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Fig. 7. Prominent steeply east-dipping foliation and 
small-scale lithological contacts within the Little 
Goose Creek complex. 

ment. After batholith emplacement, magmatism 
continued to migrate eastward as represented 
by the Eocene (43-51Ma) Challis arc. These 
rocks are commonly extrusive and composition- 
ally variable but predominantly of intermediate 
composition (e.g. Mclntyre et al. 1982; Norman 
& Leeman 1989). 

Miocene time: Columbia River basalts and 

extensional deformation 

During Miocene time, the Columbia River 
basalts covered much of the area (Fig. 3c). 
These basalts are regionally extensive, occurring 
throughout eastern Oregon, eastern Washington, 
and western Idaho. The Columbia River basalts 
are dated at 6-17 Ma, although they were pri- 
marily erupted from 17 to 14Ma (e.g. Watkins 
& Baksi 1974; Christiansen & Yeats 1992). The 
Columbia plateau has major lobes or embay- 
ments that extend eastward into Idaho, including 
the Weiser embayment to the south and the 
Clearwater embayment to the north (Fig. 2; Fitz- 
gerald 1982). The flows in these embayments 
are significantly thinner than the massive basalt 

Fig, 8. Generalized geological map of Long Valley. 
Long Valley forms on the eastern side of rocks 
affected by the western Idaho shear zone. The half- 
grabens with east-dipping normal faults NW of Long 
Valley follow the fabric of western Idaho shear zone. 

flows of eastern Oregon. The McCall area is at 
the northern end of the Weiser embayment and, 
within the embayment, basalt flows extend east- 
ward to the western edge of the Idaho batholith. 
Northwest of McCall is the best exposure of the 
Seven Devils-Wallowa terranes, including the 
Rapid River and Pollock Mountain thrusts, 
between the Weiser and Clearwater embayments 
(Fig. 2). In the McCall area and southward (e.g. 
Long Valley), basalt flows locally overlie the 
western Idaho shear zone and the westernmost 
part of the Idaho batholith. 

Extensional deformation appears to have 
commenced after extrusion of the basalt flows. 
This deformation is attributed to Basin and 
Range style extension and block faulting that 
seems to have initiated during Miocene time in 
the Great Basin and Oregon-Idaho region 
(Oldow et al. 1989). In general, faulting occurs 
up to the edge of the Idaho batholith, but does 
not extend pervasively into the batholith 
(Hamilton 1963). The western 'gneissic' edge 
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Fig. 9. (a) Photograph to the NNE of Long Valley from No Business Mountain. (b) Modification of the photo- 
graph, showing geological features. Payette Lake, in the northernmost part of Long Valley, is located within a 
graben. Half-grabens NW of Long Valley separate the lithological units of the Salmon River suture zone. 
These half-grabens are truncated by the major bounding fault on the west side of Long Valley. 
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of the batholith has a distinct style of normal 
faulting. Within the McCall area, the Columbia 
River basalts are typically tilted westward 20-  
30 ~ on steep, east-dipping normal faults (Fig. 
3d; Hamilton 1963; Bonnichsen 1987; Manduca 
1988). In these cases, the 20-30 ~ west dip of 
the basalt flows is subperpendicular to the 60-  
70 ~ east dip of the western Idaho shear-zone 
fabric in the underlying rocks. The throws on 
some of the faults are obtainable using the off- 
set basalt flows, assuming that the basalts flo- 
wed over a subhorizontal surface. In Fig. 5, the 
throw on the fault that separates the Hazard 
Creek complex from the Little Goose Creek 
complex is calculated at c. 100m. Faults are 
more easily recognized south of McCall within 
the Weiser embayment, because of the presence 
of the Columbia River basalt units (Figs. 8 and 
9). 

Normal faults contained within the rocks of 
the western Idaho shear zone have a consistent 
east-dipping orientation, with the east side mov- 
ing down relative to the west side (Fig. 3d). 
Farther west in the Weiser embayment, there are 
domains of both NW- and NE-trending normal 
faults, but neither area shows a consistent sense 
of rotation (Fitzgerald 1982). 

