
Most simply put, it is when stresses overcome strength

So, what is strength? Where do stresses come from?

What drives deformation?
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Fig. 4. Limiting values of total horizontal stress as a function of 
depth, based on Byerlee's law with hydrostatic pore pressure (BY- 
HYD) and the quartz (QTZ) and olivine (OL) flow laws adjusted to a 
strain rate of 10 -[5 s -[. The temperature profile T(øK) -- 350 + 
15z(km). 

vertical stress in Figure 5. The influence of pore pressure other 

than hydrostatic is shown by the dashed lines with different Jk 

values; ;• is the ratio of the pore pressure to the total vertical 
stress. 

DISCUSSION 

Figure 5 illustrates graphically the limits within which lith- 

ospheric stress must lie on the basis of the assumptions (1) that 
rocks are fractured and that friction on fractures controls the 

stress at shallow depths, (2) that the creep properties of quartz 

or olivine control the stress below about 15 or 25 km, respec- 

tively, and (3) that the effective stress principle operates for 

friction but not for creep. These limits should be refined when 

feldspar rheology becomes better understood. For the mo- 

ment, several implications are worth noting. 

1. For a temperature gradient of 15øK/km a region of 

high strength exists between the surface and about 25 km for a 

quartz rheology and between the surface and about 50 km 

depth for an olivine rheology. The lower depth is temperature 

dependent. These depths are decreased to 10 and 20 km, re- 

spectively, if the temperature gradient is increased to 30øK/ 

km. The variation with temperature gradient of the depth be- 
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Fig. 5. Difference between maximum or minimum horizontal 
stress and the vertical stress as a function of depth. Values of h give 
pore pressure level. See also Figure 4. 
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Fig. 6. Depth below which strength is less than 100 MPa as a func- 
tion of temperature gradient. 

low which the strength is less than 100 MPa is shown in Fig- 
ure 6. 

2. The lithosphere has close to zero strength at the surface 

and at depths below about 25 km (quartz rheology) or 50 km 

(olivine rheology). This combined frictional plus ductile be- 

havior is important in any discussion of bending in a lithos- 

pheric slab [Goetze and Evans, 1979]. 

3. If rocks are dry (Jk -- 0), then according to Figure 5 the 

maximum strength is 300 MPa or 850 MPa for quartz depend- 

ing on whether horizontal extension or compression was oc- 

curring, and 700 MPa or 1500 MPa for olivine. If the pore 

pressure is hydrostatic (Jk - 0.42), these values for maximum 

strength decrease to 200 MPa or 600 MPa for quartz and 450 
MPa or 1100 MPa for olivine. 

4. The level of pore pressure (as shown by the value of Jk) 

has great influence on crustal stress levels. For example, the 

stress drops from its maximum possible value when the rocks 

are dry (Jk - 0) to zero when the pore pressure is equal to the 

lithostatic pressure (Jk = 1), that is, when the total stress is hy- 

drostatic and equal to the vertical stress. 

What is known about pore pressure level at depth? Unfor- 

tunately, almost nothing, so that this parameter is almost to- 

tally unconstrained at this time. One new inference may be 
drawn from a reeent analysis of crustal permeability [Brace, 

1980]. CrystallineSrocks to about 8 km appear to have a per- 
meability comparable to that of sandstone. Bredehoefi and 

Hanshaw [1968] found that pore pressure under these circum- 

stances could not be much different than hydrostatic, for times 

relevant to most geologic phenomena. The same conclusion 

applies here for crystalline rocks which outcrop at the surface. 

They concluded that high pore pressure required a thick argil- 

laceous section to act as an impermeable blanket. This con- 

clusion may be generally true not only for sedimentary but 

also for crystalline rocks. 
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εxx (proportional to σxx)

For edge forces, deformation should decrease with distance from edge…

Modified from Sonder and Jones (1999)

What of stresses?
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…great way to get higher horizontal stresses far inland
(produces shortening to the right)

But for normal faulting, can we get lower stresses?

This is the classic flat slab model for the Laramide; note it requires that basal shear to be pretty high.
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of rock strength or basal drag. There- 
fore, general patterns of stress and 
velocity and thickening rate can be calcu- 
lated, although their absolute magnitudes 
remain uncertain. 

I have limited the model domain to the 
foreland and Great Plains, and assumed 
that the hot and mobile crust to the 
southwest is so weak [Burchfiel and Davis, 
1975] that it provides one deviatoric- 
stress-free boundary on the west side of 
the foreland. In future models, it may be 
desirable to use a constant-pressure 
rather than a stress-free condition on 
this side, to represent the spreading ten- 
dency of the elevated Sevier orogen. This 
is not done here, because it would destroy 
the generality of the model by introducing 
a second deforming force. In justifica- 
tion, it can be noted that this second 
force was active long before the interval 
of flat subduction, without any apparent 
effect on the foreland. The other three 
boundaries, facing adjacent North American 
eraton, were held fixed (Figure 9). The 
area of North America under lain by Fara- 
llon slab at shallow depth was acted on by 
a uniform shear traction; outside of this 
area, the base was free o• shear stress. 

The calculation was performed with the 
finite element method of Bird and Piper 
[1980], modified only slightly to allow 
for basal drag [Bird and Baumgardner, 
1984]. The essential feature of this 
method is that the stress equilibrium 
equations (and the strength of the litho- 
sphere) are integrated vertically at each 
point to create a "membrane-tectonic" 
model. That is, we solv• tb• differential 
equations 

.... ? .... f• dz +_• f• dz + • (z b) = 0 •x xx •y xy xz 

• f dz + • • ...... •YY •x f•xy dz + •yz(Zb) = 0 

involving stress •ij for the stress and 
velocity subject to an assumed stress/ 
strain-rate relation: 

(ij-Sij P) ; • = f(•i•,T,P) 

where •ij is strain-rate, •i• is the 
Kronecker delta, and T is temperature. 
The nondimensional output of this very 
simple model is presented in Figure 9. To 
apply these results to the Laramide oro- 

/ 

Fig. 9. Results of a finite element cal- 
culation of deformation in a plate of 
non-Newtonian lithosphere. Left boundary 
is free; others are fixed. Uniform shear 
traction to the right is applied to the 
base within the small dashed rectangle; 
other top and bottom boundaries are free. 
Since solution has a mirror plane of sym- 
metry, stress is shown only in the top 
half, and velocity only in the bottom 
half. Contours show the rate of thicken- 
ing of the plate, proportional to the con- 
vergence of the velocities. All 
magnitudes are relative, and depend on the 
strength of the plate and/or the size of 
the basal shear stress. 

geny it is only necessary to scale and 
rotate the model (Figure 10). The posi- 
tion and direction of motion (N60•E) 
illustrated in Figure 10 are appropriate 
for a time about 54 m.y.B.P., near the 
Paleocene/Eocene boundary. Each feature 
of the output corresponds well to some 
aspect of the Laramide orogeny: 

.1. Maximum velocity occurs over the 
center of the slab and in the direction of 
•he basal shear (N60=E). As velocity 
decreases in •hree directions (NW, NE, SE) 
outward from the center, local rotation is 
implied. The southeastern half of the 
computed velocity field in Figure 9 cor- 
responds nicely to Hamilton's [1981] model 
of clockwise rotation of the Colorado Pla- 
teau about an Euler pole in Texas. This 
model suggests that the rotation in the 
crust may have been driven by a similar 
(perhaps faster) rotation of the mantle 

Bird, Tectonics, 1984

Contours are rate of crustal thickening (not relevant here), stresses in top, velocities at bottom.
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Diverging basal shears can produce low horizontal stress
but tends to be tightly focused

This might not be such a terrible model for some back-arc situations, but not so wonderful for extension in continents in general.
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elevations for extension to have occurred, these
estimates are conservative.

THE LARAMIDE OROGENY
In contrast to the Great Basin, where body

forces have long been invoked to explain exten-
sional deformation, the Laramide orogeny is
generally viewed as being driven by boundary
forces from the sides or base of the lithosphere
(e.g., Bird, 1988; Erslev, 1993). These explana-
tions rarely account for a curious geographical
coincidence of major Laramide basement uplifts
with earlier profound Late Cretaceous subsi-
dence. We investigate first the effect of the
earlier regional subsidence on the gravitational
potential energy of the Southern Rocky Moun-
tains region and then its implication for subse-
quent Laramide deformation.

