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Low-angle normal faults and seismicity: A review

Brian Wernicke

Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena

Abstract.

Although large, low-angle normal faults in the continental crust are widely
recognized, doubts persist that they either initiate or slip at shallow dips (<30°), because
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(1) global compilations of normal fault focal mechanisms show only a small fraction of
events with either nodal plane dipping less than 30° and (2) Andersonian fault mechanics
predict that normal faults dipping less than 30° cannot slip. Geological reconstructions,
thermochronology, paleomagnetic studies, and seismic reflection profiles, mainly published
in the last 5 years, reinforce the view that active low-angle normal faulting in the brittle
crust is widespread, underscoring the paradox of the seismicity data. For dip-slip faults
large enough to break the entire brittle layer during earthquakes (M,, ~ 6.5),
consideration of their surface area and efficiency in accommodating extension as a
function of dip 0 suggests average recurrrence intervals of earthquakes R’ « tan 6,
assuming stress drop, rigidity modulus, and thickness of the seismogenic layer do not vary
systematically with dip. If the global distribution of fault dip, normalized to total fault
length, is uniform, the global recurrence of earthquakes as a function of dip is shown to
be R « tan 6 sin 0. This relationship predicts that the frequency of earthquakes with
nodal planes dipping between 30° and 60° will exceed those with planes shallower than 30°
by a factor of 10, in good agreement with continental seismicity, assuming major normal
faults dipping more than 60° are relatively uncommon. Revision of Andersonian fault
mechanics to include rotation of the stress axes with depth, perhaps as a result of deep
crustal shear against the brittle layer, would explain both the common occurrence of low-
angle faults and the lack of large faults dipping more than 60°. If correct, this resolution
of the paradox may indicate significant seismic hazard from large, low-angle normal faults.

Introduction

It is appropriate for the 75th anniversary of the American
Geophysical Union that recognition be given to the 50th an-
niversary of a paper by Longwell [1945]. Although not the first
description of such phenomena [e.g., Ransome et al., 1910], the
paper was remarkable in its documentation using maps, pho-
tographs, and cross sections of spectacularly exposed normal
faults in the Las Vegas region, with displacements of 1-2 km
and dips of 0-30°. In one large-scale exposure, since partly
drowned beneath the waters of Lake Mead, a fault was ob-
served to flatten downward, from about 30° to 5° over a cross-
sectional depth of 600 m.

It is perhaps a measure of a theoretically based prejudice
against low-angle normal faults that Longwell [1945] excluded
regiona] crustal extension as a cause for faulting. He instead
interpreted them to result from extension on the crests of
large-scale compressional anticlines. Mechanical arguments
for downward flattening (listric) normal faults date back at
least to McGee [1883], but Hafner [1951], citing Longwell’s
[1945] observations, showed that certain loading conditions
along the base of an elastic plate induce curvature of stress
trajectories favorable for the formation of low-angle normal
faults.

Despite both observation and theory, the assumption that
the least principal stress direction is horizontal throughout an
extending crust [e.g., Anderson, 1942] held sway for the suc-
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ceeding three decades. Low-angle extensional structures,
though documented by geological mapping studies, were inter-
preted as either peculiar thrust faults or surficial landsliding
phenomena. Sliding and spreading of rootless, internally co-
herent, extended allochthons along faults dipping only a few
degrees is well known. It includes cases where detachment
occurs along incompetent horizons in sediments such as shale
or salt, as developed over thousands of square kilometers in
the northern Gulf of Mexico [Worrall and Snelson, 1989]. How-
ever, it also includes examples where the sliding occurs within
competent horizons, as in the Ordovician dolostones along the
Heart Mountain detachment [Pierce, 1957; Hauge, 1990].
These examples generally involve only the upper few kilome-
ters of the crust and are not accompanied by coeval extension
of the underlying continental basement. In contrast, fault sys-
tems in the Basin and Range, such as those described by
Longwell [1945], clearly involve continental basement and are
observed in some cases to cut structurally downward through
10 km or more of the crust.

Beginning with a handful of Basin and Range field studies
[e.g., Anderson, 1971; Wright and Troxel, 1973; Proffert, 1977), it
was not until the late 1970s that the numerous documented
low-angle normal faults gained a measure of acceptance as a
direct expression of large-magnitude continental extension. At
about the same time, it was also realized that many metamor-
phic tectonites in the Basin and Range previously thought to
be Mesozoic or Precambrian in age were actually Tertiary [e.g.,
Davis and Coney, 1979]. In many cases these rocks lay in the
footwalls of regionally extensive low-angle normal faults or
“detachments” that could be traced for several tens of kilome-
ters parallel to their transport directions. By 1980, it was clear
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Figure 1. Contrast in geological history from interpreting a
contact between older sedimentary sequence A and younger
sequence B as (a) an unconformity and (b) a low-angle normal
fault.

that numerous isolated exposures of detachments and their
metamorphic substrate formed a nearly continuous belt from
Sonora, Mezxico, to southern British Columbia, referred to as
the Cordilleran metamorphic core complexes [Crittenden et al.,
1980; Armstrong, 1982]. It was realized that the footwalls of
many exposed detachments were not strongly metamorphosed
in the Tertiary, raising the possibility that low-angle normal
faults formed and were active entirely in shallow crust [e.g.,
Wernicke et al., 1985; Spencer, 1985; Dokka, 1986; John, 1987].

These observations ran counter to Jackson and White's
[1989] descriptive synthesis of some 56 earthquakes on active
continental normal faults. They concluded that (italics theirs)

Among the most important observations that now influence the
debate are . .. that large earthquakes do not occur on listric faults
that flatten at shallow depths (as originally thought: e.g. McKen-
zie, 1978a, b), but on faults that are steep throughout the seismo-
genic upper crust...

Whether or not this conclusion is correct is a first-order problem
in understanding the structure and dynamics of the lithosphere.

Geological Significance

The recognition of low-angle normal faults and the core
complex tectonic association is now global and includes oce-
anic lithosphere as well as the continents [e.g., Mutter and
Karson, 1992]. The significance of these structures for geology
as a whole may be illustrated by considering an unexposed
low-angle contact roughly parallel to overlying, younger sedi-
mentary unit B but discordant to underlying sedimentary (or
metamorphic) unit A (Figure 1). Prior to 1980, many geologists
would have interpreted such a contact as either an unconfor-
mity or a thrust fault. The possibility of the contact being a
normal fault may have been overlooked on the basis that
known low-angle fault contacts were restricted to thrusts,
which generally emplace older rocks on younger. The geologic
histories for these two cases are of course markedly different
(Figure 1). The Basin and Range provides numerous case
histories of the problem, where contacts between Tertiary and
underlying pre-Tertiary strata, in some cases with high angle
between the contact and Tertiary strata, were interpreted as
unconformities. For example, low-angle contacts mapped by
Kemnitzer [1937), Fritz [1968)], and Dibblee [1970] as unconfor-
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mities have since been documented to be low-angle normal
faults (Davis et al. [1980), Gans et al. [1989], and Dokka [1986],
respectively). Similarly, major low-ange fault systems interpreted
as thrusts by Noble [1941], Misch [1960], and Drewes and Thorman
[1978] are now widely regarded as normal faults related to Ce-
nozoic extension (Wright and Troxel [1984], Miller et al. [1983], and
Dickinson [1991], respectively). Reinterpretations currently un-
derway in other mountain belts are similarly profound.

These Basin and Range field relations represented a class of
geologic contact that had not been previously recognized as a
fundamental tectonic element. Recognizing them as such is as
basic to accurate historical inference in geology as, for exam-
ple, the knowledge that rocks with igneous texture intrude
their surroundings in a molten state.

