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Figure 2. Time-space diagram of lithic assemblages in the Great Basin and adjoining areas (note time-scale breaks at 50 Ma, 400 Ma, 
and 500 Ma). The rectangle labeled truncation denotes schematically the completion of continental truncation along the Permian-Triassic 
California-Coahuila transform and subsequent initiation of the Mesozoic-Cenozoic Cordilleran continental-margin magmatic arc. Key 
thrusts: GT—Golconda; LFT—Luning-Fencemaker; RMT—Roberts Mountains. UMG/BCF—Uinta Mountain Group and Big Cotton-
wood Formation.
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Figure 1. Position of the Great Basin 
in the western Cordillera (adapted 
after Dickinson, 2002). Modern triple 
plate junctions: MTJ—Mendocino; 
RTJ—Rivera; TTJ—Tofi no. Other 
abbreviations: BM—Blue Moun-
tains; CRP—Columbia River Plateau 
(check pattern and red color denote 
extent of Columbia River Basalt 
lavas); KFMS—Kisenehn-Flathead-
Mission-Swan extensional Paleogene 
basins; KM—Klamath Mountains; 
LCZ—Lewis and Clark fault zone; 
PNW—Pacifi c Northwest; RFZ—
Rivera Fracture Zone; SN—Sierra 
Nevada; SRP—Snake River Plain; 
TMI—Tres Marias Islands (cross 
pattern and red color denote extent of 
bimodal volcanic suite).
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Figure 2. Time-space diagram of lithic assemblages in the Great Basin and adjoining areas (note time-scale breaks at 50 Ma, 400 Ma, 
and 500 Ma). The rectangle labeled truncation denotes schematically the completion of continental truncation along the Permian-Triassic 
California-Coahuila transform and subsequent initiation of the Mesozoic-Cenozoic Cordilleran continental-margin magmatic arc. Key 
thrusts: GT—Golconda; LFT—Luning-Fencemaker; RMT—Roberts Mountains. UMG/BCF—Uinta Mountain Group and Big Cotton-
wood Formation.
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Figure 1. Position of the Great Basin 
in the western Cordillera (adapted 
after Dickinson, 2002). Modern triple 
plate junctions: MTJ—Mendocino; 
RTJ—Rivera; TTJ—Tofi no. Other 
abbreviations: BM—Blue Moun-
tains; CRP—Columbia River Plateau 
(check pattern and red color denote 
extent of Columbia River Basalt 
lavas); KFMS—Kisenehn-Flathead-
Mission-Swan extensional Paleogene 
basins; KM—Klamath Mountains; 
LCZ—Lewis and Clark fault zone; 
PNW—Pacifi c Northwest; RFZ—
Rivera Fracture Zone; SN—Sierra 
Nevada; SRP—Snake River Plain; 
TMI—Tres Marias Islands (cross 
pattern and red color denote extent of 
bimodal volcanic suite).
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than the conjoined Yavapai-Mazatzal terranes 
(1800–1600 Ma) farther east (Fig. 2).

Laurentia was incorporated into the Mesopro-
terozoic supercontinent of Rodinia at the time of 
the Grenville orogeny (1300–1000 Ma), but the 
identity of the crustal blocks lying immediately 
west of the Great Basin within Rodinia remains 
uncertain. Options include the Precambrian 
cores of Siberia (Sears and Price, 1978, 2000, 
2003), East Antarctica (Hoffman, 1991; Moores, 
1991; Dalziel, 1991; Weil et al., 1998; Li, 1999), 
and Australia (Brookfi eld, 1993; Powell et al., 
1994; Karlstrom et al., 1999, 2001). Postulated 
geologic ties of Laurentia to Australia or Ant-
arctica are diffi cult to defend in detail (Wingate 
et al., 2002), but a close match of Proterozoic 
lithostratigraphy from the Death Valley region 
at the southern limit of the Great Basin to the 
Sette-Daban Range of southeastern Siberia 
provisionally confi rms the Siberian connection 
(Sears et al., 2005).