Present-day crustal thicknesses in northern
Colorado and southern Wyoming are between
about 40 and 55 km (Sheehan et al., 1995).
Assuming that the total crustal shortening through
the Laramide orogeny is about 10%–15% (cf.,
Erslev, 1993), the pre-Laramide crust would have
been about 35–50 km thick. The average accumu-
lation of sediments during late Cretaceous subsi-
dence in Wyoming and northern Colorado was
about 2 km, with local accumulations of >3 km
(Cross, 1986). These sedimentary deposits have
been compacted and thus could imply an even
greater submergence of the basement; however,
for this example we conservatively assume that
the subsidence was between 2 and 3 km and that
sediment density was about 2.4 g/cm3 (Fig. 4). To
preserve isostatic equilibrium, we assume that the
subsidence is associated with thickening of the
mantle lithosphere (but see below).

Subsidence of a few kilometers causes a sub-
stantial decrease in the gravitational potential
energy of the region (~2 × 1012 N/m for 2 km
subsidence of a 35–40 km thick crust; Fig. 4).
This decrease represents a significant compres-
sional stress (it is ~50% of the ∆PE range ob-
served today in the western United States and
~20% of the global range; Coblentz et al., 1994;
Jones et al., 1996), but this stress alone probably
is not sufficient to drive contractional deforma-
tion. Boundary compressional forces or a more
negative initial ∆PE (e.g., thick crust with low
surface elevation) would add to this stress. When
considered in a regional context, the effect of the
subsidence is to compressionally stress the sub-
basin lithosphere. If the strength of the litho-
sphere is relatively uniform across the boundaries
of the basin, application of an additional horizon-
tal compressive force will produce failure in the
basin without causing basin flanks to fail (Fig. 5).
This analysis thus suggests that the absence of
strong Laramide deformation of the Colorado
Plateau may be related to its lesser pre-Laramide
subsidence relative to the Southern Rockies.

This analysis does not explain the cause of the
pre-Laramide subsidence. Our simple model

generates it by uniformly thickening the mantle
lithosphere, which is arbitrary but not unreason-
able. Another plausible explanation is flow
within the asthenosphere, perhaps related to
changes in the geometry of subduction (Gurnis,
1992; Mitrovica et al., 1989). Although our
framework does not explicitly deal with such
processes, the application of a basal normal stress
capable of depressing the crust will produce
stresses consistent with ∆PE even more negative
than the ∆PE produced by thickening the mantle
lithosphere (cf., Houseman and England, 1986).

CONCLUSIONS
Gravitational body forces have been widely

invoked in many tectonic models, but quantitative

analysis exploring the implications of such forces
has been much more limited. The approach pre-
sented here can be easily used to assess the con-
sistency of explanations for deformation with geo-
logic constraints on structure and elevation of
particular regions. The results of such analyses can
indicate outstanding problems that present the
greatest challenges to our present understanding of
tectonics and that warrant more time-consuming
but more comprehensive analysis.

This approach clearly reveals a profound in-
consistency in many syntheses explaining the
history of the Great Basin: the region cannot have
had both buoyancy-driven active extension and
low surface elevation in the Oligocene. Either
our model is not correct, or the inferences and
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Jones et al., Geology, 1998

Can make stresses by changing structure of the lithosphere

Relation of crustal thickness, elevation, and GPE. 



on mean crustal density (England and House-
man, 1989; Fleitout and Froidevaux, 1982), with
lower densities yielding a decrease in ∆PE with
thickening. Removal or warming of mantle litho-
sphere will drive ∆PE upward from the uniform
thickening curve toward the crust-only curve.

This process can also be viewed by following
the evolution of ∆PE with elevation throughout
an orogeny (Fig. 2; see also Platt and England,
1994). In this case, the average elevation in-
creases as the entire lithosphere thickens, but
∆PE decreases, indicating that internal body
forces will assist continued contraction. If, subse-
quently, the mantle lithosphere begins to thin or
warm, ∆PE starts to increase while elevation con-
tinues to increase. Once ∆PE is positive, body-
force-driven extension is possible, depending on
lithospheric strength and the magnitude of
boundary forces (e.g., England and Houseman,
1989; Zhou and Sandiford, 1992). This is the

“extensional collapse” scenario discussed by
many of the papers cited above.

This simple analysis permits several geologi-
cally significant observations. For instance, crust
thickened from 30 to 55 km and raised to 3 km
elevation (stars in Fig. 2) would have a positive
∆PE (~2 × 1012 N/m). If no extensional faulting
occurred, we could infer either that compressive
boundary forces exceeded the magnitude of ∆PE
or that the strength of the lithosphere was suffi-
cient to resist deformation. This simple first-order
analysis might then lead to a more sophisticated
analysis if, for instance, a better understanding of
the possible boundary forces was desired.

We now apply this approach to assess litho-
spheric conditions at the initiation of (1) Basin
and Range extension, where buoyancy has com-
monly been invoked as a driving mechanism, and
(2) Laramide contraction, where it is perhaps a
less familiar consideration.

EARLY TERTIARY EXTENSION IN THE
GREAT BASIN

Extension within the Great Basin dates back at
least to early Oligocene (e.g., Axen et al., 1993) or
possibly Cretaceous (e.g., Hodges and Walker,
1992; Wells et al., 1990). Subduction and contrac-
tion along the west coast of North America and
late Laramide shortening to the east suggest that
the boundary forces acting on the Great Basin
were compressional during this time. Early Ter-
tiary extension thus has generally been attributed
to internal body forces (“gravitational collapse”)
(e.g., Coney and Harms, 1984). Additionally,
fossil faunas and the morphology of paleo-
drainages in this region have been interpreted to
suggest that the region was low-standing until the
Miocene (Axelrod, 1966; Christiansen and Yeats,
1992), although this is now disputed (e.g., Wolfe
et al., 1997).

Could early Tertiary extension of the Great
Basin be driven by body forces while the average
elevation of the region during extension was
low? Crustal thickness in the Great Basin before
Tertiary extension is estimated to have been 50 to
70 km (e.g., Coney and Harms, 1984; Wernicke
et al., 1988). If we take this range of crustal thick-
ness and assume the mean crustal density in the
early Tertiary was the same as at present (roughly
2.8 g/cm3), then Figure 3 shows that the ∆PE of
the region would have been negative if the sur-
face elevation was less than ~2 km. Therefore it
would have been impossible for buoyancy-
driven extension to have occurred in a low-
standing Great Basin. Even allowing the mantle
lithosphere to be primarily eclogitic (increasing
∆ρm to 0.1 g/cm3) fails to change the sign of ∆PE,
let alone increase it to sufficiently positive values
to overcome any compressional boundary force.

Paleoelevations of >2 km, and likely >3 km,
are required for extension to be driven by inter-
nal buoyancy forces. These elevations are con-
sistent with recent reinterpretations of the paleo-
botanical record (Wolfe et al., 1997). Because
geologically plausible compressional boundary
forces would require even greater paleo-
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Jones et al., Geology, 1998

This is set up to move into paleoelevation studies.  



Sonder and Jones , 1999, Figure 2

Sonder & Jones, Ann. 
Rev Earth Plan. Sci, 1999

When we look at this at the broadest scales, do we see the causes of extension?  Is it strength?  Is it stress?

Dark orange is calc-alkaline volcanic areas (some interpret as arc)



Sonder and Jones , 1999, Figure 2

Sonder & Jones, Ann. 
Rev Earth Plan. Sci, 1999

Big arrow is relative plate motion. Large heavy line (S=1) indicates position along which slab has fairly constant thermal state. “At each point on the slab, S 
equals the time since subduction divided by one-tenth of the age of that point at the time it was subducted.” 
S=1 is approximately maximum depth of seismic slab. S = 10T/(A-T-C) where T is time since subduction, A age of magnetic anomaly and C is time of map 
construction (so A-C is age of slab at subduction. 
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Sonder & Jones, Ann. 
Rev Earth Plan. Sci, 1999



Sonder and Jones , 1999, Figure 2

Sonder & Jones, Ann. 
Rev Earth Plan. Sci, 1999



Sonder and Jones , 1999, Figure 2

Sonder & Jones, Ann. 
Rev Earth Plan. Sci, 1999

Note that the B&R extent seems unrelated to the triple junction.



