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Abstract--The northern Snake Range, east-central Nevada, is one of the metamorphic core complexes of the 
Sevier hinterland. Within the range a major d6collement separates an 'upper plate' composed of brittlely 
deformed Paleozoic sedimentary rocks (mostly carbonates), from a 'lower plate' composed of metamorphic 
Upper Precambrian-Lower Cambrian rocks, intruded by gneissic granites. A study of the geometry and 
kinematics of structures and fabrics at outcrop scale and in thin sections indicates that: the northern Snake Range 
d6collement has been a zone of intense non-coaxial E-vergent shear and transport in a = Nll5°E direction. 
Outstanding asymmetric boudinage within the marble sheet capping the lower plate testifies for late ductile shear 
strains (3') of at least 20. The interface between brittlely and ductilely deformed rocks seems too sharp to 
represent a regional rheological transition, but might result from two distinct phases of deformation. Ductile 
deformation in and below the d6collement could have occurred before brittle deformation in the upper plate. 
Brittle faulting in the upper plate related to Basin and Range extension reactivated the upper surface of the 
ductile shear zone. High topographic relief on the normal faults bounding the range triggered the slide of 
olistolites from the upper plate into the adjacent Oligo-Miocene basins. 

INTRODUCTION 

THE NORTHERN Snake Range is a metamorphic core 
complex of the Basin and Range province, an area of 
complex tectonic history (e.g. Coney 1980) (Fig. 1). Its 
present geometry, as an uplifted block of mostly Upper 
Precambrian to Middle Paleozoic sedimentary and ig- 
neous rocks surrounded by late Tertiary to Quaternary 
sediment-filled basins, is the result of the latest stage in 
that history: the post-Upper Oligocene-Lower Miocene 
extensional tectonics which has affected much of the 
western United States, particularly Nevada (e.g. Stewart 
1978). In recent years, geologists have paid special 
attention to the northern Snake Range because of a 
peculiar structure revealed by this late Tertiary uplift: 
the northern Snake Range d6collement (NSRD). The 
NSRD is a flattish, sharp discontinuity dividing the 
range into: 

(i) a 'lower plate' consisting of metamorphosed Upper 
Precambrian and Lower Cambrian clastic sediments, 
mostly quartzites and schists, locally intruded by com- 
monly gneissic granite bodies; and 

(ii) an 'upper plate' consisting of more brittlely 
deformed (by normal faults) Paleozoic limestones and 
dolomites, with some interbedded shale layers. 
A marble sheet, the marble tectonite of Misch (1960), 
marks the d6collement in the eastern part of the range 
(Figs. 1 and 2a). The NSRD has been variously inter- 
preted as a major thrust related to Nevadan (Mesozoic) 
crustal shortening (e.g. Misch & Hazzard 1962), as a 
Tertiary denudation fault (Armstrong 1972, Coney 
1974), as a Tertiary transcrustal low-angle normal fault 
(Wernicke 1981), and as a regional brittle-ductile tran- 
sition during Tertiary extension (Miller et al. 1983). So 
far, however, comparatively little detailed work has 
been done on the nature and styles of the strains suffered 

by the different rocks in the Range. We present here new 
observations of small structures in the lower and upper 
plates and in the layers of tectonites associated with the 
NSRD, which allow the geometry and kinematics of 
deformations at the outcrop scale to be determined. 
Field measurements were complemented by laboratory 
analysis of preferred lattice orientations in quartz-rich 
rocks of the lower plate. We discuss the relationships 
between small scale deformation patterns and structures 
observed and mapped at the scale of the entire range 
(e.g. Wernicke 1981, Miller et al. 1983), as well as the 
compatibility between such deformation patterns and 
the alternative interpretations proposed so far. 

DUCTILE DEFORMATION IN LOWER PLATE 
ROCKS 

Throughout the range, in the metamorphic rocks of 
the lower plate, ductile deformation is characterized by 
a metamorphic foliation in general parallel to the orig- 
inal bedding (e.g. Miller etal .  1983, fig. 5). The foliation 
follows the flattened dome-shape of the range: sub- 
horizontal in its inner part, it dips gently up to 25-30 ° 
outwards on the western and eastern sides (Fig. 2a). This 
general attitude is outlined by the marble layer which 
caps the lower plate (Fig. 2a). Locally, however, the 
foliation and the marble layer dip more steeply as, for 
instance, in Smith Creek Canyon (Fig. 1) where they dip 
40°NNE. Also, between the upper reaches of Negro 
Creek, and those of Hendrys and Smith Creeks (Fig. 
2a), the marble layer dips up to 10-20°W, which accounts 
for the lower elevation at which the NSRD crops out in 
Negro Creek (Figs. 1 and 2a) (see also fig. 2 in Miller et 
al. 1983). The foliation planes contain a generally strong 

159 



"01 puv. (e,)g "sgLl lo suo!laos-sso~3 el a~jm ,~2) puP, 
, ftl3 ",VV 'slu~tuaJnsv, otu uo!leluo!Jo ~31111;[ p~JJ~toJd Jol p~1301[03 ~Jo~ soldmP, s ~J~qa~ sol!s ~W.3!pu! sJoqtunN "ole, I d J~ddn 
u.t ,(iJeln3gJe, d 'u~aoqs oJe, s0anlanJls pue sl!un 20fem dlU O "(0(XF09/I = alg'3s 'sqded~°l°ttd opnl!lle, tl~!tt) soloqd dVHN 
rue2 t s~3u~l~lu ! se llO~a sP, SUO!lP, A.lOsqo leJnlan21so33!tU Jno ~u!pnl3u ! puP. (8L6 l) UOSlleD ~ lJP, aa~lS pug '(£86[) '1 ° la J~II!IN 
"(£861) J~!JO "(£861 ) J~l|!lAI ~ suP, O dq ~tJo~a uo p~sp.q dl~$Jl~ l 'o~uP.l: 1 o~[P,u S IJl:~llldOU Jo detu leJnl3nJls 3!letu~q3s '[ "~!d 

eexe pied ~,~ 
f I line.( I~UJJOU AJOI3JO.L m 

dip pue eoeJl 6UlpPO8 

luemellOOl~a eBueii eqeu$ 
UOll.eeUll 6UlqOleJIS 

elelqo- ~llllOd 

e~tzpeno [ ] 

t~leUSO~llJO [~-I 

leqlp ellle"'Sed ~+-*'] 

(OklS) elqs~Vt ~ilililiiii!~ 

leleuoqJeo OIOZOIIDd 

sqooIq ePlI$ 

e|ezeuJolBUOO XJgl|JeJ. 1~.0~[ 

eUOlle~ll eUlJ18nOe'l ':,:,- 

o-O c, 

o o ooo 
:, oo oO 

:.- o o o c 
~}1, o o o o 

% 

• . .% .... 
.,... ,~,,!~..~_@ '/. '. 
~...... .... ... 

,,., 

\ 
N 

t~ 

< 

¢.- 

!iii!!i 

rrfy-7. ~ ~ : . : ~. • i. :i:~ 

.--( . . . . .y . . . . . . . . ~ . . 

.,. ,.~.'.'." ". 

