
Pre-Mesozoic Palinspastic Reconstruction of the 
Eastern Great Bash (Western United States) 

The Great Basin of the western United States has proven 
important for studies of Proterozoic and Paleozoic geolo- 
gy [2500 to 245 million years ago (Ma)] and has been 
central to the development of ideas about the mechanics 
of crustal shortening and extension. An understanding of 
the deforrnational history of this region during Mesozoic 
and Cenozoic time (245 Ma to the present) is required for 
palinspastic reconstruction of now isolated exposures of 
older geology in order to place these in an appropriate 
regional geographic context. Considerable advances in 
unraveling both the crustal shortening that took place 
during Mesozoic to early Cenozoic time (especially from 
about 150 to 50 Ma) and the extension of the past 37 
million years have shown that earlier reconstructions 
need to be revised significantly. A new reconstruction is 
developed for rocks of middle Proterozoic to Early Carn- 
brim age based on evidence that total shortening by 
generally east-vergent thrusts and folds was at least 104 
to 135 kilometers and that the Great Basin as a whole 
accommodated -250 kilometers of extension in the di- 
rection 287" + 12" between the Colorado Plateau and the 
Sierra Nevada. Extension is assumed to be equivalent at 
all latitudes because available paleomagnetic evidence 
suggests that the Sierra Nevada experienced little or no 
rotation with respect to the extension direction since the 
late Mesozoic. An estimate of the uncertainty in the 
amount of extension obtained from geological and paleo- 
magnetic uncertainties increases northward from +56 
kilometers at 36"301N to Zi!8 kilometers at 40°N. On the 
basis of the reconstruction, the original width of the 
preserved part of the late Proterozoic and Early Cambrian 
basin was about 150 to 300 kilometers, about 60 percent 
of the present width, and the basin was oriented slightly 
more north-south with respect to present-day coordi- 

been refined recently through the use of new quantitative techniques 
of subsidence analysis (3-5). The late Devonian and early Mississip- 
pian Antler orogeny of central Nevada is a classic example of the 
emplacement of a deep-water accretionary prism onto the edge of a 
continent (2, 6-8). The Mesozoic to early Cenozoic Cordilleran fold 
and thrust belt, a segment of which is located between western 
Wyoming and eastern California along the eastern side of the Great 
Basin (Figs. 1 and 2), is among the best studied thin-skinned 
orogens on Earth (9-13). The Great Basin itself, an area of 
pronounced extension in mid- to late Cenozoic time, has long been 
central to the development of paradigms about mechanisms of 
crustal extension (14-22). 

Beyond the insights gained about crustal deformation, an under- 
standing of the Mesozoic and Cenozoic deformational history is 
essential for undertaking a regional palinspastic reconstruction (23) 
and hence for the identification and interpretation of broad pre- 
Mesozoic patterns. Fifteen years have passed since the most recent 
publication of a regional reconstruction of the Great Basin (2). 
During that time, the area has been the subject of numerous 
structural and stratigraphic studies, and a good deal of new subsur- 
face data has become available [for example, (24-27)]. In this article 
we use these data to develop a new palinspastic reconstruction for 
pre-Mesozoic time. The reconstruction differs substantially from 
earlier versions [for example, (2, 28)] because we incorporate 
considerably larger estimates for both Cenozoic extension and 
Mesozoic to early Cenozoic crustal shortening and modifj the way 
in which deformation is partitioned according to structural position 
and geographic location (Table 1). Our reconstruction also differs 
from that of Stewart and Poole (2) because we exclude the effects of 
the Antler orogeny and younger Paleozoic deformational events. 
Our reconstruction is specific for sedimentary rocks of middle 
Proterozoic through Early Cambrian age [1600 to about 535 
million years ago (Ma) (29, 30)], an interval of geological history 
that, with few exceptions, is not represented in the Paleozoic 
orogens of the western United States. 

nates. 

Regional Setting 

T HE GREAT BASIN OF THE WESTERN UNITED STATES (FIG. 
1) is a classic area for geological research both for the quality 
of exposure and diversity of geology preserved and as a 

