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Strength and rheology of the western U.S. Cordillera 

Anthony R. Lowry and Robert B. Smith 
Department of Geology and Geophysics, University of Utah, Salt Lake City 

Abstract. Effective elastic thickness Te depends primarily on temperature, composition, and 
state of stress of the lithosphere. In this paper, we examine high-resolution spectral estimates of 
Te and their relationships to regional heat flow, age of the lithosphere, seismic properties, stress 
orientations, and earthquake focal depths of the western U.S. Cordillera. The relationship of Te 
to heat flow indicates that ductile flow accommodates long-term (-106 to 108 years) isostatic re- 
sponse at different levels of the crust and upper mantle, depending principally on age (and, by 
implication, bulk composition) of the lithosphere. Isostatic response is primarily controlled by 
the upper mantle in Archean lithosphere of the middle Rocky Mountains, whereas T• depends on 
lower crustal flow in Early Proterozoic lithosphere of the Colorado Plateau. The Yellowstone- 
Snake River Plain volcanic field and significantly extended regions in the Basin-Range and 
northern Rocky Mountains are associated with latest Proterozoic aged lithosphere and indicate 
middle to upper crustal control of long-term Te. We also show that azimuthal variations of Te 
reflect deviatoric stress in the lithosphere. Te is found empirically to approximate the 95th per- 
centile focal depth of background seismicity. The latter relationship is inconsistent with brittle- 
ductile control of focal depth, indicating that another rheological transition (e.g., from stick-slip 
to stable sliding frictional behavior) is responsible. Tectonic and structural relationships expand 
upon the hypothesis that the geographic distribution of tectonic features depends fundamentally 
on spatial variations in strength of the lithosphere. Moreover, we find a spatial correlation of 
the Intermountain Seismic Belt to a marked transition in Te, implying that forces responsible for 
this active seismic zone are derived from local buoyancy anomalies rather than from current-day 
plate boundary interactions. 

Introduction 

Late Cenozoic extension and seismicity of the western U.S. 
Cordillera has been, and continues to be, examined in the con- 

text of plate interactions [e.g., Atwater, 1970], hotspot or 
plume dynamics [e.g., Smith and Sbar, 1974], and gravita- 
tional potential energy stored during Late Cretaceous/early 
Tertiary contraction [e.g., Wernicke et al., 1987]. Tectonic 
models derived from these mechanisms have been used to ex- 

plain the observed temporal and spatial distributions of exten- 
sion and volcanism, but the relative importance of each pro- 
cess has yet to be defined. It is expected that a working model 
of Cordilleran extension should incorporate an understanding 
of both the three-dimensional rheological response of conti- 
nental lithosphere and the relative importance of forces acting 
upon it. However, force balances and rheology of continental 
lithosphere are poorly resolved at this time. 

An important component of rheological response is the re- 
sistance to bending by the Earth's elastic layer. Bending 
strength of the lithosphere is characterized by its flexural 
rigidity, or equivalently, effective elastic thickness T e. A 
maximum entropy-based approach to coherence analysis of 
topography and gravity fields [Lowry and Smith, 1994] maps 
long-term (--106 to 108 years) Te at scales of individual 
tectonostratigraphic features. We apply this approach to the 
western U.S. Cordillera, focusing on the 1300-km-long, 
north-south trending Intermountain Seismic Belt (ISB). The 
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ISB is a -100-200 km wide zone of intraplate seismicity with 
shallow focal depths, generally < 20 km deep, that coincides 
with the eastern margin of late Cenozoic extensional deforma- 
tion of the western United States [Smith and Sbar, 1974; 
Smith and Arabasz, 1991]. Contemporary strain across the 
ISB inferred from cumulative moments of historic earthquakes 
[Eddington et al., 1987] and terrestrial and satellite-based 
geodetic surveys [Martinez et al., 1994] comprises about half 
the total -1 crn/yr Basin-Range opening rate indicated by 
satellite geodesy and geologic constraints [e.g., Minster and 
Jordan, 1987; DeMets et al., 1987; Dixon et al., 1995]. 

Effective elastic thickness is an integral function of tem- 
perature, composition, and state of stress of the lithosphere. 
Consequently, Tehas provided important insight into theol- 
ogy and state of stress for oceanic lithosphere [e.g., Goetze 
and Evans, 1979; McNutt and Menard, 1982]. Rheological 
studies of continental lithosphere generally have not incorpo- 
rated Te, however, partly because of the greater complexity of 
temperature and compositional variations in continents, and 
partly because of an inability to resolve T e at the scale of indi- 
vidual tectonic features. However, recent improvements in the 
resolution of Teestimates [Lowry and Smith, 1994] permit 
preliminary assessment of the relationship of T eto theology 
and state of stress. For example, the depth at which ductile 
flow accommodates isostatic response can be seen to exhibit a 
strong dependence on age of the lithosphere. An apparent re- 
lationship of azimuthal variations in Te to lithospheric stress 
is also explored, and the relationship of T e to maximum seis- 
mogenic depth in the crust confirms that depth of background 
seismicity is not defined by the theological transition from 
frictional slip to dislocation creep. 
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The results of this analysis are insufficient to argue for a 
particular model of extension. However, focusing of seismic 
activity a!ong zones of transitional strength suggests that 
forces responsible for contemporary extension and seismicity 
of the eastern Basin-Range do not originate at great distance, 
so modern plate boundary interactions are not likely to be di- 
rectly involved. We suggest instead that extensional stresses 
responsible for the ISB are derived from local variations in 
lithospheric buoyancy (as defined by density averaged over 
the thickness of the lithosphere). 

Determination of Elastic Thickness 

Effective elastic thickness T e is a conceptual representation 
of the flexural rigidity, or resistance to bending, D, of the 
lithosphere. T, approximates the Earth's uppermost, elasti- 
cally deforming layer as a perfectly elastic, thin plate, in 
which case 

12 (l-v2) D. ll/3 E 
(•) 

where v is Poisson's ratio and E is Young's modulus of the ma- 
terial [e.g., Turcotte and Schubert, 1982]. It is important to 
note that T e is not a physical length parameter but an alterna- 
tive expression of bending strength. T, invariably underesti- 
mates the true thickness of the elastically deforming layer be- 
cause it does not account for anelastic failure, and it can differ 

from the true thickness by more than 100% [e.g., McNutt and 
Menard, 1982]. 

