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FLEXURAL ROTATION OF NORMAL FAULTS
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Abstract. A conceptual model is proposed for the

generation of low-angle normal faults in Metamorphic

Core Complexes. The model is based on three
assumptions: (1) the isostatic response to normal fault
motion is of regional extent; {(2) when a fault segment
is significantly rotated from the optimum angle of slip,
relative to the crustal stress field, it is replaced by a new
planar fault oriented in, the optimum direction; and (3)
the fault cuts the entire upper crust and fault motion
always nucleates in the same region at the base of the
upper crust. The stress field is considered to be uniform
through the crust and the regional isostatic response of
the crust to loads is computed using the thin plate
flexure approximations. Active low-angle normal fauits
are difficult to reconcile with rock mechanics thzories,
earthquake focal mechanism studies, and geochronologic
results indicating rapid cooling of core complex rocks.
The model does not require active fault slip on
low-angle faults. The flexural response to ::ormal
faulting is shown to be significantly affected by
anelastic behavior of the crust and by loading due to
sedimentation. The anelastic response to large bending
stresses results in significant reduction in the effective
elastic rigidity of the upper crust. This can explain the
observed short wavelength of topographic response to
normal fault loads. The model results in: (1) a nearly
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flat-lying abandoned normal fault (or "detachment")
below slices of upper plate rocks and sedimentary infill;
(2) a strong contrast in metamorphic grade across the
abandoned "detachment”; (3) rapid movement of lower
plate rocks from midcrustal depths to shallower depths.
These results are qualitatively in agreement with
geologic observations for core complexes.

INTRODUCTION

There has been much recent discussion about the
origin of "Metamorphic Core Complexes.” Faults
within these complexes appear to have undergone a
normal sense of motion but are gently dipping or
subhorizontal [e.g, Profett, 1977; Davis, 1980; Miller
et al, 1983]. This is particularly interesting since
seismically active normal fauits are generally observed
to be dipping at steeper angles (>30°) [e.g., Jackson,
19871,

More than 20 core complexes have been recognized
in the Basin and Range province of westemn North
America, all of Tertiary age (Crittenden et al. 1980].
Several characteristics of metamorphic core compiexes
are illustrated in Figure 1. The fundamental relation-
ship in core complexes is that low-grade or un-
metamorphosed rocks overlie high-grade metamorphic
"core” rocks [Davis. 1983]. The boundary between
rocks of contrasting metamorphic grade, which is often
subhorizontal. has been variously called 2 "low-angle
normal fault,” a "detachment," or a "decollement.”
Although these terms imply that fault motion took
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Fig. 1. Interpretative cross secticus of two metamorphic core complexes showing features common to many core

complexes: (a) the Harcuvar Mountains in Arizona [after Rehri
in California with inferred doming removed [after Davis, 1980]

place on a nearly flat-lying fault, there is considerable
debate on the origin of such structures. Here the term
"detachment” is used in a nongenetic sense to describe
the major discontinuity in a core complex.

A normal sense of offset motion on the detachment
is inferred from strain indicators and structural relations
fe.g., Davis et al. 1983, 1986]. Upper plate rocks,
those above the detachment, have typically undergone
only brittle deformation while lower plate rocks have
experienced considerable ductile deformation [e.g.,
Miller et al. 1983; Dokka et al., 1986]. The lower
plate rocks frequently show mylonitizarion, indicating

g and Reynolds, 1980] and (b) the Whipple Mountains

that they were deformed in a temperature range where
quartz flowed but where feldspars fractured.
High-temperature rock mechanics experiments show
thar this could occur between about 400° and 500 °C
[Caristan, 1982). The lower plate mylonites often
show overprinting of brittle deformation on the ductile
fabric [e.g., Crittenden et al., 1980].

Geochronologic studies of lower plate rocks from
several core complexes indicate rapid uplift of
midcrustal rocks [Davis, 1988]. Dallmeyer et al. [1986]
use 40Ar/39Ar dating of lower plate rocks from the
Ruby Mountain metamorphic core complex in eastern
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Fig. 2. Temperature-time curve inferred far rocks within (UD)

and below (LD) the Ruby Mountains "detachment” in Nevada,
based on fission track dating [after Dokka et al., 1986].

Nevada to infer rapid cooling from above 500°C to
below 300°. In a fission track study of mylonitic rocks
from the same area, Dokka et al. [1986] find that
cooling from about 300°C to below 70°C occurred
between about 25 and 23 Ma (see Figure 2]. If the
geothermal gradient is assumed to have been 25°C/km,
then this would give a rate of upward motion of greater
than 4 km/m.y. Mylonites from the Whipple
Mountain core complex in California have also been

- studied using 40Ar/3%Ar and fission track methods
. {Davis, 1988; Dokka and Lingrey, 1979]. These studies

indicate upward rates of ruotion for mylonites below the
Whipple Mountain detachment which are as great or
greater than for the Ruby Mountain detachment.
Pseudotachylite, a rock which is thought to be
formed only during earthquake faulting, has been found
in association with detachments. This has led some
authors to claim that low-angle fault slip may be

- seismogenic [John, 1987].

Core complexes have had a great influence on
discussions of extension, since they are found in one of
the few accessible areas which appear to have been
extended by large amounts. Continental margins,
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which are also thought to be greatly extended, are
typically buried under deep piles of sediment.
Mid-ocean ridges are the major areas of plate divergence,
but because of the difficulty in working in deep water
they are arewnot well mapped on a fine scale. Also,
there is little or no erosion of mid-ocean ridges, making
it difficult to infer cross sectional relations among
faults.
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boundary between faulting and more distributed pure
shear strain, there should be a gradational contact

~ between metamorphic grades across the detachment.

