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magmas, requiring the generation of a large complement of felsic magmas. U-Pb dating of primary
titanite grains indicates that crystallization probably occurred around 60 Ma. These observations suggest
that voluminous arc magmatism reached as far inland as the edge of the Colorado Plateau during the
Laramide orogeny. Here, we employ a combination of petrology, petrophysics, and seismic imaging to
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show that the formation and subsequent removal of a thick, dense, cumulate root beneath the ancient
North American Nevadaplano modified the buoyancy of the orogenic plateau, possibly resulting in two
uplift events. A late Cretaceous—early Tertiary uplift event should have occurred in conjunction with
thickening of the crust by felsic magmatism. Additional uplift is predicted if the pyroxenite root later
foundered, but such uplift must have occurred after ~25 Ma, the age of the xenolith host. We show
that seismic velocity anomalies and seismic structures in the central part of the Colorado Plateau could
represent pyroxenitic layers that still reside there. However, under the southern and western margins of

the Colorado Plateau, the seismic signatures of a pyroxenite root are missing, despite xenolith records
and geochemical evidence for their existence prior to 25 Ma. We suggest that these particular regions
have undergone recent removal of the pyroxenite root, leading to late uplift of the plateau. In summary,
our observations suggest that the Nevadaplano, west of the Colorado Plateau and now represented by
the Basin and Range province, was underlain by high elevations in the late Cretaceous through early
Tertiary due to magmatic thickening. This may have facilitated an east-directed drainage pattern at this
time. Subsequent collapse of the Nevadaplano, culminating in Basin and Range extension and coupled
with delamination-induced uplift of the margins of the Colorado Plateau in the late Cenozoic, may have
reversed this drainage pattern, allowing rivers to flow west, as they do today.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction The ancient, exhumed North American Cordillera provides an
excellent natural laboratory to study the construction and subse-
quent destruction of orogenic plateaus. Recent studies show that
- ) ) - - . crustal thickening accompanied peak magmatism during the Late
and tectonic thickening, leads to thickened crust in continental Cretaceous, contributing to an ancient high-elevation plateau, or
arc settings (Ducea et al., 2009; Lee et al., 201?). Such processes Nevadaplano, in the hinterland of the Sevier orogenic belt (Cassel
can lead to the development of large-scale, high-standing, low- ot 31 2014: Chapman et al, 2015; DeCelles, 2004; Henry et al.,
relief plateaus. Ultimately, orogenic plateaus undergo extensional 2012; Paterson and Ducea, 2015). Magmatism ceased along the
collapse due to their thickened crust, and the complex internal to- western margin of the continent and swept inland throughout
pographies that result from gravitational collapse provide insight the southwestern US during the Laramide orogeny, reaching as far
into how continents are destroyed. inland as central Arizona, as indicated by the presence of Late

Cretaceous—early Tertiary granites (Fig. 1B). In the magmatic lull

that followed, crustal thinning and orogenic collapse began by
* Corresponding author. Miocene time (Cassel et al., 2014; Chapman et al., 2015; Henry et
al., 2012; Horton and Chamberlain, 2006). The resulting complex

A combination of processes, including voluminous magmatism
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Fig. 1. Topography and simplified geologic map of the study region. (A) Topography of the Colorado Plateau and surrounding physiographic provinces (thin black lines). CP,
Colorado Plateau; NBR, northern Basin and Range; SBR, southern Basin and Range; RGR, Rio Grande rift; RM, Rocky Mountains; TZ, Basin and Range-Colorado Plateau (BR-CP)
Transition Zone. Profile AA’ is the location of the seismic cross-sections in Fig. 4. Profiles BB’ and CC' are shown in Supplementary Figs. 3-4. The thick black line outlines
the map location in (B). (B) Simplified geologic map of Arizonan granite outcrops and sample locations (stars), modified from the Geologic Map of Arizona (Richard et al.,
2002). Pastel colors shade the Colorado Plateau (purple), Basin and Range (yellow), and the BR-CP Transition Zone (blue) physiographic provinces. Other xenolith locations are
marked by a circle, where closed circles mark volcanic hosts 25 Ma or older and open circles denote younger volcanic hosts. Garnet-pyroxenite xenoliths are conspicuously
missing in young volcanic fields, which are dominated by mantle lithologies, such as spinel peridotite. Xenolith field locations are as follows: CC, Camp Creek; CH, Castaneda
Hills; HB, Hopi Buttes; LM, Lake Mead; MF, Mount Floyd; MH, Mount Hope; MM, Mormon Mountain; N, Navajo; P, Pinacate; RP, Reno Pass; S, Springerville; SB, Sullivan
Buttes; SBn, San Bernardino; SC, San Carlos; SF, San Francisco; SP, Sentinel Plains; wGC, western Grand Canyon; WM, White Mountains. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

topography of the North American Cordillera is exemplified by the
relatively undeformed, low-relief Colorado Plateau within an oth-
erwise highly deformed orogenic belt (Dickinson, 1989) (Fig. 1A).
Marine sedimentary deposits atop the plateau suggest it was at
or below sea level in the Late Cretaceous, but today rests 2 km
above the surrounding regions. Free-air gravity indicates isostatic
compensation across the Basin and Range and Colorado Plateau
regions, yet the plateau’s current crustal thickness of 40-50 km,
especially along its edges, alone cannot support its elevation, re-
quiring a sub-Moho component of buoyancy (Levander et al., 2011;
Thompson and Zoback, 1979). Crustal thickness estimates vary
considerably, approaching 55 km in some models, and suggest
there is some complexity to the structure of the Colorado Plateau
(e.g. Zandt et al.,, 1995).

