
Eastern Washington.  White stuff that resembles snow is Mt. St. Helens ash



Plunge pool from one of the scablands floods exposing section of Columbia River basalts.



Grand Canyon of the Yellowstone

Grand Canyon of the Yellowstone near the caldera margin



Grand Prismatic Spring and Excelsior Geyser crater



Riverside Geyser
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Figure 10. Regional mid-Miocene tectonic geometry (offshore rise crests and transforms are shown for approximately 15 Ma; western Transverse

Ranges are back-rotated, and the Gulf of California is closed, as for Figures 3 and 5, but no other palinspastic restorations) showing mutual spatial

relationships of San Andreas and Queen Charlotte transform systems along continental margin, interior Great Basin segment of Basin and Range

Province in Nevada and Utah, Northern Nevada rift (Zoback et al., 1994), and back-arc magmatism in the Pacific Northwest, where flood basalt erup-

tions of the Columbia River Basalt Group and the Steens Basalt were coeval with mid-Miocene magmatism in coastal California (older Pacific North-

west coastal and younger interior Snake River Plain volcanism are also shown for reference). Ancestral triple junctions: MTJ, Mendocino; RTJ,

Rivera; TTJ, Tofino (new term). Silicic volcanic centers of Snake River Plain hotspot track (after Pierce and Morgan, 1992): B, Bruneau-Jarbidge;

H, Heise; I, Island Park; M, McDermitt; O, Owyhee-Humboldt; P, Picabo; T, Twin Falls; Y, Yellowstone Plateau (SRP = Snake River Plain basalts).

Columbia River basalt dike swarms: Co, Cornucopia; CJ, Chief Joseph; Mo, Monument. Accreted Paleogene seamounts of Pacific Northwest Coast

Ranges (after Duncan, 1982): B, Black Hills; C, Crescent; G, Grays River; M, Metchosin; R, Roseburg; S, Siletz River; T, Tillamook.
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Figure 1. Map of the Columbia River flood basalt province (shaded), including the lower Steens basalt, interpreted as the
oldest flood basalt unit, modified from Camp and Ross (2004). Note that in the graben of the Western Snake River Plain
(WSRP), in east central Oregon, flood basalts are only present at depth along the northern margin, and, while flood basalts
are shown beneath the Oregon-Idaho Graben (OIG), their presence there has not been proven. SCF—Straight Creek fault;
SB—Snoqualmie Batholith; OWL—Olympic-Wallowa Lineament; CE—Columbia Embayment; PB—Pasco basin; Y—
Yakima fold belt; HF—Hite fault (down to the west, but with minor postbasalt left lateral displacement); BMA—Blue
Mountains anticline; L—Lewiston and the Lewiston basin syncline; LF—Limekiln fault (down to the west, but with
minor postbasalt left lateral displacement); TBS—Troy Basin syncline; CJ—Chief Joseph Dike swarm; LG—La Grande
Graben; BG—Baker Graben; W—Wallowa Mountains horst; KBML—Klamath–Blue Mountains Lineament (Riddi-
hough et al., 1986); BMU—Blue Mountains uplift; M—Monument Dike swarm; F—Farewell Bend on the Snake River;
VF—Vale fault zone; SCR—southern Cascade rift; BFZ—Brothers fault zone; EDFZ—Eugene-Denio fault zone; MFZ—
McLaughlin fault zone; HB—Harvey basin; MG—Malheur Gorge; MC—McDermitt caldera.
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Figure 1. Map of the Columbia River flood basalt province (shaded), including the lower Steens basalt, interpreted as the oldest flood basalt unit, modified from Camp and Ross (2004). Note that in the graben of the Western Snake River Plain 
(WSRP), in east central Oregon, flood basalts are only present at depth along the northern margin, and, while flood basalts are shown beneath the Oregon-Idaho Graben (OIG), their presence there has not been proven. SCF—Straight Creek fault; 
SB—Snoqualmie Batholith; OWL—Olympic-Wallowa Lineament; CE—Columbia Embayment; PB—Pasco basin; Y— Yakima fold belt; HF—Hite fault (down to the west, but with minor postbasalt left lateral displacement); BMA—Blue Mountains 
anticline; L—Lewiston and the Lewiston basin syncline; LF—Limekiln fault (down to the west, but with minor postbasalt left lateral displacement); TBS—Troy Basin syncline; CJ—Chief Joseph Dike swarm; LG—La Grande Graben; BG—Baker Graben; 
W—Wallowa Mountains horst; KBML—Klamath–Blue Mountains Lineament (Riddi- hough et al., 1986); BMU—Blue Mountains uplift; M—Monument Dike swarm; F—Farewell Bend on the Snake River; VF—Vale fault zone; SCR—southern Cascade 
rift; BFZ—Brothers fault zone; EDFZ—Eugene-Denio fault zone; MFZ— McLaughlin fault zone; HB—Harvey basin; MG—Malheur Gorge; MC—McDermitt caldera.
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Schematic cross-section of volcanic units from Steens Mountain to Malheur Gorge, east central Oregon. Lower Steens basalt (lower Pole Creek) is conformably overlain by Imnaha 
basalt (upper Pole Creek) and Grande Ronde basalt (Birch Creek). After Camp et al. (2003).
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Stratigraphy and Nomenclature of the Columbia River Flood Basalt Province

Formation Member Other Isotopic Estimated Magnetic 

Units* Age (Ma) Volume (Km_) Polarity

Lower Monumental 6 1
15 N

Ice Harbor 8.5 1
75 N,R,N

Buford Swamp Creek 20 R

Saddle Elephant Mountain Craigmont 10.5 1
440 R,T

Mountains Pomona Grangeville 12.0 1
760 R

Basalt Esquatzel Icicle Flat 70 N

Weissensels Ridge 20 N

Asotin 220 N

Wilbur Creek 70 N

Umatilla 720 N

Priest Rapids 14.5 1
2,800 R

Wanapum Roza 1,300 T

Basalt Shumaker creek N

Frenchman Springs Powatka 15.3 1
6,410 N

Lookingglass

Hiatus with saprolite horizon

Eckler Dodge N

Mountain 170

Basalt Robinette Mountain N

Hiatus with saprolite horizon

15.0 3
N2

Grande GRB=148,600** R2

Ronde Picture Gorge 

Basalt Basalt PGB= 2,400 N1

R1

Imnaha 10000** N0

Basalt

Lower

Steens

Basalt 16.6 2,3
60000** R0

* Isolated units whose stratigraphic position is only approximate

** Camp et al., 2003

Age sources
1 Tolan et al., 1989
2 Swisher et al., 1990
3 Hooper et al., 2002; Hooper, 2004.
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basalts and erupted in northeast California, flowed 240 km southwest,
ponded to considerable depth in the northern Great Valley, and almost
reached San Francisco (Fig. 2) (Wagner et al., 2000; Garrison et al.,
2008); and (2) Coble and Mahood (2008) recognize four 16.5–15.5-Ma
caldera-forming, silicic fields in northwestern-most Nevada that they
attribute to the start of the Yellowstone hotspot.

The vast majority of CR-SB flood basalts were emplaced through thin,
dense, Mesozoic oceanic crust, whereas to the south 14–17-Ma rhyolites,
dispersed about the inferred hotspot center, were generated in thicker,
lessdenseandmore silicic crust (Fig. 3) (Draper, 1991; PierceandMorgan,
1992; Pierce et al., 2002; Camp and Ross, 2004; Hooper et al., 2007). For

the rhyolites, Shervais and Hanan (2008) suggest their generation was
aided by delamination at the front of the plume head. The contrast of
basalt versus rhyolite generally follows the silicic versus mafic crustal
compositions that are delineated by the initial 87Sr/86Sr 0.706 and
particularly the 0.704 contours (Fig. 2).

Many recent petrologic studies of the CR-SB flood basalts support a
mantle plume origin. Hooper et al. (2007) conclude that a mantle
plumemodel has several merits: (1) the earliest Columbia River basalt
flows “…contain the chemical and isotopic signatures of ocean island
basalts” and have high 3He/4He ratios, both considered indicators of a
deep mantle source; and (2) flood basalts are noted to occur at the

Fig. 2.Map of western United States showing the track of the Yellowstone hotspot (after Pierce and Morgan, 1992). Extent of 17–14-Ma flood basalts, dikes, and rhyolites indicates a
process we consider driven by the Yellowstonemantle plume head. The Northern Nevada rift zone (wide blackmasses) is extended (dashed line) bymagnetic anomalies to southern
Nevada. We consider three options for the starting -plume center (from south to north):1) Hexagon — backtracking of the rhyolitic hotspot track to start near 16.1 Ma McDermitt
caldera (Pierce andMorgan, 1992), 2) Star— focus of dike swarms after correcting for block rotation (preferred location) (Ernst and Buchan, 2001a,b) and 3) Squarewith ⁎— convergence
of present dike and fold trends (Glennand Ponce, 2002).Hachured gray linedelimits uplift dome (?) fromPierce et al. (2002). North–south transectA–A′ is portrayed in Fig. 3. BB′, CC′, DD′,
and EE′ are latitudinal bands for age relationshipsbetweenvolcanism, dike intrusion and extensionby faulting (Fig. 7). 16Mafloodbasalt inCalifornia fromWagneret al. (2000). Extending
of Basin and Range into northwestern Montana after Lageson and Stickney (2000).
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1975; Pierce and Morgan, 1990, 1992; Hughes and McCurry, 2002;
Perkins and Nash, 2002). The configuration of subducting slab and
thin oceanic lithosphere and thick continental lithosphere in the
Pacific Northwest has important implications for the evolution of
Yellowstone hotspot volcanism.

In Figs. 25 and 26 we illustrate the conceptual idea of time-spatial
evolution of the YSRP in terms of the plume-plate interaction model.
The plot is for a fixedmantle source under the southwestwardmoving
North America plate. The original voluminous plume head rose
vertically from the deep mantle and became entrained in westward
return flow driven by the eastward subduction of the Juan de
Fuca plate. The relatively weaker and thinner oceanic lithosphere
allowed the plume head to spread out and protected the plume from
the eastward currents that dominated upper mantle convective
return flow below the thicker continental lithosphere to the east. As
the North America plate progressed southwest it encountered the
much thicker continental lithosphere and lost the protection of the
back-arc geometry from large-scale mantle flow. Several authors
(Pierce and Morgan, 1990, 1992; Camp, 1995; Perkins et al., 1998;
Pierce et al., 2000; Hughes and McCurry, 2002; Nash et al., 2006)
have suggested that the transition from accreted to cratonic
lithosphere and a shift from westward to eastward mantle flow
occurred at the Oregon-Idaho border. Here a plume with a conduit

diameter of ~70 km as derived from our seismic tomography
(compare Fig. 16) (see also Nash et al., 2006) became caught in the
mantle return flow, tilting it and smearing out the magma against the
overriding lithosphere. This process was responsible for the YSRP
hotspot track.

