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Extension in western North America has been ongoing locally since Eocene time, roughly
50 m.y. [Axen et al., 1993; Christiansen et al., 1992; Wernicke, 1992].  During nearly all of
that time, the western margin of North America was an active margin, initially involving
subduction of Farallon and Vancouver plates along the entire length [Atwater, 1970;
Atwater, 1989; Stock and Molnar, 1988].  The belt of extended terranes is considerably
longer than the modern-day Basin and Range province, reaching from southwestern
Canada into central Mexico [Henry and Aranda-Gomez, 1992].  At about 29 Ma, the
eastern corner of the Pacific plate came into contact with North America outboard of the
actively extending part of the continent, and the margin began to evolve into a
wrench/oblique rifting margin, lengthening through time gradually northward and in jumps
southward [Atwater, 1970; Atwater and Stock, 1998; Stock and Hodges, 1989].

During the ~50 m.y. of Cenozoic extension in North America, there have been places
that experienced as many as three episodes of extensional tectonism and others that have
only been stretched once [Axen et al., 1993].  In general, the extended regions correspond
roughly with previously thickened regions, suggesting that thick crust and lithosphere left
over from previous episodes of shortening played a critical role in driving extension
[Coney and Harms, 1984; Sonder et al., 1987], although there probably are exceptions to
this generalization.  In addition, extensional tectonism was generally synchronous with
magmatism, but the validity of this generalization depends partly upon the scale of
observation [Axen et al., 1993].

The North American Cordillera is famous as the discovery place of large-
displacement (tens of kilometers), mid-Tertiary low-angle normal faults, or detachment
faults [Anderson, 1971; Armstrong, 1972; Crittenden et al., 1980].  Most of these faults lie
within a belt that runs from Canada to northwestern Mexico and that is narrower than the
extended part of the Cordillera at any given latitude [Axen et al., 1993].  Many, but by no
means all, detachment faults evolved from low-angle normal-sense ductile-to-brittle shear
zones that separate midcrustal crystalline “core” rocks from brittlely faulted upper-crustal
basement and overlying strata of “Cordilleran metamorphic core complexes”.  Typically,
these detachment faults formed in places that had not previously extended in Cenozoic
time.

Subsequently, detachment faults have been recognized on all the continents (even
within collisional orogens such as the European Alps and Himalaya) and in slow-
spreading oceanic lithosphere, and have been dated from well back into Precambrian time
to Quaternary, so they are not structures unique to the Cordillera nor to the mid-Tertiary.



Evidence that detachment faults of the western U.S. formed and slipped in low-angle
(≤30°) orientations is well established.  Particularly clear-cut examples include the
Whipple-Chemehuevi [Davis, 1988; Davis and Lister, 1988; John, 1987; Lister and
Davis, 1989, John, 1993 #725] core complexes and the Beaver Dam Mountains-Tule
Springs Hills-Mormon Mountains region where low-angle normal faults do not involve
lower plates showing significant metamorphism yet still cut into upper midcrustal levels
[Axen, 1991; Axen, 1993; Wernicke et al., 1985].  In fact, most detachment terrains are
explained easily by low-angle normal slip, with other explanations generally requiring ad
hoc rotations of the faults.  This is not to say that some rotations of specific detachments
during and/or after slip have not occurred.  Favored means of rotation include domino-style
tectonics [Proffett, 1977] on a crustal-scale [Davis, 1983], rolling hinge tectonics
synchronous with detachment slip [Axen and Bartley, 1997; Buck, 1988; Hamilton, 1988;
Wernicke and Axen, 1988], or subsequent tilting due to unrelated faults.

Domino-style fault arrays are relatively common in the upper plates of detachment
faults in the Cordillera, along with steep normal faults and listric (upward-steepening,
concave-up) normal faults.  However, crustal-scale tilting of detachment-bounded domino-
style arrays does not seem to be the rule.

Rolling hinge deformation related to detachment faults, in which the footwall uplifts
isostatically as it is denuded of its hanging wall, is a common process [Axen and Bartley,
1997; Hamilton, 1988; Spencer, 1984, Buck, 1988 #9; Wernicke and Axen, 1988].
However, rotations accommodated by rolling hinge tectonics are generally only ~10° in
well documented examples and it does not appear that rotations in excess of 10-20° are
common during rolling hinge evolution [Axen and Bartley, 1997], so this does not provide
a widely applicable escape from the existence of low-angle normal faults.

