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The origin of intraplate volcanism remains a fundamental sci-
entific question. One example is the Yellowstone Volcanic 
Province (YVP) that includes the mid-Miocene Columbia 

River flood basalt (CRFB) and the subsequent Yellowstone (YS) and 
Newberry (NB) hotspot tracks (Fig.  1). These volcanic activities 
were accompanied by concurrent volcanism within the basin and 
range (B&R) on the south, which is usually considered mechani-
cally different from the former. These volcanic processes coin-
cided with a complex tectonic history of the western United States, 
including nearby subduction, crustal extension and sublithospheric 
convection. Proposed mechanisms for the western US intraplate 
volcanisms largely fall into two categories: a deep origin that 
involves a hot mantle plume1–4, and a shallow origin that includes 
lithosphere extension5,6, slab-induced upwelling7,8 and small-scale 
convection9,10.

Besides these models that all concern tectonic events within the 
region below western United States, another potentially important 
driving force is the ancient Farallon slab located under the east-
ern United States. The west coast of North America has experi-
enced continuous subduction since the Mesozoic11, resulting in a 
huge volume of accumulated slab beneath the east coast12–15. This 
ancient Farallon slab, with a slow descending rate into the lower 
mantle16, actively affects the surface topography over eastern North 
America17,18. However, its influence on the mantle flow beneath the 
western United States remains unclear.

Indeed, it is the uncertain evolution of mantle dynamics below the 
western United States that has caused the debates on the formation of 
the intraplate volcanism. For example, Kincaid et al.4 suggested that 
the slab-induced return flow bifurcates the YS plume, which resulted 
in the YS and NB hotspot tracks. Liu and Stegman8 proposed that 
the CRFB formation resulted from a Miocene slab tear, followed by 
subsequent hotspot volcanisms caused by plume penetrating the 
segmented slab. In contrast, Leonard and Liu19 showed that the slab 
actually blocks the rising plume and thus prohibits it from generat-
ing an extensive surface volcanism. This scenario would certainly 

become more complex if other lithosphere and mantle processes 
are further considered. To now, there are no published numerical or 
analog models that attempt to simulate all these processes simulta-
neously. Here we present such a system model by taking into account 
all the major tectonic components.

Hybrid inverse geodynamic modelling
Recent high-resolution tomography images15,20 beneath continental 
United States provide an unprecedented opportunity to understand 
better the past mantle dynamics. These seismic images allow us to 
reconstruct detailed mantle structures and flow since 20 million years  
ago (Ma) using a combination of forward modelling21 and adjoint 
inversion algorithms22 (Methods and Zhou and Liu23 for more 
details). This hybrid-inversion approach23 takes advantage of both 
the accuracy of the seafloor age to define the slab thermal struc-
ture21 and the three-dimensional (3D) configuration of seismic 
tomography to capture other mantle structures22, including pre-20 
Ma subducted slabs, lithospheric drips and hot-mantle anomalies. 
Thus, by simultaneously incorporating the detailed plate-motion 
history, the evolving plate-boundary geometry that accommodates 
the B&R extension and present-day mantle structures through data 
assimilation, we formulated a geodynamic model that incorporates 
all these key tectonic processes for the first time to evaluate quanti-
tatively the mechanism for intraplate volcanism within the western 
United States.

There are two important model parameters for the hybrid inver-
sion: mantle buoyancy and effective viscosity. The former can be 
constrained first through the forward simulation21, in which the 
prediction of the present-day slab structure (Supplementary Fig. 1) 
provides a scaling to convert fast seismic anomalies into effective 
temperatures. We further applied additional constraints on the 
magnitude of the hot-mantle anomalies from receiver-function 
analyses24,25 and petrological inferences26. The resulting present-
day excess temperature associated with the YS plume represents 
an upper limit for these independent estimates24–26 (Methods). 
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Consequently, this allows an estimate of the maximum buoyancy 
effect of a mantle plume in the formation of surface volcanism. 
Thus, the estimated thermal state acts as the prediction target of 
subsequent adjoint iterations23.