A further consequence of this model would be the southward
offset of volcanism over time relative to the initial upper-mantle
plume head source. The original Yellowstone-related studies by Pierce
and Morgan (1990, 1992, 2009-this volume), Nash et al. (2006), and
Camp and Ross (2004) argue for a widely distributed area of initial
silicic volcanism over southeastern Oregon with the possibility of
plume origin for the Columbia River basalt group (Armstrong, 1978;
Brandon and Goles, 1988; Hooper and Hawkesworth, 1993; Geist and
Richards, 1993; Camp, 1995; Takahahshi et al., 1998; Pierce et al.,
2000; Camp and Hanan, 2008). That is, later Yellowstone volcanism
was offset to the south of initial volcanism in eastern Oregon.
However, if we assume a linear track for the North America plate over
the base of the plume at 660-km depth as well as the top of the plume,
then the trace of themantle source follows a southwest trend beneath
the northern Rockies and the Idaho Batholith, ending below the
western Snake River Plain, notably ~150 km north of the originally
defined beginning of the YSRP, at the McDermitt volcanic field in
Nevada (Glen and Ponce, 2002) (Fig. 26).

Fig. 26. Hypothesized track of the Yellowstone plume tail, at ~660-km depth originating 150 km west of Yellowstone, to its origin as a tilted structure at 14 Ma ~400 km southwest.
The plume image from Fig. 17 is superimposed on a topographic background. From 17 Ma to 12 Ma the plume had a vertical ascending path beneath the Columbia Plateau west of the
87Sr/86Sr=0.706 boundary (dashed black line), i.e., to the original area of plume-plate interaction that spread out beneath the oceanic lithosphere as proposed by plume by Camp
and Ross (2004). The plumewas then tilted 60° to the NWby return mantle flow, so that the plume base (red circles) were offset from surface silicic volcanic centers (yellow circles).
Also shown are basaltic dikes as dashed green lines.
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[46 ] In our model, age-progressive silicic volcanism from
about 12 Ma to Recent along the YSRP is the expression of
the plume track. The length of this portion of the YSRP
trend is consistent with that predicted by global plate motion
models (Figure 1).
[47 ] The part of the plume head model essential to the

HLP trend is that the underlying mantle was modified by

the event, consistent with the generally uniform, and
slightly westward decreasing 87 Sr/86 Sr isotopic composi-
tion of middle Miocene and late Miocene basalts of the
region (Figure 10). It seems likely that the crust was also
modified by underplating of basalts of that episode.
[48] Superimposed on the regional lithospheric structure

is the location of the persistent structural margin of the

Figure 9. Cartoon depicting the model envisioned to explain the distribution of middle Miocene
basaltic vents and trends of migrating silicic volcanism of the HLP and YSRP. Many map features shown
are as explained in Figure 1; PG, dikes of the Picture Gorge Basalts.
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What is the spatial relationship of source of CRBs and SNP-Yellowstone trend?
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A non-plume model for the Columbia River Basalts.



and 35 Ma suggest that prior to !20 Ma, the Juan
de Fuca plate was subducting with a fairly shallow
dip. Plate tectonic reconstructions [e.g., Atwater,
1970; Atwater and Stock, 1998] indicate that a
phase of slab rollback (and presumably steepening
as well) began around !20 Ma. This change in
subduction motions, particularly the initiation (or
acceleration) of rollback, may have been the result
of the decreasing trench width along the western
U.S. margin [Schellart et al., 2010]. We note that
while there is a noticeable phase of slab rollback
beginning around !20 Ma in the reconstruction of
Atwater and Stock [1998], there are some differ-
ences among different plate motion models about
the timing and velocity of slab rollback and upper
plate extension in the PNW, and some studies argue
that the slab has been rolling back since at least the
early Miocene [e.g., Müller et al., 2008]. While our
conceptual model invokes a phase of increased
rollback and upper plate extension, our framework
can accommodate this level of uncertainty in its
exact timing, particularly given the uncertainties
about the time scales needed to generate and extract
large volumes of melt from the upper mantle.

[32] We propose that the phase of rapid slab rollback
and steepening that initiated at !20 Ma enabled a
large pulse of mantle upwelling (Figure 9), as sug-
gested by our geodynamic modeling results. This
upwelling facilitated rapid thinning (both convec-
tive and advective) of the overriding lithosphere as
well as extensive mantle melting, which represents
the source of the Steens and Columbia River flood
basalts. The geodynamic experiments show that
mantle upwelling would have been limited near the
southern slab margin, explaining the rapid reduction
in magmatic volumes moving south from Steens
Mountain to the contemporaneous volcanic centers
in the Northern Nevada rift. The upwelling induced
by slab rollback would be most prominent near the
center of the subducting plate, providing a ready
explanation for the eruption of the largest volume
of flood basalts near the Washington-Oregon bor-
der (rather than at the assumed impact point of a
putative plume near the Oregon-Nevada border).
Although the extensive mantle melting was a direct
consequence of slab rollback and extension, the
surface expression of the flood basalts was likely
controlled by preexisting structures in the litho-
sphere, with the feeder dikes of the St. Joseph dike
swarm parallel to the edge of the North American
craton (Figure 1).

[33] As the subduction system continued to evolve
post-17 Ma (Figure 9), we envision that the upper
mantle beneath the HLP experienced a

Figure 9. Schematic cartoon sketch of the main features
of our model at four time periods: pre-18 Ma, !18 Ma
(initiation of rollback), 16.5–10.5 Ma (flood basalt era),
and 10.5 Ma-present (HLP/SRP era). Because of the
uncertainty surrounding the origin of the upwelling
responsible for Yellowstone/SRP volcanism, the cartoon
focuses on the flood basalt eruptions and subsequent
HLP volcanism.
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High Lava Plains interpretation of CRB as from steepening of Farallon slab.



and 35 Ma suggest that prior to !20 Ma, the Juan
de Fuca plate was subducting with a fairly shallow
dip. Plate tectonic reconstructions [e.g., Atwater,
1970; Atwater and Stock, 1998] indicate that a
phase of slab rollback (and presumably steepening
as well) began around !20 Ma. This change in
subduction motions, particularly the initiation (or
acceleration) of rollback, may have been the result
of the decreasing trench width along the western
U.S. margin [Schellart et al., 2010]. We note that
while there is a noticeable phase of slab rollback
beginning around !20 Ma in the reconstruction of
Atwater and Stock [1998], there are some differ-
ences among different plate motion models about
the timing and velocity of slab rollback and upper
plate extension in the PNW, and some studies argue
that the slab has been rolling back since at least the
early Miocene [e.g., Müller et al., 2008]. While our
conceptual model invokes a phase of increased
rollback and upper plate extension, our framework
can accommodate this level of uncertainty in its
exact timing, particularly given the uncertainties
about the time scales needed to generate and extract
large volumes of melt from the upper mantle.

[32] We propose that the phase of rapid slab rollback
and steepening that initiated at !20 Ma enabled a
large pulse of mantle upwelling (Figure 9), as sug-
gested by our geodynamic modeling results. This
upwelling facilitated rapid thinning (both convec-
tive and advective) of the overriding lithosphere as
well as extensive mantle melting, which represents
the source of the Steens and Columbia River flood
basalts. The geodynamic experiments show that
mantle upwelling would have been limited near the
southern slab margin, explaining the rapid reduction
in magmatic volumes moving south from Steens
Mountain to the contemporaneous volcanic centers
in the Northern Nevada rift. The upwelling induced
by slab rollback would be most prominent near the
center of the subducting plate, providing a ready
explanation for the eruption of the largest volume
of flood basalts near the Washington-Oregon bor-
der (rather than at the assumed impact point of a
putative plume near the Oregon-Nevada border).
Although the extensive mantle melting was a direct
consequence of slab rollback and extension, the
surface expression of the flood basalts was likely
controlled by preexisting structures in the litho-
sphere, with the feeder dikes of the St. Joseph dike
swarm parallel to the edge of the North American
craton (Figure 1).

[33] As the subduction system continued to evolve
post-17 Ma (Figure 9), we envision that the upper
mantle beneath the HLP experienced a

Figure 9. Schematic cartoon sketch of the main features
of our model at four time periods: pre-18 Ma, !18 Ma
(initiation of rollback), 16.5–10.5 Ma (flood basalt era),
and 10.5 Ma-present (HLP/SRP era). Because of the
uncertainty surrounding the origin of the upwelling
responsible for Yellowstone/SRP volcanism, the cartoon
focuses on the flood basalt eruptions and subsequent
HLP volcanism.
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Origin of Columbia River flood basalt controlled by
propagating rupture of the Farallon slab
Lijun Liu1 & Dave R. Stegman1

Theorigin of the Steens–Columbia River (SCR) flood basalts, which
is presumed to be the onset of Yellowstone volcanism, has remained
controversial, with the proposed conceptual models involving
either a mantle plume1–5 or back-arc processes6–8. Recent tomo-
graphic inversions based on theUSArray data reveal unprecedented
detail of upper-mantle structures of the western USA9 and tightly
constrain geodynamic models simulating Farallon subduction,
which has been proposed to influence the Yellowstone volcanism5,6.
Here we show that the best-fitting geodynamic model10 depicts an
episode of slab tearing about 17million years ago under eastern
Oregon, where an associated sub-slab asthenospheric upwelling
thermally erodes the Farallon slab, leading to formation of a slab
gap at shallow depth. Driven by a gradient of dynamic pressure, the
tear rupturedquickly north and south andwithin about twomillion
years covering a distance of around 900kilometres along all of
easternOregon andnorthernNevada. This tear would be consistent
with the occurrence of major volcanic dikes during the SCR–
Northern Nevada Rift flood basalt event both in space and time.
Themodel predicts a petrogenetic sequence for the flood basalt with
sources of melt starting from the base of the slab, at first remelting
oceanic lithosphere and then evolving upwards, endingwith remelt-
ing of oceanic crust. Such a progression helps to reconcile the exist-
ing controversies on the interpretationof SCRgeochemistry and the
involvement of the putative Yellowstone plume. Our study suggests
a new mechanism for the formation of large igneous provinces.
The SCR igneous province of the PacificNorthwest represents one of

