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Differential motion between upper crust and
lithospheric mantle in the central Basin and Range

Vera Schulte-Pelkum'*, Glenn Biasi?, Anne Sheehan' and Craig Jones'

Stretching of the continental crust in the Basin and Range,
western USA', has more than doubled the surface area of
the central province?. But it is unknown whether stretching
affects the entire column of lithosphere down to the convecting
mantle, if deep extension occurs offset to the side, or if
deeper layers are entirely decoupled from the upper crust®4.
The central Basin and Range province is unusual, compared
with its northern and southern counterparts: extension began
later'; volcanism was far less voluminous®; and the unique
geochemistry of erupted basalts® " suggests a long-preserved
mantle source. Here we use seismic data and isostatic
calculations to map lithospheric thickness in the central Basin
and Range. We identify an isolated root of ancient mantle
lithosphere that is ~125km thick, providing geophysical
confirmation of a strong, cold mantle previously inferred from
geochemistry®®. We suggest that the root caused the later
onset of extension and prevented the eruption of voluminous
volcanism at the surface. We infer that the root initially pulled
away from the Colorado Plateau along with the crust, but then
was left behind intact during extension across Death Valley to
the Sierra Nevada. We conclude that the upper crust is now
decoupled from and moving relative to the root.

The average surface elevation of the Basin and Range abruptly
decreases by 1km going south across 37° N latitude (Fig. 1a). As
crustal thicknesses were not known in detail, estimates of the
relative contributions of crust and mantle to surface elevation have
been speculative so far*'2, We mapped crustal thickness across the
area in detail, using EarthScope Transportable Array and Southern
Great Basin Digital Seismic Network stations, by locating the
crust-mantle boundary (Moho) using P to S converted waves' (see
Methods and Supplementary Information). If the crust is in isostatic
equilibrium, higher surface elevations should be underlain by a
deeper Moho; deviations from crustal isostasy may be ascribed to
isostatic or dynamic mantle density structure'*.

We find the expected balance of crustal thickness and Moho
depth for the high elevations north of 37° N and a shallower Moho
south of 36° N, where elevations are low (Fig. 1b), contrary to
previous estimates based on sparse Moho depth observations>!.
However, the Moho arrivals between 36° and 37° N and between
116° and 118°W are unusually late (Fig.2b), implying a deep
Moho or slow crustal seismic velocities under the low elevations
in that area. Neither is reconcilable with crustal isostasy, as slow
seismic velocities correspond with decreases in density'”, so a deep
Moho or a slow crustal anomaly to explain the increased S-P
times would both require much higher elevations across this area
than are observed (Fig. 2a, note the ‘missing mountains’ between
stations AMD to BTW; see Methods for calculation). To explore the
crustal velocity—density trade-off, we compare the observed crustal
density scaled"® from refraction crustal velocities® (Fig. 2¢) to the

crustal density required to achieve isostatic compensation with
no mantle contribution while satisfying the observed Moho delay
times, crustal velocity—density relationships'® and smoothed station
elevations (Fig. 2d; see Methods for equations). The lithospheric
mantle thickness is fixed to 20 km beneath the Moho everywhere
so that no lateral variation of the mantle contribution to surface
elevation is allowed, and the lithosphere—asthenosphere density
contrast is set to 0.05gcm™. The very high average crustal density
required in the area of the anomalously late Moho arrivals is
roughly opposite to that of the density pattern inferred from crustal
refraction (Fig. 2c versus d). Thus, a mantle contribution is required
in the area of the Moho root. Observed gravity is consistent with a
dense lithospheric mantle root (see Supplementary Information).

We estimate the mantle contribution'® to surface elevation
(Fig. 3a) by subtracting the isostatic contribution of the crust (see
Methods), using refraction results to constrain average crustal
density and velocities (stars in Fig. 3a) and our complete receiver
function results (triangles in Fig. 3a) to constrain Moho depth.
We find antibuoyant mantle beneath the Moho root (Fig. 3a),
extending from the Nevada Test Site to beneath Death Valley. This
anomaly is robust with respect to average crustal densities and
velocities, in that we obtain a very similar result when using a
constant crustal density and velocities across the study area instead
of the refraction data, or when using varying P and S velocities and
velocity ratios (see Supplementary Information). We interpret the
negatively buoyant mantle anomaly as an at least initially cold and
possibly compositionally distinct lithospheric root.

