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ORIGIN OF REGIONAL, ROOTED LOW-ANGLE
NORMAL FAULTS: A MECHANICAL MODEL
AND ITS TECTONIC IMPLICATIONS
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Abstract. Rooted listric low-angle normal faults (<
20°) of regional extent have been recognized widely in the
past few years in the North American Cordillera and else-
where. The low-angle geometry of these crustal-scale nor-
mal faults conflicts with Anderson’s [1942] classic theory
of faulting. In that theory the orientations of principal
stresses are assumed to be vertical and horizontal; the
predicted dip angle of normal faults is about 60° rather
than 20° or less. Recent geological and geophysical stud-
ies in the mid-Tertiary extensional terrane of southeast-
ern California and western Arizona suggest that thick my-
lonitic gneisses in the lower plates of low-angle detachment
faults may represent unidirectionally sheared laminar flow
in and below the midcrust. Directed ductile flow, possibly
related to the gravitational spreading of thickened lower
crust, may induce a shearing traction on the horizontal or
subhorizontal base of the brittle upper crust. Thus the ori-
entations of the principal stresses can no longer be vertical
and horizontal at this interface. A simple elastic model in-
corporates the effect of basal shearing due to gravitational
spreading on stress distributions in an elastic upper crust.
This model shows that parallel belts of compression and
extension can be produced if a shearing traction acting on
the base of the elastic upper crust is considered. In partic-
ular, appropriate stress conditions for the formation of re-
gional low-angle normal faults (< 20°) can be produced by
the superposition of two stress fields: a basal shear stress
field induced by the basal shear traction and a contrac-
tional stress field in which the horizontal deviatoric stress
is compressional and the vertical gradient of the horizon-
tal normal stress component is constant. This superposed
stress field may represent a tectonic setting where a stress
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field with compressional deviatoric stress induced by plate
subduction or convergence is superposed on a basal shear
stress field induced by gravitational spreading of thickened
lower crust. These results may explain both puzzling par-
allel belts of extension and compression and the occurrence
of major low-angle normal faults in some orogenic systems.

INTRODUCTION

Primary listric low-angle normal faults of regional ex-
tent, which root into the crust and maintain their low-angle
geometry only a few kilometers below the surface, have
been widely recognized in the North American Cordillera
and elsewhere [e.g., Crittenden et al., 1980; Frost and Mar-
tin, 1982; Wernicke, 1981; Allmendinger et al., 1983; Burg
et al., 1984; Green and Wernicke, 1986]. Primary listric
low-angle normal faults are those that formed with low-
angle geometry; their dip angles are usually less than 30°
and can be as shallow as a few degrees [e.g., Burg et al,,
1984]. These crustal-scale low-angle normal faults can be
traced for several tens of kilometers in their dip direction
[e.g., Davis et al., 1980; Allmendinger et al., 1983; John,
1987]. Their orientations are generally not controlled by
preexisting structural [e.g., Wernicke et al., 1985] or fabric
(e.g., foliations) anisotropies. Such faults have been in-
terpreted as an important mode of deformation for intra-
continental extension [Wernicke, 1985; Davis et al., 1986;
Davis and Lister, 1988]. The shallow dip of crustal-scale
normal faults (e.g., the spectacularly exposed Whipple de-
tachment fault in southeastern California, [Davis et al.,
1980]), however, conflicts with the prediction of classical
fault mechanics proposed by Anderson [1942]. According
to Anderson, the dip angle of normal faults associated with
horizontal extension should be approximately 60° rather
than 20° or less. The mechanical unlikelihood of low-angle
normal faults in the context of Anderson’s theory has be-
come one of those faults’ most perplexing and debated as-
pects.

A clue to resolving this mechanical paradox comes
from recent geological and geophysical studies in the mid-
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Fig. 1. Kinematic model for development of regional low-angle normal faults. (a) Ductile flow in lower crust
produces basal shear traction. (b) Low-angle normal faults are initiated and cut across the brittle upper

crust.

Tertiary extensional terrane of southeastern California and
western Arizona. Unidirectionally sheared, thick (> 3.5
km) mylonitic gneisses formed during mid-Tertiary at
depths >16 km [Wright, et al., 1986; Anderson, 1988] are
kinematically compatible with the transport direction of
major mid-Tertiary low-angle normal faults in the region
[Davis et al., 1986]. Exposed mylonitic gneisses in the lower
plate of the Whipple detachment fault have been correlated
with subhorizontal reflectors of regional extent in and be-
low the midcrust imaged by CALCRUST seismic reflection
profiles [Frost and Okaya, 1987; Davis, 1988]. Such correla-
tions imply that the midcrust and lower crust in the region
was ductilely deformed and may represent a unidirectional
shear zone [Frost and Okaya, 1987]. This interpretation
is consistent with the inferred rheology of the continental
lithosphere [e.g., Sibson, 1982; Chen and Molnar, 1983].

