
Negative strain rates represent areas under compression.
Strain values for highly deformed portions of the grid are
retained for illustration purposes only. A much finer reso-
lution grid, based on a more detailed reconstruction than
MW2005, is required to quantify deformation in these
regions. Note that this highly deformed plate boundary zone
lies largely outside of the region polygons used to compare
extension rates to volcanism. The boundaries of the Mojave
region were defined so as to avoid large strains across the
San Andreas fault.
[15] To compare strain rates to volcanism, it is most

appropriate to consider rates of lithospheric thinning. Abso-
lute rates of thinning would require a priori knowledge of
thickness of the lithosphere during extension. Lacking this
information we instead note that the vertical stretch, lz, may
be calculated by assuming that the volume of crust is con-
served in each box. At constant volume the product of the
principal stretches,

!x!y!z ¼ 1:

Because b = lxly, we find that lz = b−1 and thus that vertical
strain rate, _"z ¼ " _"". Note however that the constant‐volume
assumption employed here may be violated by significant

erosion or deposition, magmatic underplating [Gans et al.,
1989], regional lower crustal flow [Block and Royden,
1990], or large‐magnitude simple shear extension [Wernicke,
1985].

3. Visualization and Analysis

[16] We present three different visualizations of the
palinspastically restored NAVDat and co‐located strain field:
(1) interpolated animation of the entire data set from 36 Ma
to the present (Animation 1), (2) time‐slices corresponding
to the reconstructions of MW2005 (Figures 1 and 2 and
Animation 2), and (3) strain rate and histograms of volcanic
analyses for eight selected regions of the reconstruction
(Figures 3 and 4).2 All three visualizations subdivide volca-
nism by composition (mafic, intermediate, felsic, and
unknown/exotic, as identified in the NAVDat tables), and in
general show a close association of volcanism with defor-
mation. Each of these visualization schemes emphasizes
aspects of the relationship of volcanism to continental
deformation and the evolving Pacific‐North America plate
boundary.
[17] The animated reconstruction (Animation 1) is built

upon the animation from MW2005. The NAVDat points are
restored to their paleolocations in 1 Myr increments. Trends
in compositional and age change every 100kyr. To enhance
visualization of these trends, the NAVDat data points are
each displayed for a 1 Myr period starting 500 kyr prior to
the reported sample age. The volcanic points on the western
edge of the animation are animated to move with the back-
ground polygons, which due to the integrated displacement,
travel most rapidly. Because of complications due to the
number of overlapping points and uniquely identifying each
point in a flash‐based vector animation, volcanic points in the
east do not move over the 1Myr time window they are shown.
The animation fully conveys spatial and temporal relationships
between volcanism and deformation, but in a largely qualita-
tive manner. Although not shown quantitatively, deformation
is conveyed by the motions of the points, ranges and blocks
according the underlying palinspastic reconstruction.
[18] Time‐slices of the reconstructed NAVDat overlain on

the reconstruction of MW2005 permit a more quantitative
view of the relationship of volcanism to extension rate. Each
time slice summarizes volcanism and extension rates from
the preceding interval (i.e., the 2 Ma time step shows strain
rates and volcanism from 4 Ma to 2 Ma). Because of the
break in intervals at 18 Ma, the 36, 30, 24, and 18 Myr time‐
slices show a longer span of volcanism and extension rate
(preceding 6 Myr) than the younger time steps (preceding
2 Myr). Figure 1 shows the extent of the model domain as
reconstructed at 36 Ma. At this time step the 50 km grid is
undeformed. Overlain on this time step are the preceding
6 Myr of volcanism, from 42 Ma to 36 Ma. Subsequent time
steps are shown in Figure 2, each with volcanism from the
preceding interval. Progressive deformation of the grid is
apparent from comparison of the time‐slices. This progres-
sive deformation is also shown quantitatively by shading the
deformed grids by the extension rate described in section 2.
These time‐slice reconstructions of NAVDat and extension
(Figures 1 and 2) are also animated in a flashcard movie

Figure 1. Map view reconstruction of western North
America at 36 Ma from MW2005. Overlain on the recon-
struction is a 50 km grid shaded yellow. This yellow grid is a
base line grid that is linked to the palinspastic reconstruction
of MW2005 and subsequently deformed from 36Ma to
present in Figure 2. Dots represent NAVDat volcanic anal-
yses from 42–36 Ma. Red barbed line is the subduction zone
between the Farallon and North American plates.