The possible signifi cance of Precambrian evo-
lution for later metallogeny in the Great Basin is 
uncertain, but subjacent Precambrian basement 
is a potential reservoir for metals mobilized by 
Phanerozoic tectonic events. Continental crust 
is commonly viewed in generic terms, as if one 
continental block were indistinguishable from 
another, but different crustal blocks around the 
world harbor different kinds of ore deposits, and 
differences in the continental basement of the 
Great Basin might be signifi cant for metallog-
eny. The Cheyenne suture belt between Archean 
and Paleoproterozoic terranes (Karlstrom and 
Houston, 1984; Chamberlain et al., 1993) pro-
jects westward into the Great Basin (Fig. 3) and 
delineates a local contrast in crustal architecture 
(Wright and Wooden, 1991).

Incipient Precambrian rifting may have locally 
affected Precambrian basement of the Great 
Basin by introduction of mantle-derived mag-
mas into the crustal profi le or by redistribution 
of crustal materials through the thermal effects 
of rifting. Pre-Rodinian intracontinental rifting 
(1470–1370 Ma) of Laurentian crust produced 
the extensive Belt-Purcell basin (Fig. 3) of the 
northern Rocky Mountains (Evans et al., 2000; 
Luepke and Lyons, 2001), and undetected coeval 
structures could well be present farther south in 
the subsurface of the Great Basin (Fig. 2). Some-
what younger rift structures, associated with 
deposition of the Unkar Group (1255–1105 Ma) 
in the Grand Canyon south of the Great Basin, 
were coeval with the Grenville assembly of 
Rodinia and may have counterparts that extend 
into the Great Basin (Timmons et al., 2005).

Of special interest is the possibility that the 
Uinta Mountain–Big Cottonwood trough or aula-
cogen projects beneath miogeoclinal cover into 
the northeastern Great Basin along the trend of 

the Archean-Paleoproterozoic suture (Fig. 3), 
which may have controlled the position of a local 
bend in the confi guration of the miogeoclinal 
Paleozoic continental margin (Miller et al., 1991). 
The Uinta Mountain Group and Big Cottonwood 
Formation are poorly dated, but the best available 
geochronology indicates deposition during the 
premiogeoclinal interval of 770–740 Ma (Dehler 
et al., 2005). This time frame is coeval with 
deposition of the premiogeoclinal Chuar Group 
(775–735 Ma) of the Grand Canyon in fault-con-
trolled rift basins (Timmons et al., 2001), which 
may also have counterparts in the subsurface of 
the Great Basin to the northwest.

CORDILLERAN MIOGEOCLINE

Neoproterozoic continental separation by 
rifting delineated the Cordilleran margin not 
long before the onset of Phanerozoic time and 
initiated deposition of a westward-thickening 
prism of miogeoclinal sediment (Fig. 2), includ-
ing both shelfal and off-shelf slope strata of 
Neoproterozoic to Devonian age (Poole et al., 
1993). Few have speculated about the possible 
infl uence of continental rifting on ore genesis 
because all modern examples of passive conti-
nental margins are buried beneath thick sediment 
cover and are unavailable for direct observation, 
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trending miogeoclinal belt, but not with a wraparound margin in 
which the inner shelf deposits are on the north and the outer shelf 
deposits are on the south.

MIDDLE AND UPPER CAMBRIAN MIOGEOCLINAL 
STRATA

Middle and Upper Cambrian miogeoclinal strata consist 
mostly of thick carbonate successions (Stewart and Suczek, 1977; 
Stewart, 1991; Palmer and Hintze, 1992; Stewart et al., 2002). 
They extend from Idaho, south to eastern California, into the 
San Bernardino Mountains, and then, south of a 600-km gap in 
outcrops, into northwest Sonora (Fig. 6). Correlation of specifi c 
units is restricted to the lowermost part of the Middle and Upper 
Cambrian succession including the upper part of the Lower Cam-
brian succession. These rocks consist of the Carrara Formation in 
eastern California and southern Nevada (Palmer and Halley, 1979) 
and of the correlative combined Buelna, Cerro Prieto, and Arrojos 
Formations in northeast Sonora (Cooper et al., 1952; Palmer, 1981; 
Stewart et al., 1984, 2002). The Carrara Formation consists of 