source of ideas concerning fimdamental geological processes. For 
example, it was in this region that miogeoclinal rocks of late 
Proterozoic and Early Paleozoic age were early interpreted as an 
ancient passive continental margin (1, 2), an interpretation that has 
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The evolution of the Great Basin from the late Proterozoic to the 
present can be subdivided into three phases: (i) Late Proterozoic to 
mid-Paleozoic time (from -800 Ma to -375 Ma) was characterized 
by intracontinental extension and the development of a passive 
continental margin (1, 2, 5, 31). Marine and nonmarine predomi- 
nantly siliciclastic sedimentary rocks and volcanic rocks of late 
Proterozoic to Early Cambrian age form the lower part of a 
miogeoclinal wedge and generally thicken westward from <150 m 
along the eastern margin of the Great Basin to >6000 m (2, 14). 
The upper part of this wedge consists for the most part of peritidal 
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carbonate rocks and mudstones of Middle Cambrian to Devonian thrust belt but lies within the southern seement. The mid- to late- 
age and is as much as 5000 m thick. The entire miogeocliial Cenozoic Great Basin cuts across both thekiogeocline and the fold 
succession rests unconformably on crystalline basement of Archean and thrust belt, as well as the 0.706 line. Highly extended regions 
to early middle Proterozoic age and in places on relatively unmeta- [including metamorphic core complexes (18)] are located west of 
morphosed sedimentary rocks of middle Proterozoic age (5,32). (ii) the fold and thrust belt in the north but well within and even east of 
The late Devonian through early Eocene (-375 to 50 Ma) was a this belt in the south. If extension was localized in areas of 
time of crustal shortening, accretion of exotic or suspect terranes of overthickened crust (39, 45), the locus of thickening must have 
varying *ty, and subduction-related magmatism (2, 7, 8, 11, 13, varied regionally according to the geometry of struc& at depth 
33). Paleozoic deformational events were localized in central and and the predeformation thickness of the crust (5, 22). 
western Nevada and for the most part did not affect the eastern 
Great Basin. However. as much as 3500 m of Mississiooian 
sedimentary rocks accukdated in a foreland basin adjacent the 
Antler orogen in eastern Nevada (7). Nearly 8000 m of Pemsylva- 
nian and P e d a n  rocks were deposited in northern Utah probably 
as a result of continental collision at the southern margin of North 
America (34, 35). Evidence for Mesozoic and early Cenozoic 
deformation is best developed in the eastern and southern Great 
Basin [Cordilleran fold and thrust belt in Fig. 1 (11, 13)] but is 
known also from the "hinterland" of this belt [west of the shaded 
area in Fig. 1 (21,36,37)]. (iii) In mid- to late Cenozoic time (about 
37 Ma to the present), the entire region between the Colorado 
Plateau and theSierra Nevada was subFect to tithospheric extension 
and widespread magmatism (1 7, 19, 22, 38, 39). 

The western limit of Precambrian crystalline basement is thought 
to be delineated approximately by the Is, = 0.706 (40) isopleth fbr 
Mesozoic and Cenozoic igneous rocks, h e d r  referred to as the 
0.706 line [Fig. 1 (8, 41, 42)]. An alternative view, that the edge of 
the Precambrian basement may correspond approximately with the 
Zsr = 0.708 isopleth, located as much as 100 km farther east (43), 
appears to be inconsistent with the dismbution of Proterozoic and 
Lower Cambrian sedimentary rocks near the 0.706 line (Fig. 2). 
Available evidence indicates that at least some of these rocks predate 
the development of the Paleozoic passive continental margin and, if 
this is correct, must have accumulated on continental crust (3,s) 31). 
Indeed, rocks of probable latest Proterozoic age are present in the 
Bull Run Mountains [BR in Fig. 2 (44)] at least 40 km north and 
west of the recently refined position of the 
0.706 line in northern Nevada and far out- 
board of the 0.708 line (8, 42). 

Significant north-sou& vari&ions are 4- 
dent in the Mesozoic and Cenozoic tectonic 
and igneous fiamework of the Great Basin 
(Fig. 1). In northern Utah, Idaho, and 
Wyoming, late Mesozoic to early Cenozoic 
crustal shortening is localized for the most 
part in the Paleo&ic platform east of the late 
Proterozoic to early Paleozoic miogeoclinal 
wedge, and is associated with a broad fore- 
land basin. In southern Utah. southern Ne- 
vada, and adjacent ~alifornii much of the 
shortening is in the miogeocline, and fore- 
land-basin sedimentarv rocks are consoicu- 
ously thin to absent.   he inner mar& of 
the Mesozoic magmatic arc is located west 
of the northern segment of the fold and 

Fb. 1. Mesozoic and Cenozoic tectonic and 
igneous framework of the Great Basin of the 
westem United States [hm (8, 19,20,41,42,50, 
5.71. The Isr = 0.706 isopleth is thought to 
delineate approximately the western limit of Pre- 
cambrian aystahe basement and is included for 
reference on each figure. The patterned area indi- 
cates the frontal part of the Cordilleran fold and 
thrust belt. 

Mesozoic and Early Cenozoic Shortening 
The Cordilleran fold and thrust belt is a curvilinear belt, approxi- 

mately 100 to 200 krn wide, that is discontinuously exposed from 
Alaska to Mexico (9-13, 46, 47). Along the eastern margin of the 
Great Basin, deformation occurred mainly during Mesozoic to early 
Cenozoic time (especially from -150 to 50 Ma) with the locus of 
deformation migrating progressively toward the east (9, 11, 13,24, 
48-53). Thrusting was mostly to the east, and overall crustal 
shortening is estimated to have been at least 104 to 135 km (Table 
1).  thono no us rocks are mainly of middle Proterozoic through 
Paleozoic age, but in places thrust faults can be seen to cut westward 
into underlying crystalline basement, particularly in northern Utah 
and eastern Califbmia (1 1, 25, 54). In the eastern part of the belt, 
especially in southern Wyoming and central Utah, thrust ramps rise 
h u g h  Paleozoic platformal cover into the Mesozoic strata and 
deform early deposits of the coeval fbreland basin (25, 52, 54, 55). 