..... ....., "~ 

:i~i:~i~i~i~!:i~i~;~i~i:;~!~);~i~i~!~;~i~)~i~i~i~i~i~;~i~i~i::::::::::::::::::::::.~ 

o 

< 

r" 

V 

"b 

s31VlS 

031lNf~~ 

~idutvfii!i!iiiiii!i!!i!i!iiiiiii 

~ <~:'. ~-Y i-i ...... :iiiiiiiii::i::iiiiiiiii:::: 
,.iii iiiiiiiiiii~ • ' ' ' ' '.'." " ".'.' " ",' ' • " • " ", 

" ' '.' ' "," "." • " " " • ' " "." ',' 

1t3INNOddV..L "d pug tt~t~3anv D 'A 09[ 
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Fig. 2. (a) Schematic cross-section along profile AA' (Fig. 1 ). (b) Rose diagram of trends of stretching lineations in lower 
plate and marble sheet of northern Snake Range (97 measurements, each an average from a flattish foliation surface a few 
square metres in area, Fig. 1 ). Maxima at N 115°E and N 125°E probably result from bias of larger number of measurements 

in areas of range where most work was done. 

stretching lineation of rather constant trend throughout 
the range: N l l 5 ° E  + 15 ° (Fig. 2b) (e.g. Miller et al. 
1983, fig. 5). At a more detailed level, the trend of the 
lineation swings uniformly from N105°E in the north to 
N125°E in the south of the Range (Fig. 1). The 
geometry,  kinematics and amounts of ductile strain in 
the lower plate are particularly clear within quartz-rich 
Upper  Precambrian to Lower Cambrian rocks and gneis- 
sic granites. 

Deformation in McCoy Creek pelites and Prospect 
Mountain quartzites 

In Hendrys Creek Canyon (Fig. 1), the layer of garnet- 
amphibole schists which belongs to the pelitic Pre- 

cambrian McCoy Creek group exhibits a well developed 
foliation $1, parallel to the bedding So. A strong stretch- 
ing lineation is marked by dark amphiboles,  elongated in 
a N110°E direction. An incipient schistosity S, cuts Sj, 
and dips 20°W while S I dips approximately 10°E. 
Polyhedral garnets, about 1-2 mm in diameter,  deflect 
So and $1. The asymmetry of that deflection, the inclina- 
tion of S~ with respect to $1 and the well-developed 
lineation in So-St are consistent with a non-coaxial pro- 
gressive strain regime, involving a large component  of 
E-vergent shear. Measurements  of aspect ratios 
(8 : 1 : 0.1) of stretched pebbles in rocks of the McCoy 
Creek group in this area (Miller el al. 1983) indicate 
shear strains 7 on the order of 10. 
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A similar strain regime is clear in the Prospect Moun- 
tain quartzites. In Hendrys Creek and Hampton Creek 
(Fig. 1) the well-developed foliation has caused splitting 
of the quartzites into slabs, the thickness of which 
increases from top to bottom of the quartzite pile. This 
increase may be indicative of a decrease in deformation 
intensity with depth. The horizontal surfaces of the 
quartzite slabs are covered with muscovites and phen- 
gites, the long axes of which parallel the strong Nll5°E 
stretching lineation. In Hendrys Creek, the foliation is 
affected by open meter to decameter-scale folds, the 
axes of which trend parallel to the lineation, as noted by 
Rowles (1982) in Hampton Creek, and by Coney (1974). 

The non-coaxial style of deformation in the quartzites 
is shown by the analysis of preferred lattice orientations 
in oriented samples from the eastern part of the range 
(Fig. 3a). Measurements at four sites (Fig. 4a) yielded 
distributions of quartz (c) axes in girdles tilted towards 
the east with respect to the plane perpendicular to the 
lineation, compatible with a mechanism close to E- 
vergent simple shear (Bouchez 1977, Gapais 1979, 
Laurent & Etch6copar 1976). The presence of a 
maximum close to the Y axis, commonly interpreted as 
resulting from gliding along prismatic planes in the (a) 
direction (e.g. Bouchez 1977), is indicative of relatively 
high temperature conditions. At the fifth site however, 
in Negro Creek (Fig. 1), a different distribution of (c) 
axes is observed with two ill-defined crossed girdles (Fig. 
4b), suggesting a predominant component of coaxial 
deformation. Texture goniometer analysis of the distri- 
bution of (a) axes confirms the flattening component, 
but suggests also a small component of E-directed shear, 
as indicated by the eastward dip of the average plane Z'  
(Fig. 4c) (Gapais 1979). In the field and in thin section, 
the quartzites of Negro Creek appear to be less deformed 
than those which crop out on the eastern side of the 
range: the stretching lineation in particular is less well- 
developed than at most other sites (e.g. Hendrys Creek 
Canyon). 

Deformation in the gneisses 

Several granitic intrusions are found in the northern 
Snake Range (Fig. 1), and many, if not all, are gneissic. 
The largest gneiss body crops out on the southern side of 
the range, where it has widely intruded the Prospect 
Mountain quartzites. 

The foliation planes (S) in the gneisses are well 
marked by mica layers and flattened feldspars. The 
foliation maintains a constant attitude as it passes from 
the gneiss to the intruded quartzite. This is particularly 
clear in Horse Canyon (Fig. 1), where the contact is a 
zone of intimately imbricated sheets of gneiss and 
quartzite, each a few metres thick, Everywhere, asym- 
metric pressure shadows where quartz has recrystallized 
indicate that large K-feldspars have rotated (Fig. 3b). 
The rotational component of deformation is consistent 
with E-vergent shear (Malavieille etal. 1981, Simpson & 
Schmid 1983). The gneisses also exhibit a set of planes 
which dip 15-20 ° more eastwardly than the foliation 

(Fig. 3b). These discrete plates, which are regularly 
spaced (---1 cm) and marked by quartz ribbons and thin 
(---1-2 mm) layers of biotite, have also accommodated 
E-directed shear and correspond to C' planes in the 
sense of Berth6 et al. (1979) (Fig. 3b) (see also Simpson 
& Schmid 1983, Lister & Snoke 1984). This widespread 
pattern of deformation indicates that the granite bodies 
were gneissified in a strong E-vergent shear regime. 
Dioritic inclusions in the granite bodies are less 
deformed than the granites. Lamellae of feldspars, 
biotite and amphiboles within them, however, are paral- 
lel to the foliation in the surrounding gneiss. As observed 
by other authors (Nelson 1969, Miller et al. 1983) the 
greater development of the foliation and lineation near 
the NSRD implies a decrease in the amount of finite 
strain in the gneisses and the quartzites with increasing 
depth below the NSRD. 

DUCTILE DEFORMATION WITHIN THE 
DECOLLEMENT 

The layer of tectonite, up to more than 100 m thick, 
which outlines the NSRD (Fig. 2a) (Misch & Hazzard 
1962, Nelson 1969, Wernicke 1981) corresponds to an 
outstanding shear zone, in which high strains are 
localized. The nature and intensity of such strains are 
particularly clear within two units of the tectonite layer. 

Sheath folds and ultramylonites in Rock Canyon 

In the vicinity of Rock Canyon (Fig. 1), a strongly 
folded layer of thinly bedded calc-silicate rocks separates 
the gneisses from the NSRD marbles. Fold axial planes 
are generally horizontal, and most fold axes strike 
N125°E, parallel to the stretching lineation (Fig. 5b). 
Sheath folds are well developed everywhere in this layer 
(Fig. 5a). This indicates shear strains of large magnitude 
(y/> 10) (e.g. Cobbold & Quinquis 1980, Lacassin & 
Mattauer 1985). The presence of large boudins of aplite 
with asymmetric tails several m long is also consistent 
with large amounts of eastward transport. This sense of 
movement is corroborated by pervasive boudinage at a 
smaller scale. Finally, folds parallel to the stretching 
lineation, and spectacular sheath folds are observed in a 
thinly laminated ultramylonite zone, a few metres thick, 
at the base of the marbles. 