shale and siltstone, lime mudstone, oolitic limestone, algal-bound 
limestone, and oncoid limestone. The Buelna, Cerro Prieto Forma-
tion, and Arrojos are lithostratigraphically similar to the Carrara 
Formation and contain a trilobite fauna correlative to that in the 
Carrara Formation. The Carrara and the Cerro Prieto Formations 
both contain distinctive oncoid limestone. The distinctive stratig-
raphy of the Carrara Formation is found only in eastern California 
and southern Nevada, and in the correlative Buelna, Cerro Prieto, 
and Arrojos Formations in Sonora. This similar stratigraphy is 
suggestive of offset of one to the other. Strata above the Carrara 
Formation in eastern California and southern Nevada are assigned 
to the thick carbonate succession of the Bonanza King Formation. 
The incompletely exposed Tren Formation in Sonora is correlated 
with the Bonanza King Formation. Correlations of Cambrian strata 
younger than the Tren Formation in Sonora are sketchy and uncer-
tain (Stewart et al., 1990, 2002).
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trending miogeoclinal belt, but not with a wraparound margin in 
which the inner shelf deposits are on the north and the outer shelf 
deposits are on the south.

MIDDLE AND UPPER CAMBRIAN MIOGEOCLINAL 
STRATA

Middle and Upper Cambrian miogeoclinal strata consist 
mostly of thick carbonate successions (Stewart and Suczek, 1977; 
Stewart, 1991; Palmer and Hintze, 1992; Stewart et al., 2002). 
They extend from Idaho, south to eastern California, into the 
San Bernardino Mountains, and then, south of a 600-km gap in 
outcrops, into northwest Sonora (Fig. 6). Correlation of specifi c 
units is restricted to the lowermost part of the Middle and Upper 
Cambrian succession including the upper part of the Lower Cam-
brian succession. These rocks consist of the Carrara Formation in 
eastern California and southern Nevada (Palmer and Halley, 1979) 
and of the correlative combined Buelna, Cerro Prieto, and Arrojos 
Formations in northeast Sonora (Cooper et al., 1952; Palmer, 1981; 
Stewart et al., 1984, 2002). The Carrara Formation consists of 

shale and siltstone, lime mudstone, oolitic limestone, algal-bound 
limestone, and oncoid limestone. The Buelna, Cerro Prieto Forma-
tion, and Arrojos are lithostratigraphically similar to the Carrara 
Formation and contain a trilobite fauna correlative to that in the 
Carrara Formation. The Carrara and the Cerro Prieto Formations 
both contain distinctive oncoid limestone. The distinctive stratig-
raphy of the Carrara Formation is found only in eastern California 
and southern Nevada, and in the correlative Buelna, Cerro Prieto, 
and Arrojos Formations in Sonora. This similar stratigraphy is 
suggestive of offset of one to the other. Strata above the Carrara 
Formation in eastern California and southern Nevada are assigned 
to the thick carbonate succession of the Bonanza King Formation. 
The incompletely exposed Tren Formation in Sonora is correlated 
with the Bonanza King Formation. Correlations of Cambrian strata 
younger than the Tren Formation in Sonora are sketchy and uncer-
tain (Stewart et al., 1990, 2002).
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 The Pennsylvanian–Early Permian Bird Spring Carbonate Shelf 23

as indicated by the transition from the shelf deposits of the Bird 
Spring Formation to the overlying basinal deposits of the Owens 
Valley Group (Fig. 12D) (Stone, 1984; Stone and Stevens, 1984). 
Drowning of the Bird Spring Shelf in this area coincided with the 
cessation of fossil-bearing sediment-gravity fl ows into the Dar-
win Basin, as shown by the lack of such deposits in the relatively 
fi ne grained, thin-bedded Panamint Springs Member of the Dar-
win Canyon Formation (Stone et al., 1987).

Near Conglomerate Mesa at the western margin of the Dar-
win Basin, unit 2 of the sedimentary rocks of Santa Rosa Flat, 
which may be correlative with the lower part of Fusulinid Zone 4 
of the Bird Spring Shelf, apparently abuts the antiformal stack at 
the front of the Last Chance thrust, and unit 3 overlaps it (Stone 
et al., 1989). Thus, emplacement of the Last Chance thrust evi-
dently had been completed when the shelf in the southern Pana-
mint Range subsided.