The western boundary of the fold and thrust belt shown in Fig. 1 
is somewhat arbitrary. Available geochronology indicates that in the 
hinterland, Proterozoic and lower Paleozoic rocks were widely 
subject to thrusting, penetrative deformation, and metamorphism 
(21, 36, 37). In some places, younger Paleozoic rocks were also 
involved in thrusting (8, 56, 57, although on a regional scale they 
were tittle deformed during Mesozoic time (16, 20). Limited 
evidence suggests that the amount of shortening in the sedimentary 
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cover of the hinterland was small in comparison with that taken up 
by the frontal part of the fold and thrust belt (8, 57). 

The timing of thrusting is best constrained in the Idaho-Wyo- 
ming salient where cross-cutting and overlapping relations of the 
younger thrusts and synorogenic conglomerates associated with the 
older thrusts indicate that thrusting began in latest Jurassic to early 
Cretaceous time and continued through the early Eocene (9, 13, 24, 
48, 5&52). In central Utah, ages of individual thrust faults are not 
well-constrained, but subsidence analysis of the foreland-basin sedi- 
mentary rocks suggests that faulting began in mid-Cretaceous time 
(58). In the southern Great Basin, geochronology of plutons and 
synorogenic volcaniclastic rocks indicates that some thrust faults 
were active as early as Triassic time (49, 53) and that deformation 

may connect at depth and are present only north of the Leamington 
tear fault [Fig. 2 (13, 54)].  

In eastern California and southern Nevada, individual thrust 
faults are offset by Cenozoic extensional and strike-slip faults and are 
repeated in map view. Wernicke et a l .  (22) and Corbett et al.  (53) 
have suggested correlations on the basis of stratigraphy and strati- 
graphic separation, structural geometry, kinematic indicators, and 
limited age control. Such correlations are important for the recon- 
struction of Cenozoic deformation but details are controversial. 

Cenozoic Extension 
continued in this region until the late Cretaceous ( 1  1, 49, 59). The Great Basin is a broad region of evenly spaced, north- 

Structural relations of thrust faults from Wyoming to eastern trending tilted horsts separated by partially filled half-graben. The 
California are not universally agreed upon because of discontinuous region is characterized by thinned crust, high elevation, high heat 
exposure, uncertainty in the timing of deformation, and along-strike flow, episodic magmatism, and low seismic velocities in the upper 
changes in fault geometry and in the direction and magnitude of mantle ( 1  7, 19). Crustal extension was accommodated by both high- 
shortening. Individual faults probably do not persist laterally along and low-angle normal faults and, especially in the southern Great 
the entire belt. More likely they form a relay pattern in which Basin, by several prominent strike-slip faults such as the Northern 
shortening is taken up by different structures in different parts of the Death Valley-Furnace Creek fault zone, Las Vegas Valley shear 
belt, as is the case in southern Canada (12). However, thrust plates zone, and Lake Meade fault system (Fig. 2) .  Faults such as these 
can be compared on the basis of stratigraphy and structural position, account for part of the right shear along the Pacific-North America 
as indicated by connections in Fig. 2. The easternmost thrust sheets plate boundary, and they act as transfer faults separating areas 
that contain thick successions of late Proterozoic age at the present characterized by different amounts of extension (22, 61, 62). 
level of exposure are the Paris-Willard, Sheeprock, Canyon Range, Overall extension across the Great Basin is estimated as about 247 
Wah Wah-Frisco, Gass Peak, and Wheeler Pass plates [Fig. 2 (2, 10, km in a west-northwest direction (22). It is thought to have begun 
13, 59, 60)].  Structurally lower and possibly related thrusts are the in latest Eocene to earliest Oligocene time (19-21, 37-39) and 
Tintic Valley, Pavant, Muddy Mountains, and Keystone faults. The continues today. In the northern Great Basin, the earliest phase of 
Absaroka and Charleston-Nebo thrust faults, still lower structurally, extension (37 to - 10 Ma) was restricted to a relatively narrow 

region of high strain in eastern Nevada, 
western Utah, and southern Idaho and was 
associated with intermediate to silicic calc- 

I I I I 1 I I I I I I I I 

alkaline volcanism ( 1  7, 19-21, 37, 38). Later 

- 
extension, associated with basaltic and rhyo- - litic volcanism, was distributed over a much 
broader region of generally lower strain (1 7, 
19, 38), although evidence for relatively 

,,,- large amounts of extension at specific local- 
ities since 10 Ma indicates that extensional 
behavior cannot be partitioned strictly ac- 

Fig. 2. Location map of prominent faults in and 
immediately east of the Great Basin, and the 
distribution of middle Proterozoic to Lower 
Cambrian outcrops [shown in black; from (IOO)]. 
These rocks are used to illustrate the palinspastic 
reconstruction in the maps that follow. Faults: A, 
Absaroka; C, Canyon Range; C-N, Charleston- 
Nebo; Ch, Chicago Pass; Cl, Clery; Cr, Craw- 
ford; FC, Northern Death Valley-Furnace Creek 
fault zone; GP, Gass Peak; H, Hogsback; K, 
Keystone; L, Lemoigne; LC, Last Chance; LM,  
Lake Meade fault system; LTF, Leamington tear 
fault; LV, Las Vegas Valley shear zone; M, 
Meade; MC, Marble Canyon; Mi, Midas; M M ,  
Muddy Mountains; P, Putnam-Paris; Pa, Pavant; 
Pn, Panamint; Sh, Sheeprock; SP, Schwaub Peak; 
TV, Tintic Valley; W, Willard; W-F, Wah Wah- 
Frisco; Wa, Wasatch; Wh, Wheeler Pass; Wi, 
Winters Pass. Ranges: Al, Albion; BP, Black 

