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The continental lithospheric mantle plays an essential role in stabilizing continents over long geological
time scales. Quantifying spatial variations in thermal and compositional properties of the mantle
lithosphere is crucial to understanding its formation and its impact on continental stability; however, our
understanding of these variations remains limited. Here we apply the Whole-rock Interpretive Seismic
Toolbox For Ultramafic Lithologies (WISTFUL) to estimate thermal, compositional, and density variations
in the continental mantle beneath the contiguous United States from MITPS_20, a joint body and surface
wave tomographic inversion for V, and Vs with high resolution in the shallow mantle (60-100 km).
Our analysis shows lateral variations in temperature beneath the continental United States of up to
800-900°C at 60, 80, and 100 km depth. East of the Rocky Mountains, the mantle lithosphere is generally
cold (350-850°C at 60 km), with higher temperatures (up to 1000 °C at 60 km) along the Atlantic coastal
margin. By contrast, the mantle lithosphere west of the Rocky Mountains is hot (typically >1000°C at 60
km, >1200°C at 80-100 km), with the highest temperatures beneath Holocene volcanoes. In agreement
with previous work, we find that the chemical depletion predicted by WISTFUL does not fully offset the
density difference due to temperature. Extending our results using Rayleigh-Taylor instability analysis,
implies the lithosphere below the United States could be undergoing oscillatory convection, in which
cooling, densification, and sinking of a chemically buoyant layer alternates with reheating and rising of

that layer.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction face heat flow is lowest in the eastern Archean cratons (Mareschal
and Jaupart, 2013) and with highest surface heat flow near sites
of Holocene volcanism in the west (Venzke, 2013). The west is
dominated by high topographic relief and long-wavelength nega-
tive Bouguer anomalies, in contrast to the low-relief and short-
wavelength positive Bouguer anomalies in the east (Kane and God-
son, 1989). The coherence between Bouguer anomalies and topog-
raphy predicts smaller elastic thicknesses in the west than in the
east (Steinberger and Becker, 2018), which is consistent with the
inference from seismology that the depth at which mantle seismic
anisotropy aligns with absolute plate motion is shallower in the
west (~80 km) than in the east (~200 km) (Yuan and Romanow-
icz, 2010). Mantle seismic wave speeds also differ between the two
regions, with slower wave speeds in the west (Golos et al., 2020).

The North American continent consists of continental and arc
fragments, which formed and amalgamated over the course of
Earth’s history (Whitmeyer and Karlstrom, 2007). To first order,
geographical appearance and geophysical data and inferences di-
vide the contiguous continental United States into two geologic
provinces (or regions): the tectonically active western region and
the stable eastern region, broadly separated by the Rocky Moun-
tain Front. Surface strain rate is higher in the west (Kreemer et
al., 2014), in line with the predominantly western locations of
historical large (M,y > 6.0) earthquakes (Petersen et al., 2020). Sur-
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In the upper mantle, temperature exerts the dominant con-
trol on rheology (Hirth and Kohlstedt, 2003), density, and seismic
wave speed (Shinevar et al., 2022). Consistent with, for instance
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(Goes and van der Lee, 2002), the observations mentioned above
thus suggest elevated shallow mantle temperatures in the west-
ern US compared to those in the east. This variation in mantle
temperature has been related to the age of the lithosphere as the
lithosphere cools and thickens with time (Mareschal and Jaupart,
2013).

Re-Os dating and isotopic measurements suggest that the shal-
low cratonic mantle is as old as the surface rocks (e.g., Pearson,
1999). In order for cratonic mantle to remain buoyant and per-
sist over billions of years, the density increase due to cooling has
been hypothesized to be balanced by a density decrease due to the
depletion of the mantle through melting—the so-called isopycnic
hypothesis (Jordan, 1975). The density structure associated with
the combined effects of composition and temperature is there-
fore vital to the force balance within the lithosphere (Zoback and
Mooney (2003)). Petrological studies have supported the isopycnic
hypothesis for the Kaapvaal craton through density estimates from
xenolith compositions along modern calculated geotherms (Kelly
et al., 2003), but in other regions such as the Baltic shield and
Siberian craton, the density increase due to cooling may not be
fully compensated by composition (Eaton and Claire Perry, 2013;
Forte et al., 1995; Kaban et al., 2003; Schutt and Lesher, 2006;
Shapiro et al., 1999a).

The goal of our study is to interpret the MITPS_20 seismic to-
mographic model (Golos et al., 2020), a recent tomographic model
of the continental United States, in terms of temperature, compo-
sition, and density using WISTFUL (Whole-Rock Interpretive Seis-
mic Toolbox For Ultramafic Lithologies) (Shinevar et al., 2022).
MITPS_20 incorporates both body and surface wave data from the
USArray, giving better vertical and lateral resolution within the
crust and upper mantle for both V, and V; than either data set
alone. WISTFUL interprets observed seismic wave speed in terms of
feasible temperature, composition, and density based on compar-
ison to a set of reference wave speeds calculated over a range of
pressure-temperature (P-T) for a database of 4485 anhydrous ultra-
mafic bulk compositions. WISTFUL incorporates an up-to-date in-
tegration of laboratory measurements of elastic moduli, new ther-
modynamic solution models and databases chosen to best-fit the
mineral modes of well-studied mantle xenoliths, and experimental
calibrations of olivine anelasticity.

We first discuss the methodology behind MITPS_20 and WIST-
FUL. We then present maps of inferred temperature, composition,
and density for the continental United States and eastern Canada at
60, 80, and 100 km depth, where the MITPS_20 model is best con-
strained by body and surface wave data. To validate our method-
ology, we compare our results at 60 and 80 km with estimates
of temperature and composition from recently erupted xenoliths
and magmatism. Using the best-fit density, composition, and tem-
peratures, we then investigate the relative chemical and thermal
buoyancy of continental lithosphere. We find an imbalance in these
buoyancy terms, suggesting that the continental lithosphere is to
first order density unstable. We argue that these observations
could result in oscillatory convection, in which cooling, densifi-
cation, and sinking of a chemically buoyant layer alternates with
reheating and rising—resulting in laterally harmonic perturbations
to the interface between the layers.

