

















x1), and length L perpendicular to the direction of mo-
tion (and parallel to coordinate x;). Itrs weight per unit
volume is p,g, and the coefficient of sliding friction on
che block’s base is 4. The frictional force that resisrs
the motion of the block (F) equals the normal force
across the base (F,)) times the coefficient of friction (&)
That is,

Fy= RF, (10.5)
= u % (normal force per unit area) x (area)

Fr= o gH)(WL) (10.6)

The driving force required to move the block must be
greater than or equal to the frictional resistance. If the
driving ferce is applied across the back vertical face of
rhe block, the stress on that face is the driving force per
unit area,

Feoo _

N= T upgW {10.7)
where we inttoduced Equation (10.6) for Fr. This stress
cannot exceed the fracture strength of the block. Choaos-
ing average values for the coefficients of friction, density,
and strength (I = 0.6, g, = 2500 kg/m?, and agiq = 250
MPa), we can solve Equation (10.7) for W.

w=IL _ 17,007 m = 17 kin (10.8)
1p.g

Thus this model predicts that the maximum possible
dimension of an overthrust sheet in the direction of
thrusting is W = 17 km. For larger dimensions, the frac-
ture strength of the rock is exceeded at the rear face of
the sheet before the frictional resistance can be over-
come. Large overthrusts, however, are known to have
widths W of over 100 km, so something must be wrong
with this model. A more sophisticated analysis yield-
ing more general but comparable results is given in
Box 10.2.

There are several assumptions in this simple model
that may be inappropriate for explaining the mechanics
of emplacement of latge thrust sheets: {1) The force of
friction on the base of the thrust could be lowcr than
we assumed. {2) The very assumption that resistance to
motion is frictional in origin may be incorrect, and the
shear along the décollement in some cases may be ac-
commodated by ductile flow of weak rocks. (3) The
thrust sheet may be driven not by a push from the rear
but by gravitational forces. (4) Thrust sheets in general
are not rectangular blocks, as assumed in our model,
but instead taper to smaller thicknesses toward the fore-
land. (§) Thrust sheets do not move en masse as a single
sheet, but rather caterpillar style, by the propagation of
localized domains of slip along the fault. All of these
factors may be important in explaining aspects of the
mechanics of thrust sheets.

Basal Friction

The force of frictional resistance can be reduced in two
possible ways: The coefficient of friction Z on the base
can be significantly smaller than we assumed, either
intrinsically or because of lubrication, or the effecrive
normal stress across the décollement can be less than
we assumed.

Laboratory measurements of the coefficient of fric-
rion of rock on rock comsistently give values near
i = 0.85 and do not leave much possibility for signif-
icant reduction. The presence of water on a rock in-
terface actually seems to increase the coefficient of
friction; it does not act as a lubricant.

A high pore fluid pressure along the décollement,
with A approaching 1, would reduce the effective normal
stress across the surface and thereby lower the frictional
resistance (Equation 10.5; see Section 9.5). If the fric-
tional resistance decreases, then a horizontal normal
stress that is equal to the critical fracture srress can
move a greater width of thrusr sheet. For zero resistance,
the possible width of the thrust sheet is unlimited. Sed-
imentary basins in active tectonic regions are prime
locations for the formation of high pore fluid pressure
(Section 10.3), and large overthrust sheets are common
in such environments. This explanation has been ac-
cepted as a fundamental mechanism associated with the
emplacement of large thrust sheets, but it is not a com-
plete explanation.

Ductile Flow

Thrust faults commonly follow layers of weak rock in
the stratigraphic section. Evaporites, and especially ha-
lite (common rock salt), are among the weakest rocks
known. For conditicns characteristic of geologic defor-
mation, halite has a yield stress in the range of 0.1 to
1 MPa. Even at shallow depths and low temperatures,
the differential stress that makes halite flow is one to
two orders of magnitude less than frictional stresses and
the yield stresses of other rocks.