Buoyancy gives rise to the Colorado Plateau’s high elevations,
yet how the buoyancy and elevation of the plateau evolved through
time is unclear. Hypothesized explanations for epeirogenic up-
lift of the Colorado Plateau are varied and include: delamina-
tion of the Farallon plate following flat slab subduction (Bird,
1979; Humphreys, 1995), dynamic topography (Moucha et al.,
2008), thermal expansion of the cold lithosphere after Farallon
slab removal (Roy et al., 2009), mid-crustal flow from thick-
ened crust (McQuarrie and Chase, 2000), and lithospheric founder-
ing (Levander et al., 2011). Exactly when the plateau uplifted is
also debated. Apatite U-Th/He thermochronometry studies from
the Grand Canyon of northern Arizona yield conflicting results
(Flowers, 2010), suggesting uplift occurred in the late Cretaceous
(Flowers and Farley, 2012) or late Cenozoic (Karlstrom et al., 2014).

One way to assess paleo-elevations of a region is to examine
the effect on nearby drainage systems. A recent thermochronom-
etry study of surficial deposits on the southwestern Colorado

Plateau presents evidence for two-stage incision of the Grand
Canyon, and suggests the canyon was dominantly carved by an
east-flowing river by 70 Ma followed by reversal of the river
to flow westward in the Tertiary to excavate the final few hun-
dred meters of the Grand Canyon (Flowers and Farley, 2012). Such
dramatic hydrologic changes must have occurred in response to
changes in topography, requiring high elevations in the west dur-
ing the Cretaceous and collapse of the western highlands by Ter-
tiary time.

Drivers of uplift are most likely sourced in the buoyancy of the
crust, lithospheric mantle or asthenosphere. To gain insight into
these deep sources of uplift, we integrate here new geochemical
data and petrophysical calculations of lower crustal xenoliths with
published seismic studies of the deep crust and upper mantle of
the southwestern USA. Lower crustal xenoliths erupted within the
25 Ma Sullivan Buttes (Krieger et al., 1971) and similar-aged Camp
Creek latites from the Basin and Range-Colorado Plateau Transi-
tion Zone (BR-CP TZ) in central Arizona provide a rare glimpse of
the deep architecture of the plateau. The BR-CP TZ represents the
transition between the thick crust of the stable, undeformed Col-
orado Plateau and the thin crust of the actively extending Basin
and Range Province. The Arizonan lower crustal xenoliths are dom-
inated by garnet-pyroxenite with minor amphibolite (Esperanca et
al., 1988). This mineralogy is compositionally denser than astheno-
spheric mantle (Lee, 2014; Lee et al., 2006), thus, their formation
and removal could influence elevation. Pyroxenites also indicate a
complementary volume of felsic magmas were emplaced into the
crust. The low density of felsic magmas would contribute posi-
tive buoyancy to the continent. Here we show that magmatism
influences elevation, via magmatic inflation of the crust and lower
crustal foundering.
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Fig. 2. Geochemistry and petrology of Arizonan cumulates. (A) Whole rock SiO; wt.% versus molar Mg# for rocks from the Colorado Plateau (squares; Supplementary Table 1),
the Cretaceous Sierra Nevada continental arc (circles), Cretaceous Kohistan intraoceanic arc (triangles), and the Jurassic Talkeetna intraoceanic arc (diamonds). Samples from
the Sierra Nevada, Kohistan, and Talkeetna arcs have a demonstrated cumulate origin. Red and orange symbols plot high MgO and low MgO cumulates, respectively. Open
circles plot plutonic rocks from the Sierra Nevada batholith. Blue star represents a hypothetical primary mantle-derived arc basalt and the blue and red arrows show the
inferred liquid and crystal lines of decent from this basalt, respectively. See Supplementary Data for full reference list. (B-C) Thin section scans of garnet-poor, high MgO
(>13 wt. % MgO0) pyroxenite (B) and garnet-rich, low MgO (<13 wt. % MgO) pyroxenite (C) from the Arizonan xenolith suite. The dull green minerals are clinopyroxene, the
pale pink minerals are garnet, and the brown minerals in (C) are amphibole. Most of the opaque regions and garnet rims represent kelyphitic garnet breakdown products.
(D) Modal abundance of dominant mineral phases in high vs. low MgO Arizonan xenoliths. Colors are the same as in (A). Apices plot at 100% of the phase(s) given.
(E) Tera-Wasserberg Concordia plot of titanite U-Pb ages from four low MgO garnet-pyroxenites. All data uncertainties are reported at the 68.3% (10') confidence interval.
Data points in black are excluded from the age calculation based on poor data quality during acquisition. Lower intercept represents a closure age; upper intercept represents
the common Pb component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2. Analytical methods