An exception to the consistent domino-style 
rotation of the normal faulting along the Salmon 
River suture zone is Long Valley, which forms 
a graben. Long Valley is the largest (11 km by 
40 km) in a series of noah-south-trending val- 
leys that formed within or immediately east of 
the western Idaho shear zone (Fig. 10). Regional 
gravity surveys suggest that up to 1524m of 
sediment exists in Long Valley, implying 
2134m of throw (e.g. Kinoshita 1962). The 
gravity data suggest an asymmetric graben geo- 
metry to the valley, in which the west side of 
the valley has significantly more sediment than 
the east side (Fig. 10). This interpretation is 
consistent with the presence of deep (>186m) 
water wells in the valley that do not penetrate 
basement. Thus, although normal faulting 
occurs regionally, Miocene and younger exten- 
sional deformation is concentrated in the Long 
Valley region. Relatively minor normal faulting 
is observed east of Long Valley, in the main 
part of the Idaho batholith. 

Early Cretaceous juxtaposition of differing litho- 
spheres, which created a fundamental litho- 
spheric flaw. The record of this lithospheric 
juxtaposition is the isotopic signatures of 
igneous rocks that rose through lithosphere and 
crust after the initial suturing (e.g. Fleck & 
Criss 1985; Manduca 1988; Leeman et al. 
1992). Differentiating a crustal v. mantle source 
of the isotopic variations in the granitoid plu- 
tons is difficult, as significant crustal contami- 
nation occurs as the viscous magmas move 
upward. Thus, the possibility exists that the plu- 
tons, because of their long residence time in the 
crust, record a crustal juxtaposition rather than 
a lithospheric one. This difficulty is allayed by 
the presence of voluminous basalt magmatism 

Lithospheric reactivation 
The spatial coincidence of the Early Cretaceous 
suturing, Late Cretaceous shearing, and Mio- 
cene extension suggests that the earlier events 
affected the younger events. We interpret the 
Late Cretaceous reactivation, and possibly the 
Miocene reactivation, to occur as a result of the 
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in the Snake River plain, which erupts on both 
sides of the southward extension of the Salmon 
River suture zone in southwestern Idaho and 
southeastern Oregon (surrounding South Moun- 
tain; Fig. 2). In this location, Miocene-Qua-  
ternary tholeiitic basalts demonstrate the same 
distinctive isotopic break as observed further 
north along the suture zone (Hart 1985; Leeman 
et al. 1992). Tholeiitic basalt magmas have low 
viscosity and move quickly through the crust 
with a minimum amount of contamination, and 
are derived from the mantle. Consequently, 
they are good isotopic indicators of the upper 
mantle, and indicate that indeed a major litho- 
spheric juxtaposition of differing mantles 
occurred underneath the Salmon River suture 
zone. Consequently, there is clear indication 
that the currently exposed structures occur in 
relation to a break in the mantle lithosphere. 
However, whereas the upper-mantle 'flaw' con- 
trois the location of the reactivation on a 
regional scale, crustal basement faults and 
lithological contacts control the orientation and 
precise location of faults that accommodate 
reactivation. 

Miocene  react ivat ion 

Crustal scale. Hamilton (1963, p. 785) wrote: 
'The orientation and competence of the pre- 
Tertiary rock complexes have to a large extent 
controlled the character of late Cenozoic struc- 
tures. The massive interior of the Idaho batho- 
lith is not broken by large normal faults; fault 
blocks trending toward the batholith from the 
north and from the southeast dwindle and dis- 
appear as they reach the batholith. The gneissic 
western border zone of the batholith is broken 
by many large normal faults that are parallel in 
strike and probably also in dip to the foliation 
of the zone.' 

Although the presence of Tertiary normal 
faults was noticed in the 1960s (e.g. Hamilton 
1963), they were not studied in detail. We 
undertook a study to map these faults, document 
their movement, and investigate their impli- 
cations for the geological history of the region. 
Figure 5 shows the north-south strike of the 
normal faults parallel to the strike of the foli- 
ation in the Late Cretaceous plutons (Manduca 
et al. 1993; our mapping). The dip of the 
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Fig. 10. Gravity data from Long Valley from Kinoshita (1962). (a) Bouguer anomaly map of Long Valley, 
with 6 mgal contours. This survey was not tied to a known reference point, thus there are no absolute measure- 
ments on the contours. A closed gravity low of 27 mgal exists in the northern end of Long Valley and the 
southern end does not exhibit a closed gravity low. (b) Gravity profile and cross-sectional interpretation of the 
gravity data for line A-N.  Gravity profile results from subtraction of a regional gradient. Interpretation 
assumes a density difference of 0.5 g cm -3. The maximum basin depth in Long Valley is 1500m. The esti- 
mated fault throw is 2100m on the west side of the valley and 460m on the east side. 