Large accumulations of evapotites (such as halite,
gypsum, and anhydrite} underlie many sedimentary ba-
sins, including the Gulf Coast of the United States,
southwestern Iran, and the Appalachian plateau in west-
ern Pennsylvania and adjacent states. The resistance to
the motion of thrust sheets can therefore be determined
by the yield stress of halite rather than the considerably
higher frictional stresses. The yield stress, moreaver, is
‘relatively insensitive to pressure, unlike friction. Thus
where thrust faults can occupy salt beds, the resistance
to motion is significantly less than where the salt is
absent, and our model would suggest that in those areas,
the thrust sheets can extend much farther our toward
the foreland. This explanation accounts for the major
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1IO'Q W] Simple Model of a Thrust Sheet

We adopt a model of a thrust sheet composed of
cohesionless material underlain by a horizontal dé-
collement on which motion occurs by frictional slid-
ing. In general, the height of the sheet as a function
of the horizontal distance in the direction of displace-
ment x; i5 A(x|), and for the mMaximum dimensions
of the sheet, when x; = W, then A(W) = H (Figure
10.2.1). The tractions acting on the external surfaces
of the thrust sheet are as shown in Figure 10.2.1, and
they include a horizontal tectonic traction ¢; applied
to the rear vertical face of the sheet, a vertical traction
oy applied along the bottom of the thrust sheet, and
a frictional shear traction of also applied along the
bottom. of the thrust sheet. The superscript + and —
indicate that we are considering the traction com-
ponents acting on the positive and negative sides of
the coordinate planes, respectively.

The sum of the horizontal tectonic force Fyrand
the total force of frictional resistance on the base Fg
must be zero if the thrust wedge is moving as a block
but not accelerating.

Fr+ Fp=0 (10.2.1)
where
Fr={{o} dny, atm=w (10.2.2)
Fp= [ o dr, atz=0 (10.2.3)

The frictional traction o is related to the effective
vertical traction (¢ — pp) by the coefficient of friction
on the base np. !

of =Tplov— A7, at;=0  (10.2.4)

where p;b) is the pore fluid pressure on the base of
the sheet.

We now make the following assumptions: (1) The
herizontal stress is approximately the maximuwmn com-
pressive stress. (2) The horizontal stress is as large as
possible and thus is given by the Coulomb fracture
criterion. (3) The vertical stress is approximately the

xy=H —-—*——@1)———— . ;h(W)=H
& r
e ;:Q'Lml—jiri >
o7 o x=W

Figure 10.2.1 Model for a thrust sheer, showing the ge-
ometry and the tractions acting on the surfaces.
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minimum compressive stress and equals the over-
burden pressure. We express assumption 2, the Cou-
lomb fracture criterion, in terms of the principal
stresses by using Equation (9.1.2) with the effective
principal stresses péy = 4 — p}a substituted for the
principal stresses. Thus

& — pf = S+ Kigy — pf?)
where p}i) represents the internal pore fluid pressure
of the wedge. Setting S = 0 to represent the fracture

criterion for a cohesionless material, and rearranging
the equation, we find that

—gr=67=K&,—(K—1)pf, atx, =W (102.5)

where the minus sign is introduced because the trac-
tion o} has the opposite sign from the stress com-
ponent. {It acts on the positive side of the coordinate
surface, and we use the geologic sign convention,
which assigns the stress component the sign of the
traction acting on the negative side of the surface.)
We express asswunption 3 as

(10.2.6)

These assumptions imply that the principal
stresses are everywhere horizontal and vertical, which
cannot actually be true because there is a shear stress
on the horizontal base of the sheet. Thus the stress
trajectories should be inclined, but our simplifying
assumption should be a reasonable first approxima-
tion if the shear stress is relatively small and therefore
the inclination of the maximum principal stress is
small.

In order for sliding to occur on the base, rather
than faulting to occur within the wedge, the coeffi-
cient of sliding friction on the base must be less than
the coefficient of internal friction for the Coulomb
fracture criterion; that is, @y < g;. The pore fluid pres-
sures internal to the wedge and along the base can
be expressed as a fraction A of the vertical stress:

p}") = Apprgh

where { and b as superscripts or subscripts indicate
the variable internal to the wedge or along the base,
respectively, and where m the second equation x3 does
nol appear because it is zero along the horizontal
décollement. We assume that 14 is constant along the
décollement and that A; is constant within the thrust
wedge.