Directed ductile flow in and below the midcrust may
be induced by gravitational spreading of thickened crust,
a mechanism recently proposed for all or part of the Ceno-
zoic extension in the North American Cordillera [Coney
and Harms, 1984; Coney, 1987; Wernicke et al., 1987; Son-
der et al., 1987]. Theoretical analyses by Bird and Kemp
[1987] show that lateral variations in topography and asso-
ciated isostatic variations in crustal thickness may produce
lateral pressure gradients in the weak lower crust, which
would induce ductile flow. They also show that, with a
typical Basin and Range geotherm, periodic Moho varia-
tions with 10-km amplitude and 200-km wavelength can
be destroyed in less than 1 m.y. by diffusion in the lower
crust. This implies a high strain rate for the ductile defor-
mation. Other mechanisms, such as asthenospheric flow
acting on the base of the continental lithosphere, may also
produce ductile flow within the midcrust and lower crust.

If directed ductile flow below the upper crust is as-
sumed, a kinematic model for the formation of listric low-
angle normal faults of regional scale can be developed
purely from consideration of the orientations of principal
stresses. Ductile flow in the lower crust would generate
a shearing traction at the base of the brittle upper crust
(Figure 1a). Such a shearing traction could, in turn, initi-
ate low-angle extensional (detachment) shear zones cut-
ting across the brittle upper crust (Figure 1b). Duc-
tilely sheared midcrustal rocks (i.e., the mylonitic gneisses)
would then be carried to the surface in the lower plates of
such extensional detachment faults.

In Anderson’s fault theory, principal stress orienta-
tions are assumed to be vertical or horizontal [Anderson,
1942]. Since ductile flow in and below the midcrust would
induce shearing at the horizontal or subhorizontal base of
the brittle upper crust, principal stresses at this interface
could no longer be vertical and horizontal. A simple elastic
model is developed in this paper to investigate the effect
of basal shearing on stress distributions in the brittle up-
per crust. In this model I examine two classes of stress
conditions which are superposed on a basal shear stress
field induced by a subhorizontal basal shear traction: (1)

a stress field in which the vertical gradient of the horizon-
tal normal stress component, 80;;/8y , is constant, and
(2) one in which the vertical gradient of the horizontal
normal stress component, 80;5/8y, varies linearly in the
horizontal direction.

In this paper I show that parallel belts of compression
and extension can be simulated by considering the basal
shear traction. The compressional or extensional belts can
be partially or completely removed from the cross section
affected by basal shear traction if a uniform tensile or com-
pressive horizontal stress is added to the superposed stress
field. Consideration of the basal shear traction may re-
solve the mechanical paradox of low-angle normal faults.
In addition to the basal shear traction, the vertical gradi-
ent of the horizontal normal stress component is crucial in
determining whether the stress field favors the formation
of low-angle or high-angle normal faults. Finally, I dis-
cuss tectonic implications of the mechanical model for the
formation of low-angle normal fault systems in the high
Himalayas and Cenozoic extension in the North American
Cordillera.

Soft-sediment listric normal growth faults (e.g., Gulf
Coast), are fundamentally different from the rooted
crustal-scale low-angle normal faults because they do not
involve basement [Bally et al., 1981]. The mechanical ori-
gin of listric normal growth faults has been discussed by
numerous workers [e.g., Crans et al., 1980; Xiao and Suppe,
1986; Bradshaw and Zoback, 1988] and is not discussed in
this paper.

MECHANICAL MODEL

Figure 2a represents a simplified brittle and ideally
elastic upper crust. L is the half length of the upper crust
affected by basal shear traction, and H is its thickness or
the depth to the brittle-ductile transition zone. Depth to
brittle-ductile transition zone generally ranges from 15 to
20 km [e.g., Sibson, 1982, and the width of the Cordilleran
core complexes belt varies from less than 100 km to 300 km
[Coney, 1980]. Thus for the following calculations, H and L
are taken to be 20 and 100 km, respectively. I assume that
the state of stress during the formation of primary low-
angle normal faults can be approximated by a plane stress
condition. Because the upper crust is modeled as deform-
ing elastically (following Hooke’s law) before the initiation
of faulting (following the Coulomb fracture criterion), the
principle of superposition can be applied [Fung, 1965]. The
sign convention of elasticity, used in this paper, is positive
for tensile stresses (Figure 2b).

For boundary conditions the earth’s surface (y = 0)
can be taken to be traction free, i.e.,

Uyy(zro) = T,,y(z,O) =0 (1)

A constant shearing traction is assumed to exist along the
base of the elastic upper crust,
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Fig. 2. (a) Geometry of an elastic-brittle upper crust. L, half length of the upper crust affected by basal
shear traction. H, thickness of upper crust. (b) Sign convention for solving elastic problems. (c) 6, the angle
between the maximum tensile stress oy and z axis. @ is positive in the direction from z axis to y axis.

