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Mechanisms for the Formation of Domal and Basinal Detachment Faults: 

A Three-Dimensional Analysis 
AN YIN 

Department of Earth and Space Sciences, University of California, Los Angeles 

Detachment faults (i.e., regional low-angle normal faults) in metamorphic core complexes of the 
North American Cordillera commonly exhibit doubly plunging antiformal (domal) and synformal 
(basinal) geometries. These geometries have been previously attributed to the superposition 
of two processes: (1) the antiforms and synforms with axes parallel to the extension direction 
originated as primary fault undulations or corrugations developed coevally with fault sllp, and (2) 
the antiforms and synforms with axes perpendicular to the extension direction were produced by 
isostatic uplift due to tectonic denudation. However, the coaxial relationship between undulations 
of detachment faults and the sedimentary beds and metamorphic foliations in both the upper and 
lower plates of some detachment fault systems in the U.S. Cordillera suggests that the synforms 
and antiforms with axes parallel to the extension direction may have formed as folds, and that 
the domal and basinal geometry of detachment faults may have formed synchronously by a 
single process. A three-dimensional, elastic thin plate model is developed to investigate possible 
mechanisms for the formation of domal and basinal detachment faults. This model explores the 
interactions among the vertical, horizontal, and basal sheafing forces during the formation of 
warped detachment faults. The model considers the role of compression perpendicular to the 
extension direction and stress reduction parallel to the extension direction. The results of the 
model suggest that the stress reduction itself in the extension direction is insufficient to cause 
buckling of a thin elastic crust. Two mechanisms are most likely to explain the formation of domal 
and basinal geometries of detachment faults: (1) an upward pushing by undulatory crustal roots 
or buoyant synextensional plutons beneath the extensional belt, and (2) buckling caused by 
a compression perpendicular to the extension direction. Both mechanisms are consistent with 
the geologic constraints during the development of Cordilleran core complexes. In addition to 
isostatic uplift due to tectonic denudation, upward warping of detachment faults can also be 
caused by buckling, basal shearing, and buoyant forces. 

INTRODUCTION 

Genera/Background 

Cordilleran metamorphic core complexes are distinctive 
structural associations that consist of detachment faults 

(i.e., regional low-angle normal faults) juxtaposing brittlely 
extended rocks in an upper plate with ductilely stretched 
and sheared metamorphic and igneous rocks in a lower 
plate [Coney, 1980]. The detachment faults are commonly 
warped into doubly plunging antiforms (domes) and syn- 
forms (basins) with their major and minor axes parallel and 
perpendicular to the regional extension direction. The do- 
mal and basinal geometries of the detachment faults strongly 
control the distribution and exposures of the midcrustal 
rocks in the North American Cordillera that were uplifted 
during Cenozoic extension along detachment faults [Gritten- 
den et M., 1980; Frost and Martin, 1982; Armstrong, 1982; 
Wernicke, 1985; Davis et M., 1986]. 

The origin of Cordilleran metamorphic core complexes is 
controversial. Coney [1980], Dickinson [1981], and Arm- 
strong [1982], among others, proposed that the formation 
of the core complexes was directly related to interaction 
between the North American and Pacific plates. In con- 
trast, Coney and Harms [1984], Sonder et al. [1987], and 
Wernicke eta/. [1987] emphasized that instability of the 
overthickened crust formed during the Sevier-Laramide oro- 
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genies was the major cause for the development of core com- 
plexes and Late Cenozoic extension in the North American 
Cordillera. These workers consider that the thick continen- 

tal crust formed by the Mesozoic thrusting was gravitation- 
ally unstable and spread outward under its own weight. The 
initiation of spreading is attributed to either the reduction 
of viscosity by a mantle-derived heating event during mid- 
Tertiary time [Coney, 1987] or the thermal relaxation of the 
overthickened crust [Sonder eta/., 1987]. On the basis of 
an elastic model, Yin [1989a] suggested that the combined 
boundary and basal shearing forces due to plate interactions 
and the spreading of the weak middle and lower crust can 
explain the formation of regional low-angle normal faults in 
Cordilleran core complexes. 

The initial dip of detachment faults in the Cordilleran core 
complexes has been hotly debated in the past few years. Ob- 
servations of normal faulting in regions of active continen- 
tal extension suggest that large seismogenic normal faults 
are restricted to dip angles of around 300-600 [Jackson and 
McKenzie, 1983; Jackson, 1987; Jackson and White, 1989]. 
However, a low-angle normal faulting event with a dip an- 
gle of possibly as low as 200 was reported by Doser [1987] 
for the 1964 Ancash, Peru, earthquake in the high Andes of 
northern Peru. Contrary to the usual geometry of presently 
active normal faults in the world, field relationships in the 
North American Cordillera strongly suggest that most Ceno- 
zoic detachments are primary low-angle normal faults that 
initiated at dips of less than 30 o and root into the crust 
[Burchfiel eta/., 1989; Davis and Lister, 1988; Lister and 
Davis, 1989; John, 1987; Reynolds and Spencer, 1985; Wer- 
nicke eta/., 1985; Allmendinger eta/., 1983]. 
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The undulatory shape of low-angle detachment faults has 
been described in many core complexes of North America 
[Spencer, 1982, 1985; Davis et al., 1980, 1982; John, 1987; 
Davis and Lister, 1988]. Figure I shows the distribution 
of major domal and basinal detachment faults in the Col- 
orado River Extensional Corridor [Howard and John, 1987] 
in southeastern California and western Arizona. The area 

has been systematically mapped in the past decade, and the 
geometry and kinematic evolution of detachment faults are 
well documented [Davis et al., 1980, 1982; Howard et al., 
1982; John, 1982, 1987; Howard and John, 1987; Spencer, 
1985; Spencer and Reynolds, 1990]. Major domal uplifts 
from north to south are the Dead Mountains antiform, 
Sacramento Mountains antiform, Chemehuevi Mountains 
antiform, Whipple Mountains antiform, Buckskin-Rawhide 
Mountains antiforms, and Harcuvar-Harquahala Mountains 
antiforms. Spacing between the major domal structures is 
about 35-60 km, and the maximum amplitude is between 1 
and 2 km. The geometry of the detachment faults between 
the structural domes is basinal, because all dip away from 
the mountain ranges. Detailed correlations of detachment 
faults from mountain range to mountain range, however, re- 
main problematic because the characteristics of the lower 
plate lithology and structures vary from place to place [cf. 
Davis and Lister, 1988; John, 1987]. Superimposed on each 
major domal detachment fault are numerous undulations or 
corrugations that trend parallel to the extension direction. 
These minor corrugations have shorter wavelengths (several 
hundreds of meters to several kilometers) and smaller am- 
plitudes (several tens to a few hundred meters). 

The Sacramento Mountains detachment fault in the north- 

ern part of the Colorado River Extensional Corridor (Fig- 
ures 1 and 2a) was described in detail by Spencer [1985]. 
Overall, the northern half of the Sacramento Mountains is 
an antiform with a half wavelength of at least 10 km per- 
pendicular to the extension direction and an amplitude of 
at least 350 m. Figure 2a is a minimum-relief contour map 
of its basal detachment fault [Spencer, 1985]. This map is 
based on the fact that the preerosional elevation of eroded 
parts of the fault was at least as high as the exposed lower 
plate rocks, and the elevation of its buried parts is at least 
as low as the exposed upper plate rocks. Although this map 
does not represent the exact geometry of the fault because 
of poor constraints where the fault is eroded or buried, it 
nevertheless provides a general pattern of a warped detach- 
ment fault surface. The antiforms parallel or subparallel to 
the extension direction have a wavelength of about 3 km and 
an amplitude of about 100-200 m. 