the largest continental flood basalt events, with a total eruption volume
of around 230,000 km3 over approximately two million years (Myr)
(ref. 3). This massive, fast eruption seems to favour a mantle plume
origin1–3, but a plumemodel cannot address whymost SCR flood basalt
erupted in a north–south-oriented region perpendicular to the sub-
sequent Yellowstone hotspot track along the eastern Snake River plain
(Fig. 1). Recent models trying to explain this complexity include
spreading of the plume head along a lithospheric gradient4 and lateral
deflection of the plume conduit due to mantle flow5. Other workers,
however, dismissed the plume hypothesis as conjecture, and argued
that the SCR event could have been a result of shallow-mantle pro-
cesses, such as back-arc extension6 or small-scale convection7 or litho-
sphere delamination8. These conceptual models are all based on some
aspects of surface geologic features, but the implied underlying mantle
dynamics differ significantly from each other. A better understanding
of the SCR flood basalt formation, therefore, requires an improved
knowledge of mantle processes during the mid-Miocene epoch (about
16Myr ago), especially given that Farallon subduction adequately
explains both the observed surface plate kinematics and continental
deformation within the western United States.
A promising way to infer past mantle dynamics is by predicting its

present-day state through geodynamic modelling using a technique
called data assimilation, which can be either sequential11 or vari-
ational12. Here we adopt the sequential technique and assimilate plate
motion history, palaeo-seafloor ages and palaeo-geometry of plate
boundaries into a single geodynamic model10. The model integrates

from 40Myr ago to the present, through which we try to predict the
observed mantle structures beneath the western USA outlined with
increasing detail by a sequence of tomographic inversions based on
data from the USArray9 (see Supplementary Fig. 1 for more tomo-
graphy models). The most robust seismic feature, a 500-km-wide
columnar fast anomaly extending from 300 to 600 km depth below
Nevada and western Utah, was found to be a segmented piece of the
Farallon slab that was folded upward along its edges by toroidalmantle
flows during its descent (Supplementary Fig. 2). Tracking backward in
time, the initial break-off of this slab happened around 17Myr ago at
shallow depth (Figs 1 and 2). This is because the shrinking width of the

1 IGPP, Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California 92093, USA.
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oceanic plate13 gradually built up dynamic pressure beneath themiddle
part of the subducting slab, where the increased pressure caused the
slab to flatten10 (see Fig. 2a for example). Consequently, the flattening
slab slowed down the forward plate motion, and sped up back-arc
extension, as predicted by fully dynamic subduction models14. The
reduction in plate motion and regionally focused sub-slab dynamic
pressure generated an extension in the central part of the slab hinge,
which, combined with thermal erosion due to sub-slab upwelling,

caused the weak slab to stretch and eventually break in the middle10

(Figs 2 and 3), similar in some ways to slab tear migrations proposed
for Mediterranean slabs15.
To understand the possible surface effects of this slab tear, we pro-

ject the Farallon subduction system onto the reference frame of North
America, neglecting the internal deformation of the western USA due
toBasin andRange extension16. The initial slab tear occurred as early as
about 17Myr ago, which, in a map view, formed a trench-parallel slab
gap (defined by an isotherm at a depth of 70 km) inside the back-arc
region beneath southeastern Oregon (Fig. 1). This gap coincides with
the location of Steens Mountain, which recorded the initial phase of
eruption during the SCR flood basalt event. The slab tear ruptured
quickly to north and south along the trench-parallel direction (Fig. 3),
while at the same time the progressive flattening shifted the slab gap to
the east (Figs 1 and 2). By 15Myr ago, the gap occupied all of east
Oregon, southwest Idaho and north Nevada (Fig. 1). This propagating
pattern of slab tear correlates with the sequence ofmajormid-Miocene
volcanic dikes both in space and time. From south to north with
decreasing age, the western Snake River plain and Chief Joseph dike
swarms hosted an increasing amount of magma outpouring, forming
the Imnaha and Grande Ronde magmatic provinces4, consistent with
the northward rupturing and widening of the slab gap.Meanwhile, the
southward slab rupturing with a narrower gap also explains the rapid
formation (within about 1.5Myr) of the northern Nevada rift zone27

and the observed limited magma eruption along this region.
Furthermore, the reduction of trenchward wedge flow inside Oregon
after 17Myr ago (Figs 2 and 3) provides a physical explanation for the
reduced magmatic activities along the Oregon coastal arc since this
time17. About 14Myr ago, the Farallon slab was largely separated into
two pieces along the down-dip direction, the landward extent of flat
slab underplating started to retreat to the west (Figs 1 and 2), and sub-
slab pressure was largely equilibrated with the mantle wedge, consist-
ent with termination of the SCR eruption around this time4.
Another important condition for making flood basalts is sufficient

subsurface mantle upwelling, which is a salient feature of the mantle
plumemodel.We alsoobserve a strong focusedmantle upwelling below
the slab hinge, driven by the excess dynamic pressure beneath the sub-
ducting plate (Figs 2 and 3). Melting in this setting can reasonably be
expected, because melts are generated at depths shallower than 110 km
along forced upwellings in oceanic environments18. This fast upwelling
flow advectively erodes the slab isotherm, leading to a progressively
shallower asthenosphere, which suggests that oceanic lithosphere
would melt first, followed by melting of oceanic crust. The modelled
slab initially acted as both a thermal and mechanical barrier to upward
flow and inhibited melting, as can be seen from 18Myr ago, when the
upwelling simply flattened the slab (Fig. 2a, inset). Subsequent thermal
erosion of the oceanic lithosphere (Fig. 2b) would allow melt produc-
tion under the Steens Mountain and Imnaha provinces (Table 1). By
16Myr ago, continued thermal erosion melted away the entire oceanic
lithosphere (Fig. 2c), where the fastmelting of oceanic crust encounter-
ing the high mantle temperature should have triggered the massive
magma outpouring of Grande Ronde4. The sustained cooling within
the upwelling due to progressive melting seems to explain the marked
decrease in magma volume during the formation of the Imnaha
province (Table 1) and the step-function change in chemistry at the
Imnaha–Grande Ronde boundary19. The upward corner flow inside
the mantle wedge may also have facilitated melt generation, but its
volume contribution is probablyminor, given themuch colder environ-
ment below the overriding plate, an aspect not explicitly represented in
our convection model (Figs 2 and 3).
The geochemical data, essential for determining the source rocks,

have been used both for and against a plume signature in the SCR
lavas1,3,19–21. Although origins of bothmajor and trace elements are still
widely debated among existing conceptual models, there are certain
points of consensus (Table 1). (1) Steens Mountain lavas are derived
from an ultra-depleted mantle source20, probably ‘‘owing to repetitive
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Argue that Farallon slab ruptured, melting first the slab and then oceanic crust and then continental lithosphere
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material. This 250 Ma time period appears to 
mark the age of the primary high-silica, high-Fe 
component of Grande Ronde Basalt.

An older source component is also present in 
the Grande Ronde lavas, as displayed by samples 
lying along mixing lines between a plume source 
and a component that appears to be too enriched 
in 87Sr/86 Sr and too depleted in 206 Pb/204Pb and 
143Nd/144Nd to be of Phanerozoic age (Fig. 2). 
Although the highest 87Sr/86 Sr ratios displayed 
by these lavas are consistent with Archean crust 
of either mafi c or felsic composition, the Re-
Os data of Chesley and Ruiz (1998) are more 
conducive to an origin in the mafi c lower crust. 
Melting of this older source is consistent with 

the continued northward advance of the plume 
head, associated with continued delamination 
along its frontal edge as the plume impinged 
upon the cratonic margin in N2 time.

Seismic, Topographic, and Structural 
Profi les of Plume Emplacement

Burov et al. (2007) note that delaminated slabs 
of lithospheric mantle should descend into the 
plume to depths up to 300–400 km. Such depths 
cannot be resolved by the sparse seismic data cur-
rently available for northeastern Oregon. How-
ever, the tomographic data of Hales et al. (2005) 
have generated reasonable imaging to depths of 

250 km. They have interpreted the seismically 
fast volume between ~175 and ~75 km depth to 
be the mantle residuum of source melting. This 
high-velocity body has an estimated volume of 
2 × 106  km3. If this body underwent 5% partial 
melting, it would generate 100,000 km3 of melt, 
which is ~70% of the volume of Grande Ronde 
Basalt. However, since the volume of magma to 
erupt at the surface is likely to be only a frac-
tion of the melt generated at depth, an alternative 
fraction of 10% would provide the volume nec-
essary for the eruption of Imnaha Basalt. With-
out more precise seismic data it is diffi cult to fur-
ther evaluate the true nature of this high-velocity 
body and its role in magma genesis.

A
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C

D

Transitional
lithosphere

Figure 7. Plume-induced delamination model for the 
Columbia River Basalt Group, based partly on the 
thermo-mechanical experiments of Burov et al. (2007). 
Cross-sections (A)–(D) correspond with the age-
 progressive evolution of the Columbia River Basalt 
Group stratigraphy (Fig. 5) as the plume head advanced 
northward along the cross-section A–A' in Figure 1. (A) 
Plume impingement in southeast Oregon generates drip-
like delamination of depleted lithospheric mantle (DML) 
into the hot plume head, as predicted by the model of 
Burov et al. (2007), thus generating Steens basalt. (B) As 
the plume spreads to the north, slab-like delamination 
predicted by the model allows the mobile plume head 
(PL) to rise into the lithospheric void, thus generating 
more enriched melts of Imnaha Basalt that erupt from 
incipient fi ssures in the Chief Joseph dike swarm. (C) 
The delaminated slab simultaneously descends into the 
hot plume head. With the plume temperature lying well 
above the solidus temperature of basalt, mafi c lower crust 
(mc) of the delaminated slab undergoes near-wholesale 
melting to produce the voluminous Grande Ronde suc-
cession. (D) As the plume impinges against the cratonic 
boundary, more isotopically evolved lavas of the Grande 
Ronde N2 paleomagnetic unit are generated from the 
melting of Archean lower crust (Pmc), followed by spo-
radic eruptions of Wanapum and Saddle Mountains 
Basalts, generating melts with an increasingly greater 
component of Archean mantle lithosphere (Pm). After 
the main-phase Columbia River Basalt Group erup-
tions, mildly alkaline to calc-alkaline lavas and high-
alumina olivine tholeiites erupted discontinuously above 
the plume head in southeastern Oregon, during a time 
of crustal extension at the northern margin of the Basin 
and Range province (Hart et al., 1984; Cummings et al., 
2000; Brueseke et al., 2007; Hooper et al., 2002, 2007). 

Camp and Hanon, Geosphere, 2008

A cartoon model of progressive erosion of mantle lithosphere and its incorporation into melts.
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tostratigraphic divisions (Landon and Long, 1989; 

Reidel et al., 1989; Wells et al., 1989). In the 

region sampled, the flows include the Sentinel 

Bluffs, Winter Water, and Ortley units of the N, 

division. The combination of iow MgO ( < 4.2%), 

high TiO, (> X95%), and high P205 (> 0.35%) 

contents of the samples in Table 1 suggests affili- 

ation with the Winter Water unit. The isotopic 

range for the Winter Water unit is thus approxi- 

mately 25% of that of the N, division which in 

turn shows about 15% of the variation shown by 

the Grande Ronde Formation (Figs. 3, 4). 

