tensional, depending on the shape of the ridge. 

Dependence of the induced stress on both ridge shape and 
stress regime are illustrated in Figure 3, which shows Ox• at the 
ridge crest. (This is not the point of largest induced stress, but it 
is the point at which the horizontal component is a principal 
stress.) Stresses within the ridge are compressive for low k val- 
ues and tensile for high k values, with stress magnitude and 
polarity modulated by ridge shape. Addition of a tectonic com- 
pression (• > 0 in equation (10)) acts to increase ridge crest 
compression for b/a < 2; for very steep-sided ridges (with b/a 
> 2), the tectonic component acts to reduce ridge crest compres- 
sion [see also Savage and Swolfs, 1986]. 

The origin of stresses induced within a ridge can be under- 
stood by examining the pattern of displacements associated with 
the weight of the ridge itself and with the regional state of stress. 
The weight of the ridge compresses underlying material, causing 
vertical displacements that are greatest under the ridge and that 
decrease with distance from the ridge. This symmetric, lateral 
variation in vertical displacement tends to rotate the two sides of 
the ridge toward the center, which compresses material at the top 
of the ridge. Surface-parallel, compressive stresses induced 
along the ridge top thus are caused by gravitational loading of the 
ridge itself. Conversely, the increase of horizontal compression 
with depth causes horizontal displacements that tend to rotate the 
two sides of the ridge away from center, tending to pull the ridge 
top apart. Surface-parallel, tensional stresses induced along the 
ridge top are thus caused by regional horizontal compression that 
increases with depth. Both compressive and tensile induced 
stresses are greater in broader ridges (i.e., at lower values of 
b/a, as shown in Figure 3). 

Valleys 

A valley is produced with (7) by using a negative value for b, 
which specifies valley depth (relief). Valley shape is specified by 
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Figure 2. Elastic stresses calculated for a symmetric ridge. (top) Orientation and relative magnitude of the princi- 
pal stresses; tick lengths are proportional to stress magnitude. (bottom) Contours of the least compressive (c•3) and 
most compressive (c•1) principal stresses, all normalized for ridge height. Under a low-compression, normal-fault- 
ing regime (left figures, k < 1, c• = 0) compressional stresses occur within both broad and narrow ridges. Differ- 
ential stress (c• 1 - c•3) is greatest at the concave-up inflection point and increases with increased slope curvature. 
Larger stress gradiems (right figures, k > 1, c• = 0) result in lower compression, or even tension, within a ridge, 
with magnitude and polarity of induced stresses governed by ridge shape. 
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Figure 3. Magnitude of the horizontal stress at the ridge crest. The left axis on both graphs shows stress normal- 
ized for ridge height, the right axis shows absolute values at the crest of a 1000-m-high ridge. (left) The influence 
of ridge shape, varying from wide, broad ridges with low-gradient side slopes (low values of b/a), to narrow 
ridges with high-gradient side slopes. (right) The influence of the regional stress gradient. Both graphs indicate that 
induced stresses are compressive for low-compression (normal faulting) stress regimes (low values of k) and are 
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sive values for b/a < 2. 
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the ratio (-b)/a, which is greater than or equal to zero and must 
be less than one. A value close to unity indicates a narrow valley 
with steep side slopes and large curvature at the base; smaller 
values indicate broader valleys with lower-gradient side slopes 
and flatter floors. Two examples are shown in Figure 4: a rela- 
tively narrow valley with steep side slopes ((-b)/a = 0.8), and a 
broad valley with low-gradient side slopes ((-b)/a = 0.4). 

Results for low regional stress gradients (k < 1) are consis- 
tent with those of previous authors [e.g., Savage et al., 1985]: 
surface-parallel tensional stresses are induced within the valley 
creating tension at the ground surface, and the magnitude of 
these induced stresses scales with valley relief and varies with 
valley shape. As the stress gradient increases, however, the mag- 
nitude of induced tension decreases until, as k approaches 1, the 
induced stresses become compressive. Figure 5 indicates the 
effect of valley shape and stress gradient on the induced stresses, 
showing Oxx at the valley axis. Induced stresses are predomi- 
nately compressive; tensile stresses occur only in low-compres- 
sion stress regimes. The magnitude of induced compression 
increases with increasing valley-floor curvature and can become 
exceedingly large, e.g., Oxx > 100gb translates to compressive 
stresses exceeding 260 MPa in a 1000-m-deep valley. 