Simple shear along the upper plate set of faults and
rotation of the faults is equivalent to pure shear on a
gross scale [Jackson, 1987]. Pure shear of a crustal
column will lead to thinning of that column, but rocks
from different levels will not be juxtaposed. Finally, to
pull a flat-lying detachment surface up from the bottom
of the upper crust and keep it relatively continuous
would require extremely uniform extension of the upper
crust. Active faults observed today in extending regions
tend to be associated with topography which reflects
movement along widely separated faults. Twenty-five

*- kilometers is a typical spacing between faults in the

Basin and Range [Fletcher and Hallet, 1983]. To bring
a detachment up from depth would require a much closer
spacing of fauits [only a few kilometers] and extremely
uniform slip on these faults. A special mechanism is
needed to account forthe close spacing of primary faults
required by this model.

The second model assumes that the detachment
surface was an active low-angle normal fault [Wemicke,
1981]). This does explain the sharp contact between
rocks of very different metamorphic grade across a fault
surface. It is also in accord with observations of large
lateral offsets between structural markers across a
detachment {e.g., Davis, 1988]. In this model the faults
in the upper plate (see Figure 1) above the detachment
are considered to be due to structural collapse of the
hanging wall of a low-angle fault. The major problem
with this model is that low-angie normal fault motion
is not favored in an extending brittle layer fe.g., Jaeger
and Cook, 1959] and that low-angle normal fault
earthquakes are seldom observed seismically [Jackson
and McKenzie, 1983; Jackson, 1987].

Siziple fault mechanics theory [Anderson, 1951]
predicts that the preferred orientation for active normal
faults is for dips between 45° and 70° from the
horizontal. This theory is based on the assumption that
the mavi.num compressive stress 0} is vertical and the
minimum compressive stress 073 is horizontal. This
assumption is in accord with stress measurements made
in boreholes around active faults [e.g., Zoback and
Healy, 1984]. Sibson [1985] points out that for a
typical static rock friction coefficient of 0.75, frictional
normal slip failure cannot occur on planes dipping less
than 37°. Bradshaw and Zoback [1988] consider the
effect of pore pressure on frictional sliding of mormal
faults. Even with overpressuring, they find that for slip
to occur on faults dipping less than 20° requires
frictional sliding coefficients close to zero.
Overpressuring should be difficuit to achieve on a
normal fault, since any secondary normal faults in the
upper plate should provide an escape path for fluids.
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Jackson [1987] reports on a worldwide survey of
fault plane solutions for large continental normal
faulting earthquakes. He shows that the overwhelming
majority of such earthquakes nucleate in the depth range
6-15 km on faults dipping between 30° and 60°.
Among all earthquakes studied whose faulting was
observed to break the ground surface, allowing one of

the nodal planes of the fault plane solution to be -

unambiguously chosen as the fault plane, no event with
a dip less than 30° was observed.

The active low-angle normal fault model has
difficulty explaining the geochronologic data from core
complexes discussed above. Figure 3 shows that a fault
dipping at 10° would have to slip at a rate of at least 2.5
cm/yr to explain the rate of cooling of lower plate rocks
inferred from fission track studies. The present-day rate
of extension of the entire width of the Basin and Range
province is estimated from geodetic measurements to be
less than about 1 cm/yr [D. E. Smith, personal
communication, 1988]. To match the geochronologic
data, several times the extension rate for the entire Basin
and Range would have to be concentrated on a single
low-angle fault.

In a study which did not specifically look at the
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Fig. 3. Depth-time and temperature-time curve for rocks just
below an active fault which is slipping at 0.5 cm/yr for two
different dip angles. Temperature is related to depth by
assuming a constant geothermal gradient of 30 °C/km. See
text for discussion.
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problem of metarnorphic core complex origin a different
normal faulting model is considered. Buck et al. [1988]

calculate the effects of assuming local isostatic com-
- pensation of topography produced by movement on a
‘planar normal fault. This results in lower plate
(footwall) rocks, originally adjacent to the active normal
fault, being exposed at the surface. Mylonites formed
by strain at midcrustal leveis would be camed to the
surface if this model were correct. “Pheressent

normal fault dip angle (>30°) a moderate slip rate on the
fault would cause lower plate rocks to be uplifted and
cooled at a rate compatible with geochronologic data
discussed above (see Figures 2 and 3). However, the
local compensation model does not explain how upper
plate rocks could end up on top of an abandoned
detachment surface. It also ignores the fact that there is
no reason to expect zero flexural strength of the crust in
an extending region.

CONCEPTUAL PHYSICAL MODEL

The results of Buck et al. [1988] prompted the

present study, which is a first attempt to consider the-

possible effects of regional isostatic response to large
offsets on a normal fault. The model is based on three
assumptions:

1. The isostatic response (o normal fault motion is
of regional extent.

2. If a fault segment is significantly rotated from
the optimum angle of slip relative to the crustal stress
field, then a new planar fault oriented in the ‘optimum
direction will replace it.

3. The fault cuts the entire upper crust (Fxgure 4)
and continues to cut through the same area of the base
of the upper crust. Fault motion is always considered
10 nucleate in the same region at the base of the upper
erast.

These assumptions have a basis in observations and
theory. First, based on understanding of the materials
that make up the crust, one would expect that the crust
should have a finite flexural strength [e.g., Goetze and

Elastic Upper Crust \ \

Fig. 4. Schematic of a normal fauit cutting the entire upper
crust. The base of the upper crust is always at a fixed depth,
as shown by the dashed line.
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Fig. 5. Plot of shear stress T versus normal stress G, for
frictional sliding on a fault (Byerlee's law) and for fracture
(Coulomb failure) of rock. The Mohr's circle shows that when
the angle of the fault surface to the minimum principal stress
has rotated 38 from the optimum value, 0, then failure of the
rock can occur. Here it is assumed that the mimimum stress
is horizontal.

Evans, 1979]. Extensional stresses should reduce the
flexural rigidity of the crust, as described below and by
Bedine et al. [1981]. High crustal temperatures should
lead to lower flexural strength. The Basin and Range is
underging extension, and heat flow there is about twice
that of average continental crust [Lachenbruch and Sass,
1977]. However, analysis of the correlation of gravity
and topography in the Basin and Range by Bechtel and
Forsyth [1987] indicates a finite flexural strength for
that region.