Tey(2, H) = -So )]

The negative sign preceding S implies that the direction of
basal shear traction acts in the negative z direction (Figure
2). The normal stress component at the base of the upper
crust, oyy(2z, H), is taken to be equal to the lithostatic
pressure at the depth y = H,

oy(z, H) = —pgH 3

where p is the average density of the upper crust, and ¢
is the acceleration of gravity. Static equilibrium of exter-
na) forces applied around the boundary of the rectangular
block in Figure 2a requires

EF=SFy=EM =0 (4)

where ZF; and IF, are summations of the force compo-
nents in the z and y directions, and ZM is the summation
of the rotational moment.

To obtain the stress distribution in the elastic upper
crust under the boundary and equilibrium conditions, I use
the Airy stress function [Fung, 1965; Hafner, 1951],

1 1 1 1
d= Eklzs + §k232y + §k31:y2 + Ek4y3
1
6
where k; (i = 1 to 8) are arbitary constants to be deter-

mined by boundary and eqilibrium conditions. The Airy
stress function satisfies the biharmonic equation

1 1 1
+ kszy3 + gks.‘l}sy + §k7.’c2 + §k3y2 (5)

Ve =0 (6)

The stress components in the z and y directions can there-
fore be derived from (5) [Hafner, 1951]:

5@
Cgz = W = kaz + k4y + ksxy + ks (7)

)
Oy = o pgy = kiz + kay + kexy + k7 — pgy  (8)
e 1 1
ey = pagy = ~hm ke =gk’ —gkes’  (9)

where p = 2800 kg/m®, and g = 9.8 m/s?.
Equation (1) requires that

ki=ko=ks=ks=0 (10)
and (2) that

Toy(z, H) = —k3H — %kst =-S5 (11)

Equations (7), (8), and (9) can therefore be simplified to

Ore = kax + kay + kszy + ks (12)

Oyy = —P9Y (13)

1, 2
Tey = —kay - §k5y (14)

where k3 and k; are defined in equation (11). The stress
field specified by (12), (13), and (14) satisfies (3) and (4).

From equations (12), (13), and (14) the maximum
shear stress (i.e., deviatoric stress) and the directions of
the principal stresses can be determined by

1
Tmazr = \/Z(a’zr - a'yy)z + Tzzy (15)
tan20 = 21y (16)
Ozz — Oyy

respectively, where @ is the angle between the maximum
tensile stress o1 and the z axis (Figure 2c). Using equa-
tions (15), (16), and by applying the Coulomb fracture
criterion and the assumption that the angle of internal
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Fig. 3. Schematic diagram showing decomposition of a stress field. Arrows around the rectangular blocks
show the relative magnitude of the z and y components of traction. See text for explanations.

friction is 30°, distributions of the maximum shear stress,
trajectories of the principal stresses, and predicted fault
patterns for different boundary conditions were plotted by
computer.

Constant Vertical Gradients of Horizontal
Normal Stress Component

For a constant vertical gradient of the horizontal nor-
mal stress component, equation (12) requires that ks = 0.
Now, k3 can be determined by equation (11),

ks = So/H arn)
Equations (12), (13), and (14) can be simplified to
05z = (So/ H)z + kay + ks (18)
Oyy = —PgY (19)
Toy = —(So/H)y (20)

where k; and kg are unknown.

Values of k4 and ks have clear physical meanings,
which can be seen by decomposing (18), (19), and (20)
into three stress fields (Figure 3). The stress components
in stress field 1 are

1(71-,; = k4y (21)
loyy = —pgy (22)
Lrgy =0 (23)

where 0, and oy, are both principal stresses because
the shear stress 7z, = 0. The magnitude of the horizon-
tal normal stress component lo,, depends on k4 (1) if
k4 = —pg, stress field 1 represents a lithostatic stress field
because its deviatoric stress is zero, (2) if k4 > —pg, stress
field 1 represents an extensional stress field because its

horizontal deviatoric stress is extensional (10'” > 1a'w),
and normal faults produced by such a stress field should
dip about 60° according to Anderson [1942], and (3) if
k4 < —pg, stress field 1 represents a contractional stress
field because its horizontal deviatoric stress is compres-
sional (Yo, < loyy), and faults produced by such a stress
condition are contractional and dip about 30°, according
to Anderson [1942].
The stress components in stress field 2 are

20,0 = (SofH)z (24)
204y =0 (25)
szy = —(SO/H)y (26)

Note that the basal shear traction, 27,y (z, H) = — S, cre-
ates a horizontal normal stress, 20, = (Sp/H)z, which
is tensile for z > 0 and compressive for z < 0. This is a
result of force balance in the horizontal direction. Stress
field 2 is called here the basal shear stress field because it
is induced by a shearing traction applied on the base of
the elastic upper crust.
The stress components in stress field 3 are

3¢, = ks (27)
304y =0 (28)
3sz =0 (29)

Stress field 3 consists only of a constant horizontal normal
stress component, 3g,, = ks. As its stress gradients in
both the z and y directions are zero, it represents a uniform
tensile (for kg > 0) or compressive stress (for ks < 0).