Snake Range marble sheet 

The highly heterogeneous deformational style de- 
scribed above, which contrasts with the relatively 
homogeneous strains observed in the pelites, quartzites 
and gneisses within the lower plate, is also typical of 
deformation in the marble layer at all scales: ductile 
faults, folds and boudins from tens of cm to hundreds of 
m in size, can be observed everywhere. In many places, 
the deformation is dominated by isoclinal folds, the axes 
of which trend from N70°E to N130°E, but are commonly 
parallel to the stretching lineation (=Nll5°E).  Such is 
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(a) 
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Fig. 3. (a) Photomicrograph of quartzite sample from Smith Creek (site 3 on Fig. 1). (b) S and C' planes in gneisses from 
Horse Canyon (Fig. 1). 
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(b) 
5 cm 

I I 

Fig, 5(a). Sheath folds in calc-silicate layers beneath NSRD marble sheet in Rock Canyon. Scale is given by coin in lower 
right corner. (b) Folds with axes parallel to lineation in calc-silicates. Same location as (a). (c) Large folds with axes parallel 
to stretching lineation in NSRD marble sheet above Rock Canyon. (d) W-dipping shear zones (strain-slip cleavage) in lower 
limb of fold in marble layer M2 (Fig. 7, lower right). (e) Incipient folding in marble layer M4. (f) Folding in marble layer M4. 
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Fig. 8, (a) Secondary W-dipping shear zones in marble layer M4 (Marble Canyon). (b) Secondary W-dipping shear zone 
offsetting kersantite sill (s) in wake of large dolomitic boudin. Photograph flipped so that east is on right side of page (Marble 

Canyon). (c) Asymmetry of decameter-scale dolomitic boudins (Marble Canyon). 
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Fig. 11. (a) Conjugate high-angle brittle normal faults and en-6chelon vertical joints in the lower plate (McCoy Creek group 
pelites, Hendrys Creek). (b) Reverse fault drag in top layer of mylonitic marble (Marble Canyon). (c) Close-up of planar 
low-angle normal fault of Fig. 12(a). (d) Folded stylolitic cleavage and west-dipping reverse faults in recrystallized 

limestones above NSRD foliated marbles (Smith Creek). 
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Fig, 7. Folds with axes at high angles to the stretching lineation. Lower left insert: folding of small kersantite sill; lower right 
insert: fold hinge in marble layer M2. 

the case for the large folds in Fig. 5c, above Rock Canyon 
for instance. Strain patterns in the marble are best 
exposed in the northeastern part of the range, in a 
shallow canyon (Marble Canyon) whose gentle slope 
follows the d6collement level. Marbles in Marble 
Canyon show a conspicuous structural 'layering', both 
on a large and a small scale (Fig. 6). This layering, 
previously recognized by Nelson (1969) is found in much 
of the marble sheet in the northernmost part of the 
Snake Range, and in a similar marble sheet in Kern 
Mountains and Deep Creek Range to the North. Indi- 
vidual layers may be followed for at least 5 km upstream 
in Marble Canyon. Most of them display rotational 
boudinage (Fig. 6). This uniform layering is summarized 
in Fig. 6(b). From a structural point of view, one may 
distinguish, from top to bottom (Fig. 6b). (1) A first 
layer of siliceous blue-gray marbles (M1) with a well- 
defined stretching lineation striking N105°E. The foli- 
ation is affected by isoclinal folds, the axes of which 
trend parallel to this lineation. Small, more quartzitic 
inclusions and boudins within the marble layer have 
asymmetric pressure shadows. The marbles contain at 
least one layer of dark brown schists (S1) (Nelson 1969), 
at most a few metres thick, often boudinaged by E- 
dipping shear planes (Fig. 6b). (2) A first layer of 
massive dolomitic limestone boudins (D1), tens of 
metres in size (Fig. 8c), embedded in white-pink marbles 
which delineate large asymmetric tails. (3) A second 
layer of blue-gray marbles (M2) containing a sheet of 

dark brown schists ($2) and a boudinaged or folded sill 
of mafic rocks (s) (amphibolites) (Figs. 6 and 7), iden- 
tified by Nelson (1969) as a metamorphosed kersantite 
sill. (4) A second layer of large dolomite boudins (D2), 
at places up to several tens of metres in length, bulky 
enough to cause changes in the dip of all the upper layers 
of marbles in the canyon (Fig. 6). (5) A third layer of 
laminated blue-gray marbles (M3). (6) A layer of 
greenish brown calc-schists ($3) which can be 10-20 m 
thick. The foliation in the calc-schists is boudinaged by 
E-dipping shear zones. (7) A fourth layer of laminated 
white and bluish gray marbles (M4) which exhibit par- 
ticularly outstanding folds and shear zones. (8) A layer 
of greenish brown calc-schists ($4) analogous to $3, 
albeit thinner, containing boudins of granitic rocks 
(mostly pegmatites) near its base. (9) Laminated bluish 
gray marbles (M5) on top of white vitreous quartzites 
and schists showing a strong N112°E stretching lineation. 

Asymmetric folding and boudinage," 'ductile normal' 
faults 

All the observations we made in Marble Canyon at 
scales above 10 m, and the majority of such observations 
at a smaller scale, indicate E-vergent shear and imply 
large amounts of transport of the upper plate. While 
deformation of the white-blue banded marbles is the 
most homogeneous, individual layers being traceable 
without interruption for tens of metres, the foliation is 
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Fig. 9. (a) Development  of boudinage by asymmetric  extension of competent  layer within more ductile ones in simple shear  
regime. Principal stress o- I is assumed to be at 45 ° to the simple shear  plane C. Initial angle between C and foliation in ductile 
layers (shaded) and the more competent  layer between them is assumed to be 2 ° . Brittle shear  zones in the competent  layer 
are assumed to form at a lower angle (20 °) to cry. Brittle and ductile layers are stretched by the same amount  during 
progressive shear  (33% and 70% respectively for intermediate and final stages). Corresponding stretching factors, fl, and 
shear strains are 1.33, 1.70 and 10 and 2[l respectively. As foliation in the ductile layers rotates about 1 ° clockwise, brittle 
shears and boudins rotate about 10 ° anticlockwise. (b) Hypothetical development  of W-dipping shear  zones upstream of 

W-dipping edge of large rotating boudin. 

affected in places by small folds, the formation of which 
was apparently triggered by small heterogeneities (Fig. 
5el. Locally, some of the folds seem to evolve into small 
'thrusts'. All of such folds, whose axes make angles of 
30-40 ° with the regional stretching lineation, are over- 
turned to the E (Figs. 5e & f). This is the case for the 
conspicuous folds observed in the kersantite sill (s) and 
one of its small offshoots in layer M2 (Figs. 6 and 7). In 
addition to the overall E-facing attitude of the folds, a 
W-dipping axial-plane cleavage is observed in the thick- 
ened hinges and the overturned limbs are strongly 
attenuated (Fig. 7 insert on the left). Above the folded 
sill, a similar asymmetric fold affects the white-gray, 
laminated marbles with brown-weathered interbeds of 
layer M2 (Fig. 7 insert on the right). Tight, second-order 
folds in that fold hinge have = N-S striking, W-dipping 
axial planes, and the brownish layers in the lower limb 
are offset by discrete W-dipping planes which may be 
interpreted as strain-slip cleavage (Fig. 5d). 