Whole-rock major element compositions were measured via X-
ray fluorescence spectroscopy (XRF) at the University of Washing-
ton at Pullman. To prepare samples for XRF analysis, fresh sample
sizes of 10-100 g were crushed and powdered in a ceramic SPEX
mill placed in a shatterbox for 5-10 minutes per sample. Major
element concentrations of minerals were acquired in wavelength-
dispersive spectroscopy mode on the Cameca SX 50 microprobe
at Texas A&M in College Station, TX. Spot size was 10 pm. Gar-
net, clinopyroxene, orthopyroxene, and amphibole standards were
used for external calibration. In-situ U-Pb titanite ages were deter-
mined at Rice University on a single-collector, magnetic sector ICP-
MS (ThermoFinnigan Element 2) coupled to a New Wave 213 nm
laser ablation system (10 J/cm? laser fluence, 10 Hz repetition rate,
30 pum spot size). Titanite standards FCT and BLR were used to
monitor accuracy and zircon standard 91500 was used as an exter-
nal standard. Detailed methods are described in Jiang et al. (2015).

3. Arizonan garnet-pyroxenite petrogenesis
3.1. Petrology and geochemistry

Geochemical and petrologic observations allow for the sepa-
ration of the Arizonan garnet-pyroxenites into two groups: 1) a

high MgO, low Al;03, and high clinopyroxene mode (>50 vol.%)
group (n = 16), characterized by a fine-grained, equigranular tex-
ture with 120° triple junctions and 2) a low MgO, high Al,03, and
high garnet + amphibole mode group (n = 32), characterized by
coarse-grained, poikilitic texture (Fig. 2). The textures of the high
MgO group are indicative of partial to complete metamorphic re-
crystallization and the textures of the low MgO group indicate an
igneous cumulate origin.

Major element signatures of both pyroxenite groups overlap
with lower crustal cumulates from mature magmatic arc systems,
such as the Sierra Nevada continental arc, and the Kohistan and
Talkeetna intraoceanic arcs (Fig. 2A). Magmatic differentiation of
primitive arc basalt (blue star), as exemplified by the trend of
mafic to felsic plutonic rocks from the Sierra Nevada batholith,
shows an initial decrease in Mg# (molar Mg/(Mg + Fer), where
Fer is total Fe) at constant SiO;, followed by an increase in
SiO, at relatively constant Mg# (blue line in Fig. 2A). This lig-
uid line of descent can be explained by crystallization of high
MgO pyroxenites early in the differentiation trend, dropping the
Mg# of the melts, followed by crystallization of low MgO py-
roxenites, to increase the SiO, content of the melts (Lee, 2014,
Lee et al., 2006). The compositional similarity of the Arizonan py-
roxenites with known magmatic cumulates, combined with relict
cumulate textures in the low MgO pyroxenites, suggests the Ari-
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zonan pyroxenites are also arc cumulates. Thus, the high MgO
pyroxenites represent primitive cumulates and the low MgO pyrox-
enites represent cumulates from more evolved intermediate mag-
mas. A primary cumulate origin is consistent with experimental
studies showing garnet and clinopyroxene on the liquidus of prim-
itive arc melts in deep crustal settings (Alonso-Perez et al., 2008;
Miintener et al., 2001).

3.2. Temperature and pressure estimates

Mineral compositions were measured in 13 samples (Supple-
mentary Table 1). Garnet-clinopyroxene Fe-Mg exchange ther-
mometry (Ellis and Green, 1979; Krogh, 1988; Krogh-Ravna, 2000)
performed on 12 samples from both cumulate groups indicate final
equilibration temperatures of ~650-800°C or lower (calculated
at 2 GPa), suggesting the whole lower crustal root cooled con-
siderably after magmatism ceased. A single orthopyroxene-bearing
sample gives estimates of both temperature and pressure via the
Ca-in-opx thermometer and Al-in-opx barometer (Brey and Koh-
ler, 1990), and suggests equilibration pressures of 2.3-2.8 GPa
(70-85 km), in agreement with Smith et al. (1994). These re-
sults indicate emplacement well below typical Moho depths. The
partially to completely recrystallized textures of the high MgO
pyroxenites suggest slow cooling from magmatic temperatures,
providing time for textural recrystallization. Slow cooling is ex-
pected at sub-Moho depths where ambient temperatures are high.
In contrast, preservation of the original cumulate textures in low
MgO pyroxenites indicates no significant subsolidus recrystalliza-
tion, suggesting these rocks cooled quickly and thus at shallow
depths where ambient temperatures are cooler (20-35 km). Un-
fortunately, the low MgO pyroxenites do not have appropriate
mineral assemblages for barometry, but the presence of amphibo-
lites within this group is consistent with a lower pressure origin
(Alonso-Perez et al., 2008). Thus, these observations suggest lower
crustal roots are comprised of two compositional layers, with more
evolved, low MgO cumulates above deeper-seated, primitive, high
MgO cumulates.

