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Abstract Although volcanism in the southwestern United States has been studied extensively, its origin
remains controversial. Various mechanisms such as mantle plumes, upwelling in response to slab sinking,
and small-scale convective processes have been proposed, but have not been evaluated within the context
of rapidly shearing asthenosphere that is thought to underlie this region. Using geodynamic models that
include this shear, we here explore spatiotemporal patterns of mantle melting and volcanism near the Colorado Plateau. We show that the presence of viscosity heterogeneity within an environment of asthenospheric shearing can give rise to decompression melting along the margins of the Colorado Plateau. Our
models indicate that eastward shear ﬂow can advect pockets of anomalously low viscosity toward the edges
of thickened lithosphere beneath the plateau, where they can induce decompression melting in two ways.
First, the arrival of the pockets critically changes the effective viscosity near the plateau to trigger smallscale edge-driven convection. Second, they can excite shear-driven upwelling (SDU), in which horizontal
shear ﬂow becomes redirected upward as it is focused within the low-viscosity pocket. We ﬁnd that a combination of ‘‘triggered’’ edge-driven convection and SDU can explain volcanism along the margins of the
Colorado Plateau, its encroachment toward the plateau’s southwestern edge, and the association of volcanism with slow seismic anomalies in the asthenosphere. Geographic patterns of intraplate volcanism in
regions of vigorous asthenospheric shearing may thus directly mirror viscosity heterogeneity of the sublithospheric mantle.

1. Introduction
Whereas volcanism along mid-ocean ridges and subduction zones primarily reﬂects plate-tectonic processes, the study of intraplate volcanism can reveal mantle ﬂow and composition. Volcanism in the western
United States has been the target of many studies that utilize geophysical, geochemical, and geological
constraints, but its origin remains controversial. Proposed mechanisms for volcanism include mantle plumes
[Camp and Ross, 2004; Smith et al., 2009; Obrebski et al., 2010], lithospheric deformation [e.g., Valentine and
Hirano, 2010], return ﬂow due to lithospheric dripping [Le Pourhiet et al., 2006; Gogus and Pysklywec, 2008;
West et al., 2009; Levander et al., 2011; Reid et al., 2012] or in response to slab sinking [Liu and Stegman,
2012], buoyant decompression melting [Hernlund et al., 2008], as well as edge-driven convection [van Wijk
et al., 2008, 2010]. Most of these mechanisms exploit mantle density variations as the main energy source
for mantle upwelling and decompression melting. However, they ignore the presence of horizontal shearing
of the asthenosphere (Figure 1), which is as vigorous, or more so, beneath the western United States compared to any other continental environment on Earth [Conrad et al., 2011].
Recent work shows that, in the presence of ample viscosity heterogeneity (i.e., viscosity contrasts of about
one order of magnitude or more) and/or sublithospheric topography (10 km), vigorous asthenospheric
shearing is sufﬁcient to generate mantle upwelling and decompression melting, and lateral density variations are not required [Conrad et al., 2010]. For example, horizontal shear ﬂow is redirected into up or
downwellings at steps of lithospheric thickness (Figure 2a) as associated with rifts or the keels of cratons
and continental plateaus [e.g., Harig et al., 2010]. Also, focusing and defocusing of shear ﬂow at the margins
of ‘‘pockets’’ of anomalously low viscosity asthenosphere is compensated by localized up and downwellings
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(Figure 2b). Both styles of
shear-driven upwelling (SDU)
can give rise to decompression
melting with speciﬁc geographical patterns of volcanism, provided the
asthenosphere is initially close
to its solidus [Bianco et al.,
2011; Ballmer et al., 2013a].
Conrad et al. [2011] ﬁnd that
continental intraplate volcanism indeed occurs more frequently where asthenospheric
shearing is vigorous.