As noted earlier, fault mechanics theory predicts
that faults have a range of optimal orientations to the
principal stresses. According to the Mohr-Coulomb
criterion [Coulomb, 1773], shear failure will occur once
the shear strength and intemal friction of a material are
overcome [Jaeger and Cook, 1959]. Rock mechanics
experiments show that when a fault is rotated away
from the optimal angle for shear, frictional sliding
along that fault eventually becomes more difficult than
creating a new fault through unfractured rock (see Nur et
al. [1986] for further discussion). Laboratory studies
show that the shear stress T required for motion on an
existing fracture is controlled by the cohesive strength S
and the normal stress oy, acting on the fracture [e.g.,
Byerlee, 19781:

T =S+ o, M

where U is the coefficient of friction. This relation is
plotted on a Mohr circle diagram in Figure 5 for two
values of the cohesive strength. Sy is the cohesion for
an existing fault and S, is for unfractured rock. As
long as a normal fault remains close to the optimum
dip angle for frictional sliding 8, which for this
example is about 60°, no new faults will be cut.
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However, if the fault rotates so much that the Mohr
circle comes to intersect the line representing shear
stress required to cut a new fracture, a new fault will be
cut. The amount of rotation, 80, required for the cutting
of a new fault depends on three values: (1) the difference
between the cohesive strength of the unfractured rock,
S, and the cohesive strength of preexisting faults, St
(2) the coefficient of friction u=tan¢, and; (3) the
absolute magnitude of the horizontal and vertical
stresses (0] and 63). The angle of rotation is

-1

2(S,4-S
89=.;.cos []—Mﬂ

©=oy ] )
For the example shown in Figure 5 this rotation is
about 15°. The value of i and Sy for an existing
fracture should be relatively independent of rock type
[Byerlee, 1978]. The cohesive strength of unfractured
rock, however, depends strongly on rock type.
Therefore 38 must be considered a variable in the model.
For most estimates of | for crustal rocks the preferred
angle of slip is about 60° {Sibson, 1985].

The idea that a normal fault could cut the entire
upper crust and not continue through the lower crust is
also based on theory and observation. The seismically
determined focal depth of continental normal faulting
earthquakes are strongly clustered in the range 6-15 km
{Jackson, 1987]. Gabbros and diorites, which are
thought to constitute much of the lower crust, should
flow at lower crustal temperatures and pressures
[Caristan, 1982]. At geologic strain rates, little
deviatoric stress could be stored in lower crustal rocks.
Fault motion at midcrustal depths may produce
mylonites. A combination of grain size, mineral
assemblages, and crystalographic fabrics is likely to
make a midcrustal mylonite zone weaker than the
surrounding rock [e.g., White, 1976]. This may cause
fault motion to nucleate repeatedly in a localized area.
Also, localized intrusion of magma may make a
particuiar area of crust weaker than other areas. The
correlation in time and space between nonbasaltic
voicanism and extension within core complexes has
been noted by several authors [e.g., Glazner and Bartley,
1984; Gans, 1987].

NUMERICAL MODEL

Quantification of this conceptual model is a very
difficult task. The stresses and strains within crust
undergoing large normal fault offset may be quite
complex. Recent investigations in rock mechanics
suggest that the crust may be divided into several
regions each with a unique flow law [Scholz, 1987].
Each type of deformation is described by a different set
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of parameters determined by laboratory measurements.
Extrapolation from laboratory strain rates to geologic
strain rates is not well quantified {Goetze and Evans,
1979]. Uncenainties in the average composition of the
crust may lead to large uncertainties in estimates of the .
average strength of parts of the crust [e.g., Kusnir and > _ -
Park, 1987]. Offset of a primary fault may lead to -~ °
motion on other faults. These secondary faults may not -
be easily described using continuum mechanics. - -
Erosion and sedimentation act as loads deforming the -
crust. It is appropriate to first consider simplified
calculations for crustal deformation. If the results of

this study are considered interesting then more complex

and rigorous models should be constructed.

Approximations

Two major approximations are made in formulating
numerical calculations. First, the stress field is
considered to be uniform through the crust with the
maximum principal compression vertical. Second, the
regional isostatic response of the crust to loads is
computed using the thin plate flexure approximations
{e.g., Timoshenko and Woinowsky-Krieger, 1959].

A uniform stress field is assumed so that the
Mohr-Coulomb failure criteria, described above, can be
used to predict when an active fault will be abandoned
and replaced by a new fault. Stresses due to
topography, plate bending, and secondary fauits may
contribute to a nonuniform stress field. These effects
make the determination of a preferred fault orientation
extremely complex . —

Many authors have modeled regional compensation
by treating the lithosphere as a thin elastic plate~
floating on an inviscid fluid [e.g., Vening Meinesz,

1941; Walcott, 1970; Waus, 1978]. Vening Meinesz T

[1950] used thin plate theory to approximate the \
response of the lithosphere to normal fauiting. Several
different approximations are implied by the the thin
plate theory [Tunoshenko and Woinowsky-Krieger, 3

1959].. Awoong thema ""iﬁﬁ’t’ihgplaxg“ s wcompared’
Ort:™
MMW"M emupared* torthe- flexaral » r~
mmmkmwmﬂzpm-.m
oy plate Beviding stresses: and the plar
1 ig-®Small vertical displacements are
requu’ed for the derivation of a simple differential
relation between loads p(x) and vertical displacements

w(x):

VADViw) + pgw =p 3

where D(x) is the flexural rigidity of the lithosphere, p
is the crustal density, g is the acceleration of gravity,
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and V2= 32/3x2 + 32/3y2 [Timoshenko and
Woinowsky-Krieger, 1959]. This relation depends on
the neglect of membrane stresses and strains and on the
use of the small angle approximation. Equation (3) is
solved for points on a uniformly spaced grid using an
implicit numerical method.

