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The determination of volcanic risk to the proposed high-
level nuclear waste repository at Yucca Mountain
requires an understanding of the process of volcanism.
This includes knowledge of the depth of melting, volatile
content of the source region, patterns of flow in the
asthenospheric mantle, lithospheric thickness, and the
geometry of low viscosity pockets embedded in the
asthenosphere. If melting is shallow in the lithospheric
mantle, then volcanism in the future may not be a
significant threat to Yucca Mountain. On the other hand,
if melting is deep in the asthenosphere, another pulse of
volcanism is probable, thus posing a greater risk to the
waste repository. Our geochemical and geophysical work
suggests that deep melting of asthenospheric mantle
caused by upwelling associated with low-viscosity
“pockets” and a step in lithospheric thickness explain the
reoccurrence of volcanic activity near Yucca Mountain,
and the episodic nature of volcanism. An implication of
this model is that a future peak of magmatism may occur
near Yucca Mountain thus inferring a higher risk to the
proposed waste repository.

I. INTRODUCTION

Basaltic volcanism has occurred episodically
near Yucca Mountain, Nevada, for the past 11 m.y., and
understanding its origin and distribution is critical to
assessing the hazard and probability of disruption of the
proposed high-level nuclear waste repository. Basaltic
magmatism beneath the western US derives from the
mantle, but considerable uncertainty exists as to the cause
and location of mantle melting beneath volcanoes. There
are valid arguments for magma sources in the mantle
lithosphere (the old, cold roots to continents). Equally
valid arguments have been made that magma derives from
the mantle asthenosphere (the deeper, hot, flowing upper
mantle). This distinction is important because
lithospheric melting models lead to waning volcanism',
while asthenospheric melting models lead to continued
volcanism and a higher probability of future volcanic
activity 2. Our work in the Yucca Mountain area is
designed to test and revise current models for basaltic
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volcanism by determining (1) the depth and origin of the
magma source, (2) the role of mantle flow patterns and
lithospheric basal topography in producing magma, and
(3) the size and shape of the volcanic field.

II. DEPTH OF MELTING AND WATER CONTENT
OF THE MANTLE

One reason for the controversy regarding the
source region for basaltic magma is the lack of constraints
on critical variables, such as the depths and temperatures
of melting. Melting temperatures in excess of 1300°C are
one clear requirement of asthenospheric melting, as dry
mantle will flow at these temperatures over long time
scales and so will not persist as lithosphere. Melting
depths in excess of 70 km also point to melting in the
asthenosphere, as this depth exceeds the lithosphere-
asthenosphere boundary that has been seismically
determined in the actively-deforming western United
States >*. Other scenarios, however, are also possible.
Shallow asthenospheric melting (at <70 km) may occur
in regions where the lithosphere has been recently
extended, eroded, or foundered, as geophysical data point
to beneath Owens Valley, California™°. Melting may also
occur at temperatures less than 1300°C in the
asthenosphere if substantial amounts of water are present,
as water dramatically lowers the mantle solidus. Thus, a
full understanding of the mantle melting process requires
constraints on not just the pressure and temperature of
melting, but also on the water content of magmas, as well
as geophysical constraints on the depth of the local
lithosphere-asthenosphere boundary.

The most comprehensive study to date on the
conditions of the melting region beneath the Basin and
Range " used chemical composition of mafic magmas to
invert for the depth and degree of melting in the mantle.
Specifically, the Fe content of a primary magma in
equilibrium with mantle olivine varies with mantle
temperature, which governs the depth at which melting
may initiate at the mantle solidus. The Na content of
magmas depends on the degree of melting (for a source
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with known Na content). Within a model of
decompression melting, then, Fe constrains the start of
melting, and Na constrains the end, and so together, they
provide information on the melting path in the mantle®.
Wang et al.” used this theory to develop a profile of
melting across the western United States, from the Sierra
Nevada to the Colorado Plateau (Fig 1). They found
shallow melting in the west, and deeper melting in the
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central region, but interpreted all of it to occur at
temperatures and pressures appropriate to mantle
asthenosphere. Such an interpretation is consistent with
the removal of mantle lithosphere beneath the western
part of the region, which allows shallow asthenospheric
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Fig. 1. Mantle melting profile across Basin and Range’. Arrows are decompression melting paths calculated
from the Fe and Na content of erupted basalts. Lithosphere-asthenosphere boundary after Jones et al. °.
Location of study regions indicated along the SW-NE profile.

