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ABSTRACT

The footwalls of west-dipping normal faults that separate the
west-central Colorado Plateau from the Basin and Range province
record at least 5-7 km, and perhaps as much as 15-20 km, of west-
side-up Neogene uplift, with an axis just 10-20 km west of unde-
formed plateau strata. The uplift is expressed as folding and steep
faulting in pre-Tertiary cratonic and disconformably overlying Neo-
gene strata, forming a basement-cored anticline and coincident topo-
graphic high on the western margin of the platean. We interpret the
uplift as a nonelastic response of the crust to buoyancy forces accom-
panying the tectonic denudation of the plateau margin. Profound,
isostatically driven deformation of the footwalls of major normal faults
may be common in extensional terrains, calling into question several
assumptions fundamental to existing models of the evolution of nor-
mal fault systems.

INTRODUCTION .

Motion on normal faults imposes a negative load on their footwalls,
causing broad footwall uplifts adjacent to large, steep normal faults (e.g.,
Vening Meinesz, 1950; Zandt and Owen, 1980). Similarly, the broad
doming of regional extensional detachments in the Basin and Range prov-
ince has been explained by differential tectonic unloading of the footwalls
of large, low-angle normal faults (e.g., Howard et al., 1982; Spencer, 1982,
1984). The amplitude:wavelength ratios of these flexures (0.05 to 0.15)
imply low flexural rigidity of the lithosphere, if it is assumed that the

flexures are elastic (Spencer, 1984).

' Implicit in many models of normal fault systems (e.g., Spencer, 1984;
Bartley and Wernicke, 1984) is the supposition that the steep dip of the
fault(s) near the breakaway zone is maintained after deformation, particu-
larly in the upper 5 km of the preextension crust. To assume otherwise
requires major penetrative strain of the footwall block near the fault,
which seems at odds with (1) the gentle warping of detachments downdip
from the breakaway fault, (2) the common observation on reflection seis-
mograms of listric normal faults that flatten at depths of 5 to 15 km in the
Basin and Range and elsewhere (¢.g., Smith and Bruhn, 1984), and (3) the
presumed flexural strength of the crust, which would tend to resist the
formation of isostatically induced flexures with amplitude:wavelength
ratios that are a large fraction of one. Observations discussed below argue
strongly against this supposition, and we suggest that faulting and large
amplitude:wavelength folding of footwalls near breakaway zones is the
norm in extensional terrains. This concept has implications for kinematic
and dynamic modeling of extensional terrains, for seismogenesis in extend-
ing regions, and for the physics of lithospheric deformation in general.

VIRGIN-BEAVER DAM BREAKAWAY ZONE

The Virgin-Beaver Dam breakaway zone (VBBZ) lies along the
west-central margin of the Colorado Plateau, where middle to late Mio-
cene, west-southwest—directed, down;to-the-w&st normal fault systems dis-
rupt the plateau edge, carrying extensional allochthons of the Basin and
Range province tens of kilometres to the west (e.g., Smith et al,, 1987).
Uplift at the Basin and Range-Colorado Plateau boundary is expressed by
folding of the cratonic sedimentary cover of the plateaun, by down-to-the-
east faults, and by local topographic uplift immediately east of the east-
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ernmost exposures of major breakaway faults (Fig. 1; Wernicke, 1985;
Smith et al,, 1987). Although Moore (1972), Seager (1970), and Hintze
(1986) have interpreted the uplift as the result of Mesozoic compression,
all exposures of the basal Tertiary unconformity in the region are either
disconformable or mildly angular (Fig. 1). We consider the structural style
of the VBBZ in three cross sections (Fig. 2).

In the northernmost section (Fig. 2a), drawn parallel to the direction
of extension across a dip-slip part of the VBBZ, Paleozoic (and to the north
of the section, overlying Tertiary) strata bend abruptly upward, dipping
25°-45° to the east. The flexure is truncated on the west by a gently
dipping detachment (10°-20°) that juxtaposes east-tilted Tertiary and un-
derlying fault slices of Paleozoic strata above Precambrian crystalline rocks
(Hintze, 1986). The reconstruction (Fig. 2b) indicates that (1) the break-
away fault began at a low to moderate angle (~32°) where currently
exposed, but may possibly have steepened upward toward the surface, and
(2) the fault penetrated to at least 7 km depth without flattening to a very
low dip. The reconstruction indicates major reduction of structural relief
on the footwall.