The three-dimensional geometry of the detachment faults 
in the Chemehuevi Mountains was described by John [1987]. 
Figure 2b shows cross-sectional views of the two major de- 
tachment faults, the lower and older Mobave Wash fault and 
the higher and younger Chemehuevi fault. John [1987] noted 
that undulations of the two faults have different amplitudes 
and wavelengths. Although John inferred the detachment 
fault undulations parallel to the extension direction as pri- 
mary and coeval with fault slip, the observation itself does 
not preclude that the undulations are secondary and formed 
by folding. First, the two faults clearly developed at differ- 
ent times on the basis of crosscutting relationships [John, 
1987] (Figure 2b). If the warping of the detachment faults 
had occurred during the entire phase of extension in the 
area, then the early warped detachment fault does not need 

to be concordant with the younger fault. Second, the two 
faults do not have to be exactly parallel, even though they 
were folded at the same time, because strict parallelism is 
only required if the folding mechanism is exclusively flexu- 
ral slip. In fact, despite the disharmonic geometry of the 
two faults in detail, their dominant wavelengths are very 
consistent (Figure 2b), suggesting that the two faults may 
indeed have warped at the same time during their late stage 
of development. 

In the Whipple Mountains, the synforms and antiforms 
with axes parallel to the extension direction in the lower 
plate of the Whipple detachment fault are defined by my- 
lonitic foliation and sheetlike granitic plutons [Davis et al., 
1980, 1982]. These axes coincide with the major or long 
axes of fault corrugations (Figure 2c). However, the my- 
lonitic foliation generally dips 5 o to 25 o more steeply than 
the fault [Davis, 1988]. Davis and Lister [1989] attributed 
this discordance to multiple episodes of warping. 

The relationship between warped detachment faults and 
bedding attitudes in its upper plates has important impli- 
cations for the origin of the domal and basinal detachment 
faults. This relationship is, however, commonly obscured 
by multiple generations of normal faulting and associated 
tilting of strata in most core complexes. In addition, the 
magnitude of warping (less than 20 ø) is much less than the 
magnitude of tilting of the beds (40-70 o ) due to rotation 
along normal faults in the upper plates. Thus, to what 
degree the warping of detachment faults affected the atti- 
tudes of upper plate bedding is not always clear. Possible 
alternation of tilting of strata and warping of detachment 
faults during development of detachment fault systems is 
another factor that may further complicate the pattern of 
bedding attitudes in upper plates. Gently dipping, upper 
plate strata can change their strikes significantly by warping 
of detachment faults. For example, a bed dipping 30 o to the 
N45øE direction changes its strike from N45øW to N76øW 
by a rotation of 20 o about a horizontal axis trending N45øE. 
On the other hand, steeply dipping strata and upper plate 
high-angle normal faults change their strikes very little dur- 
ing warping of detachment faults. A bed dipping 60 o to the 
N45øE direction changes its strike of N45øW for only 9 o by a 
rotation of 20 o about a horizontal axis trending N45øE. Such 
complex tilting history may have occurred in the Whipple 
Mountains area. Figure 2d is a structure map of the south- 
ernmost Whipple Mountains simplified from Dickey et al. 
[1980] which shows the relationship between the attitude 
of the Whipple detachment fault and the upper plate bed- 
ding attitudes measured from Miocene sedimentary rocks 
that consist of sandstone, conglomerate, siltstone, and lime- 
stone. In the westernmost part of the area the Whipple 
detachment fault dips to the southwest, and the strike of 
bedding is parallel to the strike of upper plate normal faults. 
The rotational history in this part of the area is probably 
simple, because the pattern of the bedding attitudes can 
be explained by rotation about an axis that is subparallel 
to the strike of the upper plate normal faults and the local 
strike of the detachment fault. This may not be the case, 
however, for the area to the east in the central and eastern 
parts of Figure 2d where the Whipple detachment fault dips 
to the south and southeast. The bedding above this segment 
of the detachment fault strikes in three dominant directions: 

northwest, east-west, and northeast. This pattern cannot be 
explained by rotation about a single axis. Instead, multiple 
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Fig. 1. Distribution of major detachment faults and antiforms and synforms in the Colorado River Extensional 
Corridor [Howard and John, 1987], southeastern California and western Arizona, modified from Spencer and 
Reynolds [1990], Davis et al. [1980, 1982], and John [1987]. A, Artillery Mountains; B, Black Mountains; BS, 
Buckskin Mountains; BW, Bill Williams Mountains; C, Chemehuevi Mountains; D, Dead Mountains; H, Homer 
Mountains; HCV, Harcuvar Mountains; HQHL, Harquahala Mountains; LMR, Little Maria Mountains; M, Moon 
Mountains; MH, Mohave Mountains; MR, Maria Mountains; OW, Old Woman Mountains; P, Palen Mountains; 
PC, Poachie Mountains; PU, Piute Mountains; R, Rawhide Mountains; S, Sacramento Mountains; T, Turtle 
Mountains; W, Whipple Mountains. Locations of Figures 2a, 2c and cross sections AA' and BB' across the 
Chemehuevi Mountains in Figure 2b are also shown. 
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generations of rotations around multiple axes are required. 
The northwest strike parallel to the strike of the upper plate 
normal faults is probably due to upper plate normal fault- 
ing. The east-west and northeast strikes are probably due 
to warping of the Whipple detachment fault that rotates the 
strike of the early tilted beds about an axis tending in the 
extension direction (NE-SW). 

In the Weepah Hills area of southwestern Nevada the rela- 
tionship between the warped Miocene Weepah Hills detach- 
ment fault and the beds of the Miocene Esmeralda Forma- 

tion in its upper plate is well preserved due to a relatively 
smaller amount of upper plate extension [Stewart and Di- 
amond, 1990]. The Miocene Esmeralda strata are gently 
folded, and the fold axes coincide with the corrugations of 
the Weepah detachment fault. The possible effect of warp- 

ing of detachment faults on the attitudes of upper plate bed- 
ding (Figure 2d) and coaxiality of folds in sedimentary beds 
[Stewart and Diamond, 1990], antiforms and synforms of fo- 
liations and sheetlike plutons (Figure 2c), and undulations 
of detachment faults suggest, or at least do not preclude, 
that the fault corrugations parallel to the extension direc- 
tion formed by folding of originally more planar surfaces. 

Mechanisms/'or the Formation of the Domal 

and BasinM Detachment Faults 

Rehrig and Reynolds [1980], Hyndman [1980], and Howard 
et M. [1982], among others, proposed that the antiformal up- 
lift of core complexes perpendicular to the extension direc- 
tion occurs as an isostatic response to tectonic denudation. 
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Fig. 2a. Minimum structural contour map of the Sacramento Mountains detachment fault, northern Sacramento 
Mountains [after Spencer, 1984]. Contour interval, 200 feet (60 m). 
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Fig. 2b. Geologic cross sections of Chemehuevi Mountains showing geometry of Chemehuevi and Mohave Wash 
detaclnnent faults [after John, 1987]. See Figure 1 for location. 