The ubiquitous, outstanding asymmetry of boudin- 

age, both on a small and a large scale, also implies 
predominant non-coaxial, E-vergent shear strains (Fig. 
6). This is clear either from the pressure shadows or tails 
around small quartzitic and dolomitic inclusions in layer 
M1 (Fig. 6b) (e.g. Malavieille 1982), from the larger tails 
of the massive dolomitic boudins, tens to hundreds of m 
in size, of layers D1 and D2 (Fig. 6b) or of the small 
pegmatitic ones in layer $4, from the E-dipping shear 
zones in the schists and calc-schists of layers S1, $2, $3 
and $4 (Fig. 6), or from the shape of kersantite boudins 
where the sills have been truncated and sheared (Fig. 7). 
Most of the boudins, whether they are made of foliated 
marbles or schists, or of less ductile rocks such as dolo- 
mite, appear to have formed by down-to-the-east move- 
ment along shear zones dipping more steeply eastwards 
than the general foliation and layering. 

One simple mechanism for generating such an asym- 
metric, rotational boudinage is depicted in Fig. 9(a): in a 
regime of steady-state, progressive simple shear, the 
maximum principal stress cr~ may be expected to make 
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an angle of =45 ° with the orientation of the main ductile 
shear zone. Within a d6collement such as NSRD, and 
for large enough strains (7 > 10), both the foliation and 
the original or shear-related layering will be nearly 
parallel to the shear plane. In such a shear zone, layers 
which are less ductile because of their composition 
(dolomite) or which become so because of strain harden- 
ing, may not deform in a purely plastic (isovolumetric) 
way. Instead, in such layers, shear is likely to occur 
within more brittle (dilatant) fault zones making an 
angle of less than 45 ° with o- I. Only those faults which 
make a low angle with the main shear plane can maintain 
a rather stable attitude and sense with increasing strain 
and contribute to the lengthening of the less ductile 
layers, in compatibility with the overall simple shear 
regime. They may thus be expected to develop preferen- 
tially, truncating and offsetting those layers in the man- 
ner shown in Fig. 9(a). Such a mechanism, which is 
physically and kinematically analogous to one of several 
mechanisms suggested for the formation of C' planes in 
mylonitic rocks (e.g. Platt 1984, Passehier 1984), would 
account for the predominance and ubiquity of E-dipping 
'normal" shear zones at all scales, as well as the down-to- 
the-west, up-to-the-east tails of the boudins in the E-ver- 
gent NSRD shear zone (Figs. 6 and 9a). In Fig. 9(a), the 
normal shear zones form with an original dip of 25°E and 
rotate counterclockwise 11 °, while the average layer 
plane rotates clockwise only 0.8 ° . Note that with the 
assumption that the adjacent layers experience the same 
amount of extension, the overall simple shear (y) 
required to dissociate two neighboring boudins with 
aspect ratios of the order of 4 is larger than 20. 

Despite the predominance of E-dipping, normal shear 
zones in the NSRD marble sheet however, ductile W- 
dipping normal faults are often found to offset the thin 
blue-white banding of layers M2 and M4 (Figs. 6b and 
8a). Such faults generally vanish upwards and down- 
wards into the foliation, thus isolating sigmoidal slabs of 
marble in which the banding tilts eastwards (Fig. 8a). In 
most cases, darker layers, although strongly attenuated, 
can be followed along these faults or shear zones (Fig. 
8a). The kersantite sill (Fig. 8b) and small boudins of 
dolomitic marble in layer M 1 are also offset down-to-the- 
west by such shear zones. 

Most of the better exposed W-dipping normal shear 
zones we observed were located in the wake of large 
boudins (Figs. 6 and 8). This association suggests that 
such shear zones might be due to perturbations of the 
overall E-vergent shear by the large asymmetric boudin- 
age illustrated in Fig. 9(a). The progressive, antithetic, 
rotation of large boudins could for instance produce 
growing resistance to E-directed flow in the blue-white, 
more ductile marble, and increase the flattening strain 
component in areas against the topmost or lowermost 
parts of the W-dipping sides of such boudins. The marble 
might thus be forced to flow out of these more intensely 
flattened areas towards the necked zones between ad- 
jacent boudins, along normal shear zones guided by the 
W-dipping sides of the boudins (Fig. 9b). In any event, 
our obserw/tions imply that the W-dipping normal shear 

zones (Fig. 9b) are secondary features in a strain regime 
in which the process illustrated in Fig. 9(a) is dominant. 

BRITTLE DEFORMATION 

Faulting along the edges o f  the range 

Since the Snake Range, together with the Deep Creek 
Range, belongs to one of the many, roughly N-S trend- 
ing, topographic highs of the Basin and Range Province, 
one expects it to be limited, as most such highs, by 
Tertiary to Quaternary normal faults on either side. 
Besides, the Snake and Deep Creek Ranges are the only 
ranges, within the Great Basin proper, to exceed 12,000 
feet. 

Evidence for Quaternary faulting along either edge of 
the Snake-Deep Creek Range is less conspicuous, how- 
ever, than along most other ranges between the Sierra 
Nevada and the Wasatch Front (e.g. Ruby Mts, 
Toiyabee Range, Stillwater Range, Tobin Range . . .) 
(e.g. Wallace 1978a). Nevertheless, east of the southern 
extremity of Deep Creek Range, en-6chelon Quaternary 
scarps (Hintze 1980) appear to outline the surface 
expression of a major buried normal fault (Wallace 
1978b). Also, near Sacramento Pass, a prominent 
Neogene normal fault juxtaposes the Miller Basin Wash 
metamorphic pelites (MBp, Fig. 1) with Oligo-Miocene 
clastics (Miller et al. 1983). The existence of late 
Cenozoic, N-striking normal faults bounding the north- 
ern Snake Range on either side may be inferred from 
either COCORP profiles (Gans et al. 1985, Hauser 1985) 
or Bouguer gravity maps (Miller et al. 1983). Such faults, 
generally concealed by onlapping fan deposits, probably 
cut and offset the NSRD (Fig. 1), as depicted on recent 
sections (Miller et al. 1983, fig.9, Gans et al. 1985, figs. 2 
and 3). 

Along the northern edge of the Sacramento Pass 
reentrant, the NSRD also appears to be offset by a series 
of roughly E-W fault segments (hereafter referred to as 
the Silver Creek Fault Zone (SFZ), which separate the 
ductilely sheared lower plate rocks from Tertiary con- 
glomerates and lacustrine limestones to the South (Fig. 
1) (Grief 1983). The conglomerates and limestones are 
tilted up to about 50°W and offset 1-2 km by at least two 
large arcuate normal faults which merge with the SFZ 
(Grier 1983, Miller et al. 1983) (Figs. 1, section BB', and 
10a). Small conjugate normal faults in the conglomer- 
ates and bedding-parallel stylolites in the limestones are 
compatible with roughly E-W extension and vertical 
maximum principal stress before tilting. 

Irregular blocks of various sizes are embedded within 
the lacustrine limestones (Figs. 1 and 10a) (Grier 1983). 
Some of the blocks are of km dimensions (Figs. 1, 10a & 
b), and all of them are composed of Paleozoic carbonates 
or, more rarely, of quartzites. Several blocks contain or 
are made of tectonic breccia with angular, highly shat- 
tered carbonate clasts (Grier 1983). Particularly large 
and abundant blocks are found along the northern edge 
of the Sacramento Pass basin where they partly mask the 
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Fig. 10. (a) Schematic cross-section along profile BB' in Sacramento Pass basin (location shown on Fig. 1) (based on 
mapping by Grier 1983). (b) Schematic cross-section along profile CC' across southern boundary of northern Snake Range 
(location shown on Fig. 1). F points to a fault common to sections BB' and CC'.  Numbers are strikes and dips of foliation. 