2. Geological setting and previous work

Geologic mapping and geochronology show that the litho-
sphere west of the Rocky Mountains experienced recent orogen-
esis (Laramide Orogeny, 75-35 Ma, English and Johnston, 2004).
The Basin and Range has undergone large-scale extension since
the cessation of Laramide compression (Parsons, 2006), which
reached as far inland as Colorado due to the shallow eastward
subduction of the Farrallon Plate (Atwater, 1989), and the Snake
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River Plain/Yellowstone Plateau was probably formed by the im-
pingement of the Yellowstone Plume beginning at 16 Ma (Lee-
man, 1982). The eastern province is geologically much older.
The plate interior last experienced internal deformation during
the Neoproterozoic due to the Mid-Continent Rift (1100 Ma)
and Grenville Orogeny (ca. 1300-980) (Whitmeyer and Karlstrom,
2007). More recent tectonism has occurred on the eastern margin
of North America, including the Taconic Orogeny (500-430 Ma),
Acadian Orogeny (375-335 Ma), Alleghenian Orogeny (325-260
Ma) (Hatcher, 2010), and rifting related to the opening of the
Gulf of Mexico (~200 Ma) and the opening of the central Atlantic
Ocean with the emplacement of the Central Atlantic Magmatic
Province (~200 Ma) (Marzoli et al., 2018).

Recent improvements in seismometer coverage, seismic tomog-
raphy, and interpretation have led to new insights into the ther-
mochemical state of the mantle lithosphere beneath the United
States. Some authors estimated the temperature of the mantle be-
neath the continental United States assuming a single composition,
finding a lateral variation of order 500°C in temperature at the
crust-mantle interface (Schutt et al., 2018) and in the upper man-
tle (Goes and van der Lee, 2002). Perry et al. (2003) utilized a
topography-gravity inversion to derive a three-dimensional scal-
ing relationship between seismic wave speed and density, and
subsequently applied these relations to seismic models to esti-
mate the temperature and chemical depletion beneath the cra-
tonic United States. They found a temperature perturbation of
~500°C and a variation in the magnesium number (Mg#, molar
Mg/(Mg+Fe)x100) of ~2 at 150 km depth. More recently, Tesauro
et al. (2014) took an iterative, probabilistic approach to inverting
seismic wave speed and composition using other geophysical data
(e.g., topography and gravity) and found up to 800 °C temperature
differences and 80 kgm™3 density differences at 100 km depth
below the continental United States. Others have utilized thermo-
dynamic calculations to invert jointly for mantle temperature and
composition, finding a maximum temperature variation of 200°C
and Mg# of 89-91 below the continental United States at 100 km
(Khan et al., 2011). Similarly, Afonso et al. (2016) used probabilis-
tic joint inversions to investigate the mantle thermochemical state
in the western-central United States. They integrated seismic delay
times, gravity data, geoid height, topography, and heat flow and
found a temperature difference of more than 500°C and Mg# of
88-92 at 55 km depth between the Rio Grande Rift and Protero-
zoic provinces east of the Rocky Mountain Front.

3. Methodology

Here we apply WISTFUL (Shinevar et al., 2022) to the 60, 80,
and 100 km depth slices of MITPS_20 (Golos et al., 2020) (Fig. 1).
WISTFUL is a tool that constrains the viable temperature, rock
composition, and density for a given seismic wave speed via com-
parison with calculated isotropic seismic wave speeds for 4485
anhydrous ultramafic whole rock compositions. WISTFUL's seis-
mic wave speeds are calculated using an up-to-date compilation
of mineral elastic moduli along with Perple_X (Connolly, 2009),
the Holland and Powell (2011) thermodynamic database, and the
Holland et al. (2018) solution models to calculate mineral assem-
blages, but excluding the effect of melt.

The MITPS_20 tomographic model describes relative variations
in V) and V; and is generated from a joint inversion of P, Py, and
S body wave travel time delays as well as Rayleigh wave phase ve-
locities at periods ranging from 5-290 s. Incorporating both body
and surface wave data affords good vertical and lateral resolution
within the crust and upper mantle for V, and V; (Golos et al,
2020). Combining V and V; can improve the constraints on ther-
mal and compositional variation compared to interpretation of V,
or Vs alone (Lee, 2003). The improved vertical and horizontal res-
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Fig. 1. Depth slices of V; (left) and V,/V; (right) from seismic model MITPS_20 (Golos et al., 2020) at 60 (top), 80 (middle), and 100 (bottom) km. Black boundaries
represent tectonic provinces (A: Appalachian Mountains, BNR: Basin and Range, Col: Columbia Plateau/Snake River Plain, CP: Colorado Plateau, SP: Superior Craton, WY:
Wyoming Craton). Cyan boundaries represent surface exposures of continental rifting events (MCR: Mid-Continent Rift, OA: Oklahoma Aulacogen, RR: Reelfoot Rift, RT: Rome
Trough). The dashed lines represent the Grenville Front (GF) and the Rocky Mountain Front (RMF). Boundaries after Whitmeyer and Karlstrom (2007). (For interpretation of

the colors in the figure(s), the reader is referred to the web version of this article.)

olution and the availability of jointly constrained (and similarly
resolved) V, and V; variations make MITPS_20 an appropriate
model with which to investigate the compositional and thermal
variations beneath the continental United States.

Checkerboard tests provide a qualitative diagnostic of reso-
lution, but care must be taken with interpreting their results
(Lévéque et al, 1993). We only interpret MITPS_20 in regions
where recovery based on the checkerboard tests seems adequate
for both V}, and Vs, thus removing western Canada. Furthermore,
we limit our investigation to the 60, 80, and 100 km model depth
slices, as they are the depths where V, and Vs are best, and
equally well, resolved (Golos et al, 2020). As MITPS_20 recov-
ers 1.5°x1.5° checkerboards at 60, 80, and 100 km, we interpret
anomalies of that spatial scale or larger. The map views are repre-
sentative of lateral variations in wave speed for depth intervals of
4+ ~10 km around the indicated depth.