Spencer [1984] modeled this process assuming zero flexural 
rigidity of the lithosphere. The concept of tectonic denuda- 
tion resulting in isostatic uphft of an extended area was first 
proposed by Vening Meinesz [1950] during his study of the 
origin of the rift shoulder along the East African rift. This 
mechanism has been widely accepted and used as a possible 
mechanism to explain the evolution of detachment fault sys- 
tems [e.g., Davis and Lister, 1988; Wernicke, 1985; Wernicke 
and Axen, 1988; Hamilton, 1988; Lister and Davis, 1989; 
Back, 1988]. Assuming that the lithosphere retains lateral 

strength during extension, Weissel and Karner [1989] inves- 
tigated the isostatic consequences of instantaneous slip on a 
normal fault. In their model, isostatic equilibrium and uni- 
form crustal thickness are assumed before extension. Thus 

no extra buoyant forces and in-plane stresses except the iso- 
static restoring force were considered for their model. 

One problem with the Vening Meinesz model in explain- 
ing the domal and basinal geometry of detachment faults is 
that it requires differential amounts of extensional denuda- 
tion above the basinal and domal parts of a detachment 
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Fig. 2c. Geologic map showing geometry of Whipple detachment fault (WDF) and its structural relationship 
with mylonitic foliation below the Whipple mylonitic front (MF) in its lower plate [after Davis, 1988]. Foliation 
trends are shown in mylonitic gneisses (mgn) and a mylonitized composite Cretaceous granitic pluton (mKgr). 
Nonmylonitized gneisses (gn) structurally overlie the mylonitic front, which is intruded by a Miocene dioritic 
pluton. Wax Eagle detachment fault (WEDF) offsets the mylonitic front ca. 4.5 km in a N30øE direction. 

fault. However, such a differential extension along an ex- 
tensional belt in the North American Cordillera has not yet 
been demonstrated anywhere. Another problem with the 
Vening Meinesz model is that the extended area can never 
be uplifted above the unextended area by isostatic rebound. 
Holt et al. [1986] pointed out that even with zero flexu- 
ral rigidity, Spencer's model, which is similar to the Vening 
Meinesz model, does not explain how a core complex up- 
lift can exceed the elevation of adjacent unextended areas, 
as observed in the Santa CataJina-Rincon Mountains core 

complexes in southwestern Arizona. They proposed that the 
uplift of core complexes may have been related to the super- 
position of two processes: (1) regional, low-relief, isostatic 
uplift over a crustal root in response to tectonic denudation 
by detachment faulting, and (2) complete local isostatic up- 
lift during and after later high-angle normal faulting. Holt 
eta]. [1986] calculated the flexure of an elastic plate due 
to a distributed vertical load from below, based on two- 
dimensional elastic plate theory. They attributed the verti- 
cal load to an uncompensated buoyant crustal root emplaced 

in the mantle. Block and Royden [1990] showed that flexu- 
ral uplift of midcrustal detachment faults requires not only 
local thinning of the hanging wall of a detachment fault, but 
also a significant (3-5 km) local reduction in topographic re- 
lief over the domal part of the detachment fault, a reduction 
that they considered to be geologically unreasonable. 

There are two major problems with the aforementioned 
theoretical models [Yin, 1989b]: (1) all are two-dimensional 
and intended to explain only the geometry of domal detach- 
ment faults in a cross-sectional view parallel to the exteztsion 
direction, and (2) they do not consider the role of the hori- 
zontal forces perpendicular to the extension direction or the 
geometry of an extensional belt in the formation of domaJ 
and basinaJ detachment faults. The incomplete quantitative 
modeling and emphasis on upwarped detachment faults may 
be attributed to the extensive publications of cross sections 
across domal parts of detachment faults which are commonly 
best exposed. 

Jackson and White [1989] noticed that large continental 
normal-slip earthquakes commonly involve faulting in seg- 
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ments of up to about 20 km in length, which are either 
arranged en echelon separated by gaps, or involve dramatic 
changes in strike along the length of the rupture zone. They 
proposed that the antiforms and synforms of detachment 
faults in the North American Cordillera reflect the primary 
geometry of the detachment faults. If this proposal is cor- 
rect, then the coaxiality of warped sedimentary beds, foli- 
ation and sheetlike plutons, and detachment faults should 
not be expected, contradicting the observations. 

Spencer [1982] attributed the antiforms and synforms with 
axes parallel to the extension direction as folds due to reduc- 
tion of the compressive stress in the extension direction dur- 
ing the extension. John [1987] proposed that the domal ge- 
ometry of detachment faults results from the superposition 
of two processes: (1) the antiforms and synforms with axes 
parallel to the extension direction developed coevally with 
fault slip as primary undulations of fault surfaces, that is, 
fault corrugations, and (2) the antiforms and synforms with 
axes perpendicular to the extension direction were caused 
by an isostatic response to the denudation by detachment 
faulting. John [1987] inferred that the fault corrugations are 
equivalent to mulhon structures. Descriptively, a mullion is 
a corrugation along the interface between a competent and 
an incompetent layer [Wilson, 1953; Ramsay, 1967; Hobbs 
et al., 1976]. Although mullions are commonly found on one 
interface only, Smith [1975, p. 1608] suggested that they 
originated as one of two interfaces bounding larger pinch- 
and-swell structures. The theory of the formation of mul- 
lions in both Newtonian and non-Newtonian materials was 

developed by Smith [1975, 1977, 1979] and Fletcher [1982]. 
It provides a quantitative relationship between the dominant 
normalized wavelength of mullions (the ratio of wavelength 
and thickness of the incompetent layer) and the ratio of vis- 
cosities of the competent layer and incompetent layer. This 
theory may not be applicable to explain the formation of 
domal and basinal detachment faults for two reasons. First, 
the theory only concerns the instabihty caused by variations 
of viscosity under action of an applied stress and ignores the 
effect of density contrast on gravitational instability. Thus 
it is only appropriate to explain structures on scales of 1 
km or less [Smith, 1977]. The tectonic history of the North 
American Cordillera suggests that variations in density due 
to earlier compression and synextensional plutonism are im- 
portant in development of core complexes [e.g., Coney and 
Harms, 1984; Sonder et M., 1987]. Second, because detach- 
ment faults are brittle features and their warping is involved 
in some areas of unmetamorphosed sedimentary rocks [e.g., 
Stewart and Diamond, 1990], the warping may have oc- 
curred at shallow crustM levels above a brittle-plastic tran- 
sition zone where the theology of the crust is best described 
as an elastic-brittle material [Chen and Molnar, 1983]. 

To understand the mechanisms responsible for low-angle 
detachment faults, the following questions need to be ad- 
dressed. Why did wavelike domal uphfts occur during core 
complex extension? Was the pattern of uphfts controlled 
by a vertical force due to an uncompensated crustal root or 
buoyant pluton or by the horizontal compression perpendic- 
ular to extension? Did the shape of an extensional belt con- 
trol the geometry and magnitude of the domal and basinal 
deflection of detachment faults? What is the role of duc- 

tile flow in the lower crust in warping detachment faults? 
A three-dimensional thin plate model is developed in this 
study to address these questions. The goal of this modeling 

is to explore the interactions of different model parameters. 
The following major assumptions are made. First, I as- 

sume that the upper crust can be approximated as an elastic 
solid with a uniform thickness. I also assume that the ge- 
ometry of an extended belt, for example, the lower Colorado 
River Extensional Corridor (Figure 1), can be approximated 
as a rectangular belt on plan view. Thus the results of the 
model should be regarded only as a conceptual guide to 
understand the warping mechanism(s) of detachment faults 
rather than as the final answers to the problem. It is the first 
step, however, in understanding the physics of the system. 