In summary, our data indicate that emplacement of the Last 
Chance allochthon began early in Bird Spring Shelf Fusulinid 
Zone 3 time and was completed early in Fusulinid Zone 4 time. 
Emplacement of the allochthon, therefore, represents much of 
Sakmarian (middle Wolfcampian) time, which lasted ~10 m.y. 
according to Gradstein et al. (2004). Displacement on the thrust 
was ~30 km (Stevens and Stone, 2005) indicating a rate of 
3+ mm/yr. As the allochthon shifted eastward, so did the locus 
of subsidence due to loading, as recorded by the sequence of 
sedimentological events discussed above.

TECTONIC CORRELATIONS

The two most important tectonic events that occurred dur-
ing evolution of the Bird Spring Shelf in east-central California 
were development of the Keeler Basin west of the shelf begin-
ning in the Early to Middle Pennsylvanian (Stevens et al., 2001) 

and emplacement of the Last Chance allochthon along the west-
ern margin of the shelf in the Early Permian (Stevens and Stone, 
2005). Both events can be related to other tectonic events known 
elsewhere in western North America (Fig. 13).

Development of the Keeler Basin was approximately simul-
taneous with the collision of South America–Africa (Gondwana) 
with North America (Laurentia) along the Ouachita-Marathon 
orogenic belt and with the origin of cratonal uplifts and basins of 
the ancestral Rocky Mountain region (Kluth and Coney, 1981). 
At the time of this major orogenic episode, a northwest-trend-
ing zone of sinistral faulting (late Paleozoic continental trunca-
tion fault on Figure 3, more or less equivalent to the California-
 Coahuila transform of Dickinson, 2000) is thought to have been 
initiated along the western margin of North America (Fig. 13A). 
The tectonic relationship of this sinistral fault zone to continen-
tal collision and development of the Ouachita-Marathon belt is 
uncertain, although Stevens et al. (1993) and Dickinson (2000) 
have suggested that it accommodated southeastward subduction 
of oceanic crust beneath Gondwana (Fig. 13A). Whatever the ori-
gin of the fault zone, the Keeler Basin developed a short distance 
to the east as part of the “borderland” shown in Figure 3, probably 
as a result of transtension as originally suggested by Stone and 
Stevens (1988).

The second event, emplacement of the Last Chance alloch-
thon, was approximately coeval with continental-margin defor-
mation in northeastern Nevada (Fig. 13B). There, Trexler et al. 
(2004) have described a series of contractional deformations 
that affected rocks in the foreland of the remnant Antler Belt 
from Middle Pennsylvanian to Early Permian time. One event, 
the P1 deformation of Trexler et al. (2004), expressed by open, 
northeast-trending folds, occurred in the late Asselian, just prior 
to emplacement of the Last Chance thrust. Slightly later, in the 
same general region, the north-northeast-trending Dry Mountain 
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major segment of the Circum-Pacific orogenic belt (Dickinson, 2004). The best known
part of this great continental orogen lies in the western interior U.S.A. and southwest-
ern interior Canada, between the latitudes of 36°N and 51°N, where it reaches its
maximum width of !1000 kilometers (fig. 2). Constructed for the most part during

Fig. 2. Tectonic map of the western United States, showing the major components of the Cordilleran
orogenic belt. The initial Sr ratio line is taken to represent the approximate western edge of North American
cratonic basement (Armstrong and others, 1977; Kistler and Peterman, 1978). Abbreviations as follows:
CRO, Coast Range ophiolite; LFTB, Luning-Fencemaker thrust belt; CNTB, Central Nevada thrust belt; WH,
Wasatch hinge line; UU, Uinta Mountains uplift; CMB, Crazy Mountains basin; PRB, Powder River basin; DB,
Denver basin; RB, Raton basin. Precambrian shear zones after Karlstrom and Williams (1998).

107belt and foreland basin system, Western U.S.A.