36' - Pine; BR, Bull Run; CC, Cherry Creek; E, Egan; 
GC, Grouse Creek; I, Inyo; KR, Kingston; P, 
Panamint; RR, Raft River; SC, Schell Creek; Sn, 
Snake. Other localities mentioned in the text: 
DV, Death Valley; GSL, Great Salt Lake; SLC, 
Salt Lake City. 
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cording to age (39). In the southern Great 
Basin, extension began at least as early as 25 
Ma, with most of it taking place during the 
past 15 million years (22, 38, 63). The 
Death Valley and Las Vegas Valley regions 
on either side of the Spring Mountains 
stable block are both highly extended areas 
[Fig. 1 (61, 64, 65)]. 

A characteristic feature of many of the 
highly extended areas is the presence of 
metamorphic core complexes, in which duc- 
tilely deformed lower plate rocks are struc- 
turally overlain by brittlely deformed upper 
plate rocks, commonly with evidence for 
large displacement on an intervening de- 
tachment fault (18). Examples of core com- 
plexes in areas of middle Proterozoic to 
Lower Cambrian outcrops are the Albion 
Range in southern Idaho, the Snake Range 
in eastern Nevada, and the northern Pana- 
mint Range in eastern California (Al, Sn, 
and P in Fig. 2). 

Palinspastic Reconstruction 
Structural interpretations. seismic and 

borehole data, stratigraphic data from out- 
crop, and paleomagnetic constraints on the 
Mesozoic orientation of the Sierra Nevada 
have been used to develop a palinspastic 
reconstruction of the eastern Great Basin 
(Fig. 3).  The primary input for the recon- 
struction consists offive regional transects of 
the fold and thrust belt (Table l), together 
with syntheses of the extensional develop- 
ment of parts of the Great Basin by Gans 
and Miller (20) and Wernicke et al.  (22). The 
reconstruction is presented as a working 
hypothesis, subject-to modification and tes;- 
ing. Inevitably, choices need to be made 
between conflicting interpretations of exist- 
ing data, and simplif)ing assumptions are 
required to extend available constraints to a 
regional scale. All of this involves several 
potential sources of error, which are evaluat- 
ed in the next section. 

Fig. 3. (A) Palinspastic reconstruction of mid- to 
late Cenozoic extension and Mesozoic to early 
Cenozoic shortening with respect to a fixed Colo- 
rado Plateau and fixed state boundaries. The 
reconstruction is illustrated for selected examples 
of middle Proterozoic to Lower Cambrian out- 
crops. Extension is restored along the solid line 
from the outcrop in a general eastward direction 
(east-northeast to east-southeast). Then, shorten- 
ing is removed along the dashed vector from the 
end of the solid line and toward the west. The 
restored position of a given outcrop is at the head 
of the dashed vector. (B) Final reconstruction of 
all middle Proterozoic to Lower Cambrian out- 
crops. Apparent overlap of rocks in the highly 
extended regions of eastern Nevada and the 
southern Great Basin is an artifact. Overlap of 
individual horizons is not necessarily implied. 
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Reconstruction of Cenozoic extension. The magnitude of Cenozoic 
extension is best constrained in the southern- rea at Basin where 
abundant geological markers can be correlated across faults. These 
correlations indicate that overall extension of 247 km in the 
direction 287" needs to be restored [Fig. 3 (22)l. In detail, extension 
is partitioned into two segments, bothof which are characterized by 
high strain. Available data suggest that the Death Valley region, to 
the west of the medial unextended Spring Mountains block (Fig. l), 
experienced a total of -150 km of extension oriented west- 
ndrthwest with respect to the Colorado Plateau, whereas the Las 
Vegas Valley region to the east of the Spring Mountains block 
experienced 90 to 100 km of west-southwest-directed extension 
[Fig. 3 (22)l. This partitioning is consistent with earlier estimates of 
80 krn of right slip on the Northern Death Valley-Furnace Creek 
fault zone (64), >40 to 65  km of right slip on the Las Vegas Valley 
shear zone (66), and a minimum of 65 km of left slip on the Lake 
Mead fault system (65, 67). 

The northern Great Basin differs from the Death Valley and Las 

Table 1. Estimates of minimum east-west shortening associated with thrust 
faults along five transects in the eastern Great Basin from Wyoming to 
eastern California. 

Thrust fault 

1. Southeastern Idaho 
Hogsback 1 
Absaroka J 
Meade 1 
Putnam-Paris J 

2. Northern Utah 
Hogsback 1 
Absaroka J 
Crawford \ 
Willard J 

3. Salt Lake City Area 
Hogsback 1 
Absaroka J 
Ogden, Weber, Taylor 
Basement imbricates 
Willard 

4. Central Utah, northern segment 
Charleston-Nebo 
Midas 
Tintic Valley 
Sheeprock 

Central Utah, southern segment 
Salina 
Paxton 
Pavant 
Canyon Range 
Wah Wah-Frisco 

5. southeastern California and 
southern Nevada 

Spring Mountains 
Keystone, Red Spring 

(Wilson Cliffs-Contact) 
Deer Creek 
Lee Canyon 
Wheeler Pass (Chicago Pass- 

Winters Pass-Panamint) 
Death Valley area 

Clery (Lemoigne) 
Marble Canyon (Schwaub Peak) 
Last Chance 

Shortening 
(km? 