Comparisons between predictions of thin plate
theory and more general theories of elastic plate bending
have been made by several workers. Comer [1983]
solved the general problem of the response of an elastic
plate of finite thickness to harmonic loads, assuming
small vertical displacements. His results show that the
thin piate results are accurate approximations of thick
plate results when the flexural wavelength is greater
than about 6 times the elastic plate thickness. Savage
and Gu {1985] used the thin plate approximation in
modeling a normal fault using the same geometry
assumed here. They show that the surface deflection
approximated by thin plate theory compares well with
the deformation predicted by a two-dimensional solution
for small displacements of an elastic layer over a
viscoelastic half-space [Rundle, 1982]. The length of
time after faulting was chosen to be long compared to
the viscous relaxation time of the half-space so that it
would approximate the behavior of an inviscid layer.

Thin plate theory has been applied to geologic
problems even in cases where some of the thin plate
approximations are not rigorously valid. The bending
stresses at subduction zones are sufficiently large that
part of the lithosphere may deform anelastically [e.g.,
Goetze and Evans, 1979; Chapple and Forsyth, 1979).
Thus the approximation of perfect elasticity breaks
down. When anelastic behavior is treated, the rigidity
of the lithosphere can be shown to depend on plate
curvature (e.g., Bodine and Watts {1979]; and discussion
in the next section). When variations in rigidity as a
function of curvature are included, agreement between
observed and predicted topography ar subduction zones
is good [McAdoo et al, 1978; Chapple and Forsyth,
1979; Bodine and Watts, 1979; McNutt and Menard,
1982].

In the laccolith intrusion problem vertical
displacements are large compared to flexural
wavelength. Pollard and Johnson [1973] and Jackson
and Pollard [1988] use thin plate theory to treat the
bending of sedimentary rock layers by the intrusion of a
laccolith. They consider data for Mt. Holmes in the
Henry Mountains, Utah. where the inferred topographic
offset is 1.2 km. The wavelength of bending is
approximately of 5 km. In this case, several of the thin
plate approximations are not strictly valid such as
perfect elasticity, the small-angle approximation, and
the neglect of membrane stresses. However, the simple
theory provides good quantitative agreement with the
shape of deformed beds {Jackson and Pollard, 1988].
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The problem of the response to large offset of a
normal fault has recently been treated by several
authors. C. P. G. King et al, (The growth of
geological structures by repeated earthquakes 1;
Conceptual framework, submitted to Journal of
Geophysical Research, 1988) and R. C. Stein et al.,
(The growth of geological structures by repeated
earthquakes 2; Field examples of continental dip slip
faults, submitted to Journal of Geophysical Research,
1988; hereinafter referred to as RCS (1988]) use the
formulation of Rundle [1982] to model the vertical
deflection of elastic upper crust to fault motion and thin
plate flexure approximations to describe its response to
sediment loading. They model fault offsets as great as 5
km and require effective flexural rigidities as low as 2
km to match the observed shape of crustal layers. J. K.
Weissel and G. D. Kamer, (Flexural uplift of rift flanks
due to tectonic denudation of the lithosphere during
extension, submitted to Journal of Geophysical
Research, 1988) use thin plate flexure to model normal
fault offset. They successfully model both oceanic and
continental normal faults. The treatment of the normal
fault problem used by all of these authors is very
" similar to that used in this paper '
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Fig. 6. Model formulation. (a) shows offset along a
high-angle normal fault; (b) shows flexural response to the
topographic load caused by the offset. The flexure causes
rotation of the high angle normal fauit over a flexural
wavelength. In (c) the rotated fault is abandoned and a new
extension of the fault, which is rooted in the lower crust, is
cut through the top of the upper crust.

. The fauit offset represents a load which must be
isostatically compensated. In the chosen frame of
reference the hanging wall moves down parallel to the
fault during offset. The downward component of offset
at any position x is 8y(x). The load, p(x), due to this
offset is a negative load since it tends to pull the surface
up. For the hanging wall side, p(x) is given by

p(x) ==dy(x)p g ' 4)

where p is the crustal density. Note that when the
surface is horizontal the fault offset results in pfx] being
the same for all x positions. When the surface is not
horizontal, the load due to fault offset is a function of x
position.

The thin plate flexure equarion (3) is used to
describe vertical displacements due to loads p(x).
Flexure tends to spread the displacements over a wide
region even when the load is concentrated. The
wavelength of the response depends on the flexural
rigidity D. The rigidity D can be related to the effective
elastic thickness of the lithosphere T,.
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3
e
D=—-———-—2— ®
12(1-v")

Young's Modulus E is taken to be 5 x 1010 N/m2 and
Poissson's ratio v is 0.5. The term effective elastic
thickness Ty [e.g., Bodine et al., 1981] is used since the
physical properties of the lithosphere may vary with
depth. T, is the thickness of a perfectly elastic plate,
with given elastic constants, which has the same
rigidity as the lithosphere. The wavelength of the
flexural response to a point load is about 5('1",)3/4 in
kilometers for Tg in kilometers. In this paper the only
parameter used to describe the flexural response of the
crust will be T with the understanding that it is related
to D through equauon (5).

Derivation of strains through the upper crust-
requn'es a corollary approxunauon

When fault offset occurs, the normal fault should
be rotated as shown in Figure 6. .If small fault
displacements are considered, then both the constant
stress field and thin plate approximations are valid. In
this model it is assumed that the response to large fault
displacements is qualitatively similar to the results for
small displacements. Large fault offsets are required to
produce fauit rotations which allow part of the faulr to
be abandoned.