Mechanical Significance

The fact that low-angle normal faults are not predicted by
Andersonian theory is also fundamental to interpreting the
stress state and physical constitution of the crust. In the 1980s,
debate centered on the kinematics of generating the core-
complex association. Most current models suggest asymmetri-
cal denudation along large normal faults that transect the up-
per 15-20 km of the crust at low angle, accompanied by
isostatic rebound and flexure of the unloaded footwall [e.g.,
Wernicke, 1981; Howard et al., 1982; Allmendinger et al., 1983;
Spencer, 1984; Wernicke, 1985; Davis et al., 1986; Wernicke,
1992]. Recently, controversy has centered on the initial dip and
subsequent modification of these faults and the roles of foot-
wall metamorphic tectonite and magmatism.

This paper addresses the question: Are brittle low-angle
normal faults active while at low dip? A number of authors
have expressed doubt that shallowly dipping normal faults are
important features in the extending seismogenic crust, pointing
to Andersonian theory and a lack of seismicity on such faults
[e.g., Buck, 1988; King and Ellis, 1990]. A large body of liter-
ature has nonetheless focused on non-Andersonian explana-
tions for active low-angle normal faulting [e.g., Xiao et al.,
1991; Forsyth, 1992; Axen, 1992; Parsons and Thompson, 1993].
If low-angle normal faults are indeed active in the seismogenic
crust, why are there so few, if any earthquakes observed on
them? Evidence summarized below, mostly published in the
last 5 years, tends to reinforce this paradox. A simple mechan-
ical model relating fault dip to earthquake recurrence is de-
veloped that may provide an explanation.

Observations of Low-Angle Normal Faults

Andersonian theory predicts that extension of the crust re-
sults in faults that initially dip 60° but provides no insight as to
how such faults with large finite slip develop kinematically. For
example, normal faults may rotate during and after their slip
history, as in the case of a system of “domino-style” or “book-
shelf” fault blocks [Wernicke and Burchfiel, 1982], in which
case, dips lower than 60° are generally expected [e.g., Thatcher
and Hill, 1991]. The key questions are whether a given fault in
the seismogenic part of the crust was active at shallow dip, and
whether the fault initiated at shallow dip. Low-angle normal
faults present no conflict with Andersonian theory if, for ex-
ample, they initiate at 60° and rotate down to 30° while active
and are then further rotated to very low angle while inactive by
a younger set of domino-style faults [Morton and Black, 1975;
Proffett, 1977; Miller et al., 1983]. Clearly, many low-angle nor-
mal faults, including most of those described by Longwell
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[1945], cut upper crustal sedimentary layers at high angle and
therefore probably had steep original dip.

A compilation of all well-determined focal mechanisms of
normal fault earthquakes (M, > 5.2, using moment-
magnitude scale of Kanamori [1977]) in continents with nearly
pure dip-slip movement (56 events) showed that most nodal
planes dip between 30° and 60° [Jackson, 1987; Jackson and
White, 1989]. A subset of those events where the fault plane is
resolved by surface rupture (15 events) showed no faults with
dip less than 30°. Based on this survey, many workers have
stressed the uniformitarian interpretation (“the present is the
key to the past”) that all low-angle normal faults dipping less
than 30° are rotated while inactive from dips greater than 30°,
either by younger high-angle faults or by isostatic adjustment
[e.g., Buck, 1988; Gans et al., 1989; King and Ellis, 1990].

Others argued that although such rotations may be common,
initiation and slip on shallow (<15 km depth) normal faults are
required by geological and geophysical data [e.g., Wernicke et
al., 1985; John, 1987, Wernicke and Axen, 1988; Davis and
Lister, 1988; Yin and Dunn, 1992; Scott and Lister, 1992; Dokka,
1993; Axen, 1993]. These data include geologic reconstructions
and fault rocks associated with detachments, thermochrono-
logic and paleomagnetic investigations of exposed detachment
footwalls, and seismic reflection profiles.

Geologic Reconstructions

A direct approach to resolving whether normal faults either
slip or initiate at low-angle is restoration of well-constrained
geologic sections. In the U.S. Cordillera, some low-angle nor-
mal faults cut abruptly downward through 10 km or more of
preextensional strata and crystalline basement (e.g., Mojave
Mountains, Arizona [Howard and John, 1987]; Egan Range,
Nevada [Gans et al., 1989]; South Virgin Mountains, Nevada
[Fryxell et al., 1992]; and Priest Lake area, Idaho [Harms and
Price, 1992]). These fault systems cut through uppermost
crustal levels (<1 km) at their shallow ends. In other instances,
however, the increase in footwall structural depth is small in
comparison to exposed downdip length of the footwall. This
seems especially true where detachment systems cut across
wide (30-50 km) areas of deeper crustal rocks (~5-15 km
paleodepth), as in most core complexes. Some examples in-
clude the Raft River Range, Utah [Compton er al., 1977,
Malaveielle, 1987; Manning and Bartley, 1994]; the Ruby Moun-
tains—East Humbolt Range area, Nevada [Mueller and Snoke,
1993]; the Black Mountains, California [Holm et al., 1992]; the
Chemehuevi Mountains, California [John, 1987]; the Harcuvar
and Buckskin Mountains, Arizona [Spencer and Reynolds,
1991]; the South Mountains, Arizona [Reyrnolds, 1985]; and the
Catalina-Rincon Mountains, Arizona [Dickinson, 1991]. In
some instances, however, faults transect even the upper 7-8
km of the crust at low average initial dip [e.g., Wernicke et al.,
1985; Axen, 1993].

An example of the latter may be found in the Mormon
Mountains—Tule Springs Hills area of southern Nevada [Wer-
nicke et al., 1985; Axen et al., 1990; Axen, 1993]. Two Miocene
detachments are superimposed on the frontal decollement
thrust of the Cordilleran fold and thrust belt [e.g., Burchfiel et
al., 1992], including the Mormon Peak detachment [Wernicke
et al., 1985] (Figure 2) and the Tule Springs detachment [Axen,
1993]. The Mormon Peak detachment cuts downward from the
hanging wall of the thrust into its footwall (Figure 2), such that
the angles between the detachment and (1) the thrust ramp
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and subparallel allochthonous strata and (2) the autochtho-
nous strata below the thrust are defined within a few degrees
(a and B, respectively, Figure 3). The angles between prerift
Miocene volcanic and sedimentary strata and (1) strata in the
thrust ramp and (2) autochthonous strata of the foreland just
in front of the thrust plate are also well defined (-y and §,
respectively, Figure 3). Assuming west dipping allochthonous
strata of the thrust ramp zone above and below the detachment
were parallel, the dip of the detachment with repect to the
prerift Miocene strata is

6,=v— a=20°

Thrust loading presumably would have deflected the autoch-
thous strata to westward dip ¢ relative to the undeformed
foreland (Figure 3). For undisturbed thin-skinned foreland
thrust belts worldwide and especially the Cordilleran belt, this
deflection is generally no more than about 5° [e.g., Price, 1981;
Royse et al., 1975; Allmendinger, 1992; Royse, 1993]. Assuming
low ¢,

0, <B4+ o+ 6<27°.

Therefore two independent observations, (1) the detachment’s
relations with the thrust ramp and overlying Tertiary and (2) its
relations with the thrust autochthon and overlying Tertiary,
both suggest an initial dip of the Mormon Peak detachment of
about 20°-27° [Wernicke et al., 1985].