MODEL AND RESULTS 

Let us consider a thin plate and choose a fixed right- 
handed rectangular Cartesian frame of reference with the xy 
plane coinciding with the middle plane of the plate and the z 
axis normal to it (Figure 3a). Normal and shear stress com- 
ponents in the x, y, and z directions are shown in Figures 
30 and 3c. The sign convention in my calculations follows 
that of elasticity, that is, tensile stress is positive. The gov- 
erning equation for deflection of a thin elastic plate due to 
combined vertical, horizontal, and basal shearing tractions 
in three dimensions [Fang, 1965] is 

(•4W (•4W (•4W 
•-k2• • D [q(x y) + N•(x y) O:•w 

Y) &:oy + y) oy 
Ow Ow 

y) y) _ + Ox + Oy 
(1) 

where w is deflection normal to the xy plane and D is the 
flexural ridigity 

Eh • 
= 

12(1- y • ) 
where h is the thickness of the elastic plate, E is Young's 
modulus, and y is Poisson's ratio. The terms Nx, Ny, and 
Nzy (forces per unit length) in equation (1) are the stress 
resultants in the x and y directions acting on the middle 
plane z=O of the thin plate (Figure 30). They are related 
to the stress components (Figure 3c) by 

_ N• .•_a/2(o'•, - o'zz )dz (3a) 

Nxy - oyydz (30) 
.•-a/• 

% - - (3c) 

- - - o 
where axx and a• are the horizontal normal stress compo- 
nents in the x and y directions and azz is the verticM nor- 
mM stress component in the z direction. Stress resultants 
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Na: and N v are so defined that the influence of lithostatic 
stresses is removed. Thus, the deflection w defined in equa- 
tion (1) is produced only by tectonically induced deviatoric 
stresses. The terms fa: and fv in equation (1) represent 
external loading tangential to the middle plane z=O of the 
plate and are defined by the following relationships: 

h f-a/• Xdz f• - ,•(•) - ,•(-•) + •_•/• h h f•l• 
- Ydz 

where X and Y are the components of a body force in the 
x and y directions. The terms rna: and rn• in equation (1) 
are the resultant external moment per unit area about the 
middle plane, and are defined by 

h h h 
• - •[•(•) - •(-•)] + f •X& (•) •-•/• 

h h h - zYdz (50) • •[•(5)- •(-5)] + •_•/• 
The term q(•, y)in equation (1)is the vertical load normM 
to the middle plane (Figure 3a). 

In situ stress measurements at shMlow crustM levels [Mc- 
Garr and Gay, 1978] suggest that the stress components in 
the vertical and horizontal directions are •near functions of 

depth. If we •sume that this relationship holds through- 
out the crust, then the state of stress in the crust may be 
expressed as 

h 

•.. - t•,, - • - -P•(5 - z) (•) 
or 

%•: •er• (6c) 
where Pc is the density of the crust and s, t, c• and fl are con- 
stants. Using (3a) and (3c), we can calculate the tractions 
along the edges of the plate as 

1(1 - c•)pcgh • (7a) 

l(1-•)p•gh2 • - • (7•) 
Without tectonic disturbance, the lithosphere is under lithm 
static stress [McGarr, 1988], that is, M1 three stress compo- 
nents are equal and compressive. We have 

era:a: -- eruu -- er•z -- -Pcg(• - z) (8a) 

:v•= :%= :v• =o (8,) 
If we choose the x and y axes parallel and perpendicu- 

lar to the extension direction, respectively, and set Na:y=0, 
then the x and y directions are the directions of the prin- 
cipal stresses. We consider that the lower crust is invis- 
cid. This implies that erzv(-h/2)=erza:(-h/2)=O. Because 
erza:(h/2) = erz•(h/2)=O at the Earth's surface and the 
body force components X and Y in the z and y directions 

Nx 

x' Nx 

h 

Fig. 3. Notations of external loads, stress components, and frame- 
work of reference. a Coordinate system used in the calculation. 
The origin is located on the middle surface of the assumed elastic 

upper crust. h is the thickness of the upper crust; q(x, y) is the 
vertical force due to an uncompensated crustal root; the x axis is 
parallel to the extensional belt; the y axis is parallel to the exten- 
sion direction; Pc is the density of the crust; Pm is the density of 
the mantle. b Stress resultants Na: and Ny as defined in the text 
in the x and y directions. a, length of plate; b, width of plate; h, 
thickness of plate. c Normal and shear stress components on the 
top and base of the plate in the x, y, and z directions. 
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can be ignored, we have fz -- fy -- mz -- my=O. The 
boundary conditions along the edges of the plate are those 
of simple support, that is, 

- - 0 
02w 02w 02w 02w. 

+ = + 

(9a) 

=0,y=b -- 0 

(•) 
where a and b are the width and length of the plate, re- 
spectively. These conditions imply that the deflections of 
the edges of the plate are zero and that the plate along the 
edges can be rotated freely. The latter is the result of the 
assumption that the lower crust is inviscid. 

In general, under the boundary conditions expressed in 
equation (9), the solution of (1) can be obtained as (Ap- 
pendix A) 

n•ry ] w -- E E Am"sin(m•rX)sin(-• -• (10a) a 
rn=l n=l 

and 

a b 

Amn- [4 f0 f0 q(x'y)sin(m•rx' ' •n•rY a )s•n•-•-)dxdy] 

rn2 rt2 )2 /{abD7r4[(.• - q- • 
m 2 rt 2 6p•g(1 - y2)((1 -c•) + (1 - •) )]} (100) 

where m and n are half wavenumbers. If the distribution 

of the vertical load q(x, y) is known, then Amn is uniquely 
determined. Assuming that the vertical load q(x,y) is due 
to an uncompensated crustal root emplaced in the upper 
mantle (Figure 3a), then the distribution of the buoyant 
force depends on the geometry of the crustal root, that is, 

q(x,y) - rr** (-h/2) - (Pr• -- p,)gd(x,y) (11) 

where d(x, y) defines the geometry of the uncompensated 
crustal root and is measured from the average depth of the 
Moho to the depth where the density contrast is zero. The 
vertical load can also be induced by a buoyant pluton ris- 
ing upward. The magnitude of the upward vertical force 
depends on the density contrast between the pluton and 
the adjacent rocks as well as the geometry of the pluton. 
The effect of plutons will not be quantitatively discussed 
here. However, results from the assumed vertical load due 
to crustal roots provide the same conceptual guide to how 
the distribution of buoyant forces influences the deflection 
of a thin elastic crust. 