2Animations are available in the HTML.
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Figure 2. Reconstructed paleogeographic maps of extension and volcanism from 30 Ma to present.
Dots represent NAVDat volcanic analyses, and grid is shaded to represent the magnitude of strain rate
calculated from the second invariant of the strain rate tensor, undeformed grid in east is 50km. Each time
slice summarizes volcanism and strain rates from the preceding interval. Red barbed line is the subduction
zone between the Farallon and North American plates while the blue line indicates the Pacific‐Farallon
plate boundary (Figures 2a–2d) or the western edge of North America (Figures 2e–2l). Dashed region
on Figures 2b and 2c outlines the map‐view extent of the slab window. The northern edge of this slab
window lies directly east of theMendocino Triple junction. Slab windows from ∼18Ma onward (not shown)
underlie essentially all of the study region south of the triple junction [Atwater and Stock, 1998].
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America at 36 Ma from MW2005. Overlain on the recon-
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Figure 2. Reconstructed paleogeographic maps of extension and volcanism from 30 Ma to present.
Dots represent NAVDat volcanic analyses, and grid is shaded to represent the magnitude of strain rate
calculated from the second invariant of the strain rate tensor, undeformed grid in east is 50km. Each time
slice summarizes volcanism and strain rates from the preceding interval. Red barbed line is the subduction
zone between the Farallon and North American plates while the blue line indicates the Pacific‐Farallon
plate boundary (Figures 2a–2d) or the western edge of North America (Figures 2e–2l). Dashed region
on Figures 2b and 2c outlines the map‐view extent of the slab window. The northern edge of this slab
window lies directly east of theMendocino Triple junction. Slab windows from ∼18Ma onward (not shown)
underlie essentially all of the study region south of the triple junction [Atwater and Stock, 1998].
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Figure 2. Reconstructed paleogeographic maps of extension and volcanism from 30 Ma to present.
Dots represent NAVDat volcanic analyses, and grid is shaded to represent the magnitude of strain rate
calculated from the second invariant of the strain rate tensor, undeformed grid in east is 50km. Each time
slice summarizes volcanism and strain rates from the preceding interval. Red barbed line is the subduction
zone between the Farallon and North American plates while the blue line indicates the Pacific‐Farallon
plate boundary (Figures 2a–2d) or the western edge of North America (Figures 2e–2l). Dashed region
on Figures 2b and 2c outlines the map‐view extent of the slab window. The northern edge of this slab
window lies directly east of theMendocino Triple junction. Slab windows from ∼18Ma onward (not shown)
underlie essentially all of the study region south of the triple junction [Atwater and Stock, 1998].
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struction is a 50 km grid shaded yellow. This yellow grid is a
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(Animation 2). The abrupt but sequential view of each time
step enhances changes (patterns of volcanism and extension)
that happen more gradually in the continuous animation
(Animation 1).
[19] Graphs of extension rate and the frequency of vol-

canism quantitatively express their relationship but at the

expense of spatial resolution (Figure 4). Eight regions of the
tectonic reconstruction (Figure 3) were selected to (1) high-
light the relationship of extension and total extension rate to
volcanic output and (2) illustrate the large‐scale migration of
volcanic activity across the model domain through compari-
son of adjacent regions. Volcanism was binned into the time
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canism quantitatively express their relationship but at the

expense of spatial resolution (Figure 4). Eight regions of the
tectonic reconstruction (Figure 3) were selected to (1) high-
light the relationship of extension and total extension rate to
volcanic output and (2) illustrate the large‐scale migration of
volcanic activity across the model domain through compari-
son of adjacent regions. Volcanism was binned into the time
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Negative strain rates represent areas under compression.
Strain values for highly deformed portions of the grid are
retained for illustration purposes only. A much finer reso-
lution grid, based on a more detailed reconstruction than
MW2005, is required to quantify deformation in these
regions. Note that this highly deformed plate boundary zone
lies largely outside of the region polygons used to compare
extension rates to volcanism. The boundaries of the Mojave
region were defined so as to avoid large strains across the
San Andreas fault.
[15] To compare strain rates to volcanism, it is most

appropriate to consider rates of lithospheric thinning. Abso-
lute rates of thinning would require a priori knowledge of
thickness of the lithosphere during extension. Lacking this
information we instead note that the vertical stretch, lz, may
be calculated by assuming that the volume of crust is con-
served in each box. At constant volume the product of the
principal stretches,

