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a b s t r a c t

Volcanism occurring away from ridges and subduction zones does not have an obvious plate tectonic
explanation, but instead must arise from sub-lithospheric processes that generate upwelling flow and
decompression melting. Several convective processes, such as mantle plumes, convective instability,
edge-driven convection, and Richter rolls, produce upwelling via the action of gravity on density het-
erogeneities in the mantle. Here we investigate an alternative mechanism, the shear-driven upwelling
(SDU), which instead generates upwelling solely through the action of asthenospheric shear flow on vis-
cosity heterogeneity. Using a numerical flow model, we examine the effect of viscosity heterogeneity on
viscous shear flow induced within an asthenospheric layer. We demonstrate that for certain geometries
and viscosity ratios, circulatory flow develops within a “cavity” or “step” embedded into the lithospheric
base, or within a low-viscosity “pocket” embedded within the asthenospheric layer. For asthenosphere
shearing at 5 cm/yr, we estimate that SDU can produce upwelling rates of up to ∼0.2 cm/yr within a
continental rift, ∼0.5 cm/yr along the vertical edge of a craton, or ∼1.0 cm/yr within a “pocket” of low-
viscosity asthenosphere. In the last case, the pocket must feature an aspect ratio of more than 5, occupy
∼20–60% of the asthenosphere’s thickness, and be at least 100 times less viscous than the surrounding

asthenosphere. Such viscosity heterogeneity may be associated with thermal, chemical, melting, volatile,
or grain-size anomalies, and is consistent with tomographic constraints on asthenospheric variability.
We estimate that SDU may generate up to 2.5 km/Myr of melt that is potentially eruptible as surface vol-
canism; this is faster than eruption rates observed at some locations of continental basaltic volcanism.

ould
for ex
We conclude that SDU c
shearing asthenosphere,

. Introduction

Most of the volcanism around the globe occurs at subduction
ones and mid-ocean ridges, and is well-explained by the theory of
late tectonics. Volcanism that occurs away from plate boundaries,
owever, is less easily explained, but has often been attributed to
ot plumes that rise from deep within the mantle (Morgan, 1971).
uch plumes are a natural consequence of mantle convection and
rovide an explanation for the numerous linear chains of volcanoes
round the globe (e.g., Richards et al., 1989). Recently, however, the
lume explanation for intraplate volcanism has been challenged

e.g., Foulger and Natland, 2003), and alternative explanations such
s lithospheric cracking have been proposed (e.g., Anderson, 2000).
ecent studies have suggested that relatively few (less than 10) vol-
anic chains are caused by deep mantle plumes (e.g. Courtillot et

∗ Corresponding author. Tel.: +1 808 956 6649; fax: +1 808 956 5154.
E-mail address: clintc@hawaii.edu (C.P. Conrad).

031-9201/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.pepi.2009.10.001
provide an explanation for intraplate volcanism occurring above rapidly
ample in the Basin and Range region of North America.

© 2009 Elsevier B.V. All rights reserved.

al., 2003), out of upwards of 30–40 hotspot tracks that have pre-
viously been attributed to plumes (e.g., Sleep, 1990; Steinberger,
2000). Thus, regardless of whether the major hotspots (e.g., Iceland,
Hawaii, Louisville) are plume-generated, an alternative explanation
is needed to explain intraplate volcanism not fed by plumes.

Furthermore, several other intraplate volcanic features, such
as seamounts that pervade the Pacific basin (Hillier and Watts,
2007), are not associated with classic hotspot tracks (Clouard and
Bonneville, 2001). Instead most Pacific seamounts were emplaced
during the Cretaceous along with the large Pacific oceanic plateaus
(Wessel, 1997). More recently, the southwestern US has become
dotted by mid-Miocene to contemporary basaltic volcanic fields,
such as the Death Valley-Lunar Crater belt, the Saint George
volcanic Field, and the Jemez lineament. These features do not

resemble plume-induced volcanism in terms of their temporal and
spatial patterns (Smith et al., 2002; Smith and Keenan, 2005), asso-
ciated uplift (Parsons et al., 1994), or volumetric output (Bradshaw
et al., 1993; Hawkesworth et al., 1995). Other examples of non-
plume intraplate volcanism, such as in the Harrat Ash Shaam field

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:clintc@hawaii.edu
dx.doi.org/10.1016/j.pepi.2009.10.001
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n the Middle East (e.g., Shaw et al., 2003), and the Changbai volcano
n Northeast Asia (Lei and Zhao, 2005), have been noted in several
ocations around the world.

Without a source of excess heat coming from the deep mantle,
ost alternative explanations for intraplate volcanism invoke some

ource of regional asthenospheric upwelling that induces decom-
ression melting. This melting may be augmented by “melting

nstabilities” that involve positive feedback between decompres-
ion melting and the subsequent upwelling caused by the presence
f this melt (Raddick et al., 2002; Hernlund et al., 2008a,b). This
eedback can result in an episode of volcanism above astheno-
phere near its melting temperature. Thus, the search for a
on-plume source of intraplate volcanism generally involves a
earch for mechanisms that can initiate upwelling flow within fer-
ile asthenosphere that is already near its solidus. Several upwelling

echanisms have been proposed. First, the presence of exten-
ion generates passive upwelling flow (e.g., McKenzie and Bickle,
988), but this flow should be extremely slow unless it becomes

ocalized in some way. In addition, numerical models show that
elting instabilities may be inhibited or delayed by the presence

f active lithospheric extension (Hernlund et al., 2008b). Alterna-
ively, the temperature differential between the lithosphere and
sthenosphere sets up an inverted density structure that can lead
o persistent steady-state thermal convection in the asthenosphere
e.g., Haxby and Weissel, 1986; van Hunen and Zhong, 2006;
allmer et al., 2007) or occasional “drips” of dense lithosphere
inking into the upper mantle (e.g., Le Pourhiet et al., 2006). Both

onvection and “dripping” involve asthenospheric upwelling that
an lead to volcanism, and may be enhanced by viscosity hetero-
eneity or lithospheric deformation (e.g., Conrad, 2000). Finally,
mall-scale convection in the asthenosphere may be enhanced

ig. 1. Viscous flow calculation showing the effect of both a low viscosity “pocket” and
irection and magnitude (note scale arrow showing 0.5 V, where V is the magnitude of t
iscosity variations. A detailed view of the red-outlined box in (a) is shown in (b), where
nd (b), amplitudes of velocity are given as a fraction of the velocity that drives the shear
anetary Interiors 178 (2010) 162–175 163

near the edges of cratons or other sharp gradients in lithospheric
thickness because the associated lateral temperature gradients can
produce an “edge-driven” convective circulation in the astheno-
sphere (e.g., King and Anderson, 1998) that can lead to volcanism
(King and Ritsema, 2000).

The density inversion between the lithosphere and astheno-
sphere is not the only energy source that can drive small-scale
asthenospheric circulation and upwelling. For example, the
asthenosphere accommodates up to a few cm/yr of relative motion
between the lithospheric plates and the convecting mantle via
a shearing deformation that can be detected by observations
of seismic anisotropy (e.g., Silver and Holt, 2002; Conrad et al.,
2007). When asthenospheric shear occurs simultaneously with
small-scale convection, the density heterogeneity produced by
convection becomes elongated into roll-like circulatory struc-
tures known as “Richter Rolls” (e.g., Richter and Parsons, 1975;
Korenaga and Jordan, 2003). Less well-studied, however, is the
response of a shear flow to viscosity heterogeneity, either within
the asthenospheric layer (e.g., associated with thermal or chemi-
cal heterogeneities or pockets of melt) or associated with lateral
variations in lithospheric thickness (e.g., near a ridge or a cra-
tonic “edge”). In some engineering applications, for example, the
presence of a shear flow beneath an open fluid-filled “cavity” can
produce circulatory flow within the cavity at low Reynolds num-
bers (e.g., Shen and Floryan, 1985; Pakdel et al., 1997; Shankar
and Deshpande, 2000). Applied to the asthenosphere, this “shear-
driven cavity flow” may produce a type of upwelling that is not

associated with any convective process. Instead, the driver for this
type of upwelling is the relative motion between the plates and
mantle; upwelling flow is excited in this case by viscosity hetero-
geneity, rather than density heterogeneity (e.g., Fig. 1). In this study,

a lithospheric step on asthenospheric shear flow. In (a), arrows indicate velocity
he velocity imposed on the asthenospheric base at 200 km), while colors indicate
arrows indicate velocity direction and colors indicate magnitude of velocity. In (a)
flow at the base of the asthenosphere.
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e examine how asthenospheric shear flow may combine with
sthenospheric or lithospheric viscosity heterogeneity to produce
pwelling flow in the asthenosphere. We then examine the dynam-

cal situations where this type of “shear-driven upwelling” (SDU
ereafter) may generate mantle upwelling, and thus intraplate vol-
anism.