Figure 4. Frequency plots of volcanism shaded by composition overlain with spatially averaged areal
extension rate, _"!. Transition to volcanism above slab‐window shown by dark grey band. Light grey band
demarcates brief periods of contraction (area decrease) associated with Pacific‐North America plate‐
boundary right‐shear. The dashed grey band in Mojave from ca. 18 Ma–6 Ma indicates a period of local
to potentially regional contraction supported by geologic data [e.g., Bartley et al., 1990] that is in contrast
to the extension indicated by the model. This discrepancy may arise from the highly uncertain position of
the San Andreas fault bounding the Mojave region on the southwest. Dashed black lines denote extension
that may be spurious due to uncertainties in the reconstruction of MW2005.
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demarcates brief periods of contraction (area decrease) associated with Pacific‐North America plate‐
boundary right‐shear. The dashed grey band in Mojave from ca. 18 Ma–6 Ma indicates a period of local
to potentially regional contraction supported by geologic data [e.g., Bartley et al., 1990] that is in contrast
to the extension indicated by the model. This discrepancy may arise from the highly uncertain position of
the San Andreas fault bounding the Mojave region on the southwest. Dashed black lines denote extension
that may be spurious due to uncertainties in the reconstruction of MW2005.
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to potentially regional contraction supported by geologic data [e.g., Bartley et al., 1990] that is in contrast
to the extension indicated by the model. This discrepancy may arise from the highly uncertain position of
the San Andreas fault bounding the Mojave region on the southwest. Dashed black lines denote extension
that may be spurious due to uncertainties in the reconstruction of MW2005.
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McQuarrie and 
Oskin, JGR, 2010intervals defined by the reconstruction of MW2005, e.g.,

2 Myr windows from 0 Ma to 18 Ma, and 6 Myr windows
from 18 Ma to 36 Ma. The frequency of analyses in each
region is normalized by the area of that region at the middle
of each time step. Though extension rate is calculated from
the change in area of the entire region (Figure 3), in detail
strain is not homogeneous in space and time in any region
(Figure 2). Three regions closest to the San Andreas fault
(Mojave, Colorado River Corridor, and Southern Arizona)
undergo a transition from extension to mostly contraction in
the late Miocene (Figure 4). This transition arises largely due
to the onset of significant right shear through portions of
these regions. In the MW2005 model, the transition to con-
traction occurs at ∼6 Ma in the Mojave region, significantly
later than ca. 18 Ma as indicated from some geologic data
[e.g., Bartley et al. 1990]. The highly uncertain position of the
western bounding edge of the Mojave (i.e., the exact paleo‐
location of the San Andreas fault) complicates determining
the exact extensional history of this region.

4. Discussion

4.1. Patterns of Magmatism
[20] Although palinspastically restored NAVDat points

represent analyses and not eruptive volume, space‐time pat-
terns highlighted by NAVDat data still reflect the migration
and intensity of volcanism through time. Even without
palinspastic restoration, several space‐time patterns are evi-

dent in the broader NAVDat data set [Glazner, 2004]. These
include: (1) A southward magmatic sweep fromMontana into
Nevada from ∼55 to about 20 Ma. (2) A clockwise sweep
around the Colorado Plateau from New Mexico to southern
Nevada, from about 36 to 18 Ma. (3) A burst of magmatism
at about 16 Ma in northern Nevada, eastern Oregon and
Washington, followed by outward sweeps to Yellowstone
and southwestern Oregon. (4) A burst of magmatism in the
Sierra Nevada at 3.5 Ma. In the following section we discuss
these patterns of magmatism and extension on palinspasti-
cally restored North American frames. By retrodeforming the
NAVDat and comparing this to plate‐boundary and plate‐
interior deformationwe provide new perspective on the origin
of these overarching patterns (Figures 1–4 and Animations 1
and 2).
4.1.1. Northern Magmatic Sweep: Basin and Range
and Rio Grande Rift
[21] At 36 Ma, magmatism extended from northwest

Nevada across the northern Colorado Plateau to the northern
Rio Grande region. This NW to SE trending band sweeps
southwest from 36 Ma to 24 Ma and stalls at its southern
most location from 24–18 Ma [Dickinson and Snyder, 1978;
Best and Christiansen, 1991; Lipman, 1992; Christiansen
and Yeats, 1992]. Although the largest number of NAVDat
samples is located in Nevada and the northern Rio Grande
Rift area (particularly at 36 Ma), by 24 Ma magmatic centers
have formed across the Colorado Plateau to link the northern
volcanism into one continuous belt (Figure 2b). The NW‐SE

Figure 3. Index map for regions used to compare strain rate and the frequency of volcanism (Figure 4).
Black boundaries represent the eight subregions of the tectonic reconstruction over which strain rate and
volcanism are averaged. Due to overlap the eastern California shear zone‐Walker Lane region (ECSZ) is
outlined in black dashed line. The boundaries are highlighted on both the undeformed (36 Ma) and fully
deformed (0 Ma) grid.
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Fig. 1. Sketches of the lithosphere in the three modes of continental extension, emphasizing the regions undergoing the 
greatest amount of extensional strain. Lithosphere connotes areas with effective viscosities of > 1021 Pa s. Hatchured 
lines show the base of the lithosphere. The plots to the right show particular initial model geotherrns, yield strengths (for a 
strain rate of 8 x 10 '15 s -1) and effective viscosities (as defined in the text for dry quartz crust overlying a dry olivine 
mantle) corresponding to each mode. From top to bottom the crustal thicknesses are 50 kin, 40 km and 30 km. Qs is the 
initial surface heat flow. 

thinning of the thermal lithosphere. At low strain rates, 
conduction of heat prevents significant weakening due to 
mechanical thinning of the lithosphere. Strain rates required 
for this mechanism depend on the initial thermal state [Sonder 
and England, 1989]. In the gravitational collapse mechanism, 
gravitational stresses produced by crustal thinning resist 
further extension more strongly than lithospheric thinning 
promotes it. This is thought to occur where thick crust and 
high heat flow make the lithosphere very weak. Such regions 

spread under their own weight in much the same way that 
cheese spreads over toast when heated in an oven. This 
mechanism has been invoked to explain the flatness of 
topography across Tibet [Molnar and Chen, 1983] and the 
small gradients in crustal thickness across the Basin and Range 
[Sonder et al., 1987; Hamilton, 1987]. 

The model developed in this paper includes calculation of 
the changes in the strength of the lithosphere and in 
gravitational stresses due to extension as in previous studies. 

Buck, JGR, 1991
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Fig. 10. Mode boundaries in crustal thickness versus Moho 
temperature (TM) space for dry quartz crustal theology for an 
extensional strain rate of 8 x 10 '15 s '1. Shaded area shows the 
predicted conditions for the wide mode of extension. 

value of TM. Note that temperatures as high as those plotted 
in this and later figures might not obtain in the earth; they are 
just shown to illustrate this simple model. For very high 
values of TM the lower crust might melt and/or begin to 
convect. Neither of these effects is treated here. 

Figure 11 shows that the transition between narrow and 
wide rifting takes place at a relatively constant value of TM for 
high strain rates, but not for low strain rates. At low strain 
rates the thermal diffusion is important. The figure also shows 
that the transition to the core complex mode is highly strain 
rate dependent. The crust must be hotter to get the core 
complex mode when the strain rate is high. Figure 1 la shows 
that for 40-km-thick, heat-producing, dry quartz crust the wide 
rift mode is predicted for a range of values of TM at all strain 
rates. Figure 1 lb shows that for thicker crust there is a range 
of strain rates for which the wide mode is not predicted for any 
initial thermal conditions. The hatchured line shows the 

approximate transition in conditions directly between the 
narrow rift and core complex modes (defined where dFcb is 
one-tenth the value with no lower crustal flow). 