3.3. Age constraints

Several low MgO pyroxenites contain anhedral, coarse-grained
titanite. Combined with the cumulate textures of the garnets and
pyroxene grains, the titanites probably also grew as a primary cu-
mulate phase. If this is the case, titanite ages can be used to con-
strain the time of cumulate formation. Using methods developed
at Rice University (Jiang et al., 2015), we determined an in-situ ti-
tanite U-Pb age of 57.3 £ 4.3 Ma from four low MgO pyroxenites
(Fig. 2E). Titanite in one of the four samples dated has rutile cores,
suggesting initial crystallization at either higher pressures or un-
der oxidized conditions (Frost et al., 2000). Despite coarse grain
sizes, titanite shows little zoning and laser ablation spots from
both rims and cores yield concordant ages, suggesting rapid cool-
ing in these samples to below the closure temperature of titanite
(~650-700°C, Frost et al. (2000)).

Previous isotopic age determinations for the Arizonan pyroxen-
ites have yielded diverse and complex results. Whole rock Sr, Nd,
and Pb isotopic systematics give imprecise ages suggesting forma-
tion in the Proterozoic (Esperanca et al., 1988), coincident with the
age of the basement in this area (Wendlandt et al., 1993). Others
have proposed instead that the xenoliths formed during Phanero-
zoic basaltic underplating (Johnson, 1990). In contrast, mineral Rb-
Sr and Sm-Nd internal isochrons yield young ages identical within
uncertainty to the age of eruption of the host latite (Esperanca et
al., 1988). Titanite U-Pb ages reported here support recent crys-
tallization of the pyroxenites. The apparent Proterozoic whole-rock

Sr, Nd and Pb ages could instead reflect mixing ages between juve-
nile and ancient components in the deep crustal magma chambers
that gave rise to the pyroxenite cumulates.

4. Petrophysical properties
4.1. Density

To quantify the buoyancy of a lower crustal root comprised of
the Arizonan pyroxenites, we calculate densities for these compo-
sitions. Results are shown (yellow symbols, Supplementary Fig. 2A)
for 12 pyroxenites with low amphibole mode at STP (298 K, 1 bar)
conditions calculated from measured mineral compositions and
modal abundance (Hacker and Abers, 2004) (Supplementary Ta-
bles 1-2). Modal proportions were determined via point counting
of thin sections. Density for these samples varies linearly with
bulk Mg# for samples with low amphibole content (<30 vol.%).
This empirical relationship allows extrapolation of densities for
the remaining samples for which bulk rock chemistry and mineral
modes are known but mineral compositions were not measured.
We thus extrapolate for the remaining 43 samples according to the
linear regression shown in Supplementary Fig. 2A (blue symbols).
Because amphibole has significantly lower density than garnet or
clinopyroxene, this must be accounted for in amphibole-rich sam-
ples (>30 vol.%). For these samples (n =9), we calculate density as
the weighted average between pure hornblende (Hacker and Abers,
2004) and the estimate from the linear regression according to the
modal proportions of amphibole and garnet + clinopyroxene, re-
spectively (green symbols).

Nearly all compositional densities for the Arizonan pyroxen-
ites are greater than peridotitic upper mantle (3.378 g/cm? at STP
(Lee, 2003)); only those with high amphibole mode are equal to or
lower, but these represent a minority. On average, compositional
densities are 6% denser than fertile peridotite. Accounting for ther-
mal contraction due to cooling of the pyroxenites below 700°C
increases the density contrast between the mafic root and the hot
(~1400°C) ambient mantle by an additional 2%. Fig. 3C shows
the resulting densities vary from 2 to 17% denser than peridotite
(8% on average). Such high density inversions are not expected to
persist long without convective recycling of the garnet-pyroxenite
root into the mantle (Lee, 2014).

4.2. Elastic moduli and seismic velocities

To evaluate whether a pyroxenite root persists today beneath
the former orogenic plateau, we calculate the elastic moduli and
seismic velocities of the Arizonan pyroxenites (Supplementary
Figs. 1-2) and compare to existing seismic studies in the region.
As with density, the elastic moduli of rocks can be calculated
from mineral chemistry and their modal proportions. These val-
ues also vary linearly with bulk Mg# (Supplementary Fig. 1), and
similar to the density calculations, we extrapolate via linear re-
gression for the samples with unknown mineral compositions. For
amphibole-rich samples, we calculate the elastic moduli as the
Voigt-Reuss-Hill average between pure hornblende and the lin-
ear regressions in Supplementary Fig. 1 according to the modal
proportions of amphibole and garnet + clinopyroxene. For com-
parison with seismic images, Vp and Vs were calculated for all
samples from the density and elastic moduli determinations. Be-
cause density and seismic velocity are determined for standard
temperature and pressure (298 K, 1 bar) conditions, direct compar-
ison with seismic tomography observations requires projection to
higher temperature and pressure. We calculate density and seismic
velocities for the 13 samples with known mineral compositions at
700°C via the method of Hacker and Abers (2004). Assuming a
linear relationship between 25 and 700°C for each, we take the
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Fig. 3. Calculated geophysical properties of the Arizonan xenoliths. Density (A), Vp (B), and Vs (C) versus bulk Mg# for high MgO garnet-pyroxenites (squares) and low
MgO garnet-pyroxenites (circles) at 700 °C plotted as a percent difference from convecting mantle peridotite (Lee, 2003) at 1400 °C (orange bar). Note inverse y-axis scale
for density plot (A). These values are meant to compare directly with seismic observations. Yellow symbols indicate samples with measured mineral compositions whose
geophysical properties are determined using the method of Hacker and Abers (2004). Samples whose physical properties are calculated based on the linear regressions for
Mg# versus bulk modulus, shear modulus, and density (Supplementary Figs. 1-2) are plotted in blue. Green symbols show amphibole-rich samples; error bars show the
uncertainty due to the high amphibole content in these samples. (D) Schematic 1-D P- and S-wave velocity versus depth profile calculated for a 55 mW/m? geothermal
gradient. Error bars on garnet-pyroxenite velocities represent compositional variation. Velocity is dashed where boundaries between layers are uncertain. Crustal velocities
are from Christensen and Mooney (1995). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