 at Pennsylvania State University on September 15, 2016http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


224 B. TIKOFF ET AL. 

normal faults, however, is difficult to deter- 
mine. North of McCall, north-south-oriented 
river drainages (e.g. Goose Creek, Fisher 
Creek, Payette River, Little French Creek) are 
subparallel to the strike of both the normal 
faults and the basement foliation. Exposures of 
these normal faults tend to be poor. In Fisher 
Creek saddle, a glaciated cirque at the southern 
headwaters of Little French Creek exposes an 
anastomosing gouge zone that separates the 
Cretaceous Little Goose Creek complex from 
the Cretaceous Payette River tonalite (Fig. 11). 
Individual gouge layers are decimetres in thick- 
ness and defined by reduced grain size and dark 
layering. These gouge zones are deeply weath- 
ered and anastamose on a metre scale. A global 
positioning system (GPS) survey of five points 
along the gouge defined the fault as striking 
348 ~ and dipping 66 ~ to the east. The strike 
and dip of the fault approximately parallel the 
local foliation (Fig. 11). These data suggest that 
normal faulting initiated by reactivation of the 
structural grain of the western Idaho shear zone 
(Hamilton 1963). 

The orientation of the Columbia River basalts 
also provides additional information about the 
normal faulting. Assuming that the basalts orig- 
inally covered a relatively flat erosional surface, 
reconstruction of the original orientation of the 

basalts, which at present dip 20-30  ~ westward, 
restores the pre-Miocene orientation of foliation 
and lineation in the Cretaceous basement plu- 
tons with the western Idaho shear-zone fabric to 
a subvertical position (Fig. 12). It should be 
noted that we are assuming horizontal axis 
rotations only. Different domains of the western 
Idaho shear zone all reconstruct to this same 
geometry, although they have different present 
orientations. For example, lineation in the tecto- 
nites north of McCall generally has an ENE 
beating, whereas the lineation in the Snowbank 
Mountain area (Fig. 2) has an east beating. This 
difference is due to a difference in normal fault 
geometry. The basalt flows covering the McCall 
rocks have a slight southward component of tilt 
in addition to the dominant western tilt. This 
southward component of tilt is observed on the 
regional scale by the increasing amount of 
basalt covering the granitoids southward toward 
McCall, despite the decreasing elevation. In 
contrast, the basalts on Snowbank Mountain 
have only a westward tilt. 

The pre-Miocene reconstruction of the sub- 
vertical Cretaceous fabric also requires that the 
Miocene normal faults initiated in a vertical 
orientation. This observation is not consistent 
with Andersonian theory (Anderson 1951), 
which, based on the assumption of isotropic 

Fig. 11. Geological map of cirque locality on Fisher Creek saddle, separating south-flowing Fisher Creek from 
north-flowing Little French Creek. (See Fig. 5 for location.) The strike and dip of the fault calculated using 
GPS measurements are 348 ~ and 66~ subparallel to the Late Cretaceous foliation. This parallelism suggests 
that the normal faulting reactivates the foliation. 
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Fig. 12. Equal-area, lower hemispheric projections of 
fabric in the western Idaho shear zone. [Z, current 
orientations; II, rotation of fabric to a first-order, 
pre-Miocene orientation by rotating the overlying 
basalt flows to horizontal. (a) Measurements from 
north of McCall. (b) Measurements from West 
Mountain area. Both measurements were taken from 
the Little Goose Creek complex and equivalent units 
and the measured basalt flows overlie those units. 

material, predicts an initial 60 ~ dip of normal 
faults. The strong gneissic layering apparently 
acts as a material anisotropy, which guides the 
formation of the normal faults (e.g. Donath 
1961). 

Normal faulting also reactivates lithological 
contacts. The Cretaceous intrusions in the Sal- 
mon River suture zone have a vertical tabular 
shape, elongated in a north-south direction. 
Normal faults occur between each of the major 
intrusive types (Hazard Creek, Little Goose 
Creek, Payette River). Normal faulting does 
locally occur within each of the complexes; for 
example, it occurs within the Payette River 
tonalite (Fig. 5). In the absence of overlying 
basalt flows, it is difficult to determine the offset 
on the normal faults, or the presence of minor 
faults. 