T, is estimated from observations of the Earth's response to 
loading. Compensation of short-wavelength loads is dis- 
tributed by the strength of an elastic plate, whereas long- 
wavelength loads have a larger component of local compensa- 
tion. The degree to which compensation is localized versus 
regionally distributed depends on the flexural rigidity. Thus 
one can solve for the loads and the load response, hence 
from comparison of topography or bathymetry to gravita- 
tional potential in the form of a free air, Bouguer or geoid 
anomaly field. A maximum entropy-based analysis of coher- 
ence of topography and Bouguer gravity, as described by 
Lowry and Smith [1994], is used in this paper. This approach 
enables systematic mapping of T, with resolution approach- 
ing the scale of tectonostratigraphic features mapped at the 
surface. Comparison of our estimates of T, with heat flow, ge- 
ologic information, and independent determinations of elastic 
thickness indicates that coherence analysis can be used to reli- 
ably map T, at scales of less than 100 km [Lowry and Smith, 
1994]. 

Coherence analysis was applied to the companion topogra- 
phy and complete Bouguer gravity data used by Simpson et al. 
[1986] to develop an isostatic residual gravity map of the 
United States. Gravity data are gridded at a 4-km spacing from 
similarly distributed measurements that were processed to re- 
move outliers [O'Hara and Lyons, 1983]. The topographic 
data are on an identical grid generated specifically for tandem 
signal processing [Simpson et al., 1986]. Flexural rigidity 
was estimated for 200 km by 200 km and 400 km by 400 km 
windows of the data, with centers spaced at 50-km intervals. 
Rigidity estimates were then interpolated to a 10-km spacing 
using a minimum curvature algorithm. The close spacing re- 
quires significant overlap of data windows for neighboring es- 

timates of flexural rigidity, implying some smoothing of the 
rigidity distribution. Flexural rigidity was converted to T, as- 
suming a Young's modulus of l0 TM Pa and Poisson's ratio of 
0.25. Variations of density with depth were constrained using 
published crustal seismic velocity data from the Cordillera, de- 
tailed in Table 1. 

Elastic Thickness of the Western U.S. Cordillera 

Previous investigations of continental T, have concluded 
that (1) greater T, generally corresponds to greater age of 
lithospheric genesis [Bechtel et at., 1990] and lower heat flow 
[Lowry and Smith, 1994]; (2) significant extension is limited 
to domains of low T, [Lowry and Smith, 1994]' and (3) thin 
skin contractional deformation fronts generally occur 50 to 
200 km toward the higher strength side of transitional zones 
of T, [Lyon-Caen and Molnar, 1983]. These observations are 
reinforced by results presented in Plate 1, and by comparison 
with Figure 1. Also, a striking correlation occurs between 
epicenters defining the ISB and the east to west transition 
from high to low T, (Plate 1 a). 

A summary of Cordilleran T,, along with other pertinent in- 
formation, is given by physiographic province in Table 2. 
The volcanic provinces, including the eastern and western 
Snake River Plain and the margins of the Columbia Basin, 
have the lowest T,, -6 km (Plate 1' Table 2). Notably, how- 
ever, the interior of the Columbia Basin is much stronger, T, 
19 km. Outside of the volcanic provinces, the next-lowest 
-9 km, occurs in the northern Basin-Range and northern 
Rocky Mountains provinces, where significant late Cenozoic 
extension has occurred. Strongly extended domains, such as 
are described by Wernicke [ 1991], exhibit the lowest T, in the 
extensional provinces. There are pockets of higher T, within 
these two provinces, however; one such area in the north-cen- 
tral Basin-Range coincides with an older isotopic domain de- 
scribed by Farmer and DePaolo [1983] (Plate la). T, of the 
Early Proterozoic Colorado Plateau, -22 km, is significantly 
higher than the Late Proterozoic-aged lithosphere further west. 
The highest Te, averaging 30 km, occurs in the Archean middle 
Rocky Mountains. 

Parameterization of Te 

Correlations of T, to the various manifestations of tecton- 
ism are intriguing, but we can greatly improve our understand- 
ing of the rheological implications of T, with a simple, con- 
ceptual analysis of yield strength. T, ultimately depends on 
the bending stresses maintained by the lithosphere, which in 
turn depend on the failure properties of rock. Depth dependent 
failure is commonly approximated via a yield strength enve- 
lope [Goetze and Evans, 1979] defined by the lesser of the sus- 
tainable differential stresses, Ao, governed by frictional resis- 
tance and dislocation creep. We adopt the linear frictional 
failure relations: 

Ao = [(X/g2+ 1 _ g)-2_ 1] pgz (1-•), 

to describe a compressional stress regime and 

(2) 

AO=[1- (x/g2+ 1 - g)2] pgz (1-3,), (3) 
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Table 1. Velocity and Density Values Used to Constrain the Inversion 

Easternmost Basin and Range a 

Layer Depth to Top, P Velocity, Density, 
km km/s kg/m 3 

1 0 3.4 2280 
2 2 6.0 2700 
3 8 5.5 2610 
4 15 6.5 2800 
5 25 7.4 3050 

Western Middle Rocky Mountains a 

Depth to Top, P Velocity, Density, 
km km/s kg/m 3 

0 4.6 2470 
3 5.9 2680 
16 6.7 • 2870 
40 7.9 3230 

Eastern Snake River Plain b Colorado Plateau c 

Layer Depth to Top, P Velocity, Density, Depth to Top, P Velocity, Density, 
km km/s kg/m 3 km km/s kg/m 3 

1 0 3.3 2270 
2 2 5.2 2560 
3 5 6.1 2730 
4 11 6.5 2810 
5 19 6.8 2880 
6 42 7.9 3240 

0 3.0 2210 
2 6.2 2740 
26 6.8 2880 
41 7.8 3190 

East-Central Basin-Range d 

Layer Depth to Top, P Velocity, Density, 
km km/s kg/m 3 

Northern Rocky Mountains e 

Depth to Top, P Velocity, Density, 
km km/s kg/m 3 

1 0 3.0 2210 
2 2 5.9 2680 
3 13 6.4 2790 
4 27 7.4 3070 

0 4.5 2460 
2 6.2 2730 
18 6.8 2880 
33 8.0 3280 

Yellowstone Plateau 
, 

Layer Depth to Top, P Velocity, 
km km/s 

Great Plainsg 

Density, Depth to Top, P Velocity, Density, 
kg/m 3 km km/s kg/m 3 

1 0 2.8 2170 

2 1 5.7 2650 

3 15 6.7 2860 

4 43 7.9 3240 

0 3.8 2360 

15 6.0 2700 
23 7.4 3060 

33 8.2 3370 

Northwestern Basin-Range h Western Snake River Plain i 

Layer Depth to Top, P Velocity, Density, Depth to Top, P Velocity, Density, 
km km/s kg/m3 km km/s kg/m 3 

1 0 2.8 2170 

2 1 5.6 2630 
3 6 6.1 2710 

4 19 6.4 2780 

5 31 8.0 3270 

aBraile et al. [1974]. 
bBraile et al. [1982]. 
CRoller [1965]. 
dMueller and Landisman [ 1971 ]. 
eSheriff and Stickney [1984] and Sparlin et al. [1982]. 