Luning-Fencemaker 
thrust belt

mid or late J to K

DeCelles, Am J Sci, 2004
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Fig. 7. Palinspastic isopach map (in meters) of the Morrison Formation and reconstructed locations of
major active tectonic elements of the Cordilleran thrust belt during Late Jurassic time. Major active structures are
abbreviated as follows: LFTB, Luning-Fencemaker thrust; WT, Windermere thrust (which may have been active
later); MCD, Manning Canyon detachment; PNF, Pine Nut fault; IDS, Independence dike swarm; EST, Eastern
Sierra thrust belt; WpP, Winters Pass-Pachalka thrust. Thin arrows indicate generalized sediment dispersal
directions. Large arrow in southeast indicates approximate direction of motion of North America relative to the
Farallon plate. Plus sign pattern indicates magmatic arc. Diagonally ruled area in Nevada is tectonically inactive
Golconda and Roberts Mountains allochthons. Stippled area is conjectural Morrison foredeep depozone (Royse,
1993a). Shaded thick line in western Utah represents possible forebulge location. Sandstone compositions are
illustrated in terms of Qm (monocrystalline quartz), F (total feldspar), and Lt (total lithic fragments). In the two
southern triangles, L and U refer to lower and upper Morrison petrofacies, respectively. Based on data from
Suttner (1969), Furer (1970), Suttner and others (1981), Allmendinger and others (1984), DeCelles and Burden
(1992), Saleeby and Busby-Spera (1992), Malone and Suttner (1992), Camilleri and Chamberlain (1997), Currie
(1997), Dickinson and Lawton (2001a), Wyld (2002), and other sources noted in figure 3 and table 1.

125belt and foreland basin system, Western U.S.A.
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A 

w 

1o km Canadian Rockies 

B 

w 

10 km 
J Southern Appalachians 

c 

E ¾V 

x x 

Western Taiwan 

10 krn 
I ! 

Fig. 1. Cross sections of several foreland fold-and-thrust belts: (a) Canadian Rockies [after Bally et al., 1966], (b) 
southern Appalachians [after Roeder eta!., 1978], and (c) western Taiwan [after Suppe, 1980a]. 

taper and then slides stably, continuing to grow self-similarly 
as additional material is accreted at the toe. A critically 

tapered wedge that is not accreting fresh material is the 
thinnest body that can be thrust over its basal decollement 
without any internal deformation; it is thus on the verge of 
shear failure everywhere. In contrast, a critically tapered 

wedge that is accreting fresh material deforms internally 
while sliding in order to accommodate the influx and to 
maintain its critical taper. 

This wedge behavior may be illustrated on the laboratory 
scale using a simple mechanical model [Davis, 1978]. The 
model consists of sand contained in a bottomless box with 

transparent side walls that sits upon a sheet of Mylar, which 
in turn lies on a flat rigid base (Figure 2). In most sandbox 
deformational models, horizontal compression is induced by 

pushing one wall of the model. Here, the same effect is 
achieved by pulling the Mylar sheet upon which the sand 
rests; this pulls the sand against the back wall of the model, 
which serves as a rigid buttress. The apparatus mimics the 

process of plate subduction and allows large deformation 
with mechanical simplicity. Inhomogeneities are minimized 
by packing the sand evenly, and side wall friction is effec- 
tively reduced by coating with graphite. 

A sequence of photographs of one experimental run is 
shown in Figure 3. As deformation progresses, the wedge 
thickens and the locus of active deformation moves away 

from the rigid buttress until the taper reaches its steady state 
critical value. The wedge then slides stably. If sand contin- 
ues to be accreted at the toe, the wedge continues to grow, 

maintaining its critical taper. Quantitative aspects of these 

experiments are discussed later in this paper. 
We choose to model fold-and-thrust belts and accretionary 

wedges as critically tapered deforming wedges of rock 
analogous to the wedge of homogeneous sand in the experi- 
ment. Such a model is intended, of course, only to represent 

the gross macroscopic mechanics and not the complex 
internal structural details or deformational histories of spe- 

cific wedges. In the case of an accretionary wedge in front of 
an island arc, the bulldozer represents the lithospheric plate 
beneath which oceanic crust is being subducted, and in the 

case of a fold-and-thrust belt, it represents the inner thicker 

part of the mountain range. We should also note that a metal 
bulldozer is made of much stronger material than the materi- 

al it pushes; this is not true in the earth, in which rigid, less 
easily deformed segments of the lithosphere are generally 
stronger largely because they are thicker. 