. Lithospheric viscosity variations: shear-driven cavity
ow

We first examine the response of asthenospheric shear flow to
variation in the basal topography of the lithosphere. Such varia-

ions are expected in the vicinity of mid-ocean ridges, continental
ifts, and cratonic roots. To describe asthenospheric shear flow
eneath these features, we turn first to the engineering literature,
here the fluid mechanics of highly viscous (low Reynolds num-

er) flows have been well studied. Here we examine flow beneath
ithospheric thickness variations in terms of the classic engineer-
ng problem known as “lid-driven” (e.g., Pakdel et al., 1997; Shankar
nd Deshpande, 2000; Gürcan, 2005) or “shear-driven” (e.g., Shen
nd Floryan, 1985; Pakdel et al., 1997; Shankar and Deshpande,
000) flow within a cavity. For the shear-driven cavity flow, most
ublished literature deals with a rectangular cavity added to one
all of a channel (Fig. 2); motion of the opposite wall generates

hear within the channel that excites flow within the cavity.

.1. Model setup

We study cavity flow using the finite element code ConMan
King et al., 1990), which is designed for two-dimensional study of
ncompressible viscous flow within the Earth’s mantle. We gener-
te asthenospheric shear flow (e.g., Fig. 1) by imposing rigid velocity
oundary conditions at the surface and a dimensionless velocity V
n the base of an asthenospheric channel that is Hasth = 100 km thick
nd contains fluid of viscosity �asth. Above the asthenosphere lies a
ithospheric layer with a high viscosity of 10,000�asth, which serves
o impose stationary conditions on the top of the asthenospheric
hannel (meaning that we are studying shear flow in the reference
rame of the surface plate; V then represents the full velocity con-

rast across the asthenosphere). We embed a cavity (with width WC,
eight HC, and viscosity �C) within the lithospheric layer (Fig. 2) in
rder to study flow patterns induced in the cavity by the driven
sthenospheric shear. The cavity height and width is made dimen-

ig. 2. Cartoon drawing of asthenospheric shear flow (driven by an imposed basal
elocity of V) beneath a stationary lithosphere that features a “cavity” of variable
eight HC and width WC and viscosity �C .
anetary Interiors 178 (2010) 162–175

sionless using the aspect ratio AC and the asthenospheric thickness
ratio TC,

AC = WC

HC
and TC = Hasth

Hasth + HC
(1)

TC expresses the relative asthenospheric thicknesses with and
without the cavity. To implement the viscosity heterogeneity
associated with the cavity, we combine an imposed temperature
field with temperature-dependent viscosity. Because the former
is nearly discontinuous, viscosity varies rapidly between the cav-
ity and the lithosphere and/or asthenosphere (for cases where
�C < �asth). Such rapid variations in viscosity between regions have
been investigated previously using ConMan (e.g., King and Hager,
1990), and allow both velocity and stress to vary continuously
across the boundary, while velocity derivatives (i.e., strain-rates)
are not continuous. A 30 km buffer zone (Fig. 2) is included between
the cavity walls and the side boundaries; tests showed that this
separation was sufficient to remove any sidewall influence on flow
within the cavity. Side boundary conditions are stress-free in the
horizontal direction and no-slip in the vertical direction, which
permit free horizontal flow into and out of the calculation. The
calculations performed here use resolutions of 0.5, 1.0, or 2.0 km
(depending on the cavity size), and thus require up to 300,000 finite
elements.

2.2. Numerical results

If the cavity viscosity is equal to that of the surrounding
asthenospehre (�C = �asth), the flow patterns within the cavity are
largely determined by the cavity dimensions. For narrow cavi-
ties, we observe a circulatory flow pattern that fills the entire
cavity (AC = 2 and TC = 0.85, Fig. 3a). This circulation is driven
from below by asthenospheric shear and includes shear-driven
upwelling (SDU) flow along the downstream wall of the cavity,
return flow along the cavity ceiling, and downwelling along the
upstream wall. As the aspect ratio grows (AC = 4 and TC = 0.85,
Fig. 3b), the walls of the cavity become increasingly separated and
the returning flow along the cavity ceiling diminishes. In this case,
circulatory flow and associated SDU is confined to the two inner
corners of the cavity while the rest of the cavity becomes filled with
a broad widening of the background asthenospheric shear flow. As
the cavity widens further (AC = 6 and TC = 0.85, Fig. 3c), the penetra-
tion of the asthenospheric shear flow into the cavity dominates the
cavity flow field. Note that in this case, SDU occurs on the down-
stream side of the cavity as part of the corner circulation, and on
the upstream side of the cavity as part of the widening shear flow.
These patterns of cavity flow have been documented previously
(Shankar and Deshpande, 2000) in laboratory (Shen and Floryan,
1985) and analytical (Gürcan, 2005) studies.

We characterize the full range of cavity flow behavior by varying
AC and TC. By examining the maximum upwelling velocity within
the cavity (Fig. 4a), we find that the fastest upwelling flow occurs for
the widest (large AC) and deepest (small TC) cavities. As discussed
above, a wide cavity permits penetration of the asthenospheric
shear flow into the cavity; a deeper cavity requires a more extensive
penetration of this flow, and thus permits a faster upwelling veloc-
ity. By examining the horizontal velocity at the cavity centerline at
a point 10% of the cavity thickness from the cavity ceiling (Fig. 4b),
we can determine the pattern of flow in the cavity. For narrow cav-
ities (small AC), these velocities are negative and represent return
flow from the cavity circulation (Fig. 3a). For wider cavities, these

velocities are positive and represent penetration of asthenospheric
shear flow into the cavity (Fig. 3c). The boundary between these
two regimes occurs when the horizontal velocity is approximately
zero at this depth (Fig. 4b). Shen and Floryan (1985) showed that
this transition occurred at an aspect ratio of about 3; we find that
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Fig. 3. Calculations of the flow field within the cavity depicted in Fig. 2, for three different aspect ratios of the cavity and TC = 0.85. Arrows indicate direction of flow, colors
indicate velocity magnitude as fraction of V, the imposed velocity at the base of the asthenosphere. Three different patterns of flow are shown. (a) For aspect ratio AC = 2,
the cavity is narrow enough that the asthenospheric shear flow cannot penetrate into t
occurring along the downstream wall of the cavity. (b) As the cavity widens, the asthenos
this flow reaches the cavity lid, eliminating the closed circulation that occurs for smaller a
(c) For larger aspect ratios (AC = 6 is shown here) the asthenospheric shear flow dominate

Fig. 4. Measurements of (a) the maximum upwelling flow within the cavity and (b)
the horizontal velocity at a point 10% of HC from the top of the cavity midpoint, as
a function of the aspect ratio AC and the cavity thickness ratio TC . The style of flow
can be determined from the direction of horizontal flow in (b), where blue negative
values indicate the presence of a closed circulation in the cavity (as in Fig. 3a), and
red positive values indicate a cavity flow field dominated by shear flow (as in Fig. 3c).
The boundary between these flows (lightest blue and pink interface) indicates the
transition between these two flows (as in Fig. 3b).
he cavity. Instead, a closed circulation develops within the cavity, with upwelling
pheric shear flow begins to penetrate into the cavity. At about AC = 4 (shown here),
spect ratios. Instead, individual circulatory cells develop in the corners of the cavity.
s in the center of the cavity, but circulation persists in the cavity corners.

the critical aspect ratio depends on TC, but is between 3 and 4 for
TC > 0.55. Shen and Floryan’s (1985) study assigns cavity dimen-
sions consistent with TC ∼ 0.94, but employ a Poiseuille-Couette
flow field that amplifies shear near the cavity mouth, leading to a
somewhat smaller effective TC. For TC ∼ 0.7, we find a critical aspect
ratio close to (but slightly larger than) the value of ∼3 that Shen
and Floryan (1985) observed, indicating a broad consistency of our
results with the engineering literature.