0 2.0 

2 5.2 
10 6.7 

42 7.9 

fLehman et al. [1982]. 
gMcCamy and Meyer [ 1964]. 
hBenz et al. [ 1990]. 
illill and Pakiser [ 1966]. 

1960 

2560 

2850 

3230 
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a. Cordilleran Seismicit 

' '. Y •. '?' ' 
• •,- .'• , .•' 11. 

•. m - t •.•; - ,•.. 
. W..g,. ,. •,, .. '.. 

. 
t' •" q' .• 'g •"-,. ',.'J '•. - 
• •.-•,•,-.' :' -. -1 ..,,.'.. ' •' 

L •r ' •:I• •,&' -• I •'' .: .'., .' 
[: -.-'.T '• -•"•1 . •... -". "' . 

• ' '• .-. •. , ..... .•. •, ,.' 

.: . .,..•½•',. • • '."•,• •½, -.. 
•' ,-. •.. ,,..,..,,.., '..,,, .• E&• . 

b. Quaternary Normal Faults 

• .1 '%' ':' 

'7 .-. •, •n • a 

-• ;, -t .... t ,"•' fi' ,'• r ' 

,,'.t'/ ' '1• • .. /v , • 

Flexural Rigidity (Nm) 
2x1021 lx1022 lx1023 8x1023 

4.0 5.7 8.0 11.3 16.0 22.6 32.0 45.3 

Elastic Thickness (km) 

Scale (km) 

Plate 1. Elastic thickness of the western U.S. Cordillera, with historic seismicity and Cenozoic normal 
faults. (a) Earthquake epicenters, Mr > 1, recorded by University of Utah, University of Nevada-Reno, and 
U.S. Geological Survey seismograph networks. The white boxes locate ISB seismicity examined in detail in 
Figures 9, 10, and 11. Light grey lines are K/Ar isotopic ages of the Archean Wyoming craton [Condie, 
1981]. Darker grey lines are boundaries between genetically distinct lithospheric blocks located via geo- 
chemistry of magmas, from (1) and (2) Farmer and DePaolo [1983], (3) Leemah et al. [1992], (4) Manduca et 
al. [1992], and (5) Fleck and Criss [1985]. (b) Surface traces of normal faults exhibiting late Quaternary 
(<500 ka) surface rupture [after Hecker, 1993; Smith and Arabasz, 1991]. Thick white lines are the eastern- 
most faults with significant, > I km, offset. Faults are E, Bozeman; BV, Beaver; CM, Crawford Mtns; E, 
Emigrant; EBL, East Bear Lake; EC, East Cache; GV, Gra•d Valley; M, Madison; S, Sevier; SV, Star Valley; 
T, Teton; WFZ, Wasatch Fault Zone. Boxes indicate locations of Te estimates (larger boxes are 400 km by 
400 km windows; smaller are 200 km by 200 km windows of data). Physiographic provinces are BR, Basin- 
Range; CB, Columbia Basin; CP, Colorado Plateau; MRM, middle Rocky Mountains; NRM, northern Rocky 
Mountains; SRP, Snake River Plain. 

for extension, where g is the coefficient of static friction, p is 
density of overburden, g is acceleration of gravity, z is depth, 
2• = P/pgz, and P is pore pressure [e.g., Sibson, 1974]. Power 
law creep is described by 

where • is strain rate, A and n are empirically derived mate- 
rial constants, R is the gas constant, T is temperature, and H* 
is the activation energy of the material [e.g., Goetze and 
Evans, 1979]. A more sophisticated estimate of yield strength 
might also incorporate contributions from the low-tempera- 
ture ductile and semibrittle rheological regimes, but frictional 
slip and ductile creep are generally sufficient for flexural anal- 
ysis [McNutt and Menard, 1982]. 
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Figure 1. Regional surface heat flow [after Blackwell and 
S[eele, 1992]. 

Examples of yield strength envelopes for continental 
crustal materials are given in Figure 2a. Corresponding flow 
law parameters are listed in Table 3. Envelopes are also shown 
for a range of continental geothermal gradients (Figure 2b). 
Note that, because the power law creep relation approaches but 
never equals zero differential stress, envelopes are truncated at 
a small differential stress value (in this paper, AO = 40 MPa) 
chosen such that the contribution to T e from greater depths is 
negligible [McNutt, 1984]. It is readily apparent that yield 
strength profiles can vary significantly with temperature field 
and bulk composition at depths of ductile creep. 

The state of stress relative to rock strength is also impor- 
tant. Flexural rigidity depends on plate bending moment M 
via 

M (5) 
K 

where K is the curvature of the plate [e.g., Turcotte and 
Schubert, 1982]. The moment in turn corresponds to the ver- 
tically integrated fiber stress o/generated by bending, 
weighted by distance from a neutral surface at depth z n (see 
Figure 3a): 

M = fo rm of(z)(Z-an)dz, (6) 

,,• oO ,,• 

I I I ß I 

C> 

o o 

where T m is mechanical thickness of the plate (i.e., that sup- 
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Figure 2. Yield strength envelopes (a) for various crustal 
rheologies, assuming a geothermal gradient of 20øC km -• and a 
strain rate of 10 -•5 s•; and (b) for various geothermal gradients, 
using a dry-granite rheology and 10 -•5 s -• strain rate. 

ports deviatoric stress on geologic timescales). In a thin, per- 
fectly elastic plate, the fiber stress varies according to 

(5) g (Z--Zn). (7) 