Basalts of the Wanapum Fo~ation on the 

west coast are comprised of the Sand Hollow and 

Basalt of Gingko units of the Frenchman Springs 

member (Beeson et al., 1989). The high TiO, 

values (> 3%) of the basalts in Table 1 suggest 

affinity with the Basalt of Gingko (Fig. 4). The 

*‘Sr/s6Sr ratio of one Basalt of Ginkgo flow from 

the main plateau of 0.70527 (McDougall, 1976) 

lies at the limit of analytical uncertainty with the 

west coast flows. This feature may reflect 

magma-chamber inhomogeneity, such that more 

enriched isotopic compositions are seen in the 

first erupted magmas, or alternatively, crustal 

contamination en route to the west coast. In 

either case the variation is small in comparison to 

that for the Wanapum Formation. Other isotopic 
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Fig. 3. Nd and Sr isotopic variation in the CRBG (I: fmnaha; GR: Grande Ronde; W: Wanapum) relative to mantle reservoirs 

(hatched) and potential crustal contaminants. The Saddle Mountains members (denoted by + with letter indicating name as for Fig. 

1) are grouped according to location of eruptive centres. Solid arrows indicate crustal contamination trendslnset: detail of Grande 

Ronde (solid lines) and Wanapum (dashed lines) Formations showing compositions of the Winter Water (0) and Basalt of Ginkgo 

(X) samples. Data sources: CRBG-This study, Carlson et al. (1981), Carlson (19841, Hooper and Swanson (1990); EPR 

MORB-White et a!. (1987): EPR seamounts-Zindler et al. (1984); Northern Basin and Range province basalts (NBR)-Hart 

(1985); lherzolite clinopyroxenes-Xue et al. (1990); accreted terranes-Samson et al. (1989, 1990); Proterozoic-Paleozoic 

crust-Ghosh and Lambert (1990); Archean crust-Leeman et al. (1985). 

Smith,  Tectonophysics 1992

Maybe geochemistry can help? “Proterozoic SCL” is sub-continental lithosphere
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Ronde basaltic andesites have evolved SiO2 from 53 wt. % to above 57 wt. %, and low MgO

from 2.9 to 5.9 wt. % (e.g. Hooper and Hawkesworth, 1993), reflecting their fractionated nature.

The major fractionating minerals in the Grande Ronde primary melts were olivine,

clinopyroxene and plagioclase (Figure 3). Subtracting these minerals from the primitive-IAB

starting composition via equilibrium crystallization (Shaw, 1970) elevates concentrations of all

trace elements except Sr, because Sr is compatible in plagioclase (Table 1). Modeled evolved

IAB composition is almost identical to the Grande Ronde basaltic andesites (Figure 2b).

It is possible to calculate the primary melt for the Grande Ronde basaltic andesites backwards

through addition of olivine, clinopyroxene and plagioclase to the real Grande Ronde

compositions. This is not shown here, but the primary melt of the Grande Ronde basaltic

andesites will be similar to that of the high-Mg basalts of the Klyuchevskoi volcano, differing by

somewhat higher Th and Nb concentrations. Thus, the sentence from Hooper et al. (this issue)

that I quote above should be modified to read: “The largest CRBG formations (e.g. Grande

Ronde Formations) suggest a primary mantle source akin to that for IABs, a view consistent with

island-arc trace element profiles”.

The Columbia River Flood Basalt Province is close to a subduction system and thus IAB mantle

source is expected, unlike the enigmatic plume source (Smith, 1992; comment by Smith 7th

January, 2007). Subduction may be responsible not only for flood basalts situated near

convergent boundaries, but also for flood basalts at distances of 1-2 thousand km away, such as

the Siberian Traps (Ivanov, this issue).

Figure 2. Primitive-mantle-normalized diagram for Grande Ronde basaltic andesites compared

with OIB (a) and IAB (b) reference compositions. Grande Ronde basaltic andesites are from

Hooper and Hawkesworth (1993). Primitive OIB is from Sun and McDonough (1989). BHVO-1

is from Dulski (2001). Elements not analyzed by Dulski (2001) are from

http://minerals.cr.usgs.gov/geo_chem_stand/basaltbhvo1.html. Primitive IAB is the average of

high-Mg basalts of Klyuchevskoi volcano, Kamchatka (calculated from Dorendorf et al., 2000).

Evolved IAB is a modeled composition calculated using the equilibrium crystallization equation

Ivanov,  Discussion to Hooper et al. 2007 
(follows on p. 659-661)

IAB is island arc basalts. Note the Nb depletion in Grande Ronde, for instance.  Is this mixing with continental lithosphere (Hooper) or a primary component 
(Ivanov)?
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CRBG lavas exhibit abundant mineralogical and chemical evidence
for storage and modification in magma chambers within the
crust22–24. The presence of distinct mixtures of mantle components

in each of the Imnaha, Picture Gorge and Steens basalt formations
therefore suggests derivation from di�erent magma chambers fed
by melts from di�erent mantle source mixtures. In the case of the

178 nature geoscience VOL 1 MARCH 2008 www.nature.com/naturegeoscience

Wolff et al., Nature Geosci., 2008

This paper prefers mixing. Imnaha appears as an endmember, which they identify as most plume-like (most primitive)--obvious from next slide.
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Basalt), largely undiluted plume (PL, Imnaha 
Basalt), mafi c crust (mc and Pmc, Grande Ronde 
Basalt), and Archean mantle lithosphere (Pm, a 
progressively important component in Wanapum 
and particularly the Saddle Mountains Basalts) 
(Fig. 5). Picture Gorge Basalt erupted farther to 
the west, along the Monument dike swarm dur-
ing Grande Ronde time (Fig. 1), from a depleted 
mantle source similar to Steens Basalt (DML). 
(4) There is a clearly defi ned, step-function 
change in chemistry at the Imnaha–Grande 
Ronde stratigraphic boundary, with a complete 
lack of transitional lavas, interbedded relation-
ships, or an unconformity. Imnaha Basalt was 
the fi rst to erupt from the Chief Joseph dike 
swarm, refl ecting the abrupt appearance of melts 
having a plume signature. This was followed by 
the equally abrupt appearance of Grande Ronde 
Basalt derived from a mafi c source. This step-
function change in source melting can only be 
explained by a mechanism that abruptly termi-
nates Imnaha Basalt volcanism, while simultane-
ously initiating Grande Ronde Basalt volcanism, 
without a hiatus in the eruption sequence. A sim-
ilar step-function chemical change is not as obvi-
ous at the Steens-Imnaha stratigraphic boundary, 
which is only exposed in a few isolated places 

and not as well defi ned (Hooper et al., 2002). 
Some Imnaha Basalts (the Rock Creek chemi-
cal type of Hooper et al., 1984) have major- and 
trace-element compositions similar to the lower 
Steens Basalts of Johnson et al. (1998) and Camp 
et al. (2003); however, these same fl ows have iso-
topic compositions indicative of a mantle plume 
source (PL) (Hooper and Hawkesworth, 1993).

Realistic petrogenetic models must not only 
conform to the proper stratigraphic sequence of 
source melting, but must also provide a mecha-
nism of plume emplacement capable of gener-
ating the voluminous Grande Ronde succession 
from the large-scale melting of a mafi c source at 
mantle depths. We can envision only three poten-
tial models capable of meeting these constraints: 
(1) melting of an eclogite-bearing mantle plume 
(Takahahshi et al., 1998), (2) plume interaction 
with the Juan de Fuca plate, and (3) lithosphere 
delamination triggered by plume emplacement.

MELTING OF AN ECLOGITE-BEARING 
MANTLE PLUME

Takahahshi et al. (1998) concluded from 
high-temperature melting experiments that 
Grande Ronde Basalt could be derived from a 

heterogeneous plume containing large, litholog-
ically distinct slabs of old oceanic crust. Since 
these slabs of oceanic crust come from the deep 
mantle, they should be composed of eclogite, 
and therefore characterized by high-P mineral 
assemblages, including garnet. The REE data 
for Grande Ronde Basalts, however, rule out the 
involvement of garnet in melting of the mantle 
source (Wright et al., 1989).

Under close scrutiny, an eclogite-bearing 
plume has diffi culty in satisfying three of our 
four primary constraints on source melting. 
Although Takahahshi et al. (1998) envision a 
plume bearing distinct slabs of oceanic crust, 
numerical experiments on rising plumes predict 
the deformation and mixing of such chemical 
heterogeneities into thin streaks and fi laments 
(Farnetani and Samuel, 2003, 2005; Lin and van 
Keken, 2006). It is unlikely that partial melting 
of such well-mixed plumes could generate the 
abrupt step-function change in source melting 
seen at the Imnaha–Grande Ronde stratigraphic 
boundary (constraint 4). 

Herzberg et al. (2007) demonstrate that ther-
mal anomalies associated with mantle plumes 
are typically 200–300 °C above ambient mantle 
potential temperatures, which vary between 

Wanapum
Basalt

R2

R2

Figure 5. Stratigraphy and map distribution of main Columbia River Basalt Group (CRBG) units. (A) Stratigraphy and 
source components of the Columbia River Basalt Group units that erupted along cross-section A–A' in Figure 1. Letters 
(a)–(d) correspond with the evolution of each formation as depicted in the cross-sectional diagrams of Figure 7. Paleo-
magnetic units R0–N2 correspond with sequential reverse and normal paleomagnetic intervals during the main-phase 
eruptions. The terms lower Steens and upper Steens Basalts are defi ned in Hooper et al. (2002) and Camp et al. (2003). 
Imnaha Basalt clearly overlies lower Steens Basalt in the Malheur Gorge of eastern Oregon (Hooper et al., 2002). The 
stratigraphic relationship between Imnaha Basalt and upper Steens Basalt is poorly constrained, although they may 
be interbedded with one another south of the Malheur Gorge region (Camp et al., 2003). (B) Map distribution of main 
Columbia River Basalt Group units. Northward migration of volcanism is evident in the northward offl ap of progres-
sively younger units from southeastern Oregon into northeastern Oregon and adjacent Washington State.

Camp and Hanon, Geosphere, 2008
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boundary (constraint 4). 