MITPS_20 describes relative variations in V;, and Vs (8V,, V).
Inversions of synthetic data yield scaling parameters (op and «s)
that estimate effects of regularization and uneven sampling. The
scaled relative variations in Vj, and V; are given by:

8 Vsscaled =asVs, (1)

(svpscaled = Olp(sz. (2)

The scaled relative variations are converted to absolute V.. and
(Vp/Vs)mites (Fig. 1a, b) using

VSMITPS = (l + Svssmled) Vsref (3)
sv2 sVZE  Vp.
(Vp/VS)IV"TPS = (‘1 + Vpscaled _ Sscalezd f (Vp/vs)ref, (4)
Sref Vsref

where Vp, . and Vs, - are from a modified version of the ak135
reference model (Kennett et al., 1995). Vuep/Vgrer for ak135 is
greater than interpretable values obtained from WISTFUL (Vp/V;
according to ak135 is 1.793 at 60 km, whereas the range produced
by WISTFUL is 1.73-1.77 (Fig. 2). Therefore, we choose indepen-
dent reference values ((Vp/Vs)rr = 1.774 at 60 km, 1.773 at 80
km, and 1.781 at 100 km. Increasing (V/Vs)rs from these values
has minor effects on the inferred temperature, but decreases the
predicted Mg#. We choose our reference values to minimize com-
positional error when comparing our results with young (<10 Ma)
xenolith compositions (See Section 5.1).

To interpret these seismic wave speeds in terms of tempera-
ture, density, and composition, we utilize the Number-Within-Error
methodology from WISTFUL. Pressure is first calculated at each
point using the inferred crustal thickness from Schmandt et al.
(2015), an average crustal density of 2800 kgm~—3 and an average
mantle density of 3300 kg m~3. This results in pressures of ~ 1.7,
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Fig. 2. Seismic wave speeds from MITPS_20 at 60 (left), 80 (middle), and 100 (right) km depth plotted alongside average wave speeds for enriched (Mg#=88, pink squares) and
depleted (Mg#=92, purple triangles) peridotites from 300 to 1400°C plotted every 100°C assuming the Behn et al. (2009) power-law anelasticity. Red error bars represent

the estimated 0.5% error for the WISTFUL forward calculations.

2.4, and 3.0 GPa at 60, 80, and 100 km depth, respectively. Using
the calculated pressure at each grid point, we then calculate the
number of peridotites in the WISTFUL database with Mg# > 85
within 0.5% distance of the given Vs value and 0.5% of the given
Vp/Vs value for all temperatures between 300 and 1600°C. We
use 0.5% because that is the error estimated for forward calcula-
tions in WISTFUL and is greater than the median uncertainty from
MITPS_20 (~0.2% in V, and V; based on bootstrapping analyses,
Golos et al., 2020).

Mg# is a proxy for melt depletion in the mantle, with higher
Mg# corresponding to more depleted compositions due to the
preference of FeO to partition into melt (Lee et al., 2011). Further,
mantle seismic wave speeds are most sensitive to Mg#, partic-
ularly in the garnet stability field, where more depleted (higher
Mg#) have a lower V,/Vs (Afonso et al, 2010; Lee, 2003). This
correlation is weaker in the spinel-stability field, making the inter-
pretation of seismic wave speeds more non-unique at 60 km depth
and at high temperatures due to the pronounced effect of anelas-
ticity (Afonso et al., 2010).

The best-fit temperature and uncertainty are defined as the
mean and standard deviation of a Gaussian distribution fit to
the number of samples within error over all temperatures
(300-1600°C). The best-fit composition or density and their un-
certainty are defined as the mean and standard deviation at the
best-fit temperature of all the peridotites that fit a given V and
Vp/Vs, weighted by the inverse of the total misfit, X

X =

\/( VSMITPS - VSWISTFUL )2+ < (VP/VS)MITPS - (Vp/VS)WISTFUL)Z
(Vp/Vs)mires

VSMITPS

(5)

where (VSMITpsv (VP/VS)MITPS) and (VSWISTFUL' (VP/VS)WISTFUL) are the
seismic wave speeds and ratios for MITPS_20 and the WISTFUL
peridotites, respectively. Temperature, density, and composition es-
timates are only calculated for wave speeds that have at least 20
rock samples with wave speeds within error. This procedure is
repeated for every point in the seismic model to generate tem-
perature, composition, and density maps. For a given Vg, a lower
Vp/Vs will generally predict a more depleted composition (Fig. 2),
but the magnitude of this effect depends on temperature and ab-
solute seismic wave speeds.

In order to interpret seismic wave speeds under mantle condi-
tions, we correct for the anelastic behavior of olivine at high tem-
peratures using the power-law formulation of Behn et al. (2009).
We assume that olivine anelasticity applies to all minerals present.

We apply anelastic corrections using the periods that dominate
surface wave sensitivity for MITPS_20 (38 s for 60 km, 45 s for
80 km, and 57 s for 100 km). We assume a grain size of 1 cm, in
line with grain sizes for cratonic xenoliths (e.g., Baptiste and Tom-
masi, 2014) and Cenozoic xenoliths from the western United States
(Li et al., 2008). We assume an olivine water content of 50 H/10°
Si (~7 ppm H;0) to approximate dry mantle peridotite, in line
with average olivine water contents observed in continental man-
tle xenoliths from the western United States (e.g., Li et al., 2008).