Equation (10 b) shows how the deflection of an elastic crust 
depends on the state of in-plane stresses as represented by 
the parameters c• and fl. For instance, if the plate is com- 
pressed in both the x and y directions and c• >1 and fl >1, 
then the denominator in equation (100) may be equal to 
zero: 

rn 2 rt 2 2 
+ 
m 2 n 2 

6p•g(1 - .2) [(1 - c•)• 5- + (1 - •)•] - 0 (12) + Eh•r• 

which is the condition for buckling. This condition can be 
achieved by either gradually increasing the values of a and 
fl, or by decreasing the thickness of the elastic crust h. 
This relationship has an important geologic imphcations for 
crustal extension and detachment fault warping. For exam- 
ple, the crustal thickness may gradually decrease during ex- 
tension, although the state of crustal stress reamins. Even- 
tually, the crust is so thin that the buckling condition shown 
in (10b) can be reached. This physical concept predicts 
that warping of detachment faults due to buckling should 
occur during its later stage. Another mechanism that can 
reduce the crustal thickness is thermal heating, which was 
intimately related to the development of Cordilleran core 
complexes. 

Now let us consider that the thin plate is extended in the 
y direction due to stress reduction, that is, the stress in the 
y direction •y• is reduced with respect to the lithostatic 
stress, and the stress components in the x and z directions 
remain the same and equal to the lithostatic stress (i.e., c•=l 
and 0< fl < 1), then equation (10b) can be simplified to 

Am• • 
4 f• fo • q(x y)sin( rn•] ,-•-•sin( "-ZX )dxdy • b 

n 2 2 6pcg(l_u2)[(1_ abD•r4{('• q- •) + Eh• 

(13) 

In this c•e, buckSng can never occur, and Amn is Mways 
positive because (1 - •) < 1. Thus 

n2 m a n • • 6p•g(1 - .•) [(1 - •) > 0 (14) + 
The above relationships imply that the sterss reduction it- 
self in the extension direction cannot produce buckling of 
the crust, and thus the wavehke detachment faults during 
extension (cf. Spencer, 1982). 

If the extension in the y direction is associated with a com- 
pression in the x direction (i.e., axx > •zz > •yy or a > 
I and • < 1), then the bucking condition represented in 
equation (12) may be satisfied. The relationship among the 
magnitude of ffxx • represented by the a vMue, the dom- 
inant hMf wavenumber m, and the thickness of the el•tic 
crust h is shown in Figure 4a. The half wavenumber n is 
taken to be n=l for the consideration of the minimum en- 

ergy causing buckling (Timoshenko and Gere, 1961). The 
size of the plate is •sumed to be a=300 km and b=60 km, 
and •=0.8 is assumed. Figure 4a shows that a thinner el•- 
tic plate would be bucked with a shorter wavelength. It can 
be seen that all the curves have minima which are the mini- 

mum a to cause buckling. The dominant wavelengths at the 
initiation of buckhug can be defined by the half wavenum- 
bers corresponding to the minima. For the el•tic plate with 
thickness h varying from 2.5 to 7.5 km, the initial domi- 
nant half wavenumber m ranges from 7 to 10 (Figure 4a). 
This gives a dominant wavelength of 60.0-85.4 km for a 300- 
km-long extensional belt. If a and b rem•n the same and 
the magnitude of the compressive stress in the extension 
direction incre,es kom •=0.8 to •=0.2, we find that the 
dominant wavelength decre,es between 37.5 and 60 km (cf. 
Figures 4a and 40). The latter estimate corresponds well 
to the observed dominant wavelength of domes in the lower 
Colorado River region (Figure 1), implying that the effective 
el•tic thickness of the crust is thin, probably less than 10 
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Fig. 4a. Relations among the magnitude of 0'== as represented by •, the dominant half wavenumber ra, and the 
thickness of the elastic crust h. fl assumed to be 0.8, a :300 km, b :60 km, and h ranging from 2.5 to 7.0 kin. 
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thickness of the elastic crust h. /• assumed to be 0.2 (cf. Fig. 4a), a=300 Ion, b=60 km, and h ranging from 2.5 
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km, during the extension and that the extensionM deviatoric 
stress (er• - eryy) is relatively high. 

If c• --/• -- 1, then the state of stress is lithostatic. The 
effect of deviatoric stress on deflection of an elastic plate in 
this case is completely removed from equation (10b). The 
amplitude of deflection for this case is 

fo•q(• A,•,• 4 f• y)sin(-• )sin(•--• )dxdy . • b 

• •)• (15) abD•4(• • • 

It depends on the vertical load, the size of the plate, and 
the flexural rigidity of the plate. 

Deflection Due to Combined Vertical 

and Horizontal Forces 

Uniform loading. If the distribution of the vertical force 
q(x, y) is uniform and is due to the uncompensated crustal 
root, we have 

q(x, y) -- (Pro - pc)gdo (16) 

where do is the depth of the crustal root measured from the 
average depth of the Moho to the regional depth of isostatic 
compensation at which the density contrast is zero and Pm 
and Pc are the density of the mantle and the crust, respec- 
tively. Inserting (16)into (10 b), we have 

Amn - [16(p.• - pc)gdo]/(abD•r6[( 
2 

m 

a 2 

n212 6peg(1 - v •) rn • n • +b• , + ((l-a) +(1-fi) )]) (17) 
where m and n are odd numbers. Equation (17) shows that 
the deflection is a function of the depth of the crustal root 
do, the thickness of the elastic plate h, the size of the elastic 
plate a and b, and the magnitude of the horizontal stresses 
represented by c• and fl. This geometry of a crustal root may 

find that the shape of the cross sections are approximately 
the same except at the ends of the plate near x --0 km and 
x --300 km. This implies that a two-dimensional model is a 
good approximation for simulating deflection of a long plate 
with a uniform load. The maximum deflection in this case 

is about 49 m. Figure 5b shows the deflection pattern with 
the same parameters as used in Figure 5a except that the 
elastic thickness of the crust h is reduced from 12 to 10 km. 
We find that the maximum deflection is increased from 49 

to 73 m. 

Sinusoidal vertical loading in the x or y directions. If 
the geometry of the crustal root is not uniform, it can be 
described in general by a double Fourier series. We now 
consider a simple case in which the crustal root is sinusoidal 
in either the x or y direction. The vertical load can be 
determined from (6) as 

i j•rx 
q(x, y) -- •(P,n - pc)g[do - arsin(-•-)] (19a) 

be appropriate for the case where there is little variation of 
the crustal root in depth beneath the extensional belt. 

As shown in equation (17), Area decreases as half wave- 
numbers m and n increase. With Area so defined in (17), 
the series in equation (10a) converges very fast and the sign 
of the first term Allsin(•rx/a) sin(•ry/b) determines the 
sign of the series. Because 

q(x, y)- (Pro -- pc)gdo > 0 (18) 

the sign w is completely dependent on the sign of the de- 
nominator in equation (17) which is the same expression as 
in equation (12). 