Herzberg et al. (2007) demonstrate that ther-
mal anomalies associated with mantle plumes 
are typically 200–300 °C above ambient mantle 
potential temperatures, which vary between 
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Figure 5. Stratigraphy and map distribution of main Columbia River Basalt Group (CRBG) units. (A) Stratigraphy and 
source components of the Columbia River Basalt Group units that erupted along cross-section A–A' in Figure 1. Letters 
(a)–(d) correspond with the evolution of each formation as depicted in the cross-sectional diagrams of Figure 7. Paleo-
magnetic units R0–N2 correspond with sequential reverse and normal paleomagnetic intervals during the main-phase 
eruptions. The terms lower Steens and upper Steens Basalts are defi ned in Hooper et al. (2002) and Camp et al. (2003). 
Imnaha Basalt clearly overlies lower Steens Basalt in the Malheur Gorge of eastern Oregon (Hooper et al., 2002). The 
stratigraphic relationship between Imnaha Basalt and upper Steens Basalt is poorly constrained, although they may 
be interbedded with one another south of the Malheur Gorge region (Camp et al., 2003). (B) Map distribution of main 
Columbia River Basalt Group units. Northward migration of volcanism is evident in the northward offl ap of progres-
sively younger units from southeastern Oregon into northeastern Oregon and adjacent Washington State.

extraction of trace-element magmas’’1. (2) The Grande Ronde lavas
have the highest silica content of all SCR lavas19, and are best explained
by melting of a mafic crust22. (3) The SCR formations experienced a
progressive assimilation ofmaterial from the overriding continent and
from subducted sediments1,19,20.

These three features are consistent with our proposed bottom-up
melting model as follows. The earliest eruption at Steens Mountain is
derived from the depleted subducting oceanic lithosphere, whose
melts also tend to be low in silica content. The upward melting across
the subducting slab will eventually melt its mafic crust in an avalanche
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Figure 3 | Three-dimensional view of the tearing slab. a, Top view of an
isothermal slab surface (2100 uC relative to ambient temperature) and the
velocity field. The velocity vectors are on the same spherical plane across all
surface plates. The white dashed oval outlines a region where asthenosphere
upwelling occurred. We note that the upwellings are restricted to below the

Farallon slab where velocity vectors originate (see Fig. 2 for detailed flow fields).
b, Bottom view showing distribution of asthenosphere upwellings beneath the
mid-ocean ridge (long red shape) and propagating slab tear (short red shape).
The region inside the red surface represents mantle upwelling with radial
velocity magnitudes .3 cmyr21.

Table 1 | Summary of SCR basalts and proposed mechanisms
SCR formation4 Geochemical property1,19–21 Volume3,4 (km3) Source composition Unreconciled aspects of previous models

Steens (16.6–16.2Myr) Low silica content; high eNd, low
87Sr/86Sr, incompatible element
depletion

60,000 Subducting oceanic lithosphere Highly depleted magma source
(plume-head models1–5, lithosphere-
plume19 or slab–plume25 interactions)

Imnaha (16.3–16.1Myr) Excess 206,208Pb/204Pb, excess Th, Nb
and 3He/4He

10,000 Subducting oceanic lithosphere
and sediments or mantle plume

Grande Ronde (16.1–15.0Myr) Silica saturated; low eNd, high
87Sr/86Sr, chemically homogeneous,
incompatible element enrichment

150,000 Subducting oceanic crust and
sediments and Archean mantle
lithosphere

High SiO2 and homogeneity (plume-
headmodels1–5, lithosphere-plume19 or
slab–plume25 interactions) and large
volume and high SiO2 (back-arc
processes6–8)
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INTRODUCTION
The origin of continental fl ood basalt prov-

inces is a fi rst-order problem in petrology and 
geodynamics. Flood basalt volcanism in the 
northwestern United States began at ca. 16.7 Ma 
with eruption of ~60,000 km3 of Steens basalts 
in southern Oregon, the youngest of which over-
lap in age with more voluminous (174,000 km3) 
Columbia River basalt (CRB) eruptions farther 
north (Fig. 1) (e.g., Camp et al., 2003). Recent 
40Ar/39Ar dating and paleomagnetic studies 
(Brueseke et al., 2007; Jarboe et al., 2010; Barry 
et al., 2010) have shown that the predominant 
volume of these fl ood basalts erupted over short 
intervals: 16.7–16.0 Ma for Steens basalts and 
16.3–15.0 Ma for the main phase of the CRB 

(see the GSA Data Repository1).
Such rapid production of large volumes of 

basalt lends support to models that involve sin-
gular events, such as melting in the head of a 
deep-mantle plume and associated effects as it 
spreads along the base of the lithosphere (e.g., 
Takahashi et al., 1998; Jordan et al., 2004; Camp 
and Ross, 2004; Hooper et al., 2007; Wolff et al., 
2008). Mantle melting associated with impinge-
ment of a plume head should have a profound 
thermal effect on continental crust; indeed, 
silicic volcanism contemporaneous with main-
phase Steens and CRB activity is widespread 
(Christiansen and Yeats, 1992; Brueseke et al., 
2008; Shervais and Hanan, 2008).

In this paper, we synthesize previously pub-
lished data on regional silicic volcanism with 
new data on the High Rock caldera complex in 
northwest Nevada, which provide evidence for 
the “footprint” of a mantle plume head on the 
lithosphere. We also elaborate on previous mod-
els for the path of the Yellowstone plume as it 

arrived beneath North American lithosphere to 
explain the time-space patterns of Miocene vol-
canism in the Pacifi c Northwest.

DISTRIBUTION AND VOLUME 
OF SILICIC VOLCANISM 
CONTEMPORANEOUS WITH FLOOD 
BASALT ERUPTIONS

Silicic volcanic rocks contemporaneous with 
fl ood basalt eruptions vented over an area of 
~25,000 km2 (Fig. 1). Three volcanic fi elds 
account for ~90% of the erupted volume: 
Lake Owyhee, McDermitt, and High Rock. 
Lake Owyhee volcanic fi eld includes Mahog-
any Mountain and Three Fingers calderas, 
and Castle Rock center, which are sources of 
weakly peralkaline to metaluminous rhyolite 
ignimbrites and lavas (e.g., Rytuba and Vander 
Meulen, 1991; Cummings et al., 2000) that we 
estimate total ~1115 km3. At McDermitt caldera 
complex, several peralkaline rhyolite to trachyte 

*E-mail: coblem@stanford.edu.
1GSA Data Repository item 2012188, summary 

of High Rock caldera complex stratigraphy and dis-
cussions of new and recalculated 40Ar/ 39Ar ages, our 
compilation of published ages, and volume calcula-
tions for rhyolitic centers coeval with fl ood basalt 
magmatism, is available online at www.geosociety
.org/pubs/ft2012.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. 
Box 9140, Boulder, CO 80301, USA.

Initial impingement of the Yellowstone plume located by widespread 
silicic volcanism contemporaneous with Columbia River fl ood basalts
Matthew A. Coble* and Gail A. Mahood
Department of Geological and Environmental Sciences, Stanford University, 450 Serra Mall, Stanford, California 94305-2115, USA

ABSTRACT
During the main phase of Steens and Columbia River (United States) fl ood basalt erup-

tions between 16.7 and 15.0 Ma, ~3900 km3 of silicic magma erupted from centers dispersed 
across ~25,000 km2. The largest and oldest silicic centers, High Rock, McDermitt, and Lake 
Owyhee caldera complexes, lie along a narrow NNE trend at the transition between the cra-
ton and accreted oceanic crust, suggesting that silicic magma generation was greatest where 
mafi c magma intruded more-felsic crust. Less voluminous and younger silicic centers track 
the spread of mafi c dikes to the north. The High Rock caldera complex forms the western end 
of the Snake River Plain–Yellowstone trend of eastward-younging silicic centers. We attribute 
a regional lull in volcanism between ca. 23 and 7 Ma to lifting of the Juan de Fuca slab by a 
mantle plume beginning at ca. 25 Ma, and the distribution of main-stage fl ood basalts and 
coeval rhyolites to breakthrough of plume material at ca. 17 Ma to form a smaller plume head 
centered beneath Steens Mountain.
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salt volcanism. Sr isotopic isopleths modifi ed from Pierce and Morgan (2009). Green lines 
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to encountering thicker, transitional crust (e.g., 
Thompson and Gibson, 1991; Camp and Ross, 
2004; Jordan et al., 2004; Shervais and Han-
nan, 2008; Pierce and Morgan, 2009). There, 
mafi c magma intruded along zones of preex-
isting crustal weakness—southwest and north-
northeast along the edge of transitional crust, 
and southeast into the Northern Nevada Rift 
(Fig. 1)—where it caused crustal melting that 
gave rise to High Rock, McDermitt, and Lake 
Owyhee caldera complexes and smaller silicic 
centers (John et al., 2000; Brueseke and Hart, 
2008). Elsewhere, less-fertile, accreted, oce-
anic crust yielded small volumes of rhyolite 
on injection by basaltic dikes. Rapid north-
ward shift of the locus of mafi c intrusion dur-
ing the 16.7–15.0 Ma interval resulted in more 
dispersed silicic volcanism than in the SRP-Y 
trend. Although individual ignimbrites erupted 
16.5–15.0 Ma are smaller than many of those 
associated with calderas along the eastern 
SRP-Y trend, the estimated minimum eruptive 
rates are similar, ~2000–3000 km3/m.y. (Lee-
man et al., 2008).

Formation of Hybrid Magmas by Intrusion 
of Basalt Magmas into the Crust

The ratio of the estimated volumes of silicic 
ignimbrites and lavas to fl ood basalts for the 
Steens and CRB overall is 0.017, comparable 
to ratios of 0.010, 0.022, 0.060, and <0.014 for 
the Deccan, Paraná-Etendeka, North Atlantic, 
and Yemen-Ethiopia large igneous provinces, 
respectively (data from Pankhurst et al., 2011). 
These ratios, even if doubled to account for 
intracaldera fi ll or eroded nonwelded deposits, 
are much smaller than what is theoretically pos-
sible for crustal melting given the large mafi c 
intrusion rates (e.g., Annen and Sparks, 2002). 
Together with the observation that silicic cen-
ters active during main-phase Steens and CRB 
magmatism developed peripheral to the zones of 
most-intense basaltic diking (Fig. 1), this sug-
gests that where mafi c intrusion was strongly 
focused, partial melts of the crust were incor-
porated into the basalt, and later basalts intruded 
earlier contaminated basalts or their gabbroic 
equivalents (e.g., Hildreth et al., 1991). Where 
mafi c fl ux was small, the crustal melts erupted 
as small volumes of rhyolite or hybrid inter-
mediate rocks (e.g., Brueseke and Hart, 2008) 
or were insuffi cient to accumulate and erupt. 
Between these two extremes, where the inten-
sity of mafi c diking was intermediate, accumu-
lations of crustal melts became density barriers 
to the rise of later basalt, which provided heat 
for further crustal melting. This feedback mech-
anism drove rapid transitions, in both space 
and time, from eruptions of voluminous basalt 
to eruptions of rhyolite. Geologic evidence for 
this process is found in the Pueblo Mountains 
(Fig. 2), where exposures of >1000 m of Steens 
fl ood basalts thin abruptly southward toward 

HRCC and McDermitt caldera over a distance 
of ~75 km, and are overlain by ignimbrites from 
these centers.