Another way to illustrate the conditions for each type of 
extension is to show the mode boundaries on a plot of crustal 
thickness versus surface heat flow as is done in Figure 12. 
Here, the effects of variations in the crustal rheology and the 
extensional strain rate are examined. In Figure 12a the same 
case shown in Figure 11 for dry quartz crustal rheology is 
plotted. Anorthosite dominated crust gives results which are 
not significantly different than for dry quartz-dominated crust. 
However, wet quartz gives very different results. In Figure 
12b a wet quartz rheology is assumed and no wide rift mode is 
predicted for crustal thicknesses ranging from 20 to 60 km. 
Actually, no positive force change results for any crustal 
thickness or heat flow value with extension at strain rates 

between 10-16 and 10-13 s- 1. For pyroxene crust the wide rift 

mode is shifted to much higher heat flows for the same crustal 
thickness as for dry quartz (see Figure 12d). 

Figure 12c shows results of a case which is the same as that 
shown in Figure 12a except that the extension velocity is 10 
times greater. The larger extension rate has little effect on the 
boundary between the narrow rift mode and the wide rift 
mode, but it does affect the transition to the core complex 
mode. Although not done here, the reader can combine plots 
where mode boundaries are shown in crustal thickness - heat 

flow space (as in Figures 12a and 12b) with those shown for 
strain rate - heat flow space (in Figure 11) to get a three- 
dimensional view of expected conditions for each mode of 
extension of a given rheology. 

In all the cases illustrated in the figures the strain •St was 
taken to be 0.25. For lower strains the transition to the core 

(a) h = 40 km, Dry Quartz, H s = 6.4 !lW/m 3, XL=250 km 
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Fig. 11. Mode boundaries in Moho temperature (TM) - strain rate 
space for dry quartz crustal theology with crustal heat sources: (a) 40- 
km-thick crust and (b) 60-km-thick crust. 
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TABLE 4. Data on Extended Regions 

Location 

Crustal Heat Extension 

Thickness Flow Velocity 
(km) (mW/m 2) (cm/yr) 

Core Complexes 

Whipple Mountains 
Ruby Mountains 
Island of Naxos(3) 
Tibet 

Altiplano 

Wide Rifts 

North Basin and Range 
Aegean Sea area 

• ? 0.5-2 (1) 
• ? 0.5-2 (2) 
• ? ? 

60-70 (4) 90 (4) 0.1-0.3 (5) 
50-60 (6) 90 C7) ? 

25-35 (8) 90 (9) 0.8-1.1 (lO) 
30-35 (11) 90 (12) 3-10 (13) 

Narrow Rifts 

Rio Grande 30 (14) 60(15) <1 (16) 
Gulf of Suez 30 (17) 40 (18) 0.5_0.7(19) 
Northern Red Sea 30 (17) 40 (14) 0.7-1.5 (18) 
East African Rifts 40 (19) 50(15) 0.1 (19) 
Rhinegraben 40 (2o) 70 (15) 0.1 (20) 
Baikal Rift 40 (21) 50 (15) ? 

(1)Davis [1988], (2)Dokka et al. [1986], (3)Lister et al. [1984], (4)Jaupart et al [1985], (5)Molnar and Deng [1984] 
(note that this is present-day east-west extension, which may be very different than the rate of extension for the 
north-south extension in the area of mapped core complexes in southern Tibet) [Chen et al., 1990], (6)Froidevaux 
and Isacks [1984], (7)Henry and Pollack [1988], (8)Eaton [1963], (9)Lachenbruch and Sass [1978], (1ø)Eddington 
et al. [1987], (11)Makris [1982], (12)Jongsrna [1974], (13)Jackson and McKenzie [1988], (14)Morgan et al. [1985], 
(15)Morgan[1982], (16)assuming less than the total Basin and Range extension rate, (17)Makris et al. [1981], 
(18)Joffe and Gaffunkel [ 1987], (19)Ebinger et al., [1989], (20)lilies and Greinier [1978], (21)Zorin [1981]. 
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Fig. 13. Repeat of mode diagram for dry quartz crust with heat 
sources (same as Figure 12a) with data for several areas of extension. 
See Table 4 for data sources. 

should be a reasonable approximation of these values at the 
time extension began. The extensional velocity is constrained 
mainly by data on plate motions, estimates of the amount of 
extension, and timing constraints on when extension occurred. 

There is no clear difference in the rate of extension inferred 
for each of the modes of extension. However, there is a 
difference in the thermal condition, as evidenced by the heat 
flow, and the crustal thickness between the examples of the 
different modes of extension. Figure 13 shows crude 
estimates of these conditions for examples of each mode. 
These data are consistent with the initial thermal condition and 
crustal thickness at the time of rifting controlling the mode of 
extension. It is worth noting that none of the narrow rifts 
were formed in lithosphere with a heat flow higher than 60-70 
mW m -2. Also, all the crustal thicknesses at the time of 
narrow rifting are estimated to be less than 50 km. 

The best documented examples of areas where extension 
has occurred over a wide region in the recent geologic past are 
the Basin and Range Province and the Aegean Sea area. The 
Basin and Range Province north of the Las Vegas Shear Zone 
is thought to be extending at the present time [Zoback et al., 
1981] as are parts of the Aegean [Jackson and McKenzie, 
1988]. Thus, measurements of the present-day crustal 
thickness and heat flow show sets of conditions which allow 
wide rifting to occur. The overall extension velocity across the 
Basin and Range is constrained by geologic data as well as by 
present day geodetic work. For the Aegean, Jackson and 
McKenzie [1988] estimate that the seismic moment release 

Buck, JGR, 1991



The volcanic sections in the Eldorado
Mountains are steeply tilted to the east and
are cut and offset by closely spaced, gently
west-dipping normal faults (Fig. 2) (9). Pal-
inspastic reconstructions indicate a stretch-
ing factor of !2.0, oriented 80° east of
north. The age of extension can be assessed
directly by means of cross-cutting relations
and by angular unconformities within syn-
tectonic deposits. There is no evidence for
faulting and tilting before eruption of the
15.1-Ma ignimbrite. In 15.0- to 14.1-Ma vol-
canic and sedimentary rocks, tilts decrease
abruptly upsection, individual flows thicken
on the downthrown sides of faults, and off-
sets along faults decrease progressively upsec-
tion (Fig. 2). These relations demonstrate
that extensional faulting was under way by
15 Ma (8). Coarse clastic intervals in some
of these syntectonic deposits record erosional
unroofing of older rocks in adjacent footwall
blocks. Younger (14.1 to 13.0 Ma), gently
tilted olivine basalt, trachyandesite, and rare
silicic flows unconformably overlie the pre-
viously faulted and tilted units and provide
an upper age bracket for most of the exten-
sion (Fig. 2). Collectively, these observa-
tions suggest that extension began at 15.1 to
15.0 Ma and that the area was stretched by
a factor of 2.0 by 14.1 Ma. Extensional
faulting and tilting continued after 14.1
Ma at a greatly reduced rate along widely

spaced high-angle faults.
The antithetical relation between the ex-

tensional strain rate and the eruption rate
(Fig. 3B) that we have documented in the
Eldorado Mountains cannot be attributed to
analytical error because the 40Ar/39Ar ages
tightly bracket the timing of both the shutoff
of volcanism and the inception of extension
to within about 100,000 years. Neither is it a
consequence of incomplete sampling or the
episodicity inherent in large-volume erup-
tions. The cumulative thickness curve (Fig.
3A) reflects eruptions of hundreds of thin,
locally derived mafic lava flows over several
million years, where the recurrence interval
was !5000 to 10,000 years. More than 50
flows were erupted between 15.5 and 15.0
Ma, whereas no flows have yet been identi-
fied with ages between !14.9 and 14.3 Ma.
Indeed, this antithetical behavior was first
suggested by field relations: Volcanic rocks
in the area are mostly either preextensional
and steeply tilted or postextensional and
flat-lying; flows that are demonstrably syn-
extensional and that have intermediate dips
are volumetrically insignificant.