Figure 5a shows the deflection pattern due to a stress re- 
duction in the y direction (fl-0.5) and a uniform vertical 
load induced by the presence of a crustal root (d0-20 km). 
The stress component in the x direction remains the same as 
the lithospheric stress (i.e., a-l.0). The elastic thickness of 
the crust is taken to be 12 km, and the length a and width b 
of the plate are taken to be 300 km and 60 km, respectively. 
The deflection pattern is a broad upward warp. If we make 
cross sections parallel to the y direction across the warp, we 

48.'• 48.5 •5' 
',,..••30.0 -.. 30.0 .. , 15,0 15.0 '-•--• 

300 km 0 a 

30.0 

.30.0 

50.0 

H H 

77o.• 72, fi 

0 b 300 km 

i0g__. 5. a Deflection pattern due to a stress reduction in the y direction for a=•00 km, •}=60 km, h=12 km, 20 km, (•=1.0, and fl=0.5. Solid lines for positive or upward deflection. Contour interval, 15 m. b Deflection 
pattern due to a stress reduction in the y direction. All parameters are the same as those in Figure 5a except that 
h is reduced from 12 to 10 km. Contour interval, 30 m. 
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for a sinusoidal load in the x direction with a half wavenum- 

ber equal to j, and as 

1 

y) - - p)g[a0 - (19b) 

for a sinusoidal load in the y direction for a half wavenumber 
equal to k; do is the average length of the crustal root, and 
ar is the amplitude of the Moho topography. In the following 
calculation, I assume do - ar and c• =1.0. Inserting (19) 
into (10b), we have 

- p)go 

nD•rS[(• + •) + ra•, ((1- fi)•)] 

+{[8(p,•- pc)gdo]/{(2m- 1)(2n- 1)D•r6[( (2m- 1) 2 
a 2 

(2n- 1)2)2 6peg(1- u')(1- fi)(2n- 1) 2 + + ])) 
(20a) 

for a sinusoidal load in the x direction, and 

+ Z Z {[8(pm - pc)gdo] 
m=ln=l 

/{(2m- 1)(2n- 1)D•r6[( (2m- 1)' 

4- (2n- 1)')2 6p•g(1 - u2)(1 - fi)(2n- 1)' b 2 4- Eh•r,b • 

sin( m•rx n•ry a )sin(•) 
for a sinusoidal load in the x direction and 

k•ry 
w- sin(w ) 

o• 2(p,• - pc)gdo 
•• •' •)2 ½e•(•-,,•)(•-•)• • •W•[(• + + •,,, ] 

+ ]• ]• {[8(pm - pc)gdo]/ 
m=ln=l 

]}} 

(21a) 

sin( . ) 
a 

k 2(p,• - pe)gdo 

nD•r•[('• ' + T• + ra•-:'t,: ] 

+{[8(p.• -p•)gdo]/{(2m- 1)(2n- 1)D•'6[( (2m- 1)2 a 2 

(2n- 1)•)2 6peg(1- u•)(1- fi)(2n- 1) • + b • + Eh•r•b • ]}} 
(20) 

for a sinusoidal load in the y direction. From (20a) and 
(20b) we obtain solutions for w 

w - sin(3-•) 
sin( n•ry 7-) 

{(2m- 1)(2n- 1)D•r•[( (2m- 1)2 a 2 

(2n- 1) 2 6peg(1 - u2)(1 - fi)(2n- 1) • 
4 1}} 

sin(m•X)sin( n•y a T) (210) 
for a sinusoidM load in the y direction. Note that the su• 
scripts n or m are no longer variables in the first terms in 
equations (21a) and (21b) but are equM to j and k, respec- 
tively. This relation shows how the shape of the uncompen- 
sated crustM root described by the hMf wave-numbers j and 
k partiMly controls the deflection pattern. 

Figure 6a shows the deflection pattern for a sinusoidM load 
with a half wavenumber of j=15 in the x direction, •=0.8, 
h=8 kin, d0=20 kin, a=300 kin, and b=60 kin. Because the 
load is not uniform, a two-dimensional model would not be 

0 300 km 

0 300 km 

b 

Fig. 6. a Deflection pattern due to a sinusoidal load in the x direction for a=300 km, b=60 km, c•=l.0, •=0.8, 
h=8 km, and d9=20 kin. Contour interval, 10 m. b Deflection pattern due to a sinusoidal load in the y direction 
for a=300 km, 0=60 km, c•=l.0, •=0.8, h=8 km, and do=20 km. Contour interval, 20 m. 
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• •• •7•-• - • ' ••• •. I 
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30 km b 90 km 

Fig. 7. a Deflection pattern due to a sinusoidal load in both the x and y directions for a=300 km, b=• km, 
C•=l.0, fl=0.8, h=8 kin, and d0=20 kin. Contour interval, 30 m. b Detailed deflection patgem of a portion of 
Figure 7a. Contour interval, 5 m. 
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appropriate in this case for simulating the deflection of the 
plate. Figure 6a shows a periodic, wavelike pattern which is 
produced by the sinusoidal vertical load. A periodic distri- 
bution of plutons can produce a similar pattern, except that 
the magnitude of deflection would be different from that in 
Figure 6a. 

Figure 6b shows that the deflection pattern for a sinu- 
soidal load with a half wavenumber of/c=5 in the y direction, 
/•=0.8, h=8 kin, d0=20 kin, a=300 kin, and b=60 kin. Such 
a loading condition produces narrow antiforms and synforms 
with their major axes parallel to the extensional belt. 

Sinusoidal loading in both the z and y directions. If the 
distribution of the vertical force is sinusoidal in both the z 

and y directions, and again is due to the uncompensated 
crustal root, we have 

I ___ k•ry q(x,y) -- •(Pm - pc)g[do-a,-sin(J•rx)sin(-•--)] (22) a 

where do is the maximum depth of the crustal root. Insert- 
ing (22)into (10) and assuming do - ar and a -- 1, we 
have 

w -- E EA"•'•sin(m•rX)sin( n•ry a T ) (23a) 
m:lrg=l 

where 

I (Pro - p•)gdo 

•" = • z•[(• + •)• + r• ((1 - •)•)] • •pcg(•-v•) k• 

-t-{[8(p,• - pc)gdo]/{(2m- 1)(2n- 1)D•r•[( (2m- 1)•' 

(2n - 1)•')• 6peg(1 - v •') (1-/3) (2n - 1) •' + a• + e•** - m ]}] (,o) 
The first term in equation (23b) shows again how the ge- 
ometry of the crustal root described by half wavenumbers j 
and k influences the solution. 

Figure 7a shows the deflection pattern for j=10, k=3, 
•=0.8, h=10 km, d0=20 km, a=300 km, and b=60 km. 
A number of structural domes and basins are produced by 
the assumed vertical load. The pattern of deflection mimics 
the assumed geometry of the crustal root. A portion of 
the deflection pattern is shown in detail in Figure 7b which 
covers the region for x between 30 and 90 km and y between 
20 and 65 km. These figures imply that if the bonnyant force 
is periodically distributed, then the crust can be warped in 
a wavehke pattern. As plutons are commonly spaced evenly 
during their emplacement (e.g., Ramberg , 1981, p. 250- 
253), it is possible that the formation of regulerly spaced, 
domal and basinal detachment faults is related to pluton 
emplacement. 
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Deflection D•e to BasM Shear/rig 

One possible factor, the basal shearing tractions acting 
on the base of the elastic plate, was ignored in the previ- 
ous analyses. This shearing traction may have played an 
important role during the evolution of the core complexes 
and related detachment faults [Yin, 1989a]. The shearing 
may have resulted from spreading of the overthickened lower 
crust formed during the Sevier and Laramide orogenies trig- 
gered by Tertiary magmatism [Coney and Harms, 1984]. 
The crustal thickening in the North American Cordillera 
during Mesozoic time may be of the Andean type and may 
have been accomplished by either magmatic addition, tec- 
tonic shortening, or the combination of both [Allmendinger, 
1986]. Shearing at the base of the brittle upper crust due to 
spreading of magma has also been suggested as a cause for 
the development of the detachment fault systems in the El- 
dorado Mountains, southeastern Nevada [Anderson, 1971]. 