Assuming a lithosphere that is denser than the asthenosphere by
0.05 g cm > results in a mean lithospheric root thickness of 125 km,
compared with a mean of 40 km in the rest of the study area (see
Supplementary Fig. S4). To test how realistic the assumption of this
fixed density contrast between the lithosphere and asthenosphere is,
and to relate density to composition and melting conditions in the
mantle, we calculate densities using the pMELTS thermodynamic
code!”. As an endmember model, we first assume a purely thermal
density contrast between the lithosphere (conductive geotherm)
and asthenosphere (adiabatic geotherm), with no further composi-
tional differences due to depletion of the lithosphere, and use an av-
erage asthenospheric dry composition'®. Resulting mantle density,
adiabatic geotherms for two potential temperatures, conductive
geotherms for a range of lithospheric thicknesses, and the solidus
for this composition are shown in Fig. 3b. We integrate over the
density contrast between the adiabat and the conductive geotherm
for each lithospheric thickness to calculate the mantle contribution
to surface elevation, extrapolating density linearly to pressures and
temperatures less than the range for pMELTS shown in Fig. 3b.
Figure 3¢ shows the results of this calculation using the geotherms
for the lower mantle potential temperature of 1,300 °C, in compari-
son to the observed value at each seismic station (values at triangles
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Figure 1| Location of study area, topography and Moho depths.

a, Topographic overview map with the study area outlined in blue and
tectonic provinces in red. b, Topographic map of the study area (note the
elevation drop from northern to central Basin and Range). The yellow line is
the western edge of the Precambrian craton based on Sr, Nd, and U-Pb
isotope studies?8-30, Faults in blue; Nevada Test Site outlined in black for
orientation in subsequent plots. ¢, Moho depth determined from receiver
functions (delay times converted to depth using crustal velocities from
refraction experiments3). Moho is interpolated between values at stations
(triangles; stations used in Fig. 2a,b in blue).

in Fig. 3a) projected on a north—south profile. The purely thermal
density contrast for this composition would be sufficient to explain
surface elevation with a lithospheric root thickness of ~100km
or slightly less (Fig. 3c). However, the lithosphere is probably
depleted in major elements relative to the asthenosphere, which
reduces its density (for example, by ~0.05gcm™ for a depleted
harzburgite endmember model; see Supplementary Information).
The reduction of lithospheric density reduces the amount by which
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Figure 2 | Lack of isostatic compensation within the crust. a, North-south
seismic station profile for stations shown in blue in Fig. 1b (selected to cross
the anomaly; some noisier stations were omitted) with smoothed (to
account for elastic plate thickness2’) station elevations (grey triangles) and
station elevations predicted from Moho topography (black circles, top)
assuming isostatic compensation of the crust (see Supplementary
Information). b, Station average radial receiver functions. ¢, Observed
average crustal density scaled from refraction study (circles) P velocities>.
d, Predicted average crustal density from forcing isostatic compensation
within the crust while matching Moho delay times at stations (triangles).

it decreases surface elevation (see Methods, equation (3)), therefore
a deeper lithospheric root is needed if it is depleted. Further
constraints on the state of the mantle are provided by the ob-
served basaltic magmatism. As there is recent small-volume basaltic
magmatism in the area of the root (Fig. 3a,d,e), the geotherm
must be in the vicinity of the solidus at some depth. For the
asthenospheric composition in Fig. 3b, the geotherm crosses the
solidus at 50km depth. Solidus temperatures increase with major
element depletion (see Supplementary Information). Melting in the
presence of a much thicker lithosphere requires high asthenospheric
temperatures' that would put the shallower asthenosphere in the
vicinity of the mantle root, well above the solidus (Fig. 3b), resulting
in widespread and large-volume volcanism, which is not observed.
Hydration or metasomatic enrichment of the lithosphere are mech-
anisms by which melting can occur at lower temperatures. Direct
determination of melting depths and temperatures is difficult, as
the erupted basalts are not primary melts (see Supplementary In-
formation). Tomographic images*>?! show no clear relation to the
lithospheric root (see Supplementary Information), which excludes
a simple temperature-dependent velocity—density scaling and sug-
gests compositional heterogeneity or the presence of partial melt.