Our interpretations add to arguments that 
the CRB lavas contain a signifi cant component 
of crustal melt (e.g., Carlson and Hart, 1987; 
Brandon et al., 1993) and support the idea of 
a centralized source for the CRB (e.g., Wolff 
et al., 2008). They also imply that the rhyo-
lites are derived from mixtures of crustal melts 
and coeval basalts or melts of hybridized crust 
(Brueseke and Hart, 2008) as has been sug-
gested for other centers along the SRP-Y trend 
(e.g., Hildreth et al., 1991; Nash et al., 2006; 
Leeman et al., 2008).

Interaction of the Yellowstone Plume with 
the Farallon–Juan de Fuca (F-JdF) Slab

The area we propose for initial impinge-
ment of the Yellowstone plume head, ~400 km 
in diameter (Fig. 1), is small compared to pre-
dicted sizes for deep-mantle plumes (Griffi ths 
and Campbell, 1990). A relatively small plume 
head is consistent with the CRB having the 
smallest volume of known fl ood basalt prov-
inces. A mantle plume that ultimately impinged 
on the lithosphere beneath southern Oregon 
would likely have fi rst encountered a shallowly 
subducting Farallon plate (e.g., Geist and Rich-
ards, 1993; Pierce and Morgan, 2009). Seismic 
tomographic studies show that the Juan de Fuca 
slab currently terminates at ~400 km depth; 
fast anomalies farther east are interpreted as 
Farallon slab fragments (e.g., Xue and Allen, 
2007; Obrebski et al., 2010). Plume material 
that broke through and disrupted the subduct-
ing F-JdF slab would have risen only a short 
distance before impinging on the lithosphere, 
resulting in a small plume head (Fig. 3).

Evidence for the timing of the disruption 
of the F-JdF slab is found in the record of 
regional volcanism. Beginning in the Eocene, 
the Pacifi c Northwest was a site of arc volca-
nism, with metaluminous and weakly peralka-
line silicic and minor mafi c volcanism erupt-
ing behind the arc. Based on a compilation of 
K-Ar and 40Ar/39Ar ages for the area of interest 
(Fig. 3A), a hiatus in volcanism fi rst noted by 
McKee et al. (1970) began at ca. 23 Ma and 
ended with the outbreak of fl ood basalt vol-
canism at ca. 16.7 Ma. We speculate that the 
buoyancy of the large head of a deep-mantle 
plume lifted the subducting F-JdF slab, which 
prevented corner fl ow and shut off volcanism 
behind the arc (Fig. 3B). We envision the up-
bowed slab eventually failing under its own 
weight. Some of the original plume-head mate-
rial would rise beneath the truncated F-JdF slab 
(Xue and Allen, 2007) or be trapped beneath 
disrupted slab fragments. The part that pen-
etrated the slab formed a new, smaller plume 
head as it rose. Decompression melting of this 
small plume head (± entrained fragments of 

disrupted slab) generated fl ood basalts (e.g., 
Geist and Richards, 1993; Pierce and Mor-
gan, 2009; Obrebski et al., 2010), which fi rst 
erupted at Steens Mountain, near the center of 
the plume head (Fig. 1). The scarcity of Cas-
cade arc volcanism in the age range 17–7 Ma 
(Priest, 1990) may refl ect the time required for 
the uplifted JdF slab to sink and allow re-estab-
lishment of corner fl ow.
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shown in Figure 1 compiled from this study 
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navdat.org). Orange dots represent 16.7–
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to encountering thicker, transitional crust (e.g., 
Thompson and Gibson, 1991; Camp and Ross, 
2004; Jordan et al., 2004; Shervais and Han-
nan, 2008; Pierce and Morgan, 2009). There, 
mafi c magma intruded along zones of preex-
isting crustal weakness—southwest and north-
northeast along the edge of transitional crust, 
and southeast into the Northern Nevada Rift 
(Fig. 1)—where it caused crustal melting that 
gave rise to High Rock, McDermitt, and Lake 
Owyhee caldera complexes and smaller silicic 
centers (John et al., 2000; Brueseke and Hart, 
2008). Elsewhere, less-fertile, accreted, oce-
anic crust yielded small volumes of rhyolite 
on injection by basaltic dikes. Rapid north-
ward shift of the locus of mafi c intrusion dur-
ing the 16.7–15.0 Ma interval resulted in more 
dispersed silicic volcanism than in the SRP-Y 
trend. Although individual ignimbrites erupted 
16.5–15.0 Ma are smaller than many of those 
associated with calderas along the eastern 
SRP-Y trend, the estimated minimum eruptive 
rates are similar, ~2000–3000 km3/m.y. (Lee-
man et al., 2008).

Formation of Hybrid Magmas by Intrusion 
of Basalt Magmas into the Crust

The ratio of the estimated volumes of silicic 
ignimbrites and lavas to fl ood basalts for the 
Steens and CRB overall is 0.017, comparable 
to ratios of 0.010, 0.022, 0.060, and <0.014 for 
the Deccan, Paraná-Etendeka, North Atlantic, 
and Yemen-Ethiopia large igneous provinces, 
respectively (data from Pankhurst et al., 2011). 
These ratios, even if doubled to account for 
intracaldera fi ll or eroded nonwelded deposits, 
are much smaller than what is theoretically pos-
sible for crustal melting given the large mafi c 
intrusion rates (e.g., Annen and Sparks, 2002). 
Together with the observation that silicic cen-
ters active during main-phase Steens and CRB 
magmatism developed peripheral to the zones of 
most-intense basaltic diking (Fig. 1), this sug-
gests that where mafi c intrusion was strongly 
focused, partial melts of the crust were incor-
porated into the basalt, and later basalts intruded 
earlier contaminated basalts or their gabbroic 
equivalents (e.g., Hildreth et al., 1991). Where 
mafi c fl ux was small, the crustal melts erupted 
as small volumes of rhyolite or hybrid inter-
mediate rocks (e.g., Brueseke and Hart, 2008) 
or were insuffi cient to accumulate and erupt. 
Between these two extremes, where the inten-
sity of mafi c diking was intermediate, accumu-
lations of crustal melts became density barriers 
to the rise of later basalt, which provided heat 
for further crustal melting. This feedback mech-
anism drove rapid transitions, in both space 
and time, from eruptions of voluminous basalt 
to eruptions of rhyolite. Geologic evidence for 
this process is found in the Pueblo Mountains 
(Fig. 2), where exposures of >1000 m of Steens 
fl ood basalts thin abruptly southward toward 

HRCC and McDermitt caldera over a distance 
of ~75 km, and are overlain by ignimbrites from 
these centers.

Our interpretations add to arguments that 
the CRB lavas contain a signifi cant component 
of crustal melt (e.g., Carlson and Hart, 1987; 
Brandon et al., 1993) and support the idea of 
a centralized source for the CRB (e.g., Wolff 
et al., 2008). They also imply that the rhyo-
lites are derived from mixtures of crustal melts 
and coeval basalts or melts of hybridized crust 
(Brueseke and Hart, 2008) as has been sug-
gested for other centers along the SRP-Y trend 
(e.g., Hildreth et al., 1991; Nash et al., 2006; 
Leeman et al., 2008).

Interaction of the Yellowstone Plume with 
the Farallon–Juan de Fuca (F-JdF) Slab

The area we propose for initial impinge-
ment of the Yellowstone plume head, ~400 km 
in diameter (Fig. 1), is small compared to pre-
dicted sizes for deep-mantle plumes (Griffi ths 
and Campbell, 1990). A relatively small plume 
head is consistent with the CRB having the 
smallest volume of known fl ood basalt prov-
inces. A mantle plume that ultimately impinged 
on the lithosphere beneath southern Oregon 
would likely have fi rst encountered a shallowly 
subducting Farallon plate (e.g., Geist and Rich-
ards, 1993; Pierce and Morgan, 2009). Seismic 
tomographic studies show that the Juan de Fuca 
slab currently terminates at ~400 km depth; 
fast anomalies farther east are interpreted as 
Farallon slab fragments (e.g., Xue and Allen, 
2007; Obrebski et al., 2010). Plume material 
that broke through and disrupted the subduct-
ing F-JdF slab would have risen only a short 
distance before impinging on the lithosphere, 
resulting in a small plume head (Fig. 3).

Evidence for the timing of the disruption 
of the F-JdF slab is found in the record of 
regional volcanism. Beginning in the Eocene, 
the Pacifi c Northwest was a site of arc volca-
nism, with metaluminous and weakly peralka-
line silicic and minor mafi c volcanism erupt-
ing behind the arc. Based on a compilation of 
K-Ar and 40Ar/39Ar ages for the area of interest 
(Fig. 3A), a hiatus in volcanism fi rst noted by 
McKee et al. (1970) began at ca. 23 Ma and 
ended with the outbreak of fl ood basalt vol-
canism at ca. 16.7 Ma. We speculate that the 
buoyancy of the large head of a deep-mantle 
plume lifted the subducting F-JdF slab, which 
prevented corner fl ow and shut off volcanism 
behind the arc (Fig. 3B). We envision the up-
bowed slab eventually failing under its own 
weight. Some of the original plume-head mate-
rial would rise beneath the truncated F-JdF slab 
(Xue and Allen, 2007) or be trapped beneath 
disrupted slab fragments. The part that pen-
etrated the slab formed a new, smaller plume 
head as it rose. Decompression melting of this 
small plume head (± entrained fragments of 

disrupted slab) generated fl ood basalts (e.g., 
Geist and Richards, 1993; Pierce and Mor-
gan, 2009; Obrebski et al., 2010), which fi rst 
erupted at Steens Mountain, near the center of 
the plume head (Fig. 1). The scarcity of Cas-
cade arc volcanism in the age range 17–7 Ma 
(Priest, 1990) may refl ect the time required for 
the uplifted JdF slab to sink and allow re-estab-
lishment of corner fl ow.

124°            122°             120°           118°        116°
5

10

15

20

25

30

Ag
e 

(M
a)

Longitude (W)

Volcanic
cover

Volcanic  hiatus

C
ascade arc volcanism

Slab 
breakoff

Volcanism shutoff

Original plume 
head stagnates 

Relict slab
imaged in

tomography

Steens flood basalts Silicic magma

ca. 20 Ma

ca. 16.5 Ma

Smaller
upwelling

Slab lifted by buoyancy 
 of upwelling plume head;

plume head spreads

ca. 25 Ma

100 km

10
0 

km

Arc 
volcanism Behind-the-arc 

volcanism

18 mm/yr

22 mm/yr

75-100
mm/yr

?