References 

121 total 

51 

70 

104 total 

5 3 

51 

120 total 

53 

12 
20 
3 5 

120 total 
35 
15 
45 
25 

121 total 
4 

27 
30 
50 
10 

135 total 

29.5 
5 
7.5 

12 

3 
3 

75 

Vegas Valley region because few geological markers are present to 
d o w  estimation of the amount of extension directlv and because 
extension is distributed between both high-strain and low-strain 
regions (Fig. 1) .  In order to place bounds on the total amount of 
extension in the northern Great Basin, we make use of paleomagnet- 
ic evidence from the Sierra Nevada that indicates little, if any, 
rotation of this block with respect to the extension direction since 
late Mesozoic time (68-70). We assume on this basis that both the 
absolute magnitude and orientation of extension in the Great Basin 
remain constant from south to north. This implies that the percent- 
age of extension decreases northward, from approximately 200% to 
-35% because the width of the province increases in that direction. 

The overall extension in the northern Great Basin is resolved into 
two components, one associated with the high-strain region of east- 
central Nevada and adjacent areas (Fig. 1) and the other involving 
the entire width of the Great Basin. As a first approximation, we 
treat the two components as separate "events," although this 
treatment is probably not strictly correct (39). The direction of 
extension for the "earlier" event is inferred to be 295" on the basis of 
a consistent pattern of sense of shear indicators and stretching 
lineations in several metamorphic core complexes (20, 21, 37, 71). 
Palinspastic reconstruction of the northern Egan, Schell Creek, and 
Snake ranges (E, SC, and Sn in Fig. 2) indicates that the minimum 
total extension is between 80 km and -95 km (or 250%) across the 
high-strain region (20, 72). We assume that the higher figure is 
correct and attribute 72 km of this to the earlier extensional event, 
according to the assumptions of the reconstruction. "Later" exten- 
sion across the entire Great Basin is computed as 176 km in the 
direction 284". Of this 176 km, 23 km is associated with the high- 
strain region, and 3 to 7 km is restored east of the Wasatch fault 
[Fig. 2 (73, 74)]. The inferred orientation for the later event is 
remarkably consistent with the orientation of both the modern stress 
field (38) and with the "transverse zones" defined by Stewart (75) 
between regions of contrasting structural tilt. No comparable 
reconstructions have been published for other transects across the 
high-strain region of east-central Nevada and environs, and the 
estimates of extension published by Gans and Miller (20) and 
Bartley and Wernicke (72) are assumed to be representative. 

An approximation of the configuration of the highly extended 
region in the northern Great Basin is needed to reconstruct the 
uositions of individual blocks. Borehole data from areas in which 
near-surface rocks are unmetamorphosed and beyond the principal 
exposures of the metamorphic core complexes indicate that high- 
grade metamorphic rocks are present at moderate depth and that the 
core complexes are distributed over a broader region than their 
outcrop pattern would suggest (37). The highly strained region is 
therefore assumed to be a continuous north-northeast-trending belt 
of approximately uniform width in which different crustal levels 
have been exposed by mid- to late Cenozoic extension (37). 
Boundaries of this region are placed between areas of low- to high- 
grade metamorphic rocks and unmetamorphosed strata or between 
areas of faulted and relatively unfaulted rocks and extrapolated to 
areas of limited control [Fig. 2 (20, 37)]. For example, the Black 
Pine Mountains, just east of the metamorphic core complexes of the 
Albion, Raft River, and Grouse Creek ranges (BP, Al, RR, and GC 
in Fig. 2) contain strata metamorphosed to low grade bordered on 
the north and east by unrnetamorphosed Paleozoic strata (37). 
These relations allow us to delineate a~proxirnate~y the northern and 
eastern limits of the high-strain region in southern Idaho. Immedi- 
ately west of the metamorphic core complexes of the Egan and 
Cherry Creek ranges (E and CC in Fig. 2), the Butte Mountains are 
underlain by Paleozoic rocks that are both unfaulted and flat-lying 
(20) and are thus apparently west of the western boundary of the 
high-strain region. The highly extended belt continues southward 

SCIENCE, VOL. 245 



and presumably connects with areas of similar extensional geology 
in the southern Great Basin, but its exact configuration is unknown. 

Reconstruction of  Mesozoic shortening. Estimates of the magnitude 
of shortening across the fold and thrust belt vary irregularly from 
north to south, but shortening was at least 104 km to 135 km (Table 
1). The uncertainty is due in part to the absence of appropriate 
geological markers that can be matched across the faults. Few 
studies of mesoscopic kinematic indicators are available to determine 
the precise direction of shortening. Therefore regional east-directed 
transport, approximately perpendicular to the- regional strike of 
thrust faults and parallel to the vergence direction of large-scale 
folds, is assumed to be representative (11, 24, 76, 77). 