Because asthenosphere within a lithospheric cavity is likely to
reside closer to the solidus than deeper asthenosphere, its viscos-
ity may be lower (Schmeling and Bussod, 1996), particularly if it
is anomalously hot (e.g., Korenaga and Jordan, 2002) or wet (e.g.,
Hirth and Kohlstedt, 1996). To test how low cavity viscosities affect
SDU, we also examined the case where �C is smaller than �asth by
a factor of 10 (Fig. 5). The lower viscosity in the cavity causes more
of the deformation of the system to move from the channel into
the lower-viscosity cavity. This enhanced deformation of the cav-
ity fluid allows circulatory flow within the cavity for higher aspect
ratios (compare Fig. 5b and Fig. 4b), and generally increases the
magnitude of SDU for the circulatory flow regime (compare Fig. 5a
and Fig. 4a).

2.3. Shear-driven cavity flow within Earth’s asthenosphere

On Earth, cavities within the lithosphere are found beneath
mid-ocean ridges and continental rifts. However, because plate
spreading is associated with both of these tectonic environments,
the presence of persistent asthenospheric shear in one direction
is unlikely. Furthermore, volcanism in these systems can already
be well explained by passive upwelling associated with localized
extension. Nevertheless, if spreading ceases or becomes over-
whelmed by a shear flow induced by global mantle flow, then the
sub-lithospheric cavities associated with mid-ocean ridges or con-
tinental rifts might serve as hosts to SDU. The “edge” of a thick
craton, if present above asthenospheric shear, may also excite SDU,

and can be examined in terms of shear-driven cavity flow if we
assume a very wide cavity.

To evaluate the capacity of these geometrical configurations to
produce SDU, we estimate the ratios TC and AC, and refer to Figs.
4a and 5a to estimate the maximum rate of SDU relative to the
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When added above asthenosphere that is at least 150 km thick, we
ig. 5. Similar to Fig. 4, but for a low viscosity fluid within the cavity. Here, the cavity
uid is 10 times less viscous than the fluid of the rest of the asthenosphere.

riving shear flow. To evaluate the style of cavity flow, we refer to
igs. 4b and 5b. Full circulation within the cavity is indicated by the
lue regions of these figures; in these cases SDU should occur on
he “downstream” wall of the cavity (e.g., Fig. 3a; here and below,
downstream” refers to the direction of the shear flow with respect
o the stationary plate; “upstream” is the opposite direction). In the
ed regions of these figures, flow primarily follows the contours of
he lithospheric base (e.g., Fig. 3c). Although upwelling does occur
s the shear flow enters the cavity, the associated upwelling is gen-
rally diffuse and therefore slow. These cases also show that small
irculatory “vortices” also occur within the inside corners of the
pstream-facing steps (e.g., Fig. 3c). These vortices produce SDU
ith amplitudes only ∼0.1% of the shear velocity amplitude, and
ill only occur if these interior corners are sufficiently sharp. There-

ore, we do not expect significant SDU to be associated with these
nterior vortices for most geologic scenarios, which likely feature

ore gradually sloping edges and rounded corners. As a result, we
ill only consider SDU from a cavity flow to be significant if there

s a closed circulation within the cavity (as in Fig. 3a), as indicated
y the blue regions of Fig. 4b and c.

For a mid-ocean ridge, we estimate TC and AC by noting that the
hickness of the oceanic lithosphere increases rapidly away from
he ridge. At 10 Myr, the base of the lithosphere (approximated by
he 1000 ◦C isotherm) should be ∼30 km deep (e.g., Stein and Stein,
992). For the slowest spreading ridges (e.g., the mid-Atlantic ridge,
hich spreads at ∼2 cm/yr in places), the two 10 Myr isochrons are

bout 400 km apart. This yields TC ∼ 0.9 if the base of the astheno-
phere is 300 km deep, and A ∼ 13. The upwelling rate associated
C
ith SDU in this cavity is rather slow (Fig. 4A) and does not involve

irculatory flow (it is in the red area of Fig. 4b), primarily because
he cavity depth is small relative to the asthenospheric thickness,
nd does not induce significant velocity gradients near the cavity
anetary Interiors 178 (2010) 162–175

base. Slow and non-circulating flows are expected even if the cavity
is filled with low-viscosity fluid (Fig. 5), as expected if excess heat
or melting is present beneath the ridge. Therefore, shear-driven
cavity flow may only form beneath a ridge if asthenospheric shear
becomes concentrated within a much narrower (∼100 km, yielding
AC ∼ 3) region immediately beneath the ridge, perhaps via viscous
layering of the asthenosphere. Even so, the edges of such a cav-
ity are likely to be sloping, which would tend to make the cavity
effectively shallower and wider, both of which tend to diminish
circulatory flow.

Continental rifting may provide a greater opportunity for SDU
because existing continental lithosphere can be thicker than new
oceanic lithosphere, and therefore produce a deeper cavity. For
example, tomographic studies of the Rio Grande rift (West et
al., 2004), show a ∼200 km wide low-velocity anomaly extend-
ing 100–200 km beneath the surface and surrounded by a 100 km
thick layer with a faster velocity anomaly (van Wijk et al., 2008).
Again assuming a 300 km depth to the asthenospheric base, we
estimate TC ∼ 0.67 and a cavity aspect ratio of only about 2. This
combination of parameters allows for circulatory flow within the
cavity (blue regions of Fig. 4b and 5b), with amplitudes of up to
about 4% of the shear flow amplitude if the cavity is filled with
low-viscosity fluid (Fig. 5a). Since the amplitude of asthenospheric
shear cannot be greater than the rate of plate motions, which can be
up to about 5 cm/yr for continental plates, then SDU within a con-
tinental rift could induce upwelling rates of up to about 0.2 cm/yr
within the rift, particularly against the downstream wall of the sub-
lithospheric rift cavity. Again, the amplitude and likelihood of such
upwelling may be diminished if the slopes of the cavity walls are
significant relative to the size of the cavity, as they may be for most
rift systems.

We also investigate the possibility of SDU forming against the
edge of a large variation in lithospheric thickness, such as the side
of a cratonic root, by considering only one wall of a large aspect
ratio cavity (e.g., AC > 10, Figs. 4 and 5). Cratons may penetrate as
deeply as 200–300 km or more (e.g., Jaupart and Mareschal, 1999),
which indicates TC < 0.5 if the surrounding lithosphere is 100 km
thick and the asthenospheric base is 300 km deep. For a uniform
viscosity asthenosphere, the flow field within the “cavity” (in this
case the portion of the asthenosphere bounded by the step) is non-
circulatory (red area of Fig. 4b) and simply responds to the changing
asthenospheric thickness; the shear flow is downward beneath an
upstream-facing step and upward beneath a downstream-facing
step (Fig. 3c). If the asthenosphere is layered, however, such that the
fluid next to the step is low-viscosity, then our calculations show
that a large step induces a “return flow” in the upper asthenosphere
(Fig. 5b is blue for TC < 0.6). In this case, we expect upwelling against
an upstream-facing step (e.g., Fig. 3a, but for large aspect ratio) with
an amplitude that can be 10% of the shear amplitude (Fig. 5a), or
0.5 cm/yr for a 5 cm/yr shear flow. Any slope to a cratonic “edge”
likely occurs on wavelengths shorter than those of the craton itself,
and therefore should not affect the presence of upwelling flow in
the vicinity of a cratonic edge. However, such sloping basal topogra-
phy should cause any induced upwelling to become more laterally
distributed than it is for the vertical cavity walls modeled here,
which would reduce the maximum rate of upwelling.

Finally, rapid variations in lithospheric thickness may occur in
non-cratonic regions as well, such as near the Basin and Range
province, where a sharp ∼50 km increase in lithospheric thick-
ness has been documented (Zandt et al., 1995) near volcanism that
seems to arise from asthenospheric melting (Wang et al., 2002).
estimate TC > 0.7 for these non-cratonic lithospheric steps. These
shallower steps do not produce a return flow in the astheno-
sphere (Fig. 4b), even for a low-viscosity upper asthenosphere
(Fig. 5b). Thus, although large steps (TC > 0.5) may produce SDU for
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ither upstream- or downstream-facing orientations, smaller steps
TC > 0.7) will only generate SDU if they face downstream.