A different choice of attenuation model, grain size, and hydra-
tion only affects the results at high temperature (>900°C). For
example, at 60 km depth, decreasing the assumed grain size from
1 cm to 1 mm decreases the predicted temperature by ~20°C (at
1000°C) and by ~50°C (at 1200 °C). Increasing olivine water con-
tent from 50 H/106 Si to 100 H/10% Si decreases the predicted
temperature in a similar range (by ~25°C at 1000°C and 60 km
and by 55°C at 1200°C at 60 km). Interpreting the same seismic
wave speeds assuming the same 1 cm grain size using the Jack-
son and Faul (2010) extended-Burgers attenuation model lowers
the predicted temperature of 1000°C by ~100°C at 60 km and a
temperature of 1200°C by ~110°C at 60 km relative to the Behn
et al. (2009) model. The presence of large-scale hydrous phases
and melt would decrease predicted temperature (see Supporting
Information). The change of predicted temperature due to melt
would strongly depend on amount and connectivity of the melt
(Zhu et al., 2011). Furthermore, as the tomographic model and our
interpretation method assumes isotropic wave speed, the reported
uncertainty is likely a minimum.

4. Results

Our methodology predicts the mantle beneath the Northern
Cordillera United States to be hot relative to the central and
eastern United States (Fig. 3, Table 1, Supplementary Dataset
1). The lowest temperatures at each depth slice are found be-
low the Archean Superior Province. The cratonic United States
west of the Grenville Front and east of the Rocky Mountains
is relatively cold, but lateral variations in temperature appear
substantial (450-1000°C, 80 km). West of the Rocky Mountain
Front, temperatures are elevated compared to the cratonic United
States (>1200°C at 80 km). These temperatures agree with re-
ceiver function and global seismic tomographic studies that infer
Lithosphere-Asthenosphere Boundary (LAB) depths shallower than
80 km in the western continental United States (Hopper and Fis-
cher, 2018; Steinberger and Becker, 2018; Yuan and Romanowicz,
2010). Higher temperatures (1050-1400 °C at 80 km) tend to align
with locations of Holocene volcanism in the western United States
(triangles, Fig. 3, orange bars, Fig. 4, Venzke, 2013) and with Cam-
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Fig. 3. Best-fit temperature (left) and uncertainty (right) at 60 (top), 80 (middle), and 100 (bottom) km. Boundaries as in Fig. 1. Circles represent surface outcrops of alkaline
or carbonatite magmatism younger than 1 Ga (http://alkcarb.myrocks.info/, Wooley, 1987)). Triangles represent locations of Holocene volcanism (Venzke, 2013). Acronyms as
follows: NAA, North Appalachian Anomaly, CAA, Central Appalachian Anomaly, ME, Mississippi Embayment. CAA and NAA text plotted 7° east of actual anomalies.
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Fig. 4. Temperature estimates for MITPS_20 grid points at 60 (left), 80 (middle), and 100 (right) km depths (blue) plotted along with temperature estimates within 1° arc
distance of locations for Holocene volcanism (orange). Grey regions depict the range of magmatic temperature estimates (see text for discussion).

brian or younger (<540 Ma) alkaline and carbonatite rocks (circles,
Fig. 3). This is expected as alkaline and carbonatite rocks derive
from high-pressure and/or volatile-rich mantle melting (Wooley,
1987) and are often associated with intraplate volcanism due to
rifting or plumes.

Compositionally, the cratonic United States is slightly depleted
(Mg# ~91) compared to the asthenospheric mantle west of the
Rocky Mountains (Mg# 89-90) at 80 and 100 km depth (Fig. 5).

Density correlates negatively with temperature, with the high-
est densities beneath Archean cratons (~3350 kgm~3) and low-
est west of the Rocky Mountains (~3260 kgm™3) (Fig. 6). Fur-
thermore to first order, mantle densities negatively correlate with
large-wavelength topography (Spearman correlation coefficient, r,
between topography and mantle densities of —0.50, —0.47, and
—0.48 for 60, 80 and 100 km respectively, all p=0.00). The Spear-
man rank correlation coefficient detects any type of monotonic
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Fig. 5. Best-fit whole rock Mg# (left) and uncertainty (right) at 60 (top), 80 (middle), and 100 (bottom) km. Boundaries as in Fig. 1. Squares depict xenolith localities younger

than 10 Ma.

Table 1

Range, mean, and mean 1 o uncertainty for results at 60, 80, and 100 km east and west of 255° for T, Mg#, and p as well as range

and mean of values for Ap, and B (see Section 6.2).

Depth [km] T [°C] Mg#

60 (west of 255°) 450-1350, 1000, 60
60 (east of 255°) 260-1200, 670, 70
80 (west of 255°) 780-1390, 1180, 50
80 (east of 255°) 440-1280, 820, 60
100 (west of 255°)  960-1430, 1260, 40
100 (east of 255°) 450-1290, 910, 60

85.0-91.7, 90.3, 1.0
87.0-91.0, 90.2, 1.1
89.2-90.8, 90.1, 1.1
87.3-91.3, 904, 1.0
88.5-90.8, 90.3, 1.1
88.6-91.2, 90.3, 1.1

p kgm=3] Apc [kgm™3] B

3230-3350, 3280, 20  —44-42, 18 —0.72-195, 0.37
3250-3320, 3330,20  —25-28, 17 ~0.36-0.66, 0.18
3260-3320, 3280, 20  14-26, 38 0.40-6.7, 125
3270-3360, 3320,20  2-48, 31 0.03-2.10, 0.44
3260-3330, 3290, 20  7-43, 31 0.22-7.6, 1.98
3290-3370, 3330, 20 6-52, 32 0.19-2.83, 0.61

correlation rather than a sole specific functional correlation and
is less sensitive to outliers. Values of r range from —1 to 1,
with larger absolute values indicating that the two variables more
strongly co-vary according to a monotonically increasing (posi-
tive) or decreasing (negative) relationship. The corresponding p-
value indicates the probability that the relationship is due to
randomness. This correlation between mantle density and to-
pography is in agreement with the hypothesis that the western
United States is near isostatic equilibrium and that mantle den-
sity variations due to temperature partially support topography
(e.g., Molnar et al, 2015). It is important to note that the tem-
perature errors are small compared to the total predicted variation
(60°C error for a variation of ~1000°C), but the errors for Mg#
(1.0 for a 3-7 variation) and density (20 kgm~—3 for a 110-140
kgm~3 variation) can be a significant fraction of the total varia-
tions.