‘We now combine Equations (10.2.1) through
(10.2.7) to obtain

oy =83 =pglh— x3)

7Y = Lip.glh — x3) (10.2.7)

[K - (K— DA [o (H = x3) dxy = Bp1 ~ 2) [ b dxy
(10.2.8)

E——




Width-to-height ratio of thrust sheet

Integrating the left side of the equation, which is the
tectonic traction across the height of the rear face of
the thrust wedge (where x; = Wand & = H} and col-
lecting constants on the left side of the equation, we
find that Equation (10.2.8) becomes

0.5 cH? = [V hax (10.2.9)

where

K—(K~1); (K—10-2)+1
w1l =1p el =1y

Note that if there is no pore fluid pressure, then A;
and Ap are both zero, and € is the ratio of
the fracture strength constant of the thrust sheet, K,
to the frictional resistance on the base, up. In general,
then, Cis just this ratio modified by the effects of pore
fluid pressure. Equation (10.2.9) can be interpreted
in two different ways, which we discuss in tum below.

We can assume that the thrust sheet must be
everywhere below the critical Coulomb fracture
stress, and we assume a particular shape h(x) for the

(10.2.10)

B IO
0.8 1.0

0.6

Normalized pore fluid pressure

Surface slope of thrust sheet, degrees

B.

thrust sheet. With Ha given constant, we can interpret
Equation (10.2.9) as determining the limiting cross-
sectional width of the thrust sheet W for which the
stress in the thrust sheet remains below the critical
value. Supposing the thrust sheet to be a rectangular
block, we choose h{x;) to be a constant # for the
whole thrust sheet. We considered this problem in a
simplified way at the beginning of Section 10.11. Upon
integrating the right side of Equation (10.2.9) and
rearranging, we find that

W=05CH (10.2.11)

Thus for a given thickness H of a block-shaped thrust
sheet, and for given values of &, g, 4;, and 1p, which
determine C, this relationship gives the maximum
width W for a thrust sheet that can be moved over
the décollement. We assume for simplicity that
iy = piendthat 1, = 1;, and we use Equation 10.2.10
and the values from Table 10.2.1 to graph the de-
pendence of C/2{(=W/H) on 1 (Figure 10.2.24). For
zero pore fluid pressure, C/2 is between 2.75 (for
0;=65%) and 3.85 (for 6;=50°). Thus for a thrust

10

L

0.4

0 0.2 06
A

Normalized pore fluid pressure

Figure 10.2.2 Permissible geometry of thrust sheets as a function of the pore fluid pressure ratio
A. A. Maximum possible ratio of width to height (C = 2W/H) far a thrust sheet shaped like a
recrangular block, platred as a function of 4. B. Equilibrium surface slope a for 2 wedge-shaped
thrust sheet with a horizontal décollemenr, ploteed as a function of 1. Solid lines result from the
present analysis; the dashed line results from the more derailed model of Davis et al., 1983,

Davis et al.
w,=1.03
w, = 0.85
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Box 10.2 (continued)

sheet of thickness H=75 km, the width W must be
between about 13.7 km and 19.7 km, for the different
values of the fracture angle €. This result is of the
same order as the more approximate solution in
Equation (10.8). Note that the possible length of the
thrust sheetincreases without limit as A approaches 1.

For an altermative interpretation of Egquation
(10.2.9), we can assume that the entire thrust sheet
must be just at the critical Coulomb fracture stress,
and we take H and W to be variables. Equation
(10.2.9) then defines the shape of the thrust sheet,
because it prescribes how the height A must vary with
the cross-sectional length W across the thrust sheet
in order that the thrust sheet be everywhere at the
critical Coulomb stress. Equation (10.2.9) can be sat-
isfied only if A(x;) is a linear function of x|, because
the integral must have dimensions of [length]?.

h(xp) = Ax; + B (10.2.12)
We require that
HW)=H A=tana (10.2.13)

where the first Equation (10.2.13) is implicit in the
way the quantities are defined for the problem, and
where « is defined as the surface slope of the wedge.
Substituting this equation into Equation (10.2.12)
shows that

H=AW+ B (10.2.14)
W W
fo Rz = [ (4x; + B) dz; = 0.54W2 + BW
(10.2.15)

Substituting Equations (10.2.14) and (10.2.15) into
Equation (10.2.9) and simplifying, we get

0.5[A2C — A]W? + [ABC — B]W + 0.5[B2C] =0
(10.2.16)

This relationship must hold for a thrust wedge of any
width W, and for this to be true, each of the coeffi-
cients in brackets must independently be zero:

A*C—A=0 ABC—B=0 BIC=0 (10.2.17)

To satisfy the third Equation (10.2.17), either
B =0or C=0(. Taking C = 0 implies from Equation
(10.2.10) that K is a function of 1; or, through the
second Equation (9.1.3) that the fracture angle 8y is
a function of the pore pressure ratio. Experimental
work shows that this is a physically unacceptable so-
lution, so we must choose B = (. This result implies,
from Equation (10.2.12), that the thrust wedge tapers
to a point, which is physically reasonable for a ma-
terial with no cohesion (Figure 10.2.1).
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Both the first and second Equations (10.2.17}
give exactly the same condition,

1

A=
C

(10.2.18)
Introducing Equation (10.2.10) and the second Equa-
tion (10.2.13) into Equation (10.2.18), we find that

Hp(l = 1p) 1

B e It —ig+1 T

(10.2.19)
where « is the topographic slope angle of the thrust
wedge.

If Ap = i; = 0—that is, if there is no pore fluid
pressure—the swrface slope of the thrust wedge is
determined by u3/K, the ratio of frictional resistance
on the base of the sheet to the fracture strength con-
stant of the thrust wedge. As the pore fluid pressure
internal to the wedge increases, the effect is to de-
crease the strength of the wedge. Thus for higher
values of 4;, the denominator of Equation (10.2.19)
decreases, the ratio increases, and the surface slope
of the thrust wedge increases. As the pore fluid pres-
sure along the base increases, there is less resistance
to frictional shiding. Thus for higher values of 1y, the
numerator in BEquation (10.2.19) decreases, the ratio
decreases, and the surface slope of the thrust wedge
decreases.

For purposes of simplification, we assume
ui=gy=p and A; = iy =1, Figure 10.2.25 shows
the relationships then predicted by Equation{10.2.19)
between the topographic slope « of the thrust sheet
and the magnitude of the pore fluid pressure ratio 1
for values of the constants in Table 10.2.1. The pre-
dicted slopes are all less than about 10°. The slopes
approach 0°, and the frictional resistance to sliding
on the décollement decreases toward zero as A ap-
proaches 1. These results are comparable to the angles
calculated from more sophisticated analyses for the
same angle of the décollement (Figure 10.2.2). More
thorough analyses include the dip of the décollement
as a variable.

Table 10.2.1 Relationships Among Fracture Angle,
Coefficient of Internal Friction, and K?

65 0.84 4.60
60 . 0.58 3.00
55 0.36 ; 2.04
50 0.18 1.42
45 .00 1.00

“ Given @, the rabulared values of y;and K are calculaced from
Equations (%.1.1) and (9.1.3).




salient in the northwestern Appalachians (Figure 6.114).
Here the large belt of very gentle folding in the Ap-
palachian plateau northwest of the Valley and Ridge
province is almaost coincident with the extent of Silurian
salt beds at depth.

Anhydcite and gypsum also have relatively low
yield scresses, and strata rich in these minerals also
commonly act as décollement zones. Where evaporites
are not present, shales are genecally the weakest rocks,
and at greater depths and higher cemperatures, lime-
stone {marble) and even quartzite may be sufficiently
weak o localize major zones of ductile shear in a dé-
collement,

Gravitational Driving Forces

One problem with our simple model arises from the
need to drive the thrust sheet forward by means of a
stress cransmicted through the thrust sheet from the rear.
If the force of gravity wete the driving force, however,
this restriction would not arise, because gravitational
forces act independently on every point in a body.

Gravitational sliding occurs if the shear force pro-
vided by the force of gravity (F,) is at least equal to che
frictional resistance on rhe décollement (F; = Fy; Figure
10.18A). If we know the resistance, we can determine
the slope necessary to cause such a thrust sheet to slide.
From Equation (10.5}, therefore, we have

T = F/F, (10.9)
If gravity is the only force driving the sheet, then the
normal force across the décollement (F,) and the shear

force parallel to it (F,) are related to the dip & of the
thrust surface by

tan § = F,/F,

Using Equation {10.9), and assuming that the coefficient
of friction @ = 0.6, which is actually a low value com-

pared with most experimental data, we find thac
tan & = 1 =~ 0.6
§=31°

Thus a slope of at least 31° is required to move the
thrust block gravitacionally against a conservarive value
of the frictional resiscance. A 100-km thrust sheet would
need o slide off a topogtaphic high of at least 51.5 km
altitude for this mechanism to explain some of the larger
cthrust sheecs (Figure 10.18B). Given that Mr. Everest is
less than 9 km above sea level, this solution does not
appear to be satisfactory. Moreover, evidence for steep
dips over significant lengths of large thrust sheets is
utterly lacking. This mechanism could account for the
observations only if it were effective on slopes on the
order of a few degrees at most. Such slopes imply a very
small resistance along the décollement, and we must
therefore include in the model either high pore fluid
pressure or ductile flow to make it acceptable.