. Asthenospheric viscosity variations: circulatory flow in a
ow-viscosity “pocket”

A geophysically interesting variation of the shear-driven cavity
ow, which has not been explored in the engineering literature,

nvolves relaxing the rigidity of the cavity-containing layer. In this
ase, the “cavity” becomes a region of relatively low-viscosity that
s embedded within the shearing layer (Fig. 6). The viscosity het-
rogeneity in this case may result from the presence of “pockets”
f mantle with unusually high temperature, volatile concentra-
ion, or melt fraction, or small grain size, which produce regions
f anomalously low viscosity within a shearing asthenospheric
ayer. Here we examine patterns of viscous flow within a low-
iscosity “pocket” that is subjected to rapid asthenospheric
hear.

.1. Model setup

To study the response of asthenospheric viscosity heterogeneity
o imposed shear flow, we again set up viscous flow calcula-
ions using the finite element code ConMan (King et al., 1990).
s before, we induce shear flow in a 100 km thick asthenospheric

ayer (viscosity �asth) by imposing a basal velocity V while hold-
ng the high-viscosity lithosphere (viscosity 10,000�asth) stationary
Fig. 6). To introduce lateral heterogeneity into the asthenospheric
ayer, we assign low viscosities (�LV < �asth, implemented similarly
o the lithospheric cavity) to a rectangular region (width WLV and
eight HLV) that is located a depth DLV beneath the base of the litho-
phere (Fig. 6). We thus define the dimensionless aspect ratio ALV,
eight H′

LV , depth D′
LV , and viscosity �′

LV of the low-viscosity region
sing,

LV = WLV

HLV
, H′

LV = HLV

Hasth
, D′

LV = DLV

Hasth
, and �′

LV = �LV

�asth
.

(2)

e use 1 km resolution for these calculations, and extend the stud-
ed box by 100 and 20 km on the upstream and downstream sides

f the pocket, respectively. To maintain a basic shear flow pattern
ithin the asthenosphere for all cases, we utilize free flow con-
itions on the left side, and impose a simple Couette flow (for a
niform viscosity layer) condition on the right side (Fig. 6). This con-
ition prevents deviations from a governing background shear flow

ig. 6. Cartoon drawing of asthenospheric shear flow (driven by an imposed basal
elocity of V) with an embedded “pocket” of low-viscosity fluid (the Low Viscosity
egion, LVR) of variable height HLV, width WLV, depth DLV, and viscosity �LV, as
hown.
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that occasionally occur when the low-viscosity pocket occupies a
large fraction of the asthenospheric volume.

3.2. Numerical results

To examine the variety of flow patterns that are excited within
the low viscosity pocket by the shear flow, we first varied both
the height H′

LV and aspect ratio ALV of the pocket region, while
keeping the surface of the pocket flush with the base of the litho-
sphere (D′

LV = 0). For some cases, we find that circulatory flow
develops within the pocket (Fig. 7b) because the shear flow imposes
a horizontal velocity condition on the base of the pocket while the
surface of the pocket is held fixed by the presence of the high-
viscosity stationary lithosphere. Because the fluid in the pocket
is low-viscosity, these two external forces produce a circulatory
flow within the pocket, similar to what occurs for the cavity flow
described above. Superimposed on this circulatory flow, however,
is the background shear flow of the surrounding asthenospheric
layer. If the low-viscosity pocket’s vertical extent spans a large
fraction of the asthenosphere height (i.e., H′

LV > 0.7), then this
background shear flow tends to overwhelm the circulatory flow.
Alternatively, a wider and thinner pocket causes the system to
behave as a layered structure, concentrating asthenospheric shear
within the pocket where the low-viscosity permits more rapid
deformation.

As an example, first consider flow in a cavity extending through
80% of the asthenosphere (H′

LV = 0.8 and ALV = 4, Fig. 7a). In this
case the background shear flow dominates and there is no return
flow within the cavity, but the presence of weak circulatory behav-
ior is evident by upward- and downward-deflected velocities on
the upstream and downstream sides of the pocket (respectively).
On the other hand, if the pocket aspect ratio is less than about 2
(ALV < 2), then the pocket becomes too small for a significant circula-
tion to develop in response to the background shear. This is because
circulatory flow requires the pocket fluid to turn around the cor-
ners of the pocket, and for smaller pockets the energy required for
this turning deformation become prohibitive. Thus, smaller pockets
exhibit shear deformation similar to the rest of the asthenosphere
(Fig. 7c), rather than generating their own internal circulation.
These examples show that we should expect circulatory flow (e.g.,
as in Fig. 7b) to be excited within the pocket only for a limited
range of pocket geometries. Because pocket deformation depends
strongly on the viscosity of the pocket, we expect this range to
depend on the rheological contrast between the pocket and the
background asthenosphere (�′

LV = �LV /�asth).
To look for the geometrical conditions that lead to circula-

tory pocket flow, we measured the maximum upwelling velocity
within the pocket region (Fig. 8a–d) and the horizontal velocity
at a location 10% of H′

LV below the top of the pocket (Fig. 8e–h).
For a large viscosity contrast between the pocket and the astheno-
sphere (�′

LV = 0.01, as in Fig. 7), we detect upwelling flow for
ALV > 3 and 0.1 < H′

LV < 0.7 (Fig. 8a). The presence of a negative
horizontal velocity near the top of the pocket confirms that this
upwelling is part of a circulatory flow within the pocket (Fig. 8e).
For a pocket that is 100 times less viscous than the asthenosphere
(�′

LV = 0.01), the maximum upwelling velocity in the pocket can
be up to about 20% of the maximum shear velocity contrast for
ALV > 6 and 0.3 < H′

LV < 0.5 (Fig. 8a). As the viscosity of the pocket
increases toward the asthenosphere viscosity, the pocket geome-
tries that produce circulatory flow remain approximately the same,
but the vigor of circulatory flow within the pocket decreases (Fig. 8).

For �′

LV = 0.03, the maximum upwelling velocity is less than 10%
of the shear velocity contrast (Fig. 8b), while at �′

LV = 0.1 it has
decreased to less than 3% (Fig. 8c) and is undetectable for �′

LV = 0.3
(Fig. 8d). The amplitudes of the horizontal velocities near the top
of the pocket confirm these trends (Fig. 8e–h), as does a plot of the
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ig. 7. The flow field within a pocket of low-viscosity fluid (as depicted in Fig. 6) w
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. Arrows show the flow field direction, while colors pr
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LV (Fig. 9, red line).

Finally, we find that the positioning of the pocket deeper within
he asthenospheric layer (increasing D′

LV ), tends to decrease the
agnitude of circulatory flow within the pocket (Fig. 9). This is

ecause the lithosphere forms a solid unmoving upper boundary
or the pocket if D′

LV = 0, but the deformability of the fluid above
he pocket increases as D′

LV increases. If the fluid above the pocket is
eformable, then the shear flow can redistribute itself into the fluid
bove the pocket. In this case, the pocket rides along with the flow,
nd the circulatory deformation within the pocket is diminished.

.3. Interaction of a low-viscosity “pocket” with a lithospheric
tep

Because SDU is produced by shear flow acting on both litho-
pheric steps and asthenospheric pockets, we can ask whether
hese types of flow could act together to augment upwelling rates.
o test this, we placed a low-viscosity pocket (Fig. 1, using ALV = 5,
′
LV = 0.3 or 0.4, and �′

LV = 0.01) upstream of a lithospheric step
unction (height 30 km) and measured the maximum upwelling as
efore. We found that as the pocket gets closer to the step, the max-

mum upwelling velocity decreases slightly. This is because near
he lithospheric step, the pocket upwelling occurs where the step
orces the flow downward (Fig. 1); the two flows partially cancel.
imilarly, if the pocket is located downstream from a downstream-
acing lithospheric edge (e.g., if the direction of shear is reversed in
ig. 1), then by symmetry the upwelling flow around the step would
artially cancel the downwelling flow of (now reversed) circulation
ithin the low-viscosity pocket. We found that the effect of com-

ining the two flows was larger for thinner asthenosphere because
he relative deflection of the flow by the step is larger. However,
he fastest upwelling is generated by the low-viscosity pocket, and
s a result pocket flow is only slightly affected (by at most about
0%, and only if the pocket is within 40 km of the lithospheric step
or the example in Fig. 1) by the presence of a lithospheric step.
.4. Low-viscosity pocket flow within Earth’s asthenosphere

Tomographic studies of the asthenosphere show low-velocity
nomalies with a variety of geometries and sizes. For example,
cosity �′
LV

= �LV /�asth = 0.01, for three different choices of pocket aspect ratio ALV

the magnitude of flow.