As the three stress components in (18), (19), and (20)
are linear functions of £ and y, 0 is constant along the line
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y = tanafz + ksH/So) (Figure 2), ie.,

—2(So/H)tana
(So/H) + (ka + pg)tanc

where a is an arbitary constant and defines the slope of the
line y = tanafz + ksH/S,). This property of the solution
provides a convenient way of constructing the principal
stress trajectories. In particular, if

tan26 =

(30)

(So/H) + (k4 + pg)tana =0 (31a)
* (So/H)
= tan~ (22222 31b
o = tan™( kq+pg (318)
g is +45°.

The magnitude of deviatoric stress in the Earth’s
lithosphere is believed to vary from 10 MPa (100 bars) to
more than 100 MPa (1 kbar; [e.g., Kanamori, 1980]). The
stress magnitude during the formation of quartzose my-
lonitic rocks of the Cordilleran core complexes has been
recently investigated by Hacker et al. [1988] and Yin et
al. [1988] using experimentally calibrated grain-size pale-
opiezometers. They show that the magnitude of flow stress
(i.e., deviatoric stress or the maximum shear stress) asso-
ciated with the formation of those mylonitic rocks ranges
typically from 25 to 60 MPa. The results of these stud-

w X100 MPa

Fig. 4. Distribution of maximum shear stress (top), principal stress trajectories (middle), and predicted
fault pattern (bottom) for superposition of an extensional stress field (k4 = —0.9pg) on a basal shear stress
field (S = 10 MPa), ks = 0. Solid and dashed curves for most and least compressive stress (same in Figures
5 to 7). Arrows around the lower rectangular block show the relative magnitude of the z and y components
of traction along each side of the block. Scale of the traction magnitude is shown on the bottom (same in
Figures 5 to 7). Unit for stress contours is 1 MPa. The thickness of the elastic crust is H = 20 km, and the
half length of the crust affected by the basal shear traction is L = 100 km (same in Figures 5 to 7). Dashed
curve in fault pattern diagram is the 10-MPa contour line of 74

ies provide a basis for selecting the value of basal shear
traction in the following calculations.

Figure 4 shows the distribution of the maximum shear
stress, principal stress trajectories, and the predicted fault
pattern for the superposition of an extensional stress field
(ks = —0.9p9 > —pg) on a basal-shear stress field (So =
10 MPa), and ks = 0. The magnitude of the maximum
shear stress varies from zero at the origin to more than 50
MPa at the lower right corner. The dashed curve shown
in the fault pattern diagram is the 10-MPa contour line
of the maximum shear stress. On the surface, 0,5(,0) is
compressive for < 0 and tensile for z > 0. Even though
low-angle normal faults are locally present beneath a zone
of contractional faults, no listric low-angle normal faults of
regional extent are predicted. Predicted normal faults in
the positive quadrant (z > 0) dip steeply and are nearly
planar. Even if Sp is as high as 50 MPa (microfiche Figure
(MF) 1-4)!, the normal faults in the positive quadrant still
dip steeply. The increase of basal shear traction causes a

1Supplemental figures are available with entire article on
microfiche. Order from American Geophysical Union, 2000
Florida Avenue, N. W., Whashington, DC 20009. Docu-
ment T89001; $ 2.50. Payment must accompany order.
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Fig. 5. Distribution of maximum shear stress, principal stress trajectories, and predicted fault pattern for
superposition of a lithostatic stress field (k4 = —pg) on a basal shear stress field (Sp = 10 MPa), k3 = 0.
Dashed curve in fault pattern diagram is the 10-MPa contour line of Tmgz-

significant increase of the maximum shear stress (MF 1-4).
If ks differs from zero, then contractional faults may not
occur. For example, contractional faults in Figure 4 can
be completely removed from the cross section aflected by
basal shear stress, assuming kg = 50 MPa (MF 2-4). The
normal faults predicted by such a superposed stress field
are high-angle and nearly planar.

Figure 5 shows the distribution of the maximum shear
stress, principal stress trajectories, and the predicted fault
pattern for the superposition of a lithostatic stress field
(k4 = —pg) on a basal shear stress field (S, = 10 MPa),
assuming ks = 0. On the surface, 0,.(z,0) is compressive
for negative and tensile for positive z. Shear stresses pre-
dicted in this case are relatively low, ranging from zero at
the origin to about 25 MPa at the lower right and lower
left corners. The dashed curve shown in the fault pat-
tern diagram in Figure 5 is the 10-MPa contour line of the
maximum shear stress. From equation (30) we have

0= %tan'1 (—2tana) (32)

for k4 = —pg. Equation (32) shows that principal stress
trajectories, and the predicted fault pattern resulting from
the superposition of a basal shear stress field on a litho-
static stress field, are independent of the magnitude of
basal shear traction Sp. Normal faults with dips as low
as 15° are locally present close to the line z = 0 (Fig-
ure 5). Although most faulis are listric, none are regional
low-angle faults.