Superimposing a yield strength limit truncates the plate 
bending stresses (Figure 3b) so that bending moment, and 
consequently the effective elastic thickness, is reduced, i.e., T e 
< T m [McNutt and Menard, 1982]. Figure 4a illustrates the ef- 
fect of increasing plate curvature on Te. A uniform, regional 
horizontal stress (henceforth in this paper referred to as a "tec- 
tonic" stress) will also have significant effect on T e [McNutt 

0 Tm = 13.4km Te = 13.4km 
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12 
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Differential stress Ao (MPa) 
Figure 3. Fiber stresses in a thin bending plate. T e depends 
on bending moment, i.e., integral of the shaded area weighted 
by distance from the neutral surface z,. (a) For a perfectly elas- 
tic plate, mechanical thickness T m equals elastic thickness T e. 
(b) If yield strength is limited by frictional slip and ductile 
creep, sustainable bending moment, and hence Te, is de- 
creased. (c) Bending moment is decreased further by superim- 
position of a large tectonic stress. Envelopes are for dry gran- 
ite with temperature gradient 25øC km '• and strain rate 10 -•5 s -•. 

Table 3. Material Parameters Used in This Study 

Rock Density p, Young's Power Law Power Law Activation Thermal 
Composition kg m -3 ModulusE, Coefficient A, Exponent n Energy H*, Conductivity K, 

Pa MPa-" s 4 kJ mol -• W m 4 øK 4 

Dry granite 2600 7x10 •ø 2.5x10 -9 3.4 139. 2.4-3.8 
Wet granite 2600 7x10 •ø 2.0x10 -4 1.9 137. 2.4-3.8 
Dry quartzite 2600 7x10 •ø 3.2x10 -s 1.9 123. 4.2-6.3 
Diorite 2700 7x10 •ø 1.3x10 -3 2.4 219. 2.6-3.5 

Dry olivine 3250 8x10 •ø 6.3x104 3.5 533. 3.7-4.6 

Power law properties are from Hansen and Carter [1982] for crustal compositions 
and from Kirby [1983] for olivine. 
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Figure 4. Dependence of elastic thickness on state of stress 
for a dry-granite composition, strain rate of 10 -15 s -1, and vari- 
ous geothermal gradients. (a) T e versus fiber stress (expressed 
as plate bending curvature), assuming no far-field stress, and 
(b) T e versus tectonic stress, given small curvature, 10 -8 m -1. 

and Menard, 1982]. A superimposed tectonic stress (50 will 
shift the reference axis, (sf (z) = 0, within the yield strength 
envelope as indicated in Figure 3c. As the reference state of 
stress moves outward to either limb of the envelope, the sus- 
tainable bending moment (and hence Te) is decreased. T e as a 
function of superimposed tectonic stress is shown in Figure 
4b. 

Te and Tectonics 

Parameter Sensitivity of T e 

From inspection of equations (1) through (7), Te depends 
upon the elastic properties of rock; the coefficient of friction 
and pore fluid pressure at depths of frictional failure; composi- 
tion, strain rate and temperature at ductile depths; and the state 
of stress due to plate bending and tectonic forces. Many of 
these properties are poorly constrained for most continental 
lithosphere; that combined with the sheer number of variables 
makes analysis of the implications of T e a somewhat daunting 
task. However, T e is much more sensitive to some parameters 
than to others. Figure 5 displays the sensitivity of Te to rea- 
sonable ranges oi each of its variable parameters, as well as a 
typical range of standard error for estimates of Tefrom the 
Basin-Range (calculated from the method described by Lowry 
and Smith [1994]). Virtually all of the sensitivities scale log- 
arithmically, such that if a different reference state were cho- 
sen, the sensitivity ranges would be displaced on the log plot, 
but lengths of the bars would remain approximately the same. 
(The exceptions are for It and/•, which would show decreased 
sensitivity ranges given a less extreme state of lithospheric 
stress.) Thermal gradient, state of stress (due to plate bending 
and tectonic loading), and power law composition are the only 
parameters whose sensitivity ranges are significant when 

Poisson's Ratio v - 

Young's Modulus E, Pa - 

Friction Coefficient It - 

Pore Pressure Coefficient • - 

Power Law Composition - 

Strain Rate •;, s -1 - 

Thermal Gradient dT/dz, øC/km - 

Plate Curvature K, m 4 - 

Tectonic Stress (50 - 

Typical Error Bound 
of a T e Estimate 

Range of Te 
(for plausible range of parameter) 
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. . . . . . .ll _• _• _• : : _, :: 
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50 '--'"'--'"'"---'""• 10 

Figure 5. Sensitivity of Te to its variable parameters. Ranges for v and E are for D = 1022 N m; It and/• 
sensitivities use an extreme plate curvature K= 10 -6 m-l; all other cases use dry granite rheology with (5o = 0, 
K = 10 -8 m -1, dT/dz = 25øC km -1, i; = 10 -is s -1,/• = 0.37 and It = 0.65, except as otherwise indicated. Error 
bounds for a typical Te estimate are included for compari.son. Power law rheology, thermal gradient, and 
state of stress have the most significant effects on T e. 
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compared to the range of error in T e. T e error ranges also scale 
logarithmically, and are more a reflection of resolution than of 
random error: Te estimation assumes uniform and isotropic 
rigidity within a data window, whereas actual strength proper- 
ties can vary dramatically (e.g., Plate l a) and also vary with 
direction. In general, a factor of 2 change can be considered 
significant relative to the resolution of T e estimates [e.g., 
Bechtel et al., 1990]. 

Parameters that have insignificant influence on Te are fixed 
for the remainder of this discussion. We adopt previous con- 
vention [e.g., Brace and Kohlstedt, 1980] by using It = 0.65 
and )• = 0.37. Some studies suggest that dynamic shear stress 
on major faults is a factor of 3 to 10 lower than predicted by 
these parameters [Zoback et al., 1987; Bird and Kong, 1994], 
but changing the linear friction coefficients to reflect these 
studies would have no impact on this analysis. We assume 
strain rates are depth-independent and range from 10 -18 to 10 -14 
s -1, as inferred from geodetic measurements and cumulative 
moments of historic earthquakes [Eddington et al., 1987; 
Dzurisin et al., 1990; Savage et al., 1992; Martinez et al., 
1994]. 