RESULTS

Constant Flexural Rigidity
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The effect of changing the effective flexural rigidity
of the crust is illustrated in Figure 8. The plots show
the faulting geometry for effective elastic thicknesses of
1.0 km, 0.5 km, and 0.25 km. All lengths in the
calculated fault geometries scale approximately with the
Te to the 3/4 power. This scaling is not surprising
since the wavelength of the flexural response depends on

Te 3/4
nucleanon were not at a ﬁmte depth. {

Te = 0.5 km

8 = 60° 36 =5°
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Fig. 7. Topography and positions of active and abandoned
faults resulting from a calculation with a fault angle 9 of 60°,
an effective flexural rigidity of 0.5 km, and a rotation angle 30
of 5°. A line at 2 km depth is also plotted. Horizontal offsets
of approximately (a) 15 km, (b) 30 km, and (¢) 60 km are
shown. There is no vertical exaggeration.

The scaling wouid be exact if the depth of
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Fig. 8. Same as Figure 7 for different flexural rigidities: To =
1 km, To = 0.5 km, Tg=0.25 km,

Variable Flexural Rigidity

The strong bending of the elastic lithosphere should
lead to a lowering of T,. Based on laboratory studies of
the deformation of minerals which make up the crust
and upper mantle [e.g., Goetze and Evans, 1979],
bending stresses should cause part of the elastic upper
crust 10 depart from perfect elasticity. This should
occur because stresses within the plate are hmxted by

Using the concept that lithospheric stresses are
limited by a yield stress envelope, a relation between
plate curvature and piate rigidity can be derived [Chapple -
and Forsyth, 1979; Bodine and Watts, 1979; McNutt

/o
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Fig. 9. (a) Yield stress envelope showing the stress which
causes rock failure as a function of depth for a given
temperature structure and strain rate within the crustal
lithosphere. (b) a simplified yield stress envelope used to
calculate the approximate dependence of the effective flexural
rigidity and the curvature of the lithosphere given in the
Appendix. (c) the relation between the effective elastic
lithospheric thickness T as a function of plate curvature, w"
for the yicld stress envelope shown in (b) as given by equation
(AS). Tg is normalized by its value for zero curvature,

and Menard, 1982]. For the purpose of this paper the
vield stress envelope can be approximated by a
diamond-shaped envelope, as shown in Figure 9b. This
simplified shape allows the derivation of an analytic
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relation between curvature and effective elastic thickness
of a plate T. Since crustal composition and thermal
state are uncertain, this treatment is warranted. The
Appendix gives this derivation. Figure 9c shows the
variation of the effective elastic thickness Te and
curvature w" for the yield stress envelope shown xn
Figure Sb. When curvatures are greater than 106 m

the plate rigidity goes down markedly.

The lowering of rigidity by plate bending is
incorporated into the calculation of the response to
normal fault offset. After a fault offset of 200 m the
vertical response to the new load is calculated using
equation (3). The curvature at each point is calculated
and the local reduction in Ty is given by equation (A5)
(in the Appendix). The grid spacing is taken to be 200
m. To insure numerical stability, the values of Te are
averaged using Gaussian interpolation with a half w1dth
of 1 km. The width of the Gaussian distribution used
for interpolation has little effect on the model results as
long as it is greater than the minimum flexural
wavelength resolved by the grid spacing but not more
than several times this distance. Using the new

distribution of Ty, the response to fault offset loading is
recomputed. For each offset the distribution of Te and
curvature is iterated to convergence (until changes in
vertical offset are Iess Lhan 40 m between nerauons)

(@) Te Constant
g 5
=
2 g
€ 0+ /V/
2 —
£ 107 <
g 20- AN
a \
(b) - To (w7)
= //
: \_,/’\\_,/
Ll o
€ 0- %
3 —
= 10+ -
&
Q 20- —

20 km

Fig. 10. Two treatments of offset on a single fault required o
produce 5° of rotation of the fault. (a) shows results with
constant flexural rigidity and (b) shows that when Te is taken
to be a function of plate curvature 2 much smaller fault offset
is required to produce 5° of rotation of the fault.
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'I'he results of one calculauon with repeated
abandonment of fault segments are shown in Figure 11
with Te =5 km for crust of zero curvature. T, drops to
very low values in the region adjacent to active faulting.
This has the effect of reducing the model topographic
relief since much smaller fault offset is required to
produce a g1ven rotation of Lhe active normal fault

Calculation with Sedimentation

Large topographic slopes should lead to erosion and
structural collapse of the hanging wall block. Erosion
rates depend on rock type and environmental factors in a
complex way. Collapse of the hanging wall block by
faulting is also difficult to model. Both processes
should act to fill in the topographic low over the

8 =60° &0 =5

Depth (km)
o

20 —
20 km

Fig. 11. Topography and positions of active and abandoned
fauits from a calculation in which the rigidity depends on
curvature of the upper crust. Active fault dip 8 = 60° and 60 =
5°. The upper line shows the effective elastic lithospheric
thickness T, for positions across the fault system. Tg =5 km
for areas with zero curvature.
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Fig. 12. Results of variable rigidity caiculations in which
sediment has been added to fill in all levels below 1000 m
depth. Two cases of assumed angle of fault rotation before
fault abandonment are shown: &0 = 5° and 30 = 10°.

actively slipping fault. [n the interest of simplicity,
only the effect of sediment loading is treated here.
Sediment is made 0 ﬁll in all depths bchW a depth of 1

wemﬁis“accoumed for i tﬁi@phm e
local plate rigidity is again taken to be a function of
plate curvature through equation (AS). Figure 12 shows

the results of two calculations with sediment loading ;o

added to the normal fault loading. The calculations
differ only in the amount of fault rotation before
abandonment 36.
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DISCUSSION AND CONCLUSIONS

Several features of metamorphic core complexes are
qualitatively reproduced by this model. The model
predicts (1) a nearly flat-lying abandoned normal fault
below slices of upper plate rocks and sedimentary infill,
(2) a strong contrast in metamorphic grade across this
abandoned "detachment," and (3) rapid movement of
lower plate rocks from midcrustal depths to shallower
depths.