If a shearing traction exists at the base of the upper crust, 
the lower crust cannot be approximated as an inviscid fluid, 
and the effect of viscous drag must be considered in the 
boundary conditions along the bottom and edges of the 
plate. The viscosity of the lower crust is strongly depen- 
dent on the thermal gradient [e.g., Sibson, 1982; Chen and 
Molnar, 1983]. If the thermal gradient is high, then the vis- 
cous resistance is low. In this case, the viscous effect on 
the plate boundaries may be neglected. In contrast, if the 
thermal gradient is low, then the viscous resistance is high, 
and the effect of the viscosity cannot be ignored. Thus the 
boundary conditions along the edges of the extensional belt 
should be justified by geologic constraints. 

Cordilleran core complexes occur in a narrow belt rang- 
ing in width from a few tens of kilometers to about 150 km 
[Coney, 1980]. This belt developed diachronously, younging 
in general from north to south. In a broad sense, the devel- 
opment of the core complexes was spatially and temporally 
associated with igneous activity [e.g., Cans, 1987; Cans et 
al., 1989; Armstrong, 1982]. The exact causal relationship 
between extension and plutonism, however, remains contro- 
versial. On the basis of these geologic conditions, I consider 
that the viscous effect on the edges of the extensional belt 
that bound its long dimension can be ignored. Along the 
sides of the extensional belt that bound its short dimension, 
I assume that the deflection is zero. 

If we assume the basal shear is uniform and acting in the 
y direction, then equation (1) can be written as 

04w 04w 04w _1 Ox 4 + 20x eOy • + Oy 4 : D [q(x y) + N• (x, y) 0ew ' 0•2 

+N•(z, y)•--ffy• + •,•(-h/2)•] (24) 
where q(x, y) is the verticM load due to buoyancy • defined 
previously, and •z• is the shear traction acting at the base 
of the plate in the y direction. The anMyticM solution can 
be obtMned • (Appendix B) 

w -- • f(y)sin(m•x) (25a) a 
m•l 

where 

f(y) ---- eaxy[Clcos(bly) q- Cesin(bly)] 

+ea•y[C3cos(b•y) q- C4sin(bey)] 

+ q (25b) 
D(,•,• • •v,,•,,•, • + O•' ) 

C•, C=, Ca, and C4 are constants to be determined by the 
boundary conditions. 

Figure 8 shows the dellection pattern •or a b•al shear 
stress equ• to 1 MPa. The size o• the plate is assumed 
to be 180 km long and 60 km wide. Other parameters are 
•=1, •=0.8, h=10 km, and d0=4 km. By trying different 
model parameters, I •ound that the amplitude o• dellection 
due to the b• shearing is very sensitive to the size o• the 
extension• belt ff the crust• thickness helds constant. For 

example, ff a plate is 10-km thick, a00-km long, and 60-km 
wide, then the ma•mum amplitude is about 11 km •or a 
1 MPa b• shear, •ar beyond the limit o• the el•tic thin 
plate theory. This result implies that the b•al shearing 
can also result in bucking, •though the buckling condition 
cannot be explicitly expressed. 

DISCUSSION 

The results of the aforementioned analyses suggest two 
possible mechanisms to explain the formation of the domal 

0 60 km 

Fig. 8. Deflection pattern due to combined vertical, horizontal, and basal shearing forces. Basal shear stress 
equals to 1 MPa, o•=1.0, fl=0.8, h=12 km, a=300 km, and b=60 km. Crustal root assumed to be uniform and 
is emplaced 4 km deep into the mantle, i.e., do=4 km. 
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and basinal detachment faults: (1) the presence of uncom- 
pensated crustal roots with irregular geometries or buoy- 
ant synextensional plutons beneath core complexes, and (2) 
buckling due to a compression in the direction perpendicular 
to the extension direction particularly during the later stage 
of detachment faulting when the thickness of the elastic- 
brittle upper crust was so thin that a slight compression 
perpendicular to the extension direction could cause buck- 
ling (Figure 4). Both mechanisms are geologically likely 
based on the timing of regional igneous and tectonic ac- 
tivity during the middle Tertiary in the North American 
Cordillera. First, the core complexes are located in areas 
where the crust was significantly thickened during Meso- 
zoic time, and the occurrence of core complex extension was 
broadly synchronous with middle Tertiary igneous activity. 
Both conditions could provide the source of buoyant forces 
for the formation of domes, particularly during the later 
stage of core complex development when the thickness of 
the brittle-elastic upper crust in an extensional belt was re- 
duced significantly by both detachment faulting and thermal 
heating. 

The inferred compression perpendicular to the extension 
direction is consistent with the geologic constraints on tim- 
ing and structural styles during the middle Miocene in the 
lower Colorado River region around the triple junction of 
Nevada, Arizona, and California. The northern boundary 
of the Colorado River Extensional Corridor and its north- 

ern extension in the Eldorado Mountains, Nevada, is marked 
by systems of strike-slip faults that trend both in the north- 
east and northwest directions. The most well-known faults 

in this region are the Lake Mead fault system and the Las 
Vegas shear zone. The two fault systems have displacements 
of several tens of kilometers and represent a generally N-S 
compression that is subperpendicular to the extension direc- 
tion in the areas to the south. The main phase of movement 
along the two strike-slip fault systems is between 17 and 
6 Ma [Bohannon, 1984], overlapping the late stage of ex- 
tension associated with low-angle normal faults and detach- 
ment faulting in the Eldorado Mountains, Nevada, between 
15 and 11 Ma [Anderson, 1971] and the Colorado River Ex- 
tensionM Corridor area between 23 and 14 Ma [Nielson and 
Betatan, 1990]. The main phase of domal uplifts in the 
region was indicated by the widespread occurrence of mono- 
lithologic breccias and landslide complexes that postdate the 
18 Ma Peach Spring Tuff [Nielson and Betatan, 1990; A. Yin 
and J.F. Dunn, Manuscript in review, GeologicM Society of 
American Bulletin, 1991]. Thus, doming in the Colorado 
River Extensional Corridor was coeval with strike-slip fault- 
ing to the north. 

As noted by Holt et al. [1986], some of the Cordilleran 
core complexes have higher elevations than the adjacent less 
extended areas. They proposed that the development of 
later Basin and Range high-angle faults in conjunction with 
the presence of uncompensated crustal roots are the driving 
mechanism for the uphft of core complexes. The results of 
this study show that at least three mechanisms can hft an 
extended area: (1) buckling due to a compression perpendic- 
ular to the extension direction, (2) buoyant forces due to the 
presence of uncompensated crustal roots or synextensional 
plutons, and (3) the existence of a basal shearing traction at 
the base of the upper crust. The second mechanism for the 
uphft of an extended area above the adjacent unextended 
area is similar to Holt et al.'s [1986] interpretations. The 

final elevation of an extended area is the balance between 

the magnitude of upward deflection due to the three mecha- 
nisms listed above and the amount of extension that lowers 

the elevation of an extended region. 
The analytical solutions obtained here provide a means 

to examine the interactions among different physical factors 
that may have controlled the warping of detachment faults. 
However, these solutions are based on extremely simplified 
assumptions that may not accurately approximate geologic 
reality. The following improvements of the model are needed 
in future studies: 

1. More realistic, irregular geometry of an extensional belt 
should be used to evaluate its effect on the detailed warping 
pattern of detachment faults. 