A

B

C

D

Initial plume-
slab interaction

Figure 3. A: Ages of volcanic rocks for area 
shown in Figure 1 compiled from this study 
and the North American Volcanic and Intru-
sive Rock Database (NAVDAT, http://www.
navdat.org). Orange dots represent 16.7–
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illustrating a model for the evolution of Yel-
lowstone plume that could explain the age 
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ary plume tail. See text for discussion.

Cable & Mahood, Geology, 2012

This view of slab-plume interaction clearly suggests plume buoyancy far stronger than slab’s.  Keep in mind for later papers. But then plume gets realigned 
by slab…
Note too that the “volcanic hiatus” is the back side of the sweep of ignimbrites from N to S discussed earlier.



amplitudes of the real plume structure from the minimum model as
smaller than 1%.

The reconstruction analyses also show that we are able to resolve
anomalies below the transition zone with amplitudes of -1% if they are
in a well-sampled area. This implies that there is likely no vertical
continuation of the low-velocity body of greater than 1% below

the transition zone. This deduction is supported by the absence of
local uplift of the 660-km discontinuity boundary, and no obvious
continuation of the plume-like structure into the lowermantle in global
tomography models (Montelli et al., 2004; van der Hilst and de Hoop,
2005). However, a regional temperature increase below the transition
zone, extending beyond the range of ourmodel,would raise the 660-km
discontinuity relatively evenly around Yellowstone. This would not be
detectable using the relative traveltime residuals from our data set.

We also note a prominent high-velocity anomaly, +1.2% VP and
+1.9% VS, located at ~50 to 200 km depth southeast of Yellowstone
and beneath the thicker lithosphere of the stable interior. This area is
above a region of prominent Laramide contractional folds and thrusts
and part of the Precambrian core of North America. Yuan and Dueker
(2005) and Waite et al. (2006) described this structure as potentially
the down-welling arm of mantle convection, but the large-scale
mantle-convection models (Section 6) indicate near-horizontal
return flow in an easterly direction, so this anomaly may reflect a
remnant structure of the tectosphere.

Mantle structure on a broad scale is revealed by whole-mantle
tomographic images. The P-wave models of Montelli et al. (2004) and
van der Hilst and de Hoop (2005) that pass through Yellowstone
clearly illustrate the location of Yellowstone with a west-dipping low-
velocity (-1%) body extending to depths of <1000 km. New mantle
images emerging from the EarthScope USArray data (Xue and Allen,
2007; Burdick et al., 2008; Sigloch et al., 2008; Xue and Allen, 2009)
also reveal a west-dipping low-velocity body to depths of ~500 km.
Xue and Allen (2009) noted discontinuous low velocity bodies that
make up the plume image.

Our data reveal distinct “blobs” of risingmelt of ~150 km in length.
Importantly, the Xue and Allen (2009), Burdick et al. (2008), and
Sigloch et al. (2008) USArray-derived seismic images reveal a
discontinuous 0.5% to 1.2% low-velocity mid-mantle body to depths
of up to 1000 km underlying most of the western U.S. including the
Yellowstone plume. This pillow of low-velocity material may reflect

Fig. 17. Isosurface of P-wave seismic image of the Yellowstone plume as a 60° (from
horizontal) west-dipping, rising column of molten rock of up to -1.5% melt originating
in the mantle transition zone (after Waite et al., 2006). The plume is represented by a
three-dimensional P-wave velocity isosurface encompassing the~-0.5% values. This
amplitude is considered the true amplitude, derived from the reconstruction tests. The
top of this upper mantle plume only underlies Yellowstone vertically to depths of
~250 km, but the deeper part to the northwest is at a depth of ~650 km, at the bottom
of the mantle transition zone. (Also see 3D animation of the University of Utah
Yellowstone hotspot project results in the Electronic Supplement). At the top and
bottom of the imaged section, state boundaries are represented as heavy black lines,
Yellowstone National Park is represented by a red line, and the Yellowstone caldera and
eastern Snake River Plain are outlined in green.

Fig. 16. Two-dimensional cross sections of the Yellowstone P-wave low-velocity anomalies corresponding to Fig. 15 (Jordan et al., 2005). (a) NW-SE cross-section across western
Montana and western Wyoming, and (b) NE-SW profile along the YSRP. Significantly these profiles reveal a 60° west-dipping low-velocity anomaly of up to -2.5%. The anomaly
extends to at least 660 km in the NW-SE profile, but does not extend deeper than 200 km beneath Yellowstone in the NE-SW profile. Isolines are the -0.5%, -0.75%, -1.0% and -1.5% P-
wave velocity anomaly levels. The location of the Yellowstone Plateau is marked with a “Y”.
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1975; Pierce and Morgan, 1990, 1992; Hughes and McCurry, 2002;
Perkins and Nash, 2002). The configuration of subducting slab and
thin oceanic lithosphere and thick continental lithosphere in the
Pacific Northwest has important implications for the evolution of
Yellowstone hotspot volcanism.

In Figs. 25 and 26 we illustrate the conceptual idea of time-spatial
evolution of the YSRP in terms of the plume-plate interaction model.
The plot is for a fixedmantle source under the southwestwardmoving
North America plate. The original voluminous plume head rose
vertically from the deep mantle and became entrained in westward
return flow driven by the eastward subduction of the Juan de
Fuca plate. The relatively weaker and thinner oceanic lithosphere
allowed the plume head to spread out and protected the plume from
the eastward currents that dominated upper mantle convective
return flow below the thicker continental lithosphere to the east. As
the North America plate progressed southwest it encountered the
much thicker continental lithosphere and lost the protection of the
back-arc geometry from large-scale mantle flow. Several authors
(Pierce and Morgan, 1990, 1992; Camp, 1995; Perkins et al., 1998;
Pierce et al., 2000; Hughes and McCurry, 2002; Nash et al., 2006)
have suggested that the transition from accreted to cratonic
lithosphere and a shift from westward to eastward mantle flow
occurred at the Oregon-Idaho border. Here a plume with a conduit

diameter of ~70 km as derived from our seismic tomography
(compare Fig. 16) (see also Nash et al., 2006) became caught in the
mantle return flow, tilting it and smearing out the magma against the
overriding lithosphere. This process was responsible for the YSRP
hotspot track.

A further consequence of this model would be the southward
offset of volcanism over time relative to the initial upper-mantle
plume head source. The original Yellowstone-related studies by Pierce
and Morgan (1990, 1992, 2009-this volume), Nash et al. (2006), and
Camp and Ross (2004) argue for a widely distributed area of initial
silicic volcanism over southeastern Oregon with the possibility of
plume origin for the Columbia River basalt group (Armstrong, 1978;
Brandon and Goles, 1988; Hooper and Hawkesworth, 1993; Geist and
Richards, 1993; Camp, 1995; Takahahshi et al., 1998; Pierce et al.,
2000; Camp and Hanan, 2008). That is, later Yellowstone volcanism
was offset to the south of initial volcanism in eastern Oregon.
However, if we assume a linear track for the North America plate over
the base of the plume at 660-km depth as well as the top of the plume,
then the trace of themantle source follows a southwest trend beneath
the northern Rockies and the Idaho Batholith, ending below the
western Snake River Plain, notably ~150 km north of the originally
defined beginning of the YSRP, at the McDermitt volcanic field in
Nevada (Glen and Ponce, 2002) (Fig. 26).

Fig. 26. Hypothesized track of the Yellowstone plume tail, at ~660-km depth originating 150 km west of Yellowstone, to its origin as a tilted structure at 14 Ma ~400 km southwest.
The plume image from Fig. 17 is superimposed on a topographic background. From 17 Ma to 12 Ma the plume had a vertical ascending path beneath the Columbia Plateau west of the
87Sr/86Sr=0.706 boundary (dashed black line), i.e., to the original area of plume-plate interaction that spread out beneath the oceanic lithosphere as proposed by plume by Camp
and Ross (2004). The plumewas then tilted 60° to the NWby return mantle flow, so that the plume base (red circles) were offset from surface silicic volcanic centers (yellow circles).
Also shown are basaltic dikes as dashed green lines.
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…or maybe plume gets diverted by lithospheric structure or some other mantle flow?? Gene Humphreys now claims that this tomography is smearing stuff 
and actual plume is to the NE—see next slides.



Schmandt et al., EPSL, 2012

Discussions with Wei Leng, Fan-Chi Lin, and Victor Tsai are appreciat-
ed. We thank Nicholas Schmerr and Matt Fouch for constructive re-
views, and Peter Shearer for editorial efforts. Seismic models can be
obtained by contacting the corresponding author. This research was
supported in part by the Gordon and Betty Moore Foundation. This
is Caltech Tectonics Observatory Contribution #195. Additional sup-
port came from National Science Foundation grant EAR-0952194 to
the University of Oregon.

References

Baig, A.M., Bostock, M.G., Mercier, J.P., 2005. Spectral reconstruction of teleseismic P
Green's functions. J. Geophys. Res. 110, B08306. doi:10.1029/2005JB003625.

Bostock, M.G., 2004. Green's functions, source signatures, and the normalization of tel-
eseismic wave fields. J. Geophys. Res. 109, B03303. doi:10.1029/2003JB002783.

Burdick, S., et al., 2009. Model update December 2008: upper mantle heterogeneity be-
neath north America from travel time tomography with global and USArray trans-
portable array data. Seismol. Res. Lett. 80 (4), 638–645.

Cammarano, F., Goes, S., Vacher, P., Giardini, D., 2003. Inferring upper-mantle temper-
atures from seismic velocities. Phys. Earth Planet. Inter. 138, 197–222.

Carlson, R.W., Hart, W.K., 1987. Crustal genesis on the Oregon Plateau. J. Geophys. Res.
92 (B7), 6191–6206. doi:10.1029/JB092iB07p06191.

Cao, A., Levander, A., 2010. High-resolution transition zone structures of the Gorda Slab
beneath the western United States: implication for deep water subduction. J. Geo-
phys. Res. 115, B07301. doi:10.1029/2009JB006876.

Castle, J.C., van der Hilst, R.D., 2003. Searching for seismic scattering off mantle inter-
faces between 800 km and 2000 km depth. J. Geophys. Res. 108 (B2), 2095.

Chevrot, S., Vinnik, L.P., Montagner, J.-P., 1999. Global-scale analysis of the mantle Pds
phases. J. Geophys. Res. 104, 20,203–20,219.

Christiansen, R.L., Foulger, G.R., Evans, J.R., 2002. Upper-mantle origin of the Yellow-
stone hotspot. Geol. Soc. Am. Bull. 114, 1245–1256.

Chu, R., Schmandt, B., Helmberger, D.V., 2012. Juan de Fuca subduction zone from a
mixture of tomography and waveform modeling. J. Geophys. Res. 117, B03304.
doi:10.1029/2012JB009146.

Cook, K.L., 1969. Active rift system in the Basin and Range province. Tectonophysics 8,
469–511.