In the flexural rotation model the major slip
motion takes place on a high-angle fault. Mylonites
could be formed by strain in the midcrust and carried
rapidly upward in the footwall of a high-angle fault.
For example, the model shown in Figure 12b predicts
that material from 15 km depth would be brought to
within 3 km of the surface with 10 km of extension.
Observations in core complexes show that the material
below the detachment (at 0-5 km depth) originated in
the middle of the crust (at 10-15 km depth) and was
brought up in as little as 2 m.y. [Dokka et al., 1986;
Davis; 1988]. Extension rates as low as 0.3 cm/yr
could do this. Active high-angle fault motion- is
consistent with seismic observations of normal fault
earthquakes. It is also consistent with the occurrence of
earthquake generated pseudotachylites being associated
with detachments.

The results of calculations with sediment infill
suggest that such loads may be an important control on
detachment geometry. Structural collapse of the
hanging wall block would also act to fill in the
topographic low over the actively slipping fault, as
would volcanics. All infilling material should
contribute to the wedges which bury the detachment.
The infill would be essentially unmetamorphosed, while
the rocks below part of the detachment would be highly
metamorphosed. One can speculate that differences
between core complexes may be due to different erosion
rates and to the resistance of the hanging wall to
collapse.

A low effective elastic thickness of the crust is
required to produce a geometry of abandoned faults
which are of about the same dimensions as observed for
core complexes. Extremely high crustal temperature
gradients could lead to such low elastic rigidity. A
better explanation is that plate bending stresses and the
finite yield strength of the crust lower rigidities. RCS
(1988), in studying high-angle normal faults with
displacements up to 5 km, also require low flexural
rigidities. The relation between plate bending and
rigidity can also explain their results (see Figure 10).

A major question about metamorphic core
complexes is why they are only found in a relatively
small number of pilaces. The present-day extension of
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the Basin and Range primarily seems to produce
high-angle normal fault structures [Fletcher and Hallet,
1983; Jackson, 1987]. These calculations do not
address this problem, but the model results do have
implications for it. In this model, crustal extension is
accommodated by lower crustal material being pulled up
and cooled. Were the Moho pulled up by repeated fault
motion it might become energetically more favorable
for faulting and extension to occur in an adjacent area of
unthinned crust [Artyushkov, 1973]. Viscous flow in
the lower crust would tend bring material into the area
of crustal thinning and flatten Moho. The rate of flow
in the lower crust is directly proportional to viscosity
there. The lower crust must flow sufficiently in the
time between major faulting events to maintain a
relatively flat Moho. High crustal temperatures could
lower the viscosity enough for this to happen [e.g.,
Kusnir and Park, 1987]. The seismically determined
Moho in the Basin and Range is nearly flat
[Allmendinger et al., 1987], indicating that the lower
crust can flow fast relative to other areas where there is
measurable Moho topography. When core complexes
were formed, the local crustal temperatures may have
been greater than today. Several workers have noted the
correlation of nonbasaltic volcanism with extension in
core complexes [Glazner and Bartley, 1984; Gans,
1987]. This type of volcanism may reflect melting of
the lower crust. Temperatures high enough to cause
melting should make the average viscosity of the lower
crust quite low.  Thus extension might be concentrated
in the area of a single fault when the crust there is
anomalously hot.

New geologic data could be used to test predictions
of the flexural rotation model. This model predicts that
fauit blocks are formed sequentially, becoming younger
toward the hanging wail. In the alternative model of
rotating sets of high-angls faults {e.g., Miller et al.
1983] the fault blocks are formed contemporaneously.
The active low-angle model [Wemicke, 1981] makes no
prediction of timing of block faulting. Radiometric
dating of volcanic strata formed at the time of active
fault motion in core complexes may allow de-
termination of the sequence of faulting. In the Death
Valley area, which may be a Tacent core complex, the
sequence of block faulting is consistent with the
flexural rotation model [J. D. Walker, personal com-
munication, 1988].

More work is needed to test whether the
approximations used here reasonably describe how the
crust responds to normal faulting. Two-dimensional
numerical calculations of the effect of large offsets of a
normal fault in a crust with brittle and ductile regions
must be done to confirm these results. The calculations
will be complex and depend on many physical para-
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meters. However, the similarity between predictions of
this simple model and field observations should be
enough to warrant further work on the isostatic response
of the crust in extension.

APPENDIX

Considering a simplified yield stress envelope as
shown in Figure 9b, a relation between curvature of a
lithospheric plate and its effective elastic thickness is
derived fellowing Bodine et al.,, [1981] and McNutt
[1984]. The effective rigidity of the lithosphere, D, is
related to the bending moment of the plate, M, through
the curvature of the plate:

Dx) = MX) (AD)
w .

The moment is calculated by integrating the horizontal
stresses Oyy through the plate:

M(x) = f O (x2) z 2 (A2)

The elastic core of the lithosphere is the portion in
which bending stresses are less than the yield stress. In
the elastic core of the plate the horizontal bending
stresses vary linearly through the plate. The parts of
the plate at its top and bottom, which deform
plastically, support stresses equal to the yield stress (see
Figure 9a). For equilibrium within the plate:

M@ _ Mec ®)

w'(x) =
Dr(x) Dec x)

(A3)

where the subscript "T" denotes the total integral
through the yield stress envelope, while "ec" represents
the integral through the elastic core alone.

Combining equation (A3) and the relation between
rigidity and effective elastic thickness (equation (3))
gives:

Te(®) =Tee® [ ﬁM-T% 1% (Ad)
ec

Integrating through the elastic-core of the yield stress
envelope gives Ma while integrating through the entre
envelope gives Mt. Using the simple geometry of a
diamond-shaped yield stress envelope gives:

ZpdE W'k ]—1

Tec(x)=22bd[1+ >
Opd(l1-v)

(AS5)
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and

2
‘ [2Z1; + Tan(X) Zhdl
Te(®) =Tec® | bd * Tec®) Zpd ) A

[Tec®]’

The relation between T, and w" is shown in Figure 9
for Oyq/Zpg = 0.33 kbar/km.