Figure 6a shows the distribution of the maximum
shear stress, principal stress trajectories, and the predicted
fault pattern for the superposition of a contractional stress
field (k4 = —1.1pg) on a basal shear stress field (So = 10
MPa), assuming ks = 0. On the surface, o,-(z,0) is
compressive for negative and tensile for positive z. The
maximum shear stress ranges from zero at the origin to
about 53 MPa in the lower left corner. As shown in Fig-
ure 6a, listric low-angle normal faults of regional extent
that maintain their low-angle geometry only a few kilome-
ters below the surface are predicted in the quadrant for
positive z. Increasing basal shear traction from 10 to 50
MPa steepens the normal faults (MF 3-6). At ks = 55
MPa the origin in Figure 6a is shifted 110 km to the left
(Figure 6b). This means that the superposition of a uni-
form tensile stress field can remove the contractional faults
from the cross section affected by basal shear in Figure 6a.
Note that the upper portions of most low-angle normal
faults in Figure 6b lie within the region where 7,4, is less
than 10 MPa. Their lower portions close to the base of
the cross section, however, lie in the region where 7,4 is
greater than 10 MPa. This result suggests that the for-
mation of the low-angle normal faults would initiate from
deep structural levels and then propagate upward, a pre-
diction consistent with the seismological observation that
most earthquakes nucleate at the base of the brittle upper
crust [Sibson, 1982]. At kg3 = —55 MPa a uniform com-
pressive stress is superposed, and the origin in Figure 6a
is shifted 110 km to the right: the extensional faults are
completely removed from the cross section (MF 4-6).



.Yin: Mechanical Model of Normal Faults 475

[P T R

S O S S A Y SO P

0123 x100 MPa
Fig. 6a. Distribution of maximum shear stress, principal stress trajectories, and predicted fault pattern
for superposition of a contractional stress field (k4 = —1.1pg) on a basal shear stress field (S; = 10 MPa),
ks = 0. Dashed curve in fault pattern diagram is the 10-MPa contour line of 74z.
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Fig. 6b. Distribution of maximum shear stress, principal stress trajectories, and predicted fault pattern for
superposition of a contractional stress field (k4 = —1.1pg) on a basal shear stress field (Sg = 10 MPa) and
a uniform tensile stress field (ks = 55 MPa). Dashed curve in fault pattern diagram is the 10-MPa contour
line of Tyae.
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Linear Increase/Decrease of Vertical
Gradients of Horizonlal Normal Stress
Component in the Direction of Basal Shear
Traction

The magnitude of the vertical gradient of horizontal
normal stress measured in the uppermost part of the crust
can vary from place to place even within the same tectonic
province [e.g., McGarr and Gay, 1978]. The variations gen-
erally range from 0.5pg to 1.5pg. In order to explore the
effect of change in the vertical stress gradient of horizontal
normal stress components on the stress distribution in the
upper crust, ks in equation (12) is assumed not to be zero.
In this case the vertical gradient of the horizontal normal
stress component is a linear function of the horizontal co-
ordinate z,

dogs
oy

Two conditions are considered here. First, I assume that
the vertical gradient of the horizontal normal stress com-
ponent, 80 /8y, in equation (12) increases linearly in the
direction of basal shear traction from £ = L to 2 = —L.
At z = L it is equal to the gradient of lithostatic pressure,

= k4 + k52 (33)

aa’za:

a—y(L, y)=ks+ ksL = —pg (34)

Yin: Mechanical Model of Normal Faults

and at 2 = —L, it increases to -0.5pg,
00:5
By (—L,y)=ks— ksL = —0.5p9 (35)

The boundary conditions imply that the vertical gradient
of the horizontal normal stress component is greater than
that of lithostatic pressure everywhere within the elastic
upper crust affected by the basal shear traction except
along the line z = L. From equation (11) we have

sz(ﬁ, H) = —ksH - %kst = —So (36)
Solving equations (34), (35), and (36), we find that
1
ks = (So/H) - §k5H (370)
ky = —0.75pg (37%)
ks = —0.25pg/L (37¢)