The initial dip of the Tule Springs detachment is also clearly
defined [4xen, 1993] (Figure 3). The detachment runs subpar-
allel to the thrust plane where it overrides autochthonous
strata for a horizontal distance of at least 10 km. Thus the
detachment initiated at the dip of the decollement thrust and
the authochthonous strata prior to extension. In addition to
this constraint, the unconformity between synrift strata and
allochthonous strata is not markedly angular (Figure 3). De-
tailed consideration of these constraints, including reconstruc-
tion of the detachment’s hanging wall, suggest an initial dip in
the range 3°-15° [Axen, 1993].

The Mormon Mountains-Tule Springs Hills detachment sys-
tem is among the best exposed upper crustal, low-angle normal
fault systems in the world, but it is not clear how typical its low
upper crustal initiation angles are compared with active slip at
low angle on more deeply exhumed structures. The anisotropy
of shallowly west dipping thrusts and bedding in the thin-
skinned thrust belt may have somehow played a role in gener-
ating the low initial dips. Seismic reflection data to the north
along the frontal Cordilleran thrust belt also suggest shallow
crustal normal faults with low initial dips developed just west of
the frontal thrusts [e.g., Bally et al., 1966; Royse et al., 1975;
Allmendinger et al., 1983; Smith and Bruhn, 1984; Planke and
Smith, 1991]. The Mormon Mountains—Tule Springs Hills area
lies at a point where these extensional structures begin to cut
southward well into the cratonic foreland of the thrust belt,
thereby exhuming the frontal most thrusts from paleodepths of
7-8 km.

A second example of shallowly dipping normal faults in the
uppermost crust occurs in the Whipple Mountains area of
southeastern California and west central Arizona [Davis and
Lister, 1988; Scott and Lister, 1992]. There, several large areas
of hanging wall synrift strata (either flat-lying or cut by high-
angle normal faults of opposing dips) are truncated from below
by the very shallowly dipping Whipple-Buckskin detachment
system. The depth to the active detachment system, con-
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Figure 2. Photographs of Mormon Peak detachment, Nevada. (a) Looking north, western Mormon Moun-
tains, fault (between arrows) emplaces Carboniferous strata over Cambrian. Cliff on right side is approxi-
mately 50 m high. (b) Looking south, western Mormon Mountains, detachment (planar topographic bench
between arrows) cuts at about 5° across footwall Cambrian strata (light and dark banding, lower left). Hanging
wall comprises three blocks of imbricately normal faulted Ordovician through Carboniferous strata, variably
tilted to the left. There is approximately 600 m of relief from valley in foreground to high peak on left.

strained by the thickness of synextensional strata, was less than
2-3 km. These relations argue strongly for a low initial dip for
the fault initially cutting through hanging wall strata, although
it does not constrain the trajectory through the footwall, which
likely had a more complex history [Davis and Lister, 1988]. In
addition, the base of a large syntectonic landslide mass derived
from the exposed footwall was deposited across the detach-
ment system subparallel to the fault plane, offset some 10 km
along it, and later cut by normal faults which are in turn cut by
the detachment [Yin and Dunn, 1992).

Field geologic relations are fundamental to understanding
detachment geometry and kinematics. Additional data, includ-
ing thermochronology, paleomagnetic data, seismic reflection
profiling, and seismicity, are required to test competing models
for their evolution. In general, geologic reconstructions suggest

a biplanar or listric geometry for major normal faults, with
highly variable depth of flattening ranging from less than 5 km
to more than 10 km preextensional depth [e.g., Spencer and
Reynolds, 1991; Wernicke, 1992], a conclusion largely rein-
forced by these additional data.

Thermochronologic Data

An important tool for addressing the original configuration
of crustal-scale normal faults is the thermal history of their
footwalls, especially where there are wide exposures in the
transport direction of the fault. Published applications of this
method include just a few examples, mainly in the central and
southern Basin and Range, and so the results may be geo-
graphically biased. Generally, the time of footwall unroofing is
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Figure 3. Reconstruction of Mormon Peak and Tule Springs detachments, slightly modified from Axen et al.

[1990] and Axen [1993] for clarity. Thick lines with double ticks, detachments; line with teeth, thrust fault; wavy
line with dots, sub-Tertiary unconformity; other thin lines, various stratigraphic contacts. See text for discussion.

clearly expressed by rapid cooling events between 400°C and
100°C. The ambient temperature of most footwalls (excluding
cooling of synrift plutons) is usually well below the Ar reten-
tion temperature in hornblende (450-500°C) and close to that
for retention in micas, or about 300—400°C [e.g., Richard et al.,
1990; John and Foster, 1993; Holm and Dokka, 1993; Dokka,
1993]. A pattern emerging from these studies in the Cordillera
is that deeper portions of the footwall cool from these tempera-
tures to less than 100°C (fission track annealing temperature in
apatite) in a period of 1-10 m.y. [e.g., Holm and Dokka, 1993].

In most examples it is possible to establish the maximum
variation in temperature across the exposed footwall immedi-
ately prior to the thermal perturbation caused by unroofing.
Given the downdip temperature variation across the footwall
prior to unroofing, the average dip of the fault can be deter-
mined for variable assumptions of the preextensional geother-
mal gradient. This technique has been employed for a number
of extensional terrains in the Cordillera, where footwall strain,
including elongation via detachment-related shearing or post-
detachment normal faulting, and transient effects from syntec-
tonic intrusions, may be taken into account. The paleothermal
field gradient (preunroofing, downdip thermal gradient of the
exposed footwall) between two points A and B with tempera-
ture difference AT is related to the paleogeothermal gradient
by the average dip of the fault (Figure 4), which is

_, dT/dw

6 = sin aTidz

(1)
where dT/dz is the geothermal gradient just prior to unroofing
and dT/dw is the measured field paleothermal gradient.

The overall range of field paleothermal gradient, with un-
certainties, is 0-33°C/km, measured across downdip distances
of 6-40 km (Figure 4). The two highest gradients are from the
upper 5-10 km paleodepth (Piute and Harcuvar detachments,
shown as solid symbols in Figure 5), while the other, deeper
examples range from 0 to 19°C/km.

The ambient geothermal gradient in the Basin and Range
prior to unroofing has been determined in several areas where
the time-temperature history has been determined from rocks
of independently estimated paleodepth. For eastcentral
Nevada, the average geothermal gradient at 35 Ma was about
20°C/km in the upper 10 km of the crust prior to unroofing
[Dumitru et al., 1991]. In the Gold Butte area of southern
Nevada, an apatite fission track study indicates a gradient of

about 25-30°C/km at 15 Ma in the upper 3-4 km of the crust
[Fitzgerald et al., 1991]. In the eastern Mojave Desert region,
rather higher gradients at about 18 Ma of 50 = 20°C/km for the
Piute Mountains and a range of 30-50°C/km for the Cheme-
huevi Mountains have been suggested [Foster et al., 1991; John
and Foster, 1993]. In the Death Valley region, ambient tem-
peratures at 10-15 km depth at 8-10 Ma were about 300—
350°C, suggesting a range of 25-35°C/km [Holm and Wemicke,
1990; Holm et al., 1992]. Possible gradients near or above
50°C/km in the eastern Mojave region are determined for a
time near the end of a major magmatic episode and are prob-
ably relatively transient. Thus a range in gradients of 20-
35°C/km would probably represent the average upper crustal
paleogeothermal gradient in most areas of the Basin and Range
since mid-Tertiary time, in agreement with the geotherms of La-
chenbruch and Sass [1978], with magmatic and extensional strain
locally raising it to 2 or perhaps 3 times that amount.