Despite some of the independent evidence for these
views, there are several weaknesses of the Wang et al.’
model. One is a critical assumption in the inversion, that
the mantle source region contains no H,O. The addition
of water to the mantle has the effect of strongly lowering
melting temperature, and would permit melting in mantle
that is otherwise too cold to melt. Such a mechanism is
inherent in many models for melting of cold, lithospheric
mantle. If melting is limited by water, then it may have a
finite future, limited by the quantity of water in the
lithosphere '°. Thus, an accurate view of the source of
magmas and mechanisms of melting require
measurements of magmatic water contents.

Currently, no published data exist on the water
content of western US magmas, despite the fact that
geophysical models predict a wet mantle over a broad
region ''. This is largely because volcanic rocks degas
almost completely upon ascent and eruption. Only
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recently has it been possible to accurately estimate how
much water is dissolved in magmas before they erupt.
This estimate requires very rare samples of melt trapped
in tiny crystals, now preserved as glass inclusions. If
trapped at depth, and early in the magma's crystallization
history (i.e., in the mineral olivine, which crystallizes at
the highest temperatures in these magmas), such melt
inclusions may still contain the dissolved inventory of
volatiles species, especially H,0'2. Ton and electron
microprobe techniques enable in situ analysis of the 30-
100 micron melt inclusions. Two previous studies of melt
inclusions in olivine from basalt near Yucca Mountain
indicated water contents of 1.2 to 3.5 wt. % (Ref. 35) and
1.9 to 4.6 wt. % (Ref. 36). Phase equilibria studies®
indicated eruption temperatures of about 975° C for basalt
from Little Cone in Crater Flat and about 1000°C for the
Lathrop Wells volcano. Our preliminary efforts have
focused on samples of mafic scoria from cinder cones in
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the Santa Clara volcanic field in Utah, within the
transition zone between the Colorado Plateau and Basin
and Range, and in the Big Pine volcanic field in
California, on the eastern side of the Sierra Nevada, in
Owens Valley.

Figure 2 shows our results to date for Big Pine
(BP) and Santa Clara (CL) basaltic melt inclusions.
Excluded from this figure are melt inclusions derived
from large lapilli clasts (> 2 cm) as these show signs of
diffusion of H out of the melt inclusion during slower
cooling in these larger clasts. In melt inclusions from the
small clasts, H,O and CO, can be combined to deduce the
pressure of entrapment and degassing systematics of the
melt inclusions. Entrapment pressures are taken from the
Newman and Lowenstern * mixed-vapor solubility
model, and demonstrate that BP magmas derive from
pressures as high as 2 kb, or approximately 8 km depth,

while the Snow Canyon and Diamond Valley volcanic
fields originate from ~ 6 km depth. These depths may
relate to regions of magma storage in the upper crust, with
the rest of the melt inclusions recording crystallization in
the conduit during magma ascent prior to eruption.
Because CO, is much less soluble than H,O in magmas at
crustal pressures, degassing paths generally show rapid
loss of CO, from melts to vapor before appreciable
degassing of H,O, as illustrated in Figure 2. Such
degassing behavior is consistent with different initial H,O
contents in the magmas, up to 2.2 wt% H,O at BP and up
to 1.2 wt% H,0 at SC. Additional data may reveal yet
higher H,O contents, but these quantities are already non-
trivial. Magmatic H,O concentrations on the order of 1-2
wt% exceed those found in all mid-ocean ridge basalts'*,
but overlap with those found in some ocean island basalts
1516 and back-arc basin basalts .
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Fig. 2. Volatile concentrations measured in olivine-hosted melt inclusions from scoria cinder from the Big
Pine volcanic field in eastern California (Fish Creek Cone, green triangles) and the Santa Clara volcanic field
in Utah (Snow Canyon and Diamond Valley cones, orange circles). Vapor-saturation isobars and closed
system degassing paths (1100°C and with 2 wt% initial vapor) from VolatileCalc". Error bars derive from

10% uncertainty on SIMS ion microprobe measurements.

With these H,O concentrations, we can now
revise melting temperature estimates, using a recently
published parameterization of the effect of H,O on the
olivine liquidusls. For SC magmas, 1.2 wt% H,O leads
to a 44°C reduction in olivine liquid temperatures, which
is a minor temperature adjustment, and will not on its own
lead to a revision of earlier conclusions. Figure 3
summarizes the original P-T estimates ’ based on Fe-Na
relationships, a revised estimate based on Mg-Na, the
effect of H,O on these estimates, and an independent
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calculation based simply on olivine-liquid temperatures
(see caption for details). These different approaches
predict deep (> 90 km) and hot (> 1400°C) melting
beneath SC, most consistent with asthenospheric flow.
For the BP magmas, 2.2 wt% H,O leads to a
75°C lowering of olivine-liquid temperatures, and
estimates here converge on melting mantle-melt
equilibration at 50 km and 1300°C (Fig. 3), in agreement
with independent calculations based on clinopyroxene-
liquid thermobarometry from Mordick and Glazner".
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Such shallow melting may be occurring in the uppermost Given the prominent low seismic velocity zone that