!x!y!z ¼ 1:

Because b = lxly, we find that lz = b−1 and thus that vertical
strain rate, _"z ¼ " _"". Note however that the constant‐volume
assumption employed here may be violated by significant

erosion or deposition, magmatic underplating [Gans et al.,
1989], regional lower crustal flow [Block and Royden,
1990], or large‐magnitude simple shear extension [Wernicke,
1985].

3. Visualization and Analysis

[16] We present three different visualizations of the
palinspastically restored NAVDat and co‐located strain field:
(1) interpolated animation of the entire data set from 36 Ma
to the present (Animation 1), (2) time‐slices corresponding
to the reconstructions of MW2005 (Figures 1 and 2 and
Animation 2), and (3) strain rate and histograms of volcanic
analyses for eight selected regions of the reconstruction
(Figures 3 and 4).2 All three visualizations subdivide volca-
nism by composition (mafic, intermediate, felsic, and
unknown/exotic, as identified in the NAVDat tables), and in
general show a close association of volcanism with defor-
mation. Each of these visualization schemes emphasizes
aspects of the relationship of volcanism to continental
deformation and the evolving Pacific‐North America plate
boundary.
[17] The animated reconstruction (Animation 1) is built

upon the animation from MW2005. The NAVDat points are
restored to their paleolocations in 1 Myr increments. Trends
in compositional and age change every 100kyr. To enhance
visualization of these trends, the NAVDat data points are
each displayed for a 1 Myr period starting 500 kyr prior to
the reported sample age. The volcanic points on the western
edge of the animation are animated to move with the back-
ground polygons, which due to the integrated displacement,
travel most rapidly. Because of complications due to the
number of overlapping points and uniquely identifying each
point in a flash‐based vector animation, volcanic points in the
east do not move over the 1Myr time window they are shown.
The animation fully conveys spatial and temporal relationships
between volcanism and deformation, but in a largely qualita-
tive manner. Although not shown quantitatively, deformation
is conveyed by the motions of the points, ranges and blocks
according the underlying palinspastic reconstruction.
[18] Time‐slices of the reconstructed NAVDat overlain on

the reconstruction of MW2005 permit a more quantitative
view of the relationship of volcanism to extension rate. Each
time slice summarizes volcanism and extension rates from
the preceding interval (i.e., the 2 Ma time step shows strain
rates and volcanism from 4 Ma to 2 Ma). Because of the
break in intervals at 18 Ma, the 36, 30, 24, and 18 Myr time‐
slices show a longer span of volcanism and extension rate
(preceding 6 Myr) than the younger time steps (preceding
2 Myr). Figure 1 shows the extent of the model domain as
reconstructed at 36 Ma. At this time step the 50 km grid is
undeformed. Overlain on this time step are the preceding
6 Myr of volcanism, from 42 Ma to 36 Ma. Subsequent time
steps are shown in Figure 2, each with volcanism from the
preceding interval. Progressive deformation of the grid is
apparent from comparison of the time‐slices. This progres-
sive deformation is also shown quantitatively by shading the
deformed grids by the extension rate described in section 2.
These time‐slice reconstructions of NAVDat and extension
(Figures 1 and 2) are also animated in a flashcard movie

Figure 1. Map view reconstruction of western North
America at 36 Ma from MW2005. Overlain on the recon-
struction is a 50 km grid shaded yellow. This yellow grid is a
base line grid that is linked to the palinspastic reconstruction
of MW2005 and subsequently deformed from 36Ma to
present in Figure 2. Dots represent NAVDat volcanic anal-
yses from 42–36 Ma. Red barbed line is the subduction zone
between the Farallon and North American plates.