The central section (Fig. 2c), drawn perpendicular to the slip vector
of the hanging wall through a dominantly strike-slip part of the VBBZ,
shows that flat-lying Paleozoic and Tertiary strata attain dips as great as
60°. In addition to folding, steep faults also accommodate uplift, some
with subvertical offsets of at least 4 km (Moore, 1972). Reconstruction
(Fig. 2d) suggests that a large mass of rock once existed above the footwall,
although because of erosion, the geometry of the fault is not known at
structurally high levels. Contiguity of the rotated rocks with plateau strata
in these examples rules out structurally deeper faulting as a mechanism of
rotation.

The southernmost cross section (Fig. 2¢) contrasts with the more
northerly ones in that the rotated rocks are separated from the plateau by a
6-km-wide basin, obscuring the relations between rotated and unrotated
strata. However, over an east-west distance of less than 10 km, the flat-
lying strata are rotated east to 60° dips. The rocks have also been shingled
by top-to-the-west normal faults. The reconstruction (Fig. 2f) shows that,
unlike the other sections, there has been up to 10 km of westward horizon-
tal translation of the highest normal fault blocks with respect to the pla-
teau. However, like the others, the reconstruction suggests that a
substantial rock mass has been removed from above the block by some
combination of erosion and tectonic denudation, depending on the precise
geometry of structurally higher faults. The geometry of faults within the
Precambrian basement is poorly known; if relatively unfaulted, the break-
away fault may have penetrated to depths in excess of 20 km at a moder-
ate to steep angle. Alternatively, shingling faults like those observed in
Phanerozoic strata may cut the basement rocks so that paleodepths of only
~5-10 km are exposed.

We conclude from these data that the footwalls of moderately to
steeply dipping normal faults rebound isostatically so that most of the
structural relief on the fault that would be present had the footwall re-
mained rigid is eliminated. Uplift occurs along axes at both high and low
angles to the regional extension direction, depending on the strike of the
faults relative to the extension direction. The VBBZ is suggested as a type
area for this style of crustal deformation because of its good exposure and
contiguity with a large unstrained cratonic block.
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Figure 1. Geologic map of Virgin-Beaver Dam breakaway zone
showing locations of cross sections In Figure 2 and critical sub-
Tertiary unconformities (arrows). Compiled from Wilson et al.
(1959), Volborth (1962), Beal (1965), Longwell et al. (1965), Mor-
gan (1968), Seager (1970), Moore (1972), and Hintze (1986).
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We believe that several other areas in the Basin and Range are
analogous. Figure 3 shows a compilation of interpretive cross sections
through possible examples, contrasting the uplift geometries between areas
with gently tapered, wedge-shaped hanging walls, as in the Sevier Desert
basin, and those with faults that penetrated to mid-crustal levels over short
distances, as in the Butte Mountains breakaway zone. Where the faults
initially penetrate deeply into the crust over short distances, footwall uplift
is abrupt, and where the faults dip gently through the upper crust, footwall
uplift is relatively gentle. In all cases, uplift of 5-15'km occurs across a
distance of 10-50 km. Other examples may include the western sides of
the Spring Mountains and the Sheep Range, Nevada; the Ladron Moun-
tains in the Rio Grande rift; the eastern side of the Catalina-Rincon core
complex in southeastern Arizona; and the west side of the northern Red
Sea rift.

DISCUSSION

Figure 4 depicts an end-member kinematic model stressing the poten-
tial role of footwall uplifts in the evolution of normal fault systems. As-
pects of this model challenge three commonly held assumptions about the
kinematics and dynamics of rifting: (1) that rotation of normal faults and
fault blocks results primarily from either reverse drag flexure or domino-
style imbricate normal faulting; (2) that reverse drag flexure, or hanging-
wall strain of any kind, is the dominant mechanism of accommodating the
space problem created by motion on curved normal faults; and (3) that the
flexural rigidity of extending lithosphere is negligible compared with that
in compressive tectonic regimes.