slope of the line connecting the two points as equal to g—’T’, dd#,
and %. We then use the slope to project the density and seismic
velocities of the remaining samples and peridotite to high temper-
ature. Because we report density and velocity relative to peridotite
at the same pressure, the effect of pressure on these values are
similar and are thus ignored.

Vp and Vs perturbation of cold (700 °C) pyroxenites relative to
hot asthenosphere (1400 °C) decrease with increasing Mg#, such
that low MgO pyroxenites are faster and high MgO pyroxenites are
slower than asthenospheric mantle (Fig. 3A-B). Thus, a complex
velocity profile is predicted for a stratified lower crustal root com-
prised of low MgO pyroxenites above and high MgO pyroxenites at
the base. With increasing depth, the transition from felsic crust to
low MgO pyroxenites corresponds to a velocity increase (i.e., the
Moho), followed by a velocity decrease at the transition from the
shallow low MgO pyroxenites to the deeper high MgO pyroxenites,
and a final velocity increase where high MgO pyroxenites transi-
tion to peridotitic mantle (Fig. 3D). Thus, unique seismic signals
likely exist in regions where mafic lower crustal roots are present.
In the case of teleseismic receiver functions, we predict two posi-
tive events with a negative event in between, generating a “double
Moho” signature.

5. Comparison with seismic sections

We use PdS and SdP receiver functions and Rayleigh wave to-
mography to reveal the sub-surface structure beneath the Colorado
Plateau region (Levander et al., 2011). The processing to construct
the seismic images is described elsewhere (Levander and Miller,

2012; Levander et al, 2011; Liu et al, 2011). All of the seis-
mic data were recorded by the USArray component of EarthScope,
a seismic array with a nominal ~70 km instrument spacing. A re-
ceiver function (RF) is a time series in which the earthquake source
function has been removed and replaced with a known shap-
ing function to identify scattered waves. Receiver function images
depict continuous interfaces, such as the Moho, that have large
impedance contrasts in elastic properties. RF signals can also arise
from less vertically abrupt elastic parameter changes such as the
lithosphere-asthenosphere boundary (LAB), depending on the fre-
quency content of the signal. The RFs have been processed to make
scattered wave images of the subsurface using P to S (PdS) or S to
P (SdP) converted waves from teleseismic earthquake signals, using
a technique referred to as common conversion point (CCP) stacking
(Dueker and Sheehan, 1997). In CCP stacking an assumed velocity
model is used to convert receiver functions from a seismic array
to depth and reposition them laterally to the point where the in-
put P (or S) wave encountered an impedance contrast to produce
a converted S (or P) wave. Summing partial images made from
many earthquakes, referred to as stacking, improves signal to noise
ratio in the image. In contrast, finite-frequency Rayleigh wave to-
mography provides a measurement of the absolute isotropic shear
velocity at different depths of the earth, with sampling depth and
resolution depending on frequency. The Rayleigh waves used in
this study (0.0167-0.05 Hz) are sensitive to Vs structure from
the mid-crust, ~15-20 km, into the upper mantle, ~150-200 km
depth, with resolution adequate for distinguishing between crustal,
lithospheric mantle, and asthenospheric mantle structure.
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AA’. Solid white line is the Moho; dashed white line is the LAB. Black box shows the approximate source location of the Arizonan garnet-pyroxenite xenoliths as determined
by thermobarometry (this study and Smith et al., 1994). A “double Moho” feature is present in the PdS and SdP receiver function images between x = 550-750 km beneath
the northern Colorado Plateau (also see Supplementary Fig. 4). This unique signal suggests an intact stratified garnet-pyroxenite lower crustal layer, likely already foundering
(Levander et al., 2011). LAB depth is greatest underneath the “double Moho” event (>110 km) in the north, and shallows to <80 km beneath the BR-CP-TZ and Basin and
Range. Rayleigh wave tomography reveals a low velocity zone beneath the southern Colorado Plateau, BR-CP-TZ, and Basin and Range, suggesting upwelling asthenosphere in
this region. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)