In summary, Miocene normal faulting is par- 
allel to and reactivated the Late Cretaceous foli- 
ation. Both the normal faults and the western 

Idaho shear-zone fabric (foliation, lineation) 
reconstruct to a vertical orientation at the time 
of fault initiation. In addition, the domino-style 
fault blocks in the McCall area contain a distinct 
set of intrusive rocks (Hazard Creek, Little 
Goose Creek, Payette River). This coincidence 
suggests that Miocene normal faults also reacti- 
vated north-south-oriented lithological contacts. 

Lithospheric scale. Along the western margin 
of the Idaho batholith, coincident with the trace 
of the 87Sr/86Sr 0.706 isopleth, are a series of 
Late Cenozoic basins. These include, from 
south to north, Squaw Valley, Cascade Valley, 
Long Valley, Upper Payette Lake area, and Big 
Hazard Lake area. The largest of these basins is 
Long Valley, which contains Payette Lake at its 
north end and Cascade Reservoir at its south 
end. The basin is steeply bounded on the west 
by West Mountain, with up to 900 m relief. In 
the east, the valley is gently bounded by the 
granites of the Payette River tonalite in its 
northern end, the Idaho batholith in its southern 
end, and the overlying Columbia River basalts. 

A regional gravity study (Kinoshita 1962) 
reported a closed gravity low of 27 mgal located 
in the northern end of Long Valley (Fig. 10). 
The southern half of the valley, centred on Cas- 
cade Reservoir, does not have a closed gravity 
low. Instead, gravity contours run south into the 
Cascade Valley. A subsurface fault, probably 
striking NNW and dipping steeply, must con- 
nect these basins. Assuming the density differ- 
ence between the basin sediment and the 
granitoids is 0.5 g cm -3, the maximum basin 
depth in Long Valley is 1500m at the western 
edge of the valley (Fig. 10). The range-bound- 
ing normal fault on the west side of the valley 
has an estimated throw of 2100m, and the fault 
on the east side of the valley has a throw of 
460 m (Fig. 10). The east-dipping normal fault 
on the west side of the valley parallels, to a first 
approximation, the steep Late Cretaceous fab- 
rics. The largely subsurface fault on the east 
side of the valley has a shallow (c. 30~ west- 
ward dip, which does not follow the pre-exist- 
ing foliation or a lithological contact. These 
fault offsets are significantly greater than off- 
sets on faults associated with half-grabens 
further north in the McCall block. 

Long Valley occupies a structural position 
between the extended Basin and Range province 
and the Idaho batholith (Fig. 13). Although 
detailed mapping of faults within the Idaho 
batholith is not complete, geomorphological and 
structural evidence suggests that if large normal 
faults exist within the batholith, the fault spa- 
cing is much wider and less consistent in direc- 
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SALMON RIVER SUTURE ZONE 

[ Lithospheric reactivation of Early Cretaceous[ I Lithospheric or crustal reactivation 
suturing during Late Cretaceous shearing ] [ of Early Cretaceous suturing during 

I Miocene extension controlling location 
western Idaho [ of Basin and Range extension 

shear zone ! 

D I 

Accreted North America 
terranes ~\ \xValley Idaho Batholith 

River granites 
tonalite 

complex complex 

Crustal reactivation of Late Cretaceous 
shear zone during half-graben formation 
during Miocene extension 

Fig. 13. Schematic illustration of the current geometry of the Salmon River suture zone as the result of reacti- 
vation during Late Cretaceous and Miocene time. Bold dashes indicate solid-state foliation; light dashes indi- 
cate magmatic foliation. 

tion of offset (Hamilton 1963; Lund e t  al. 
1997). Consequently, the Salmon River suture 
zone also corresponds to the transition zone 
from Basin and Range extension to the unde- 
formed batholith. Long Valley may be a Mio- 
cene structural 'hole' that opened as an 
accommodation space between these two differ- 
ent structural domains (Fig. 13). 