The mechanism of rotation of the breakaway fault and the little-
displaced block on its hanging wall results primarily from differential
isostatic rebound (Fig. 4). This is, in a sense, a form of fault-bend folding in
which the hanging wall remains rigid and the footwall deforms to accom-
modate both the bend in the fault plane and the condition that the earth’s
surface remain flat. We envision a general mode! of listric normal faulting
in which the space problem is solved by simultaneous collapse of the
hanging wall relatively downward and flexure of the footwall relatively
upward into the void.

Dynamically, this model suggests that the extending lithosphere can
support differential loading caused by motion on a normal fault up to a
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Figure 4. Conceptual model of evolving breakaway zone. Note
migration of footwall strain and reversal of shear sense between points
AandB.

point, before which the hanging wall collapses into the void (Fig. 4b). At
this stage, the negative load created by lower topography in the basin and
the density difference between basin fill and bedrock is uncompensated
locally, supported by the elastic strength of the lithosphere, If the litho-
sphere had zero strength, basin formation and hanging-wall collapse could
not occur; the space problem would be accommodated entirely by foot-
wall strain. Substantial elastic strength of the Basin and Range lithosphere
is indicated by the fact that most of the ranges in the province are not
locally compensated (Eaton et al., 1978). Thus, the load may be accom-
modated by topégraphic uplift distributed over an area several hundred
kilometres wide with an amplitude of a few tens to perhaps a few hundred
metres.

As the hanging wall moves away from the footwall, the negative load
may reach a steady state in which hanging-wall rollover and sedimentary
infilling become subdued and footwall uplift dominates. Thus, to the ex-
tent that sediment is available, hanging-wall collapse may dominate the
kinematic evolution. To the extent that it is not, only footwall uplift is
available to mitigate the load. We believe that there is a broad spectrum of
systems with variable components of hanging-wall collapse and footwall
uplift. We suggest, following Zandt and Owen (1980), that uplift is a
nonelastic response to the load. Thus, elastic strain may accumulate
(Fig. 4b) to a point where the load exceeds the elastic limit of the
lithosphere. In a steady-state situation, viscous relaxation may occur on a
time scale that is short relative to tectonism. If stress is relaxed to a point
just below the elastic limit, then at all times the system may have a

~ component of long-wavelength elastic flexure superimposed on it. In this

case, the geometry of the uplift is not indicative of the elastic properties of
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the extending lithosphere, because they do not represent flexures that store
elastic energy.

If displacement on the detachment is large enough (Fig. 4d), a wave
of middle or lower crustal uplift may migrate laterally, sequentially strand-
ing crustal slabs broken off the hanging wall, “meatslicer-style,” atop the
uplifted footwall (e.g., Bartley and Wernicke, 1984; Wernicke et al., 1988;
Hamilton, 1988). Two important aspects of these kinematics are that
(1) the footwall goes through two episodes of subvertical simple shear
(Fig. 4): one, breakaway-side-up as it passes beneath the edge of the
hanging wall, followed immediately by another with the opposite sense as
it passes completely out from under the hanging wall; and (2) the detach-
ment itself may have a path through the upper crust at a relatively high
angle to both its initial and final dip. Hamilton (1988) has reached conclu-
sions, based primarily on geologic relations in the eastern Death Valley
region, quite similar to ours.

The latter of these points may in part resolve the paradox between
geological studies that indicate the widespread occurrence of subhorizontal
detachments that have clearly been active in the brittle crust (e.g., Rey-
nolds and Spencer, 1985) and studies of seismicity in actively extending
regions, which reveal few if any earthquakes that occur on fault planes that
dip less than about 30° (Jackson, 1987). One frequently suggested resolu-
tion to this problem (e.g., Jackson, 1987) is that shallowly dipping normal
faults begin at a steep angle and are rotated to shallow dips by younger
high-angle normal faults (e.g., Proffett, 1977). The sequential isostatic
rebound of the detachment depicted in Figure 4 indicates a solution that
may resolve the two sets of data: the detachment begins at a shallow angle
in the ductile, aseismic, middle and lower crust; steepens on its ascent
through much of the brittle, seismic crust; then shallows to its final orienta-
tion. Seismicity in this setting might only record transient deformation on
the detachment as it passed from beneath its hanging wall. This solution
does not, however, reconcile the seismic data with those faults active at
low dip in the brittle crust, such as the Sevier Desert detachment (e.g.,
Allmendinger et al., 1983), the Mormon Peak detachment (Wernicke et
al., 1985), the Whipple Mountains detachment (Davis, 1988), and the
northern Panamint Valley fault system (Burchfiel et al., 1987).