Enigmatically, detachment faults are the only major class of crustal scale faults that
are nearly (some say totally) aseismic [Jackson, 1987; Jackson and White, 1989] although
two possible low-angle normal earthquakes have recently been documented [Abers, 1991;
Abers et al., 1997] and geomorphic and geologic evidence exists for seismogenic low-
angle faults in the Cordillera [Axen et al., 1999; Burchfiel et al., 1995; Caskey et al., 1996].
This apparent lack of seismicity, combined with poorly understood mechanics, has led
many Earth scientists to deny the existence of low-angle normal faults.  It is worth noting,
however, that the mechanical problems of low-angle normal faults are little different from
those of high-angle reverse faults and the San Andreas fault (undoubtedly the most well
studied major fault in the world), implying that our basic understanding of the mechanics
of all faulting has room for considerable improvement.

The principal remaining conundrum that is specific to low-angle normal faults seems
to be their low levels of seismicity.  Theories to explain this (apart from denial of the
existence of low-angle normal faults) include aseismic creep [Jackson, 1987], infrequent
earthquakes of abnormally large magnitude [Wernicke, 1995], and triggering by other
seismic events of noncontroversial nature that may disguise the seismic signal related to
low-angle normal slip [Axen, 2000 (in press); Caskey and Wesnousky, 1997].

The mechanics of low-angle normal faults do not fit well with the combination of
Andersonian and Mohr-Coulomb mechanics, which predicts that normal faults should be



steep [Anderson, 1942].  Most suggested solutions to this problem can be grouped into
two types: those that attempt to explain slip and/or formation at low angles through
rotations of the stress field [Spencer and Chase, 1989; Yin, 1989] and those that explain
slip and/or formation via fault weakness due to elevated pore-fluid pressure and anisotropy
imparted by the older mylonitic foliation [Axen, 1992; Bartley and Glazner, 1985; Bruhn
et al., 1982].  Stress-field models that give sufficient stress-field rotations may not yield
resolved shear stress on low-angle planes sufficient to drive slip however [Wills and Buck,
1997].  High fluid pressure within detachment zones might tend to hydrofracture the upper
plate [Guth et al., 1982] so some method to prevent this is required.  Axen [1992] used
stress compatibility arguments [Rice, 1992] to “solve” this problem.  On the basis of field
evidence from the Whipple Mountains, it has been argued that detachment faults are neither
weak nor subject to anomalously high pore pressure, but slip because they follow a
different failure criterion (noncohesive friction) than that of their surroundings (cohesive
Mohr-Coulomb failure) [Axen and Selverstone, 1994].

In spite of the fact that detachment faults clearly accommodate regional extension and
thinning of the crust, there are good reasons to believe that the metamorphic cores
themselves thickened during detachment activity either by influx of magmas localized there
[Gans, 1987; Miller et al., 1983; Reynolds and Rehrig, 1980] or by flow of a fluid crustal
layer [Block and Royden, 1990; Wdowinski and Axen, 1992; Wernicke, 1990; Wernicke,
1992].  This is required to explain the anomalously high local elevations of domal
metamorphic cores, although cores are not anomalously high relative to unextended
terrains surrounding the core complex belt.

In spite of having accomplished extension across parts of the Cordillera amounting to
~250 km [Hamilton and Myers, 1966; Wernicke et al., 1988], final rifting of the continent
in the Gulf of California did not follow the belt of metamorphic core complexes but
occurred instead along the axis of a previously developed but relatively short-lived volcanic
arc adjacent to a strong crustal “beam” formed by the Peninsular Ranges batholith [Stock
and Hodges, 1989].  Although the early gulf extension direction was roughly orthogonal to
the rift trend [Angelier et al., 1981; Umhoefer and Stone, 1996], the rifting that finally
sundered the lithosphere was strongly oblique to the rift margin and involved strain
partitioned among local and regional normal faults, strike-slip faults, vertical-axis rotations,
incipient spreading centers and oceanic spreading [Axen and Fletcher, 1998; Lee et al.,
1996; Lewis and Stock, 1998; Lonsdale, 1989; Stock and Hodges, 1989; Stock and
Hodges, 1990; Umhoefer and Stone, 1996].  Interestingly, low-angle normal faults related
to this episode of rifting are relatively uncommon on the exposed margins [Axen and
Fletcher, 1998], although more may be submerged within the Gulf.