2Animations are available in the HTML.
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Figure 2. Reconstructed paleogeographic maps of extension and volcanism from 30 Ma to present.
Dots represent NAVDat volcanic analyses, and grid is shaded to represent the magnitude of strain rate
calculated from the second invariant of the strain rate tensor, undeformed grid in east is 50km. Each time
slice summarizes volcanism and strain rates from the preceding interval. Red barbed line is the subduction
zone between the Farallon and North American plates while the blue line indicates the Pacific‐Farallon
plate boundary (Figures 2a–2d) or the western edge of North America (Figures 2e–2l). Dashed region
on Figures 2b and 2c outlines the map‐view extent of the slab window. The northern edge of this slab
window lies directly east of theMendocino Triple junction. Slab windows from ∼18Ma onward (not shown)
underlie essentially all of the study region south of the triple junction [Atwater and Stock, 1998].
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6 Myr of volcanism, from 42 Ma to 36 Ma. Subsequent time
steps are shown in Figure 2, each with volcanism from the
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apparent from comparison of the time‐slices. This progres-
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Figure 1. Map view reconstruction of western North
America at 36 Ma from MW2005. Overlain on the recon-
struction is a 50 km grid shaded yellow. This yellow grid is a
base line grid that is linked to the palinspastic reconstruction
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Figure 2. Reconstructed paleogeographic maps of extension and volcanism from 30 Ma to present.
Dots represent NAVDat volcanic analyses, and grid is shaded to represent the magnitude of strain rate
calculated from the second invariant of the strain rate tensor, undeformed grid in east is 50km. Each time
slice summarizes volcanism and strain rates from the preceding interval. Red barbed line is the subduction
zone between the Farallon and North American plates while the blue line indicates the Pacific‐Farallon
plate boundary (Figures 2a–2d) or the western edge of North America (Figures 2e–2l). Dashed region
on Figures 2b and 2c outlines the map‐view extent of the slab window. The northern edge of this slab
window lies directly east of theMendocino Triple junction. Slab windows from ∼18Ma onward (not shown)
underlie essentially all of the study region south of the triple junction [Atwater and Stock, 1998].
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Figure 2. Reconstructed paleogeographic maps of extension and volcanism from 30 Ma to present.
Dots represent NAVDat volcanic analyses, and grid is shaded to represent the magnitude of strain rate
calculated from the second invariant of the strain rate tensor, undeformed grid in east is 50km. Each time
slice summarizes volcanism and strain rates from the preceding interval. Red barbed line is the subduction
zone between the Farallon and North American plates while the blue line indicates the Pacific‐Farallon
plate boundary (Figures 2a–2d) or the western edge of North America (Figures 2e–2l). Dashed region
on Figures 2b and 2c outlines the map‐view extent of the slab window. The northern edge of this slab
window lies directly east of theMendocino Triple junction. Slab windows from ∼18Ma onward (not shown)
underlie essentially all of the study region south of the triple junction [Atwater and Stock, 1998].
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(Animation 2). The abrupt but sequential view of each time
step enhances changes (patterns of volcanism and extension)
that happen more gradually in the continuous animation
(Animation 1).
[19] Graphs of extension rate and the frequency of vol-

canism quantitatively express their relationship but at the

expense of spatial resolution (Figure 4). Eight regions of the
tectonic reconstruction (Figure 3) were selected to (1) high-
light the relationship of extension and total extension rate to
volcanic output and (2) illustrate the large‐scale migration of
volcanic activity across the model domain through compari-
son of adjacent regions. Volcanism was binned into the time
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Negative strain rates represent areas under compression.
Strain values for highly deformed portions of the grid are
retained for illustration purposes only. A much finer reso-
lution grid, based on a more detailed reconstruction than
MW2005, is required to quantify deformation in these
regions. Note that this highly deformed plate boundary zone
lies largely outside of the region polygons used to compare
extension rates to volcanism. The boundaries of the Mojave
region were defined so as to avoid large strains across the
San Andreas fault.
[15] To compare strain rates to volcanism, it is most

appropriate to consider rates of lithospheric thinning. Abso-
lute rates of thinning would require a priori knowledge of
thickness of the lithosphere during extension. Lacking this
information we instead note that the vertical stretch, lz, may
be calculated by assuming that the volume of crust is con-
served in each box. At constant volume the product of the
principal stretches,

!x!y!z ¼ 1:

Because b = lxly, we find that lz = b−1 and thus that vertical
strain rate, _"z ¼ " _"". Note however that the constant‐volume
assumption employed here may be violated by significant

erosion or deposition, magmatic underplating [Gans et al.,
1989], regional lower crustal flow [Block and Royden,
1990], or large‐magnitude simple shear extension [Wernicke,
1985].