5. Method validation

To validate our approach, we compare our results with esti-
mates of temperature and composition from xenoliths, as well as
melting P-T estimates calculated from primary magmas. The ben-
efit of comparison with well-studied young (<10 Ma) xenoliths
is that they directly constrain composition over limited areas. In
addition to composition, estimates of mantle temperature have
been calculated from xenolith using appropriate thermobarometry.
Comparison with thermobarometry using primary magma compo-
sitions is discussed in Supporting Information and Supplemental
Fig. 1. Another avenue for validation would be to compare our
results with surface heat flow, but we forego this route due to
the large uncertainties in crustal heat production and the effect
of upper crustal hydrothermal processes, the dominant controls on
surface heat flux (Mareschal and Jaupart, 2013).
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5.1. Xenolith compositions

We compiled 15 xenolith localities from volcanos that erupted
recently (<10 Ma, black squares, Figs. 5, 6), and which have at
least four xenolith bulk rock compositions with Mg#>85 and <2
wt % loss on ignition. The latter is to avoid averaging xenoliths that
have been refertilized or altered before/during eruptive processes
(references in Supplementary Table 1). Acknowledging that xeno-
liths may not be fully representative of the mantle, we assume
that the average xenolith composition represents the mantle com-
position beneath that location, and we use the standard deviation
as the related uncertainty. To compare the chemical compositions
from xenoliths with the composition calculated from wave speeds,
we average the latter for all grid points within 0.5° arc-distance
from the specific xenolith locality. We estimate the WISTFUL un-
certainty to be the maximum of the average uncertainty or the
standard deviation of the averaged results. Spinel xenolith compo-
sitions are compared with the estimated 60-km composition (blue
squares, Fig. 7a), while higher pressure garnet xenoliths are com-
pared with the 80-km composition (green square, Fig. 7a). Our re-
sults are within uncertainty for 14 of the 15 localities (RMSE=0.38),
indicating that our method provides realistic estimates of mantle
composition.

5.2. Xenolith thermobarometry
Mantle xenolith thermobarometry relies on using mineral com-

positions to calculate the equilibrium P-T. We compiled 13 local-
ities with at least one temperature (or P-T) estimate (references

in Supplementary Table 1). Because no reliable spinel barome-
ter exists, most spinel thermometry is calculated at 1.5 GPa as
spinel-bearing xenoliths could originate anywhere in the spinel
stability field (~0.7-2 GPa). Here, we compare all spinel ther-
mometers with our 60-km estimate (~1.7 GPa) and acknowledge
that our temperature estimates should be equal to or exceed the
estimates from this thermometry as the spinel xenoliths could be
sampling a shallower mantle. Reliable barometers exist for garnet-
bearing peridotites, and we compare all temperatures from garnet-
bearing peridotites within 0.3 GPa of the 80 km pressure (~2.4
GPa). To compare these temperature estimates with ours, as above,
we average the best-fit temperatures from all results within 0.5°
arc-distance from the locality. As with composition, we take the
WISTFUL temperature error to be the maximum of the average
temperature uncertainty and the standard deviation of averaged
temperatures. We consider the temperature error in a xenolith
locality to be the maximum of the standard deviation of the calcu-
lated temperatures and published thermometer uncertainty.

Our temperature estimates agree within error for 4 out of 11
spinel xenolith localities, while overpredicting geothermometer-
based temperature by ~125°C for five xenolith localities (Fig. 7b).
Xenoliths from Green Knobs in New Mexico and Vulcan’s Throne
in Arizona predict much lower temperatures (750-775°C) at 60
km than our results (~1000 °C). These values appear to be anoma-
lously low as there is recent (<1 Myr) magmatism nearby and
recently exhumed granulite facies lower crustal xenoliths (Cipar
et al, 2020). It is therefore possible that these spinel xenoliths
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sample significantly shallower mantle, potentially as shallow as the
regional Moho (~30 km, Schmandt et al., 2015).

Our results disagree within error for both garnet xenolith local-
ities (green triangles, Fig. 7b). The more enigmatic garnet-bearing
xenolith locality (Big Creek, Sierra Nevadas, California) predicts low
temperatures for 80 km (~750°C), in stark disagreement with our
results. It is unlikely that these xenoliths were not in equilibrium
at high temperatures (~750°C). Instead, the xenoliths may record
a no-longer-present thermochemical state, as they erupted in an
8 Myr old diatreme (Chin et al., 2012) in a region hypothesized to
have undergone continental delamination between 10-3 Ma (Zandt
et al.,, 2004).

6. Discussion

Here we discuss regions with anomalous temperature and com-
position in the context of regional geology and tectonic his-
tory. Subsequently, we present estimates of lithospheric buoyancy
and consider implications for our understanding of cratonic litho-
spheric stability.

6.1. A cross-country tour of lithospheric temperature and composition

6.1.1. Eastern United States margin

The lithospheric mantle between the Grenville Front and the
Atlantic and Gulf coasts is uniformly hotter than the cratonic re-
gions farther west (700-1200°C at 80 km, and 750-1300°C at
100 km). At these depths the eastern coastal regions are composi-
tionally more similar (Mg# ~90) to the mantle west of the Rocky
Mountains than to the slightly more depleted cratonic regions in
between (Mg# ~91). At 60 km, three large (>2°x2°) regions in
the central Atlantic margin have the highest temperatures: (1) the
Central Appalachian Anomaly below Virginia and West Virginia, (2)
the North Appalachian Anomaly below New York and New Eng-
land, and (3) the Mississippi Embayment.