Again, the origin of these stresses can be ascertained by 
examining the pattern of displacements associated with the val- 
ley. Downward vertical displacements caused by gravity are 
smallest below the center of the valley and increase with horizon- 
tal distance from the center. This symmetric, lateral variation of 
vertical displacement acts to rotate the sides of the valley away 
from the center, tending to pull the valley apart and creating ten- 
sion through the valley floor. Likewise, regional horizontal com- 
pression acts to push the sides of the valley toward the center, 
which compresses the valley floor. For each case, the valley axis 

serves as a hinge, and the induced stresses increase with increas- 
ing valley floor curvature (larger values of (-b)/a, as shown in 
Figure 5). The gravity-induced tensional stresses along the valley 
floor can be offset by the compressional stresses induced by 
regional compression, with compression dominating under com- 
pressive tectonic regimes (large values of k and positive values of 
ct in Figure 5). Far-field regional horizontal forces acting at 
depths above the valley floor (at a distance away from the valley) 
must be entirely supported by material below the valley axis. 
This concentration of force through the valley bottom leads to 
larger compressive stresses than found for ridges (seen by com- 
paring Figures 3 and 5). 

Summary 

Consistent with previous studies, our results show that (1) for 
a given ridge or valley shape, the magnitude of the induced 
stresses scales directly with ridge height or valley depth, 
(2) induced stresses vary with landform shape, (3) any applied 
tectonic component is amplified in valleys and attenuated in 
ridges, and (4) for k < 1, in the absence of a tectonic stress com- 
ponent (ct = 0 in equation (10)), topography induces stresses 
aligned with the ground surface that are tensional along the floor 
of a valley and compressional along the top of a ridge. 

We also calculate stresses for larger regional stress gradients 
than examined in previous studies and find that topographic 
effects are reversed for k > 1: compressional stresses are 
induced within valleys and tensional stresses within ridges. Com- 
pressional tectonics predominate over much of the continental 
crust [e.g., Zoback, 1992], with horizontal stress depth gradients 
that commonly exceed that of the vertical stress (e.g., Table 1). 
It is possible that ridge top tension and valley bottom compres- 
sion predominate in many landscapes. 
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Consequent Fracture Patterns 

At the shallow depths of interest here (of the order of ridge or 
valley relief), confining pressures are low (o 3 of a few MPa or 
less) and rock breaks when deviatoric or tensile stresses exceed 
rock strength. Laboratory experiments indicate that rock strength 
and fracture orientation depend on the relative magnitude of the 
principal stresses. In tension, fractures form normal to o 3 . Frac- 
tures normal to o 3 are also observed when all applied stresses are 
compressive. These fractures occur under uniaxial (o 1 > o 2 = 
o 3 = 0) and biaxial (o 1 > o 2 > o 3 = 0) loading and under 
similar loading conditions with small values of o 3 in compression 
[Griggs and Handin, 1960' Paterson, 1978' Maso and Lerau, 
1980]. As o 3 increases, the mode of rupture switches from open- 
ing to shear [Paterson, 1958; Jaeger, 1960]. Shear fractures 
form parallel to o2 and at an angle to o 1 that varies with rock 
type. 

The level of differential stress at which fracturing occurs is 
determined by o 3 . The relationship between apparent rock 
strength and o 3 is described with a failure criterion. The Cou- 
lomb criterion, also called the Coulomb-Navier criterion, applies 
for rock failure in shear and is represented as [e.g., Jaeger and 
Cook, 1979, p. 97] 

•1 -' 2Ctan 3 + + •3 tan 3 + , (12) 

where C and • are empirical parameters called the cohesion and 
internal friction angle, respectively. The Coulomb criterion 
ignores the intermediate principal stress (o2), which has rela- 
tively minor influence on rock strength [Takahashi and Koide, 
1989]. Equation (12) also indicates failure in tension if o 3 is ten- 
sile with a magnitude greater than C/tan(•/4 +(•/2)' this 
value tends to overestimate tensile strength [Paul, 1961]. 