REFERENCES CITED

Alimendinger, R.W,, Sharp, J.W., Von Tish, D., Serpa, L., Brown, L., Kaufman, S.,
Oliver, J., and Smith, R.B., 1983, Cenozoic and Mesozoic structure of the
eastern Basin and Range province, Utah, from COCORP seismic-reflection
data: Geology, v. 11, p. 532-536.

Bartley, .M., and Wemicke, B.P., 1984, The Snake Range decollement interpreted
as a major extensional shear zone: Tectonics, v. 3, p. 647-657.

Beal, L.H., 1965, Geology and mineral deposits of the Bunkerville mining district,
Clark County, Nevada: Nevada Bureau of Mines Bulletin, v. 63, 96 p.

Burchfiel, B.C., Hodges, K.V., and Royden, L.H., 1987, Geology of the Panamint
Valley-Saline Valley pull-apart system, California: Palinspastic evidence for
low-angle geometry of a Neogene range-bounding fault: Journal of Geophysi-
cal Research, v. 92, p. 10422-10426.

Davis, G.A., 1988, Rapid upward transport of mid-crustal mylonitic gneisses in the
footwall of a Miocene detachment fault, Whipple Mountains, southeastern
California: Geologisches Rundschau, v. 77, p. 191-209.

Eaton, G.P., Wahl, R.R,, Protska, H.J., Mabey, D.R., and Kleinkopf, M.D., 1978,
Regional gravity and tectonic patterns: Their relation to late Cenozoic epeirog-
eny and lateral spreading in the western Cordillera, in Smith, R.B., and Eaton,
G.P,, eds., Cenozoic tectonics and regional geophysics of the western Cordil-
lera: Geological Society of America Memoir 152, p. 51-92.

Gans, P.B., and Miller, E.L., 1983, Style of mid-Tertiary extension in east-central
Nevada, in Nash, W.P., and Grugel, K.D., eds., Geologic excursions in the
overthrust belt and metamorphic core complexes of the intermountain region:
Utah Geological and Mineralogical Survey Special Studies 50, Guidebook,
part 1, p. 107-139.

Hamilton, W., 1988, Extensional faulting in the Death Valley region: Geological
Society of America Abstracts with Programs, v. 20, p. 165-166.

Hintze, LF., 1986, Stratigraphy and structure of the Beaver Dam Mountains,
southwestern Utah, in Griffen, D., and Phillips, W.R., eds., Thrusting and
extensional structures and mineralization in the Beaver Dam Mountains,
southwestern Utah: Utah Geological Association Publication 15, p. 1-36.

GEOLOGY, September 1988

Howard, K.A., Stone, P., Pernokas, M.A., and Marvin, R.F., 1982, Geologic and
geochronologic reconnaissance of the Turtle Mountains area, California: West
border of the Whipple Mountains detachment terrain, in Frost, E.G., and
Martin, D.L., eds., Mesozoic-Cenozoic tectonic evolution of the Colorado
River region, California, Arizona, and Nevada: San Diego, California, Cordil-
leran Publishers, p. 341-355.

Jackson, J.A., 1987, Active normal faulting and crustal extension, in Coward, M.P.,
Dewey, J.F., and Hancock, P.L., eds., Continental extensional tectonics: Geo-
logical Society of London Special Publication 28, p. 3-18.

Longwell, C.R., 1945, Low-angle normal faults in the Basin and Range province:
EOS (American Geophysical Union Transactions), v. 26, p. 107-118.

Longwell, C.R., Pampeyan, E.H., Bowyer, B., and Roberts, R.J., 1965, Geology
and mineral deposits of Clark County, Nevada: Nevada Bureau of Mines and
Geology Bulletin 62, 218 p., 16 pls.

Moore, R.T., 1972, Geology-of the Virgin and Beaver Dam mountains, Arizona:
Arizona Bureau of Mines Bulletin 186, 65 p., 6 pls.