Geophysical observations indicate that all three requirements
S-Velocity Anomaly (%)
for SDU – (1) sublithospheric
5 cm/yr
topography and/or viscosity
0
heterogeneity, (2) near-solidus
100
mantle, and (3) shear ﬂow –
200
are present beneath the west300
ern United States. For example,
400
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the Colorado Plateau is supDistance along track (km)
ported by a lithospheric keel
110 km thick with sharp
Figure 1. Basaltic volcanism, shear-wave velocities (anomalies relative to AK135 from
steps in lithospheric thickness
Schmandt and Humphreys [2010]; colors) and mantle ﬂow (from global ﬂow model of Conrad
(40–60 km high) [Levander and
and Behn [2010]; arrows) in the western United States. (top) A horizontal cross section of
seismic shear-wave tomography and of mantle ﬂow at 160 km depth. Map view of recent
Miller, 2012] along its margins,
basaltic volcanism (5 Ma and  58% SiO2 from NAVDAT; purple dots) and the outline of
where recent volcanism is conthe Colorado Plateau (white line) are superimposed. In addition to Yellowstone, the Snake
centrated (Figure 1). Basin and
River Plain, the High Lava Plains, and the Sierra Nevada, basaltic volcanism is focused along
three out of four edges of the Colorado Plateau, which coincide with slow velocities in the
Range (and Rio Grande Rift)
mantle. (bottom) Vertical cross section of mantle ﬂow (black lines are asthenospheric
lithosphere juxtaposed to the
bounds) and shear-wave velocity anomalies along the gray proﬁle (see top plot). Gray circles
Colorado Plateau is relatively
along the proﬁle are spaced 200 km.
thin due to extension and
modiﬁcation by Farallon-slabderived ﬂuids [Sonder and Jones, 1999; Humphreys et al., 2003; Levander and Miller, 2012]. Regional seismic
tomography studies moreover image localized low-velocity anomalies along the margins of the plateau
[e.g., Obrebski et al., 2010; Schmandt and Humphreys, 2010], providing evidence for low-viscosity material
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Figure 2. Two-dimensional cartoons of shear-driven upwelling (SDU) and triggered edge-driven convection (TEDC). Black horizontal arrows show vertical proﬁles of shear ﬂow in the
asthenosphere (yellow) in response to relative motion between the lithosphere (blue) and mesosphere. (a) Shear ﬂow is redirected along the base of thickened lithosphere (gray arrows)
with opportunities for volcanism above resulting upwellings (red). (b) Vertical ﬂow alternatively arises from redistribution of shear ﬂow at the edges of a low-viscosity pocket (magenta).
This redistribution is due to the preferential relaxation of shear across the pocket. Note the difference in vertical proﬁles of shear ﬂow across the pocket (center) and across the ambient
mantle (left and right). Finally, (c) edge-driven convection is driven by lateral density differences between thickened lithosphere and asthenosphere, independent of horizontal shear
ﬂow in the mantle. The presence of a low-viscosity pocket is required to trigger vigorous edge-driven convection and magmatism.
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Table 1. Notations
Parameter

Symbol

Value

Adiabatic gradient
c
0.38882 K/km
Latent heat of melt
L
560 kJ/kg
a,c
E*
200 kJ/mol
Activation energy
Activation volume
V*
53 1026 m3/mol
5.894–10.723 1018 Pas
Reference mantle viscosity
g0
0.3–153 1018 Pasf
Effective mantle viscosity
gm
Effective pocket viscosity
gp
15–27.33 1018 Pasf
Reference temperature
Tm
1350  C
3300 kg/m3
Mantle density
qm
Melt extraction threshold
uC
0.1%
n
100
Dehydration stiffening coefﬁcientd
f
240
Melt lubrication exponente
Thermal expansivity
a
33 1025 K21
Crustal radiogenic heat production rate Qlith
73 10210 W/kg
0.01
Water partitioning coefﬁcient
DH2O
5 cm/yr
Bottom velocity boundary condition
vbottom
20.95–26.25 wt.-ppmf
Bulk water content in the
c0,m
ambient mantle
Bulk pocket water content
c0,p
731.1 wt.-ppm
6 wt.-ppm
Water content at which peridotite
cdry
behaves like dry Peridotite
Ideal gas constant
R
8.31446 Jmol21K21
Gravity acceleration
g
9.8 m/s2
a
Activation energy is adjusted to mimic the effects of deformation by
dislocation creep [Christensen, 1984].
b
Karato and Wu [1993].
c
Hirth [2002].
d
Hirth and Kohlstedt [1996].
e
Kohlstedt and Zimmerman [1996].
f
See also Table 2.
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sustained by high temperature, volatile
content, melt, or a combination thereof. In
addition to seismic constraints, high heat
ﬂow [Blackwell and Richards, 2004] and
widespread volcanism indicates that the
mantle is close to or at its solidus. Finally,
geodynamic models constrained by plate
motions and mantle seismic wave speed
variations predict eastward to NE ward
ﬂow at the base of the asthenosphere by
rates of 5 cm/yr relative to the North
American plate [Becker, 2006; Forte et al.,
2007, 2010a; Conrad and Behn, 2010; see
also West et al., 2009]. The resulting asthenospheric shearing, which is driven by the
descent of the Farallon slab beneath eastern North America, is consistent with
observations of seismic anisotropy
beneath the western United States [Becker
et al., 2006; Beghein et al., 2010; Yuan and
Romanowicz, 2010].

The tectonic setting of the Colorado Plateau also offers the proper conditions for
another geodynamic mechanism for
decompression melting. Edge-driven convection may be occurring along steps of
lithospheric thickness [King and Anderson,
1998; Huang et al., 2003; Kaislaniemi and van Hunen, 2014], where cold and dense sublithospheric mantle is
juxtaposed to warm and buoyant asthenosphere. Volcanism and recent uplift occurring along the edges of
the Colorado Plateau have indeed been ascribed to this mechanism [van Wijk et al., 2010]. Except for a
recent study on the origin of volcanism in SE Australia [Davies and Rawlinson, 2014], the effects of asthenospheric shear ﬂow on edge-driven convection have so far only been studied in simple two-dimensional settings [e.g., Till et al., 2010], and the additional inﬂuence of viscosity heterogeneity within the shearing
asthenosphere has been neglected altogether.
Here, we use three-dimensional numerical models of mantle ﬂow and melting to investigate the spatiotemporal patterns of melting near the Colorado Plateau. We characterize the roles of asthenospheric shearing,
viscosity heterogeneity, and sublithospheric topography on mantle ﬂow in order to explore the interaction
of SDU and edge-driven convection. Finally, we assess which of these two mechanisms dominantly feeds
magmatism, and discuss the origin of viscosity heterogeneity beneath the southwestern United States,
which we ﬁnd to be critical for magmatism.