The proper simulation of the Juan de Fuca subduction21 
(Supplementary Fig. 1) with a co-existing YS plume19 also provides a 
good constraint on the effective viscosity of the background mantle 
and that of the slab. The resulting constraint on the temperature 
dependence of viscosity is applied to estimate the bulk viscosity 
of the mantle. As the hot anomalies at shallow depths would pro-
duce partial melting, we further considered an additional viscosity 
reduction (to a minimum value of 1019 Pa s) of the hot mantle above 
200 km depth by enhancing its temperature dependence. In some 
models, we also applied this viscosity reduction to the plume con-
duit throughout the entire mantle to test the maximum potential 
impact of the YS plume.

In practice, we systematically evaluated the buoyancy and viscos-
ity of mantle structures, and important new insights emerge on past 
mantle dynamics beneath the western United States. These include 
tracking the evolution of the hot mantle over time, quantifying the 
various driving forces of mantle flow and evaluating the role of the 
YS plume during this history.

Evolution of upper mantle hot anomalies
From the reference model, we find that most of the upper-mantle 
hot anomalies seen in the tomography are derived from the oce-
anic upper mantle further west (Figs.  2 and 3), instead of from 
the putative YS plume within the lower mantle. Prior to the mid-
Miocene, these hot anomalies are restored to beneath the Juan de 
Fuca plate. We propose that this hot oceanic asthenosphere (Figs. 2 
and 3) represents a northern extension of the hot mantle beneath 
the Pacific spreading centre, as observed below the East Pacific 
Rise today27. Around 16 Ma, these hot anomalies start to enter the 
western United States through the central slab tear that forms the 

CRFB8 (Figs. 3 and 4). A smaller amount of hot mantle also appears  
further south, around the slab edge at the Mendocino triple junc-
tion (MTJ) (Fig. 4a).

Since the mid-Miocene, hot asthenosphere materials are con-
tinually pumped into the western US upper mantle through both 
the central slab gap and around the MTJ. Subsequently, these hot 
anomalies are advected further inland to the B&R province and the 
Snake River Plain (SRP), separated by the thick lithosphere of the 
Colorado Plateau (CP) and Wyoming Craton (WYC). Meanwhile, 
these hot anomalies migrate landward around the CP (Figs. 3 and 4).  
At 70 km depth, within the southern B&R, the hot mantle that has a 
relatively small temperature anomaly flows east-southeast, and sur-
rounds and encroaches the CP. Further north, the hot mantle with 
a larger excess temperature advances east-northeast towards the YS 
caldera and underplates the YS hotspot track (Figs. 2 and 4). From 
~8 Ma, the western part of the hot mantle starts to flow backward 
towards the trench, following the steepening Juan de Fuca slab; this 
eventually would have formed the NB hotspot track (Figs. 1 and 2). 
This predicted mantle-flow history is also consistent with the recent 
inference of pervasive melting below the western United States28 
and the faster-transverse-than-radial seismic anisotropy along  
the SRP29,30.

Significantly, the thus-predicted hot-mantle evolution also matches 
other major volcanic characteristics within the western United States. 
Prior to 16 Ma, the volcanism in the B&R is predominantly felsic and 
concentrated towards the Cascadia arc31, consistent with a hydrated 
melt source caused by both active subduction along the coast and 
removal of the earlier flat slab further east32. The initial mid-Miocene 
intrusion and subsequent migration of the hot asthenospheric mantle 
closely correlate with enhanced mafic volcanism31,33 across the B&R 
and along the SRP, both temporally and spatially (Fig. 4). This sup-
ports these mafic eruptions being direct asthenospheric melts. In 
contrast, the correlation between volcanic records and the history of 
B&R extension is found to be less clear34. We refer a quantification of 
this to future work, because our large-scale model cannot simulate 
melting associated with crustal extension.

Many local volcanic features could be explained as well. The  
progressive eastward migration of the hot mantle along the SRP 
(Figs.  2–4) is consistent with the migrating explosive calderas  
(Figs.  1 and 4); the widespread hot mantle beneath the SRP 
since ~8 Ma (Fig.  2) also explains the enduring basaltic volca-
nism throughout the late Miocene31 (Fig. 4). That the CP forms 
a mechanical barrier to the eastward motion of the hot mantle 
(Figs.  4 and 5) is compatible with the late-Cenozoic encroach-
ment of volcanism towards the CP centre35,36. Furthermore, the 
predicted cumulative volume of hot mantle flowing into the SRP 
since 10 Ma is about 107 km3 (Fig. 5e), which, assuming a reason-
able melt fraction of 5% for the modelled temperature anomaly37 
(Methods), converts into an average magma flux into the crust of 
about 0.05 km3 year–1, similar to that inferred from recent petro-
logical estimates38.