The three most important properties in defining T e, temper- 
ature, power law composition, and state of stress, can all be 
constrained to some extent from independent data. Regional 
heat flow patterns [e.g., Blackwell et al., 1991] provide in- 
sight into the temperature field. Seismic velocity structure 
[e.g., Braile et al., 1989] can be used to infer composition 

[e.g., Fountain and Christensen, 1989]. Stress magnitudes at 
depths of interest are not known, but aspects of the state of 
stress can be inferred from principal stress directions given by 
stress measurements and stress indicators [e.g., Zoback and 
Zoback, 1989], and from the maximum depths of frictional 
failure observed in earthquakes. 

Heat Flow 

Sensitivity of T e to thermal gradient is reflected in the 
strong correlation between areas of low T e (Plate 1) and high 
heat flow (Figure 1). Regional heat flow Q, digitized from 
Blackwell and Steele [1992], is plotted against measurements 
of T e in Figure 6. Linear regression of Q versus T e yields a 
negative slope to > 99% confidence, but with a correlation co- 
efficient of-0.46 and very significant variance. Some of the 
scatter can be attributed to the poor resolution of Te estimates 
as well as the poor distribution of, and influence of hydrology 
on, Q measurements, but part of the scatter occurs because Te 
depends on other factors besides just temperature. The predic- 
tive relationship between heat flow and T e, from equations (1) 
through (7), is also shown in Figure 6 for several crustal and 
upper mantle rock types, using a geothermal gradient esti- 
mated from dT/dz = Q/r, where tc is thermal conductivity. 
Clearly, the regression relationship is inconsistent with a 
power law corresponding to a single, uniform composition. 
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Figure 6. Regional heat flow, digitized from Blackwell and Steele [1992], versus estimates of T e. 
Locations of Te estimates are indicated by province. The predictive range for various compositions, indi- 
cated by light grey cross-hatch, is based on the range of thermal conductivity (Table 3) and strain rates rang- 
ing from 10 -14 to 10 -18 s -1. 
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Compositional Control of Te 

The particular power law that defines T e depends primarily 
on thermal gradient and compositional layering of the litho- 
sphere. In general, higher thermal gradients should mobilize 
rocks in shallower rheological layers. We have noted that T e 
tends to be relatively consistent within physiographic 
provinces, but can vary dramatically from one province to an- 
other (Plate l a; Table 2), and so one might reason that differ- 
ent provinces are characterized by activation of different rheo- 
logical layers as a result of variations in mantle heat flow. 
Then the relationship of T e to O should be more consistent 
with the relationship predicted for a single uniform composi- 
tion if the observations are broken out by province. This is 
indeed the case (see Figure 6). T e versus O of the Colorado 
Plateau hovers near the quartz diorite (-lower crustal) predic- 
tive relationship. The relationship in the middle Rocky 
Mountains is most consistent with lower crustal and mantle 

rheological control. Results from the Basin-Range, northern 
Rocky Mountains, and the volcanic provinces mostly fall 
within the range of upper to middle crustal (quartzo-felds- 
pathic) rheology, except for the interior Columbia Basin, 
which is more consistent with a lower crustal relationship. 

There remains an obvious problem, however, in that each of 
the physiographic provinces spans nearly the same range of 
heat flow. If thermal gradient alone determines the rheologi- 
cal layer that responds with ductile flow, then heat flow should 
break out according to province as well as T e. There are a cou- 
ple of reasons why it does not: (1) the regional heat flow in- 
terpreted by Blackwell and Steele [1992] is sensitive to near- 
surface processes that are independent of mantle heat flow (for 
example, the < 60 mW m -2 anomaly in the central Basin-Range 
(see Figure 1) is thought to have a hydrologic origin), and (2) 
the defining rheology also depends on bulk composition of 
the layers. 

Jordan [ 1978, 1981] notes that compositional differentia- 
tion to depths of > 200 km is necessary to account for the 
buoyancy, petrology and seismic velocity structure of conti- 
nental mantle. According to his hypothesis, cratonic litho- 
sphere is stabilized by depletion of mantle basalt during ex- 
treme tectonomagmatic events, resulting in reduced density, 
viscosity, and thermal conductivity; Archean lithosphere 
tends to be most stable because it has experienced the most 
cycles of tectonomagmatic fractionation [Jordan, 1981]. 
Correlation of high T e with greater lithospheric age (Table 2) 
is consistent with a bulk compositional influence on rheol- 
ogy, and compositional stabilization also helps to explain 
the apparent long-term persistence of lithospheric strength 
variations [Lowry and Smith, 1994]. However, whereas 
Jordan's [1981] stabilization hypothesis focuses on the chem- 
istry of mantle rocks, the rheology of many western U.S. 
provinces is controlled by crustal compositions. Hence the 
uniformity of T e within provinces having uniform ages but 
varying heat flow would suggest that tectonomagmatic frac- 
tionation may increase the relative stability of crustal layers 
as well as the mantle. 

The power law compositions implicit in Figure 6 are sup- 
ported by comparison of T e with depth to seismic velocity dis- 
continuities detailed in Table 1. For example, T e of much of 
the middle Rocky Mountains approaches or exceeds the -40 
km thickness of the crust. Given that T e underestimates T m, 
flexural strength must be controlled by the upper mantle. T e in 
the Basin-Range, Snake River Plain, and northern Rocky 

Mountains is much less than crustal thickness, and averages 
less than half the depth to the base of the midcrust, generally 
-15 to 20 km. Thus a middle to upper crustal power law com- 
position is a reasonable assumption. Colorado Plateau T e av- 
erages 22 km, and crustal thickness is 35 to 45 km, whereas 
depth to top of the lower crust is about 25 km. Hence, assum- 
ing moderate reduction of elastic thickness by stress, a lower 
crustal control of T e would be most probable. 

Stress Orientations and Anisotropy of Te 

Figure 4 represents the reduction of T e by stress when hori- 
zontal components of the principal stress tensor, (Jhmax and 
C•hmin, are equal. One can infer, however, that if lJhmax is signif- 
icantly greater than (Jhmin, there should be an azimuthal varia- 
tion in T e. Examples in Figures 7a, 7b, and 7c show the az- 
imuthal dependence of T e predicted by application of equations 
(1) through (7) to examples of extensional, strike-slip, and 
compressional tectonic stress regimes. 