2. Methods
We model mantle ﬂow using the numerical code CITCOM [Moresi et al., 1996; Zhong et al., 2000]. In solving
the equations of conservation of mass, momentum and energy, we apply the Boussinesq approximations,
and additionally account for the effects of adiabatic heating and latent heat of melting (for a list of governing parameters, see Table 1). Passive tracers are used to advect nondiffusive ﬁelds (i.e., composition). The
model domain is a rectangular box 2910 km long, 540 km wide and 300 km deep, discretized by
9603192396 ﬁnite elements with a maximal resolution of 2.8132.6832.37 km3 in the asthenosphere. The
modeled ﬂuid is cooled from above and heated from below. We impose a boundary condition of
vbottom 5 5 cm/yr at the base of the box to simulate mantle motion relative to the North American Plate.
Both the front and back sides of the box are open to in and outﬂow, whereas the bottom is closed. The lateral sides are reﬂective boundaries, a setup that effectively doubles the width of the model domain to
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1080 km (Figure 3) with a symmetry axis along the central
plane of the box at y 5 0 (and
parallel to vector vbottom).

Initial conditions include a
region of thickened lithosphere
centered along this central
plane with a pentagonal
‘‘home plate’’ shape (for geometry, see Figure 3) and dimenFigure 3. Overview of the three-dimensional model setup in a view from above. Brown and
sions similar to those of the
purple colors show surface projections of the initial positions of the plateau’s keel and lowvelocity pocket, respectively. In some cases, the pocket is centered at the symmetry boundColorado Plateau (Figure 1). Iniary at y 5 0 (as shown), in others it is displaced from it (not shown); cf. Table 2. A bottom
tial water content c of the lithovelocity boundary condition drives ﬂow into and out of the box (arrows), as well as asthenosphere is calculated from a
spheric shearing. The dashed and shaded domain beyond the symmetry boundary is not
modeled explicitly, but instead results from symmetry about the reﬂecting side boundaries.
melting column residual depletion proﬁle [Ballmer et al., 2009]
with a depleted top layer of thickness 30 km added to the proﬁle in the region of the plateau. Initial temperatures correspond to a 30 Myr half-space cooling proﬁle in this region, and a 5 Myr half-space cooling proﬁle elsewhere, but quickly evolve during the simulations due to thermal conduction. In order to limit
conductive thickening of the continental lithosphere, we also account for radiogenic heating. At depths of
<60 km and <30 km inside and outside the plateau region, respectively, the lithosphere is heated at rates
Qlith. The plateau’s edges are relatively sharp with slopes of 63 .
symmetry boundary

660 km

We further impose a rectangular low-viscosity pocket 600 km long, 75 km wide (which becomes doubled
by the model symmetry; Figure 3), and 90 km high. The possible widths and heights of the pocket are limited in our model setup, as ﬂow within pockets that are much smaller than those modeled would be
underresolved. The initial average depth of the pocket zp is varied as a function of effective mantle viscosity gm (for a list of all cases, see Table 2), such that the average depth of the pocket at model time 25
Myr (i.e., when the slowly ascending pocket reaches the plateau’s edge) is similar in all cases (i.e., zedge 
137.5 km). We are able to choose an appropriate value of zp because the pocket’s rise rate is consistent
with Stokes Law, that is zp 2 zedge  1/gm. In some cases, the pocket is centered at the symmetry plane of
the box (yp 5 0) such that one wide pocket (of effective width 150 km) is simulated; in others, it is laterally
displaced such that two pockets (each 75 km wide, mirrored by the symmetry plane) are effectively modeled. In the direction of vbottom, the pocket center is initially positioned 1050 km away from the plateau’s
edge, which, because of the shape of the plateau, requires that the pocket’s distance from the inﬂow
boundary be varied as a function of yp. The viscosity contrast between the pocket and the ambient mantle gm/gp is sustained by a combination of slightly elevated pocket temperatures (110  C) and signiﬁcantly elevated pocket water contents c0,p (731.1 wt.-ppm compared to c0,m < 27 wt.-ppm in the ambient
mantle). The warm and damp anomaly is a step function smoothed over a buffer 12 km thick. We vary
gm/gp between 37.5 and 50 and adjust c0,m accordingly (see Table 2). We adjust c0,m instead of c0,p in order
to keep the melting behavior of the material in the pocket ﬁxed between cases. In varying c0,m (and thus
gm/gp), we further adjust the reference mantle viscosity g0 to keep gm (and thus the vigor of mantle convection) ﬁxed.
Density and viscosity variations control mantle ﬂow. In order to focus on shear-driven ﬂow and its relationship to thermally driven convection, density q in our models is assumed to depend on temperature T only:
q 5 qm 1 a(Tm 2 T). In contrast, mantle viscosity g in our models depends on both temperature and composition (for notations, see Table 1). Retained melt lubricates mantle rocks [Kohlstedt and Zimmerman, 1996],
but stiffening due to dehydration during progressive melting is dominant according to our parameterization [cf. Karato, 1986]. Peridotites dehydrate as depletion F increases during melt production (we use Katz
et al.’s [2003] parameterization to model mantle melting) and extraction:
c5