mantle lithosphere, but temperatures are high enough that occurs here at 50-70 km, we favor such an asthenospheric
such lithosphere would have to have been recently eroded decompression melting mechanism.
and heated by hot asthenosphere. Such melting Thus, our preliminary results require melting
conditions are also fully consistent with asthenospheric either in hot, flowing asthenosphere, or in lithosphere that
upwelling of a mantle adiabat (Tp ~ 1330°), well within has been recently eroded and heated by upwelling
the range of upper mantle potential temperatures >, with asthenosphere. Either way, flowing asthenosphere is
melting occurring at a "damp" solidus (~1000 ppm H,O). implicated in driving the melting process.
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Fig. 3. Estimates of the depth and temperature of melting in the mantle beneath the Big Pine and Santa Clara
volcanic fields. For the Santa Clara estimates, bold upwelling arrows are adiabatic decompression paths’, based
on the Fe and Na contents of primary melts. The original Fe-based estimates give very high temperatures; an
independent estimate can also be calculated from the Mg content of primary melts, predicting lower temperatures
and pressures of melting. Another independent estimate of melting temperature is obtained from olivine-liquid
temperatures *'; with the effects of adding 1.2 wt% H,O from Medard and Grove'®, calculated first for magmas
at the shallow crustal pressures indicated from melt inclusion entrapment (ol MI). Olivine is then added to the
most primitive whole rock sample (SCC02; Ref. 22) until it is in equilibrium with Foyj, mantle olivine, and a new
temperature is calculated at the crust-mantle boundary (Foy). This represents the minimum mantle temperature
for SC magma (~ 13 80°C). If this primary melt is placed at the top of the Mg-melting path, then its temperature
agrees closely with that temperature, taking into account again the H,O content. Thus, both the bottom-up and
top-down approaches converge on a mantle-melt equilibration temperature of 1480-1500 at 95 km. Such
conditions are very close to the dry solidus, and require high melting temperatures consistent with hot
asthenosphere. For Big Pine, a similar calculation was carried out for a primitive Big Pine basalt (Z-5 from Dodge
and Moore™), assuming 2.2 wt% H,0O. Note convergence here at ~ 50 km and ~ 1300°C, and with clinopyroxene
thermobarometry (green squares) from Mordick and Glazner". Again, such conditions are consistent with
those of the dry solidus, although given the water contents of the magma, might instead result from
decompression melting at a ""damp" solidus (1000 ppm H,O in the source; calculated from the method in
Langmuir et al., 2006), shown with melting path off-set to ~ 75°C lower temperatures due to the H,O content
of the melt. Such shallow melting at ~ 1300°C is consistent with thinned or non-existent lithosphere in this region,
as implicated by numerous geophysical studies™*2*, Melting may thus be sustained by asthenospheric
upwelling into the region, following lithospheric foundering.

IHLRWM 2008, Las Vegas, NV, September 7-11, 2008 159



III. MANTLE FLOW PATTERNS

Beneath Nevada and the rest of the Basin and
Range Province, the asthenosphere is unusually shallow
because of the extensional deformation that has thinned
the overlying lithosphere *’. However, thin lithosphere by
itself will not produce melting of asthenospheric rocks to
produce basaltic magma; the patterns of viscous flow in
the asthenosphere must include an upwelling component
of flow for adiabatic melting to occur. Therefore, it is
necessary to examine the asthenospheric flow patterns
beneath the southwestern United States more carefully to
determine if upwelling flow in this region is feasible.

Mantle flow beneath North America is thought
to be dominated by descent of a region of dense mantle
rocks that lie about 1500 km below the Midwest and
Eastern portion of the continent. This region, known as
the “Farallon Slab” can be imaged seismically and was
produced by subduction of dense oceanic lithosphere in
the mantle interior off the western coast of North America
prior to about 30 million years ago *. Several studies
have shown that descent of this slab produces a broad
region of mantle downwelling beneath the eastern portion
of North America that depresses the Earth’s surface®® and
influences the westward motion of the North American
plate *’. Numerical models of global-scale mantle flow”®
confirm this flow pattern (Fig. 4). Within the
asthenosphere beneath the southwestern United States,
these models show eastward-directed flow toward the
region of downwelling (Fig. 4A, arrows). The rate of
eastward flow at the base of the asthenosphere is up to 3
cm/yr (Fig. 4B). Because the overlying North American
plate is moving westward at rates of about 2 cm/yr (Fig.
4B), the asthenosphere beneath the southwestern United
States is shearing at rates of up to about 5 cm/yr (Fig. 4B).