Observations of lithospheric state of stress are generally 
limited to indicators of principal stress directions, including 
stress inversions of fault slip data and focal mechanisms 
[Angelier, 1984; Gephart and Forsyth, 1984], well bore 
breakouts [Gough and Bell, 1981], and volcanic vent align- 
ments [Nakamura, 1977]. In situ measurements such as hy- 
draulic fracturing [Hickman and Zoback, 1983] and overcoring 
[McGarr and Gay, 1978] provide stress magnitudes, but only 
in the upper few kilometers of the crust. However, the effect of 
stress on isostatic response can be qualitatively evaluated by 
comparison to stress orientations. Figure 7d is an example of 
observed azimuthal variation of T e from the eastern Snake 
River Plain. Formal mathematical inversion for axes of a best 

fitting ellipse yields a minor axis direction of N49øE+13 ø. 
Thus, assuming the anisotropy reflects a state of extensional 
deviatoric stress, the N49øE direction should correspond to 
IJhmin. Volcanic vent alignments at the same location indicate 
an extensional state of stress with minimum compression di- 
rection N48øE [Zoback and Zoback, 1989]. 

Bechtel [1989] notes anisotropy of T e in both the Basin- 
Range and East African Rift extensional provinces that he at- 
tributes to mechanical weakening of the elastic layer by faults. 
However, we observe as much as 50% reduction of T e in the 
minor axis direction, which is too large to account for by 
alignment of faulting. Frictional slip can occur for a broad 
range of fracture orientations with relatively minor variation 
in frictional yield strength [e.g., Forsyth, 1992], and we ob- 
serve minor axis directions of Tein the middle Rocky 
Mountains and elsewhere that are not perpendicular to nearby 
faults. Hence it is probably more accurate to associate 
anisotropy of T e with stress orientation than with fault orien- 
tation. 

Figure 7 indicates a different pattern for each of the three 
stress regimes, but the patterns are not diagnostic. For exam- 
ple, the bilobate pattern in the extensional example (Figure 
7a) might be observed in a compressional stress regime if 
lJhmax--lJ v approaches the maximum yield strength of the 
lithosphere. It could also be seen in a region of strike-slip if 
one horizontal principal stress were near the lithostat, c• v. The 
only diagnostic pattern is the cloverleaf pattern of Figure 7b, 
predicted only for strike-slip stress. Hence if azimuthal varia- 
tion of T e is to be used to infer principal stress orientation, in- 
dependent information about the stress regime (focal mecha- 
nisms, for example) will be needed to determine whether the 
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Figure 7. Examples of azimuthal variation of T e. Figures 7a, 7b, and 7c were modeled using a dry-granite 
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(Jhmin ---- (Jv' (d) An example of observed azimuthal variation from the eastern Snake River Plain. 

elongate axis corresponds to the maximum or minimum com- 
pressive stress. 

The contemporary state of stress in the Cordillera is exten- 
sional, with a possible component of strike-slip along the 
western margin of the Colorado Plateau [Zoback and Zoback, 
1989; Bjarnason and Pechmann, 1989; Smith and Arabasz, 
1991]. Minimum horizontal compressive stress directions 
from various stress indicators are given in Figure 8a. 
Minimum compressive stress has been interpreted to be ap- 
proximately NE in the eastern Snake River Plain, E-W in the 
eastern Basin-Range and NNE-directed in the Colorado Plateau 
[Zoback and Zoback, 1989]. 

Given the extensional regime, minor axes of T e anisotropy 
should correspond to the minimum horizontal compression di- 
rection. Vectors representing the minor axis direction of best 
fit Te ellipses are scaled by elliptical eccentricity and plotted 
in Figure 8b. Stress directions inferred from Teanisotropy are 
in close agreement with stress indicator data from the north- 
east Basin-Range, where (Jhmin is '•E-W, and the eastern Snake 
River Plain, where NE directed (Jhmin is observed. 
Interestingly, we do not observe significant anisotropy of T e 
in the interior of the Basin-Range. In the Colorado Plateau, 
azimuthal variation of T e suggests an -ENE extension direc- 
tion as compared to the NE to NNE extension direction inferred 
from earthquake focal mechanisms [Wong and Humphrey, 
1989; Zoback and Zoback, 1989]. 

The largest strength anisotropy in the study area is ob- 
served near the Wasatch fault zone, Utah, where minimum T e 
directions are orthogonal to the Wasatch fault in the hanging 
wall and parallel in the footwall. This apparent rotation of 
stress field is not well resolved by independent stress orienta- 
tion data: several of the (Jhmin directions indicated by fault slip 
and focal mechanisms on the Wasatch are consistent with the 

E-W minimum T e direction west of the fault, but the only sup- 
port for -N-S (Jhmin east of the fault comes from a -500 m deep 
hydraulic fracture experiment. However, the rotation is con- 
sistent with contemporary horizontal strain. Trilateration 
measurements from 1972 to 1990 indicate N85øE uniaxial ex- 

tension in the hanging wall block, and N20øE extension in the 
footwall block of the fault [Savage et al., 1992]. The observed 
strength anisotropy is not a result of the extreme footwall 
flexure of the Wasatch [e.g., Parry and Bruhn, 1987], as the di- 
rection of reduced strength is orthogonal to that predicted for 
footwall bending. 

There are places where stress directions and anisotropy of Te 
are decidedly inconsistent; Yellowstone and its surroundings 
are an example. Focal mechanisms of the 1959 M s 7.5 
Hebgen Lake, Montana earthquake and its aftershocks suggest 
-NNE extension, but T e is lowest WNW. Inversion of 
Yellowstone earthquake focal mechanisms [Peyton, 1991] and 
Global Positioning Satellite measurements [Meettens et al., 
1993] likewise indicate NE extension. Strain behavior at 
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Yellowstone is very heterogeneous with regard to both time 
and space [e.g., Smith and Braile, 1994], and so the discrep- 
ancy may be due to differences in the timescales and spatial 
wavelengths sampled by T e versus stress indicators. 
Alternatively, it is possible that sensitivity of T e to strain rate 
is amplified by rheological channeling of crustal flow in some 
regions. Our simplistic, one-dimensional model of T e is insuf- 
ficient to examine the latter possibility; a three-dimensional, 
dynamical model of lithospheric strength behavior would be 
required. Nevertheless, lithospheric state of stress appears to 
influence T e throughout much of the Cordillera. 