Figure Ta shows the distribution of the maximum
shear stress, principal stress trajectories, and the predicted
fault pattern for a linear increase of the vertical gradient
of the horizontal normal stress component in the direction
of basal shear traction, k3 = 0, and Sp = 10 MPa. The
maximum shear stress increases from zero at the origin to
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Fig. 7a. Distribution of maximum shear stress, principal stress trajectories, and predicted fault pattern for a
superposed stress field in which the vertical gradient of horizontal normal stress component increases linearly
in the direction of basal shearing, Sy = 10 MPa, k3 = (So/H) — 0.5ks H, kq = —0.75pg, ks = —0.25p9/L,
and kg = 0. Dashed curve in fault pattern diagram is the 10-MPa contour line of T4z
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Fig. 7b. Distribution of maximum shear stress, principal stress trajectories, and predicted fault pattern for a
superposed stress field in which the vertical gradient of horizontal normal stress component decreases linearly
in the direction of basal shearing, So = 10 MPa, k3 = (So/H) — 0.5ksH, k4 = —1.25pg, ks = 0.25pg/L, and
ks = 0. Dashed curve in fault pattern diagram is the 20-MPa contour line of 74z.
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Fig. 7c. Distribution of maximum shear stress, principal stress trajectories, and predicted fault patterns for a
superposed stress field in which the vertical gradient of horizontal normal stress component decreases linearly
in the direction of basal shearing, So = 50 MPa, k3 = (So/H) — 0.5ks H, k4 = —1.25pg, ks = 0.25pg/L, and
ks = 0. Dashed curve in fault pattern diagram is the 20-MPa contour line of Tinsz.
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more than 60 MPa in the lowermost part of Figure 7a.
On the surface, 05(z,0) is tensile for positive and com-
pressive for negative . Such parallel belts of extension
and compression are induced by the basal shear traction
Toy(e, H) = —ksH — -;—kst = —Sy as a result of force bal-
ance in the horizontal direction. Comsequently, contrac-
tional faults that reach the surface are predicted in the
quadrant for negative £ and extensional faults that reach
the surface in the quadrant for positive z. Although low-
angle normal faults are locally predicted beneath thrust
faults in the negative quadrant, none are listric low-angle
normal faults of regional extent. Normal faults in the re-
gion £ >> 0 dip steeply and are nearly planar. The dashed
curve in the diagram of the predicted fault pattern is the
10-MPa contour line for the maximum shear stress. In-
creasing basal shear traction from 10 to 50 MPa slightly
reduces the dip angle of these normal faults but increases
the maximum shear stress significantly (MF 5-7).

For alinear decrease of the vertical gradient of the hor-
izontal normal stress component in the direction of basal
shear traction, I assume that at x = L

o
a—;z(.[;,y) =ks+ksL =—pg (38)
where —pg is the gradient of lithostatic pressure, and at
z = —L, the stress gradient decreases to -1.5p9,
doy
By (=L,y)=ky—ksL = —1.5pg (39)

These boundary conditions imply that the vertical gradi-
ent of the horizontal normal stress component is less than
that of lithostatic pressure everywhere in the elastic up-
per crust affected by the basal shear traction, except along
the line £ = L. This may represent a setting near a con-
vergent plate boundary, where the vertical stress gradient
of the horizontal normal stress component is greatest near
the contact of the two convergent plates (x < —L) and
decreases away from it. It reaches the gradient of litho-
static pressure at a distance sufficiently far away from the
contact (z > L). From equation (11) we have

T,y(.’l,‘, H) = —kaH - %IC5H2 = —So (40)
Solving equations (22), (23), and (24), we find that
1
ka = (SO/H) - §k5H (41(1)
ks = —1.25pg (418)
ks = 0.25p9/L (41¢)

Figure 7b shows the distribution of the maximum
shear stress, principal stress trajectories, and the predicted
fault pattern for a linear decrease of the vertical gradient
of the horizontal normal stress component in the direc-
tion of the basal shear traction, ks = 0, and Sp=10 MPa.
The magnitude of the maximum shear stress predicted by
this stress condition increases downward from zero at the
origin to about 100 MPa at the lower left part of the sec-
tion. On the surface, o;-(z,0) is compressive for positive
and tensile for negative £. As a consequence, extensional
faults that reach the surface are predicted for the nega-
tive quadrant, whereas contractional faults that reach the
surface are predicted for the positive quadrant. Exten-
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sional faults are only present in the uppermost part of the
negative quadrant and none are listric low-angle normal
faults of regional extent. Increasing basal shear traction
from 10 to 50 MPa switches the sign of oz, on the sur-
face to 05-(z,0) > 0 (tensile) for £ > 0 and 0,-(2,0) <0
(compressive) for £ < 0 (Figure 7c). This indicates that
the polarity of extensional and contractional belts depends
not only on the direction of basal shear traction but also on
its magnitude if 3o, /3y varies horizontally. Furthermore,
the increase of basal shear traction can cause regional low-
angle normal faults which intersect the surface in a zone
30-40 km wide in the positive quadrant (Figure 7c). Al-
though regional low-angle normal faults are predicted in
both Figures 6a and 7c, the corresponding distributions
of the maximum shear stress are quite different. In Fig-
ure 6a, most predicted low-angle normal faults are within
the region where the maximum shear stress is less than 10
MPa. In contrast, most predicted regional low-angle nor-
mal faults are present in the region where the maximum
shear stress is greater than 20 MPa.

Under the stress conditions represented by Figures 7a,
MF 5-7, b, and 7¢, ks is assumed to be zero. If kg differs
from zero, the patterns of principal stress trajectories and
predicted faults in Figures 7a, MF 5-7, 7b, and 7¢ do not
change appreciably but shift to the right for positive or to
the left for negative ks. This is shown in MF 6-7 for a
stress condition identical with that represented in Figure
Tc, except that kg = 50 MPa. Superposition of this uniform
tensile stress field, k3=50 MPa, causes the origin in Figure
Tc to shift about 27 km to the left and to remove the
contractional faults in the region z << 0 of Figure 7c
from the cross section affected by basal shear traction. A
tensile stress of about 185 MPa is required to remove all
contractional faults in Figure 7¢ that reach the surface.