3. Visualization and Analysis

[16] We present three different visualizations of the
palinspastically restored NAVDat and co‐located strain field:
(1) interpolated animation of the entire data set from 36 Ma
to the present (Animation 1), (2) time‐slices corresponding
to the reconstructions of MW2005 (Figures 1 and 2 and
Animation 2), and (3) strain rate and histograms of volcanic
analyses for eight selected regions of the reconstruction
(Figures 3 and 4).2 All three visualizations subdivide volca-
nism by composition (mafic, intermediate, felsic, and
unknown/exotic, as identified in the NAVDat tables), and in
general show a close association of volcanism with defor-
mation. Each of these visualization schemes emphasizes
aspects of the relationship of volcanism to continental
deformation and the evolving Pacific‐North America plate
boundary.
[17] The animated reconstruction (Animation 1) is built

upon the animation from MW2005. The NAVDat points are
restored to their paleolocations in 1 Myr increments. Trends
in compositional and age change every 100kyr. To enhance
visualization of these trends, the NAVDat data points are
each displayed for a 1 Myr period starting 500 kyr prior to
the reported sample age. The volcanic points on the western
edge of the animation are animated to move with the back-
ground polygons, which due to the integrated displacement,
travel most rapidly. Because of complications due to the
number of overlapping points and uniquely identifying each
point in a flash‐based vector animation, volcanic points in the
east do not move over the 1Myr time window they are shown.
The animation fully conveys spatial and temporal relationships
between volcanism and deformation, but in a largely qualita-
tive manner. Although not shown quantitatively, deformation
is conveyed by the motions of the points, ranges and blocks
according the underlying palinspastic reconstruction.
[18] Time‐slices of the reconstructed NAVDat overlain on

the reconstruction of MW2005 permit a more quantitative
view of the relationship of volcanism to extension rate. Each
time slice summarizes volcanism and extension rates from
the preceding interval (i.e., the 2 Ma time step shows strain
rates and volcanism from 4 Ma to 2 Ma). Because of the
break in intervals at 18 Ma, the 36, 30, 24, and 18 Myr time‐
slices show a longer span of volcanism and extension rate
(preceding 6 Myr) than the younger time steps (preceding
2 Myr). Figure 1 shows the extent of the model domain as
reconstructed at 36 Ma. At this time step the 50 km grid is
undeformed. Overlain on this time step are the preceding
6 Myr of volcanism, from 42 Ma to 36 Ma. Subsequent time
steps are shown in Figure 2, each with volcanism from the
preceding interval. Progressive deformation of the grid is
apparent from comparison of the time‐slices. This progres-
sive deformation is also shown quantitatively by shading the
deformed grids by the extension rate described in section 2.
These time‐slice reconstructions of NAVDat and extension
(Figures 1 and 2) are also animated in a flashcard movie

Figure 1. Map view reconstruction of western North
America at 36 Ma from MW2005. Overlain on the recon-
struction is a 50 km grid shaded yellow. This yellow grid is a
base line grid that is linked to the palinspastic reconstruction
of MW2005 and subsequently deformed from 36Ma to
present in Figure 2. Dots represent NAVDat volcanic anal-
yses from 42–36 Ma. Red barbed line is the subduction zone
between the Farallon and North American plates.

2Animations are available in the HTML.
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Sonder and Jones , 1999, Figure 2

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

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 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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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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εxx (proportional to σxx)

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

Modified from Sonder and Jones (1999)
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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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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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This is set up to move into paleoelevation studies.  
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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



BUCK: MODES OF CONTINENTAL LrrHOSPHERIC EXTENSION 20,169 

1200 

11oo 

900 

800 

700 

600- 

500 
20 

Dry Quartz, h = 40 km 

X e-- 40 km, X L = 250 kin, u x = 1 cm/yr 

Narrow Rift 

I I I i 
30 40 50 60 

Crustal Thickness (km) 
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 
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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. 

Buck, JGR, 1991



BUCK: MODES OF CONTINENTAL LHItOSPHERIC EXTENSION 20,171 

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