Earthquake Focal Depths 

Many investigations associate focal depths of large, M > 6, 
earthquakes with the transition from frictional slip (brittle) to 
dislocation creep (ductile) deformation [e.g., Sibson, 1982; 
Smith and Bruhn, 1984] or a transition from velocity weaken- 
ing (i.e., unstable) to velocity strengthening (i.e., stable) 
frictional slip behavior [e.g., Tse and Rice, 1986]. Velocity 
strengthening frictional slip and dislocation creep are end- 
members of a single continuum of deformation behavior, how- 
ever [Tse and Rice, 1986], and each depends fundamentally on 
temperature and composition. Maximum focal depths of 
smaller, background seismicity may similarly depend on rhe- 
ology, or they may depend instead on state of stress if stress is 
insufficient to fail the lithosphere near the rheological transi- 
tion. The latter possibility seems unlikely in the ISB, how- 
ever, where background seismic depths approach the focal 
depths of larger events. In any case, focal depths for both 

large and small earthquakes will depend on many of the same 
parameters as effective elastic thickness, and so we expect 
there should be a relationship between earthquake focii and T e. 

Unfortunately, observing that relationship is problematic. 
Maximum focal depths of background seismicity are not well 
constrained in the ISB because of poor sampling in both time 
and space. Focal depth information is available for only a 
small fraction of the earthquake cycle, and regional seismo- 
graph networks do not provide reliable depths for most 
smaller events except in special densifted study areas [Smith 
and Bruhn, 1984; Smith and Arabasz, 1991]. In the ISB, focal 
depths of small events are considered reliable if the vertical 
hypocentral error calculated by the location algorithm is 2 km 
or less and the distance to the nearest seismometer is less than 

the focal depth [Arabasz et al., 1990]. Seismograph spacing 
is -35 km along the Wasatch Front, and -20 km in the eastern 
Snake River Plain and Yellowstone [Smith and Arabasz, 1991; 
Jackson et al., 1993; Smith and Braile, 1994]. Elsewhere, 
spacing is greater, typically exceeding 50 km. We carefully 
selected the most reliable focal depths from the ISB using the 
above criteria; these are plotted with T e in Figures 9, 10, and 
11. With the exceptions of the aftershock sequence for the 
1983 M L 7.3 Borah Peak, Idaho, earthquake (Figure 1 l a) and 
continuing activity near the 1959 M s 7.5 Hebgen Lake, 
Montana, event (Figure 1 lb), maximum focal depths approx- 
imately coincide with T e. It would be hazardous to assess a re- 
lationship when the data are spatially parameterized, however. 
Not only is the earthquake distribution poorly sampled, but T e 
and earthquakes are sensitive to rheological properties at 
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Figure 9. Focal depths plotted with Te for the Basin-Range transition to the middle Rocky Mountains 
physiographic province.-See Plate 1 for location of study area. 

completely different spatial scales as well: whereas earth- 
quakes respond to the physical state within a relatively small 
volume of rock, the absolute limit of resolution for Te estima- 
tion occurs at wavelengths of--40 km. Thus comparison of T• 
and earthquake focal depth is liable to be valid only for gross 
statistical relationships. 

Figure 12 shows focal depths plotted against T• at the epi- 
central location, along with the predicted relationship of T e to 

the depth of rheological transition from frictional to disloca- 
tion creep behavior. The latter relationship is insensitive to 
power law composition; relations for both dry granite and 
diorite are shown and are virtually indistinguishable. There 
are several notable relationships. The 95th percentile depth 
of background seismicity, calculated for 5-km-wide bins, ap- 
proximately tracks T• (as might have been deduced from previ- 
ous figures). Regression of the depths of ISB background 
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seismicity yields a positive correlation of depths to T e to > 
99.5% confidence, with correlation coefficient 0.3. That cor- 

relation suggests that maximum focal depth depends on some 
of the same parameters that define T e. 

Of the 5144 events shown, only a handful of the back- 
ground earthquakes and a few of the very largest earthquakes 
(and their aftershocks) are deep enough to associate with brit- 
tle-ductile control, however. The deepest background earth- 
quakes are almost certainly outliers, probably representing 
high-strength regions too small to be resolved by T e estima- 
tion. Hence maximum focal depths of background seismicity 
are defined by some shallower theological transition, most 
probably the stick-slip to stable sliding transition argued for 
by Tse and Rice [1986]. Enough of the large earthquakes fall 
into the range of possible brittle-ductile control to make the 
possibility somewhat harder to dismiss. Many studies have 
noted that some large mainshocks initiate at significantly 
greater depth than their aftershocks or nearby background ac- 
tivity. Das [1982] argued that the increase in strain rate during 
large earthquakes, approaching 10 -4 tO 10 -3 s -1, has the effect 
of deepening the brittle-ductile transition, but while that ex- 
plains why ruptures might propagate to great depth, it does 
not explain why large events should initiate there. Instead, 
nucleation 6f large ruptures below the depth of regional-scale 
dislocation creep may result from stable slip heterogeneities 
induced by localized, compositionally defined strength varia- 
tions along the fault plane. This hypothesis is also consis- 
tent with observations that large rupture events often nucleate 
in or near high velocity zones [e.g., Lees and Malin, 1990; 
Lees and Nicholson, 1993; Foxall et al., 1993]. 

Other Implications of Te 

An important result of this analysis is that effective elastic 
thickness strongly depends on bulk composition of the rheo- 

logical layers that compose the lithosphere. With careful 
consideration of complementary data sets, it should be possi- 
ble to gather new clues regarding genesis of the lithosphere 
from mapped T e (Plate l a), even in areas where basement rocks 
are concealed by sedimentary or volcanic cover. The high Te 
of the interior Columbia Basin is a good example (Plate l a). 
Given the anomalously low heat flow (Figure 1) and proximity 
of Cascadia subduction, one could be tempted to interpret high 
strength as an artefact of thermal perturbation by cold subduct- 
ing lithosphere. However, upper mantle P velocity indicates a 
steep eastward dip of the modern Juan de Fuca slab [Humphreys 
and Dueker, 1994], and modeling of Cenozoic subduction sug- 
gests negligible thermal perturbation east of central 
Washington state since 20 Ma [Severinghaus and Atwater, 
1991]. The feature is near a known accretionary terrane, how- 
ever: the Blue Mountains terrane, corresponding to lower 
strength regions to the south and east, derives from Paleozoic 
island arc volcanism [e.g., White et al., 1992]. The Blue 
Mountains terrane is apparently a small exotic heralding a 
Precambrian terrane to the northwest, currently obscured by 
Columbia basalts. The postulated Precambrian origin is sup- 
ported by high upper mantle P velocity to depths of 200 km 
[Humphreys and Dueker, 1994]. 