DH2O cO
F1DH2O ð12FÞ

(1)

for F < uC, and
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Table 2. Model Cases With Key Parameters
Case
A
B
C
D
E
F
A1
E1
A2
E2
A2’
E2’
A2’’
E2’’
A3
E3
An
En
N

gm/gp
50
50
50
50
50
50
50
50
50
50
44.118
44.118
37.5
37.5
50
50
1a
1a
1

gp (Pa s)

gm (Pa s)

18

0.3 3 10
0.3 3 1018
0.3 3 1018
0.3 3 1018
0.3 3 1018
0.3 3 1018
0.34 3 1018
0.34 3 1018
0.4 3 1018
0.4 3 1018
0.4 3 1018
0.4 3 1018
0.4 3 1018
0.4 3 1018
0.545 3 1018
0.545 3 1018
1.5a 3 1019
1.5a 3 1019
no pocket

19

1.5 3 10
1.5 3 1019
1.5 3 1019
1.5 3 1019
1.5 3 1019
1.5 3 1019
1.7 3 1019
1.7 3 1019
2 3 1019
2 3 1019
1.765 3 1019
1.765 3 1019
1.5 3 1019
1.5 3 1019
2.73 3 1019
2.73 3 1019
1.5 3 1019
1.5 3 1019
1.5 3 1019

c0,m (ppm)

yp (km)

zp (km)

Pocket Width (km)

20.95
20.95
20.95
20.95
20.95
20.95
20.95
20.95
20.95
20.95
23.07
23.07
26.25
26.25
20.95
20.95
20.95
20.95
20.95

0
97.5
157.5
217.5
277.5
337.5
0
277.5
0
277.5
0
277.5
0
277.5
0
277.5
0
277.5
N/A

180
180
180
180
180
180
175
175
169.2
169.2
175
175
180
180
160.8
160.8
180
180
N/A

75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
75
0

a
In cases An and En, the viscosity of the pocket is artiﬁcially increased to match that of the surrounding mantle, but the melting
behavior of the pocket material is analogous to all other cases (except case N), in which pocket water content c0,p is ﬁxed at 731.1 wt.ppm. The purpose of cases A–F is to study the effect of pocket initial position. The purpose of cases An and En is to test the effect of an
absence of a low-voscosity pocket. Case N is a reference case without a pocket, the predictions of which are used for the subtraction of
background shear ﬂow in Figures 4 and 6. The purpose of all other cases is to explore the effects of mantle rheology.


c5cO

F2uC
12
12uC

u

1
21
Cð12DH2O Þ1DH2O

!

21
1
21
11uC
DH2O

(2)

for F  uC [Zou, 1998; Ballmer et al., 2013b] with uC 5 0.1% the critical porosity, at which melt is mobilized
(all notations are reported in Table 1). Accordingly, mantle viscosity is a function of depletion F (substituting
Eq. (1) and/or Eq. (2) into Eq. (3)) and melt content u, in addition to temperature T and depth z:

g5g0 exp



nðc2cdry Þ
E 1qm gzV
E
2
RT
RTm ðn21Þexp ðfu Þ

(3)

3. Results
In our models, a rectangular low-viscosity pocket is initially positioned 1050 km away from (i.e., west of)
the edge of the Colorado Plateau. It is entrained and deformed by eastward asthenospheric shear ﬂow
and advected toward the plateau. Asthenospheric shearing is preferentially released across the pocket of
low viscosity. Focusing and defocusing of shear ﬂow leads to localized up and downwellings at the
leading and trailing edges of the pocket, respectively. Such a redirection of horizontal into vertical
motion by the presence of a low-viscosity pocket is analogous, but opposite, to the rotation of a stiff
inclusion (such as a garnet within a sheared quartz package). This ‘‘shear-driven upwelling’’ (SDU) is artiﬁcially vigorous for rectangular pocket geometries, but persists for more realistic geometries that have
been shaped by mantle ﬂow. In addition, a small thermal anomaly assigned to the pocket (110  C) causes
slow ascent of the pocket as a whole. These two mechanisms initially sustain decompression melting in
the pocket (Figure 4a). However, the initial large vigor of melting declines as soon as the pocket reaches
the base of the lithosphere and takes a nonrectangular geometry (Figure 4b). Small-extent melting continues as the pocket travels along the base of the lithosphere and may be applicable to Basin and Range
volcanism. Melting rates steadily decrease with distance traveled, however, and are only boosted as the
pocket reaches the plateau.
The interaction of the pocket with the plateau’s thick lithospheric keel depends on the initial position of the
pocket relative to that of the plateau. In cases A–F, we vary the initial distance of the pocket center relative
to the symmetry plane of the model (and of the plateau) yP. For cases with yP  180 km (cases A–C), the
pocket tunnels beneath the plateau’s keel, which plows through the asthenosphere to redirect shear ﬂow.
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Figure 4. (a–e) Time series of melting in a low-viscosity pocket (deep blue) that tunnels beneath a plateau’s lithospheric keel (yellow). Results are from case B. Rainbow colors show mantle viscosity in vertical cross sections parallel to plate motion at y 5 100 km. Dashed black lines denote the initial shape of the lithosphere-asthenosphere boundary; the current shape is
marked by the transition from yellow to green colors. Melting in the low-viscosity pocket is shaded translucent red. Arrows denote mantle ﬂow with (Figures 4c–4e) and without (Figures
4a–4b) background shear ﬂow subtracted. Also note that the scales are shifting between Figures 4a and 4b and Figures 4c–4e, as the pocket is approaching the plateau. Initial vigorous
melting is an artefact of the model setup (Figure 4a; see text), declines before the pocket arrives at the edge of the plateau (Figure 4b), and is reinvigorated due to plateau-pocket interaction (Figures 4c–4e). (f) Conceptual cartoon of SDU at the leading edge of a plateau such as in Figures 4c and 4d. Black and white arrows show vertical proﬁles of horizontal shear ﬂow
relative to the pocket. Shear is preferentially relaxed across each of the two subpockets of low viscosity (magenta). The resulting convergence at the leading edge of the plateau’s keel
(gray arrows) induces vertical ﬂow (colored arrows) and decompression melting in front of the plateau.