TECTONIC IMPLICATIONS

Low-angle Normal Faults in the High
Himalayas

E-W striking, gently northerly dipping normal faults
in the high Himalayas and southern Tibet were recently
recognized by Burg et al. [1984]. These faults extend for
at least 600 km along strike. Burchfiel and Royden [1985)
interpreted them as probably late (?) Miocene extensional
features, on which movement was synchronous with the
development of compressional belts to the south and the
north. A two-mica granite which cuts an E-W down-to-
the-north normal fault on the north face of Mount Ever-
est has been dated by U-Pb and “°Ar/3®Ar methods by
Copeland et al. (1987) as 22 m.y. ago, indicating that
motion along the northerly dipping normal fault systems
occurred as early as 22 m.y. ago. On the basis of an
elastic model which simulates stress distributions for the
superpostion of a compressional horizontal stress with a
topographic load, Burchfiel and Royden [1985] postulated
that the low-angle normal faults in southern Tibet and the
high Himalayas are direct results of gravity acting on areas
of high topography that formed in response to a thicken-
ing of the crustal root. However, the stress trajectories
produced by their model predict that the maximum com-
pressive stress is inclined southward from steep to shal-
low angles [Burchfiel and Royden, 1985; Figure 4]. The
corresponding listric low-angle normal faults predicted by
such a stress condition should also dip to the south. This,
however, contradicts the fact that the low-angle normal
faults in the high Himalayas are rooted to the north into
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Fig. 8. Diagrammatic cross section showing possible boundary forces responsible for the formation of rooted
low-angle normal faults in western North America during the mid-Tertiary.

the mountain belt. The proposed kinematic model (Figure
2) and the results of my calculations may help to resolve
this problem. As pressure varies with surface elevation,
a lateral pressure gradient is required in the weak lower
crust [Bird and Kemp, 1987]. Such a pressure gradient in
the lower crust would cause ductile flow toward the low-
elevation region. In the Himalayan region this would re-
quire a south-directed ductile flow in the weak lower crust.
In the kinematic model proposed here, listric low-angle
normal faults of regional extent dipping to the north in
the direction opposite to the basal shear traction may be
produced by either of the superposed stress fields. These
are (1) the superposition of a basal shear stress field on
a contractional stress field (Figure 6a), or (2) the super-
position of a stress field in which the vertical gradient of
horizontal normal stress component decreases linearly in
the direction of basal shearing on a basal shear stress field
with a strong basal shear traction (Figure 7c). Both su-
perposed stress fields can be caused by plate convergence
or subduction. These simulated stress conditions not only
predict the geometry and dip direction of listric low-angle
normal faults but also the presence of contemporaneous
E-W striking thrust belts and low-angle normal faults in
the high Himalayas [Burchfiel and Royden, 1985].

Cenozoic Extension in Western North America

Late Cenozoic extensional tectonism in the North
American Cordillera, as expressed in the Basin and Range
Province, has been well documented [e.g., Stewart, 1978].
An earlier period of mid-Tertiary Cordilleran extensional
tectonics has only recently been recognized [Armstrong,
1972; Crittenden et al., 1980]. The mid-Tertiary exten-
sional terranes (the Cordilleran metamorphic core com-
plexes; [Coney, 1980]), are characterized by major, gently
dipping detachment faults that separate a brittlely dis-
tended upper plate from a lower plate consisting mostly
of plutonic and metamorphic rocks. The tectonic origin
of the Cordilleran core complexes is the subject of con-

troversy. Coney [1980] and Dickinson [1981], among oth-
ers, proposed that the formation of the core complexes
was related to interactions between the North American
plate and Pacific plates. They believed that changes in
plate kinematics during Oligocene-Miocene was the main
cause for initiation of the mid-Tertiary extension in west-
ern North America.

Observing that the mid-Tertiary inception of the
Cordilleran core complexes was associated with a westward
retrograde sweep of massive ignimbrite outbursts [Coney
and Reynolds, 1977], and that the locus of core complex
extension corresponds to that of Mesozoic crustal thicken-
ing, Coney and Harms [1984], and Coney [1987] proposed
that core complex extension took place only when a sharp
pulse of magmatism swept across the thickened welt. This
pulse of magmatism lowered the crustal viscosity and al-
lowed the gravitationally unstable crustal welt to spread
laterally. Sonder et al. [1987], on the basis of a theoretical
analysis, proposed a similar model in which the thick conti-
nental lithosphere formed during the Sevier and Laramide
orogenies was the cause for the Cenozoic extension in west-
ern North America because it was gravitationally unstable
and would tend to spread under its own weight.