A plot of field paleothermal gradient determined from Fig-
ure 5 versus paleogeothermal gradient, contoured in initial dip
according to equation (1), is shown in Figure 6. In these ex-
amples, fault rocks show evidence of brittle extensional fault-
ing and cataclasis, but major bulk elongations of the entire
footwall block, particularly in the brittle field, are unlikely.
These data suggest that although some sections yield dips as
high as 45°-60° at the extremes of their uncertainties, most of
the data suggest initial dips of less than 30°. The two examples
yielding the highest dips (SW Harquahala Mountains and
Piute Range) involve relatively short transects across upper-
most parts of the crust (Figure 6). The Gold Butte example
may also have a high average dip (up to 45°), but it too involves
uppermost crustal rocks in its shallow part (<5 km paleo-
depth) where the denuding fault originally dipped about 60°
[Fryxell et al., 1992; Fitzgerald et al., 1991], and hence the fault
probably flattened downward to its deepest exposures in order

Figure 4. Diagram showing variables used to derive relation-
ship between field paleothermal gradient, paleogeothermal
gradient, and fault dip between points A and B (equation (1)).
See text for discussion.



20,164

300 — 2 6
— T3 -7
e 200 |- 4
- O .
< 1
Ol O
100 |
| | | |
10 20 30 40

Distance in Transport Direction w, km

Figure 5. Maximum variation of paleotemperature in down-
dip direction across footwalls of Cordilleran detachments, just
prior to unroofing. Solid symbols indicate upper crustal sec-
tions only. Locations and sources: 1, Piute Mountains detach-
ment, eastern Mojave Desert, California [Foster et al., 1991]; 2,
southwestern Harcuvar Mountains, west central Arizona
[Richard et al., 1990]; 3, Garden Wash detachment, South
Virgin Mountains, Nevada [Fitzgerald et al., 1991; Fryxell et al.,
1992; J. E. Fryxell, unpublished data 1994]; 4, Chemehuevi
Mountains detachment, lower Colorado River trough, Califor-
nia [John and Foster, 1993]; 5, Newberry Mountains detach-
ment, central Mojave Desert, California [Dokka, 1993]; 6, Am-
argosa detachment, Death Valley region, California [Holm and
Wernicke, 1990; Holm et al., 1992; Holm and Dokka, 1993]; 7,
Buckskin-Rawhide detachment, lower Colorado River trough,
Arizona [Richard et al., 1990; Spencer and Reynolds, 1991).

to maintain even a high extreme of average dip at 45°. The
remaining four examples, all from relatively wide, deep expo-
sures, suggest average initial dips of 30° or less.

In summary, thermochronogy that allows comparison of
field paleothermal gradient with paleogeothermal gradient
prior to unroofing is a useful means of constraining the initial
configuration of large normal faults. In general, the field gra-
dient is less than 1/2 the value of the paleogeothermal gradient,
corresponding to initial fault dips of 30° or less (equation (1)).
Faults where the initial dip may be significantly over 30° seem
to be restricted to high crustal levels.

Paleomagnetic Data

Paleomagnetic studies are also a potentially useful method
for determining the initial dip of normal faults. If pretilt or
syntilt magnetizations can be identified, they provide quanti-
tative estimates, at relatively high precision, of the original and
syntectonic dip of the detachment. To date, only two such
studies have been published for core complexes with wide
downdip exposures of midcrustal rocks, including the South
Mountains, Arizona [Livaccari et al., 1993, 1995], and the Black
Mountains, California [Holm et al., 1993]. In both areas, largely
undeformed intrusive rocks from the detachment footwalls
span much of the history of ductile deformation and rapid un-
roofing.

The South Mountains footwall is exposed for approximately
20 km in the transport direction and is composed of Protero-
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zoic basement intruded by four groups of intrusives, including
two discrete plutons and two sets of younger dikes [Reynolds,
1985]. Superposition relations of the intrusive suite indicate
unroofing and ductile shearing began shortly after intrusion of
the older pluton [Reynolds, 1985]. The older dikes intruded late
in the history of ductile deformation, while the younger dikes
intruded during brittle deformation, late in the unroofing his-
tory [Livaccari et al., 1993, 1995; Fitzgerald et al., 1993]. Ther-
mochronologic data indicate rapid cooling of footwall rocks
between 22 and 17 Ma, from solidus temperatures in the oldest
intrusion to 300°C between 22 and 20 Ma, then from 300°C to
below 100°C from 20 to 17 Ma [Fitzgerald et al., 1993].

Paleomagnetic data indicate concordance of high-coercivity,
high unblocking temperature magnetizations with early Mio-
cene expected directions for all four intrusive suites [Livaccari
et al., 1993, 1995]. These data suggest unroofing along a fault
with initial dip of about 10°.

The Black Mountains example has a more complex history.
In structurally deep portions of the detachment footwall, an
11.7 Ma mafic intrusive complex is locally ductilely deformed
and folded along with Proterozoic country rocks [4smerom et
al., 1990; Holm and Wernicke, 1990; Mancktelow and Paviis,
1994]. It is intruded by silicic plutons and mafic to silicic dikes
ranging in age from ~9 to 6.5 Ma which largely escaped ductile
deformation [Holm et al., 1992]. Rapid cooling and unroofing
of the entire complex from over 300°C to less than 100°C
occurred between ~8.5 and 6.0 Ma [Holm and Dokka, 1993).

High unblocking temperature, high-coercivity magnetiza-
tions from the younger group of intrusions may be restored to
their Miocene expected directions by a 50°-80° counterclock-
wise rotation about a vertical axis, interpreted as deformation
associated with postunroofing dextral-oblique shear on the
Death Valley fault zone [Holm et al., 1993; Mancktelow and
Pavlis, 1994]. These plutons do not show a significant inclina-
tion anomaly. Subtracting the vertical axis rotation from the
directions in the early mafic intrusion, an additional tilt of, in
total, some 20°-40° is required to restore the mean direction
from this intrusion into agreement with a Miocene expected
direction [Holm et al., 1993]. There is considerable between-

Figure 6. Plot of paleogeothermal gradient d7/dz versus
field paleothermal gradient d T/dw for the seven detachments;
solid symbols indicate upper crustal examples from Figure 5.



WERNICKE: LOW-ANGLE NORMAL FAULTS AND SEISMICITY

site dispersion (up to 90°) in high-temperature, high-coercivity
magnetizations from the mafic complex, possibly resulting in
part from postintrusive folding, and thus it is difficult to pre-
cisely determine the net tilt. However, since the oldest silicic
plutons predate rapid cooling of the complex, little or no net
tilt occurred during unroofing between 8.5 and 6.0 Ma. Ther-
mochronologic data suggest rapid unroofing is time transgres-
sive in a downdip direction, which may support the concept of
a “rolling hinge” (discussed in more detail below) moving
through the footwall rocks during denudation, and thus it is
possible the detachment may have briefly had a steeper dip
during unroofing [Holm and Dokka, 1993; Holm et al., 1993].
These two examples, while both suggesting little net tilt as a
result of unroofing, also demonstrate the potential of the ap-
proach, especially for crystalline rocks that characterize many
detachment footwalls. Contrasts in the overall history of the
two examples, however, suggests many surprises lie ahead for
paleomagnetic studies of detachment complexes.

Seismic Reflection Profiles

Interpretations of seismic reflection data have played a ma-
jor role in developing an awareness of low-angle normal faults,
particularly in the geophysical community [e.g., Bally et al.,
1981; Wernicke and Burchfiel, 1982; Allmendinger et al., 1983;
Smith and Bruhn, 1984]. Hundreds of profiles, most of them
unpublished, from a broad spectrum of extensional environ-
ments show strong, shallowly dipping reflections from low-
angle fault planes that bound asymmetric half graben, often
projecting up to surface exposures of the faults. These data
strongly suggest low-angle {<30°) normal faults are common
features in the upper 15 km of the continental crust.