Davis et al., JGR, 1984



100 km

~85 Ma

Jones et al., Figure 2a

Sevier orogeny
Classic “Andean margin”

-arc
-fold-and-thrust
-foredeep

Jones et al., Subm. Geosphere 2009

Arc



Hodges & Walker, GSA Bull., 1992





Dickinson et al., GSA Bull 1988



T. Atwater animation
http://emvc.geol.ucsb.edu/2_infopgs/IP4WNACal/bNEPacWNoAmer.html



Great Basin geotectonics

 Geosphere, December 2006 355

California
forearc
region

Time Scale Sierran
arc

terrane

G  R  E  A  T      B  A  S  I  N Colorado
Plateau &

Rocky Mtns.western central eastern

b a s i n - r a n g e    t e c t o n i s m

C
e

n
o

z
o

ic
M

e
s

o
z

o
ic

P
a

le
o

z
o

ic
P

 r
 e

 c
 a

 m
 b

 r
 i 

a 
n

Q
PM

O

E

PlK

eK

J

Tr

Pm

Pn

M

D

S
O C

nP

mP

pP

A

25

50

100

150

200

250

300

350

400

500

1500

2500

San
Andreas

transform

north

south

migratory
mid-Tertiary
magmatism

migratory
Laramide

magmatism

southwest
northeast

west
eastFranciscan

subduction

complex Sierra

Nevada

batholith
satellite
plutons

backarc
plutons [uncertain  tectonic  setting]

Laramide
province

Sevier
thrust
belt

Sevier
foreland

basin

Utah-
Idaho
troughShelfal

LFT

red bed
(-erg)

deposits

arc
accretion

basinal
foothills

subduction
complex

Antler

overlap

sequence

A n c e s t r a l     R o c k i e s

b a s i n s   &   u p l i f t s

Antler
foreland basin

Pilot - Joana

C o r d i l l e r a n

m i o g e o c l i n e

LFT

Roberts
Mountains
allochthon

G
T

R
M

T

Yreka-Trinity-
Shoo Fly

subduction
complex

UMG/BCF

Yavapai-
Mazatzal
province

miogeoclinal rifting
(inc. Pahrump-Chuar) Apache-Unkar

Belt-Purcell

Antler orogen

Shelfal

in
tr

ao
ce

an
ic

is
la

nd
 a

rc
s 

an
d

re
m

na
nt

 a
rc

s

ea
st

er
n

K
la

m
at

h

no
rt

he
rn

S
ie

rr
an

G
ol

co
nd

a
al

lo
ch

th
on

pl
at

fo
rm

se
di

m
en

ta
t io

n

continental
basement

Mojave
province

Wyoming
province

? ? ?
???

TRUNCATION

scale
break
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Figure 1. Position of the Great Basin 
in the western Cordillera (adapted 
after Dickinson, 2002). Modern triple 
plate junctions: MTJ—Mendocino; 
RTJ—Rivera; TTJ—Tofi no. Other 
abbreviations: BM—Blue Moun-
tains; CRP—Columbia River Plateau 
(check pattern and red color denote 
extent of Columbia River Basalt 
lavas); KFMS—Kisenehn-Flathead-
Mission-Swan extensional Paleogene 
basins; KM—Klamath Mountains; 
LCZ—Lewis and Clark fault zone; 
PNW—Pacifi c Northwest; RFZ—
Rivera Fracture Zone; SN—Sierra 
Nevada; SRP—Snake River Plain; 
TMI—Tres Marias Islands (cross 
pattern and red color denote extent of 
bimodal volcanic suite).

Dickinson, Geosphere,  2006
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Figure 1. Position of the Great Basin 
in the western Cordillera (adapted 
after Dickinson, 2002). Modern triple 
plate junctions: MTJ—Mendocino; 
RTJ—Rivera; TTJ—Tofi no. Other 
abbreviations: BM—Blue Moun-
tains; CRP—Columbia River Plateau 
(check pattern and red color denote 
extent of Columbia River Basalt 
lavas); KFMS—Kisenehn-Flathead-
Mission-Swan extensional Paleogene 
basins; KM—Klamath Mountains; 
LCZ—Lewis and Clark fault zone; 
PNW—Pacifi c Northwest; RFZ—
Rivera Fracture Zone; SN—Sierra 
Nevada; SRP—Snake River Plain; 
TMI—Tres Marias Islands (cross 
pattern and red color denote extent of 
bimodal volcanic suite).
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960 Buck: Flexural Rotation of Normal Faults 

(a) Harcuvar Mountains 
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Fig. 1. Interpretative cross sections of two metamorphic core complexes showing features common to many core 
complexes: (a) the Harcuvar Mountains in Arizona [after Rehrig and Reynolds, 1980] and (b) the Whipple Mountains 
in California with inferred doming removed [after Davis, 1980]. 

place on a nearly flat-lying fault, there is considerable 
debate on the origin of such structures. Here the term 

"detachment" is used in a nongenetic sense to describe 
the major discontinuity in a core complex. 