References
Abers, G.A., Possible seismogenic shallow-dipping normal faults in the Woodlark-

D'Entrecasteaux extensional province, Papua New Guinea, Geology, 19, 1205-1210,
1991.



Abers, G.A., C.Z. Mutter, and J. Fang, Shallow dips of normal faults during rapid
extension:  Earthquakes in the Woodlark-D'Entrecasteaux rift system, Papua New
Guinea, Journal of Geophysical Research, 102, 15,301-15,317, 1997.

Anderson, E.M., The dynamics of faulting and dyke formation with application to Britain,
191 pp., Oliver and Boyd, Edinburgh, 1942.

Anderson, R.E., Thin-skin distension in Tertiary rocks of southwestern Nevada,
Geological Society of America Bulletin, 82, 43-58, 1971.

Angelier, J., B. Colleta, L. Chorowicz, L. Ortlieb, and C. Rangin, Fault tectonics of the
Baja California peninsula and the opening of the Sea of Cortez, Mexico, Journal of
Structural Geology, 3 (4), 347-357, 1981.

Armstrong, R.L., Low-angle (denudation faults), hinterland of the Sevier orogenic belt,
eastern Nevada and western Utah, Geological Society of America Bulletin, 83, 1729-
1754, 1972.

Atwater, T., Implications of plate tectonics for the Cenozoic tectonic evolution of western
North America, Geological Society of America Bulletin, 81, 3513-3536, 1970.

Atwater, T., Plate tectonic history of the northeast Pacific and western North America, in
The eastern Pacific Ocean and Hawaii, edited by E.L. Winterer, D.M. Hussong, and
R.W. Decker, pp. 21-72, Geological Society of America, Boulder, Colorado, 1989.

Atwater, T., and J. Stock, Pacific-North America plate tectonics of the Neogene
southwestern United States - An update, International Geology Review, 40, 375-402,
1998.

Axen, G.J., Tertiary extension, magmatism, and thrust reactivation in the southern Great
Basin, and a mechanical model for detachment faulting, Ph.D. thesis, Harvard
University, 1991.

Axen, G.J., Pore pressure, stress increase, and fault weakening in low-angle normal
faulting, Journal of Geophysical Research, 97 (B6), 8979-8991, 1992.

Axen, G.J., Ramp-flat detachment faulting and low-angle normal reactivation of the Tule
Springs thrust, southern Nevada, Geological Society of America Bulletin, 105, 1,076-
1,090; map scale 1:50,000, 1993.

Axen, G.J., Low-angle normal fault earthquakes and triggering, Geophysical Research
Letters, 27, 2000 (in press).

Axen, G.J., and J.M. Bartley, Field test of rolling hinges: Existence, mechanical types, and
implications for extensional tectonics, Journal of Geophysical Research, 102, 20,515-
20,537, 1997.

Axen, G.J., and J.M. Fletcher, Late Miocene-Pleistocene extensional faulting, northern
Gulf of California, Mexico and Salton Trough, California, International Geology
Review, 40, 217-244, 1998.

Axen, G.J., J.M. Fletcher, E. Cowgill, M. Murphy, P. Kapp, I. MacMillan, E. Ramos-
Velázquez, and J. Aranda-Gómez, Range-front fault scarps of the Sierra El Mayor,
Baja California: Formed above an active low-angle normal fault?, Geology, 27, 247-
250, 1999.

Axen, G.J., and J. Selverstone, Stress-state and fluid-pressure level along the Whipple
detachment fault, California, Geology, 22, 835-838, 1994.



Axen, G.J., W.J. Taylor, and J.M. Bartley, Space-time patterns and tectonic controls of
Tertiary extension and magmatism in the Great Basin of the western United States,
Geological Society of America Bulletin, 105 (1), 56-76, 1993.

Bartley, J.M., and A.F. Glazner, Hydrothermal systems and Tertiary low-angle normal
faulting in the Southwestern United States, Geology, 13, 562-564, 1985.

Block, L., and L.H. Royden, Core complex geometries and regional scale flow in the lower
crust, Tectonics, 9, 557-567, 1990.