The tectono-magmatic evolution of the
northern CREC can thus be divided into
three phases. Volcanism preceded the incep-
tion of extension by several million years and
increased in vigor until extension began
(Fig. 4A). After the onset of rapid extension,

volcanic eruptions in the area virtually
ceased (Fig. 4B). The abrupt waning of erup-
tive activity implies that extension evidently

Fig. 1. Generalized map and key Cenozoic tecton-
ic features of the western United States. Gray
shading is the approximate extent of the Basin and
Range physiographic province; patterned areas
are the major late Cenozoic volcanic provinces
(Cascades arc, Columbia River basalts, and Snake
River plain). Black splotches indicate Cordilleran
metamorphic core complexes. MTJ, Mendocino
triple junction; LV, Las Vegas, Nevada; Y, Yering-
ton, Nevada; DV, Death Valley; SWNVF, southwest
Nevada volcanic field; W, Whipple Mountains; V,
Vulture Mountains; Q, Questa, New Mexico.

Fig. 2. Composite columnar section (left) and schematic
cross section (right) of the northern Eldorado Mountains
based on mapping, structural analysis, and high-precision
40Ar/39Ar geochronology (7, 8, 19, 20). Ages were deter-
mined from more than 100 40Ar/39Ar mineral and whole-

rock step-heating experiments performed at the University of California, Santa Barbara (UCSB), and at
Stanford University during 1991 to 1996 (methods and a table summarizing the 40Ar/39Ar data are available
at www.sciencemag.org/feature/data/975101.shl). Most ages shown are weighted means of multiple deter-
minations and are listed in units of Ma. Stratigraphic nomenclature is modified from (9). Abbreviations: pC,
Precambrian crystalline basement; Tp, Tpl, Tpm, and Tpu are undifferentiated, lower, middle, and upper
members of Patsy Mine volcanic rocks; Tb, tuff of Bridge Spring; Tm, Tml, and Tmm are undifferentiated,
lower, and middle Mount Davis volcanics; Tc, volcaniclastic conglomerate; Tyb, younger capping basalts.

Fig. 3. Eruptive and structural history of the Eldo-
rado Mountains area. (A) Cumulative thickness of
volcanic rocks and cumulative stretching factor (")
versus time, averaged from many fault blocks. The
diamond symbols are the 40Ar/39Ar ages. Uncer-
tainties are about equal to symbol size. (B) Esti-
mated average eruption rates (volume per unit
area per unit time) and extensional strain rate (ln
"/#t , where t is time).
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DECREASING AGE (MA) l> 
Figure 19. Eruptive rates (shaded) and extensional strain rates (vertical ruled pattern) of selected parts of 
the Basin and Range province, plotted as a function of age and latitude. These curves are highly 
generalized and are based on available geochronologic and structural data from each area. Vertical axes 
for each domain are probably logarithmic; maximum strain rates and eruptive rates are approximately 
10 l 4 / s and 1,000 kmVm.y., respectively. E marks onset of rapid, large-magnitude extension; B shows 
the approximate time of transition to predominantly basaltic or bimodal volcanism. The position of the 
Mendocino triple junction (MTJ) as a function of age was obtained from Engebretson et al. (1985). See 
text for sources of data. 
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Closer examination of at least one complex suggests that while tightly related in time, extension and volcanism are not coeval.
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Springs are based on proportionally dividing slip into intervals as at June Lake. (a) Mono Basin to Tahoe time, 
130,000 to 66,000 yr B.P. Data are compatible with a constant slip rate along the entire Sierra Nevadan range 
front in the Mono Basin, and a lack of volcanic activity. (b) Tahoe to Tenaya time, 66,000 to 40,000 yr B.P. Range 
front faulting has ceased at Bloody Canyon, but has continued along the rest of the range front faults. There 
is also no volcanism in this time interval, except perhaps in the central segment of the Mono Craters (queried). 
(c) Tenaya to Tioga time, 40,000 to 14,000 yr B.P. Faulting at Parker Canyon as well as at Bloody Canyon has now 
ceased, but has continued along the Mono Lake Fault and the Hartley Springs Fault. Dikes intrude underneath 
the central and northern segments of the Mono Craters and underneath the cinder cone at June Lake. (d) Tioga 
time, 14,000 yr B.P., to the present. Although faulting at Lundy Canyon has continued at typical range front 
rates, extension rates axe lower at Lee Vining Canyon and at June Lake. Extension from Lee Vining Canyon 
south to the Inyo Domes is largely taken up by dikes. There is also activity on a west-northwest trending group 
of northeast trending faults and dikes from Paoha Island to Black Point. 
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Initiation of volcanism has shifted extension into diking--so volcanism could represent extension.
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section B–B′). The faults cut and repeat the 
Miocene sedimentary sequence and appear to 
die southward, minimally (<500 m) displacing 
the mapped trace of the Raft River detachment 
(Figs. 8 and 9). We interpret these crosscutting 
relationships to indicate that the normal faults 
mapped in the Raft River Basin are younger 
than both the Albion fault and the high-strain 
fabrics of the Raft River detachment.

The east-west trend of the trace of the Raft 
River detachment separating lower plate rocks 
beneath the domed detachment from upper 
plate Miocene fault blocks can be interpreted 
as a having a major strike-slip component in its 
early history of slip between 13.5 and 9.5 Ma. 
An alternative interpretation is that the normal 
faults that cut and rotate the Miocene basinal 
sequence sole into a basal detachment beneath 
the Raft River Valley, and this fault system 
has been cut and downdropped by a down-
to-the north normal fault along the northern 
(and southern) fl anks of the Raft River Moun-
tains, uplifting the Raft River Mountains with 
respect to the faulted Miocene basin sections 
and exposing the basal detachment fault, which 
might have formed the Miocene ductile-brittle 
transition zone (Figs. 8 and 9). While these two 
scenarios are not mutually exclusive, we pre-
fer the former scenario, given that the lower 
plate rocks at the north edge of the Raft River 
Mountains have north-dipping foliation planes 
but east-west–trending lineations, thus preclud-
ing ductile top-to-the-north stretching, which 
would produce north-south–oriented lineations. 
Another piece of evidence precluding much 
top-to-the-north motion along the northern 
edge of the Raft River Mountains is the fact that 
the dips of the Miocene strata do not change 
toward the Raft River detachment, which might 
be expected if the northern edge of the Raft 
River detachment had top-to-the-north motion 
(Fig. 9). Regardless of the exact kinematic rela-
tionships, the entire evolution of the complex 
resulted in the domal nature of the elongate 
Raft River Mountains core complex , which 
appears to wrap around the northern, southern, 
and eastern edges of the mountain (Fig. 9).

Apatite and zircon fi ssion track ages from the 
Raft River Mountains (Wells et al., 2000) and 
the Albion Mountains (Egger et al., 2003) range 
from 15.1 ± 2.4 to 7.4 ± 2.0 Ma (2σ), and were 
interpreted to represent cooling via the rapid 
exhumation of the footwall to near surface con-
ditions ca. 13.4 Ma (Egger et al., 2003; Fig. 12; 
summary of apatite fi ssion track thermochronol-
ogy) and to record the progressive unroofi ng of 
the Raft River detachment during the migration 
of a rolling hinge from ca. 13.4 to 7 Ma (Wells 
et al., 2000; Wells, 2001). The new data from the 
Raft River Basin allow us to delineate a more 

detailed history of the Miocene faulting and 
deposition temporally related to the 13.4–7 Ma 
low-temperature uplift and cooling history of 
adjacent footwall rocks.

The oldest Miocene tuff dated (13.45 Ma) 
records the beginning of deposition of the Salt 
Lake Formation in the Raft River Basin. Fault-
ing along the Albion fault began ca. 14 Ma, with 
rapid slip occurring between 13.5 and 10.5 Ma 
(Figs. 12, 13A, and 13B). During this time, the 
basin developed its greatest accommodation 
space and was fi lled with clastic detritus derived 

almost exclusively from upper plate Paleozoic 
rocks (Figs. 11B, 11C, 13A, and 13B).