Because the data are usually proprietary, the exact location
of the line, velocity control, and the possible effects of migra-
tion are often not presented in publications. Thus with much of
the data, “sideswipe” of a steeper fault such that it appears to
be low-angle, “pull-down” of the shallow part of the fault due
to low-velocity basin fill, and steepening of the fault plane
reflection upon migration are important caveats in evaluating
whether any given fault is a low-angle normal fault. However,
such data are normally acquired perpendicular or parallel to
structural trends in the area, mitigating the problem of side-
swipe. Pull-down is also not usually a major effect on fault dip.
For a typical section, the shallow part of the normal fault is
imaged downdip for at least 10 km, structural relief on the
basin fill-bedrock contact in the hanging wall is less than 3 km,
and basin fill velocity is on average greater than half that of
bedrock (e.g., parameters for a typical basin in the Basin and
Range [Smith et al., 1989]). Using these extremes for a 10-km
segment of fault, the apparent dip on a time section is no more
than 10°-12° less than the true dip. Migration of reflections
also serves to steepen dips but at large scale with dips less than
30° the dip of a given reflection is not significantly increased.

Among the best documented images of shallow listric fault
phenomena are from the northern Gulf of Mexico, where
large-scale slumping of passive margin shelf strata toward the
slope along a salt decollement is the underlying cause of fault-
ing, rather than whole crust extension [e.g., Worrall and Snel-
son, 1989].

The most spectacular seismic image of a basement-involved,
upper crustal low-angle normal fault (or for that matter, of any
fault) is the Consortium for Continental Reflection Profiling
(COCORP) and related profiles across the Sevier Desert de-
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tachment in the Basin and Range province of west central
Utah [Allmendinger et al., 1983]. This profile revealed a strong,
continuous, multicyclic reflection that cuts from the surface,
along a major range front, down to over 5 s two-way travel time
(12-15 km depth) with an average dip of 12° to the west
[Allmendinger et al., 1983, Figure 2]. As shown by a grid of
industry profiles and well data along its shallow, eastern por-
tion, Cenozoic half graben above the reflection are bounded by
relatively steep faults that do not offset it [e.g., McDonald,
1976; Planke and Smith, 1991]. These data also show that the
detachment covers an area of at least 7000 km?,

The position of the reflection within the east directed Cor-
dilleran thrust belt led to the early interpretation that the
reflection was a thrust fault, reactivated as a Cenozoic exten-
sional structure [e.g., McDonald, 1976]. The geometric similar-
ity of the seismic profiles to exposed Cordilleran detachment
systems led to the suggestion that the reflection was primarily
a Cenozoic normal fault which may not have been a reactivated
thrust, since many detachments do not appear to reactivate old
thrusts [Wernicke, 1981; Anderson et al., 1983; Allmendinger et
al., 1983; Wernicke et al., 1985; Allmendinger et al., 1986] (Fig-
ure 2).

This long-standing interpretation of well and reflection data
has recently been challenged, primarily based on a comparison
of microstructures from drill cuttings taken near the reflection
with those of the Muddy Mountain thrust, a major decollenient
thrust fault in southern Nevada [Anders and Christie-Blick,
1994]. In two wells, the reflection is a contact between Tertiary
sandstone and Paleozoic carbonate, while the Muddy Moun-
tain thrust emplaces Paleozoic carbonate over Mesozoic sand-
stone. Along the Muddy Mountain thrust, microfracture den-
sity in cataclasites within a few meters of the fault is at least a
factor of three higher than in surrounding rocks [Brock and
Engelder, 1977]. The cuttings, however, revealed no evidence of
dense microfracturing near the contact, which was therefore
interpreted as an unconformity rather than a fault [Anders and
Christie-Blick, 1994].

The difficulties in establishing any contact relation from well
cuttings are considerable, since a given set of cuttings samples
a 10-m interval. It is not known what is being sampled in the
size fraction preserved as cuttings. For example, prefractured
grains of the cataclasite may not survive pulverization by drill-
ing. It is also possible that cataclasites on large detachments do
not develop microfractures in the same way as thrusts or that
thick cataclastic zones on detachments may be locally excised
by faulting. Further tests, including analysis on cuttings recov-
ered from known fault zones and on pulverized and unpulver-
ized samples from surface-exposed low-angle normal faults,
will be required to evaluate this technique. Other problemat-
ical aspects of their interpretations are discussed by Allmend-
inger and Royse [1995] and Otton [1995].

Interpretations of the Sevier Desert detachment notwith-
standing, three examples, one from the Bohai Gulf in northern
China, one from the Gulf of Oman, and one from the Basin
and Range, are typical of profiles from areas of basement-
involved continental extension (Figure 7) and include intracra-
tonic rift, passive margin shelf, and orogenic “collapse” tec-
tonic settings, respectively.

The Gulf of Bohai resides within the Sino-Korean craton,
more than 500 km west of its boundary against the Pacific
plate. The imaged fault (Figure 7a) and associated half graben
is one of over 50 such basins known from the region [Zhang,
1994]. The fault plane is listric, with an apparent dip of about
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Figure 7. Seismic reflection profiles of low-angle normal faults. Vertical scales are all two-way travel times,
in seconds. (a) Gulf of Bohai, east of Beijing, China, from Zhang [1994]; (b) Gulf of Oman, from Wemicke and
Burchfiel [1982]; (c) Lamoille Valley, Nevada, from Smith et al. [1989]. See text for discussion.
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35° near the surface, flattening downward to about 5° [Zhang,
1994]. Although the total depth of the section is not known, the
fault is imaged down to a two-way travel time of 5.5 s, including
a few hundred meters of water. At 3—-5 km/s average velocity,
this yields a depth range for the section of 9-15 km.

The Gulf of Oman example (Figure 7b) lies along the north-
eastern passive margin of the Arabian Peninsula. Following
Late Cretaceous obduction of the Semail ophiolite, the Oman
Mountains and bordering shelf region experienced basement-
involved extension in Late Cretaceous and Tertiary time [e.g.,
Mann et al., 1990]. The imaged fault is conceivably associated
with large-scale slumping toward the trench rather than base-
ment-involved continental extension, perhaps analogous to the
Gulf of Mexico. However, evidence for a protracted history of
basement-involved extension nearby on land, and the absence
of major evaporites or diapirism in the Gulf of Oman [e.g.,
Mann et al., 1990; White and Ross, 1979] suggest an analogy
with Gulf of Mexico is inappropriate. The fault plane is clearly
imaged to about 4 s two-way travel time or a probable depth
range of 6-10 km.

The Basin and Range example (Figure 7c) is from the center
of the province along the topographically sharp range front of
the Ruby Mountains-East Humboldt Range core complex
[Smith et al., 1989; Mueller and Snoke, 1993]. Hanging wall
sediments are nonmarine Cenozoic basin fill, while footwall
rocks are migmatitic gneisses of the core complex. Detailed
velocity analysis for this example suggests the fault is a low-
angle structure dipping about 10°-22° in the upper 4 km of the
crust [Smith et al., 1989]. The fault projects toward a fault scarp
in alluvium, suggesting activity in late Quaternary time. Nu-
merous other examples of either young or once-active low-
angle normal faults have been described from the Basin and
Range based on combined subsurface and neotectonic data
[e.g., Effimov and Pinezich, 1986; Burchfiel et al., 1987; Johnson
and Loy, 1992; Bohannon et al., 1993].