A compositionally distinct lithospheric root is also suggested
by the very unusual geochemical signature observed within the
area of the antibuoyant mantle’. Small-volume basaltic magmatism
occurs across most of the study area (Fig. 3a). However, the area of
the density anomaly alone yields basalts with very low eyq values
persisting to present day (Fig. 3d,e). Low eyq values in basalts
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Figure 3 | Mantle buoyancy and basalt geochemistry. a, Map of lithospheric mantle contribution to observed surface elevation. White triangles, station
locations; white stars, refraction results. Circles are basalts®™"" from enriched lithospheric (eng < —7, green), asthenospheric (eng > 4, red), and
intermediate (brown) mantle sources. b, pMELTS (ref. 17) mantle densities for an average asthenospheric composition'® and adiabatic (solid black,

Toot =1,300°C; dashed, Tyt =1,390 °C) and conductive geotherms (50-130 km lithospheric thickness); solidus in red. ¢, Predicted (coloured lines) mantle
contribution to surface elevation from integration along geotherms (Tpot =1,300 °C) in b compared to observed values (blue stars) at each station shown
in a, S-N profile. d,e, Time progression® of basalt eng values in areas marked in a.

require a long-lived mantle reservoir that has been enriched with
trace elements over a long time, whereas basalts derived from
convecting asthenosphere have positive eng. Values in basalts of
—10 and lower, such as found above the inferred lithospheric root,
require that 100% of the Nd in the sample originated in enriched
lithospheric mantle”®?2. In the western US, such low values in
basalts are only found in the central Basin and Range and otherwise
only much further east under Archaean cratons’. Within the central
Basin and Range, basalts in the Lake Mead extensional area in the
east have shifted from similarly low values to asthenospheric values
(Area 1, Fig. 3a,d), interpreted as lithospheric removal®. Low eyq
basalts have persisted in the Death Valley extensional area in the
west from 12 to 0 Myr ago (Area 2, Fig. 3a,d), with a distribution
that matches the geographical extent of the lithospheric root
(Fig. 3a). At the southern edge of the lithospheric root, exq values
show an unusual decrease with time (Area 3, Fig. 3a,e), implying
a shift from a less-enriched lithospheric or mixed lithospheric
and asthenospheric source component to an enriched lithospheric
mantle source®. West of the lithospheric root, exqg values show a
constant intermediate range (Area 4, Fig. 3a,e).

A pre-extension Precambrian-age lithosphere is likely to be
present under the central Basin and Range, based on crustal
basement ages (Fig. 1a). The crust (and presumably mantle) north
of 37° N and west of 116° W is much younger (Palaeozoic?). The
Mojave south of 36° N has Precambrian crust, but its lithosphere
was modified and eroded during Laramide flat slab subduction,
with a northern boundary roughly coinciding with the present day
location of the Garlock Fault®® (Fig. 4). We propose the history
illustrated in Fig. 4: (1) An older, thicker, colder lithosphere under-
lies the central Basin and Range before the beginning of Cenozoic
extension. Its presence delays the onset of extension compared to
the northern and southern Basin and Range', and also prevents the
large-volume ignimbrite volcanism prevalent in the northern and
southern provinces®. (2) When extension initiates in the east, the
lithospheric root moves westwards relative to the Colorado Plateau,
and the upper crust and mantle beneath the Lake Mead domain
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Figure 4 | Tectonic history. Inferred tectonic history sketched on a
topographic map (motion arrows not to scale). The black closed shape is
the —1km contour from Fig. 3a (~present day location of lithospheric root).
(1) (30-16 Myr; ref. 1) Extension and ignimbrite volcanism in the north and
south, hindered by thick Precambrian lithosphere in the central Basin and
Range. (2) (16-10 Myr; ref. 1) Breakaway of the root from Colorado Plateau
to the west, extension in the Lake Mead domain. (3) (15-0 Myr; ref. 2)
Lithospheric root left behind as top-to-west extension in the upper crust
jumps to the Death Valley domain. (4) (13-0 Myr; ref. 24) Strike-slip
motion carries southern Death Valley upper crust atop Precambrian
lithospheric mantle.