For cases with yP  180 km (cases D–F), the pocket is instead guided around the nearest side of the plateau
without signiﬁcant vertical motion.
3.1. Example Case B: Pocket Traveling Beneath the Keel
For example in case B (yP 5 97.5 km), the pocket is drawn beneath the plateau’s keel as soon as it reaches
the plateau (Figure 4). Although it is drawn downward as a whole, a component of vigorous upwelling persists within the pocket near the leading edge of the plateau. This upwelling is fueled by two different
mechanisms.
First, small-scale convection at the plateau’s edge is triggered by the presence of the low-viscosity pocket.
The arrival of the pocket increases the local Rayleigh number near the plateau (i.e., decreases local viscosity),
which leads to the onset of edge-driven convection. We refer to this convection style as ‘‘triggered’’ edgedriven convection (TEDC, Figure 2c). While TEDC downwelling occurs inboard of the plateau’s edge, TEDC
upwelling occurs parallel to and 100 km in front (i.e., west) of the plateau. Flow related to TEDC is superimposed on background shear ﬂow. Such a superposition precludes the development of proper convection
rolls in front of the plateau, but does not remove the upwelling (and downwelling) ﬂow components that
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b) Case E

potential temperature
1215
1350 °C
Figure 5. Snapshots (after 43 Myr model time) of mantle temperatures and decompression melting (translucent black) within a lowvelocity pocket (not shown) in three-dimensional views looking up at the front edge and base of the plateau keel (denoted in gray) from
below. Potential temperatures (i.e., temperatures corrected for adiabatic heating) are shown as rainbow colors along horizontal and vertical cross sections. (a) Melting occurs upstream (left) and downstream (right) of the plateau in case B, and (b) mainly alongside of the plateau’s sides in case E. See also supporting information Movies S1 (Figure 5a) and S2 (Figure 5b).

are related to TEDC (Figure 4c). In contrast to ‘‘standard’’ edge-driven convection [King and Anderson, 1998],
vigorous TEDC requires not only a step in lithospheric thickness but also the presence of a low-viscosity
pocket.
Second, SDU is reinvigorated as the pocket is partially drawn beneath the plateau’s keel, and thereby subdivided into two subpockets. While the lower part of the pocket slides beneath the plateau’s keel, the upper
part remains trapped in front. SDU develops in both subpockets. A local dynamic pressure maximum due to
convergent horizontal ﬂow explains the increased vigor of SDU in front of the plateau where both subpockets meet (Figures 4c and 4d). This convergent ﬂow is a direct consequence of shear partitioning across an
asthenosphere, in which a step of lithospheric thickness is juxtaposed with two low-viscosity subpockets
that preferentially accommodate shear (see cartoon in Figure 4f).
The presence of the low-viscosity pocket plays an important role for sustaining upwelling and generating
mantle melting via both TEDC and SDU. In our models, edge-driven convection is much weaker and insufﬁcient for decompression melting until the low-viscosity pocket arrives. Moreover, shear-driven ﬂow
becomes redirected by the leading edge of a region of thick lithosphere into upwelling (not downwelling,
as would be expected without the presence of viscosity heterogeneity (Figure 2a)). This is demonstrated by
cases in which we artiﬁcially increase the viscosity of the pocket but keep its melting behavior unchanged
(cases An and En). In these cases, mantle melting near the plateau is completely shut off.
Figure 5a shows in a three-dimensional snapshot of melting in the pocket for case B that magmatism occurs
in front of the plateau and beyond its far side. In contrast, it is shut off as the pocket tunnels beneath the
plateau’s keel, where pressures exceed those of the solidus for hydrous peridotite. As the lower subpocket
reaches the far side (i.e., east side) of the plateau, however, it reascends and decompression melting
resumes (Figure 4e). Upwelling on the far side is sustained by a combination of both types of SDU (Figures
2a and 2b), as well as TEDC (Figure 2c). Accordingly, it is more vigorous than in front of the plateau. This vigorous upwelling in combination with a fertile source (the lower subpocket has not experienced previous
melting) explains the large extents of melting on the far side.
3.2. Example Case E: Pocket Traveling Around the Keel
In contrast to case B (with yP 5 97.5 km), where the pocket tunnels beneath the plateau’s keel, the pocket is
guided around the plateau in case E (yP 5 277.5 km). Only part of the pocket is intermittently trapped at the
plateau’s leading corners to induce localized magmatism (Figures 6a and 6b) in a similar manner as
described above (cf. Figure 4f). As soon as the pocket moves alongside the plateau’s ﬂanks (i.e., adjacent to
the southern and/or northern edges; Figure 5b), however, vigorous and persistent upwelling as well as
decompression melting occur. Here, upwelling is sustained by a combination of TEDC and SDU (Figures 6c
and 6d), as conditions are favorable for both types of upwelling. TEDC is boosted as the arrival of the lowviscosity pocket causes the entire length of the plateau’s edge to become convectively unstable at once.