Bruhn, R.L., M.R. Yusas, and F. Huertas, Mechanics of low-angle normal faulting: An
example from Roosevelt Hot Springs geothermal area, Tectonophysics, 86, 343-361,
1982.

Buck, W.R., Flexural rotation of normal faults, Tectonics, 7, 959-973, 1988.
Burchfiel, B.C., P. Molnar, P. Zhang, Q. Deng, W. Zhang, and Y. Wang, Example of a

supradetachment basin within a pull-apart tectonic setting: Mormon Point, Death
Valley, California, Basin Research, 7, 199-214, 1995.

Caskey, S.J., and S.G. Wesnousky, Static stress changes and earthquake triggering during
the 1954 Fairview Peak and Dixie Valley earthquakes, Central Nevada, Bulletin of the
Seismological Society of America, 87, 521-527, 1997.

Caskey, S.J., S.G. Wesnousky, P. Zhang, and D.B. Slemmons, Surface faulting of the
1954 Fairview Peak (Ms 7.2) and Dixie Valley (Ms 6.8) earthquakes, Central Nevada,

Bulletin of the Seismological Society of America, 86, 761-787, 1996.
Christiansen, R.L., R.S. Yeats, S.A. Graham, W.A. Niem, A.R. Niem, and P.D. Snavely,

Post-Laramide geology of the U. S. Cordilleran region, in The Cordilleran orogen:
Conterminous U. S., edited by B.C. Burchfiel, P.W. Lipman, and  M.L. Zoback, pp.
261-406, Geological Society of America, Boulder, Colorado, 1992.

Coney, P.J., and T.A. Harms, Cordilleran metamorphic core complexes:  Cenozoic relics
of Mesozoic compression, Geology, 12, 550-554, 1984.

Crittenden, M.D., P.J. Coney, and G.H. Davis, Cordilleran Metamorphic Core Complexes,
in Memoir, pp. 490, Geological Society of America, Boulder, Colorado, 1980.

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

Davis, G.A., and G.S. Lister, Detachment faulting in continental extension;  Perspectives
from the southwestern U.S. Cordillera, in Processes in Continental Lithospheric
Deformation, edited by S.P. Clark, Jr., B.C. Burchfiel, and  J. Suppe, pp. 133-159,
Geological Society of America, Boulder, Colorado, 1988.

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

Gans, P.B., An open-system two-layer crustal stretching model for the eastern Great
Basin, Tectonics, 6, 112-, 1987.

Guth, P.L., K.V. Hodges, and J.H. Willemin, Limitations on the role of pore pressure in
gravity gliding, Geological Society of America Bulletin, 93, 606-612, 1982.

Hamilton, W.B., Detachment faulting in the Death Valley region, California and Nevada,
U. S. Geological Survey Bulletin, 1790, 51-85, 1988.



Hamilton, W.G., and W.B. Myers, Cenozoic tectonics of the western United States,
Reviews of Geophysics, 4 (4), 509-549, 1966.

Henry, C.D., and J.J. Aranda-Gomez, The real southern Basin and Range: Mid- to late
Cenozoic extension in Mexico, Geology, 20 (8), 701-704, 1992.

Jackson, J.A., Active normal faulting and crustal extension, in Continental extensional
tectonics, edited by M.P. Coward, J.F. Dewey, and  P.L. Hancock, pp. 3-18, Blackwell
Scientific Publications, London, 1987.

Jackson, J.A., and N.J. White, Normal faulting in the upper continental crust: observations
from regions of active extension, Journal of Structural Geology, 11, 15-36, 1989.

John, B.E., Geometry and evolution of a mid-crustal extensional fault system:
Chemehuevi Mountains, southeastern California, in Continental extensional tectonics,
edited by M.P. Coward, J.F. Dewey, and  P.L. Hancock, pp. 313-336, Blackwell
Scientific Publications, London, 1987.

Lee, J., M.M. Miller, R. Crippen, B. Hacker, and J. Ledesma-Vasquez, Middle Miocene
extension in the Gulf Extensional Province, Baja California: Evidence from the
southern Sierra Juarez, Geological Society of America Bulletin, 108, 505-525, 1996.

Lewis, C.J., and J.M. Stock, Paleomagnetic evidence of localized vertical-axis rotation
during Neogene extension in the Sierra San Fermín, northeastern Baja California,
Mexico, Journal of Geophysical Research, 103, 2455-2470, 1998.