It is difficult to argue that any of the above examples have
been passively rotated (i.e., while inactive) from a steep dip.
Hanging wall sediments and the topographic surface in all
examples preclude significant tilting of the fault planes during
their latest phases of movement, which would require unreal-
istic paleotopography and depositional slope. In all examples,
however, it is difficult to constrain the intial dip of the fault.
The apparent fault bed angle along the low-angle segments
suggests relatively modest net rotations of about 20°-40°.
However, because the faults are listric, these dips may be due
to rollover of an independently deforming hanging wall block,
rather than a measure of the rotation of the fault plane [e.g.,
Xiao et al., 1991].

It is emphasized that these three examples are not particu-
larly unique. Images from basement-involved, upper crustal
low-angle (0-30°) normal faults have been published from all
three tectonic settings elsewhere (e.g., boundary faults of the
Rio Grande rift [Russell and Snelson, 1990]; Outer Isles fault in
the shelf region off Scotland [Brewer and Smythe, 1984]; the
Slocan Lake fault in the Canadian Cordillera [Cook et al.,
1992]). As in the case of the Sevier Desert detachment, a
number of examples show fault plane reflections continuously
traceable at shallow dip from near the surface to depths of
15-20 km [e.g., Brewer and Smythe, 1984; Cook et al., 1992]. Tt
is also stressed that reflection data indicate there are a large
number of normal faults with moderate to steep dips through
the upper 10-15 km of the crust [e.g., Anderson et al., 1983;
Okaya and Thompson, 1985; Brun et al., 1991].
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Figure 8. Frequency of earthquakes versus dip, cross-
hatched events from Abers [1991]. (a) Both nodal planes, from
Jackson and White [1989] and Abers [1991]; (b) events with
known focal plane, including event 1 of Abers [1991]; (c) events
larger than moment magnitude 6.5, from Doser and Smith
[1989] (Basin and Range events), Jackson and White [1989],
and Abers [1991], including 1, Aegean Sea, 1970; 2, Aegean
Sea, 1969; 3, Hebgen Lake, 1959; 4, Borah Peak, 1983; and 3,
Ttaly, 1980.

Seismicity

The weight of evidence from field geology, thermochrono-
logic studies, paleomagnetic studies, and seismic reflection
prafiling suggests active slip of major normal faults dipping less
than 30° and in some cases initiation of these faults at shallow
dip, especially along their deeper parts. However, the majority
of focal planes from a compilation of all normal fault earth-
quakes with a mechanism defined by detailed waveform mod-
eling dip between 30° and 60° (Figure 8). Three of the eight
shallowly dipping planes are from focal mechanism studies for
events in 1982 and 1985 in the Woodlark-D’Entrecasteaux
extensional province of Papua New Guinea [4bers, 1991], de-
termined after Jackson and White’s [1989] synthesis. Of four
dip-slip events studied, two had nodal planes dipping about
15°-20°, and another two dipped about 30°. Although no sur-
face rupture is known from these events, they are the only large
earthquakes known to have occurred in a tectonic environment
of Pliocene and Quaternary metamorphic core complexes [Hill
et al., 1992; Baldwin et al., 1993]. The largest event, with M, =
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MID-CRUSTAL DATUM

Figure 9. Rolling hinge model of detachment faulting [from Wemicke, 1992]. See text for discussion.

6.8, was positioned such that its shallow nodal plane projects
into the young detachment described by Hill et al. [1992], and
thus the shallow plane was suggested to be the more likely
rupture plane [4bers, 1991].

The addition of the Papua New Guinea data to the earlier
compilation (Figure 8a), even for those events in which the
rupture plane is known (Figure 8b), nonetheless reveals a
predominance of moderate to steeply inclined planes, as has
been reported in a number of previous reviews [Jackson, 1987,
Jackson and White, 1989; Doser and Smith, 1989].

As emphasized by Jackson [1987] and Jackson and White
[1989], large normal fault earthquakes nucleate near the base
of the seismogenic layer and cut most or all of the way through
it. They also noted that the largest known normal fault rup-
tures have strike lengths of the same order as their dip lenths,
with few exceeding about 20 km. Thus if we consider a 45° fault
cutting a seismogenic layer 15 km thick, we expect a seismic
moment [e.g., Scholz, 1990]

My=pAD =5 X 10" Nm,

assuming an average fault slip D of 2 m, a roughly equant fault
plane of area A, and a rigidity p of about 6 GPa. This corre-
sponds to a moment magnitude M,, = ~6.5.

In the compilation of Jackson and White [1989], which in-
cluded 56 dip-slip normal events (rake within 30° of ~90°),
only a dozen or so of these are of M,, = 6.5, and these
dominat¢ the recorded moment release on normal fault earth-
quakes. Globally, there are only six normal dip-slip events with
M, = 6.5 or greater where the plane is resolved (Figure 8c),
if the large event described by Abers [1991] is included. As can
be seen in Figure 8c, nodal planes dipping 30°-60° are still
most common, as in the larger sample that includes mostly
small events. However, the Papua New Guinea event repre-
sents a much more substantial fraction of the sample for the
large events, which is far more evenly distributed with respect
to dip.

Discussion

Paradox of Seismicity and the Geologic Record

Many factors have been proposed to reconcile the predom-
inance of moderately dipping planes defined by seismicity with
the existence of low-angle normal faults. These include (1)
“rolling hinge” or “flexural rotation” models, (2) a nonunifor-
mitarian lack of active low-angle normal faults, (3) aseismic
creep along low-angle faults, and (4) long recurrence intervals
between earthquakes on low-angle faults (e.g., discussions by
Jackson [1987], Buck [1988), Doser and Smith [1989], King and
Ellis [1990], and Wernicke [1992]).

Rolling hinge meodels. Rolling hinge models suggest that
isostatic unloading during and after slip induces short-
wavelength flexure and tilting of the footwall [e.g., Buck, 1988;
Wernicke and Axen, 1988; Hamilton, 1988], so that many an-
cient normal faults with subhorizontal dip may have been much
steeper while active (Figure 9). For example, according to
Buck’s [1988] model, based on physical reasoning, all normal
faults are essentially planar and project steeply through the
brittle, seismogenic part of the crust with moderate to steep
dip, terminating at the base of the brittle layer. Flexural rota-
tion of the footwall produces a series of sequentially detached
fault blocks, all of which are bounded by high-angle faults. The
Andersoniar theory and seismicity data are thereby resolved
with the formation of subhorizontal detachments and core
complexes, as the model does not require active slip on low-
angle fault planes. A similar conclusion was reached by King
and Ellis [1990].

In contrast, the model of Wernicke and Axen [1988], based on
geological observations along the boundary between the Basin
and Range province and Colorado Plateau [cf. King and Ellis,
1990] stresses a relationship between the dip of footwall bed-
ding of rormal faults and their initial dips. The footwalls of
initially steep normal faults were deformed in abrupt short-
wavelength flexures and large, subvertical fractures (e.g., the
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northern Virgin Mountains, Nevada), while those with shallow
initial dips resulted in broad footwall upwarps (e.g., western
Mormon Mountains and Sevier Desert areas). Subsequent
studies have documented both flexure and shear in a number
of detachment footwalls, consistent with the concept of a roll-
ing hinge [Bartley et al., 1990; Manning and Bartley, 1994; Selv-
erstone et al., 1995].

Wernicke and Axen [1988, p. 851] concluded that the tran-
sient steepness of at least some ancient detachments in the
brittle crust may ameliorate the paradox with focal mecha-
nisms but that this does not reconcile the seismic data with
those faults active at low dip in the brittle crust, such as the
Sevier Desert, Mormon Peak, Whipple Mountains, and Pana-
mint Valley detachments [cf. Joanson and Loy, 1992; Scott and
Lister, 1992]. Given the evidence summarized above for active
slip on low-angle normal faults, rolling hinge models that ex-
clude shallow faulting seem not to provide a satisfactory ex-
planation of the seismicity data.