BALLMER ET AL.

C 2015. American Geophysical Union. All Rights Reserved.
V

372

Geochemistry, Geophysics, Geosystems

10.1002/2014GC005641

x (km)
100
200

a)
y = 28
280
0 km
1600

depth (km)

100
200

depth (km)

0

800

600

400

1400

1200

1000

800

600

400

1400

1200

1000

800

600

400

c)
y = 36
360
60 km
1600

200

1000

y = 32
320
20 km

100

100

1200

b)

1600

200

1400

d)
y = 40
400
00 km
1.5 cm/yr

e)

5 cm/yr

0.02 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7

3

100

dF/dt (‰/Myr)
200

1017

x = 890
890 km
0

y (km)

400

1018

1019

1020

1021

1022

viscosity (Pa∙s)

Figure 6. Mantle melting at model time 40 Myr in a low-viscosity pocket (deep blue) that travels around the plateau’s lithospheric keel
(yellow). Results are represented along (a–d) four vertical cross sections parallel to plate motion and (e) one cross section perpendicular to
plate motion through the three-dimensional model of case E. Rainbow colors denote mantle viscosity. Dashed lines denote the initial
shape of the lithosphere-asthenosphere boundary; the current shape is marked by the transition from yellow to green colors. Melting in
the low-viscosity pocket is shaded translucent red. Arrows show mantle ﬂow with background shear ﬂow subtracted. Vigorous melting
occurs as the pocket moves along the east-west length of the plateau (Figures 6c–6e), and tunnels beneath the plateau’s front corner (Figures 6a and 6b).

The resulting edge-parallel upwelling feeds a convective roll that aligns with asthenospheric shear (Figure
6e), a conﬁguration that minimizes interference between background shear ﬂow and TEDC [cf. Richter and
Parsons, 1975]. SDU is also somewhat boosted as shear ﬂow becomes concentrated by the presence of the
plateau’s keel, which acts to reduce the cross-sectional area of the asthenospheric channel. On the far (eastern) side of the plateau, the pocket is pulled back toward the centerline of the model and also upward by
large-scale background shear ﬂow. Here decompression melting occurs as the originally deepest (i.e., previously unmelted) parts of the pocket are brought toward the surface (Figure 6a).
3.3. Patterns of Volcanism
The patterns of mantle ﬂow and magmatism in cases A–F deﬁne the spatiotemporal trends of associated
volcanism. We assume that partial melt in the mantle exceeding 0.1% is instantaneously extracted from the
source. Maximum extents of pocket melting remain low (<2%) and are hence insufﬁcient to signiﬁcantly
dehydrate and stiffen the low-viscosity pocket. Figures 7a–7f and 8a–8f show the predicted progressions
and cumulative volumes of volcanism for cases A–F, respectively. Cases in which the pocket tunnels
beneath the plateau (i.e., cases A–C), display persistent (20 Myr) volcanism near the (western) leading
edge of the plateau and more vigorous, but less persistent (10 Myr), volcanism near the opposite edge.
Cases in which the pocket travels around the plateau (cases D–F), instead display most vigorous volcanism
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Figure 7. Geographical patterns of volcanism predicted by the numerical models (cases A–F) in time series from 30 Myr to 50 Myr (time color coded). Volcanism mostly occurs off of
the leading and trailing edges of the plateau (cases A–D), and also along the lateral sides (cases D–F), depending on the impact location of the pocket into the plateau (initial y position
of the pocket for each case is shown by pink bar on left). Volcanism occurring off of the leading edge is most persistent and slowly encroaches toward the plateau (blue-to-green-to-redto-yellow colors).