The Central Appalachian Anomaly (CAA) reaches temperatures
up to 1000 £ 90°C at 60 km and 1200 £ 60°C at 80 km, which
is substantially higher than the surroundings where temperatures
range from 700-900 °C. Furthermore, this is one of the most fer-
tile regions of the continental US (Mg# <89 + 1.5 at 60 km),
though the Mg# is higher at greater depth. These high temper-
atures are consistent with primary magma thermobarometry of
1412 £ 25°C and 2.32 £ 0.31 GPa, ~80 km depth from Eocene-
aged (~48 Ma) basaltic dike swarms in Virginia and West Virginia

(Mazza et al, 2014). The CAA has been hypothesized to result
from asthenospheric upwelling driven by delamination (Mazza et
al., 2014), edge-driven convection (Mustelier and Menke, 2021), or
thermal remnants of Atlantic rifting and the Central Atlantic Mag-
matic Province (Marzoli et al., 2018).

The North Appalachian Anomaly (NAA) has elevated tempera-
tures of up to 950 + 90°C at 60 km, 1100 4+ 70°C at 80 km, and
1250 4+ 60°C at 100 km. In view of the low seismic shear wave
speeds and a decrease in the strength of mantle anisotropy, the
NAA has been interpreted to be the result of a mantle upwelling
(Levin et al,, 2018; Yang and Gao, 2018). Yang and Gao (2018)
hypothesized that the source of this anomaly is related to, or
caused by, the Great Meteor Hotspot, which traversed from South-
eastern Canada to New England, formed the Cretaceous White
Mountains intrusive suite in New Hampshire (~130-100 Ma), and
more recently created the New England Sea Mounts (100-80 Ma).
Conversely, Menke et al. (2016) hypothesized that this feature is
caused by edge-driven convection. The elevated lithospheric tem-
perature we infer at this anomaly is consistent with a locally
thinned lithosphere and asthenospheric upwelling, but our anal-
ysis cannot constrain the cause of upwelling.

Lastly, the Mississippi Embayment (ME) is a large region that
has experienced subsidence beginning in the late Cretaceous (ca.
90 Ma, Cox and Van Arsdale, 2002). The mantle beneath this re-
gion shows distinctly higher temperatures at 80 km (1100 4 50°C)
and 100 km (1250 £ 50°C) than the rest of the United States east
and south of the Grenville Front. Similarly, the ME is more en-
riched than the cratonic US at all depths (Mg# 89-90 + 1.5). The
highest temperatures in the ME are located below Louisiana (up
to 1200°C at 80 km and 1350°C at 100 km). At 60 km depth,
the temperatures are similar to the cratonic interior (500-800 °C)
with the exception of the southern fringe of Texas and Florida. To
explain the subsidence, some authors have invoked renewed ex-
tension related to the opening of the Gulf of Mexico (e.g., Braile
et al., 1984). The embayment could also be related to an increased
heat flux from the Bermuda hotspot below Mississippi at the be-
ginning of the subsidence (Cox and Van Arsdale, 2002). This in-
creased flux, along with the beginning of seafloor spreading in the
Gulf of Mexico (~150 Ma), would be consistent with the elevated
temperatures observed here and inferred from other seismic anal-
yses (Krauss and Menke, 2020).
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6.1.2. Central United States

Within the central US, sites of rifting have no thermal and
compositional anomalies compared with their surrounding mantle.
Mid-to-late Cambrian rifting (550-500 Ma) is expressed in features
such as the Rome Trough, Reelfoot Rift, and Oklahoma Aulacogen
(e.g., Brueseke et al., 2016). We find that these features and the
Proterozoic Mid-Continent Rift (1,100 Ma, MCR) are not correlated
with elevated temperatures compared to their surroundings as ex-
pected given their age (900-1000°C at 60 and 80 km, cyan out-
lines, Fig. 3), Compositionally, these regions also are within error
the same as surrounding regions, with slightly greater variations at
60 km (Mg# 89-90 + 1.2).

6.1.3. Western United States

The hottest regions in the western US (>1200°C at 60 km)
are associated with recent volcanism (Fig. 4) and/or rifting, such
as the Rio Grande Rift, the Yellowstone/Snake River Plain hotspot
track, as well as the Cascade Range and related back-arcs, includ-
ing Oregon’s High Lava Plains. The mantle beneath these regions
has electrical resistivities of 1-10 2 m at 60 km, roughly an or-
der of magnitude less than surrounding mantle (Murphy et al.,
2022) and in line with experimental measurements of peridotite
with 1-3 vol. % dry basaltic melt (Yoshino et al.,, 2010). The Basin
and Range is colder at 60 km (900-1000 °C) than most areas with
Holocene volcanism (800-1200°C), but has similar temperatures
at 80 km depth (~1200°C). Even including uncertainty, most pre-
dicted temperatures at 60 and 80 km under Holocene volcanism
(orange bars, Fig. 4) are lower than the dry peridotite solidus
(~1330°C at 60 km, ~1410°C at 80 km (Hirschmann, 2000), but
they are higher than the peridotite solidus with 0.05 bulk wt. %
H,0 (~1150°C at 60 km, ~1250°C at 80 km, Katz et al., 2003). As
WISTFUL does not incorporate the effect of melt on seismic wave
speed, the systematic difference between our best-fit temperature
estimates and magmatic temperatures can be explained by a dif-
ference in the scale of the estimates, smearing in the tomographic
models at shallow depths along a steep geotherm, and/or errors
in anelastic corrections. (See Supporting Information for a detailed
comparison of results with primary magma thermobarometry and
the effects of melt.) The lowest mantle temperatures (<700 °C) in
the western US are found in the eastern Wyoming Craton, the
Isabella Anomaly in California, and southeastern Washington and
Idaho. At 80 and 100 km, the mantle below the eastern Wyoming
Craton is 200-400°C colder than the western Wyoming craton.
Furthermore at 60 and 80 km, the western Wyoming craton is en-
riched by ~1 Mg# compared to the eastern Wyoming craton. This
could signify that the western portion has been modified by the
Yellowstone hotspot and the Laramide orogeny as previously hy-
pothesized (Dave and Li, 2016). The low temperatures and depleted
mantle compositions (Mg# >91 £ 1) under California at 60 km are
predicted based on higher V; (>4.5 kms~! at 60 and 80 km) and
lower V,/Vs (<1.75 at 60 and 80 km) relative to the regional av-
erage. Alternatively, these wave speeds can be explained by either
an overthickened or delaminating eclogitic lower arc crustal root
(Bernardino et al., 2019) or a remnant, unsubducted portion of the
Farallon slab (Wang et al.,, 2013). As WISTFUL assumes all wave
speeds result from ultramafic rocks, WISTFUL cannot accurately
predict temperatures or composition for an eclogite-rich mantle
region. Similar wave speeds indicate low temperatures and de-
pleted composition (Mg# 91 £ 0.9) in southeastern Washington
and Idaho. This anomaly has been hypothesized to be caused by
a remnant hanging slab (Schmandt and Humphreys, 2011). Alter-
natively, the high wave speeds could indicate a mantle relatively
unaffected by volcanic processes, similar to the eastern Wyoming
craton. This would be consistent with the lack of recent volcanism