If tectonic processes thicken the crust and create a
topographic high, gravitational collapse of the thickened
pact of the crust could resule in the formation of thrust
sheets. This mechanism requires ductile flow throughout
much of the thickened part of the crust, which spreads
outward under its own weight rather like a mound of
silicon putty spreads ouc into a puddle, or, to draw an
even more apt analogy, like a continental ice sheet
spreads out from its center (Figure 10.18C}. The driving
force is provided by the topographic slope of the thick-
ened region of crust, and the slope of the décollement
is not restricted; it could even slope upward in the di-
rection of thrusting, as is 2 common feature of thrust
sheets.

Intuitively, gravitational forces may not seem
strong enough to cause rocks to deform significantly.
We must not forget, however, that ultimately, gravi-
tational forces drive the whole plate tectonic machine

Figure 10.18 Meodels of gravitationally dri-
ven thrust sheets, A. Resolution of the grav-
itational force on a thrust sheer to determine
the driving force available (F,) and the nor-
mal force across the décollemenr (F,). B.
Normal rock friction would reguire roo

steep a slope to account for the size of rhrust
sheets and dips of décollement observed. C.
Gravitartional collapse of a tectonically pro-
duced topographic high by ductile flow
within the thrust sheet. The solid lines in-
dicare the tecronically uplifted topography;
the dashed line indicates the ropography
afrer gravirarional collapse of the uplife. Ar-

rows indicate the general pattern of flow
within the callapsing sheet.
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through mantle convection. Given the great lengths of
time available, and the ability of rocks to creep slowly
in response to relatively small differential stresses, em-
placemenc of thrust sheets by gravitational collapse can-
not be discounted.

Tapered Thrust Sheets

Active thrust sheets, such as occur in western Taiwan
and in the Himalayas, and active submarine aecretion-
ary prisms over subduction zones are wedge-shaped,
rather than rectangular, in cross section, with thickness
increasing with increasing distance from the front of
the thrust sheet {(Figure 10.19). We can account for this
tapered shape by means of a simple model. We assume
that the rocks in the thrust sheet are everywhere just at
the critical stress for failure. Furthermore, we require
that the driving force on a vertical face through the
sheet just balances the frictional resistance to sliding on
that part of the décollement that lies ahead of the vertical
face. The force resisting sliding on the décollement must
increase with increasing distance from the front of the
thrust sheet. Thus the driving force on a vertical face
must also increase with increasing distance from the
front. Because the driving stress is limited by the strength
of the rock, the driving force can increase only if the
area of the vertieal face increases, and this means the
thickness of the thrust sheet must increase. Thus the
thickness of the thrust sheet at any point depends on
the length of the sheet ahead of that point that must be
moved, resulting in a thrust sheet that has a wedge shape
(see Box 10.2). :

The determination of a proper mechanical model
for such a thrust wedge is complex (see Box 10.2). The
surface slope of the wedge actually is affected not only
by the resistance to motion of the décollement but also
by the slope of the décollement. Moreover, resistance
to sliding can be affected by the pore Auid pressure or
by the presence of weak ductile rock along the décolle-
ment. This simple analysis of the driving force also
ignores the small horizontal pressure gradient created
by the surface slope of the thrust sheet. The mechanics
of such wedges, however, is similar to the mechanics
of dirt and snow wedges that would form in front of
bulldozer and snowplow blades if the blades were flat
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Figure 10.19 The rapered wedge model of thrust sheers is
supported by observations of the geometry of acrive conti-
nental fold-and-thrust belts such as in western Taiwan and
by submarine accretionary pristus chat overlie acrive subduc-
tion zones such as easr of Barbados in the eastern Carribbean
Sea.

and vertical.® Such a wedge is the thinnest body of a
given width parallel to the direction of thrusting that
can be slid over the décollement,

If material is added ro the front, or toe, of the
wedge, the whole wedge deforms ro maintain the critical
tapet. The deformation takes the form of thrust faults,
folds, and fault ramp felds internal to the wedge, all of
which result in a net shortening and thickening of the
wedge (Figure 6.12). [f the taper of the wedge becomes
too large, then the thrust fault propagates out in front
of the wedge to lengthen the thrust sheet and dectease
the taper; internal faulting and folding provide the ad-
justments to the taper throughout the rest of the sheet.