The vigorous shear flow occurring beneath the
southwestern United States occurs within a region of
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asthenosphere that exhibits large lateral variations in
material properties; these variations can be observed
seismically. In particular, variations in seismic velocity
observed by van der Lee and Frederiksen * at about 110
km (Fig 4A) show several trends that will influence the
flow field of the asthenosphere beneath the southwestern
United States. First, there is a general increase in seismic
velocity moving from the southwest toward the
continental interior. In general, faster seismic velocities
are thought to represent denser and colder material, with
lithospheric rocks featuring both. Thus, the eastward
increase in seismic velocity is consistent with an increase
in continental thickness moving from the Basin and
Range province (with lithosphere shallower than 110 km)
to the stable craton of the Midwest (with lithosphere
thicker than 110 km). This increase in thickness has been
observed by some authors to occur as a sharp increase in
lithospheric thickness beneath the Nevada region >’
Second, several “pockets” of low-velocity anomalies are
evident within the asthenosphere of the southwestern
United States at a depth of 110 km (Fig. 4A). These
“pockets” may represent portions of the asthenosphere
that are unusually low-density, and therefore presumably
hotter than the surrounding asthenosphere. These low-
velocity “pockets” of asthenosphere have also been
observed in other tomographic studies of the western
United States *°. Thus, the flow field within asthenosphere
of the southwestern United States likely encounters both a
sharp increase in the thickness of the cold lithosphere, as
well as several “pockets” of unusually hot asthenosphere.
Because the viscosity of mantle rocks is thought to vary
strongly with temperature®', the cold lithosphere and hot
“pockets” can be thought of as high-viscosity and low-
viscosity features, respectively. As we show below, both
types of lateral viscosity variations may interact with the
background mantle flow field to produce asthenospheric
upwelling flow.
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Fig. 4. Patterns of mantle flow and lithospheric thickness across North America. (A) S-wave velocity
anomalies from the surface wave tomography model of van der Lee & Frederiksen ** for North America at 110
km depth (colors). The fast velocity anomalies in the Midwest and central Canada (blue) are associated with
the thick lithosphere of the Canadian Craton. The slow velocity anomalies in western North America indicate
asthenosphere at shallow depths beneath a thin lithosphere. In addition, variable wave speeds in the Basin
and Range region may indicate the presence of lateral heterogeneity within the asthenosphere, as has been
observed by others®. (B) A section across North America (track outlined in (A)) of the global mantle flow
model of Conrad et al. **. Shown in colors is the viscosity field of that model, which employs a thick craton in
the central North America, and thinner lithosphere in the west. The flow field beneath North America is
dominated by downwelling flow associated with the descent of the Farallon slab*>?’. This downwelling
beneath the cratonic region causes convergent flow in the upper mantle and asthenosphere (shown in cross
section in (B); arrows in (A) show the flow field at 300 km depth). For western North America (i.e. the Basin
and Range), asthenospheric shear flow dominates as the North American plate moves westward above an
eastward-directed flow of the lower asthenosphere. The vigorous shear flow shown in (B) may interact with
lateral viscosity variations inferred from the tomographic model depicted in (A) in ways that complicated the

basic shear flow patterns in (B).

We used the numerical flow model CONMAN?? to
examine how asthenospheric shear flow interacts
with the lateral viscosity variations described above.
To do this, we examine flow within a two-
dimensional layered structure that features a high-
viscosity lithosphere and a low-viscosity
asthenosphere (Fig. 5). By pinning the surface
lithosphere and imposing a velocity boundary
condition on the base of the asthenosphere, we
generate a shear flow within asthenospheric layer that
models the one occurring beneath the western United
States (Fig. 4).