In detail, the magnitude of shortening appears to change along 
strike in the northern Great Basin. In the Idaho-Wyoming segment 
of the fold and thrust belt, an estimated 121 km of shortening is 
taken up on four major thrust systems [Table 1 and Figs. 2 and 3 
(24)]. shortening associated with individual thrust faults appears to 
decrease to the south to approximately 104 km in northern Utah 
[Table 1 and Figs. 2 and 3 (24)l. In the area north of Salt Lake City 
(SLC in Fig. 2), the Ogden duplex, a complex thrust system 
consisting of the Ogden, Weber, and Taylor thrust faults, is present 
in the lower plate of the older Willard thrust and accounts for -12 
km of additional shortening (77, 78). Imbricate thrust faults in 
basement-cored folds (24, 25, 54) have been estimated to take up 
about 20 km of shortening. In central Utah, several thrust faults are 
exposed discontinuously in the deformed miogeoclinal wedge [Fig. 
2 (26, 60)]. The eastern limit of thrusting is not well known in this 
segment. Subsurface data indicate that blind faults are present east of 
the area in which such structures are exposed at the surface (26, 79, 
80). The magnitude of shortening is difficult to determine precisely 
owing to the lack of geological markers that can be matched across 
faults and to distributed deformation in Jurassic salt and shale but 
has been estimated to be approximately 120 km from balanced cross 
sections constrained by seismic and borehole data (Table 1 and Fig. 

~ 

Jh  
The fold and thrust belt continues southward into southern 

Nevada and eastern California. Thrusting thought to be of mid- to 
late Cretaceous age in southern Nevada accommodates between 36 
and 75 km of crustal shortening in the Spring Mountains block 
[Table 1 and Figs. 2 and 3 (47, 81)]. On the basis of the fault 
correlations of Wernicke et al.  (22), the only other major thrust fault 
west of the Spring Mountains and north of the Garlock fault that 
affects strata of Proterozoic and Early Cambrian age is the Last 
Chance thrust system. This fault system is considered to have been 
active during Triassic time (1 1, 49, 53), and accounts for about 75 
km of shortening, although this value is poorly constrained [Table 1 
and Figs. 2 and 3 (2, 49, 53, 82)]. Although the direction of tectonic 
transport appears to vary on a regional scale from east-southeast in 
southern Nevada to east-northeast in the Inyo Mountains [I in Fig. 
2 (47, 49, 53, 83)], these nuances are not included in the reconstruc- 
tion. 

Palinspastic reconstruction of the hinterland of the fold and thrust 
belt presents two difficulties. The first concerns the amount of 
additional crustal shortening there, which may be as much as several 
tens of kilometers but is nowhere well established (8, 57). In view of 
this uncertainty, and because there is not pet an objective way to 
assign known outcrops of Proterozoic and Lower Cambrian rocks 
to any particular thrust sheet on a regional scale, we have chosen not 
to include hinterland deformation in the reconstruction. The second 
difficulty concerns the origin of an apparent eastward bend in 
Paleozoic lithofacies trends, the Antler orogenic belt, and the 0.706 
line in northeastern Nevada. We favor the original interpretation of 
Roberts et al.  (34) that this bend represents a primary irregularity in 
the continental margin and in the geometry of the orogen. Our 

reconstruction therefore differs in this regard from that of Stewart 
and Poole ( 4 ,  who interpreted this bend as an oroflexural feature 
affecting a broad region as far east as western Wyoming. A third 
interpretation, that the change in trend might be related to right slip 
during Mesozoic time on the hypothetical Wells fault (84), appears 
unlikely because supposed offsets of Paleozoic facies belts are 
inconsistent with each other (85). Moreover, none of the evidence 
cited for the existence of the Wells fault adequately accounts for the 
effects of either Mesozoic thrusting (86) or Cenozoic extension. We 
have therefore chosen not to incorporate this speculative feature in 
our reconstruction. 

Reconstruction o f t h e  Is, = 0.706 isopleth. The close conformity of 
the 0.706 line for rocks of wide compositional and age ranges 
implies a relatively fixed spatial arrangement between the respective 
crustal and mantle magma sources since the Mesozoic (87). We 
therefore assume that the basal detachment for the Cordilleran fold 
and thrust belt is rooted at mantle depths in central Nevada and 
restore the 0.706 line for the maximum amount of Mesozoic crustal 
shortening (Fig. 3). Cenozoic extension is restored according to the 
assumptions discussed above. 

Errors in the Reconstruction 
Our reconstruction is subject to a number of uncertainties. The 

most significant are (i) the magnitude and direction of Cenozoic 
extension determined in the southern Great Basin; (ii) the amount 
of rotation experienced by the Sierra Nevada; (iii) the location of the 
boundaries of the highly strained region in the northern Great 
Basin; and (iv) the use of minimum estimates of shortening in the 
fold and thrust belt. 