undergo concurrent thinning. (3) However, when surface extension
then jumps to the western corridor?, the lithospheric mantle root
maintains its position and is left behind while the overlying crust
of the Death Valley domain undergoes top-to-the-west extension.
(4) Finally, strike-slip motion initiates in the Walker Lane and
Eastern California Shear Zone. Along the Stateline fault system east
of Death Valley, 30 km of right-lateral offset has been inferred since
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13 Myr ago®. The distance corresponds to the width of the area
that shows decreasing enq values from 12 Myr ago to the present day
(Area 3 in Fig. 3a,e). The lithospheric mantle is therefore decoupled
from the east—west extension reaching across Death Valley and
Panamint and Owens valleys to the Sierra Nevada, as well as from
the right-lateral strike-slip motion and north—south shortening in
the Walker Lane—Eastern California Shear Zone—Stateline Fault
system. Increased lateral warming of the root may result in small-
volume basaltic volcanism and gravitational instability®®, similar
to the west for the Sierra Nevada, where lithospheric foundering is
proposed to have caused uplift of the southern range®.

Decoupling between the surface and mantle has been proposed
for a portion of the northern Basin and Range, ~200km north
of our study area, based on GPS data’. Lithospheric thinning
under the Lake Mead extensional domain and lateral offset between
lithospheric and upper crustal extension in the Death Valley
domain were proposed previously based on basalt geochemistry®.
Two-dimensional lithospheric thickness profiles based on basalt
melting depths®'? have arrived at lithospheric volumes that require
the addition of lithospheric material from outside the central
Basin and Range (‘distributed shear’), or imply extremely thick
pre-extension lithosphere. Our three-dimensional model including
decoupling between lithospheric mantle and upper crust and
north—south shortening due to strike-slip motion removes some
of the lithospheric volume balance problems. Our results present
a picture of continental lithospheric deformation that is highly
incoherent vertically as well as laterally, where upper crustal
deformation can be controlled by pre-existing heterogeneity of
strength in the mantle, but can also undergo decoupling from
deeper structure, with both processes operating in succession in the
same portion of lithosphere.

Methods

Seismic data sets for receiver function analysis were: (1) all broadband data
available at the IRIS Data Management Center within the study area, including
permanent stations, PASSCAL experiments, and EarthScope Transportable Array
stations, from the years 1993-2008; (2) broadband and short-period data from
the Southern Great Basin Digital Seismic Network over the years 2000-2007.
P arrivals from teleseismic events with a magnitude of m;, = 5.1 or greater and
within an epicentral range of 28°~99° were selected by a signal-to-noise ratio
of the P onset on the vertical component of 3 or above. The time window
used in the deconvolution was 20 s before to 30s after the predicted direct
P arrival. We calculated radial and tangential component receiver functions
using a time-domain iterative method' with a Gaussian filter parameter of
three and a minimum variance reduction cutoff of 70%. The results were
hand sifted by event and after sorting by azimuth at each station, and we
removed radial receiver functions lacking a positive direct P arrival at zero
delay and any receiver functions with very large amplitudes or conversions
lacking a zero crossing over more than 2.5 s. Results for representative stations
are shown in the Supplementary Information. The Moho depths that we
obtained by migrating the receiver function Moho delay times with P velocities
interpolated between refraction experiment average values® and V,/V; of 1.73
(Fig. 1c) largely match refraction Moho depths, where those are available (see
Supplementary Information).