Profile AA’, shown in Fig. 4, crosses the xenolith locations, ex-
tending from the Southern Basin and Range Province in the south
to the northern part of the Colorado Plateau (see Fig. 1A). Beneath
the BR-CP-TZ, where we may expect to see a “double Moho” fea-
ture based on the presence of garnet-pyroxenite xenoliths, no such
structure can be seen in the seismic profile. However, on the PdS
receiver function image, a “double Moho” feature is clearly visi-
ble in the central part of the plateau 550-750 km from point A.
Based on our predicted 1-D seismic profile in Fig. 3D, this ob-
servation suggests that a cumulate lower crustal root is present
beneath the central Colorado Plateau. Yet, the lack of geologic ev-
idence for magmatic thickening, such as granitic plutonism, across
the plateau makes it difficult to interpret the seismic feature in

this manner. Nevertheless, the seismic profile indicates a layer with
high impedance contrast is present within the central Colorado
Plateau lithosphere, but is absent to the south. Profile BB’ parallels
the BR-CP-TZ and shows uniform Moho and LAB depths across this
distance, indicating similar processes modified the entire BR-CP-TZ
(Supplementary Fig. 3). Receiver function images in Fig. 4 show
the LAB shoals from >110 km in the north to <80 km beneath
the southern half of the plateau and BR-CP-TZ, with a correspond-
ing shallowing of the Moho towards the Basin and Range. Similar
conclusions can be drawn from profile CC’, where a “double Moho”
signature correlates with thickened lithosphere beneath the east-
ern Colorado Plateau and disappears to the west (Supplementary
Fig. 4).
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6. Implications for the topographic evolution of the North
American Cordillera

High Sr/Y ratios in magmatic rocks from the hinterland of the
Sevier fold and thrust belt in the southwestern US suggests garnet-
and/or amphibole-bearing cumulates crystallized from these mag-
mas in the lower crust of the former Nevadaplano, which lay just
west of the present Colorado Plateau in the current-day Basin
and Range Province (Chapman et al.,, 2015). Our garnet-pyroxenitic
xenoliths confirm this inference. If titanite is a primary cumulate
phase in these rocks, U-Pb titanite ages suggest cumulates formed
in the BR-CP-TZ no later than 60 Ma. This age is consistent with
the interpretation that the Arizona pyroxenites may be the mafic
complements to the Late Cretaceous—early Tertiary granites that
were emplaced through much of the American southwest during
the beginning of the Laramide orogeny. Most of the magmatism
occurs west of the plateau, but if the garnet-pyroxenites are pet-
rogenetically related to these young granitoids, their presence on
the western edge of the plateau suggests that arc magmatism may
have extended into the western and southern Colorado Plateau re-
gions in Late Cretaceous-early Tertiary times. As we will discuss
later, voluminous magmatism during the Late Cretaceous—early
Tertiary across southwestern USA may have thickened the upper
crust significantly, while simultaneously generating a thick, dense
cumulate lower crustal root (Chapman et al., 2015), and contribut-
ing to the high elevations of the Nevadaplano (Cassel et al.,, 2014;
DeCelles, 2004; Ducea et al., 2015; Henry et al., 2012). The erup-
tion of the xenolith host lava at 25 Ma indicates this cumulate
root was in place for at least 35 Myr after its formation around
60 Ma. The seismic observations presented in Section 5, however,
suggest pyroxenite roots are now absent beneath the Basin and
Range, western Colorado Plateau, and BR-CP TZ.

Recent removal of the garnet-pyroxenite cumulate root may ex-
plain these interpretations. The “double Moho” feature beneath the
northern Colorado Plateau (profile AA’) is positioned at the east-
ern edge of a fast P-wave anomaly extending to 200 km depth,
which has been interpreted as an active lithospheric downwelling
(Levander et al., 2011). Recent removal of the pyroxenite root is
consistent with the fact that younger (<12 Ma) basaltic eruptions
in the region contain xenoliths reflecting mantle lithologies, such
as spinel peridotite, but no garnet-pyroxenites, as is characteristic
of older xenolith localities (Nealy and Sheridan, 1989) (Fig. 1B).
Rayleigh wave Vg tomography across profile AA’ reveals a low
velocity zone beneath the shallow LAB along the plateau’s south-
ern margin, which may represent upwelling asthenospheric man-
tle that replaced the foundered material. Spatio-temporal patterns
of magmatism show magmatic activity migrating inward from
the plateau margins during the mid-Cenozoic (Crow et al., 2010;
Reid et al., 2012; Roy et al., 2009), which may be a manifestation of
progressive inward foundering of the pyroxenite root. In addition,
geomorphic constraints from Colorado River incision rates suggest
increased deep-seated buoyancy has been propagating toward the
interior of the Colorado Plateau at least over the last 4 Ma (Crow
et al,, 2014).