Farralon slab driving hot mantle intrusion
To understand the driving force for the progressive landward 
migration of hot-mantle anomalies, we analysed the effects of vari-
ous mantle structures, especially prominent density anomalies that 
drive flow. Major subcontinental cold anomalies include an upper-
mantle downwelling (DW1 in Fig.  2) at the base of the WYC, a 
lower-mantle anomaly beneath the putative YS plume (DW2 in 
Fig. 2) and a large-volume downwelling below the eastern United 
States (DW3 in Fig. 5). Among these, the latter two are generally 
interpreted as ancient Farallon slabs12–15, with DW3 being the most 
voluminous; DW1 is identified less well. Xenolith and xenocryst 
thermobarometry suggests that continental North America is no 
thicker than 250 km39,40, in agreement with inferences from heat 
flow41 and receiver-function analysis42. Therefore, DW1 might also 
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represent a former Farallon slab, similar to the interpretation in a 
recent seismic study43.

In the reference model (Fig. 2), cold anomalies DW2 and DW3 
actively sink and drive the surrounding mantle flow, but DW1 
mostly passively drips downward. An additional test (Model A1) 
with both DW1 and DW2 removed from the initial density struc-
ture resulted in a similar mantle flow and distribution of hot anom-
alies below the western United States (Supplementary Fig.  2a) to 
those in the reference model (Figs. 2–4). This suggests that DW1 
and DW2 play a minor role in driving the large-scale flow. That 
DW2 does not influence the upper-mantle flow significantly is 
mostly because of its relatively small volume compared with that 
of DW3. Consequently, this implies that the ancient Farallon slab 
beneath the eastern United States (DW3) controls the eastward 
migration of the hot oceanic asthenosphere and the formation of 
the YVP and B&R volcanisms. To verify further this dominant 
role of DW3 in generating intraplate volcanisms, we ran another 
model (Model A2), in which all the cold-mantle anomalies below 

200 km are removed at 20 Ma, but with all hot-mantle anomalies 
included. The absence of the large-scale downwelling associated 
with DW3 below the eastern United States means Model A2 gen-
erates a much weaker eastward flow beneath the United States 
(Fig. 5a,b). Consequently, little hot mantle is drawn into the SRP 
(Fig. 5b,c) and the present-day hot mantle is located mostly to the 
west of Idaho (Supplementary Fig. 2b), as is controlled by the slab-
edge-induced toroidal flow. This difference is also clearly shown in 
the cumulative mass flux of hot mantle into the SRP as a function 
of time, for which Model A2 predicts zero flux, in contrast to the 
progressively increasing flux in the reference model (Fig. 5e). This 
verifies the dominance of the ancient Farallon slab in driving the 
eastward flow below YVP.

A third model (Model A3) tests the effect of the lateral pressure 
gradient that arises from the hot anomalies. Model A3 is the same as 
the reference model, but the hot anomaly is assumed to be neutrally 
buoyant. In this case, the hot oceanic asthenosphere passively follows 
the eastward mantle flow, and the resulting cumulative mass flux of 
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hot anomalies into the SRP increases even faster over time than in 
the reference case (Fig. 5e). The predicted present-day hot anomaly 
is more concentrated along the SRP (Fig. 4d versus Supplementary 

Fig. 2c) because of the lack of lateral spreading driven by its own 
buoyancy. The similarity between Model A3 and the reference case 
suggests that the effective buoyancy of the intruding hot mantle, a 
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parameter that is not well constrained from observation24–26, is not 
crucial for the formation of intraplate volcanism.