Paucity of active low-angle normal faults. Another expla-
nation is that none of the currently active zones of continental
extension include low-angle normal faults. Since most exam-
ples of low-angle normal faults in the literature are ancient, as
for phylum Trilobita, there may be no reason to suspect they
are active at present. However, a number of examples, includ-
ing those from Papua New Guinea [Hill et al., 1992]; the Sevier
Desert, Panamint Valley [Burchfiel et al., 1987], and Lamoille
Valley (Figure 7c) in the Basin and Range; and the Gulf of
Oman (Figure 7a) appear to involve Quaternary deposits.
Hence unlike the trilobites, examples from the most recent
period of earth history do not appear to be particularly rare,
and so their sudden disappearance would be rather fortuitous.

A subset of this explanation is that low-angle normal faults
are favored in certain tectonic settings that are currently not
active [e.g., Burchfiel et al., 1992]. The examples discussed
above (e.g., Figure 7), however, seem to occur in a variety of
tectonic environments, including orogenic collapse, intracra-
tonic rift, and passive margin settings, all of which are now
active globally. Thus the nonuniformitarian hypothesis that
shallowly dipping nodal planes are rare because low-angle nor-
mal faults are simply nowhere currently active does not seem
particularly appealing.

Aseismic brittle creep. Another way to explain the seismic-
ity is that low-angle normal faults tend to creep aseismically
[e.g., Jackson, 1987; Doser and Smith, 1989]. This explanation
has interesting implications for the physics of earthquake rup-
ture, although it is at present not obvious what the cause might
be.

The major effect would presumably be the brittle constitu-
tive theology of the fault zone. Such an effect would presum-
ably be temperature dependent and therefore depth depen-
dent. For example, a transition from stick-slip to stable
frictional sliding with depth, hypothesized for the San Andreas
fault zone [Tse and Rice, 1986] may in some way apply to
normal faults, such that their flat segments are less prone to
seismic slip than steeper segments in the upper crust. Such a
rheological effect would have to apply to a wide variety of rock
compositions, as detachments seem to be developed in every
major rock type [e.g., Davis, 1980]. However, the observation
that large events on steep faults penetrate to 10-15 km depth
[Jackson and White, 1989], well below the range of depths
discussed above for shallowly dipping normal faults, seems to
argue against such an explanation.

Alternatively, it may be that either the low dip or the orien-
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tation of stress axes favors creep for reasons currently un-
known. However, thrust earthquakes display a wide range of
dip, with low-angle thrusts responsible for the largest known
earthquakes. The fact that both thrust and normal fault earth-
quakes occur argues against isolating stress orientation as
cause of aseismic behavior.

Long recurrence intervals. Another potential solution to
the problem might be longer recurrence intervals for shallow
faults and perhaps due to the greater efficiency of low-angle
faults in absorbing elastic strain that accommodates horizontal
extension. Since larger fault planes would be able to accom-
modate more strain, low-angle faults might fail more rarely,
and in larger events, than steeper ones, explaining the dearth
of low-angle planes in global seismicity [Doser and Smith, 1989;
Wernicke, 1992]. In addition, Forsyth [1992] suggests that finite
slip on low-angle normal faults is favored by the fact that less
energy, and hence less regional stress, is required for a given
amount of extension in comparison with slip on high-angle
faults. Geometrically, seismic slip on low-angle normal faults is
more efficiently invested in accommodating horizontal exten-
sion than slip on high-angle faults, requiring fewer earth-
quakes.

One difficulty with this solution is that it does not explain
why there are very few small- to moderate-sized earthquakes
(M,, < 6) which would be expected if there are numerous
active low-angle normal faults. The solution to this difficulty
mainly depends on whether seismicity is clustered in time near
infrequent mainshocks or occurrs steadily through the inter-
seismic interval. The former seems to be the most likely for
large faults. For example, the two locked portions of the San
Andreas fault, and perhaps the Cascadia subduction zone, are
capable of generating large earthquakes, but most of the seis-
mic moment release associated with them, including adjust-
ments near the boundaries of coseismic slip, occurs within a
few years of the mainshock, followed by long intervals where
even microearthquakes are relatively uncommon.

In the next section, these concepts are integrated with some
simple aspects of earthquake mechanics, providing a quantita-
tive basis for empirical relations of earthquake frequency ver-
sus dip described by Jackson [1987], Doser and Smith [1989],
Jackson and White [1989], and Thatcher and Hill [1991]. In
general, this approach may offer a fairly simple resolution to
the paradox.

Seismicity of Dip-Slip Faults

Model. Consider a hypothetical seismogenic layer of thick-
ness h transected by a fault dipping 0 (Figure 10). The average
stress drop Ao on the fault is proportional to the average slip
D and area of slip 4 {e.g., Scholz, 1990],

A D
g X u —\/=
A
The area of slip, assuming it about equant, is related to fault
dip by
VA = h/sin 6 (2)

which implies that for constant stress drop, layer thickness and
rigidity modulus for a given earthquake,

D = 1/sin 6. (3)

In other words, large, low-angle fault planes may accumulate
more strain between earthquakes than small steep ones. For a
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Figure 10. Diagram showing variables used to derive equa-
tions (2)-(6). See text for discussion.

constant rate of horizontal separation between hanging wall
and footwall v, fewer earthquakes are required in a given time
interval on shallow faults than on steep ones.

This relationship assumes, however, that strike length is free
to expand with decreasing dip. The question arises as to
whether the confinement of normal faults to relatively short
segments [e.g., Machette et al., 1992] would limit their lateral
dimensions and therefore their ability to slip according to (3).
As reviewed by Jackson and White [1989], the largest known
normal fault earthquakes have strike lengths restricted to the
range of a few tens of kilometers, about 1-2 times their down-
dip rupture lengths. Thus a 15° normal fault would have a
downdip length of about 60 km and an along-strike length of
60-180 km. Shallow dip-slip ruptures have similar dimensions
[e.g., Scholz, 1990, p. 297]. As mentioned above, the Sevier
Desert detachment has been imaged as a single zone of reflec-
tions for a downdip length of 60—70 km and for a strike length
of at least 100 km [Planke and Smith, 1991]. Assuming it is
indeed a normal fault, it seems to have an appropriately long
strike dimension relative to its dip dimension and is substan-
tially longer than the steep faults described by Jackson and
White [1989].

A second consideration is the fact that for each earthquake
a greater amount of slip is transferred into horizontal exten-
sion for shallow faults than for steep ones. Thus

v =D cos 6R’

where R’ is the frequency of events per fault. This implies that
for constant v,

D « 1/(R' cos 8). 4
Equating (3) and (4) and solving for R,
R’ tan 0. (5)

Equation (5) allows comparison of earthquake frequency of
two fault segments with contrasting 8 but equal v, A, and p.
For example, a fault dipping 10°-15° would be expected to
rupture about 7 times less frequently than a fault dipping
55°-60°.

A third consideration is that for a given total strike length of
faults, there should be fewer faults in the case of low-angle
versus high-angle faults. The frequency of events per unit
length of fault is

R=R'/J4=R’sin 0,

where 1/V/A is the number of faults per unit length of fault.
Thus

R o sin @ tan 6.

(6)

For two rift zones of equal strike length with multiple fault
segments, one characterized by 10°-15° faults and the other by
55°-60° faults, we would expect about 28 times more events
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per unit time in the rift with steep faults than in the rift with
low-angle faults.