Cenozoic extension in the southern Great Basin. The magnitude and 
direction of extension estimated in the southern Great Basin 
(247 -t 56 km, 287" k 12") are from the work of Wernicke et al. 
(22). Uncertainties, quoted at the 95% confidence level, are based 
on statistical analysis of geological errors primarily having to do 
with the correlation of thrust faults and associated structures. The 
analysis of Wernicke et al. (22) is the most complete available but is 
not wholly accepted in detail (83, 88, 89). For example, central to 
their reconstruction is the interpretation of the Wheeler Pass, 
Chicago Pass, Winters Pass, and Panamint thrusts as segments of the 
same fault now widely separated in extensional fault blocks. If these 
thrust faults are not the same, the inferred amount of extension is 
probably overestimated and the amount of shortening underestimat- 
ed. 

Another possible problem concerns the location of the breakawap 
zone for the Death Valley fault system. In the reconstruction of 
Wernicke et al. (22), this breakawap zone is placed immediately to 
the west of the Spring Mountains, and the Wheeler Pass thrust is 
assumed to have an approximately north-south pre-extension orien- 
tation. Although it is mechanically reasonable to assume that the 
footwall of a detachment fault would be elevated isostatically (the 
Spring Mountains), direct geological evidence cannot exclude the 
possibility that the breakawap is actually located as much as 20 km 
farther west beneath the adjacent Pahrump Valley and that the 
Wheeler Pass thrust had a more curvilinear pre-extension configura- 
tion. This alternative geometry would also reduce the amount of 
extension inferred. 

Although we have accepted the overall extension direction esti- 
mated by Wernicke et al. (22) as the most reasonable approximation, 
in detail the motion of individual blocks map have varied in both 
time and space, and the reconstruction map thus locally juxtapose 
inconsistent geology. For example, the Kingston Range (KR in Fig. 
2) appears to have been extended toward the southwest, nearly 
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perpendicular to the regional extension direction (89). 
- Rotation of the sierra-~evada. Integral to our reconstruction of 
Cenozoic extension in the northern Great Basin is paleomagnetic 
evidence from Cretaceous plutons and Jurassic wall rocks (68-70) 
for little or no rotation o f  the Sierra Nevada with respect to the 
extension lrection since late Mesozoic time. The best constraint, an 
apparent clockwise rotation of 6" k So, is provided by Frei (70). In 
contrast, Hamilton (90) has proposed on the basis of tectonic 
analysis that extension across the entire Great Basin was as much as 
100% at all latitudes (that is, a greater absolute magnitude of 
extension in the north than in the south). This interpretation implies 
that during the Cenozoic the Sierra Nevada rotated between 20" 
to 30" in a counterclockwise direction relative to the Colorado 
Plareau. 

The paleomagnetic evidence from the Sierra Nevada, especially 
that of Frei (70), is discounted by Hamilton (90) on several grounds. 
First, the paleomagnetic data were corrected only for late Neogene 
westward tilting of the range. Hamilton argues that the Sierra 
Nevada batholith has been eroded 5 km or so deeper in the west 
than in the east as a result of earlier tilting toward the east and that 
the small clockwise rotation determined by Frei should be reduced 
by about 5". We have not incorporated this correction because the 
magnitude of differential uplift is poorly constrained and may have 
been accomplished in part by faulting rather than simple tilting. We 
also note that the removal of eastward tilting would actually lead one 
to infer greater rather than smaller clockwise rotation of the 
batholith. A second criticism made by Hamilton is that Frei (70) did 
not correct her results for clockwise rotation of the Colorado Plateau 
of about 8" since mid-Cretaceous time. If this interpretation is 
correct, it implies that the Sierra Nevada rotated counterclockwise 
with respect to the Colorado Plateau by approximately -2" k s0. A 
final criticism concerns uncertainties in the age of magnetization and 
especially in the position of the North .4merican reference pole 
during Cretaceous time. A recent reevaluation of the mid-Creta- 
ceous-reference pole, including new data from intrusive rocks in 
Arkansas (92), suggests that the Sierra Nevada may have rotated 
counterclockwise by as much as an additional 9" for a total rotation 
of -11". The effect of this possible systematic error is considered 
below. 

The uncertainty in the magnitude of Cenozoic extension in the 
northern Great Basin can be quantified by combining the uncertain- 
ties in the amount of extension in the southern Great Basin with 
those associated with the rotation of the Sierra Nevada. In the 
reconstruction we have assumed 0" rotation of the Sierra Nevada, an 
estimate which falls within Frei's paleomagnetically determined 
limits. We make the simplifjing assumption that for any rotation the 
change in azimuth of the southern part of the Sierra Nevada is the 
same as at the paleomagnetic sampling sites. We also assume that the 
Sierra Nevada rotated as a rigid block because a comparison of 
paleomagnetic results at avo localities that are -150 km apart 
suggests that there has been no internal deformation (95% conti- 
dence level) (70). A counterclockwise rotation of 10" (-2" - 8") 
increases the amount of extension across the northern Great Basin at 
the latitude of 40"N in eastern California bv 92 km in the direction 
of extension, whereas a clockwise rotation of 6" decreases the 
extension by 72 km. We use a root mean square approximation to 
combine the paleomagnetically derived uncertainties in extension 
(ZE km) with those derived from geological constraints in the 
southern Great Basin ( 2 5 6  km) to obtain an uncertainty in the 
extension of the northern Great Basin of +_by8 km at the 95% 
confidence level. The limit to clockwise rotation is consistent with 
geological data. In the northern Great Basin there was at least 95 km 
total extension in the highly strained region (ZO), 35 to 40 km 
extension between the highly strained belt and the Colorado Plateau 

(92,93), and at least 30 km extension in western Nevada (94), giving 
a minimum estimate of 160 km for the entire region. This limits the 
range of overall extension at 40°N in the northern Great Basin to 
247 + ?$?' 0781. The level of uncertainty increases northward as the 
component of the error introduced by the rotation of the Sierra 
Nevada increases to the north. Uncertainty in the position of the 
reference pole leads to a systemic error that is difficult to assess. Use 
of the reference pole of Globerman and Irving (91) would permit as 
much as 65 km of additional extension. 