The spatial coincidence of Long Valley and 
the 875r/86Sr 0.706 isopleth suggests that the 
difference in structural style is associated with 
heterogeneities in the mantle lithosphere. The 
lithospheric mantle of the oceanic terrane was 
reactivated by the Basin and Range extension, 
whereas the North American lithosphere was 
not. Unfortunately, the Idaho batholith has 
received very little geophysical or geochemical 
attention. Studies of the Sierra Nevada batholith 
of California (Ducca & Saleeby 1998) suggest 
the presence of a lithospheric keel, consisting of 
eclogite and granulite, which grew during for- 
mation of the batholith. We speculate that the 
presence of a lithospheric keel under the Idaho 
batholith may explain this difference in response 
to extensional deformation. 

The idea of Miocene lithospheric reactivation 
is inconsistent with the model proposed by Lee- 
m a n  et  al. (1992). They also considered the Sal- 
mon River suture zone as a vertical structure 
that cut through the entire lithosphere during 
Early Cretaceous time. However, during the 

Tertiary thrusting, the vertical structure in the 
crust moved eastward c. 100km on a subhori- 
zontal detachment relative to the vertical struc- 
ture in the mantle (orogenic float model; Oldow 
et al. 1989). The model proposed by Leeman 
et al. (1992) does not alter the Late Cretaceous 
reactivation (described below), but does suggest 
that the Miocene reactivation is a result of only 
crustal heterogeneities, rather than mantle het- 
erogeneities. At present, there are too few data 
to distinguish between the two models, 
although the existence of the deep valleys (e.g. 
Long Valley) along the trend of the 87Sr/86Sr 
0.706 isopleth favours a mantle explanation. 

L a t e  C r e t a c e o u s  r e a c t i v a t i o n  

Reconstruction of the normal faulting, using the 
Columbia River basalts, returns the fabrics of 
the western Idaho shear zone to subvertical 
orientation before Miocene time. We assume 
that there is no prior rotation of the fabrics, and 
that the pre-Miocene orientation is also the Late 
Cretaceous geometry of the shear zone. Conse- 
quently, the present horizontal width (c. 7 km) 
of the western Idaho shear zone is greater than 
its original width of c. 6km (Figs. 5 and 6). 
This reconstruction also suggests that the isoto- 
pic (Sr and O) anomalies had steeper gradients 
during Late Cretaceous time. Consequently, the 
dip of the mantle structure below the western 
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Idaho shear zone is even steeper (e.g. subverti- 
cal) than reported by Manduca et al. (1992) 
using an unreconstructed geometry. 

The key to the Late Cretaceous reactivation is 
the position of the western Idaho shear zone 
with respect to the isotopic values. Solid-state 
deformation is concentrated in the Little Goose 
Creek complex, and affects only the western 
edge of the Hazard Creek complex and the east- 
em edge of the Payette River tonalite. The Little 
Goose Creek complex lies along the steepest 
gradient in the isotopic values, indicating that 
these magmas were intruded along the boundary 
between differing lithospheric mantles at depth. 
Alternatively stated, the Little Goose Creek 
complex (and thus the western Idaho shear 
zone) lies directly above the lithospheric suture 
zone. The concentration of deformation in this 
zone indicates that the lithospheric fault or shear 
zone below the western Idaho shear zone 
moved during Late Cretaceous time. 

Two major models for Late Cretaceous tec- 
tonism have been proposed. Contractional 
models emphasize the eastward dip of the foli- 
ation and the down-dip lineations (e.g. Manduca 
et al. 1993). Strike-slip models emphasize the 
locally steep orientation of the boundary, the 
opposite vergence of structures away from the 
shear zone, and the clear break of lithologies 
across the zone (e.g. L u n d &  Snee 1988). 
McClelland et al. (2001) provided evidence for 
dextral structures locally preserved in the zone 
and argued for dextral transpression. Although 
the reconstruction using the Columbia River 
basalt flows does not eliminate either model, 
the vertical nature of the boundary does favour 
a strike-slip or transpressional model. 

Discussion 

Recogni t ion  o f  old suture zones  or strike- 

slip zones  

Suture zones that separate distinct lithospheric 
types are good candidates for reactivation 
(Holdsworth 1994; Vauchez et al. 1997). In par- 
ticular, vertical structures (e.g. strike-slip and 
transpression features) that penetrate the mantle 
lithosphere (e.g. Henstock et al. 1997) provide 
a lithospheric-scale weakness. Such zones are 
readily reactivated in a wide range of tectonic 
environments, including contraction, extension, 
or strike-slip. 