The above reasoning suggests that low-angle faults should
fail less often but with larger earthquakes. Since the moment of
an earthquake is defined as

MU = I“"AD,
from (2) and (3) we have

M, « 1/sin® 6. (7
Again, given constant stress drop, rigidity modulus, thickness
of the seismogenic layer, and extension velocity, low-angle
faults will have substantially larger earthquakes than steep
ones. In terms of moment magnitude M, faults dipping 10°-
20° will produce earthquakes about one magnitude point stron-
ger than faults dipping 50°-60°. Thus if 50° faults would typi-
cally yield magnitude 6.0-7.0 earthquakes, 10°-20° faults
should produce magnitude 7.0-8.0 earthquakes.

Application to continental seismicity. Globally, earth-
quake stress drop and the presumed rigidity of the crust might
not be expected to vary [e.g., Kanamori and Anderson, 1975],
but the thickness of the seismogenic layer and the horizontal
extension velocity probably vary from rift to rift. These and
other factors would produce a wide range of maximum earth-
quake magnitudes in extensional provinces, with rapidly
spreading areas producing more frequent earthquakes for a
given fault dip. Of the five events studied by Abers [1991], the
event with the shallowest nodal plane (~17°) was M,, = 6.8,
while the other events were all between 5.5 and 6.0. In other
words, 80% of the moment release occurred during the single
low-angle event.

Equation (6) may be related to the global data set of dip-slip
normal fault earthquakes (Figure 8), depending on the global
distribution of fault dip over the total strike length of active
faults. The simplest such distribution would be uniform, such
that the same total length of fault plane would exist for each
10° increment of dip. This distribution would not agree well
with the event frequency data (Figure 8a), because it predicts
the vast majority of events would occur on planes dipping
60°-90°. In this case, consideration of both nodal planes would
place a minimum number of events in the 30°-60° interval
rather than the observed maximum (Figure 8a).

The simplest distribution that would explain the data in
Figure 8a in terms of equation (6) is one that is even from 0°
to 60°, greatly reduced from 60° to 70° (say, by an order of
magnitude), and effectively zero from 70° to 90° (Figure 11a).
According to Figure 8a, the ratio of events in the 0°-30° do-
main to that of the 30°-60° domain is about 0.1. Integrating the
function sin 6 tan 6 for these two domains also yields a ratio of
shallow to steep events of about 0.1 (Figure 11b), in good
agreement with the data. Adding the conjugate planes to such
a model distribution doubles the number of events in the
30°-60° domain and adds whatever seismicity would exist in
the 60°-90° domain to the 0°-30° domain, so the ratio of shal-
low to steep events is not appreciably different from the model
without conjugate planes (Figure 11b). The principal differ-
ence between the model in Figure 11b and the data in Figure
8a is the ratio of events in the 30°-40° domain to events in the
40°-50° domain, which is about 1 in the model and 2 in the
data. The discrepancy is perhaps mitigated by the fact that the
uncertainty in dip is as large as the 10° bin size [e.g., Thatcher
and Hill, 1991], and the total number of events is relatively
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faults that involve the entire seismogenic layer, discussed in
text. (b) Number of earthquakes as a function of dip for 56
events (unpatterned areas) and conjugate planes (cross-
hatching), according to equation (6).

small. The principal point is that the model predicts the correct
overall proportions of low-angle and high-angle planes.

The 16-event sample with resolved fault planes (Figure 8b)
is perhaps too small to make a meaningful comparison with the
model, but nonetheless is in good agreement. It is clear, how-
ever, that a 16-event sample over a few decades is not neces-
sarily sufficient to observe a large earthquake on a low-angle
normal fault. Even if the large Papua New Guinea event oc-
curred on the steep plane, the model predicts only one or two
of the events would be less than 30° and none less than 20°. For
the even smaller sample of events with M, > 6.5, the same
conclusion holds.

Of course, there are distributions other than the one shown
in Figure 11a that could reconcile the data with equation (6).
For example, an even distribution in the 30°-60° domain with
a smaller fraction from 60° to 90°, with no faults from 0° to 30°,
would also be consistent with the data. Unlike the distribution
shown in Figure 11a, however, such a distribution is not suc-
cessful in reconciling geological observations of brittle low-
angle normal faults with the seismicity.

Mechanical implications. If distributions of the type
shown in Figure 11a do indeed represent the global distribu-
tion of a “major” ctive normal faults in continents, how do they
bear on Andersonian fault mechanics? The existence of low-
angle normal faults suggests that Andersonian theory, which
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predicts that normal faults form with a dip of 60°, would appear
to be in need of substantial modification or abandonment.

One of its main assumptions, that the principal stress axes in
the brittle crust are orthogonal to the Earth’s surface, is likely
to be the major problem. Over the last 5 years, the problem has
attracted the attention of fault mechanists, in the tradition of
Hafner [1951]. Solutions to the problem have included rotation
of stress trajectories through flexure [Spencer and Chase, 1989],
igneous dilation at depth [Parsons and Thompson, 1993] or
viscous flow of deep crust against the seismogenic layer [Yin,
1989; Melosh, 1990], rotation of stress trajectories in the vicin-
ity of the fault zone via high fluid pressure [Axen, 1992], and
considerations of the energy efficiency of low-angle faults [For-
syth, 1992]. As yet, there is no consensus on which if any of
these mechanisms are correct, but they do provide a frame-
work for major progress in understanding fault mechanics and
earthquakes. For example, the hypothesis that low-angle nor-
mal faults confine locally high fluid pressure and rotated stress
trajectories [Axen, 1992] may be testable by moderate-depth
drilling (5-6 km) into the Sevier Desert detachment of west
central Utah [Zoback and Emmermann, 1994].

The fact that progressive extension tends to decrease the dip
of fault planes reconciles Anderson theory with the prepon-
derance of earthquakes on faults dipping much less than 60°
with there being relatively few faults steeper than 60° [e.g.,
Thatcher and Hill, 1991)]. To the extent that rotation of stress
trajectories is common in continental rifts, this distribution
may be substantially “smeared” well below 30° (the cutoff for
frictional sliding if stress trajectories are not rotated), consis-
tent with the model distribution in Figure 11a. In this case, 60°
would represent the maximum initial dip, but lower initial dips
and active slip not predicted by Anderson theory would be
common.

Conclusions

Geologic reconstructions, thermochronology, paleomag-
netism, and seismic reflection profiling indicate that initiation
and slip on low-angle normal faults in the upper continental
crust are common in the geologic record. The paradoxically
low ratios of shallow and steep dipping focal planes to mod-
erate ones in global seismicity may be resolved by a simple
recurrence model, where the larger size and greater efficiency
of shallow dip-slip faults cause them to fail much less fre-
quently. This conclusion is perhaps not surprising when viewed
in comparison with compressional dip-slip earthquakes. Ap-
proximately 80% of global seismic strain release over the last
four decades occurred during two events, the 1960 Chilean
earthquake and the 1964 Alaska earthquake, both of which
occurred along shallowly dipping thrust faults.

The most probable reconciliation of this model with Ander-
sonian fault mechanics lies in rotation of stress trajectories at
depth in a significant fraction of active zones of continental
extension.

The recognition of low-angle normal faults, and the prospect
that they fail in large earthquakes, has significant implications
for seismic hazard. Active low-angle normal faults may be
difficult to detect on the basis of surface rupture patterns and
paleoseismicity (e.g., the Sevier Desert detachment), as are
low-angle thrust faults [e.g., Hauksson et al., 1987]. Since many
geophysicists have expressed doubt that large seismogenic low-
angle normal faults even exist [e.g., Jackson and McKenzie,
1983; Stein et al., 1988; Buck, 1988; Jackson and White, 1989,
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King and Ellis, 1990], hazards in extending arcas such as the
Basin and Range province, western Turkey, and China may be
seriously underestimated.
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