The geophysical, petrologic and geologic data presented here
collectively suggest that during the Late Cretaceous-early Tertiary,
the present-day Basin and Range and BR-CP TZ was thickened by
the influx of arc magmas, generating a package of buoyant felsic
crust and a dense cumulate root. This cumulate root persisted at
least until 25 Ma in the BR-CP TZ and subsequently foundered to
be replaced by hot asthenospheric mantle. This sequence of events
must have influenced surface elevations. The isostatic response of
elevation (Ah) to density changes depends linearly on the change
in crustal thickness (AH) and the effective density difference be-
tween the crustal column of interest and the background reference
state. That is, AH = (1 — %)Ah, where pp and py are the density

of the mantle and the modified crust. During magmatic inflation,
low-density felsic magmas increase buoyancy, but the accumula-
tion of dense mafic cumulates decreases buoyancy. Hence, the ratio
of mafic to felsic magmatic additions (M:F) ultimately determines
the isostatic response (Fig. 5A). Geochemical mass balance in arc
sections indicates that ~70% of magmatic additions are mafic cu-
mulates (Lee, 2014), which we use here as a maximum M:F value
at any given time within the crustal section. Retention of the entire
cumulate package (high M:F) with the felsic crust results in only
a modest elevation increase (<1 km). If, instead, some cumulates
are immediately recycled into the mantle during magmatism (low
M:F), uplift associated with felsic crust generation may be more
significant. Estimates suggest the upper crust of the Nevadaplano
magmatically thickened by 25 km in the Late Cretaceous (Chapman
et al,, 2015), implying growth of a thick, garnet-pyroxenite root
at the base of the orogenic plateau. Depending on the thickness
of cumulates retained in the lower crust, isostasy predicts the
Nevadaplano may have increased in elevation by 1.5-2 km (for
M:F = 1; Fig. 5A), in agreement with eastward flowing drainage
systems at this time (Flowers and Farley, 2012). The density inver-
sion formed by the growth of a thick, dense cumulate root at the
base of the crust, however, leads to lower crustal foundering. An-
other possibility is that cumulates were removed via melting, per-
haps contributing to the ignimbrite flare-up of the southwestern
US (Lipman, 1992). The combination of secular change in xeno-
lith demographics and seismic evidence for lithospheric thinning
across the Basin and Range and southern perimeter of the Colorado
Plateau (Figs. 1B and 4) provide indirect evidence for cumulate
removal. Isostatic equilibrations following lower crustal founder-
ing could double elevation increases across this area, assuming
removal of a 25 km-thick root with density 6% greater than peri-
dotite (Fig. 5B). In detail, there are a number of factors, such as
sedimentation and heterogeneous crustal roots, which we do not
consider in this simple calculation, but such considerations will not
change the fact that removal of a dense, pyroxenitic root results in
significant uplift.

The simple calculations shown in Figs. 5A and 5B imply that
two episodes of uplift likely affected the southwestern US, one
during magmatic inflation of the Nevadaplano and a second up-
lift event caused by lower crustal foundering. The first uplift event
probably occurred in the Late Cretaceous-early Tertiary, as con-
strained by U-Pb titanite age dating of pyroxenite cumulates (Sec-
tion 3.3) and the age of magmatism across the former Nevada-
plano. The timing of the second uplift event is difficult to measure,
as it relies on the removal of material for which we do not have
a definite constraint in terms of timing. The age of the host lavas
that erupted the Arizona pyroxenite xenoliths constrains uplift to
have occurred after 25 Ma. Paleo-altimetry and thermochronol-
ogy studies provide additional constraints on the age of uplift.
U-Th/He thermochronology (Flowers and Farley, 2012) and car-
bonate clumped isotope thermometry (Huntington et al., 2010)
of the southwestern Colorado Plateau suggest significant unroof-
ing began in the Late Cretaceous (~70-60 Ma). In contrast, ap-
atite fission track dating combined with U-Th/He thermochronom-
etry (Karlstrom et al., 2014), basalt vesicularity paleoaltimetry
(Sahagian et al., 2002), and U-Pb dating of speleothems (Polyak
et al., 2008) from the same study area suggest major uplift may
be significantly younger. These apparently conflicting findings are
consistent with the two-stage uplift history proposed in this study.

7. Enigmatic Colorado Plateau elevations

That the Colorado Plateau sits at high elevation yet seismically
appears to retain a cumulate root beneath its center must be ad-
dressed. We consider two scenarios to explain the current high
elevations of the Colorado Plateau. The first scenario is that the cu-
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magmatic front was located in the Sierra Nevada and the proto-Colorado Plateau was at sea level beneath the Western Interior Seaway. By Paleocene times, magmatic
volcanism had swept toward the interior of the continent during Farallon Plate flat-slab subduction, resulting in magmatic inflation and development of a thick and dense,
garnet-pyroxenitic lower crustal root. Elevation gain due to magmatic thickening likely occurred at this time. Subsequent foundering of the dense lower crust beneath the
Basin and Range, BR-CP-TZ after 25 Ma, as well as beneath the Sierra Nevada in the Late Cenozoic (Ducea and Saleeby, 1996; Wernicke et al., 1996), isostatically uplifted
these regions. Partial removal of a pyroxenitic root also likely occurred beneath the Colorado Plateau to uplift this region to its current elevation. The associated influx of
hot asthenospheric mantle with the removal of the lower crust likely acted to thermally weaken and convectively thin Basin and Range crust, ultimately causing an isostatic
response to subside the region to its current elevation. Thermal relaxation beneath the Colorado Plateau and Sierra Nevada will, in the future, act to decrease elevations to a

new isostatic equilibrium elevation.