(Fig. 3).
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6.1.4. Rocky mountain front

Basal traction is likely high in the mantle beneath the Rocky
Mountain Front, where our methodology predicts large horizontal
density and temperature gradients (Fig. 7). Shapiro et al. (1999b)
found that the deep lithosphere was stable in the presence of basal
tractions as long as there existed some combination of composi-
tional buoyancy and high mantle activation energies (~500 kJ/mol)
comparable to those of dry olivine dislocation creep (Hirth and
Kohlstedt, 2003). Similarly, Currie and van Wijk (2016) found that
in the absence of a mantle wind, a steep gradient in lithospheric
thickness was stable if the cratonic mantle was dry (rheologically
strong) and had a moderate compositional buoyancy, defined as
the difference in density between asthenosphere and lithosphere
at the same P-T conditions (Ao, = 20-40 kgm~—3). These moderate
buoyancy values are consistent with our estimates of the composi-
tional density difference between the mantle beneath the eastern
Archean cratons and mantle west of the Rocky Mountains (A p. ~
30 kgm—3, 80 km, Table 1, Supplemental Figure 2, Section 6.2).
Furthermore, edge-driven convection adjacent to a composition-
ally buoyant, strong cratonic lithosphere predicts mantle upwelling
~200 km away from steep lithospheric gradients (Fig. 12b in Cur-
rie and van Wijk, 2016). This would predict such an upwelling to
occur beneath the Rocky Mountains, consistent with the presence
of Cenozoic alkaline-carbonatite magmatism that suggests deep
mantle melting (Fig. 3, Wooley, 1987). Basal tractions are unlikely
to support the excess 2 km of modern topography of the Rocky
Mountains compared to the Great Plains, given the low regional
isostatic gravity anomalies (Molnar et al., 2015). Instead, the excess
topography of the Rocky Mountains is more likely due to a steep
decline in density (~30 kgm~—3, ~1%), observed here to begin
(westward) at the eastern front of the Rocky Mountains (~255° E,
Fig. 6), as previously hypothesized and inferred (e.g., Levandowski
et al.,, 2014).

6.2. Lithospheric buoyancy and stability

As WISTFUL predicts temperature, density, and composition, we
have the unique opportunity to investigate the relative importance
of compositional and thermal buoyancy for the stability of the
mantle lithosphere beneath the entire continental United States. To
investigate this, we calculate a dimensionless buoyancy number, B,
the ratio of the intrinsic (compositional) and thermal buoyancies,

_ Ape
Apr

where Ap. is the density variation attributed to compositional
heterogeneity and Apr is the change of density due to temper-
ature differences (Shapiro et al., 1999b). Negative B values imply
negative compositional buoyancy. A B value of 0 implies that no
compositional buoyancy exists. A B value of 1 implies that the
compositional and thermal effects are equal (the isopycnic hypoth-
esis). A B value much greater than 1 implies that the compositional
buoyancy is greater than thermal effects. Thus, when B>1, the
compositional effect on density is sufficient for the lithosphere to
remain positively buoyant, but when B<1 there will not be suf-
ficient compositional buoyancy to overcome the negative thermal
buoyancy of the cold lithospheric mantle.

We calculate B using the WISTFUL predictions of density for
the compositions that are within error seismically at the best-fit
temperature (Table 1). We define

B

(6)

Apc = PpDMM — Ppot, (7)

where ppo is the average density of the best-fit compositions at
the same pressure and a mantle potential temperature (1350 °C)



W,J. Shinevar, E.M. Golos, O. Jagoutz et al.

Earth and Planetary Science Letters 602 (2023) 117965

)]
o

Latitude [°]
N
o

w
o

240

260
Longitude [°]

240

260
Longitude [°]

280 240 260
Longitude [°]

280

Fig. 8. Calculated buoyancy number (B, eq. (6)) at 60 (left), 80 (middle), and 100 km (right) depth for grid points <1300°C.

weighted by the inverse of the seismic error at the best fit-
temperature. Here, we assume that the bulk asthenospheric mantle
composition is depleted MORB mantle (DMM, Mg# 89.4, Workman
and Hart, 2005), and ppumym is the density calculated for DMM at
the same conditions as ppo¢ and utilizing the same thermodynamic
calculations as WISTFUL (3245 kgm~—3 at 60 km, 3280 kgm—> at
80 km, and 3305 kgm~> at 100 km). We define

(8)

where pw st is the best-fit density at the best-fit temperature. At
temperatures approaching the mantle potential temperature, Apr
becomes very small, which results in extremely large values of B.
We therefore only calculate B at temperatures less than 1300 °C
(50°C below the reference potential temperature).