By between ca. 10.5 and 9.5 Ma, sediment 
sources to the basin included structurally deeper 
rocks of the footwall (Archean and Cenozoic 
intrusive rocks) with continued contribution of 
debris from the hanging wall (Paleozoic), con-
sistent with a history of rapid exhumation docu-
mented by the reverse clast stratigraphy (Fig. 
10D) and detrital zircon signatures of basin 
sedi ments (Figs. 11A, 11B, and 13C). Rapid slip 
on the Albion fault was responsible for the rise 
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events in the Albion–Raft River–Grouse Creek (ARG) metamorphic core complex. AFT—
apatite fi ssion track. See text for relevant discussion.
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section B–B′). The faults cut and repeat the 
Miocene sedimentary sequence and appear to 
die southward, minimally (<500 m) displacing 
the mapped trace of the Raft River detachment 
(Figs. 8 and 9). We interpret these crosscutting 
relationships to indicate that the normal faults 
mapped in the Raft River Basin are younger 
than both the Albion fault and the high-strain 
fabrics of the Raft River detachment.

The east-west trend of the trace of the Raft 
River detachment separating lower plate rocks 
beneath the domed detachment from upper 
plate Miocene fault blocks can be interpreted 
as a having a major strike-slip component in its 
early history of slip between 13.5 and 9.5 Ma. 
An alternative interpretation is that the normal 
faults that cut and rotate the Miocene basinal 
sequence sole into a basal detachment beneath 
the Raft River Valley, and this fault system 
has been cut and downdropped by a down-
to-the north normal fault along the northern 
(and southern) fl anks of the Raft River Moun-
tains, uplifting the Raft River Mountains with 
respect to the faulted Miocene basin sections 
and exposing the basal detachment fault, which 
might have formed the Miocene ductile-brittle 
transition zone (Figs. 8 and 9). While these two 
scenarios are not mutually exclusive, we pre-
fer the former scenario, given that the lower 
plate rocks at the north edge of the Raft River 
Mountains have north-dipping foliation planes 
but east-west–trending lineations, thus preclud-
ing ductile top-to-the-north stretching, which 
would produce north-south–oriented lineations. 
Another piece of evidence precluding much 
top-to-the-north motion along the northern 
edge of the Raft River Mountains is the fact that 
the dips of the Miocene strata do not change 
toward the Raft River detachment, which might 
be expected if the northern edge of the Raft 
River detachment had top-to-the-north motion 
(Fig. 9). Regardless of the exact kinematic rela-
tionships, the entire evolution of the complex 
resulted in the domal nature of the elongate 
Raft River Mountains core complex , which 
appears to wrap around the northern, southern, 
and eastern edges of the mountain (Fig. 9).

Apatite and zircon fi ssion track ages from the 
Raft River Mountains (Wells et al., 2000) and 
the Albion Mountains (Egger et al., 2003) range 
from 15.1 ± 2.4 to 7.4 ± 2.0 Ma (2σ), and were 
interpreted to represent cooling via the rapid 
exhumation of the footwall to near surface con-
ditions ca. 13.4 Ma (Egger et al., 2003; Fig. 12; 
summary of apatite fi ssion track thermochronol-
ogy) and to record the progressive unroofi ng of 
the Raft River detachment during the migration 
of a rolling hinge from ca. 13.4 to 7 Ma (Wells 
et al., 2000; Wells, 2001). The new data from the 
Raft River Basin allow us to delineate a more 

detailed history of the Miocene faulting and 
deposition temporally related to the 13.4–7 Ma 
low-temperature uplift and cooling history of 
adjacent footwall rocks.

The oldest Miocene tuff dated (13.45 Ma) 
records the beginning of deposition of the Salt 
Lake Formation in the Raft River Basin. Fault-
ing along the Albion fault began ca. 14 Ma, with 
rapid slip occurring between 13.5 and 10.5 Ma 
(Figs. 12, 13A, and 13B). During this time, the 
basin developed its greatest accommodation 
space and was fi lled with clastic detritus derived 

almost exclusively from upper plate Paleozoic 
rocks (Figs. 11B, 11C, 13A, and 13B).

By between ca. 10.5 and 9.5 Ma, sediment 
sources to the basin included structurally deeper 
rocks of the footwall (Archean and Cenozoic 
intrusive rocks) with continued contribution of 
debris from the hanging wall (Paleozoic), con-
sistent with a history of rapid exhumation docu-
mented by the reverse clast stratigraphy (Fig. 
10D) and detrital zircon signatures of basin 
sedi ments (Figs. 11A, 11B, and 13C). Rapid slip 
on the Albion fault was responsible for the rise 
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section B–B′). The faults cut and repeat the 
Miocene sedimentary sequence and appear to 
die southward, minimally (<500 m) displacing 
the mapped trace of the Raft River detachment 
(Figs. 8 and 9). We interpret these crosscutting 
relationships to indicate that the normal faults 
mapped in the Raft River Basin are younger 
than both the Albion fault and the high-strain 
fabrics of the Raft River detachment.

The east-west trend of the trace of the Raft 
River detachment separating lower plate rocks 
beneath the domed detachment from upper 
plate Miocene fault blocks can be interpreted 
as a having a major strike-slip component in its 
early history of slip between 13.5 and 9.5 Ma. 
An alternative interpretation is that the normal 
faults that cut and rotate the Miocene basinal 
sequence sole into a basal detachment beneath 
the Raft River Valley, and this fault system 
has been cut and downdropped by a down-
to-the north normal fault along the northern 
(and southern) fl anks of the Raft River Moun-
tains, uplifting the Raft River Mountains with 
respect to the faulted Miocene basin sections 
and exposing the basal detachment fault, which 
might have formed the Miocene ductile-brittle 
transition zone (Figs. 8 and 9). While these two 
scenarios are not mutually exclusive, we pre-
fer the former scenario, given that the lower 
plate rocks at the north edge of the Raft River 
Mountains have north-dipping foliation planes 
but east-west–trending lineations, thus preclud-
ing ductile top-to-the-north stretching, which 
would produce north-south–oriented lineations. 
Another piece of evidence precluding much 
top-to-the-north motion along the northern 
edge of the Raft River Mountains is the fact that 
the dips of the Miocene strata do not change 
toward the Raft River detachment, which might 
be expected if the northern edge of the Raft 
River detachment had top-to-the-north motion 
(Fig. 9). Regardless of the exact kinematic rela-
tionships, the entire evolution of the complex 
resulted in the domal nature of the elongate 
Raft River Mountains core complex , which 
appears to wrap around the northern, southern, 
and eastern edges of the mountain (Fig. 9).

Apatite and zircon fi ssion track ages from the 
Raft River Mountains (Wells et al., 2000) and 
the Albion Mountains (Egger et al., 2003) range 
from 15.1 ± 2.4 to 7.4 ± 2.0 Ma (2σ), and were 
interpreted to represent cooling via the rapid 
exhumation of the footwall to near surface con-
ditions ca. 13.4 Ma (Egger et al., 2003; Fig. 12; 
summary of apatite fi ssion track thermochronol-
ogy) and to record the progressive unroofi ng of 
the Raft River detachment during the migration 
of a rolling hinge from ca. 13.4 to 7 Ma (Wells 
et al., 2000; Wells, 2001). The new data from the 
Raft River Basin allow us to delineate a more 

detailed history of the Miocene faulting and 
deposition temporally related to the 13.4–7 Ma 
low-temperature uplift and cooling history of 
adjacent footwall rocks.

The oldest Miocene tuff dated (13.45 Ma) 
records the beginning of deposition of the Salt 
Lake Formation in the Raft River Basin. Fault-
ing along the Albion fault began ca. 14 Ma, with 
rapid slip occurring between 13.5 and 10.5 Ma 
(Figs. 12, 13A, and 13B). During this time, the 
basin developed its greatest accommodation 
space and was fi lled with clastic detritus derived 

almost exclusively from upper plate Paleozoic 
rocks (Figs. 11B, 11C, 13A, and 13B).