mulate root formed in place during magmatic thickening and uplift
occurred via removal of the lower crust. Geologic evidence for fel-
sic magmas on the Colorado Plateau, however, is minimal (Fig. 1B).
If magmas were emplaced intrusively rather than extrusively, low
erosion rates may explain the lack of surficial exposure of granites
or their extrusive equivalents on the plateau. Partial lower crustal
foundering may explain why the central Colorado Plateau retains a
“double Moho” feature at its base. Removal of a 25 km-thick layer
of high MgO cumulates from the lower crust is adequate to ex-
plain the current elevation of the Colorado Plateau, assuming it is
6% denser than the mantle (Fig. 5B). If the plateau was already
at higher elevations due to isostatic equilibration during magmatic
thickening, removal of a smaller portion of the cumulate root is
sufficient to explain the plateau’s present-day elevation.

An alternative scenario is to consider the possibility that the
cumulate root did not form in place, but instead was tectoni-
cally translated to its current position, presumably from the west.
Studies have proposed that during flat slab subduction of the Far-
allon Plate, material was tectonically eroded from the forearc and
transported inland to be incorporated into the lithosphere, possi-
bly reaching as far east as the Colorado Plateau (Luffi et al., 2009;
Saleeby, 2003; Smith, 2013). If cumulates formed beneath the

Sierra Nevada arc in California were translated eastward to the
Colorado Plateau, this could explain the apparent lack of comple-
mentary felsic rocks on the plateau. However, the fact that many
of the Arizona xenoliths retain their igneous cumulate textures
suggests that they did not undergo significant deformation, which
might be expected during tectonic erosion and translation in the
mantle wedge. Additionally, this scenario predicts a very differ-
ent uplift history than the first. Translation of a dense cumulate
root eastward to the base of the Colorado Plateau would cause
subsidence if it is not accompanied by emplacement of buoyant,
felsic upper crust. As with the first scenario, this situation also re-
quires only partial removal of the lower crustal root to explain the
plateau’s current high elevations while retaining a “double Moho”
seismic signature. However, the thickness of cumulates removed
must be greater (than required in the first scenario) in order to
transition from the low elevations achieved during cumulate trans-
lation, and associated isostatic subsidence, to 2 km above sea level
today. Paleo-altimetry and thermochronology studies do not sup-
port subsidence prior to uplift of the Colorado Plateau (Flowers
and Farley, 2012; Huntington et al., 2010; Karlstrom et al., 2014;
Polyak et al., 2008; Sahagian et al., 2002). The two scenarios dis-
cussed here are possible explanations for the observed seismic
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impedance contrast below the Moho of the Colorado Plateau. Con-
clusive interpretation of the “double Moho” structure is difficult at
this time; however, the Arizonan xenoliths provide an additional
piece of evidence to coax the story from the geologic record.

8. Conclusions

In summary, we use a combination of geochemistry, petrol-
ogy, petrophysics, and geophysics to understand how the topog-
raphy of the southwestern US has evolved through time. We re-
port the occurrence of garnet-pyroxenite cumulates in the BR-
CP-TZ, suggesting voluminous magmatism reached as far inland
as central Arizona during the Laramide orogeny. Magmatic in-
flation and growth of a cumulate root acted to raise elevations
across the Nevadaplano during this time. After magmatism ceased,
the density inversion created during cooling of the crust and
lithosphere led to lower crustal foundering in the Miocene or
younger, resulting in a second uplift event. If our model is correct,
a two-stage uplift history is predicted to accompany all regions
affected by voluminous magmatism, especially if such magma-
tism differentiates into felsic upper crust and mafic pyroxenitic
lower crust. In fact, a similar model is employed to explain the
high elevations of the southern Sierra Nevada despite thin sup-
porting crust and mantle lithosphere (Ducea and Saleeby, 1996;
Wernicke et al., 1996). Evidence of uplift, however, may not always
be preserved, as post-foundering thermal relaxation will cause the
thermal boundary layer to cool and thicken, causing high eleva-
tions to eventually subside.

Foundering of a cumulate root exposes the remaining upper
crust to upwelling, hot asthenosphere, which could lead to melt in-
filtration and weakening of the crust, priming it for further crustal
thinning. This may explain the differential deformation between
the actively deforming Basin and Range Province and the tecton-
ically stable Colorado Plateau. That a pyroxenite root appears to
persist beneath the Colorado Plateau’s interior in combination with
a thick lithospheric mantle, suggests the crust is protected from
the deep convecting mantle. However, active foundering beneath
the western Colorado Plateau (Levander et al., 2011) may, in the
future, destabilize the plateau’s long history of tectonic quiescence.
Precise determination of the uplift/subsidence history of the south-
western US will aid in understanding the temporal differences in
deep crustal thinning between the Basin and Range and Colorado
Plateau regions, as proposed in this study.
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