In another example, Farmer and DePaolo [1983] suggest 
that a discontinuity in the crustal contamination of granites 
(the dashed grey line (1) in Plate l a) corresponds to the west- 
ern edge of the Paleozoic craton, composed of lithosphere at- 
tenuated by latest Proterozoic rifting. However, the central 
Basin-Range is distinguished from lithosphere to the east by 
higher œSr [Farmer and DePaolo, 1983], and T e (Plate la) indi- 
cates distinct lithospheric blocks as opposed to a gradational 
decrease in strength between the Colorado Plateau and the cen- 
tral Basin-Range. The high œSr isotopic domain also exhibits 
relative high topography and greater crustal thickness than 
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the surrounding Basin-Range, and it is the Tertiary locus of an 
unextended belt sandwiched by large detachments to east and 
west [e.g., Axen et at., 1993]. Hence we propose that older 
crustal material underlying the Paleozoic geoclinal sediments 
between lines (1) and (2) of Plate l a is attached to pieces of 
exotic lithosphere, presumably terranes that accreted prior to 
the rifting event, that were then rafted away from the craton by 
early Paleozoic extension. 

Also, a large area surrounding the active Yellowstone vol- 
canic field indicates lower crustal flow rather than the mantle 

rheology typical of the remainder of the middle Rocky 
Mountains. A recent study by Byrd et at. [1994] indicates 
most of the 2 to 3 km offset on the Teton fault, 20 km south of 

Yellowstone, has occurred since -2 Ma, coinciding with the 
approximate time of arrival of the Yellowstone hotspot 
[Smith and Braite, 1994]. This would imply that the source of 
the volcanism may also be responsible for mobilization of the 
lower crust, reduced T e and the onset or acceleration of exten- 
sion. However, this area also experienced effusive andesitic 
volcanism during the Laramide orogeny at -•50 Ma. Therefore, 
while thermal perturbation and mass flux associated with 
Yellowstone volcanism contribute to the current extensional 

episode, the lithosphere near Yellowstone probably was never 
as stable as cratonic lithosphere to the south and east. 

Te provides some insight into ISB extension as well. There 
is ample evidence that a significant fraction of Cordilleran tec- 
tonism is indirectly related to plate interactions, especially 
subduction processes [e.g., Wernicke et at., 1987; 
Severinghaus and Atwater, 1990; Axen et at., 1993]. 
Nevertheless the spatial relationships of Cordilleran exten- 
sion and ISB seismicity to Te (Plate 1) suggest strong control 
by other factors. Extensional strength of the lithosphere is 
controlled by the same parameters that determine Te[e.g., 
Kusznir and Park, 1987], so the lithosphere should be weakest 
approximately where T•is lowest. It is expected [e.g., Chen 
and Motnar, 1983] that much of the strain response to a uni- 
form regional stress (such as an intraplate stress originating at 
a plate boundary) will be absorbed by the weakest portions of 
the lithosphere. However, there is relatively little seismic ac- 
tivity and contemporary strain where T• is lowest: the main 
ISB seismicity (Plate 1 a) is found instead in a zone of transi- 
tion from low to high Te. Hence the forces responsible for 
Cordilleran extension must originate locally, e.g., from 
nearby buoyancy distributions, rather than in the far field. 

Zoback [1992] infers a local, buoyancy-related origin for 
extensional stresses from the relationship of topography to 
global distribution of stress. Artyushkov [1973] similarly 
suggests that the largest intraplate stresses are likely to result 
from lateral buoyancy variations, i.e., changes in the verti- 
cally integrated density column of the lithosphere. Much of 
the ISB (Plate l a) corresponds to a major discontinuity in 
lithospheric buoyancy. Buoyancy variations alone are not 
enough to explain the seismicity however: if they were, seis- 
micity would be equally vigorous at passive continental mar- 
gins. The important difference is that crustal ductile behavior 
occurs throughout the ISB. Hence the concentration of seis- 
micity in the ISB results from large stresses that are accommo- 
dated by flux of low-viscosity crustal material across buoy- 
ancy gradients [e.g., Bird, 1991]. 

Conclusions 

T• of the western U.S. Cordillera exhibits qualitative rela- 
tionships to heat flow, lithospheric age, and Quaternary nor- 

mal faulting. An improved understanding of these relation- 
ships is achieved by parameterization using a yield strength 
envelope. Comparisons with regional heat flow, seismically 
defined crustal properties, and principal stress orientations 
confirms that T• is most sensitive to temperature, stress state, 
and composition at depths of ductile flow. Various tectonic 
provinces accommodate isostatic response at different levels 
of the crust or upper mantle, depending principally on the age 
of the lithosphere. Te in the Archean middle Rocky Mountains 
is controlled primarily by ductile flow in the mantle. The 
Early Proterozoic-aged Colorado Plateau exhibits lower crustal 
control of long-term T•. Latest Proterozoic-aged lithosphere 
that has experienced significant Cenozoic extension, includ- 
ing most of the Basin-Range, the various volcanic provinces 
(with the exception of the interior Columbia Basin), and the 
northern Rocky Mountains, accommodates flexure via middle 
to upper crustal ductile flow. Apparent lower crustal control of 
T• in the interior Columbia Basin and the central Basin-Range 
likely corresponds to exotic terranes of older continental 
lithosphere. 

Azimuthal variation of T• exhibits a relationship to princi- 
pal horizontal stress orientation. Anisotropy of T• aligns 
with stress orientations inferred from stress indicators in the 

northeast Basin-Range, eastern Snake River Plain, and 
Colorado Plateau, but is less consistent with stress orienta- 

tions from the very dynamic Yellowstone volcanic system. 
Azimuthal variation of Te also implies an-90 ø rotation of 
stress orientation across the Wasatch Front. Comparison of 
T• with maximum earthquake focal depths indicates that back- 
ground seismic depths are too shallow for control by the brit- 
tle-ductile transition, but some of the largest (M > 7) earth- 
quakes and their aftershocks initiate within the range of pos- 
sible brittle-ductile depths. Finally, qualitative relationships 
between T• and the spatial distribution of seismicity and active 
faulting suggest that seismicity and tectonism in the 
Intermountain seismic belt are related more intimately to local 
buoyancy than to interactions at distant plate boundaries. 
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