Across North America the lithospheric mantle is composition-
ally buoyant (B>0; Fig. 8). At 60 km, B is bimodal, with low values
(~0.2) east of the Rocky Mountains and slightly higher values west
of the Rocky Mountains (~0.4). At 80 and 100 km, B is >1 west
of the Rocky Mountains (Fig. 8). The cratons in the eastern United
States have B values between 0.35 and 0.55 at 80 and 100 km, sug-
gesting that the density increase due to cooling is not fully coun-
teracted by chemical depletion. Geodynamic models have shown
that density unstable, rheologically strong cratons can persist for
billions of years (Currie and van Wijk, 2016; Shapiro et al., 1999b).
Propagated B uncertainty from density uncertainties is <2% at all
depths. As an increase in (Vp/Vs)rs keeps temperature roughly
the same, but predicts lower Mg# and higher density, the true B
uncertainty is likely >2%. This result agrees with previous esti-
mates from seismology (Forte et al., 1995), long-wavelength geoid
(Shapiro et al,, 1999a), gravity (Kaban et al., 2003), geochemical
density estimates (Schutt and Lesher, 2006), and thermal models
(Eaton and Claire Perry, 2013), all which find that B for cratonic
roots is typically a positive value less than 1. East of the Grenville
Front, B increases with depth (~0.2 at 60 km, 0.4 at 80 km, and
0.4->1 at 100 km). Our results predict that while the shallow (60
km) mantle lithosphere is not isopycnic, the deeper (>80 km),
high temperature lithosphere (>1100°C) is isopycnic and should
be stable without external forcing.

Previous work investigated convective instabilities caused by a
chemically dense layer overlain by a lower viscosity fluid heated
from below, equivalent to cooling a chemically buoyant cratonic
root from above (Fourel et al., 2013; Jaupart et al., 2007). Jaupart
et al. (2007) found that if 0.275>B>0.5, like shallow lithospheric
values estimated above, the unstable layer can undergo oscillatory
convection, that is, an alternation of periods of cooling, densifying,
and sinking of a chemically buoyant layer and periods of reheat-
ing and rising, resulting in laterally harmonic perturbations to the
interface between the layers rising and falling periodically in time
(Fig. 9). As noted by Jaupart et al. (2007) and further hypothesized
by Fourel et al. (2013), these convective behaviors could explain
concurrent circum- and intracratonic perturbations like rifts such

APT = PWIST — Ppot,

10

as the Reelfoot Rift and basins such as the Michigan and Illinois
Basins (~450 Ma, Allen and Armitage, 2012).

In young, thin lithosphere, oscillatory convection could help to
prolong a shallow LAB like that observed in the western United
States (~60 km, Golos and Fischer, 2022; Hopper and Fischer,
2018): adiabatic asthenospheric upwellings could pass the dry
peridotite solidus and maintain hot temperatures in the shallow
mantle via advective heat flux. These upwellings could cause mod-
ern tholeiitic magmatism observed west of the Rocky Mountain
Front. As the lithosphere thickens and upwellings no longer cross
the solidus, oscillatory convection could help mix shallower de-
pleted peridotite and more fertile asthenospheric peridotite, allow-
ing for depleted peridotite to exist at greater lithospheric depths
than would be predicted by adiabatic melting alone. Such mixing
could potentially explain the higher Mg# in 60 km deep mantle
west of the Rocky Mountain Front compared to the mantle in the
cratonic portions or east of the Grenville Front, as subsolidus os-
cillatory convective mixing would mix asthenospheric, lower Mg#
mantle with the shallow depleted mantle, decreasing the overall
Mg#. As the LAB deepens over time (cratonic mantle LAB >200
km, Steinberger and Becker, 2018; Yuan and Romanowicz, 2010),
oscillatory convection may eventually become too slow due to
increasing mantle viscosity with pressure (Hirth and Kohlstedt,
2003). This process would predict an overall decrease of cratonic
mantle age with increasing depth, but also predicts the presence
of some older outliers at depth due to convective mixing, as ob-
served (Pearson, 1999).

7. Conclusion

Quantifying the thermomechanical state of the mantle beneath
the continental United States is vital for understanding the cur-
rent mantle flow and force balance, as density and strength control
the stability and evolution of continental lithosphere. To constrain
the temperature and density beneath the continental United States,
we applied WISTFUL (Shinevar et al., 2022) to analyze MITPS_20
(Golos et al., 2020), a joint body and surface wave tomographic
inversion for V, and V; variations with high resolution in the shal-
low mantle. Our results confirm predictions that the mantle east of
the Rocky Mountains is significantly colder than that to the west.
We interpret lateral temperature variations beneath the continen-
tal United States of up to 900°C, in agreement with predictions
of other seismic interpretations (Afonso et al., 2016; Tesauro et al.,
2014).

Our results reveal long-wavelength thermal anomalies in the
east. Some thermal anomalies are correlated with recent magma-
tism, predicted plumes, or hypothesized edge-driven convection,
such as the Northern and Central Appalachian Anomalies. The
highest temperatures in the west are located under Holocene vol-
canics and the Rio Grande Rift. The cratonic eastern United States
is slightly more Fe-depleted compared to the western United States
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(Mg# 91 compared to Mg# 90) at 80 and 100 km. Our results gen-
erally agree within error with recent xenolith compositions and
with results from xenolith thermobarometry.

Density plays a key role in the stability of cratonic mantle roots
through Earth’s history, and our workflow provides the opportunity
to explore how density predictions are controlled by temperature
and composition via B, the ratio of compositional to thermal buoy-
ancy. We find that our estimates of de-densification due to chem-
ical depletion do not fully compensate for the density increase
due to temperature in cratonic regions (B=0.4-0.55 at 80 and 100
km), in agreement with other geophysical and geochemical stud-
ies (Eaton and Claire Perry, 2013; Forte et al., 1995; Kaban et al.,,
2003; Schutt and Lesher, 2006; Shapiro et al., 1999a). At these
B values, the mantle lithosphere beneath the continental United
States is within the parameter range of oscillatory convection, in
which cooling, densification, and sinking of a chemically buoyant
layer alternates with reheating and rising of that layer. This pro-
cess could be important with respect to prolonged warming of thin
lithosphere and modern magmatism in the western United States.
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