A normal sense of offset motion on the detachment 

is inferred from strain indicators and structural relations 

[e.g., Davis et al. 1983, 1986]. Upper plate rocks, 
those above the detachment, have typically undergone 
only brittle deformation while lower plate rocks have 
experienced considerable ductile deformation [e.g., 
Miller et al. 1983; Dokka et al., 1986]. The lower 

plate rocks frequently show mylonitization, indicating 

that they were deformed in a temperature range where 
quartz flowed but where feldspars fractured. 
High-temperature rock mechanics experiments show 
that this could occur between about 400 ø and 500 øC 

[Caristan, 1982]. The lower plate mylonites often 
show overprinting of brittle deformation on the ductile 
fabric [e.g., Crittenden et al., 1980]. 

Geochronologic studies of lower plate rocks from 
several core complexes indicate rapid uplift of 
midcrustal rocks [Davis, 1988]. Dallmeyer et al. [1986] 
use 40Ar/39Ar dating of lower plate rocks from the 
Ruby Mountain metamorphic core complex in eastem 

Buck, Tectonics, 1988
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[8] We express depth-integrated vertical stress, szz, or
equivalently gravitational potential energy (GPE) per unit
area, as

szz ¼ "g

Z L

"h

Z z

"h

rð!zÞd!z
! "

dz; ð3Þ

where ź is a variable of integration, h is elevation with respect
to sea level, and L is the depth to the approximate base of the
seismogenic layer. The depth L in equation (3) also defines the
reference level for the depth integrals of vertical stress, orGPE.

3.1. Estimation of Depth-Integrated Vertical Stress
Within the Seismogenic Layer

[9] Our first step is to estimate depth-integrated vertical
stress distributions (GPE) in the upper crust of western North
America. Spatial variations of these quantify the magnitude of
the depth-integrated horizontal deviatoric stress (equation (2)).
This requires r(z), which we assign empirically from scaling
seismic velocity to density data. We develop simple velocity

to density conversion by constructing a fifth-order polyno-
mial curve to interpolate P wave velocity and density data
presented by Lowry and Smith [1995]. The densities pro-
duced by our method (Figure 5) are consistent with expected
densities at depth within western U.S. Cordillera [Lowry and
Smith, 1995; Kaban and Mooney, 2001] and the Earth’s crust
in general [Ludwig et al., 1970; Brocher, 2005]. We then use
this empirical relation to obtain densities from the large seismic
data set for North America from Chulick and Mooney [2002].
[10] We smooth the resulting vertical density distributions

laterally throughout the entire grid space. If more than one
density estimate exists at a particular grid location depth, we
compute the mean density there before smoothing. A density
value within a given grid area corresponds to the weighted
average of the densities of its immediate neighboring grid
areas. The weights assigned to the density values reflect the
surface area of each grid location. The smoothing procedure
is repeated until each grid area is assigned a nonzero density
value. We specify uniform density values to crustal rock in
grid areas above sea level. Such density values are defined to

Figure 3. Estimate for the continuous long-term model velocity field (black vectors), along with GPS
data (white vectors) from Bennett et al. [1999] plotted relative to a North American frame of reference.
The remaining GPS and VLBI data used in this model are plotted as white dots for clarity. Error ellipses
represent the 95% confidence limits.
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program Slippery.f90 is described briefly in section 2.1, and
fully by Bird [2007].
[35] The target offset rates and uncertainties for NeoKi-

nema are the median rate and the formal standard deviation,

respectively, from the combined rate lines of Bird [2007,
Tables 1 and 2]. Rates for California fault trains come from
Table 2 of Bird [2007], which was based on the PaleoSites
database addition to the USGS Quaternary Fault and Fold

Figure 2. Traces of 1472 active and potentially active faults included in these models. Traces are colored
according to prior expectations of their predominant sense(s) of slip. Faults with oblique slip have a green or
brown trace to indicate dextral or sinistral component plus dip ticks of a different color and shape to indicate
the primary mode of dip slip. Offset type D is used for both low-angle detachment faults and magmatic
spreading centers.
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