To predict smoothed station elevations (Fig. 2a) from the Moho delay
time observed at the station, we proceeded as follows. If the crust is in isostatic
equilibrium, surface topography (Ts) scales to Moho topography (Ty) as
Ts = Tw/C, where C is the density contrast pcryst/(Omante — Perust)- A range of crustal
densities from 2.73 to 2.8 gcm ™ and mantle densities from 3.2 to 3.24 gcm ™ only
results in variations of a few 100 m in predicted surface elevation, which is much
smaller than the discrepancy to actual smoothed surface elevation of >2km. We
choose the most conservative estimate for Ts within the density ranges for mantle
and crust. The above isostatic relation only predicts topography, and not absolute
elevation. Matching the predicted to the observed elevation for stations with
average Moho delay time results in a good fit everywhere except for the anomaly.
Choosing different velocities and V,,/V; ratios for converting Moho delay times
to Moho depths has a small effect on the predicted topography, with the anomaly
persisting, because changes in velocities and V,,/V; affect absolute Moho depth
to first order but change Moho topography only to second order. The effective
elastic thickness of the lithosphere in the Basin and Range is reported as 1.5-15 km
(ref. 27), therefore surface elevations should be compensated isostatically when
smoothed over a small radius (here, 30 km; using a 50 km radius changes calculated
lithospheric thickness insignificantly (<10 km)).
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To calculate the crustal and lithospheric mantle contribution to surface
topography, we express the smoothed surface elevation ¢ as the sum of crustal and
mantle contributions>!®, with a constant to bring it into a reference frame at a
mid-ocean ridge (2.4 kmy; ref. 16):

& = Herust + Hiithosphere — Ho (1)

The elevation contribution of each layer is calculated from its thickness
L and density p:

Herust = Lerust * (paslhenosphere — Perust)/ Pasthenosphere (2)

)/ Pasthenospt (3)

For Fig. 2d, (lateral crustal variation required to explain the surface elevation
with no mantle contribution), we hold lithospheric mantle thickness and density
contrast in equation (3) constant. Equation (2) is substituted into equation (1),
with the crustal thickness in equation (2) expressed as:

Hiithosphere = Liithosphere * (Oastt — Plitt

Lerust = Zmoho € (4)
ZMoho:tMoho/(l/Vs_l/Vp) (5)
V= “+h*pcmst (6)

where zion, is the Moho depth, fyion, the Moho S-P delay time from receiver
functions, v, the compressional seismic velocity, v, the shear velocity, and
equation (6) a linear velocity—density relationship for crustal materials'>. We
substitute equations (6)—(4) and (2) into equation (1), fix the v, /v, ratio to 1.73,
and solve the resulting quadratic equation for the average crustal density perys
required to satisfy crustal isostasy beneath each seismic station. Parameters for the
velocity—density relationship vary with pressure, and therefore with depth, but we
found little effect on the result from choosing relations valid for 20 km depth when
compared to those for 40 km depth.

To calculate the lithospheric contribution to surface elevation (Fig. 3a), we
solve equation (1) for Hyjposphere- The crustal contribution is calculated using
densities scaled from refraction velocities (Fig. 2¢). Using a constant average
crustal density results in a very similar lithospheric mantle contribution (see
Supplementary Information).
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Receiver function analysis

Azimuthal variations in the radial receiver functions and significant coherent transverse
arrivals were evident at the majority of stations. We picked the Moho conversion time
based on the radial receiver function Moho arrival on azimuthal binned and unbinned
plots at each station (rather than relying on any information from multiply converted
phases'?, which may be distorted by non-1-dimensional effects). Fig. S1 shows
examples of azimuthal receiver function sections for stations within and outside the

anomaly.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience 1



LRL radial RF moveout

0.08
0.07
0.06
0.05
0.040 ]