(c) Red Ledge Canyon section (see b for legend) (location on Fig. 1). 
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SFZ. The bedding in most of these larger blocks dips 
steeply (up to 70 °) to the SSW (Grier 1983) (Figs. 1 and 
10b). As recognized by Grier (1983), all blocks appear to 
be slide blocks or olistolites. They seem to have slid from 
the uplifted edge of the upper plate down into an Upper 
Oligocene-Lower Miocene lake, mostly before the 
deposition of the thick upper conglomerates. This 
implies important topographic relief (Grier 1983) on 
probably steeply dipping faults at the time, particularly 
the SFZ. West of Silver Creek (Fig. 1), where the SFZ 
strikes ~ NI20°E, the linearity of its trace on National 
High Altitude Project (NHAP) photos is indicative of 
such steep dips, as well as of a component of strike-slip 
movement, probably left-lateral if coeval with normal 
faulting in the Sacramento Pass basin. East of Silver 
Creek, brittle deformation in the lower plate along the 
SFZ, here - E - W  striking, is characterized by subverti- 
cal, N70--80°E trending, often chloritized fractures and 
faults and brecciated pegmatites (Fig. 10b). Tectonically 
brecciated quartzites and dolomites generally mark the 
base of the large slide blocks along the fault zone and 
separate them from rocks of the lower plate. Farther 
east, in Red Ledge Canyon (Figs. 1 and 10c), one 
segment of the same fault zone, outlined by a narrow 
band of limestones affected by a steep north-dipping, 
-N80°E striking fracture cleavage, appears to truncate 
the NSRD marbles and the lower plate, as depicted in 
Fig. 10(c). 

The observations described here, which complement 
those presented in the maps of Grier (1983) and Miller et 

al. (1983), suggest to us that the SFZ cuts both the upper 
and lower plates of the northern Snake Range, displac- 
ing the NSRD shear zone and its characteristic marble 
sheet perhaps several km down to the south. This would 
fit the quantitatively constructed section CC' (Figs. 1 
and 10b) in which the NSRD marble sheet appears to 
vanish southwards and where foliation in the underlying 
gneisses keeps a constant, flattish attitude. The strong 
cataclasis linked with movement on the SFZ overprints 
that foliation and must have occurred after ductile shear 
in the lower plate and d6collement. Since brittle dis- 
placement on the SFZ and on the normal faults which 
merge with it (Fig. 1) are probably coeval, ductile shear 
on the NSRD probably occurred prior to the extensional 
tectonics recorded in the Sacramento Pass basin. Thus, 
although the large westward tilts of the Tertiary sedi- 
ments and the arcuate shape of the normal faults in the 
basin may be accounted for by soling of the latter faults 
on the NSRD at depth, the corresponding brittle dis- 
placements were probably only guided by the previously 
foliated, hardened top of the lower plate. 

Br#tle faul t ing within the Snake  Range 

In the metamorphic lower plate, significant brittle 
deformation overprints the ductile shear which has pro- 
duced the foliation, lineation and boudinage. Although 
this brittle deformation is less spectacular than above the 
NSRD in the upper plate, it is pervasive. As noted by 

Miller et al. (1983, fig. 5f), the quartzites are cut in many 
places by vertical joints oriented NI5°E, a direction 
roughly perpendicular to the direction of late Tertiary 
extension in most of the Basin and Range (WNW-ESE, 
Zoback et al. 1981). In addition to these vertical joints, 
the metamorphic pelites in Hendrys Creek show coeval, 
parallel and steeply dipping conjugate normal faults 
(Fig. 1 la). Open cracks, oriented ~N-S ,  are also found 
in the marbles. In a few instances however, brittle faults 
were observed to offset the ductile foliation in a way 
compatible with roughly horizontal shortening instead 
of extension. The =N-S  striking, E-dipping reverse 
fault in the top layer of mylonitic marble in Marble 
Canyon (Fig. l lb)  represents one example, and other 
such microfaults, striking N145°E, were found in the 
quartzites of Negro Creek. 

Brittle deformation in the upper plate has been 
studied extensively, particularly in the southern part of 
the range (Miller et al. 1983). The Paleozoic carbonates 
are generally tilted, often towards the W (e.g. fig. 5c in 
Miller et al. 1983) (Figs. 1, 2a and 12b) and sliced by 
numerous low-to-high-angle normal faults whose aver- 
age strike (N 10°E +_ 20 °) is compatible with late Tertiary 
Basin and Range extension. The geometry of faulting 
however, as well as the bedding attitudes, appear to be 
less systematic than implied by the schematic or inter- 
pretative cross-sections of Miller et al. (1983), Bartley & 
Wernicke (1984), or Gans et al. (1985). In Smith Creek 
canyon for instance, the Paleozoic strata dip west only at 
the outlet of the canyon (Fig. 12a) and remain flat-lying 
or are tilted to the east upstream. Similarly, at the 
entrance of Negro Creek valley, bedding dips are mostly 
to the east. The two-phase kinematics (involving 
younger E-dipping normal faults offsetting older, now 
W-dipping faults tilted in a reverse attitude) documented 
in Duck Creek and Egan Ranges (Gans & Miller 1983) 
may characterize upper plate faulting in the southwest- 
ern part of the northern Snake Range (Miller et al. 1983, 
fig. 2). There are, however, prominent, presently nor- 
mal, W-dipping faults as well in that area (Fig. 1). In 
fact, in areas where the upper plate extends to the edges 
of the range (e.g. Smith Creek outlet in Snake Valley 
and Negro Creek outlet in Spring Valley) normal faults 
near such edges generally dip towards the range front 
(e.g. Fig. 12a) while the faulted blocks are tilted towards 
the inside of the range (Figs. 1 and 12a). 

High-angle normal faults within the upper plate often 
appear to sole into shallower-dipping ones. One such 
low-angle fault, with a probably large down-to-the-east 
offset, is well-exposed at the entrance of Smith Creek 
canyon (Fig. 12a). The sharp fault plane separates a 
layer of brecciated limestones with steep, E-dipping 
cracks from a sheet of pulverized dolomite, 1-2 m thick, 
underneath (Figs. 1 lc and 12a). The most prominent 
examples of this geometry are found at the base of the 
upper plate where, as recognized by many authors (e.g. 
Wernicke 1981, Miller et al. 1983), most of the normal 
faults do not cut into the lower plate. The extensional 
faults which slice the Paleozoic carbonates generally sole 
into a layer of carbonate breccia located either at the 
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very top of the NSRD marble sheet in the eastern part of 
the range (Fig. 12b), or on top of the quartzites in the 
southwest, where the marble tectonite is absent. This 
breccia, of variable thickness, contains angular, cm scale 
clasts of unmetamorphosed limestones and dolomites 
(Misch & Hazzard 1962, Nelson 1969, Miller et al. 1983). 
It resembles not only that found along large normal fault 
planes in the upper plate (Fig. 12a), but also that found 
in the olistolites embedded in the lacustrine limestones 
of the Sacramento Pass basin (Fig. 10). The contact 
between the breccia and the foliated marbles is usually 
quite sharp. Nevertheless, within the marbles, ductile 
shear planes parallel to the foliation appear to have been 
reactivated in a brittle way in places. Near the base of the 
marble sheet above Rock Canyon for instance, such 
planes are outlined by brown gouge and calcite, and the 
marble between them is brecciated and cut by calcite- 
filled gashes whose generally steeper eastward dip indi- 
cates small, down-to-the-east movements (Fig. 12c). 