detailed tomography of the mantle beneath the Basin and Range
region shows several regions with anomalously slow seismic veloc-
ity that were first observed by Humphreys and Dueker (1994), but
appear differently in various tomographic studies since. Dueker et
al. (2001) show low-velocity regions that range in width from about
100 to 300 km, and in height from about 50 to 200 km; similarly nar-
row pockets of slow seismic velocity have since been detected by
Moschetti et al. (2007). Considering an asthenospheric layer that is
∼200 km thick, these values indicate that H′

LV may vary between
0.25 and 1.0, and ALV between 0.5 and 6. Other, lower resolution,
tomographic images show wider anomalies, even in the basin and
range region (e.g., van der Lee and Frederiksen, 2005), which indi-
cates that a wide variety of pocket aspect ratios are possible. The
depth of the possible anomalies beneath the lithosphere is not well
constrained, but Dueker et al. (2001) show low velocity anomalies
that extend up to ∼50 km depth, close to others’ estimates of the
depth to the lithospheric base (e.g., Zandt et al., 1995). Thus, D′

LV
may be as small as zero for the low-velocity anomalies detected by
Dueker et al. (2001). Taken together, these constraints allow for the
possibility that the interaction of asthenospheric shear flow with
low-velocity anomalies may produce localized upwelling flow on
the downstream side of these anomalies with amplitudes up to 20%
of the shear flow magnitude (Fig. 8a). If we consider 5 cm/yr of shear
flow, then the rate of upwelling flow could be up to 1 cm/yr. This
estimate can be regarded as an upper bound on the rate of astheno-
spheric upwelling because the low-viscosity region must be more
than 100 times less viscous than the surrounding asthenosphere
(�′

LV = 0.01) and approximately 80 km high by 480 km wide (yield-
ing ALV = 6 and H′

LV = 0.4 for a 200 km thick asthenosphere). These
sizes are close to the extreme values estimated from Dueker et al.’s
(2001) images and most anomalies feature a smaller aspect ratio.

The magnitude of the viscosity heterogeneity that could be asso-
ciated with low-viscosity pockets is not clear. The magnitude of
the slow velocity anomalies in Dueker et al.’s (2001) images are
up to about −1.5%. For a background shear wave speed of 4.5 km/s,
this indicates a shear velocity anomaly of about 70 m/s, which is

half that of the slow-velocity anomalies of ∼150 m/s estimated
for the same region by van der Lee and Frederiksen (2005). If the
anomaly has a thermal origin, then we can convert this 70–150 m/s
velocity anomaly to a 10–20 kg/m3 density anomaly and then to a
100–200 K thermal anomaly (assuming a density conversion factor
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Fig. 8. Summary (similar to Fig. 4) of the upwelling flow and return flow within the low viscosity pocket. Here the pocket viscosity is �′
LV

= �LV /�asth = 0.01 for (a and e), 0.03
f maxim
v ates d
w

o
o
t
m
i
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s
t
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i

or (b and f), 0.1 for (c and g), and 0.3 for (d and h). As in Fig. 4a, parts (a–d) show the
elocity at a depth 10% of HLV from the top of the pocket, where red (positive) indic
ithin the pocket (as in Fig. 7b).

f 0.15 g cm3 km−1 s (e.g., Conrad et al., 2007), a thermal expansivity
f 3 × 10−5 K−1, and a background density of 3300 kg/m3). Because
emperature-dependent viscosity tends to produce an order of

agnitude decrease in viscosity for every 100 ◦C of temperature
ncrease (e.g., Kohlstedt et al., 1995), a thermal anomaly of up to
00 ◦C could be up to 2 orders of magnitude less viscous than its

urroundings, giving �′

LV = 0.01. As discussed above, pockets with
his viscosity contrast could produce SDU with upwelling rates as
arge as 1 cm/yr if driven by 5 cm/yr of asthenospheric shear.

If, on the other hand, the anomalies are associated with melt-
ng, then a melt fraction of 0.5–1% would be associated with a
um upwelling velocity in the pocket. As in Fig. 4b, parts (e–h) show the horizontal
ownstream flow (as in Fig. 7a and c) and blue (negative) indicates circulatory flow

1.5–3.0% shear-wave velocity anomaly (assuming a conversion fac-
tor of 3.3% S-wave anomaly per percent melt fraction (Schmeling,
1985), as others have used (e.g., Toomey et al., 1998; Rychert et
al., 2005)). Generally, an order of magnitude decrease in viscos-
ity, which is necessary to produce SDU (Fig. 8), requires at least
a ∼4% melt fraction (e.g., Hirth and Kohlstedt, 1995a,b), although

melt fractions of only a few percent may be required for small grain
sizes (Kohlstedt and Zimmerman, 1996). On the other hand, some
studies have suggested that the presence of melt may tend to dehy-
drate the solid minerals, which could increase net viscosity, not
decrease it (Karato, 1986). Thus, partial melt, especially occurring
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ig. 9. The maximum upwelling velocity as a function of the pocket viscosity �′
LV

=
LV /�asth and the depth D′

LV
of the top of the pocket beneath the lithospheric base

D′
LV

= 0 for red, 0.1 for blue, and 0.3 for green).

ithin hydrated asthenosphere, is not likely to produce a sufficient
eduction in viscosity to generate SDU, unless this melt is accompa-
ied by a thermal anomaly or grain-size reduction that also reduces
iscosity.

Finally, a heterogeneous concentration of water or other
olatiles may produce low-viscosity pockets with anomalously
low seismic velocity. Hydration near the lithospheric base can
roduce a velocity drop of up to about 4.3% (e.g., Rychert et al.,
005, based on Karato and Jung, 1998 and Gaherty et al., 1999).
ecause the effect of hydration (at a level of 810 ± 490 H/106 Si)
n upper mantle viscosity can be more than a factor of 100
Hirth and Kohlstedt, 1996), hydration of olivine should decrease
iscosity sufficiently to produce SDU. Thus, it is possible that low-
iscosity “pockets” of hydrated asthenosphere may lead to SDU if
ubjected to vigorous asthenospheric shear. Other compositional
eterogeneity, possibly associated with other volatiles, grain-size
eduction, or a variable melt extraction history, may also con-
ribute to the total viscosity heterogeneity. Thus, there are several

echanisms (thermal, melting, volatile, chemical, or grain-size)
hat could contribute to a factor of ∼100 decrease in viscosity
ithin “pockets” of asthenospheric mantle. We estimate that SDU
roduced by the action of asthenospheric shear on these regions
an produce upwelling rates of up to 1 cm/yr. If asthenospheric
ource rocks are close to solidus, this upwelling can generate
elting, inducing melting instabilities and/or intraplate volcan-

sm.

. Upwelling, melting, and surface volcanism

Viscosity heterogeneity in the asthenosphere or lithosphere,
hich is necessary to produce SDU, is generally caused by ther-
al, melting, or volatile anomalies that are also associated with

nomalously low mantle density. Thus SDU may be at least partially
nfluenced by upwelling driven by density heterogeneity linked to
he viscosity heterogeneity. If externally imposed shear is suffi-
iently large, then SDU will overwhelm any buoyancy-driven flows.
n the other hand, buoyancy-driven flow will dominate if the

hear flow is sufficiently weak. In between, upwelling flow will be
riven by a combination of both shear-driven and density-driven

echanisms, which may interact and potentially augment each

ther. Below we determine the scenarios under which SDU con-
rols, rather than merely augments, asthenospheric upwelling and
olcanism. For the cases where SDU is dominating, we estimate the
ates of asthenospheric melting and surface volcanism that would
e expected.
anetary Interiors 178 (2010) 162–175

4.1. Upwelling beneath lithospheric cavities and steps

We have already shown that SDU in an optimally shaped
lithospheric cavity or step may be at most about 4% or 10% of
the imposed shear magnitude, respectively. For these cases, the
viscosity heterogeneity that drives the SDU is associated with
the lithosphere–asthenosphere boundary. If this boundary results
from temperature heterogeneity, the high-viscosity lithosphere
will be denser than the underlying asthenosphere, and there-
fore prone to convective instability. The thickness of the basal
lithosphere that actually participates in sub-lithospheric small-
scale convection depends strongly on the variation of viscosity
within the dense lithosphere (Conrad and Molnar, 1999). If vis-
cosity varies only weakly with temperature, then a significant
portion of the lower lithosphere may be weak enough to be
removed by dripping instabilities and subsequently replaced by ris-
ing asthenosphere. If viscosity varies rapidly, however, most of the
lithosphere may be strong enough to resist instability, which would
diminish density-driven upwelling flow and also preserve the vis-
cosity heterogeneity necessary for driving SDU. Using a moderate
temperature-dependence of viscosity (with an activation energy
of EA = 200 kJ/mol), Korenaga and Jordan (2002) developed mod-
els of convective instabilities within lithospheric cavities and steps
in the absence of asthenospheric shear. They computed upwelling
rates of about 10 cm/yr assuming an asthenospheric viscosity of
1018 Pa s, which is consistent with estimates obtained from bound-
ary layer theory. Upwelling rates, however, scale inversely with
asthenospheric viscosity, and thus should be only ∼1 or 0.1 cm/yr
for asthenospheric viscosities of 1019 or 1020 Pa s, and even smaller
if the temperature dependence of viscosity is greater (e.g., Hirth and
Kohlstedt (1996) found EA > 200 kJ/mol).