Minor role of a YS plume
Although a putative YS plume is frequently invoked in the formation 
of the YVP1–4, we do not observe a strong influence of this feature in 
the regional-scale dynamics. Contrary to the traditional view that a 
hot plume should ascend because of its own buoyancy, most of the 
plume volume actually descends with time in our reference model 
(Figs.  2 and 3). This counterintuitive plume behaviour is caused 
by a downward viscous entrainment from both the DW2 anomaly 
underneath and the Juan de Fuca slab above the plume (Fig. 2), a 
result similar to our recent finding19. To explore further the dynam-
ics of the plume, the properties of which are poorly known, we tested 
several different scenarios. With temperature converted from the 
original tomography (Model A4) using a scaling directly from the 
forward model8,21, the plume continually descends during the entire 
history, while the intruding hot oceanic asthenosphere still satis-
fies the volcanic history (Supplementary Figs. 3a–d and 4a–d, and 
Supplementary Movie 1). With an inflated initial buoyancy of all the 
hot anomalies (up to +​200 °C) and given an open system (that is, vol-
canism consumes hot anomalies over time), the plume motion is still 
dominated by the cold anomaly, but could have risen to a depth of 
~200 km at the present, as is the case in the reference model (Fig. 2). 
In this case, the plume has contributed to volcanisms within the east-
ern SRP close to the present, but its mass flux is too small to account 
for the widespread slow anomalies observed at shallow depths today. 
In fact, by removing the entire plume from the model (Model A5), 
the resulting evolution of the shallow hot mantle remains unchanged 
(Supplementary Figs. 3e–h and 4e–h, and Supplementary Movie 2), 
which confirms the negligible role of the plume in providing heat to 
fuel the YVP. To evaluate the viscosity effects, we used an inflated 
plume buoyancy and much-reduced plume viscosity (to a minimum 
of ~1019 Pa s) throughout the entire mantle (Supplementary Figs. 5a–d 
and 6a–d, and Supplementary Movie 3). In this case (Model A6), the 
plume could reach the surface earlier, but the resulting shallow hot 
mantle still dominantly originates from the intruding asthenosphere 
(Supplementary Fig.  5a–d). Another test (Model A7) with all the 
initial hot anomalies on the oceanic side removed (Supplementary 
Fig.  5e–h and Supplementary Movie  4) suggests that the plume 
could rise up to participate in the CRFB, but its subsequent evolution 
produces a westward instead of eastward moving YS hotspot track 
(Supplementary Figs. 5e–h and 6e–h, and Supplementary Movie 4). 
Furthermore, in Models A6 and A7, the YS plume could only pro-
duce a very small portion of the observed slow seismic anomalies 
at the present (Supplementary Fig. 5 and Supplementary Movies 3 
and 4). Therefore, according to these models, the plume does not 
contribute much to the formation of the YVP.

However, one model limitation is the adopted linear rheology, 
albeit with varying effective viscosity values. With a more-complex 
nonlinear rheology and melting formulation, it is possible that the 
plume would behave more dynamically than modelled here, and 
thus contribute more to the YVP, especially for its geochemical sig-
natures. However, even in that case, we propose that the intrusion of 
the hot oceanic asthenosphere should still be the dominant process.

Implications on intraplate volcanism formation
By systematically evaluating the post-20 Ma mantle evolution below 
the western United States, we show that landward intrusion of the 
hot oceanic asthenosphere represents a robust solution to the for-
mation of intraplate volcanism within the western United States. 
In this case, a local temperature increase caused by the arrival of 
hot mantle favours melt formation within both the B&R and YVP. 
We suggest that the likely presence of volatiles from earlier subduc-
tion32,44 would further reduce the solidus and facilitate volcanism 
(Methods). In addition, we observe a strong correlation between the 

eastward migrating hot mantle (Fig. 2) and normal faulting along 
the SRP45, which may indicate a resulting lithosphere deformation 
and/or delamination; if true, this reduction of lithosphere thick-
ness would further enhance local upwelling and partial melting, 
as recent numerical models demonstrated46. Besides the intraplate 
volcanism, the model also provides potential implications on other 
observations, such as flow-induced seismic anisotropy and surface 
uplift (Supplementary Fig. 7), but a detailed discussion is beyond 
the scope of this paper.