This reactivation complicates the interpret- 
ation of the geological history of a zone. In wes- 
tern Idaho, there is a debate concerning the 
location and presence of a suture zone or shear 
zone (Lund & Snee 1988; Strayer et al. 1989). 

In its present orientation, the Late Cretaceous 
shearing is coincident with the steep isotopic 
gradient that is the boundary between the 
accreted terrane and North America. However, 
as the age of the rocks within the shear zone 
postdates the accretion, the western Idaho shear 
zone cannot record the accretion event. No dis- 
crete suture zone, representing the initial Early 
Cretaceous accretion, exists in western Idaho. 
Regardless of whether the exact relationship 
between the accretion and the Late Cretaceous 
reactivation is gradual (e.g. Blake 1991), punc- 
tuated (e.g. Snee et al. 1995), or discrete 
(McClelland et al. 2001), the accretion event is 
not preserved because of later magmatism and 
tectonism. Thus, major structures may currently 
occupy the position of a lithospheric boundary, 
although the initial juxtaposition occurred much 
earlier. 

With respect to crustal reactivation, it is 
solely the presence of the Columbia River 
basalts and the geomorphology of the actively 
deforming region (e.g. prominent north-south- 
oriented fiver valleys) that allow us to make 
inferences about the initial orientation of the 
fault geometries and highlight the location of 
the faults. High-grade, highly anisotropic 
igneous terranes generally lack stratigraphic off- 
set markers, particularly when the faults parallel 
the dominant fabric. The faults within the Sal- 
mon River suture zone are best recognized in 
the areas of some basalt coverage (e.g. the NW 
comer of Long Valley; Fig. 8). 

The combination of crustal and lithospheric 
weakness explains the paucity of major strike- 
slip zones recognized in ancient orogens (Sylve- 
ster 1988). The consequence of the crustal reac- 
tivation of these well-foliated zones above 
lithospheric boundaries is a reorientation of fab- 
ric. In west-central Idaho, this demonstrably 
reoriented fabric is extremely consistent on a 
regional scale. Consequently, if these zones are 
also typified by lithospheric weakness, it is 
extremely unlikely that unmodified crustal 
exposures of major strike-slip and transpres- 
sional faults or shear zones will retain their orig- 
inal geometry. The presence of steeply dipping 
fabric (rather than vertical fabric) may be the 
key to recognizing ancient strike-slip or trans- 
pressional zones (e.g. McClelland et al. 2001). 

Aniso t ropy  

Quantitative models of crustal deformation gen- 
erally assume that rocks are isotropic. Workers 
use this assumption, although it is often unrea- 
listic, because it renders simple the geometric 
relation between the principal stresses applied to 
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rocks and resulting principal strain rates. How- 
ever, the effect of anisotropy on the distribution 
and style of crustal-scale structures such as 
faults is difficult to quantify because the geo- 
metric relation between stress and strain is com- 
plex. For example, in experiments on natural 
rocks with strong planar fabrics, faults develop 
in orientations not accounted for by Mohr- 
Coulomb or von Mises failure criteria (Donath 
1961). Moreover, deformation may intensify 
anisotropy through the formation of new fabrics 
and structures (Elliott 1972), or it may reactivate 
older structures (Holdsworth et al. 1997). 

The strong lithological and structural fabric in 
the Late Cretaceous Western Idaho shear zone 
clearly controls the Tertiary normal faulting, as 
the faults are parallel to the older foliation. This 
geometry also requires that the present-day nor- 
real fault initiated in a vertical orientation. 
Using the analysis of Sibson (1985) and the 
experiments of Donath (1961), we can evaluate 
these relations. First, the initiation of the normal 
faults is c. 30 ~ from that predicted by Mohr- 
Coulomb behaviour. The presence of the over- 
lying Columbia River basalts implies that the 
rocks deformed by the western Idaho shear 
zone were at the surface during Miocene time. 
Sibson (1985) contended that faults or pre- 
existing weaknesses that are up to 30 ~ out of 
optimal orientation for faulting may reactivate 
in extensional settings. The physical exper- 
iments of Donath (1961) demonstrated that 
schistosity is reactivated, rather than the for- 
mation of new faults, up to 30 ~ off orientation 
of faults predicted by Mohr-Coulomb theory. 
Thus, the inferred pattern of faulting by reacti- 
vating foliation is generally consistent with 
theoretical and experimental studies. 