2. The elastic thickness of the upper crust could be al- 
lowed to vary, so that the flexural rigidity D is a function 
of spatial position. 

3. The isostatic restoring force during extension also af- 
fects the deflection and should be considered. This force is 

a function of the magnitude and distribution of extension 
in the extensional belt, as modeled by Spencer [1984] and 
Weissel and Karner [1989]. 

4. Because the model applies elastostatic theory, the re- 
suits obtained here represent either the condition for the on- 
set of buckling or an instantaneous loading condition. The 
observed geologic structures, such as the geometry of warped 
detachment faults, may be a result of the superimposition 
of many events of deflection through time induced by stress 
reduction, upward pushing due to buoyancy forces, and com- 
pression perpendicular to the extension direction. Consid- 
eration of the superimposition of deflection in conjunction 
with the isostatic restoring force as a function of both time 
and space (which are fairly well constrained in many core 
complexes) would eventually help us to estabhsh an evo- 
lutionary model for the development of detachment fault 
systems in three dimensions. 

CONCLUSION 

A three-dimensional model was developed in this study 
to explore the interactions among the vertical, horizontal, 
and basal shearing forces during the formation of warped 
detachment faults. The model considers the role of com- 

pression perpendicular to the extension direction and stress 
reduction parallel to the extension direction. The results of 
the model suggest that deflection of an elastic upper crust 
depends strongly on the state of horizontal stress compo- 
nents. The stress reduction itself in the extension direction 

is incapable of causing buckling of a thin elastic crust. 
Two mechanisms have been identified that explain the 

formation of domal and basinal geometries of detachment 
faults: (1) an upward pushing by undulatory crustal roots 
or buoyant synextensional plutons beneath the extensional 
belt, and (2) buckhng caused by compression perpendicu- 
lar to the extension direction. Both mechanisms are con- 

sistent with the geologic constraints in different parts of 
the North American Cordillera during the development of 
core complexes. In addition to isostatic uplift due to tec- 
tonic denudation, upward warping of detachment faults can 
be caused by buckling, basM shearing, and buoyant forces 
induced by uncompensated crustM roots or synextensional 
plutons. 



14,592 YIN: MECHANICS OF DETACHMENT FAULTS 

APPENDIX A' SOLUTION OF DEFLECTION 
FOR COMBINED VERTICAL AND HORIZONTAL FORCES 

Equation (1) can be solved by the potential energy 
method. In the case of a rectangular plate with simply sup- 
ported edges, the deflection surface can be represented by 
a double Fourier series [Timoshenko and Gere, 1961; Timo- 
shenko and Woinowsky-Krieger, 1959] 

n7ry 

w - E E A'•"sin(rn•rX)sin(• '-) (A1) a 
m--1 n--1 

Each term of this series vanishes for x --0, x -- a and also 
for y =0, y -- b. Hence the deflection w is zero along the 
boundary as required. Calculating the derivatives 02w/Ox 2 
and O2w/Oy •, we find again that each term of the calcu- 
lated series is zero at the boundary. Thus (A1) satisfies the 
boundary conditions. The energy of bending is 

abr4 co oo m2 n2 
_ 8 o (A2) 

m=l n=l 

Applying the principle of virtual displacements, we obtain 

A• = 4f•f•q(x, y)sin(•)sin(•)dxdy 
abOr4[('• -Jr' '•' -Jr' • •' + Ny •')l 

Replacing Nx and Ny by 

1 

Nx - •(1 - c•)pcgh • (A4a) 

we have 

1 

Ny - •(1- fi)pcgh • 

Amn -- [4 q(x, y)sin(rn•rx ) 
a 

(A4b) 

sin( na'rl )dxdy]/{abDa-4[(-• 4- 
6p•g(1 - z, 2) ((1 - c•) rn• n• + Eh•r • •- + (1 - fi)•7)]} (A5) 

which is identical to (10b). 

APPENDIX B- DEFLECTION FOR COMBINED 

VERTICAL, HORIZONTAL, AND BASAL SHEARING FORCES 

On the basis of geologic constraints during the develop- 
ment of Cordilleran core complexes, the following boundary 
conditions are assumed: a simply supported boundary con- 
dition along the edges of the plate at x --0 and x -- a; and a 
zero-deflection condition along the edges at y --0 and y -- b. 
Thus we have 

Ow 

(W)y=0,b -- (•xx)Y=0,b -- 0 (Bla) 

(w)x=0,a - 0 (Bib) 

(02w 02w • + U-•y• )•=o,a - 0 (Blc) 

Assuming that the plate buckles in m sinusoidal halfwaves 
in the x direction, we take the solution of equation (24) in 
the form 

w -- E f(y)sin(m•rx) (B2) a 
m--1 

Substituting (B2)into (B1), we obtain an ordinary differen- 
tial equation 

d 4 f + b o d 2 f dd--fy q (B3) dy 4 • + co + dof = • 
where 

m2r 2 

b0 = a 2 + N• (B4a) D 

O'zy 
co= D 

m4r 4 Nxm2r 2 
do = a4 -Jr' Da 2 (B4c) 

Equations (B4a), (B4b), and (B4c) show the physical mean- 
ing of coefficients b0, co, and do' b0 is related to the length 
of the plate and horizontal force Ny in the y direction, co is 
related to the basal shearing traction (rzy, and do is related 
to the length of the plate and the horizontal force Nz in the 
x direction. 

The particular solution of (B3) is 

f*(y)-- q (B5) 
Ddo 

We need to solve the following characteristic equation 

A 4 4- b0 A2 4- c0A 4- do - 0 (B6) 

to determine the complementary solution of (B3). There are 
two pairs of conjugate complex roots for equation (B6) 

,k•,2 -- a• 4- ib• (B7a) 

,,k1.,2 -- a2 4- ib2 (B7b) 
for the range of parameters used in this study. The roots are 
solved numerically by Laguerre's method. Once the roots of 
(B6) are found, we can express the complementary solution 
in the following form: 

fl(Y) -- eaxY [Clcos(bly) 4- Casin(biy)] 

+ea•y[C3cos(b•y) + C4sin(b2y)] (B8) 
C1, C2, C3, and C4 are constants to be determined by the 
boundary conditions along edges of the plate. Using the 
boundary conditions stated in equation (B1), we have 

C• +C3 - q Ddo (B9a) 
C•ea'bcos(b•b) + Cae a'bsin(blb) + Caeaabcos(b2y) 

+C4ea•bsin(bab) -- q Odo 
Constants C2 and C3 are set zero to yield the solutions 
finite for a large value b, which is of the order of a few tens 
of kilometers. The final solution of equation (24) is 

w -- E f(y)sinm•rx) (B10a) a 
m--1 

(B4b) 
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where 

f(y)- ea•YClcOS(bly)q-ea•YC4sin(b2y)q-•o (B10b) 
C1 a.nd C4 a.re determined by (B9). 
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