By between ca. 10.5 and 9.5 Ma, sediment 
sources to the basin included structurally deeper 
rocks of the footwall (Archean and Cenozoic 
intrusive rocks) with continued contribution of 
debris from the hanging wall (Paleozoic), con-
sistent with a history of rapid exhumation docu-
mented by the reverse clast stratigraphy (Fig. 
10D) and detrital zircon signatures of basin 
sedi ments (Figs. 11A, 11B, and 13C). Rapid slip 
on the Albion fault was responsible for the rise 
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events in the Albion–Raft River–Grouse Creek (ARG) metamorphic core complex. AFT—
apatite fi ssion track. See text for relevant discussion.

Or, maybe, we have grossly overestimated extension in Paleogene.
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is interpreted as evidence of prevolcanic normal fatalting and 
tilting, and the 17.6 Ma K-At date is interpreted to indicate 
that tilting related to movement on the South Mountains 
detachment fault continued after 17.6 Ma. 

Summary. Apatite fission track dates from the Sierra 
Estrella indicate that exhumation and rapid cooling of the 
lower plate of the South Mountains detachment shear zone 
began by about 25 Ma. Granitoid intrusion in the South 
Mountains was followed by extension-related mylonitization 
that occurred before 19-20 Ma. Continued rapid cooling of 
lower plate rocks through fission track apatite annealing 
temperatures at 17-18 Ma indicates continued tectonic 
denudation. Tilting of upper plate rocks, inferred to be 
related to continued extension, occurred both before and 
after 17.5 Ma. The age of prevolcanic basin genesis and 
elastic sedimentation is poorly constrained but could extend 
as far back as the initiation of cooling in the Sierra Estrella 
at 25 Ma. 

Summary and Discussion 
Magmatism 

Mid-Cenozoic volcanism in southwestern Arizona com- 
monly produced a three-part sequence of early mafic to 
intermediate lava flows overlain by felsic to intermediate 
lava flows and pyroclastic rocks in turn overlain by basaltic 
and andesitic lava flows (Figures 17 and 18). In some 
areas, basal mafic rocks are absent and in others they are 
overlain by mesa-forming basalts without intervening felsic 

rocks. The upper basaltic and andesitic lavas can be divided 
into 13-20 Ma mafic lavas that were erupted immediately 
after felsic magnmtism and appear to be related to it, and 
< 13 Ma basalt, such as in the Buckskin Mountains area, 
that are not associated with the volcanic fields defmed by 
earlier volcanism. 

Voluminous felsic magmatism began between 25 and 22 
Ma in five of the eight areas represented by the histograms 
in figure 2 (Figures 2b and 2d-2g). In the Organ Pipe and 
Vulture areas voluminous felsic magmatism began largely at 
about 20 Ma (Figtares 2a and 2h). In the eastern Gila Bend 
Mountains, felsic magmatism was fairly minor, and volumi- 
nous mafic magmatism occurred at 19-21 Ma (Figure 2c). 
Only six dates out of 166 plotted are older than 25.0 Ma; 
two of these are from thin tuffs interbedded within volumi- 

nous clastic sedimentary rocks and another is probably 
spurious. Two others are problematic because they conflict 
with a U-Pb zircon date. Felsic magmatism ended at 19-20 
Ma in most areas (Figures 2b-2e and 2g), at about 22 Ma in 
the Yuma area (Figure 2f), and at 15-17 Ma in the Vulture 
Mountains and Organ Pipe areas (Figtares 2a and 2h). The 
duration of voluminous felsic magmatism in each area was 
about 3-6 Ma. 

The most extensive areas of volcanic rocks in southwest- 
ern Arizona form the Kofa and Ajo volcanic fields (Figtare 
19). Two calderas inferred at the center of the Kofa 
volcanic field correspond to residual Bouguer gravity lows 
[Grubensky and Bagby, 1990]. The only other large 
residual Bouguer gravity anomaly in southwestern Arizona 
is under the Ajo volcanic field (Figtares 4 and 19; Lyson•.ki 
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Figure 17. Time-stratigraphic columns from Figures 5, 8, 10, 12, 14, and 16 showing correlation of 
assemblages and timing of tilting. Vertical scale in Ma. Deposition of major assemblages and timing of 
tilting are diachronous, but each area contains a crudely similar sequence of strata and chronology of 
tilting. See Figure 5 for explanation of patterns. 
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Basalt and basaltic andesite (14-16 Ma), including Batamote Andesite 
[Gilluly, 1946; Tosdal et al., 1986], basaltic andesite complex in 
the Growler Mountains [Gray et al., 1985b], basaltic andesite of 
Sauceda Wash [Gray et al., 1985a], and basalt in Aguila Moun- t [Tu 1980] sins cker, . 

t tilting i Ajo R ge (16.19 Ms) trios II all 

lit fM tezuma'sHea - . Rhyo e o on d (16 17 5 Ms) [Tosdal et al., 1986] 

Childs Latite: 18-19 Ms, 53-60% SiO2, shoshonite, latite, and high potassium 
dacite flows and flow breccias that contain up to 70% coarse plagio- 
clase with AB45-AB60 [Gilluly, 1946; Tosdal et al., 1986; Miller, 

Rhyolite of Pinkley Peak (18-22 Ms) [Tosdal et al., 1986], rhyolite complex 1988]. . . 
in the Growler Mountains [Gray et al., 1988], areally extensive felsic 
volcanics (19-22 Ms) in the Sikort Chuapo, Sauceda, and Sand Tank 
Mountains [Gray et al., 1985a, 1988]. 

most tilting in Little Ajo Mountains (sometime between 18 and 24 Ms) 
/Ajo volcanics (24 Ma) and Sneed andesite in the Little Ajo Mountains 

[Gilluly, 1946], andesitic rocks (22 Ms) below Daniels conglomerate 
in Growler Mountains [Gray et al., 1985b], latite (24.3 Ms), basalt, 
and andesite of Docktor and Keith [1978], and possibly basalt of 
Black Butte in Sauceda and Sand Tank Mountains [Gray et al., 
1985a, 1988] and basalt in the southern Maricopa Mountains (20.4 
Ms) [Cunningha et al., 1987]. 

Conglomerate and Sandstone in southern maricopa Mountains (>20.4 Us) [Cunningham et al., 1987] and in northern Sand Tank Mountains 
(>21.9 Ms) [Gray et al., 1988]; Locomotive fanglomerate (>=24 Ms) 
[ Gilluly, 1946]. 

Explanation 
:'- •• Tuffaceous sandstone 

:•?• ,•• Silicic lava 

Breccia 
Conglomerate 
Conglomerate and sandstone 

Intermediate lavas .•i• Sandstone and conglomerate 

• Mafic lava 
ß .-_• Ash flow tuff 
Ii•!ii•:iill Tuff & tuffaceous rocks 

"":"'"'" '• Sandstone 
•-•__•• Mudstone 

Limestone 

Heavy lines to left of 
stratigraphic columns 
indicate timing of 
tilting; dotted segments 
indicate uncertain 
timing 

Figure 5. Simplified stratigraphy of the Organ Pipe-Sauceda area. 

poorly known but were probably within a 500 x 200 m area Extension. Proterozoic crystalline rocks in the eastern- 
of interbedded mafic volcanic flows, tuff, and conglomerate most Gila Bend Mountains are depositionally overlain by up 
that rest depositionally on Proterozoic basement [Gilbert, to 1 km of conglomerate and sandstone that are in turn 
1991]. These dates are not included in Figtires 2 and 7 depositionally overlain by a tuff unit dated at 22.2_+0.5 Ma 
because the location and stratigraphic position of the. and 22.8+_0.5 Ma (Table 1 and Figures 6, cross section 
sampled rocks are poorly known, the volume of rock 
represented by the suspected sample area is small, and the 
dates are quite dissimilar to those from surrounding areas. 
These dates may indicate, however, that minor volcanism 
and sedimentation occurred well before main phase volca- 
nism. 