2 3 4 5 6 7
s after P-arrival

ray parameter skm

radial RF distribution

360 -
i
S
270} @ o
a e
[ -
= 180 a’
3 X0 1
a R © gy
90 o @ 7o
0

218 radial RFs sorted by baz

45

1 1 1 1 L i

0.04 0.06 0.08
slowness (s/km)

SHO radial RF moveout

0.08
£ 0.07
=<
o
2
2 0.06
©
3
Q
T 0.05
0.04
01 2 3 456 7
s after P-arrival
radial RF distribution
360 5
:Woé'?m‘
270+ ¢ -
Q
—_ ¢ )
5 %
2 )
Z 180
3 @
Qo € O e )
g
90 o o ©
0

]

L ]

01 2 3 4 5 6 7
s after P-arrival

259 radial RFs sorted by baz

0.04 0.06 0.08
slowness (s/km)

s after P-arrival

Fig. S1: Moveout plot, source distribution, and radial receiver function section sorted
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angle correction for amplitude) for two example broadband stations in the south of the
study area.
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Fig. S1(continued): Two example broadband stations north of the anomaly.
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Isostatic elevation calculation

Fig. S2 shows Moho depths from refraction experiments and interpolated between
profiles. There is good agreement with depths from the receiver function Moho delay

times migrated using the interpolated refraction values (Fig. 1c).
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refraction Moho depth (km)

38’
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34°
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Fig. S2: Moho depths from refraction studies’. The average crustal P velocities at these
points were interpolated and used to migrate receiver function Moho times at the
station locations for this study (white triangles) to obtain the Moho depths shown in Fig.

1c.



Calculation of crustal and mantle contribution to surface elevation

Fig. S3 can be compared to Fig. 3a to illustrate the difference between using a 2-D
average crustal density model from refraction profiles and using a constant average

crustal density. The difference in the result is small.
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Fig. S3: Lithospheric mantle contribution to surface elevation calculated by assuming

constant crustal velocities (Vp = 6.1 km/s, Vp/Vs = 1.73) and density (2.79 g/cm®)
across the study area. Note the similarity to Fig. 3a, where laterally variable crustal
parameters were used. Choosing different constant crustal parameters also does not

remove the high-density anomaly (Fig. S6, S7).



By assuming density contrasts of the asthenosphere to and lithosphere and correcting fro
the crustal contribution, we can solve Eq. 1-3 for the lithospheric mantle thickness (Fig.
S5). The calculated lithospheric mantle thickness depends on the assumed density
contrasts between crust, lithosphere, and asthenosphere, as well as the assumed average
crustal velocity and v, to v ratio used to convert Moho delay times to Moho depth. We
use an excess density of 0.05 g/cm’® for the lithosphere relative to the asthenosphere,
which is a standard value (although some estimates range from 0.01 to 0.1 g/cmB).
Crustal velocities increase with density4, and we calculated the thickness of the
anomalous lithosphere using a range of values. The results are shown in Fig. S3.
Increasing the average crustal density would reduce the thickness of the lithosphere, so
that in principle, the lithosphere anomaly can be minimised in this fashion. However, a
higher average crustal density also implies higher seismic velocities, which in turn
increases the measured crustal thickness when converting Moho S-P times to Moho
depths, which then increases the crustal buoyancy and therefore the thickness of the
lithospheric mantle needed to compensate for it. This negative tradeoff makes our result
more robust. Fig. 2d shows that to make the anomaly a purely lateral density contrast in
the crust, the average crustal density would have to be 2.9 g/cm3 within the area of the
anomaly (with 2.7 g/cm3 elsewhere), which is an unrealistically high value (in addition,
previous refraction profiles have velocities that, when scaled by velocity-density
relations®, show average crustal densities ranging from 2.75 - 2.78 g/cm’ in this area and
no marked contrast to the surroundings). We also performed a similar exercise by
varying the v, to v, ratio (Fig. S4) and again find that the lithospheric welt is required

within a range of acceptable values for the crust.
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Fig. S4: Lithospheric thickness calculated assuming isostasy and a lithospheric mantle
that is denser than the asthenosphere by 0.05 g/cm?®, and using crustal velocities and
densities from refraction studies. Symbols as in Fig. 3a, with ages of basalts indicated
in addition.
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Fig. S5: Lithospheric thickness calculated assuming isostasy and a lithospheric mantle

that is denser than the asthenosphere by 0.05 g/cm?®, and using a constant crustal

density (2.79 g/cm3) and velocity (6.1 km/s; average of all refraction profiles for both).
The central anomaly is very similar to that obtained using the 2-D crustal model (Fig.