However, we also want to emphasize some model caveats. 
First, as the model cannot simulate fine-scale processes such as 
shear-driven upwelling or lithospheric delamination, it requires a 
pre-existing thinner lithosphere along the SRP, as observed seismi-
cally20,42, to have focused hot anomalies and thus formed localized 
volcanisms46. Second, although a smaller volume of hot anomalies 
also swept through the B&R, there was much-less accompanying 
volcanism in this region (Fig. 4). This is probably because the B&R 
has a broad, thin lithosphere (~60 km)42, whose lack of lateral litho-
spheric thickness variation prohibits local upwelling and melting.

We argue that, mechanically, the sinking of the ancient Farallon 
slab below the eastern United States exerts a dominant control on 
the eastward intrusion of hot mantle below the YVP, the B&R and 
the CP (Fig. 5d,f). The returning wedge flow above the subduct-
ing Juan de Fuca plate and the toroidal flow around slab edges 
only affect near-arc processes, such as the westward-moving NB 
track, since 8 Ma (Fig. 5d,f). We propose that other factors, such 
as the buoyancy of the shallow hot anomalies and that of a deeper 
plume, play a secondary role in controlling mantle flow, in con-
trast with the popular view that the plume is the main driver of 
the YS volcanic system. However, the plume may behave more 
dynamically in a model that incorporates a more-realistic rheol-
ogy that brings in more deep-mantle materials to formulate the 
geochemical properties. We suggest that our mechanism of intra-
plate volcanism formation may apply to other similar tectonic 
environments as well.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-017-0035-y.
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Methods
Supplementary Online Information and Zhou and Liu23 for additional details of the 
numerical model, including governing equations, rheology and model set-up.

Hybrid forward and adjoint data assimilation algorithms. To take advantage 
of both the high-resolution forward simulation and the comprehensive mantle 
structures from the adjoint simulation, we designed a hybrid simulation approach. 
On the one hand, we perform a forward subduction model21 that starts from 
40 Ma and terminates at 20 Ma. On the other hand, we estimate the 20 Ma 
mantle structure based on tomography using a simple backward integration22. 
Subsequently, we introduce the adjoint algorithm to match the current mantle 
seismic structures further through additional forward-adjoint iterations. 
Features that are reproduced successfully via this hybrid approach include the 
actively subducting Juan de Fuca slab, fast seismic anomalies associated with 
the continental lithosphere and those at greater depths to the east of the western 
United States, as well as the widespread slow anomalies within both the upper and 
lower mantle (Supplementary Fig. 1).

During the adjoint inversion back to 20 Ma, we iteratively update the initial 
mantle structure, but without updating the actively subducting slab above 200 km. 
This way, we preserve in the present-day mantle both the post-20 Ma slab and 
mantle structures not derived from this subduction history23 (Supplementary 
Information). Eventually, the model reproduces the evolution of both slab- and 
lithosphere-related fast seismic anomalies and the hot-mantle-related slow 
anomalies. We emphasize that because of the hybrid nature of this inversion and 
the higher accuracy of the seafloor age for defining slab geometry than the seismic 
image, we do not force the present-day mantle to match the tomography at every 
detail. Instead, we look for a model that satisfies the exact seafloor-age constraint 
(reflected in the forwardly predicted slab configuration) and the overall pattern 
(at a wavelength jointly determined by the slab and tomography) of other seismic 
anomalies at the present day (Fig. 1 and Supplementary Fig. 1).

We point out one potential caveat of this inversion: early volcanic processes 
that occur close to the subduction zone, such as the CRFB, are non-recoverable, 
because the hot mantle that triggers these volcanisms has largely disappeared 
today through both high-degree eruption back then and subsequent slab 
entrainment. In fact, the current lithosphere around the CRFB is seismically fast, 
and was interpreted as cold residual mantle because of the excessive extraction 
of melt during CRFB formation and/or accreted Farallon slab42. We adopt this 
scenario in our model by postponing the assimilation of the cold lithosphere from 
tomography within eastern Oregon to one million years after the CRFB formation. 
Furthermore, we also parameterize a hot mantle region that was initially beneath 
the Farallon plate offshore Oregon, at latitude 42–45° and longitude 237.5–248°, 
at 20 Ma. Tests show that this extra-hot mantle is required to help with the 
flood-basalt formation at 16 Ma, as well as to better match the lower mantle slab 
geometry today, validating this model assumption. This parameterization means 
we could not test the proposed lithosphere delamination associated with the 
CRFB47, as well as the subsequent volcanic history in its nearby region.