BB', and 7). These southwest dipping Tertiary rocks are on 
strike with lithologically similar sediments 30 km to the 
southeast in the northern Sand Tank Mountains that are 
interbedded with a tuff dated at 21.7_+0.7 Ma [Gray et al., 
1988]. Between the two areas near Gila Bend, seismic 
reflection profiles reveal a southwest dipping stratal se- 

Spencer et al., JGR, 1995
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genie heating following earlier crustal shortening weakened 
the lithosphere and triggered both magmatism and extension- 
al thinning of overthickened, gravitationally unstable crest 
[Glazner and Bartley, 1985; Sonder et al., 1987]. This 
hypothesis predicts that the laterally varying age and magni- 
tude of late Cretaceous to early Tertiary crustal thickening 
and magmatic heating controlled the locus and timing of 
later extension [Wernicke et al., 1987]. (3) Magmatism was 
initiated by sulxluction, and extension was caused by some 
combination of magmatic heating of unstable overthickened 
crest and reduced compressive stress from the plate bound- 
ary [Coney and Harms, 1984]. This hypothesis predicts that 
magmatism was unrelated to earlier structural and magmatic 
events and that extension was either triggered by local 
magmatic heating or occurred regionally in response to 
reduced plate boundary compression. Extension and 
magmatism have also been linkexl locally; uplift of meta- 
morphic core complexes and associated large-magnitude 
extension have been attributed to magma injection in the 
upper crest [Rehrig and ReynoMs, 1980; Lister and BaMwin, 
19931. 

Some geologists have proposed on the basis of earlier 
compilations that Cenozoic magmatism and extension in the 
Mojave-Sonoran desert region of Arizona, California, and 
southernmost Nevada migrated from south to north. Glazner 
and Supplee [1982] proposed that northward migration of 
Cenozoic magmatism was due to northward movement of the 
southern edge of the subducted Farallon/Vancouver plate. 
Glazner and Bartley [1984] proposed that the onset of 
extension similarly migrated northward and that this was due 
to northward migration of the unstable triple junction where 
the Mendocino fracture zone contacted the continental 

margin [see Ingersoll, 1982]. 
The study area is within the southern part of the Basin 

and Range province and encompasses the southwestern one 
fourth of Arizona (Figure 1). Voh•minous marie and felsic 
magmatism and slight to extreme crustal extension affected 
southwestern Arizona between 30 and 10 Ma. The purpose 
of this study is (1) to synthesize geologic and geochronologic 
data that constrain the timing of magmatism and extension 
in southwestern Arizona, (2) to clarify regional migration 
patterns of extension and magmatism, and (3) to assess local 
and regional relationships between extension and magmatism 
and causes of each. This study builds on dozens of detailed 
(mostly 1:24,000 scale) geologic maps produced during the 
past 15 years, many as part of the COGEOMAP program 
between the Arizona Geological Survey and the U.S. 
Geological Survey, aml on more than 160 K-Ar and 
4øAr/39Ar dates, many of which are presented here. 
Geologic Setting 

Mesozoic and Cenozoic magmatism and deformation in 
southwestern Arizona overprinted continental crest that 
consisted of early and middle Proterozoic crystalline rocks 
overlain by Paleozoic platformal sedimentary rocks similar 
to those exposed in the Grand Canyon [Dickinson, 1989]. 
Complex Mesozoic deformation, magmatism, sedimentation, 
and erosion greatly modified the pre-Mesozoic rocks but are 
incompletely understood because of widespread burial by 
Cenozoic supracrustal rocks. The significance of these 
different geologic processes varied greatly within southwest- 
em Arizona. Mid-Jurassic magmatism affected much of the 
western and southern parts of southwestern Arizona but was 

Basin 4o• 
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Figure 1. Location of study area and index map for map 
figures. SE, Sierra Estrella; SM, South Mountains. 

unimportant in central Arizona [Tosdal et al., 1989; Rey- 
no/ds, 1988]. Younger, intense, thrust-related deformation 
in west central Arizona was preceded and accompanied by 
deposition of up to several kilometers of upper Jurassic to 
upper Cretaceous elastic sediments [e.g., Reynolds et al., 

Arizona relation of tilting to volcanism. Note too some thick clastic sequences preceding volcanism.



Figure 4. Frequency plots of volcanism shaded by composition overlain with spatially averaged areal
extension rate, _"!. Transition to volcanism above slab‐window shown by dark grey band. Light grey band
demarcates brief periods of contraction (area decrease) associated with Pacific‐North America plate‐
boundary right‐shear. The dashed grey band in Mojave from ca. 18 Ma–6 Ma indicates a period of local
to potentially regional contraction supported by geologic data [e.g., Bartley et al., 1990] that is in contrast
to the extension indicated by the model. This discrepancy may arise from the highly uncertain position of
the San Andreas fault bounding the Mojave region on the southwest. Dashed black lines denote extension
that may be spurious due to uncertainties in the reconstruction of MW2005.
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McQuarrie and 
Oskin, JGR, 2010intervals defined by the reconstruction of MW2005, e.g.,

2 Myr windows from 0 Ma to 18 Ma, and 6 Myr windows
from 18 Ma to 36 Ma. The frequency of analyses in each
region is normalized by the area of that region at the middle
of each time step. Though extension rate is calculated from
the change in area of the entire region (Figure 3), in detail
strain is not homogeneous in space and time in any region
(Figure 2). Three regions closest to the San Andreas fault
(Mojave, Colorado River Corridor, and Southern Arizona)
undergo a transition from extension to mostly contraction in
the late Miocene (Figure 4). This transition arises largely due
to the onset of significant right shear through portions of
these regions. In the MW2005 model, the transition to con-
traction occurs at ∼6 Ma in the Mojave region, significantly
later than ca. 18 Ma as indicated from some geologic data
[e.g., Bartley et al. 1990]. The highly uncertain position of the
western bounding edge of the Mojave (i.e., the exact paleo‐
location of the San Andreas fault) complicates determining
the exact extensional history of this region.

4. Discussion

4.1. Patterns of Magmatism
[20] Although palinspastically restored NAVDat points

represent analyses and not eruptive volume, space‐time pat-
terns highlighted by NAVDat data still reflect the migration
and intensity of volcanism through time. Even without
palinspastic restoration, several space‐time patterns are evi-

dent in the broader NAVDat data set [Glazner, 2004]. These
include: (1) A southward magmatic sweep fromMontana into
Nevada from ∼55 to about 20 Ma. (2) A clockwise sweep
around the Colorado Plateau from New Mexico to southern
Nevada, from about 36 to 18 Ma. (3) A burst of magmatism
at about 16 Ma in northern Nevada, eastern Oregon and
Washington, followed by outward sweeps to Yellowstone
and southwestern Oregon. (4) A burst of magmatism in the
Sierra Nevada at 3.5 Ma. In the following section we discuss
these patterns of magmatism and extension on palinspasti-
cally restored North American frames. By retrodeforming the
NAVDat and comparing this to plate‐boundary and plate‐
interior deformationwe provide new perspective on the origin
of these overarching patterns (Figures 1–4 and Animations 1
and 2).
4.1.1. Northern Magmatic Sweep: Basin and Range
and Rio Grande Rift
[21] At 36 Ma, magmatism extended from northwest

Nevada across the northern Colorado Plateau to the northern
Rio Grande region. This NW to SE trending band sweeps
southwest from 36 Ma to 24 Ma and stalls at its southern
most location from 24–18 Ma [Dickinson and Snyder, 1978;
Best and Christiansen, 1991; Lipman, 1992; Christiansen
and Yeats, 1992]. Although the largest number of NAVDat
samples is located in Nevada and the northern Rio Grande
Rift area (particularly at 36 Ma), by 24 Ma magmatic centers
have formed across the Colorado Plateau to link the northern
volcanism into one continuous belt (Figure 2b). The NW‐SE

Figure 3. Index map for regions used to compare strain rate and the frequency of volcanism (Figure 4).
Black boundaries represent the eight subregions of the tectonic reconstruction over which strain rate and
volcanism are averaged. Due to overlap the eastern California shear zone‐Walker Lane region (ECSZ) is
outlined in black dashed line. The boundaries are highlighted on both the undeformed (36 Ma) and fully
deformed (0 Ma) grid.
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Recall these are not volumes….