S4).
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effect of crustal density—velocity variation
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Fig. S6: Effect of crustal density variations on calculated lithospheric thickness. Lateral
density variations in the crust (i.e., a denser crust under the anomalous stations) can in
principle remove the mantle anomaly. In practice, a denser crust implies faster seismic
velocities, which in turn results in a deeper Moho for the same delay time measured
with receiver functions, which increases the thickness of crust that has to be
compensated, hence requiring a thicker lithosphere. Here, we vary the assumed mean
crustal density from 2.65 to 2.95 g/cm? (realistic values should fall within 2.75-2.8
g/cm?®) and calculate the lithospheric thickness necessary to put the crust in isostatic
equilibrium given the Moho delay time at two stations (maximum and minimum crustal
buoyancy within the anomalous region) and using velocity-density relationships4 for 10
and 40 km depth (which result in nearly indistinguishable lithospheric thicknesses). The
lithospheric welt is required within a realistic range of average crustal density.
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Fig. S7: The same exercise as in Fig. S6 for a range of Poisson's ratios for the crust.
Crustal materials should fall within a range of 0.25-0.3.
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Petrological calculations of mantle density and solidus

In the following, we integrate density contrast over depth along a variety of geotherms
and for some endmember compositions to put constraints on what models can produce
the required buoyancy. Fig. 3b shows the case of a purely thermal anomaly. We assume
a typical asthenospheric composition (‘DMM’, slightly depleted mantle’) and a
potential temperature of 1300°C. Densities, adiabatic geotherms (isoentropes) and
solidus are calculated using pMELTS®. Depth integration of the density contrast (Fig.
3c¢) indicates that a minimum lithospheric thickness of over 100 km is needed to explain
the observed mantle buoyancy within the density anomaly. The geotherm for such a
thick lithosphere is nowhere close to the solidus, so a dry and purely thermal end
member model fails to explain the small volume basaltic volcanism.

For a higher potential temperature of 1390°C, the adiabatic geotherm crosses the solidus
at 70 km depth. Since there is evidence for much thinner lithosphere in large parts of
the Basin and Range, one would expect large volume basaltic volcanism if the potential
temperature is indeed this high and if convecting asthenosphere does rise to shallow
depths. Since no flood basalts are observed, this is an unlikely end member, as are the
much higher potential temperatures proposed elsewhere’. Hydration of the mantle
brings the solidus to lower temperatures, exacerbating the problem. Thermobarometry
based on basalt compositions typically leads to very high melting temperatures and
depths in this area, likely reflecting the fact that these are not primary melts (Fig. S8).
Melt depletion of asthenosphere leads to a decrease in density. Fig. S9 shows densities

for a depleted end member model, corresponding to highly depleted lithosphere
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(harzburgite). The lower densities of a melt-depleted lithosphere would require a much
deeper root to fit observed buoyancy. Enrichment of the lithosphere in major and trace

elements may explain isotope ratios, volcanism and density contrast best.
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Fig. S8: Estimates for melting temperature and pressureg. Figures and calculations

provided by Peter Luffi.
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Fig. S9: Same as Fig. S9, but for a depleted harzburgite end member. Melt depletion
results in lower densities. pMELTS and isoentrope calculations provided by Peter Luffi.