A comparison of the tapered wedge model with
observations is indicated in Figure 10.20, which plots
the dip of the décollement f§ against the dip of the surface
slope a. The lines are the theoretically predicted rela-
tionship for a variety of values for the pore fluid pressure
ratio 4. The boxes indicate the approximate geometries
of active wedges as labeled. It is clear from this fgure
that most thrust wedges require a value of A considerably
above the hydrostatic value of about 0.4, implying sig-
nificant overpressure of the pore fluid. Such values of
A are consistent with measurements made in wells that
penetrate into some of these wedges, which lends cre-
dence to the theory. The presence of salt along the

3 In fact, however, such plow blades are vertically curved, a design
that forces the snow or dirt to slide up the blade and fall forward,
creating a pile whose taper is the angle of repose of the marerial
rather than che critical taper under discussion here. The angle of
repose is the angle of steepest slopc thar loose marcerial can support,
and ir is generally about 30°, whereas the steepest slopes predicred
by the capered theust sheet model are 2bout 10°. Thus cthis analogy
can be somewhar misleading.
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Figure 10.20 The measured geometry of subaerial and sub-
marine thrust wedges compared with the theoretically pre-
dicred relationships among the topographic slope angle a, the

slope of the décollement §, and the pore fluid pressure ratio
A,

décoliement, however, could result in surface slopes as
low as 1° and chus could also account for some of the
very low slopes observed.

The Propagation of Slip Domains

The foregoing discussion of the mechanics of a thrust
sheet assumes the entire mass is at the ctitical stress for
fracture that is predicted by the Coulomb fracrure cri-
terion. This is a simplifying assumption, however, be-
cause the entire thrust sheet does not move as a rigid
block or undergo pervasive deformation at one time.
Rather, the deformation is accommeodated by the prop-
agation of discontinuous slip events over finite areas of
faults within and at the base of the sheet. Such slip

events, whichare localized in time and space, commonly
cause earthquakes that we can observe. Only by averag-
ing these evenrs over a long period of time — perhaps
tens to hundreds of thousands of years—would we see
the pattern of pervasive deformation and the slip of the
entire thrust sheet on the décollement that we assume
for the model. The applied stress needed to make slip
events propagate across the fault is lower than that re-
quired to make the entire thrust fault slip at once, an
effect that should be accounted for in mechanical
models of faulting. The effect is similar to the propaga-
tion of dislocations in a crystal lactice, which we discuss
in Chaprer 19.

I{BPA Cause and Effect: A Word of
Caution

Qur interpretations in this chapter of the origin of brittle
deformation structures, including application of the
fracture criteria that we discussed in Chapter 9, im-
plicitly assume that stress is the cause of the deforma-
tion. Although this is often a very useful assumption,
it is not necessarily appropriate in all situations.

The cause of a mechanical process essentially is
determined by the boundary conditions, which are the
conditions that are externally imposed both on the
boundaries of a body and throughout it as distributed
sources, such as the force of gravity. If stresses are
imposed and maintained on the boundaries of the body,
then stress is the cause of the process, and deformation
develops in response to the imposed stress. If, however,
the boundaries of the body are required to move a
prescribed amount or at a prescribed rate in a prescribed
direction—that is, the deformarion is prescribed on the
boundaries of the body—then the deformation is the
cause of the process, and the stresses develop in response
to the imposed deformation. Under these circumstances,
the origin of different structures is better understcod
with reference to the deformation.

We discuss strain, a measure of deformation, and
its application to the interpretation of structures in
Chapters 15 through 17; the relationships between stress
and deformation are the ropic of Chapter 18; and the
role of boundary conditions are discussed further in
Section 20.1.
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