along the ﬂanks of the plateau. Volcanism occurring at the leading edge or corner(s) of the plateau in cases
A–E steadily encroaches toward the plateau at rates of up to 3 km/Myr (Figures 7a–7e). This prediction is
consistent with general geographical patterns of Neogene volcanism near the Colorado Plateau, which statistically advances toward the plateau at similar rates [Roy et al., 2009; Crow et al., 2011]. Volcanic encroachment is best documented along the southwestern edge of the Colorado Plateau [Crow et al., 2011, Figure
4], which faces asthenospheric shear ﬂow (Figure 1). The predicted total volumes of magmatism are small
(<1000 km3/Myr integrated over the whole region), also consistent with observations [Best et al., 1980; Nelson and Tingey, 1997; Johnsen et al., 2010]. For example, Neogene volcanic ﬂuxes (per area) across the Marysvale volcanic ﬁeld (SW Utah) of 4 m/Myr [Rowley et al., 1997] are similar to model predictions of peak
magmatic ﬂuxes at the plateau margin for cases A–F (9 to 19 m/Myr; from Figure 8). Because intrusive
magmatism and underplating should prevent some magma from erupting, predicted volcanic ﬂuxes remain
upper bounds.
Our analysis of cases A–F shows that volcanic patterns strongly depend on the initial position of the pocket
relative to the plateau. As multiple low-viscosity pockets may reside in the asthenosphere beneath the western United States, and as their locations and sizes (and trajectories in particular) are poorly constrained,
comparison of model predictions with observations is not straightforward. Time-integrated patterns
strongly depend on initial pocket position (Figure 8). In an attempt to circumvent this issue, we compute
cumulative volcanic ﬂuxes averaged over cases A through F (Figures 8a–8f). Such an analysis elucidates that
volcanism due to a combination of SDU and TEDC should generally occur along the edges (i.e., outboard) of
the Colorado Plateau (Figure 8g). This prediction is robust and consistent with observations.
3.4. Effects of Rheology on Flow and Volcanism
Since both SDU and TEDC are sensitive to lateral changes in mantle viscosity, we systematically explore the
effects of pocket viscosity gp and ambient-mantle viscosity gm on upwelling and volcanism. We varied gm as
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Figure 8. Melts extracted from the mantle for cases (a–f) A–F, time-averaged over model times 30–55 Myr. Colors denote average volcanic
ﬂuxes per area in m/Myr (or m3/m2/Myr) with intrusive magmatism or subsequent erosion ignored. The magenta contour outlines the original shape of the plateau. (g) Volcanic ﬂuxes that are not only averaged over time (i.e., 30–55 Myr), but also over cases A–F.

well as gp between cases E, E1, E2 and E3 (as well as A, A1, A2, A3) while keeping gm/gp ﬁxed (see Table 2).
In addition, we varied gm/gp between cases E2, E2’ and E2’’ (as well as A2, A2’, and A2’’). Figure 9 displays
cumulative volcanic ﬂuxes for various cases with different gp and gm.
In comparing cases A and A2’’ as well as cases E and E2’’ (dashed and solid blue lines in Figures 9a and 9b,
respectively), we ﬁnd that decreasing gp (while keeping gm ﬁxed) systematically displaces the focus of
upwelling toward the edge of the plateau. Moreover, decreasing gp systematically increases upwelling rates
within the pocket, as well as volcanic ﬂuxes. This behavior can be explained by the effects of lower pocket
viscosity on TEDC or SDU, or both. TEDC is expected to be boosted by reducing either gp or gm, whereas
SDU in a low-viscosity pocket is expected to be advanced by higher viscosity ratios gm/gp — and should be
insensitive to the absolute values of gp or gm. Thus both mechanisms are fueled as gp is decreased and gm is
kept ﬁxed.
To distinguish between the two mechanisms, we also compare cases with variable gm and constant gp.
Increasing gm while keeping gp ﬁxed (thereby increasing gm/gp) tends to weaken volcanism near the leading
edge and alongside of the plateau (blue to red to black solid lines in Figures 9a and 9b). Beyond the far side
of the plateau (i.e., x < 750 km), cumulative volcanic ﬂuxes (i.e., the area beneath the curves) instead
increase with increasing gm/gp. Cumulative ﬂuxes increase as the area of volcanism broadens. Such a behavior indicates that SDU is more efﬁcient in sustaining mantle melting than TEDC beyond the far side of the
plateau (x < 750 km), but TEDC is more efﬁcient along the leading edge and sides of the plateau. We note
that this analysis cannot distinguish the effect of upwelling due to redirection of shear ﬂow across a step in
lithospheric thickness (cf. Figure 2a), which is a variation of SDU that should contribute to volcanism on the
plateau’s trailing side regardless of the presence of a low-viscosity pocket (and independent of gm/gp).
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scale convection. Such triggered edge-driven convection (TEDC; Figure 2c) provides opportunities for decompression melting as long
as the mantle is close to its solidus. In addition, horizontal asthenospheric shear ﬂow directly contributes to
upwelling and magmatism. Shear ﬂow is redirected into ‘‘shear-driven’’ upwelling (SDU) as it enters the lowviscosity anomaly (Figure 2b), or as it encounters a lithospheric step, such as that provided by keel of thickened lithosphere (Figure 2a). However, viscosity heterogeneity is critical for upwelling and magmatism on
all sides of the keel. In the absence of heterogeneity, upwelling is restricted to only one side and is too
weak to sustain decompression melting.
A2

b)