These empirically observed characteristics of fracture mode 
and rock strength are compared below with the calculated stress 

fields for ridges and valleys. Calculated stresses in excess of 
rock strength are an indication that fracturing is likely to occur 
[Jaeger and Cook, 1979, p. 503]. The spatial extent of fracturing 
can be gauged by calculating the cohesion and internal friction 
angle at which the Coulomb criterion predicts failure. For a 
given stress field, opening-mode fracturing is predicted at the 
ground surface if o 1 exceeds the unconfined compressive 
strength of the rock; fracturing in shear is predicted if (from 
equation ( 12 )) 

(3'1- (•3/tan/-• + •/ / 2 
C< ß (13) 

2tan( n •) 
and fracturing in tension is predicted if 

C < Io31 tan • + . (14) 

The potential for failure increases as the magnitude of o 1 (in 
compression) or o 3 (in tension) increases. Topographically 
induced stresses scale with ridge or valley reliefi so (13) and (14) 
indicate a scale dependence for the developmere of topographi- 
cally induced fractures. A scale-independem measure of •e pro- 
pensi• for shear hilure is obtained by seuing cohesion in (12) m 
zero, giving 

•1 -•3 
- sin({). (15) 

•1 +•3 

This ratio provides a measure of the relative magnitude of •e 
deviatoric stress, tending to shear rock, to •e isotropic stress, 
acting •rough friction to prevent shear displacements across dis- 
cominuities. •rger values indicate greater propensity for shear 
failure [e.g., Iverson a• ReM, 1992]. Sin({) specifies •e inter- 
nal friction angle ({) required m resist shear hilure in a cohe- 
sionless material. 
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The effects of crack-filling fluids are not considered in this 
analysis; pore pressures act to reduce the normal component of 
stress and could be incorporated into this analysis with the use of 
effective stresses [e.g., Jaeger and Cook, 1979, p. 223]: 
o 1' = ol -p and o 3' = 03 -p, where p is pore pressure. Pore 
pressures tend to increase the potential for fracture: use of effec- 
tive stress produces an increase in the cohesion required to pre- 
vent fracturing indicated in (13) and (14) and an increase in the 
friction angle required to prevent shear failure indicated in (15). 

Ridges 

Stresses developed in a ridge crest reflect the balance between 
those induced by gravity and those induced by regional tec- 
tonism. Compression generated under a low-compression regime 
creates a shallow zone at the surface where Ol may be large (Fig- 
ures 2 and 3) and o 3 near zero: a combination conducive to prop- 
agation of opening-mode fractures orientated parallel to the 
ground surface (Figure 6). Below this is a second zone of high 
differential stress conducive to propagation of shear fractures in 
shallowly dipping conjugate planes. (The Coulomb criterion indi- 
cates a failure angle, measured relative to Ol, of n/4 - •/2. For a 

friction angle (•) of 30 ø, this corresponds to fractures oriented at 
about 30 ø relative to the ground surface.) If the out-of-plane 
stress is the intermediate principal stress, which in plane strain 
depends on Poisson's ratio (equation (5)), these fractures strike 
parallel to the axis of the ridge. If the out-of-plane stress is the 
minimum, these fractures strike normal to the axis of the ridge. 

Contours of the cohesion required to prevent fracturing (equa- 
tion (13) if o 3 is compressive and (14) if o 3 is tensional), for a 
friction angle of 30 ø and scaled by pgb, are shown in Figure 6. 
The minimum cohesion required to prevent fracturing at the crest 
of a 1000-m-high ridge is shown in Figure 8. Comparing the val- 
ues shown with the range of values measured for a variety of 
rock types (Table 2) indicates that shear fracture is likely for 
weaker rocks. Likewise, comparing the unconfined compressive 
strength with the stress levels shown in Figure 3 shows that initi- 
ation of ground-parallel fractures at the surface is also likely in 
weaker rocks. 