Boundaries of the highly strained region. In the northern Great Basin, 
uncertainties in the position of the boundaries of the highly strained 
region do not produce large uncertainties in the reconstruction of 
individual blocks. Blocks to the east of the highly strained region 
were not affected by the "earlier" extension event, whereas rocks to 
the west of this region experienced the total amount of earlier 
extension (Fig. 3). Rocks in this belt experienced a proportion of the 
total extension, which is sensitive both to the width of the belt and 
the distance of a given locality from the boundaries of the belt. 
However, if the boundaries are relocated such that the width of the 
highly strained region or the distance of a block from the boundaries 
changes by as much as a few tens of kilometers, the difference in 
magnitude of extension experienced by an individual block is 
typically <5 km. Thus, although the boundaries of this region may 
not be located precisely, they do not affect the reconstruction 
critically at the scale of the reconstruction. 

Shortening in the fold and thrust belt. Another uncertainty is intro- 
duced into the reconstruction by the use of minimum values for 
crustal shortening. In many cases, diagnostic stratigraphic markers 
cannot be matched between upper and lower plates of a particular 
fault, and in the absence of appropriate cross-sections, assessment of 
the amount of shortening taken up by folding is difficult. In 
southern Idaho and northern Utah, most of the exposed middle 
Proterozoic through Lower Cambrian rocks are west of the fold and 
thrust belt, and the relative positions of blocks are insensitive to 
errors in the estimation of shortening on any particular structure. In 
central Utah, a small number of outcrops have been affected by some 
but not all of the major thrust faults, and the relative positions of 
these outcrops are subject to errors that cannot be quantified with 
available data. In the southern Great Basin, thrust faulting extended 
well into the miogeocline, and the most significant errors are likely 
to be present there. Although the relative positions of blocks are 
little affected by uncertainties in shortening along east-west tran- 
sects, north-south positioning is less firm because it is subject to 
varying estimates of the shortening at different positions along the 
fold and thrust belt. 

Applications and Evaluation of the 
Reconstruction 

An important application of the reconstruction, and indeed our 
reason for undertaking the work, is in unraveling the late Proterozo- 
ic and Early Cambrian evolution of the western United States. It is 
now possible to analyze regional facies relations and to portray 
paleogeography on an appropriate base map (95). Mesozoic crustal 
shortening and Cenozoic extension are generally in opposite direc- 
tions but do not even approximately cancel each other out (Fig. 3). 
Relative positions of blocks in the reconstruction are generally 
similar to their present positions, but distances between blocks are in 
some cases substantially different from those of the present day, 
especially in the highly extended regions of eastern Nevada and 
eastern California (compare Figs. 2 and 3). The original width of 
the preserved part of the basin (estimated from the 0.706 line to the 
approximate eastern edge of thick late Proterozoic strata) was about 
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150 to 300 km, or about 60% of its present width, and the basin was 
oriented slightly more north-south with respect to present-day 
coordinates. The irregular configuration of the 0.706 line, slightly 
straightened in the reconstruction, is interpreted to reflect exten- 
sional and transform segments of the early Paleozoic continental 
margin. The precise configuration of the eastern limit of thick late 
Proterozoic strata is largely an artifact of thrust-fault geometry 
(Figs. 2 and 3), but in some cases this boundary is demonstrably 
related to the location of the basin edge. An example is the 
contrasting late Proterozoic geology of the upper and lower plates 
of the Willard thrust in northern Utah (4, still in close proximity in 
the reconstruction. 

Another application of the reconstruction is in the interpretation 
of Paleozoic geology, particularly to study the subsidence history of 
the passive continental margin in two dimensions and hence to place 
additional constraints on distribution of extension in the lithosphere 
immediately before development of the continental margin. Earlier 
analyses have been confined to isolated localities by the lack of an 
appropriate palinspastic base map [for example, (3, 5, 31) ] .  For this 
purpose, the reconstruction needs to be modified to take into 
account the different relations of Proterozoic and Paleozoic rocks 
with respect to major structures. 

The reconstruction also needs to be evaluated critically, especially 
in the areas of greatest geological complexity. For example, in both 
eastern Nevada and the southern Great Basin, extensional fault 
blocks that are now widely separated are brought into close 
proximity in the reconstruction. To what extent is the reconstruc- 
tion consistent with the geology of these blocks? Regional cross- 
sections are needed to attempt more sophisticated analysis of 
structural evolution, and more attention should be given to the 
kinematics of deformation. Improved paleomagnetic constraints 
would be helpful, particularly better documentation of the late 
Mesozoic polar wander path for North America. 
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