In particular, such asthenospheric upwelling due to a combination of TEDC and SDU can provide an
explanation for recent basaltic volcanism surrounding the Colorado Plateau (purple dots in Figure 1 versus Figure 8g). Recent volcanism is focused near the plateau’s margins, has advanced toward the SW side
of the plateau [Figure 4 of Crow et al., 2011], and is underlain by seismic low-velocity anomalies. In contrast to the Basin and Range lavas, which are mainly primitive alkali basalts that ascend from their source
without signiﬁcant interaction with the lithosphere [Luhr et al., 1995; Valentine and Perry, 2006; Smith
et al., 2008; Mufﬂer et al., 2011], magmatic products along the neighboring side of the Colorado Plateau
display a spectrum of compositions ranging from alkalic to calc-alkaline and tholeiitic lavas thus providing
evidence for an extended duration of mantle melting and magmatic evolution [Best et al., 1980; Johnsen
et al., 2010]. All the above observations are consistent with the predictions of our numerical models, in
which hydrous low-viscosity pockets (that should appear seismically slow) exclusively host mantle melting to sustain extensive magmatism along the margins of the plateau (Figure 8g). Model predictions also
involve slow encroachment of volcanism onto the side of the plateau that faces asthenospheric shear
ﬂow (Figure 7) due to thermomechanical erosion of the sublithospheric keel. The spatiotemporal patterns
of mantle upwelling and thermomechanical erosion predicted by our models are moreover qualitatively
consistent with observed patterns of recent dynamic uplift that is inferred to be focused along the margins of the Colorado Plateau [Karlstrom et al., 2012], and to have advanced toward its southwestern edge
[Crow et al., 2014].
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We note however that our simpliﬁed geodynamic models are not designed to satisfy all observational constraints at once. For example, our symmetric models cannot account for the occurrence of vigorous volcanism along the southern edge and the absence of volcanism along the northern edge of the Colorado
Plateau. Also, our models tend to overpredict the duration of volcanism at any given location (Figure 7)
because of the large size of our modeled low-viscosity pockets (our pocket sizes at a given pocket aspect
ratio are limited to multiples of model resolution). Accordingly, the observed spatiotemporal patterns of volcanism may be better explained by the presence of multiple small pockets instead of one large pocket, consistent with seismic tomography (Figure 1). The distribution of volcanism implies that pockets tend to travel
around the southern edge of the plateau, whereas they tunnel beneath the northern edge, perhaps reﬂecting differences in pocket initial positions or sublithospheric topography [see Levander and Miller, 2012]
between the north and south. As low-viscosity pockets give rise to mantle upwelling and exclusively host
melting, volcanic patterns may thus directly reﬂect the viscosity structure of the mantle.
A potential source of low-viscosity material may be related to dehydration of the subducted Farallon slab.
Dehydration reactions of serpentine and other hydrous minerals are thought to have hydrated the mantle
wedge as far inland as the Colorado Plateau [Hawkesworth et al., 1993; Dixon et al., 2004], particularly during
a stage of ﬂat subduction associated with the Laramide orogeny [Coney and Reynolds, 1977; Humphreys
et al., 2003]. Hydration of the mantle wedge may result from percolation of slab-derived ﬂuids [Li et al.,
2008; Sommer et al., 2012] or the rise of partially molten diapirs of hydrated peridotite [Gerya and Yuen,
2003]. Diapirs are predicted to rise close to the subduction zone [Gerya and Yuen, 2003; Zhu et al., 2009],
and/or further inland where the slab stagnates in the mantle transition zone [Sigloch et al., 2008; Richard
and Bercovici, 2009; Richard and Iwamori, 2010]. Each of these mechanisms, particularly those involving diapirism, is likely to create strong lateral heterogeneity with hydrous pockets juxtaposed to relatively dry
domains. Associated viscosity contrasts of one to two orders of magnitude [cf. Hirth and Kohlstedt, 1996] are
sufﬁcient for vigorous SDU [Conrad et al., 2010; Ballmer et al., 2013a]. Indeed, extensive and variable mantle
hydration beneath the western United States is indicated by melt inclusions [Gazel et al., 2012] as well as
xenolith data [Li et al., 2008], and consistent with observations of isostatic adjustment to Pleistocene loads
[Dixon et al., 2004 and references therein] as well as seismic constraints [Cao and Levander, 2010; Schmandt
et al., 2011; Schmandt, 2012].
Beyond North America, a combination of TEDC and SDU may accordingly be relevant for intraplate volcanism in eastern Asia and Europe, where a long history of subduction is likely to have hydrated the asthenosphere, and where variations in lithospheric thickness are common. Basaltic volcanism in both Southern
and Eastern Australia is another candidate as associated with sublithospheric topography at a cratonic margin, as well as vigorous shearing of the asthenosphere [Demidjuk et al., 2007; Conrad et al., 2011; Davies and
Rawlinson, 2014]. Also, by moving northward, Australia overrides an upper mantle that has likely been
hydrated by subduction in Melanesia [DiCaprio et al., 2011]. Finally, the Cameroon Volcanic Line in Africa is
underlain by a ﬁnger-like anomaly of seismically slow mantle that is juxtaposed to a step in lithospheric
thickness [Reusch et al., 2010]. Vigorous mantle ﬂow in this region is predicted by geodynamic models [Forte
et al., 2010b] and consistent with seismic-anisotropy measurements [Koch et al., 2012]. Shear-driven upwelling, edge-driven convection, or a combination of both mechanisms, may indeed be a viable explanation for
many sites of intraplate volcanism globally. Future work will be needed to characterize the roles of asthenospheric shearing, viscosity heterogeneity, and sublithospheric topography for each candidate setting.
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