Morgan, J.R., 1968, Structure and stratigraphy of the northern part of the South
Virgin Mountains, Clark County, Nevada [M.S. thesis): Albuquerque, Univer-
sity of New Mexico, 103 p.

Parry, W.T., and Bruhn, R.L., 1987, Fluid inclusion evidence for a minimum 11 km
vertical offset on the Wasatch fault, Utah: Geology, v. 15, p. 67-70.

Proffett, JM,, Jr., 1977, Cenozoic geology of the Yerington District, Nevada, and
implications for the nature and origin of Basin and Range faulting: Geological
Society of America Bulletin, v. 88, p. 247-266.

Reynolds, S.J., and Spencer, J.E., 1985, Evidence for large-scale transport on the
Bullard detachment fault, west-central Arizona: Geology, v. 13, p. 353-356.

Seager, W.R., 1970, Low-angle gravity glide structures in the Northern Virgin
Mountains, Nevada and Arizona: Geological Society of America Bulletin,
v. 81, p. 1517-1538.

Smith, EIL, Anderson, R.E., Bohannon, R.G., and Axen, G.J., 1987, Miocene
extension, volcanism, and sedimentation in the eastern Basin and Range prov-
ince, southern Nevada, in Davis, G.H., and VandenDolder, EM., eds.,
Geologic diversity of Arizona and its margins: Excursions to choice areas:
Arizona Bureau of Geology and Mineral Technology Special Paper 5,
p. 383-397.

Smith, R.B., and Bruhn, R.L., 1984, Intra-plate extensional tectonics of the eastern
Basin and Range: Inferences of structural style from seismic reflection data,
regional tectonics and thermal-mechanical models of brittle-ductile deforma-
tion: Journal of Geophysical Research, v. 89, p. 5733-5762.

Spencer, J.E., 1982, Origin of folds of Tertiary low-angle fault surfaces, southeast-
em California and western Arizona, in Frost, E.G., and Martin, D.L., eds.,
Mesozoic-Cenozoic tectonic evolution of the Colorado River region, Califor-
nia, Arizona and Nevada: San Diego, California, Cordilleran Publishers,

- p. 123-134.

——1984, Role of tectonic denudation in warping an uplift of low-angle normal
faults: Geology, v. 12, p. 95-98.

Vening Meinesz, F.A., 1950, Les “grabens” africains, resultat de compression ou de
tension dans la croute terrestre?: Bulletin of the Royal Colonial Institute of
Belgium, v. 21, p. 539-552.

Volborth, A., 1962, Rapakivi-type granites in the Precambrian complex of Gold
Butte, Clark County, Nevada: Geological Society of America Bulletin, v. 73,
p. 813-832.

Wernicke, B., 1985, Uniform-sense normal simple shear of the continental litho-
sphere: Canadian Journal of Earth Sciences, v. 22, p. 108-125.

Wernicke, B., Walker, J.D., and Beaufait, M.S., 1985, Structural discordance be-
tween Neogene detachments and frontal Sevier thrusts, central Mormon
Mountains, southern Nevada: Tectonics, v. 4, p. 213-246.

Wernicke, B., Walker, J.D., and Hodges, K.V., 1988, Hanging wall structural
evolution of the Tucki Mountain detachment system, Death Valley region,
southeastern California: Geological Society of America Abstracts with Pro-
grams, v. 20, p. 242,

Wilson, E.D., Moore, R.T., Ransome, F.L., Longwell, C.R., Laskey, S.G., Webber,
B.N,, Dings, M.G., and Sims, P.K., 1959, Geologic map of Mojave County,
Arizona: Tucson, Arizona, Arizona Bureau of Mines, scale 1:375,000.

Zandt, G., and Owen, T.J., 1980, Crustal flexure associated with normal faulting,
and implications for seismicity along the Wasatch front, Utah: Seismological
Society of America Bulletin, v. 70, p. 1501-1520.

ACKNOWLEDGMENTS

Supported by National Science Foundation Grants EAR-8451181 and EAR-
8617869, and grants from Texaco, Inc., and Exxon Production Research Company
awarded to B. Wernicke. We thank Jeff Weissel and Teresa Jordan for thoughtful
and constructive reviews.

Manuscript received February 5, 1988
Revised manuscript received May 23, 1988
Manuscript accepted June 2, 1988

Printed in US.A. 851