The typical way in which brittle faults in the upper 
plate merge with the breccia layer on top of the marble 
sheet is shown in Fig. 12(b), which is a sketch of particu- 
larly clear outcrops, west of Rock Canyon and in Smith 
Creek (Fig. 1). The faults, which separate blocks with 
comparable westward tilts, commonly meet the top 
surface of the marble at angles of 20 to 50 ° . The wedge- 
shaped footwall toes thus isolated usually appear to have 
suffered intense brittle deformation. They often corres- 
pond to gouge- and breccia-filled or even hollowed out 
triangular zones (Fig. 12b) as expected from compatibil- 
ity requirements in 'domino-style' or 'deck of cards' 
models of extensional tectonics (e.g. Morton & Black 
1975, Wernicke & Burchfiel 1982, Miller et al. 1983). 

Probably not all the normal faults which disrupt the 
upper plate sole on top of the lower plate however. In 
addition to the faults which limit the northern Snake 
Range basement high to the east, west and south, large 
normal faults within the range may offset the ddcolle- 
ment and descend into the lower plate. One such fault, 
outlined by steeply dipping upper plate strata, is clear 
just west of Mt Moriah on NHAP photos (Fig. 1). It 
appears to displace down-to-the-west lower plate 
quartzites in the upper reaches of Smith Creek, and to 
mark the western limit of the Silver Creek gneiss body 
and the Miller Basin Wash pelites (Fig. 1) (Stewart & 
Carlson 1978, Miller et al. 1983). Normal movement on 
this fault may account for the 600 m, down-to-the-west 
offset of the base of the upper plate between Hendrys 
and Negro Creeks (Miller et al. 1983, fig. 2) (Figs. 1 and 
2a), as well as perhaps for the absence of the NSRD 
marble sheet in the latter. 

DEFORMATION OF INTERMEDIATE STYLE 

Near the intersection of Smith Creek and NSRD (Fig. 
1), the brittlely faulted Paleozoic carbonates of the 
upper plate are separated from the NSRD marble sheet 
by a layer of recrystailized limestones, a few tens of 

metres thick. While not foliated as the marbles under- 
neath, these limestones are strongly deformed and 
exhibit a dense stylolitic cleavage SI which strikes N20- 
30°E and dips 30-50°W on average (Fig. l ld).  The 
cleavage is affected by tight folds with axial planes 
dipping steeply to the W and striking roughly N20°E. 
The fold, as well as Sl, are sliced by shallow W-dipping 
faults, whose presently reverse attitude is compatible 
with the geometry of the folds and the dip of the cleavage 
(Figs. 1 ld and 12d, Fl). Finally, both S I and the 'reverse' 
faults are cut by normal faults striking N-S to NE-SW 
and dipping 30-40°E (Fig. 12d, F2). Drag along these 
faults appears to have bent the cleavage back into a 
nearly horizontal or even E-dipping attitude. The latter 
faults are also outlined by zones of brecciatcd limestone 
and black gouge which merge with a more prominent 
zone of cataclasis on top of the NSRD marble sheet, as 
in Fig. 12(b). 

Except for the folds and stylolitic cleavage, the two- 
phase faulting sequence observed here resembles, on a 
small scale, that described by Miller et al. (1983, figs. 2 
and 4), as typical of upper plate faulting. The second set 
of E-dipping, clearly brittle faults (F2) which merge with 
the gouge layer on top of the marbles would correspond 
to second generation normal faults in Gans & Miller 
(1983) and Miller et al. (1983). The origin of the first 
generation, more ductile faults (FI), and of the probably 
only slightly older schistosity and folds~ is less clear. The 
fact, however, that beds in Paleozoic carbonates of the 
upper plate, above the layer of schistose limestones, are 
not strongly tilted and nearly parallel to the NSRD 
marble sheet suggests that strain-induced rotations, if 
any, have been restricted to that layer. Hence, depend- 
ing on the amount of such rotations, there appear to be 
two extreme possibilities. 

(i) If the stylolitic cleavage in the limestones initially 
formed roughly parallel to the bedding and to the NSRD 
marble sheet, local anticlockwise rotations linked with 
down-to-the-east normal movement on the E-dipping 
faults (F2) could have reached 30-40 °. The now W-dip- 
ping reverse faults (Fl) could thus have formed as shal- 
low E-dipping shear zones analogous to those in Fig. 
9(a). The stylolitic cleavage and the folds affecting it 
would then be less ductile analogs of, respectively, the 
foliation and the E-vergent folds observed in the NSRD 
marble sheet underneath (e.g. Figs. 5d-f, 6, 7 and 8c), 
and the two sets of faults would result from two succes- 
sive phases of rotational boudinage, in keeping with the 
mechanism of Fig. 9(a). The main difference between 
such a deformation sequence and that discussed in Miller 
et al. (1983, fig. 4) would thus be its confinement to a 
rather thin layer of rocks, indicating localized E-vergent 
shear at the base of the upper plate. 

(ii) On the other hand, in more brittle (transitional), 
less intensely deformed horizons above the NSRD shear 
zone, the original attitude of the stylolitic cleavage could 
have departed from that of the foliation in this zone, 
much as in C-S mylonites. In this event, the present 
westward dips of the cleavage could (within 10-20 ° ) 
reflect that initial attitude, and the first generation faults 
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(F~) could correspond to small shears parallel to the 
d6collement or splaying upwards from it. The stylolites, 
the older set of faults and the folds would then all 
indicate a component of localized, partly ductile -~ E-W 
shortening not far above the NSRD shear zone. Which- 
ever of the above hypotheses is correct, however, both 
imply eastward transport of the upper plate. 

DISCUSSION 

The original incentive for the present study was that 
low-angle discontinuities in the metamorphic core com- 
plexes of the Basin and Range might typify deformation 
processes representative of the late tectonics of high 
continental plateaus like Tibet. Hence, a better knowl- 
edge of the nature and variation with depth of mid- 
crustal strains in those core complexes might provide 
constraints on physical models of the thermomechanical 
evolution of high plateaus. In such plateaus, important 
crustal thickening over a wide area appears to be fol- 
lowed, some tens of million years later, by distributed 
normal faulting and crustal thinning over the same area 
(e.g. Molnar & Tapponnier 1978). The thinning, appa- 
rently driven by the excessive thickness of the crust, may 
follow the increased ductility of the warmed lower crust 
and/or a change in boundary conditions along one edge 
of the plateau (e.g. Molnar & Tapponnier 1978, 1981, 
Dalmayrac & Molnar 1981, Sbar 1982, Glazner & 
Bartley 1985). Although there is no direct evidence that 
Nevada was once as high as present day Tibet, several 
similarities between the two areas suggest that the Basin 
and Range might have been a high plateau in the 
Eocene, its presently well-developed extensional tec- 
tonics thus perhaps corresponding to some advanced 
stage of those now incipient in Tibet (e.g. Molnar & 
Chen 1983, Coney & Harms 1984). The crust of the 
Great Basin is warm and, despite considerable thinning 
(e.g. Coney & Harms 1984), still at least 25 km thick. Its 
average elevation is still high (about 1600 m) and its even 
higher rims (Wasatch Range, northern Rocky Moun- 
tains, and Sierra Nevada) limit, as in Tibet (Armijo eta l .  
1986), a vast area of essentially internal drainage, where 
widespread normal faulting has been more prominent 
than in adjacent regions. 