On Earth, asthenospheric shear is at most about 15 cm/yr (e.g.,
in the eastern Pacific) and in most places, especially continen-
tal environments, the rate of shear will be generally closer to
5 cm/yr or smaller. Given that SDU rates are at most ∼4% to ∼10%
of the asthenospheric shear rate (for cavities and steps, respec-
tively), the SDU will only control sublithospheric upwelling if
density-driven upwelling is slower than 0.2–0.6 cm/yr near cav-
ities and slower than 0.5–1.5 cm/yr near steps. This requires an
asthenospheric viscosity of more than about 1–5 × 1019 Pa s and/or
a very sharp lithosphere–asthenosphere boundary that prevents
cold lithosphere from dripping into the asthenosphere. The long-
term stability of cratonic roots argues for a highly viscous cratonic
lithosphere (Lenardic and Moresi, 1999), and the detection of
sharp discontinuities within, and at the base of, continental litho-
sphere (Rychert et al., 2005; Rychert and Shearer, 2009) suggests
that compositional heterogeneity may at least partially stabilize
the lithosphere’s basal structure. Thus, our requirement of sharp
and sustained lithospheric topography may be reasonable in some
cases, and for regions where asthenospheric shear flow is of order
5–10 cm/yr or more, it may be possible for SDU to dominate
upwelling within a lithospheric cavity or step.

4.2. Upwelling within low-viscosity pockets

We have shown that a “pocket” of fluid embedded within a
shearing asthenosphere can generate upwelling at rates up to ∼20%
of the imposed asthenospheric shear rate if the pocket is of optimal
size and at least 2 orders of magnitude less viscous than the sur-
rounding asthenosphere. However, the thermal, melt, or volatile
conditions that can generate a pocket with a sufficient viscos-

ity drop will also decrease the density of that pocket, which will
induce upwelling flow that may overwhelm SDU. We estimate
above that the required factor of 100 viscosity drop can be pro-
duced by a temperature increase of 200 ◦C, the presence of ∼4% melt
(if an accompanying a grain-size reduction is present Kohlstedt
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nd Zimmerman, 1996), or hydration of olivine corresponding to
810 ± 490 H/106 Si (Hirth and Kohlstedt, 1996). Of these, the most

traightforward estimate of density is for 200 ◦C excess tempera-
ure in the thermal pocket, which will induce a decrease of ∼0.6%
assuming a thermal expansivity of 3 × 10−5 K−1), or ∼20 kg/m3.
ractional melting has been shown to decrease peridotite density
y ∼0.06% per 1% melt (Schutt and Lesher, 2006), which would pro-
uce 0.24% density reduction for 4% melt, or 8 kg/m3. This assumes
hat the low-density melt is not removed from the system (e.g., to
roduce volcanism), which would produce a net increase in den-
ity and would also increase the viscosity of the remaining solid
Karato, 1986). Hydration of solid olivine is accommodated by crys-
al defects that produce approximately 1 metal vacancy for every
H (Zhao et al., 2004), so 810 H/106 Si will add ∼400 vacancies
er 106 Si, decreasing density by ∼0.04%, or only ∼1.3 kg/m3 (G.
irth, personal communication). However, the additional hydrogen
nd the increased compressibility of the defective olivine should
end to increase the density, partially negating the decrease due
o vacancy introduction. Thus, we roughly estimate that olivine
ydration should decrease density by at most ∼1 kg/m3 in the
bsence of melting, which should not generate significant buoy-
nt upwelling. Once the hydrated rock partially melts, however,
ater will tend to move into the melt (Karato, 1986), which will

ncrease viscosity. Noting these potentially complicated interac-
ions between temperature, melt, and hydration, we estimate that
hese viscosity-decreasing factors will decrease density by ∼20, ∼8,
nd 1 kg/m3, respectively.

The decreased densities of the low-viscosity pocket will tend
o cause that pocket to rise within the asthenosphere. However,
e found that SDU was most efficiently excited if the pocket
as located immediately beneath the lithosphere (that is, DLV = 0),
hich means that the pocket as a whole cannot continue to rise
ithin the asthenosphere. Instead, a buoyant pocket will spread

eneath the lithosphere as a gravity current, the fluid dynam-
cs of which were discussed by Huppert (1982), and adapted for
ub-lithospheric flows (especially plumes) by Bercovici and Lin
1996). In particular, Bercovici & Lin (1996, Fig. 1) showed that a
ompositionally buoyant disc of fluid that is about 103 times less
iscous than its surroundings will thin by about 20% in a dimen-
ionless time of about 7.2. To dimensionalize this quantity, we
ultiply by H2

0/12�, where � = 10−6 m2/s is the thermal diffusiv-

ty and H0 = (80��LV V0/��g)1/6 is a dimensionless length scale
adapted here from Eq. (16) of Bercovici and Lin, 1996). Assum-
ng a pocket viscosity of �LV = 1017 Pa s, a pocket volume of V0 =
(WLV /2)2HLV = �(500 km/2)2(80 km), and a density contrast of
� = 20 kg/m3 for a thermal anomaly, we obtain a dimensionless

ime of 2.3 Myr. Thinning a pocket of initial thickness HLV = 80 km
y 16 km (20%) in 7.2 dimensionless time units (16.6 Myr) causes
he pocket base to move upward at only 0.1 cm/yr. Density con-
rasts consistent with melt or hydration of the pocket correspond
o even slower upward rates of 0.07 and 0.04 cm/yr, respectively. By
omparison, we found that upwelling rates of ∼20% of the imposed
sthenospheric shear rate are produced by SDU (for a viscosity
ontrast of 100 (Fig. 9), and presumably are even larger for the vis-
osity contrast of 1000 considered by Bercovici and Lin, 1996). Thus,
ven an asthenosphere shearing at a rate of only 1 cm/yr should
roduce a faster SDU (0.2 cm/yr) than is produced by the fastest
ravity current (0.1 cm/yr) that would accompany the presence of
he thermal pocket. SDU within melt or hydration pockets will be
aster than gravity currents even if shear is only 0.7 and 0.4 cm/yr,
espectively.

Thus, gravitational spreading of a low-viscosity and buoyant

pocket” beneath the lithospheric base should produce vertical
ise rates that are slow compared to rates of induced SDU. This is
ecause the gravity current produces primarily horizontal motion
eneath the lithospheric base, which is slowed significantly in the
anetary Interiors 178 (2010) 162–175 171

case of a large viscosity contrast (Bercovici and Lin, 1996). More
significant density-driven vertical motions may be associated with
lithospheric “drips” into the low-viscosity pocket from above (e.g.,
Korenaga and Jordan, 2002), as described above for flow within
lithospheric cavities and steps.