In Figure 6, contours of the minimum cohesion to preclude 
failure (equations (13) and (14)) and of (ol-o3)/(o1+ o 3) (equa- 
tion (15)) show that the potential for fracturing is greatest at the 
ground surface and decreases with depth. This pattern likewise 
varies with ridge shape: the potential for ground-parallel fractur- 
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Figure 6. Fracture styles inferred from the calculated stress field for a symmetric ridge. A low-compression 
regime (k < 1, left figures) is conducive to shallow, surface-parallel or shallowly dipping fractures through the 
ridge; a high-compression regime (k > 1, right) is conducive to surface-normal and steeply dipping fractures. The 
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value, the greater is the potential for fracturing. 
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Table 2. Representative Values for Rock Cohesion C, 
Unconfmed Compressive Strength qu, 
and Internal Friction Angle 4• 

c, qu, 
Rock Type MPa MPa deg 

Intact Rock a 

Berea sandstone 27.2 90.2 27.8 
Bartlesville sandstone 8.0 32.2 37.2 
Pottsville sandstone 14.9 72.3 45.2 

Repetto siltstone 34.7 125.5 32.1 
Muddy shale 38.4 99.0 14.4 
Stockton shale 0.34 1.0 22.0 
Edmonton bentonitic shale 0.3 0.7 7.5 

Sioux quartzite 70.6 367.8 48.0 
Georgia marble 21.2 66.9 25.3 
Wolf Camp limestone 23.6 90.3 34.8 
Indiana limestone 6.72 30.2 42.0 
Hasmark dolomite 22.8 88.5 35.5 
Chalk 0.0 0.0 31.5 

Blaine anhydrite 43.4 148.5 29.4 
Inada biotite granite 55.2 285.4 47.7 
Stone Mountain granite 55.1 311.2 51.0 
Nevada Test Site basalt 66.2 234.0 31.0 

Fractured Rock b 
Granite 0.31 1.1 32.6 
Gabbro 0.38 1.4 33.4 

Trachyte 0.41 1.5 34.2 
Sandstone 0.28 0.9 27.0 
Marble 1.1 4.4 36.9 

aValues taken from Goodman [1989, p. 83]. 
bValues taken from Jaeger and Cook [ 1979, p. 60]. 

ing across the ridge crest is greater in broad, rounded ridges and 
the potential for shear fracturing through the slope toe is greater 
in steep, narrow ridges. 

Fractures formed in ridges located in regions of high regional 
compression will likely be oriented quite differently. Tension 
induced along the ridge crest creates a zone conducive to open- 
ing-mode fractures oriented normal to the ground surface that 
strike parallel to the ridge axis. Topographically induced tensile 
stresses may be quite large (Figure 3) and extend to a depth equal 
to 10ø/3 or more of the ridge height (Figure 2). The cohesion 
required to preclude fracturing for a high ridge (Figure 8) 
exceeds that of many rock types (Table 2), suggesting that frac- 
turing of ridge tops is common for regions of high regional com- 
pression. Below the tensile zone is a thin layer with positive but 
small (•3, where opening-mode fractures of like orientation may 
form, and below that a zone of high deviatoric stress conducive 
to steeply dipping shear fractures. As shown in Figure 6, this 
pattern varies substantially with ridge shape. The potential for 
steeply dipping fractures is greater in broad, rounded ridges. 
Tensile stresses decrease and eventually disappear with increas- 
ing ridge curvature (Figure 3), while the potential for shear frac- 
turing at the slope toe increases with increasing curvature 
(Figure 6). 

The fracture styles indicated in Figure 6 are supported by 
field observations. Shallow, surface-parallel "exfoliation" and 
"sheeting" fractures are commonly found along slopes in homo- 
geneous rock types [Jahns, 1943; Bradley, 1963; Holman, 1976; 
Holz!•usen, 1978]. This style of fracture could result from phe- 
nomena other than topographic perturbations to regional stresses. 
For example, volumetric expansion associated with surface heat- 
ing may also generate large compressive stresses at the surface 
[Swolfs and Savage, 1984]. Nevertheless, elastic stresses gener- 
ated in ridges in areas where the regional horizontal stress is less 

compressive than the vertical are conducive to development of 
surface-parallel sheet fractures. Likewise, in accordance with the 
stress field predicted for a more compressive stress regime, 
steeply dipping fractures on ridges and hillslopes commonly 
strike parallel to topographic contours [Chapman, 1958; Wise, 
1964; Plumb et al., 1984; Sames and Moebs, 1990; Fleis- 
chmann, 1991]. 