The mechanical model developed in this paper allows
one to test, quantitatively, tectonic hypotheses for the ori-
gin of the Cordilleran metamorphic core complexes. As-
suming that the upper crust was deformed elastically dur-
ing extension and that the gravitational spreading of the
weak lower crust produced a constant shear traction on the
base of the upper crust, calculations show that the grav-
itational spreading itself is insufficient to produce rooted
low-angle detachment faults (Figure 5). External forces
seem required to produce appropriate stress gradients and
additional tensile stress (Figures 6a, 6b, 7c, and MF 6-7).
This suggests that forces generated inside the North Amer-
ican plate may not be the only factors to have initiated core
complex extension.

Figure 8 shows possible boundary conditions for the
formation of Cordilleran core complexes. The recon-
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structed plate tectonic setting of mid-Tertiary extension
suggests that subduction of the Farallon plate along the
western margin of North America continued during the
mid-Tertiary [e.g., Coney, 1980, 1987]. A contractional
stress field related to this plate subduction caused the de-
velopment of compressional structures along the western
margin of the North American plate. The location of core
complexes was controlled by thickened crustal welts [Coney
and Harms, 1984]; their gravitational spreading caused
ductile flow and a shear traction on the base of the upper
crust, which in turn produced a basal shear stress field.
The inclination of regional low-angle detachment faults in
the North American Cordillera [Wust, 1986] was controlled
by the flow direction in and below the midcrust. West-
directed asthenospheric flow, which may have been initi-
ated by the collapse and/or steepening of the subducting
plate [Coney and Reynolds, 1977], caused a uniform ten-
sile stress field in the continental interior and synchronous
compression along the western margin of the North Amer-
ican plate [e.g., Wernicke et al., 1987]. The stress field
induced in the lithosphere by asthenospheric flow resem-
bles the basal shear stress field generated by gravitational
spreading (see Figure 3), except that it controls deforma-
tion of the continental lithosphere on a larger scale.

A major change in structural style from dominant
listric low-angle normal to high-angle block faulting in
western North America during the beginning of the Late
Tertiary has long been noted [e.g., Coney, 1980; Zoback et
al., 1981], although exceptions do exist locally [e.g., Burch-
fiel et al., 1987]. This change has been attributed to in-
teractions between the North American plate and Pacific
plates [Coney, 1980; Dickinson, 1981; Zoback et al., 1981;
Armstrong, 1982]. As shown in MF 2-4, the superposition
of an extensional stress field (tensile horizontal deviatoric
stress) on a basal shear stress field and a uniform ten-
sile stress field can produce high-angle normal faults. In
contrast, the superposition of either a contractional stress
field (compressional horizontal deviatoric stress) or a stress
field with 8¢,,/8y decreasing linearly in the direction of
basal shearing from -pg to -1.5pg on a basal shear stress
field and a uniform tensile stress field can simulate the ge-
ometry of rooted low-angle detachment faults (Figures 6b,
MF 6-7). It is likely that the aforementioned change in
structural style corresponds to the termination of a con-
tractional stress field induced by plate subduction and the
beginning of an extensional stress field (extensional hori-
zontal deviatoric stress) caused by a diffluse transform in-
teraction between the North American and Pacific plates
[Atwater, 1970; Ingersoll, 1982].

It is important to point out that the model presented
here predicts only the initiation of faulting, because the
Coulomb fracture criterion is assumed. It does not, how-
ever, preclude possible reactivation of mid-Tertiary low-
angle normal faults and older thrust faults during the late
Cenozoic Basin and Range extension, which has produced
most of the present topography. It is also important to
note that this paper deals with an inverse problem. Be-
cause of this, states of stress simulated in an elastic upper
crust in this study are only a few of the many under which
listric low-angle normal faults may occur.

CONCLUSIONS

Consideration of a basal shear stress field, induced by
a shearing traction acting on the base of the upper crust,
helps to resolve the mechanical paradox of rooted low-angle
detachment faults. Theoretical stress analyses of an elas-
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tic upper crust suggest that listric normal faults of regional
extent, with shallow dips at the time of their inception, can
be simulated by superposition of a contractional stress field
on a basal shear stress field. This superposed stress field
also predicts parallel belts of extension and compression in
the cross section affected by basal shear traction. These
results not only explain the occurrence of low-angle normal
faults in the high Himalayas but also their dip direction,
assuming that the weak lower crust is capable of flowing
under the pressure gradient induced by lateral variation of
elevation and the associated isostatic variations in crustal
thickness. If the vertical gradient of the horizontal normal
stress component is constant, the polarity of the predicted
compressional and extensional belts only depends on the
direction of the basal shear traction. If it varies linearly in
the horizontal direction, however, the polarity depends not
only on the basal shear direction but on the shear traction
magnitude as well. Calculations suggest that a constant
basal shear traction induced by gravitational spreading of
the weak lower crust itself is insufficient to produce stress
conditions compatible with core complex extension in west-
ern North America. External forces along plate boundaries
seem required to provide appropriate stress gradients and
additional tensile stress.
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