4.3. Surface volcanism produced by shear-driven upwelling

Upwelling flow will lead to decompression melting and melt-
ing instabilities if mantle rocks are already at their solidus (e.g.,
Raddick et al., 2002; Hernlund et al., 2008a,b). If asthenosphere
is slightly below its solidus, then decompression melting can still
occur if upwelling brings anomalously hot material upward from
depth (e.g., Raddick et al., 2002) faster than thermal diffusion can
equilibrate this material with its cooler surroundings. Although the
height Hup that a hot fluid parcel must rise before it melts depends
on the solidus and the parcel’s initial depth and anomalous temper-
ature, for SDU this rise height cannot be larger than the upwelling
column (i.e., Hup is smaller than HC or HLV). Thus, an upper limit
on the timescale for upwelling can be approximated as Hup/Vup,
where Vup is the rise velocity. This timescale must be shorter than
the timescale for lateral diffusion of this anomalously hot mantle,
which we can approximate as W2

up/� where � = 10−6 m2/s is the
thermal diffusivity and Wup is the width of the upwelling. Thus, for
a subsolidus asthenosphere, SDU can induce melting if (1) a suf-
ficiently hot parcel is present at the SDU base and (2) upwelling
is faster than Vup > �Hup/W2

up. We found above that HC ∼ 100 km
excites SDU for typical cavities and steps, and HLV ∼ 100 km for SDU
in asthenospheric pockets (∼50% of Hasth). For cavity flow (Fig. 3a),
the upwelling portion conservatively occupies ∼25% of the cavity
width, or Wup ∼ 50 km if the cavity is 200 km wide. Upwelling in
asthenospheric pockets occupies about 10% of the pocket width
(Fig. 7b), or also Wup ∼ 50 km for a 500 km wide pocket. Using
these values, we roughly estimate that SDU of hot mantle must
be faster than at most Vup ∼ 0.1 cm/yr for melting to occur in an
otherwise sub-solidus asthenosphere. Smaller minimum values of
Vup are permitted for high anomalous temperature of a parcel or
if the ambient mantle temperature is near the solidus, because
these factor decrease Hup (e.g., Hup ∼ 0 and Vup ∼ 0 if the astheno-
sphere is at its solidus). Nevertheless, our upper bound estimate
of Vup ∼ 0.1 cm/yr is slower than rates we estimated above for SDU
in optimally sized cavities (0.2 cm/yr), steps (0.5 cm/yr), and pock-
ets (1.0 cm/yr) that are shearing at 5 cm/yr. Therefore, we should
expect SDU to induce melting even if it is bringing heated mantle
into a sub-solidus asthenosphere. Below we estimate rates of melt-
ing and surface volcanism assuming, as others have done (Raddick
et al., 2002; Bianco et al., 2005; Hernlund et al., 2008a,b; Ballmer et
al., 2007), that the asthenosphere is already very close to its solidus.
However, for asthenosphere that is cooler than the solidus, it should
be remembered that some component of upwelling will be devoted
to elevating temperatures to the solidus before melting can occur,
which will diminish total rates of melting and volcanism.

Assuming a near-solidus asthenosphere, we can estimate the
rate of volcanism associated with SDU by first estimating the
volume of melt that is produced by decompression melting. The
fractional melting, f, produced by upwelling can be estimated by
assuming vertical gradients for the solidus and adiabat, as well as
melting parameters such as the latent heat of fusion and the spe-
cific heat (e.g., Phipps Morgan, 2001). Using estimates for these
quantities, Raddick et al. (2002) estimated an adiabatic melt pro-
duction of df/dz = 0.27% per km of upwelling. The melting behavior
of upwelling mantle is actually more complicated and depends on

the melting history and initial peridotite composition (e.g., Asimow
et al., 1997; Phipps Morgan, 2001). For example, although olivine
hydration may decrease the viscosity of the asthenosphere, and
consequently induce SDU in a low-viscosity pocket, the increased
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ater content also tends to lower df/dz while increasing the depth
t which peridotite crosses its solidus (e.g., Hirschmann et al., 1999).
t is also important to consider the depth and thickness of the
epleted layer (or residual mantle column), which may depend on
onditions during previous melting episodes (e.g., Langmuir et al.,
992), relative to the depth at which upwelling occurs. If upwelling

s focused in an already-depleted region of the mantle column, the
otal rate of melt production will be decreased. For example, mid-
cean ridge melting results in depletion that decreases with depth
eneath oceanic lithosphere, whereas continental sub-lithosphere
ay have more complicated depletion profiles. Note that we do

ot expect pocket or cavity fluid to pass through a region of SDU
ore than once because recirculation times are typically longer

han the expected lifetime of the driving shear flow (e.g., a com-
lete circuit of a 500 km wide pocket at 1 cm/yr would require
ore than 100 Myr). A full study of melt production by SDU would

imultaneously consider a range of mantle potential temperatures,
eridotite equilibrium conditions, mantle dynamics and residual
antle columns (e.g., Langmuir et al., 1992; Ito and Mahoney,

005). We leave such a treatment for future work, but here provide
first-order estimate of SDU melt production using Raddick et al.’s

2002) simple expression. In doing so, we assume, as others have,
hat decompression of the residual mantle column can reinitiate

elting of the depleted layer (e.g., Bianco et al., 2005; Hernlund et
l., 2008a,b; Ballmer et al., 2007).

By integrating the product of the adiabatic melt production
df/dz) and the upwelling rate through the thickness of the melting
egion, we can estimate the total rate of melt production (M) for a
iven column of rising asthenosphere. Although we have measured
he maximum rate of upwelling, Vmax, for SDU generated by lith-
ospheric topography (Figs. 4 and 5) and asthenospheric pockets
Fig. 8), it is clear from Figs. 3 and 7 that this maximum rate does
ot apply for the entire upwelling column. We assume for simplic-

ty that the rate of upwelling varies linearly with depth between
max occurring within the anomaly and diminishing to zero at its
op and bottom. For constant df/dz, the melting rate is:

= df

dz

H

2
Vmax (3)

here H is the thickness of the SDU-inducing viscosity hetero-
eneity, which is given by HC = Hasth(1 − TC)/TC for cavities using (1)
nd HLV = HasthH′

LV for pockets using (2). Using estimates for the
ithospheric cavity considered above (Section 2.3; Hasth = 200 km,
C = 0.67, and Vmax = 0.2 cm/yr which is 4% of 5 cm/yr imposed
hear), and df/dz = 0.27%/km, we obtain a melt production rate
f M = 0.32 km/Myr (assuming mantle and crustal densities of
300 kg/m3 and 2800 km/m3, respectively). This means that a layer
f melt 0.32 km thick is produced every Myr above the upwelling
egion of the lithospheric cavity. A lithospheric step (Section 2.3;
asth = 200 km, TC = 0.5, and Vmax = 0.5 cm/yr which is 10% of 5 cm/yr

mposed shear) should produce even faster rates of volcanism
f M = 0.80 km/Myr. Finally, the fastest rates of SDU-induced vol-
anism are associated with a low-viscosity asthenospheric pocket
Section 3.4; Hasth = 200 km, H′

LV = 0.4, and Vmax = 1.0 cm/yr which
s 20% of 5 cm/yr imposed shear), for which we find M = 2.5 km/Myr.
hese estimates of upwelling assume that all of the melt that is
roduced in the upwelling column is erupted onto the surface.
lthough the eruption efficiency is uncertain and may be quite
ariable, it is thought that a large fraction of produced melts are
rupted onto the surface (Trial et al., 1992). The above estimates
f total melt production should probably be at least halved when

onverted into rates of surface eruption, giving a range of at most
.16–1.3 km/Myr.

Basaltic oceanic crust averages ∼7 km thick or more (e.g., White
t al., 1992), suggesting that mid-ocean ridge volcanism produces
ignificantly more melt than we expect from SDU, which is not sur-
anetary Interiors 178 (2010) 162–175

prising. Intraplate volcanism, however, can be significantly weaker
and is potentially attributable to SDU. For example, at Crater Flat
in Nevada, a region of basaltic volcanism in the Basin and Range
Province, a minimum of approximately ∼0.15–0.18 km3 erupted in
Pleistocene (Valentine et al., 2006), and more if additional basalt
has been buried by alluvium. This volcanism may have been mono-
genetic, with each cone forming in a matter of years, but the total
time span of volcanism was between 0.1 and 0.5 Myr (Valentine
et al., 2006 and references therein). These estimates of volume
and time span of volcanism suggest a rate of 0.3–1.8 km3/Myr. The
Crater Flat volcanism very roughly occurs over ∼6–10 km2, which
includes gaps between the western-most cones. Assuming that the
source area for volcanism is the same as the eruption area, we esti-
mate a thickening rate of 0.03–0.3 km/Myr. As a point of reference,
we estimate thickening rates of ∼0.02–0.03 km/Myr for rejuvena-
tion volcanism on some Hawaiian islands, which comprises <1% of
the total volume of a given volcano (e.g., Walker, 1990; Swinnard
et al., 2006). These minimum observed rates at Crater Flat are
comparable to the lowest rates of volcanism that we have esti-
mated for a simulation of SDU in a cavity, and are more than an
order of magnitude smaller than estimates for a simulation with a
low-viscosity pocket. Although these rate estimates for observed
volcanism are rough, the fact that SDU-derived volcanism may be
potentially more voluminous than observations of basaltic volcan-
ism at an intraplate location like Crater Flat speaks to the potential
significance of SDU for producing intraplate volcanism.