Steeply dipping fractures, uphill facing scarps, and ridge top 
grabens, known as sackungen, occur along ridges in many moun- 
tainous areas [e.g., Tabor, 1971; Radbruch-Hall et al., 1976; 
Savage and Varnes, 1987; Thorsen, 1989; Varnes et al., 1989; 
McCalpin and Irvine, 1995]. Savage and Varnes [1987] invoke 
fracturing in response to topographically induced stress as a 
potential initiating cause in the development of sackungen, with 
consequent downslope sliding of the failed rock mass. They also 
use the elastic stress field together with the Coulomb failure cri- 
terion to estimate the extent of fracturing. Our findings match 
theirs for low-compression stress regimes. Our prediction of 
steeply dipping fractures underlain by a zone of potential shear 
failure through ridges in areas of high regional compression may 
further explain fracture orientations associated with sackungen in 
compressional tectonic settings. Sackungen are also more preva- 
lent on massive, somewhat rounded ridges, rather than on those 
that are narrow and sharp [Tabor, 1971; Varnes et al., 1989], 
just as topographically induced stresses tend to be greater in 
broad, rounded ridges (low b/a values in Figure 3). 

Valleys 

The fracture styles predicted for valleys, shown in Figure 7, 
are the reverse of those predicted for ridges. Under low regional 
compression, tension induced normal to the valley axis creates a 
surface zone conducive to fractures opening under tension dip- 
ping normal to the ground surface and striking parallel to the val- 
ley axis. Below that is a thin zone, with near zero (;3, conducive 
to opening-mode fracturing under biaxial loading. At slightly 
deeper depths, where (;3 is larger but deviatoric stress remains 
high, is a zone conducive to shear failure along steeply dipping 
conjugate planes. These patterns vary with valley shape. Con- 
tours based on equations (13), (14), and (15) show that for a 
given rock strength, the fractures may extend deeper into the 
floor and slopes as valley width broadens and are concentrated 
into a smaller area as valley width narrows and curvature along 
the valley axis increases. 

Under a compressive stress regime, compression induced 
within the valley creates a shallow zone conducive to open- 
ing-mode fracturing (under biaxial loading) parallel to the 
ground surface. As (;3 increases with depth, fracture mode 
switches to shear along conjugate planes oriented to the ground 
surface at an angle determined by the internal friction angle (4•) 
of the rock. Again, fracture extent varies with valley shape. The 
zone of potential fracturing becomes concentrated with increas- 
ing valley curvature. Figure 5 indicates that very large compres- 
sive stresses may occur along the valley floor; comparison with 
Table 2 indicates that induced stresses through large valleys can 
readily exceed the unconfined compressive strength of many 
rock types. 

The fracture styles shown in Figure 7 are also observed in the 
field. Steeply dipping joints parallel valleys in sandstones of the 
San Juan Basin [Whitehead, 1990], an area of low regional com- 
pression [Zoback, 1992]. Likewise, compression-induced rock 
bursts and core disking during dam and tunnel construction in 
some deep valleys attests to a large concentration of compres- 



MILLER AND DUNNE: TOPOGRAPHIC STRESSES AND BEDROCK FRACTURE 25,533 

Low Regional Compression 
k=0.õ I I 

-b= 0.4 
a 

Fracture Type Opening-mode in compression 
Opening-mode in tension •,dipping surface normal) 

(dipping surface • (-60 ø relative to surface) 
x/-b 

High Regional Compression 
k= 1.5 

Fracture Type 
Opening-mode in compression _______. 