To test the effect of varying lithospheric
thickness on the flow field, we have imposed lateral
variations in the thickness of the lithospheric layer.
To do this, we inserted a “cavity” of asthenospheric
fluid into the lithospheric layer. Within the “cavity”
region, the lithosphere is thin; outside of it the
lithosphere is thicker. Shear flow in the
asthenosphere generates circulation within the
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lithospheric “cavity” of the sort that has been
previously described for various engineering
applications ****. For a relatively narrow cavity,
circulation develops within the cavity with an
upwelling arm on the upstream side of the shear flow.
For a wider cavity (or a step function increase in
lithospheric thickness as expected for the
southwestern United States), a small “vortex”
develops in the corner of the cavity, with upwelling
flow along the vertical face of the lithospheric step.
For the geometries of lithospheric variations that are
expected for the southwestern United States, we
found that the amplitude of upwelling may be up to
about 5% of the shear flow magnitude, or about 0.25
cm/yr for the 5 cm/yr of shear flow expected for the
southwestern United States (Fig. 4). Lower
viscosities of the upwelling fluid, which we would
expect to accompany adiabatic melting, tend to
amplify this effect.
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Fig. 5. Flow field of a shearing asthenospheric layer with an embedded “pocket” of fluid (pink) that is 100
times less viscous than the surrounding asthenosphere (tan colored). Shear flow is induced by pinning the
surface of the lithosphere (blue) while imposing a velocity boundary condition (of dimensionless amplitude
V=1.0) on the base of the asthenospheric layer. The upstream side of the low-viscosity “pocket” experiences
upwelling flow with amplitudes up to about 20% of the magnitude of the imposed velocity at the
asthenospheric base. For the 5.0 cm/yr shear flow expected for the southwestern United States, this 20%

magnitude corresponds to 1.0 cm/yr of upwelling.

In a second test, we embedded a “pocket” of
low-viscosity fluid within the asthenospheric layer
(Fig. 5). If this pocket is positioned immediately
below the lithospheric layer, the faster velocities that
the shear flow exerts on the base of the pocket
generate a circulation within the low-viscosity pocket
itself (Fig. 5). We find that this circulation develops
if the viscosity of the pocket is more than about 10
times less than the viscosity of the surrounding
asthenosphere. If the pocket viscosity is 100 times
smaller than the viscosity of the asthenosphere
(which would be expected if the temperature of the
pocket were about 200° C hotter than the
asthenosphere), then we find that upwelling portion
of the circulatory flow may feature upward velocities
that are up to ~20% of the magnitude of
asthenospheric shear. Thus, for the 5 cm/yr of shear
flow, up to 1 cm/yr of upwelling is predicted within a
low-viscosity “pocket” of asthenosphere (Fig. 5). The
low-densities of the hot fluid should augment this
upwelling.

We have found that the vigorous shear flow
that occurs beneath the western US can interact with
lateral viscosity variations in both the lithospheric
and asthenospheric layers to produce upwelling flow.
At least two viable mechanisms, associated with
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heterogeneity in lithospheric thickness and
asthenospheric viscosity, produce upwelling flow at
maximum rates estimated to be ~1 cm/yr. Since both
types of heterogeneity are present beneath the
southwestern United States, either mechanism may
produce the upwelling responsible for adiabatic
melting in the asthenosphere. It is also possible that
both mechanisms may be interacting to produce even
more vigorous upwelling flow.

IV. IMPLICATIONS FOR YUCCA MOUNTAIN

Understanding the process of volcanism is
key to calculating the probability of future events and
the probability of disruption of the repository by
magmatic processes. If basaltic magmas are
generated in the shallow lithospheric mantle, then a
model of waning volcanism and low future risk to the
repository area is probable. Alternatively, if melting
is deep in the asthenospheric mantle, then another
peak of activity is possible with the implication of
higher risk of future igneous activity. Our petrologic
studies suggest the involvement of the asthenospheric
mantle in the melting process to produce basaltic
magma. In addition, mantle flow models using
geophysical data for mantle flow, lithospheric
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thickness, and the presence of mantle viscosity
(temperature) pockets imply that mantle may be
upwelling at a lithospheric step beneath central
Nevada and near Yucca Mountain. In this upwelling
zone, asthenospheric mantle may melt due to
decompression to produce basaltic magma. Near
Yucca Mountain volcanism has occurred episodically
for the last 11 m.y. also volcanoes near Yucca
Mountain lie near the southern end of a belt of
Pliocene-Quaternary basalt that stretches from Death
Valley, California to the Reveille-Lunar Crater area
of central Nevada®. Studies are currently underway in
the Death Valley area to determine whether this field,
located just south of Yucca Mountain, is related to
volcanism in the rest of the belt. This belt of
volcanoes rarely exceeds a width of 20 km and is
completely isolated from similar aged basaltic
volcanic fields in the Basin Range-Colorado Plateau
transition zone to the east and the eastern front of the
Sierra Nevada Range to the west. These observations
are difficult to explain by shallow melting in the
lithospheric mantle or by utilizing crustal structures
to control volcano location. A better solution to
understanding the geographic distribution and timing
of volcanism in this region requires a more complete
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