The only exception is the fault on the east 
side of Long Valley, which is inferred from the 
gravity data. Although this fault lies entirely 
within the subsurface, it is not parallel to the 
inferred magmatic fabric. In some settings, 
lithospheric control, which requires structural 
separation between the distinct tectonic pro- 
vinces of the extending Basin and Range and 
non-extending Idaho batholith, apparently takes 
precedence over local crustal anisotropy. 

Li thospher ic  impl icat ions  

The main result of our study is that the process 
of mantle reactivation occurs and can be studied 
using crustal rocks. In western Idaho, the dis- 
tinctive geochemical signature between the 
accreted Blue Mountain terranes and North 
America provides the necessary condition to 
document this occurrence (e.g. Armstrong et al. 

1977; Fleck & Criss 1985). The crustal record 
of the underlying mantle is carried by the Cre- 
taceous granitoid intrusions in the field area 
(e.g. Manduca et al. 1992), and corroborated by 
Miocene and younger basaltic volcanism farther 
south along the same lithospheric boundary 
(Hart 1985). The reactivation of the lithospheric 
mantle occurred despite voluminous magma- 
tism within the Salmon River suture zone, 
which occupied an intra-arc setting during Late 
Cretaceous time. Consequently, it appears that 
mantle discontinuities are long-lived geological 
features and are not healed at elevated tempera- 
tures found in arc settings. 

A mechanism for weakening of the litho- 
spheric mantle was explored by Vauchez et al. 
(1997). They speculated that the mechanical 
anisotropy of the mantle defined by the crystal- 
lographic alignment of olivine is preferentially 
reactivated, in analogy with the reactivation of 
the foliation in the western Idaho shear zone by 
the Tertiary normal faulting. Thus, the litho- 
spheric-scale weakness of the Salmon River 
suture zone is also the effect of anisotropy. 
Unfortunately, the geological, geophysical, and 
geochemical studies of Idaho are not as com- 
prehensive as those in other regions of the US 
Cordillera. Consequently, more work is 
required before we fully appreciate the mechan- 
isms and ramifications of lithospheric reactiva- 
tion in western Idaho. 

Conclusions 

The Salmon River suture zone is an ideal place 
to study the role of mantle reactivation, because 
(1) the crest contains igneous rocks that contain 
a record of the underlying mantle, and (2) the 
juxtaposition of the Precambrian North Ameri- 
can craton and the Mesozoic accreted terranes 
provides a distinct break in the isotopic signa- 
tures. The steepest isotopic (Sr, O, Nd) gradients 
preserved in igneous rocks define a zone that 
was reactivated at least twice. These reactiva- 
tions include amphibolite-facies shearing during 
Late Cretaceous time (western Idaho shear 
zone) and brittle Basin and Range extension 
during Miocene time. 

Reactivation of faults is commonly attributed 
to an inherent weakness of the fault zones them- 
selves. However, if the mantle lithosphere is 
strong relative to the crust, reactivation of the 
mantle is potentially a more significant control 
on a plate scale. In particular, reactivation of the 
entire lithosphere, crust and upper mantle is 
probably common in palaeo-suture zones. 

Steeply eastward-dipping fabrics characterize 
the western edge of the Idaho batholith, for 
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>200km along strike. Despite the regional con- 
sistency of this fabric, the presence of the over- 
lying and tilted Columbia River basalt flows 
clearly demonstrates that these fabrics were 
rotated from an originally vertical orientation. 
Thus, the regionally consistent nature of fabrics 
does not imply that they are unmodified. The 
faults that rotated the fabric follow the pervasive 
fabric of the Late Cretaceous western Idaho 
shear zone, and fault spacing is locally con- 
trolled by the thickness of the Late Cretaceous 
igneous units, indicating an additional crustal 
control on reactivation. Experimental and theor- 
etical studies suggest that pre-existing weak- 
nesses up to 30* out of optimal orientations for 
faulting may be reactivated. Consequently, crus- 
tal reactivation of vertical fabrics by later exten- 
sional deformation is likely. The combination of 
mantle and crustal reactivation, such as seen in 
the Salmon River suture zone, suggests that 
major strike-slip zones are unlikely to be pre- 
served in their original vertical geometry. 
Rather, ancient strike-slip and transpressional 
zones may predominantly contain steeply dip- 
ping fabrics as a result of later reactivation and 
reorientation. 
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