The main goal of our work was thus, by documenting 
strains in rocks above, within, and below the NSRD, to 
obtain direct information on the nature, sense and com- 
patibility of movements on and near this d6collement. 
The characters and distribution of strain(s) near the 
NSRD are indeed, along with their age(s), the central 
issue in the current controversy surrounding the main 
extant models (low-angle normal fault, brittle-ductile 
transition, reactivated thrust) (Wernicke 1981, Allmen- 
dinger & Jordan 1981, Allmendinger et al. 1983, Miller 
et al. 1983, Bartley & Wernicke 1984, Gans et al. 1985). 
While our microstructural investigation is far from 
exhaustive, by supplementing the substantial field data 
gathered so far (Miller et al. 1983), it helps clarify several 
aspects of the tectonics of the northern Snake Range. 

A major, ubiquitous feature of the duct i le  d e f o r m a t i o n  

in the lower plate is its homovergent rotational com- 
ponent at all scales. This deformation is thus clearly not 
coaxial: it is compatible with E-vergent shear and implies 
a large amount of transport of the upper plate in the 
direction of the stretching lineation (Nll5°E + 10°). 
The NSRD itself is an outstanding shear zone: most of 
the plastic shear strain induced by the displacement 
between the upper and lower plates appears to have 
been localized in the layers of mylonites which outline 
the d6collement at the top of the lower plate and display 
all the characteristic attributes of intense shear zones 
(foliation and stretching lineation with uniform 
attitudes, sheath folds, S and C' planes, asymmetric 
boudinage at different scales, etc.). Large scale, asym- 
metric boudinage is the most prominent result of intense, 
progressive E-vergent shear in the NSRD tectonites. 
This boudinage appears to be well-developed not only in 
Marble Canyon, but also throughout the northeastern 
Snake Range, the surface of which roughly follows the 
marble sheet capping the lower plate (Fig. 1). Although 
recognized by early workers (e.g. Nelson 1969) and 
noted in more recent studies (e.g. Coney 1974), it has 
apparently not been the object of detailed structural 
observations, even by Miller, Gans and co-workers 
(1983, 1985). As is often the case in large shear zones, 
the magnitude of transport is difficult to assess from 
strain observations alone. 

The existence of sheets of ultramylonites and the fact 
that probably only the effects of the latest stages of 
ductile deformation are visible in most of the marble 
horizons aggravates the difficulties inherent to the 
nature of the NSRD, a mostly bedding-parallel shear 
zone. The late boudinage in Marble Canyon alone would 
imply at least 2 km of transport if the shear strain 
necessary to dissociate the boudins (Y -~ 20) were con- 
sidered a minimum strain across the -~100 m thick 
marble sheet. Thus, a lower bound for ductile displace- 
ment on the NSRD shear zone is probably on the order 
of several km. An amount of ductile eastward transport 
10 times larger, as inferred from palinspastic reconstruc- 
tions (Bartley & Wernicke 1984), seems unlikely, how- 
ever. 

Although E-vergent shear is clear throughout the 
lower plate, the amount of finite ductile strain decreases 
markedly with depth under the d6coIlement (Miller et al. 

1983), that is, predictably, away from the shear zone. 
Ductile strain also appears to have been much smaller in 
the quartzites of Negro Creek (Miller et al. 1983). 
Besides, the deformation there loses much of its non- 
coaxial character, and the marble sheet outlining the 
NSRD shear zone in most of the northern Snake Range 
is absent. This suggests that the Prospect Mountain 
quartzites just west of Mt Moriah were never in the 
vicinity of that prominent shear zone. In this region, the 
d6collement must therefore either have ramped up or 
downsection and/or splayed into several smaller shear or 
fault zones, each absorbing only fractions of the total 
eastward transport and thus inducing less strain in adja- 
cent rocks. Clearly, such fault zones could be normal 
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Fig. 13. Possible schemes for the tectonic evolution of the northern Snake Range D6collement (same lithologies as in 
Fig. 2): (a) As a low-angle normal fault cutting down-section towards the east (Wernicke 1981). Brittle deformation is in 
part late-stage of the ductile, deeper deformation. (b) As a deep thrust d6collement during ductile, older phase, 
subsequently offset and uplifted by high-angle extensional faulting. Final reactivation as a brittle low-angle, normal 
ddcollement, with upper plate normal faults soling into breccia layer on top of marble sheet (Figs. 2a, 10b & c and 12b) is 

not shown. 

faults in the upper  plate, as depicted on most schematic 
sections (Wernicke 1981, Miller et al. 1983, Bartley & 
Wernicke 1984, Gans et al. 1985) (Fig. 13a). While the 
decrease of ductile strain with depth in the lower plate is 
gradual, the top surface of the NSRD marble  sheet 
appears  to mark,  in general quite sharply (Miller et al. 

1983), the upper  limit of such strains. Except  in Smith 
Creek canyon where schistose, recrystallized limestones 
are found above the breccia layer on top of the marble 

sheet, there is usually little evidence for behavior  other 
than brittle above the marble-breccia  contact. This is all 
the more remarkable  since the most intense ductile 
deformation seems to have taken place in the marbles 
just below the contact,  and implies that much of the 
hangingwall of the ductile shear zone is now missing 
(Fig. 13a). 

In terms of strain, the N S R D  is thus both an outstand- 
ing, narrow, E-vergent  shear zone and a surprisingly 
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sharp contact between brittlely and ductilely deformed 
rocks. Either aspect apparently favors the shallow, E- 
dipping normal fault (Wernicke 1981) over the regional 
brittle-ductile transition model (Miller et al. 1983). A 
regional brittle-ductile transition zone some tens of 
metres wide seems hardly compatible with the rheologi- 
cal properties of quartz and calcite, while the low-angle 
normal fault model accounts for the juxtaposition of 
upper crustal, brittlely deformed hangingwall rocks with 
mid-crustal, ductilely deformed footwall rocks (e.g. Fig. 
13a), for the eastward thinning of the lower plate 
quartzites, and for the westward decrease of strain in 
them (e.g. Bartley & Wernicke 1984). Moreover, since 
boudinage will occur principally in layers dipping in a 
direction--with respect to the shear plane---opposite to 
that of transport (Figs. 6 and 9a) (e.g. Ramsay 1967), the 
outstanding boudinage in the marble sheet implies that 
the NSRD must have cut down-section in the sense of 
transport (east) if the boudinaged layers correspond to 
the original stratification. 