5. Discussion and conclusions

We have shown that localized shear-driven upwelling (SDU)
can be generated in the asthenosphere by vigorous asthenospheric
shear acting on large heterogeneities in asthenospheric or litho-
spheric viscosity. In particular, flow within a low-viscosity “cavity”
embedded within the lithospheric base, as might be associated with
a continental rift, can produce upwelling flow with magnitudes up
to ∼4% of the total velocity contrast across the asthenosphere. Flow
near a step function change in lithospheric thickness, as might be
associated with a cratonic edge, can produce upwelling at rates
up to ∼10% of the shear magnitude. In these cases, SDU is located
against the cavity wall that faces the shear flow, but may be broad-
ened or diminished if that wall is sloping. A second type of SDU
can develop within a “pocket” of low-viscosity fluid, which can
begin to circulate when exposed to asthenospheric shear. In this
case, upwelling only occurs if the viscosity contrast is more than
a factor of 10, the aspect ratio of the pocket is more than about 5,
and the pocket occupies between ∼20% and ∼60% of the astheno-
spheric thickness. If the viscosity contrast is 100, then the upwelling
arm of the pocket (located on the downstream side of the pocket)
can produce SDU with a rate up to ∼20% of the asthenospheric
shear magnitude. Thus, if the total magnitude of shear across the
asthenosphere is 5 cm/yr, viscosity heterogeneity associated with
a lithospheric cavity, lithospheric step, or asthenospheric pocket
can generate up to 0.2, 0.5, or 1.0 cm/yr of upwelling, respec-
tively. This upwelling may decompress mantle peridotite, leading
to melting. Depending on the thickness of the melting column and
other petrological factors, SDU can generate sufficient upwelling in
asthenospheric low-viscosity pockets and (to a lesser extent) litho-
spheric cavities to produce intraplate volcanism at the surface. Our
first-order estimate is that SDU can produce 0.32–2.5 km/Myr of
melt above a lithospehric cavity or low-viscosity pocket. If erupted

to the surface, these values are comparable to, or larger than, esti-
mates of continental volcanism rates at intraplate locations such as
Crater Flat, Nevada.

Lateral variations in lithospheric viscosity may be associ-
ated with the lithosphere’s thermal, chemical, and deformational
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istory. For the asthenosphere, viscosity heterogeneity may be
ssociated with excess temperature, melt or hydration within a
ow-viscosity “pocket” of the asthenosphere, within which SDU
an be excited. These factors that produce viscosity heterogene-
ty, however, are all also associated with changes in density, which

ay induce buoyancy-driven upwelling flow that competes with
DU. For example, convective “drips” falling into the astheno-
phere from the dense overlying lithosphere may produce return
pwelling flow that is comparable to, or even larger than, SDU
Korenaga and Jordan, 2002). The growth of this type of convective
nstability depends critically on the viscosity profile of the litho-
phere: if cold, dense lithospheric rocks are sufficiently viscous,
hey cannot be easily removed by convective instability (Conrad
nd Molnar, 1999), and SDU should dominate upwelling. In the
sthenosphere, SDU should generally dominate upwelling if low-
iscosity heterogeneity of the right size and shape is present,
ecause buoyancy-driven upwelling (e.g., associated with grav-

ty currents, Bercovici and Lin, 1996) for these optimal shapes is
xpected to be slow. This is particularly the case if hydration of
livine causes the diminished viscosity, because density changes
ssociated with hydration are expected to be small.

Low-viscosity pockets within the asthenosphere should evolve
ith time in the presence of asthenospheric shear and SDU. For

xample, Manga (1996) showed that low-viscosity regions of the
antle should deform rapidly, changing shape and elongating with

ime. In some cases, elongation may actually enhance SDU if it
oves the aspect ratio of a low-viscosity pocket toward a more

ptimal value. However, eventually thinning will yield a pocket
ize that is unfavorable for SDU. In addition, shearing of a low-
iscosity pocket should cause the pocket “walls” to slant, which
ay slow upwelling as the wedge-shaped corner of the pocket
oves beneath higher viscosity asthenosphere. Simple shear defor-
ation will cause an originally vertical pocket wall to slant by

5◦ (horizontal translation of the pocket base by a distance HLV)
n a time �t = V/Hasth. This timescale is about 4 Myr for a 200 km
hick asthenosphere shearing at 5 cm/yr, although this timescale
hould not necessarily be interpreted as the expected lifetime of
DU because it is not yet clear exactly how slanting walls affect SDU.
n addition, a pocket wall may not have been originally vertical,
nd removal of melt from the pocket may increase viscosity on the
ocket edge, which could diminish or enhance wall slants depend-

ng on the depth of melting. Furthermore, Bercovici and Lin (1996)
howed that gravity currents with large viscosity contrasts main-
ain steep sides at their edges, which suggests that any buoyancy
ssociated with the low-viscosity pocket may help shearing pockets
aintain vertical walls. Further study of the time-dependent evolu-

ion of SDU within deforming low-viscosity pockets, both with and
ithout buoyancy effects and melting, will be needed to under-

tand how we might expect SDU-induced volcanism to vary as a
unction of time.

Tomographic studies of the asthenosphere show a variety of
hapes and sizes of low-velocity anomalies that presumably result
rom a variety of time-dependent processes. It is not immediately
lear how SDU manifests itself for these non-rectangular shapes.
n addition, the calculations presented here were performed in
wo dimensions, and thus are most relevant for geometries in
hich viscosity heterogeneity is elongated in the dimension per-
endicular to the flow field. Regions like the western US, which
eatures an east–west flow field (Silver and Holt, 2002; Conrad et
l., 2007), north–south variations in lithospheric thickness (e.g.,
he cratonic edge or the lithospheric described by Zandt et al.

1995)), and potentially extensive asthenospheric heterogeneity
van der Lee and Frederiksen, 2005) might be adequately described
n two dimensions. However, a viscosity heterogeneity that is lim-
ted in the flow-perpendicular dimension, or a flow field that is
ub-perpendicular to the strike of lithospheric basal topography,
anetary Interiors 178 (2010) 162–175 173

may yield rates of SDU that are smaller than we have constrained
here for two dimensions. As a result, further study is necessary
to characterize the time-dependent behavior of SDU for a variety
of geometries, and in three-dimensions. Additional seismological
and geochemical constraints on the sizes, shapes, and viscosity
contrasts associated with asthenospheric heterogeneity would sig-
nificantly aid this effort.

Most previous studies that invoke sub-lithospheric processes to
explain localized intraplate volcanism do so by creating upwelling
via density heterogeneity: small-scale convection, return flow
from lithospheric “drips”, edge-driven convection, and even plume
impingement, are all examples of how density heterogeneity,
in these cases associated with convective processes, can induce
upwelling flow. Here, we have shown that viscosity heterogeneity
can alternatively drive upwelling flow if it occurs in the presence
of vigorous asthenospheric shear. We note that upwelling flow
can be induced even in the absence of any density heterogeneity
or convective processes. Thus, the shear-driven upwellings (SDU)
described here are fundamentally different than the upwellings
associated with convective processes. Even Richter Rolls (e.g.,
Richter and Parsons, 1975; Korenaga and Jordan, 2003), which
exist in the presence of a shear flow, rely on density hetero-
geneity and convection to maintain themselves. By contrast, SDU,
which requires shear flow and viscosity heterogeneity only, may
help explain numerous examples of intraplate volcanism that
occur above rapidly shearing asthenosphere. One current exam-
ple may be the basaltic volcanic fields of western North America
(Wannamaker et al., 2001), where intraplate volcanism is diffi-
cult to explain via other processes (Smith et al., 2002; Smith and
Keenan, 2005) and the underlying lithospheric and asthenospheric
layers appear to be both shearing vigorously (Silver and Holt, 2002;
Conrad et al., 2007) and laterally heterogeneous (Humphreys and
Dueker, 1994; Zandt et al., 1995; Dueker et al., 2001; van der Lee
and Frederiksen, 2005).
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