,,,•--""••. ß ß ß ß ..'••.;.•- --- S h ear 

'" '"• (~30 ø relative to surface) 

c c (•1 - (•3 Tensile 

0 1 2 3 4 5 b • 2 3 4 5 b • • • 4 
x/-b x/-b x/-b 

0 (•1 ' (•3 
0.75 • 1+ •• 

Opening-mode in tension 
(dipping surface normal) Fracture Type 

/ Opening-mode in compression 

..... ß ':• "Shear 
(~60 ø relati evto surface) 

x/-b 

-b= 0.8 
a 

Fracture Type 
Opening-mode in compression 

(dip i•n..g su a• 
•....:......':...."•. :? Shear 

'"""• (~30 ø relative to surface) 

x/-b 

- . pg(-b) - •--•o.• (rl+(r3 
o 2 

x/-b x/-b 

Figure 7. Fracture patterns inferred from the calculated stress field for a symmetric valley. A low-compression 
regime (k < 1, left) is conducive to surface-normal and steeply dipping fractures through the side slopes and val- 
ley floor; a high-compression regime (k > 1, right) is conducive to surface-parallel and shallowly dipping frac- 
tures. The intensity and spatial extent of fracturing is influenced by valley shape: broad valleys of low curvature 
and low-gradient side slopes (low values of b/a) induce stresses conducive to fracturing over a large spatial extent; 
narrow valleys of high valley-floor curvature (a/b near one) induce stresses conducive to intense fracturing con- 
fined to a smaller area. 

sional stress [Serafim, 1964; Broch and Sorheim, 1984; Myrvang 
and Grimstad, 1984; Zhu and Wang, 1985]. Coal mines of the 
northern Appalachians are prone to compression-induced roof 
failures beneath narrow stream valleys of high relief [Moebs and 
Stateham, 1986]. In contrast to the compression induced along 
ridge tops through regions of low regional compression, concen- 
tration of compressional stress through valley bottoms and side 
slopes provides a mechanism for surface-parallel fracturing 
(exfoliation and sheeting joints) in regions of high regional com- 
pression. Such fractures are observed below valley floors (in 
Conjunction with steeply dipping fractures in adjacent ridges) in 
Appalachian valley-ridge sequences [Ferguson, 1967; Ferguson 
and Hamel, 1981; Wyrick and Borchers , 1981]. 

Geomorphic Roles of Topographically 
Induced Stresses 

Fractures impose strong controls on geomorphic processes. 
Fractures create surfaces of weakness, which promotes mass 
wasting; they form conduits for water, which creates local aqui- 
fers and controls patterns of groundwater flow; they break rock 
into erodible pieces, which allows bedrock incision by water and 
ice. If landforms create stresses that cause rock to break, they 
alter bedrock control of landforming processes. The geomorphic 
consequences vary with fracture location and orientation, which 
vary with the regional stress. Based on model results, we pro- 
pose below two mechanisms by which topographically induced 
fractures may influence landform evolution. 
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Figure 8. Cohesion required to preclude fracturing (equations (13) and (14), with an internal friction angle (•)of 
30 ø) (left) at the crest of a 1000-m-high ridge and (right) at the axis of a 1000-m-deep valley shown as a function 
of the regional stress gradient (indicated by k). Curves are shown for several ridge and valley shapes (b/a values). 
Compared with measured cohesion values for a variety of rock types given in Table 2, it is seen that calculated 
stresses exceed the strength of many rock types, particularly in tension, and more so for valleys than for ridges. 

A Relief Threshold 

The dependence of topographically induced stress on the mag- 
nitude of surface relief implies a connection between landform 
size and the initiation of fracturing. Elastic stresses scale directly 
with relief. Thus, as indicated in Figures 6, 7, and 8, the higher 
the ridge or deeper the valley, the greater is the potential for 
fracturing. This suggests that fracturing in response to topo- 
graphically induced stresses occurs only after a certain threshold 
of relief is attained. For example, Varnes et al. [1989] find sack- 
ungen only if local relief exceeds 1000 feet (305 m). If erosion is 
limited by the weathering rate of bedrock, the rate of erosional 
processes that capitalize on fractures, such as mass wasting and 
glacial or fluvial quarrying, will likely increase once this thresh- 
old is reached. By increasing penetration of groundwater, frac- 
tures may also localize and accelerate rates of chemical 
weathering, as found beneath valley floors [Bauer, 1987]. To the 
extent that calculated stress magnitude serves as an indicator of 
fracture density [Jaeger and Cook, 1979, p. 503], erosional rates 
may accelerate as relief increases. 