Lister, G., and G.A. Davis, The origin of metamorphic core complexes and detachment
faults formed during Tertiary continental extension in the northern Colorado River
region, U.S.A., Journal of Structural Geology, 11, 65-94, 1989.

Lonsdale, P., Geology and tectonic history of the Gulf of California, in The Eastern Pacific
Ocean and Hawaii, edited by E.L. Winterer, D.M. Hussong, and  R.W. Decker, pp.
499-522, Geological Society of America, Boulder, Colorado, 1989.

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

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

Reynolds, S.J., and W.A. Rehrig, Mid-Tertiary plutonism and mylonitization, South
Mountains, central Arizona, in Cordilleran metamorphic core complexes, edited by
M.D. Crittenden, Jr., P.J. Coney, and  G.H. Davis, pp. 159-175, Geological Society of
America, Boulder, Colorado, 1980.

Rice, J.R., Fault stress states, pore pressure distributions, and the weakness of the San
Andreas fault, in Fault mechanics and transport properties of rocks: A festschrift in
honor of W. F. Brace, edited by B. Evans, and  T.-F. Wong, pp. 475-504, Academic
Press, New York, 1992.

Sonder, L.J., P.C. England, B.P. Wernicke, and R.L. Christiansen, A physical model for
Cenozoic extension of western North America, in Continental extensional tectonics,
edited by M.P. Coward, J.F. Dewey, and  P.L. Hancock, pp. 187-201, Geological
Society, Oxford, 1987.



Spencer, J.E., The role of tectonic denudation in the warping and uplift of low-angle
normal faults, Geology, 12, 95-98, 1984.

Spencer, J.E., and C.G. Chase, Role of crustal flexure in initiation of low-angle normal
faults and implications for structural evolution of the Basin and Range province,
Journal of Geophysical Research, 94, 1765-1775, 1989.

Stock, J., and P. Molnar, Uncertainties and implications of the Late Cretaceous and Tertiary
position of North America relative to the Faralon, Kula and Pacific plates, Tectonics, 7
(6), 1339-1384, 1988.

Stock, J.M., and K.V. Hodges, Pre-Pliocene extension around the Gulf of California and
the transfer of Baja California to the Pacific plate, Tectonics, 8, 99-115, 1989.

Stock, J.M., and K.V. Hodges, Miocene to Recent structural development of an
extensional accommodation zone, northeastern Baja California, Mexico, Journal of
Structural Geology, 12, 315-328, 1990.

Umhoefer, P.J., and K.A. Stone, Description and kinematics of the SE Loreto basin fault
array, Baja California Sur, Mexico: A positive field test of oblique-rift models, Journal
of Structural Geology, 18, 595-614, 1996.

Wdowinski, S., and G.J. Axen, Isostatic rebound due to tectonic denudation: A viscous
flow model of a layered lithosphere, Tectonics, 11, 303-315, 1992.

Wernicke, B., The fluid crustal layer and its implications for continental dynamics, in
Exposed Cross Sections of the Continental Crust, edited by M.H. Slisbury, and  D.M.
Fountain, pp. 509-544, Kluwer Academic Publishers, Netherlands, 1990.

Wernicke, B., Cenozoic extensional tectonics of the U.S. Cordillera, in The Cordilleran
orogen: Conterminous U.S., edited by B.C. Burchfiel, P.W. Lipman, and  M.L.
Zoback, pp. 553-582, Geological Society of America, Boulder, Colorado, 1992.

Wernicke, B., Low-angle normal faults and seismicity: A review, Journal of Geophysical
Research, 100, 20,159-20,174, 1995.

Wernicke, B., and G.J. Axen, On the role of isostasy in the evolution of normal fault
systems, Geology, 16, 848-851, 1988.

Wernicke, B., G.J. Axen, and J.K. Snow, Basin and Range extensional tectonics at the
latitude of Las Vegas, Nevada, Geological Society of America Bulletin, 100, 1738-
1757, 1988.

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

Wills, S., and R. Buck, Stress-field rotation and rooted detachment faults; a Coulomb
failure analysis, Journal of Geophysical Research, 102, 20,503-20,514, 1997.

Yin, A., Origin of regional rooted low-angle normal faults: a mechanical model and it
implications, Tectonics, 8, 469-482, 1989.