Acknowledgments. Thanks to Jeff Weissel for
discussing the treatment of the flexural response to
normal faulting and to Mike Steckler for explaining
subtle points of yield stress envelopes. Fernando
Martinez and Robin Bell patiently discussed this model
as it was being formulated. Reviews by James Jackson,
Amos Nur, Bernard Coakley, Jim Cochran and Sharon
Quayle led to improvements in the text. Supported by
NSF grant OCE 8610213 and by an ARCO research
scholarship. Lamont contribution number 4324,

REFERENCES

Allmendinger, R. W., T. A. Hauge, E. C. Hanser, J.
C. Potter, S. L. Kemper, K. D. Nelson, P.
Knuepfer, and J. Oliver, Overview of the COCORP
40° N transect, western United States: The fabric of
an orogenic belt, Geol. Soc. Am. Bull., 98,
308-319, 1987.

Anderson, E. M., The Dymamics of Faulting, 206 pp.,
Oliver and Boyd, Edinburgh, 1951.

Artyushkov, E. V., The stresses in the crust caused by
crustal thickness inhomogeneities, J. Geophys.
Res., 78, 7675-7708, 1973.

Bechtel, T. D., and D. W. Forsyth, Isostatic
compensation in the Basin and Range, U.S.A., Eos
Trans. AGU, 68, 1450, 1987. '

Bodine, J. H., and A. B. Watts, On lithospheric flexure
seaward of the Bonin and Mariana Trenches, Earth
Planer. Sci. Lett., 43, 132-148, 1979.

Bodine, J. H.,, M. S. Steckler, and A. B. Watts,
Observations of flexure and the rheology of the
oceanic lithosphere, J. Geophys. Res., 86,
3695-3707, 1981.

Brace, W. F, and D. L. Kohlstedt, Limits on
lithospheric stress imposed by laboratory
experiments, J. Geophys. Res., 85, 6248-6252,
1980.

Bradshaw, G. A., and M. D. Zoback, Listric normal
faulting, stress refraction, and the state of stress in
the Guif Coast Basin, Geology, 16, 271-274, 1988.

Buck, W. R., F. Martinez, M. S. Steckler, and J. R.
Cochran, Thermal consequences of lithosphere



972

extension: Pure and simple, Tectonics, 7, 213-234,
1988.

Byerlee, J. D., Friction of rocks, Pure Appl. Geophys.,
116, 615-626, 1978.

Caristan, Y., The transition from high temperature
creep to fracrure in Maryland Diabase, J. Geophys.
Res., 87, 6781-6790, 1982,

Chapple, W. M., and D. W. Forsyth, Earthquakes and
bending of plates at trenches, J. Geophys. Res., 84,
6729-6749, 1979,

Comer, R. P., Thick plate flexure, Geophys. J. R.
Astron. Soc., 72, 101-113, 1983.

Coulomb, C. A., Sur une application des regles de
maximis et minimis 4 quelques problémes de
statistique relatifs a l'architecture, Acad. R. Sci.
Mem. Math. Phys. Divers Savants, 7, 343-382,
1773.

Crittenden, M. D., P. J. Coney, and G. H. Davis (eds.),
Tectonic significance of metamorphic core
complexes of the North American Cordilleria, Mem.
Geol. Soc. Am., 153, 490 pp., 1980.

Dallmeyer, R. D., A. W. Snoke, and E. H. McKee, The
Mesozoic-Cenozoic tectonothermal evolution of the
Ruby Mountains, East Humboldt Range, Nevada: A
Cordilleran metamorphic core complex, Tectonics,
5, 931-954, 1986.

Davis, G. A., Problems of intraplate extensional
tectonics, western United States, in Continental
Tectonics, pp. 84-95, National Academy of Science,
Washington, D. C., 1980.

Davis, G. A., Rapid upward transport of midcrustal
mylonitic gneisses in the footwall of a Miocene
detachment fault, Whipple mountains, southeastern
Califomnia, Geol. Rundsch., in press, 1988,

Davis, G. A., G. S. Lister, and S. J. Reynolds,
Interpretation of Cordilleran core complexes as
evolving crustal shear zones in an extending orogen,
Geol. Soc. Am. Abstr. Programs, 15, 311, 1983.

Davis, G. A.,, G. S. Lister, and S. J. Reynolds,
Structural evolution of the Whipple and South
mountains shear zones, southwestern United States,
Geology, 14, 7-10, 1986.

Davis, G. H., Shear zone model for the origin of
metamorphic core complexes, Geology, 11,
342-347, 1983.

Dokka, R. K., and S. H. Lingrey, Fission track
evidence for a Miocene cooling event, Whipple
Mountains, Southeastern California, in Cenozoic
Paleogeography of the Western United States,
Pacific Coast Paleogeography Symposium, Vol. 3,
edited by J. M. Armentrout, M. R. Cole, and H. ter
Best, pp. 141-145, Pacific Section, Society of
Economic Paleontologists and Mineralogists, Los
Angeles, Calif., 1979.

Buck: Flexural Rotation of Normal Faults

Dokka, R. K., M. J. Mahaffie, and A. W. Snoke,
Thermochronologic evidence of major tectonic
denudation associated with detachment faulting,
Northern Ruby Mountains - East Humboldt Range,
Nevada, Tecronics, 5, 995-1006, 1986.

Fletcher, R. C., and B. Hallet, Unstable extension of
the lithosphere: A mechanical model for Basin and
Range structure, J. Geophys. Res., 88, 7457-7466,
1983.

Gans, P. B.,, An open-system, two-layer crustal
stretching model for the eastern Great Basin,
Tectonics, 6, 1-12, 1987.

Gans, P. B, E. L. Miller, J. McCarthy, and M. L.
Ouldcott, Tertiary extensional faulting and evolving
ductile-brittle transition zones in the northem snake
range and vicinity: New insights from seismic data,
Geology, 13, 189-193, 1985.