For ridges, a relationship between relief, fracturing, and ero- 
sion poses a mechanism for negative feedback: once the relief 
threshold is reached, fracturing in the ridge promotes mass wast- 
ing, which tends to limit or even reduce total relief [e.g., 
Schmidt and Montgomery, 1995]. Fracturing occurs when the 
induced stresses equal rock strength. As shown in Figure 3, 
stresses induced within a ridge depend on landform shape and on 
the magnitude of the regional stress. The relief threshold for 
fracturing, and hence limits on maximum relief, may thus 
depend not only on rock strength but also on landform shape and 
on the regional state of stress. 

For valleys, the relationship between relief, fracturing, and 
erosion poses a mechanism of positive feedback: increasing relief 
promotes greater fracturing, which creates an inverse relation- 
ship between valley relief and the erosional resistance of valley 
floor rock. This suggests that once the relief threshold for frac- 
ture development is reached, if fractures form rapidly in 
response to increases in stress and incision rates correlate with 
fracture density, incision rates increase to the point that further 

valley deepening becomes transport, rather than weathering, lim- 
ited. As suggested by Figure 5, the relief threshold for fracturing 
also depends on valley shape and on the regional state of stress. 
Such feedbacks may play important roles in basin development 
and the evolution of longitudinal river profiles. 

Valley Evolution 

In an area of extensional tectonics (a low-compression 
regime), valley side-slope fractures (Figure 7) favor mass move- 
ment along steeply dipping slip surfaces. For a valley in an area 
of compressional tectonics, fractures may form nearly parallel to 
the side slopes, thus favoring mass movement along slip surfaces 
aligned with the ground surface. Relationships between fracture 
orientation and the regional state of stress may lead to processes 
of slope evolution and valley widening that differ between differ- 
ent tectonic regimes. In areas of extensional tectonics, once a 
river has incised deeply enough to initiate processes of mass 
wasting, valleys may tend to develop and maintain very steep 
side slopes. The valley may then broaden, without necessarily 
deepening, as the slopes retreat laterally via mass wasting along 
steeply dipping fractures, resulting in broad, flat valley floors. In 
areas of compressional tectonics, mass wasting along sur- 
face-parallel or shallowly dipping fractures may tend to preserve 
valley form over time. Valleys would tend to grow by downwast- 
ing of the side slopes at a rate limited by the rate of river inci- 
sion. 

These processes may change with valley orientation. Regional 
horizontal stresses can vary dramatically with azimuth (Table 1), 
so that topographically induced stresses may change, even 
switching polarity, with valley alignment relative to the mini- 
mum and maximum regional compression. Fractures may be 
well developed for certain valley alignments and poorly devel- 
oped or nonexistent for others. 

Conclusions 

An elastic model with regional stresses, including horizon- 
tal-stress depth gradients representative of those observed, pre- 
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dicts tensile and compressive topographically induced stresses 
through ridge crests and valley bottoms of sufficient magnitude 
to fracture many rock types. A Coulomb analysis of the calcu- 
lated stress fields indicates that any consequent fractures will 
form in specific zones and with orientations that vary predictably 
with ridge or valley shape and with the regional state of stress. 
These effects should be addressed when inferring states of stress 
from fracture orientations and should be acknowledged when 
assessing slope stability and the potential for mass wasting. Inter- 
actions between regional stresses and topography may also drive 
certain geomorphic processes. Fractures are a ftindamental 
mechanism of bedrock weathering: they mechanically break rock 
apart and provide access for water and other chemically active 
agents. These processes reduce erosional resistance and increase 
the potential for mass wasting and thus accelerate rates of bed- 
rock removal. By creating conduits for water, fractures also con- 
trol groundwater flow. The factors that cause fractures thus 
impose primary controls on the geomorphic and hydrologic pro- 
cesses that shape landscapes and create a basic mechanism of 
denudation. By perturbing the state of stress, landforms them- 
selves may become fracture-forming agents, initiating feedbacks 
between regional stresses and the bedrock properties that govern 
processes of erosion and landscape evolution. 
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