Tomographic velocity models

Two tomographic studies (teleseismic P) use arrivals from the Southern Great Basin
network for sufficient resolution in the area of the density anomaly (the Transportable
Array has insufficient station coverage near the Nevada Test Site). Both studies '
image a fast, deep (>170 km) anomaly near the northern part of the Nevada Test Site
and suggest that the fast anomaly may be a depleted root remaining after the
voluminous Timber Mountain eruptions; however, it could be difficult to create a
vertical feature via decompression melting, and maintain its shape over the following 10
Ma. Downwelling lithosphere may be an alternative explanation'®. Fig. S10 shows

velocity perturbation depth slices (top two maps’, bottom map'®), overlaid with mantle
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buoyant height contours and basalt samples with color coded eng values as in Fig. 3a
(station locations are from the buoyancy study and may vary from those used for the
tomographic study). Consistent features are a fast anomaly around the northern Test Site
and a slow arc to its south and east. The basaltic centers are concentrated on the
boundaries between faster and slower seismic velocities, which is possible in
association with lateral warming of a lithospheric keel, or with lithospheric

downwelling'".
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, overlaid by contours for mantle

contribution to elevation as in Fig. 3a. Note the different amplitude scales between the

two studies.
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Gravity

Free air gravity is dominated by Basin and Range topographic contrasts (Fig. S11) and
shows no pronounced low over the density anomaly that may be expected for a dynamic
downwelling'? or an isostatic stable thickened lithosphere; however, this does not rule
out either process. The downwarping of the Moho above the mantle density anomaly is
expected over a dynamic downwelling12, but is also consistent with the isostatic case. A
dynamic downwelling below a crust of homogeneous viscosity would induce a
compressional stress regime in the upper crust and a surface topographic high12,
inconsistent with the observed surface low topography and ongoing East-West
extension. The crust throughout the Basin and Range has normal thicknesses despite
large extension, in part probably due to lateral transport of lower crustal material "1,
which provides a layer of decoupling between upper crust and the rest of the lithosphere
and helps explain the discrepancy between surface and deeper deformation. Zhong'®
(1997) showed that a system with decreased viscosity in the lower crust compared to the
upper crust and lithosphere relaxing from a load imposed on the surface or Moho can
deviate significantly from the isostatically compensated case. It is therefore unclear
whether isostatic compensation should be expected even in the absence of a
downwelling (although Zhong’s models also favour a crustal keel above a thick
lithosphere as we propose here). Unlike the simple 1-dimensional case modelled by
Zhong16 (1997), lateral variations in viscosity and density are also likely in our study
area, and their effects on the lithosphere’s dynamic response are unknown. The situation
in our study area is additionally complicated by ongoing extension and right-lateral
strike-slip deformation inducing North-South shortening17, suggesting that boundary
forces may be as important as body forces. Molnar and Houseman'® (2004) modelled

Rayleigh-Taylor instabilities due to convergence and found initial thickening with a
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central downwelling, followed by central thinning with paired lithospheric drips at the
edges. The lithosphere under the Sierra Nevada just west of our study area is presumed
to have foundered recently, causing uplift of the range19. Since the downwelling is ~200
km from our observed mantle anomaly and the thinned lithosphere left behind is
directly adjacent to it, a consideration of the entire system as a paired downwelling is
possible. Bouguer gravity favours a mantle mass excess in the area of the anomaly (Fig.
S12, S13), but does not provide a distinction between the isostatic and dynamic cases
either. In the absence of independent density and viscosity information, gravity and
topography are insufficient for distinguishing between a dynamic and a stable root

scenario.
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Fig. S11: Terrain corrected free air anomaly. Symbols as in Fig. 3a.
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Fig. S13: 2-D gravity modelling and fit to observed Bouguer anomaly (averaged
between -116°W and -117°W). (A) predicted (blue) and observed (grey) gravity for
observed crustal thickness and elevation alone (green body in (D)). The gradient is
reproduced, but at the wrong location. (B) Adding a locally thickened lithosphere
removes roughly half of the lateral offset. (C) Adding some known shallow crustal
features (Timber Mountain and calderas) allows for a complete fit. The problem is
poorly approximated by 2-D geometry and the solution is non-unique, but a structure as
derived from isostasy allows fitting the observed gravity. We have been unable to fit the

observed gravity without a mantle root underlying the crustal root.
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