Glazner, A. F,, and J. M. Bartley, Timing and tectonic
setting of Tertiary low-angle normal faulting and
associated magmatism in the southwestern United
States, Tectonics, 3, 385-396, 1984.

Goetze, C., and B. Evans, Stress and temperature in the
bending lithosphere as constrained by experimental
rock mechanics, Geophys. J. R. Astron. Soc., 59,
463-478, 1979.

Jackson, J. A., Active normal faulting and crustal
extension, in Continental Extensional Tectonics,
Geol. Soc. London. Spec. Publ., 28, edited by M.
P. Coward, I. F. Dewey, and P. L. Hancock, pp.
3-17, 1987.

Jackson, J. A., and D. P. McKenzie, The geometrical
evolution of normal fault systems, J. Struc. Geol.,
5, 471-482, 1983.

Jackson, M. D., and D. D. Pollard, The laccolith-stock
controversy: New resuits from the southern Henry
Mountains, Utah, Geol. Soc. Am. Bulil., 100,
117-139, 1688. ‘

Jasger, J. C., and N. G. W. Cook, Fundamentals of
Rock Mechanics:, 585 pp., John Wiley, New York,
1959.

John, B. E., Geometry and evolution of a midcrustal
extensional fault system: Chemehuevi Mountains,
Southeastern California, in Continental Extensional
Tectonics, Geol. Soc. London Spec. Publ., 28,
edited by M. P. Coward, J. F. Dewey, and P. L.
Hancock, pp. 313-335, 1987.

Kusnir, N. J. and R. G. Park, The extensional strength
of the continental lithosphere: Its dependence on
geothermal gradient, crustal composition and
thickness. in Continental Extensional Tectonics,
Geol. Soc. London Spec. Publ., 28, edited by M. P.
Coward, J. F. Dewey, and P. L. Hancock, pp.
35-52, 1987.

Lachenbruch, A. H., and J. H. Sass, Models of an



Buck: Flexural Rotation of Normal Faults

extending lithosphere and heat flow in the Basin and
Range province, Mem. Geol. Soc. Am., 152,
209-250, 1977.

McAdoo, D. C., J. G. Caldwell, and D. L. Turcotte, On
the elastic, perfectly plastic bending generalized
loading with application to the Kurile Trench,
Geophys. J. R. Astron. Soc., 54, 11-28, 1978.

McNutt, M. K., Lithospheric flexure and thermal
anomalies, J. Geophys. Res., 89, 11,180-11,194,
1684. :

McNutt, M., and H. W. Menard, Constraints on yield
strength in the oceanic lithosphere derived from
observations of flexure, Geophys. J. R. Astron.
Soc., 71, 363-394, 1982.

Miller, E. L., P. B. Gans, and J. Garling, The Snake
river decollement: An exumed mid-Tertiary brittle-
ductile transition, Tectonics, 2, 239-263, 1983.

Nur, A, H. Ron, and O. Scotti, Fault mechanics and
the kinematics of block rotations, Geology, 14,
746-749, 1986.

Pollard, D. D., and A. M. Johnson, Mechanics of
growth of some laccolithic intrusions in the Henry
Mountains, Utah II: Bending and failure of
overburden layers and sill formation,
Tectonophysics, 18, 311-354, 1973.

Proffett, J. M., Cenozoic geology of the Yerington
District, Nevada and its implications for the nature
and origin of Basin and Range faulting, Geol. Soc.
Am. Bull., 88, 247-266, 1977.

Rehrig, W. A., and S. J. Reynolds, Geologic
reconnaissance of a northwest trending zone of
metamorphic core complexes in southern and
western Arizona, in Cordilleran Meramorphic Core
Complexes, Mem. Geol. Soc. Am., 153, edited by
M. D. Crttendan, Jr., P. J. Coney, and G. H.
Davis, pp. 131-157, Boulder, Colo., 1980.

Rundle, J. B., Viscoelastic-gravitational deformaticn by
a rectangular thrust fault in a layered earth, J.
Geophys. Res., 87, T787-7796, 1982.

973

Savage, J. C, and G. Gu, A plate flexure
approximation to post-seismic and interseismic
deformation, J. Geophys. Res., 90, 8570-8580,
1985.

Scholz, C. H., The brittle-plastic transition and the
depth of seismic faulting, (abstract), Eos Trans.
AGU, 687 1472, 1987.

Sibson, R. H., A note on fault reactivation, J. Struct.
Geol. 7, 751-754, 1985.

Timoshenko, S., and S. Woinowsky-Krieger, Theory of
Plates and Shells, pp. 508, McGraw-Hill, New
York, 1959.

Vening Meinesz, F. A., Gravity over the Hawaiian
archipelago and over the Maderia area, Proc. Ned.
Akad. Wet., 44, 1-12, 1941.

Vening Meinesz, F. A., Les graben africains resultant
de compression ou de tension dans la croute
terrestre?, Kol. Inst. Bull., 21, 539-552, 1950

Walcott, R. L., Flexure of the lithosphere at Hawaii,
Tectonophysics, 9, 435-466, 1970.

Watts, A. B., An analysis of isostasy in the world's
oceans, 1. Hawaiian-Emperor seamount chain, J.
Geophys. Res., 83, 5989-6004, 1978.

Wemicke, B., Low-angie normal faults in the Basin and
Range Province-Nappe tectonics in an extending
orogen, Nature, 291, 645-648, 1981.

White, S., The effect of strain on the micro-structures,
fabrics and deformation mechanisms in quartzite,
Philos. Trans. R. Soc. London, Ser. A, 283, 69-86,
1976.

Zoback, M. D. and J. H. Healy, Friction, faulting and
in situ stress, Ann. Geophys. 2, 689-698, 1984,

W.R. Buck, Lamont-Doherty Geological Observatory
of Columbia University, Palisades, N.Y. 10964.

(Received December 28, 1987;
revised May 2, 1988;
accepted May 3, 1988.)