In spite of this seemingly concurrent evidence how- 
ever, the low-angle normal fault model is not uniquely 
constrained by available structural data. In principle, 
because of the initial bedding shear-plane relationship 
noted above, the predominance of large scale asym- 
metric boudinage over folding could be used in a sys- 
tematic way to differentiate low-angle normal from low- 
angle thrust shear zones throughout the Basin and 
Range. Such a predominance is indeed the main pec- 
uliarity of the NSRD compared with large thrust d6colle- 
ments from which it is otherwise indistinguishable in 
terms of strain. Unfortunately, this simple connection 
only holds if the boudinaged layering corresponds to 
near horizontal bedding prior to faulting. Any horizontal 
E-vergent shear zone initially cutting beds dipping, even 
slightly, to the west, or more generally any W-dipping 
E-vergent shear zone cutting beds with initially steeper 
westward dips would produce the observed boudinage 
and would be geometrically identical to the NSRD. Such 
a shear zone would in particular cut 'down' section, and 
juxtapose younger over older rocks. Yet it would in all 
probability be a thrust. Moreover, generally W-dipping 
strata should be the rule in the E-vergent Mesozoic 
Sevier Orogen. The very sharp transition from marbles 
to breccia poses problems even in the low-angle normal 
fault model. It implies that purely brittle movement on 
the NSRD must have been large and slow enough for the 
lower plate to have had little heat left to transfer into the 
uppermost part of the hangingwall. The strain rate 
singled out by Bartley & Wernicke (1984) (5 × 10-13 s-~, 
for 1-2 My) may thus be too fast by one order of 
magnitude or more. The kinematic link between brittle 
faulting in the upper plate and ductile shear in the lower 
plate poses further problems. The prominent E-dipping 
normal faults of the Egan and Schell Creek Ranges, 
originally a palinspastic key to large, down-to-the-east 
movement on the NSRD (Wernicke 1981), are now 
believed to have soled into another d6collement, infer- 
red to lie deep under the Snake Range (Bartley & 
Wernicke 1984). Besides, in contrast to what is shown in 

the section in Bartley & Wernicke (1984, Fig. 2), the 
NSRD appears to be cut by several prominent high-angle 
normal faults, in or along the edges of the Snake Range. 
The fact, in particular, that the Silver Creek Fault Zone 
offsets the NSRD casts doubts on the contemporaneity 
of ductile transport on it and movements on the Oligo- 
Miocene normal faults of the Sacramento Pass area. 

Hence, it remains possible to ascribe ductile strains in 
the lower plate and NSRD tectonites on the one hand. 
and brittle faulting in both the upper and lower plates on 
the other hand to two distinct tectonic phases, under 
very different pressure-temperature conditions, rather 
than to a Tertiary extensional continuum. A sizeable 
lapse between two such phases would alleviate problems 
arising from the extreme sharpness of the brittle-ductile 
contact and from the fact that large, high-angle normal 
faults cut the ductile shear zone. As in the scenario first 
proposed by Misch (1960) and Misch & Hazzard (1962), 
the NSRD might have been a Mesozoic ductile thrust, 
later cut and brittlely reactivated by Tertiary extensional 
faulting. Ductile strains in the shear zone tectonites and 
underneath could thus be linked to Mesozoic shortening 
at the depths (10-15 km) required by the pressure 
(---4 kb) and temperature (=500°C) conditions of lower 
plate metamorphism (amphibolite facies) (Rowles 
1982), Both the sense of transport and the direction of 
stretching lineation (roughly perpendicular to the Sevier 
Thrust Front) would be consistent with this inference. In 
this event, the NSRD shear zone could have ramped 
down under the quartzites of Negro Creek (fig. 13b) 
joining perhaps the deep, W-dipping reflector (K, fig. 3c 
from Gans et al. 1985) apparent on the SOHIO seismic 
profile in Spring Valley, then farther down under the 
Precambrian strata of the Schell Creek Range to the 
west. As major thrusts migrated towards the east in the 
Sevier Orogen (e.g. Burchfiel & Davis 1975), uplift and 
doming of the Snake Range could have started within a 
ramp anticline (above a deeper thrust) similar to those 
which have probably arched, along strike to the north, 
large metamorphic core complexes such ~s the Shuswap 
in the Canadian Cordillera (e.g. Mattauer et al. 1983, see 
also fig. 3 in Allmendinger & Jordan 1981 ). A few tens of 
million years later, Tertiary extension could therefore 
have been accommodated mostly by brittle normal fault- 
ing in either the upper or lower plate, already located at 
a higher, cooler level in the crust. Large, high-angle 
normal faults would have cut both plates and the ductile 
shear zone between them, contributing to the final uplift, 
doming and individualization of the Snake Range base- 
ment high (Fig. 13b). Several such faults however could 
have soled on top of the strain-hardened lower plate, 
thus producing the breccia layer, large tilts, and com- 
plexly attenuated upper plate ~chaos'. In the uppermost 
few km, such structures could in fact have originated 
mostly as large gravity slides (Misch 1960, Brun & 
Choukroune 1983), guided by the d6collement or other 
stratigraphic interfaces in the upper plate. The presence 
of many large olistolites of upper plate carbonates, 
including tectonic breccia, in the Oligo-Miocene basins 
adjacent to the Snake Range supports this inference. 
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Moreover, the existence of such olistolites may alleviate 
one important difficulty, mentioned by Wernicke 
(1981). of mega-landslide models: shortening in the slide 
toes need not take place coevally with sliding of upper 
plate rocks, since such sliding may not occur in huge 
coherent sheets (Wernicke 1981, Fig. 3a) but rather in 
many successive avalanches feeding large and small 
clasts to the deposits in the basins. Since this mechanism 
is mostly a sedimentation process, the amount of exten- 
sion in the upper plate veneer remaining on top of the 
ranges can be quite large if the adjacent basins are wide 
and deep, as implied by the relief and size of high-angle 
faults necessary to trigger the slides. 

The most important difference between this latter 
scenario and those of Wernicke (1981), Davis (1983) or 
Miller et al. (1983) ,  regarding the imbricate extensional 
faulting and attenuation, is the truly thin-skinned nature 
of that attenuation. Since it is restricted to the upper few 
km in the ranges, it does not require comparably large 
amounts of extension in the middle and lower crust. We 
suspect the extreme stretching of the Snake Range 
upper plate (500% according to Miller et al. 1983) to be 
in favor of extremely superficial attenuation, mostly by 
landsliding, although it is possible to argue that it might 
result from brittle simple shear (Bartley & Wernicke 
1984). The chief distinction between Wernicke's or 
Davis" crustal thinning models, Miller's scenario for the 
attenuation of the Snake Range upper plate and asym- 
metric boudinage in the NSRD marble sheet (Fig. 9a) is 
the thickness of the layer involved, and thus it is espe- 
cially important to determine the characteristic scale 
(50--51)0 m. 5-50 km ?) of the most intense asymmetric 
boudinage to decide which of the above models is cor- 
rect. 

In the River Mts, southeast of Las Vegas, Nevada, a 
two-phase interpretation analogous to that outlined here 
is corroborated by the difference in brittle stretching and 
ductile transport directions (Choukroune & Smith 
1985). In the northern Snake Range, a kinematic separa- 
tion of possibly distinct phases on the basis of structural 
data alone is unfortunately more difficult. The ultimate 
test bctween the different models may thus lie in radio- 
metric dating. The ages obtained so far yield an ambigu- 
ous picture. Zircons in the gneissic granites have U-Pb 
ages of --- 160 My (Lee et al. t987) and the emplacement 
of some granites seems to have been coeval with E-ver- 
gent ductile shear. Micas in metamorphic pelites and 
diorites, on the other hand, give 39Ar/4°Ar, possibly 
cooling, ages as young as =22 My (Maluski, personal 
communication, Lee et al. 1987). If some of the gneissic 
granites were intruded in the Tertiary, high thermal 
gradients around them could have favoured local, albeit 
intense ductility, thus producing a contact-related, not 
regional, brittle-ductile transition and rehabilitating to 
some extent the hypothesis of Miller and co-workers 
(1983, 1985). In any event, the wide spectrum of ages 
implies a warm, slowly cooling crust between the Jurassic 
and the Miocene. Hence, whichever of Misch & Haz- 
zard's or Wernicke & Miller's revisited models is more 
appropriate for the northern Snake Range, widespread 

low-angle normal faulting might characterize wide and 
high continental plateaux with a crust previously 
thickened--and consequently warmed--by low-angle 
thrusts. 
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