Estimating the reference present-day mantle temperature field. We convert 
seismic velocity anomalies from recent tomography images15,20 into temperature 
perturbations. A detailed seismic structure for the mantle down to a 1,200 km 
depth beneath the United States is available20, but that beyond is missing. As the 
mantle beneath the Juan de Fuca plate is also important to understand convection 
beneath the continent, we expanded these mantle structures20 further into the 
surrounding oceanic parts and also down to the core–mantle boundary using a 
larger-scale regional tomography15 (Supplementary Fig. 1). There is a mismatch 
between the references of the models of Sigloch15 and Schmandt and Lin20. We first 
compute the average seismic velocity anomaly of the two models for each depth, 
and then shift the larger-scale one15 using the difference so that they have the same 
baseline. With the thus-corrected tomography images for the region right below 
the continent down to 1,200 km, we directly adopt the seismic model20. Beyond this 
region, we adopt the larger-scale model15, and a gradual transition function merges 
the two models along the edges. This composite tomography image provides 
a physically adequate reference state for mantle evolution beneath the western 
United States since 20 Ma.

We also consider natural complexities during the seismic-to-temperature 
conversion. On the one hand, the strongest slow seismic anomalies (as large as −​8%) 
are mostly located beneath active volcanic regions, such as YS, and recent studies 
suggest that slow anomalies with magnitudes larger than 5% are probably result from 
partial melt48. On the other hand, extreme values of fast seismic anomalies are usually 
found in the cratonic lithosphere, whose seismic properties are compositionally 
controlled. Therefore, we discarded the extreme values of seismic anomalies, and 
applied a scaling such that fast anomalies below 4% are linearly converted into 
temperature anomalies of −​700 to 0 °C, and slow anomalies below 3% are linearly 
converted into 0–200 °C. The low temperatures are consistent with the thermal 
structure of the forward predicted slabs21. The high temperatures correspond to a 
maximum estimate of excess temperature of the sub-YS mantle plume24–26.

On the melt fraction of hot oceanic asthenosphere below SRP. We have 
compared our modelled temperature anomaly with the required temperature for a 
5% melt fraction37,49–51, a value we assume in the main text. At 4 GPa, the solidus for 
dry peridotite ranges from 1,520 °C to 1,650 °C (refs 37,49). Our inferred temperature 
anomaly is 100–150 °C more than the ambient mantle temperature. If the potential 
temperature for mid-ocean ridge basalt petrogenesis is 1,430 °C50, then our 
modelled hot anomaly is 1,570–1,620 °C (given a 0.4 °C km–1 adiabatic temperature 
gradient), falling in the range of the solidus for dry peridotite. Moreover, when 
water or CO2 is added, a reasonable assumption for the oceanic asthenosphere and 
a very likely scenario for a mantle wedge, the solidus of peridotite can be depressed 
by more than 100 °C37,50. From an early study51, it is suggested that for peridotites 
with 0.01% water, a 5% melt requires 1,380 °C at the asthenosphere depth. More-
recent studies also suggest that 5% melt below the lithosphere is likely with water 
or CO2 present and with a temperature anomaly of +​100 °C relative to the ambient 
mantle37,50. As the western United States has experienced prolonged subduction 
since the Mesozoic and, in particular, an extensive flat slab existed prior to 20 Ma, 
a considerable amount of water is likely to be present throughout the upper mantle 
of the SRP. As a result, when the hot oceanic asthenosphere swept through the 
region, the pre-existing water could catalyse melting. Therefore, we think a 5% 
melt fraction beneath the SRP is a possible scenario.

Code availability. The original version of the code used to simulate mantle 
convection can be accessed at www.geodynamics.org/cig/software/citcoms/. The 
code used to generate plate-motion data can be accessed at www.gplates.org. The 
code used to make the figures can be accessed at www.soest.hawaii.edu/gmt/ and 
www.paraview.org/.

Data availability. The tomography data that supports the findings of this study in 
Schmandt and Lin20 can be accessed at www.ds.iris.edu/ds/products/emc-us-sl-2014/,  
and the tomography data in Sigloch15 are available within that paper and its 
supporting information. The volcanic data can be accessed at www.navdat.org.
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