Diedrich, T., Sharp, T.G., Leinenweber, K., Holloway, J.R., 2009. The effect of small
amounts of H2O on olivine to ringwoodite transformation growth rates and impli-
cations for subduction of metastable olivine. Chem. Geol. 262, 87–99.

Dueker, K.G., Sheehan, A.F., 1997. Mantle discontinuity from mid-point stacks of con-
verted P to S waves across the Yellowstone hotspot track. J. Geophys. Res. 102,
8313–8327. doi:10.1029/96JB03857.

Dziewonski, A.M., Anderson, D.L., 1981. Preliminary reference Earth model. Phys. Earth
Planet. Inter. 25, 297–356.

Eagar, K.C., Fouch, M.J., James, D.E., 2010. Receiver function imaging of upper mantle
complexity beneath the Pacific Northwest, United States. Earth Planet. Sci. Lett.
297, 141–153. doi:10.1016/j.epsl.2010.06.015.

Efron, B., Tibshirani, R., 1986. Bootstrap methods for standard errors, confidence inter-
vals, and other measures of statistical accuracy. Stat. Sci. 1, 54–75. doi:10.1214/ss/
1177013815.

Elkins-Tanton, L.T., Grove, T.L., Donnelly-Nolan, J., 2001. Hot shallow melting under the
Cascades volcanic arc. Geology 29, 631–634.

Engebretsen, D.C., Cox, A., Gordon, R.G., 1985. Relative motions between oceanic and
continental plates in the Pacific Basin. Spec. Pap. Geol. Soc. Am. 206, 560–569.

Faccenna, C., Becker, T.W., Lallemand, S., Lagabrielle, Y., Funiciello, F., Piromallo, C.,
2010. Subduction triggered magmatic pulses: a new class of plumes? Earth Planet.
Sci. Lett. 209, 54–68. doi:10.1016/j.epsl.2010.08.012.

Fee, D., Dueker, K., 2004. Mantle transition zone topography and structure beneath the
Yellowstone hotspot. Geophys. Res. Lett. 31, L18603. doi:10.1029/2004GL020636.

Fei, Y., Bertka, C., 1999. Mantle Petrology: Field Observations and High Pressure Exper-
imentation: In: Fei, Y., Bertka, C., Mysen, B. (Eds.), Geochemical Society, Houston,
TX, vol. 6, pp. 189–207.

Fei, Y., Van Orman, J., Li, J., van Westrenen, W., Sanloup, C., Minarik, W., Hirose, K.,
Komabayashi, T., Walter, M., Funakoshi, K., 2004. Experimentally determined postspinel
transformation boundary in Mg2SiO4 using MgO as an internal pressure standard and
its geophysical implications. J. Geophys. Res. 109, B02305. doi:10.1029/2003JB002562.

C D

A B

Fig. 9. Mantle cross-section through the eastern SRP and Yellowstone caldera. The location of the cross-section is shown on VP and VS tomography maps at 100 km in A and B, re-
spectively. Cross-sections through the VP and VS models are shown in C and D, respectively. Exaggerated (3×) 410 and 660 topography (black dashed) and mean depths (black line)
are indicated. The color scale for the tomography images is shown on the right of each panel.
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Or maybe plume is to the east! Dashes are deflections of 660 and 410 km discontinuities from receiver function work in this paper.
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Fig. 9. Mantle cross-section through the eastern SRP and Yellowstone caldera. The location of the cross-section is shown on VP and VS tomography maps at 100 km in A and B, re-
spectively. Cross-sections through the VP and VS models are shown in C and D, respectively. Exaggerated (3×) 410 and 660 topography (black dashed) and mean depths (black line)
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The overlap in the ranges of temperature estimates for 410 and 660 is
similar to the low end of expected temperature reductions for slabs
(160–255 K), but large portions of the ranges are mutually exclusive.
Relative to geodynamic expectations, purely thermal interpretations
of 410 topography range from consistent to too small, whereas inter-
pretations of 660 topography range from consistent to too large. Con-
sequently, we suggest that factors other than temperature variations
in pyrolite mantle are likely manifest in our detailed results, but to
first order thermal interpretations are valid.

Can variations in volatile or bulk composition or the effects of ver-
tical mantle flow lead to more satisfactory interpretations of MTZ to-
pography associated with slabs? It is not clear whether slabs
efficiently transport water into the MTZ (Green et al., 2010; Richard
et al., 2006), and, if they do, high water content is expected to change
410 and 660 depths in the same direction as cooler temperatures
(Frost and Dolejs, 2007; Litasov et al., 2005; Smyth and Frost, 2002).

Consequently, this effect cannot account for inconsistency in the
magnitude of temperature variations inferred from the 410 and 660
unless slabs have greater water content at the 660 compared to the
410. We cannot rule out contributions to MTZ topography from
water content in slabs (e.g., Cao and Levander, 2010), yet we note
that invoking slab hydration in addition to temperature would not
lead to better agreement between our results and thermal models
of subduction (e.g., Liu and Stegman, 2011). In contrast, iron deple-
tion of oceanic mantle lithosphere may offset thermal uplift of the
410 by as much as 7–10 km (Fei and Bertka, 1999), which could ex-
plain 410 uplift often being smaller than expected. Depending on
local temperature and aluminum content, stabilization of additional
phases near 660 km could affect imaged topography (Weidner and
Wang, 1998), but we do not image multiple sharp velocity increases
near 660 so the importance of this possibility is unclear. Vertical
flow in the form of sinking slabs could modulate 410 and 660

A B

C D
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Fig. 8. Tomography maps. VP and VS tomography maps at 410 km (A,B), 660 km (C,D), and 800 km (E,F) are shown, with the color scale indicated at the bottom of each column. The
tomography models are a slight update of those presented by Schmandt and Humphreys (2010) and they use the 1-D reference model described in Section 2.
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(160–255 K), but large portions of the ranges are mutually exclusive.
Relative to geodynamic expectations, purely thermal interpretations
of 410 topography range from consistent to too small, whereas inter-
pretations of 660 topography range from consistent to too large. Con-
sequently, we suggest that factors other than temperature variations
in pyrolite mantle are likely manifest in our detailed results, but to
first order thermal interpretations are valid.
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410 by as much as 7–10 km (Fei and Bertka, 1999), which could ex-
plain 410 uplift often being smaller than expected. Depending on
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Wang, 1998), but we do not image multiple sharp velocity increases
near 660 so the importance of this possibility is unclear. Vertical
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…but keep in mind that that impressive red smear is comparable to a lot of other red smears at that depth…
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the plume layer, the temperature and grain size are varied in a grid search. 
Each temperature and grain size combination is converted to VS, and the 
phase velocities are calculated. In addition, the velocity reduction associ-
ated with the equilibrium melt porosity is calculated based on the grain 
size and vertical Darcy Law fl ow (Turcotte and Schubert, 2002). The 
reduced chi-squared misfi t (denoted as χ2

ν) is calculated permitting F-test–
based confi dence intervals to be evaluated (Figs. 2A–2C). Details of the 
model are presented in the Appendix (GSA Data Repository1).

MODELING THE EFFECTS OF TEMPERATURE 
AND GRAIN SIZE

Different shear velocity scaling relations have been proposed for 
the effects of melt porosity, temperature, and grain size, and will affect 
our conclusions. In addition, the presence of water could also affect 
velocity, but the removal of signifi cant amounts of melt is predicted to 
dehydrate the mantle (Schutt and Humphreys, 2004). Therefore, we dis-
count the effects of water and have chosen to test the most commonly 
used scaling relations (Table 1). Melt porosity effects on velocity are cal-
culated using two different models (Hammond and Humphreys, 2000; 
Kreutzmann et al., 2004). To translate temperature to velocity, both elas-
tic and anelastic effects are assessed. The elastic velocity component is 
straightforward to calculate for a pyrolitic mantle composition (Schutt 
and Lesher, 2006). The anelastic velocity component is less certain, so 
three models of anelasticity are considered: a grain-size–sensitive (GSS) 
laboratory-based model (Faul and Jackson, 2005), a non-grain-size–
sensitive (NGSS) theoretical model (Goes et al., 2000; Karato, 1993; 
Minster and Anderson, 1981), and an empirical relation calibrated to 

ocean-basin shear wave velocities, assumed thermal models, and xeno-
lith constraints (Priestley and McKenzie, 2006).

Without independent constraints such as seismic attenuation, the 
velocity tradeoff between grain size and temperature variations can-
not be uniquely resolved. For example, for the GSS anelastic model, a 
100 °C increase in temperature is equivalent to a reduction in the grain 
size from 8 to 2 mm (Fig. 2D). Thus, we have been forced to choose a 
minimum plume layer grain size to constrain a minimum excess tem-
perature estimate. If stress and crystal size are inversely correlated (e.g., 
Hall and Parmentier, 2003), and the cold lithosphere has higher stresses 
than the asthenosphere, then lithospheric grain sizes serve as a minimum 
bound for those in the asthenosphere. Xenoliths from the base of the 
lithosphere typically have a 0.5–2 mm grain size (Armienti and Tarquini, 
2002; Wilshire et al., 1988), and 2 mm is adopted as a lower astheno-
spheric grain-size bound. There is no well constrained upper grain-size 
bound, although for grain sizes >8 mm, an excess plume layer tempera-
ture of >200 ºC would be required. Such a large excess temperature 
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Figure 2. Yellowstone plume layer temperature, melt porosity, and 
shear wave attenuation. A: Cross section along Yellowstone hotspot 
track from surface wave tomography. B: Hotspot structure is approx-
imated by four layers: crust, mantle lid, plate-sheared plume layer, 
and underlying mantle. Example thermal profi le is shown for 180 °C 
excess temperature (T). Temperature decreases within plume layer 
are due to latent heat of melting. Colored lines in plume layer are 
example VS profi les calculated for this temperature structure using 
grain-size–sensitive anelastic velocity scaling for grain sizes of 2 mm 
(blue), 3 mm (green), and 7 mm (red). C: Predicted phase velocities for 
the three example Vs models shown in B and observations with their 
one standard error bars. Cyan dashed line and black solid lines are 
for Wyoming craton and Preliminary Reference Earth Model (PREM) 
(Dziewonski and Anderson, 1981) velocity  models. D: Reduced chi-
squared error surface for grain-size–sensitive anelastic model using 

1GSA Data Repository item 2008151, Appendix and Figures DR1–DR4, 
is available online at www.geosociety.org/pubs/ft2008.htm, or on request from 
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.

TABLE 1. TEMPERATURE CONSTRAINTS FOR DIFFERENT SCALING MODELS
95% 

 confi dence
68% 

 confi dence
95% 

 confi dence χ2
ν

68% 
confi dence χ2

ν

GSS
dlnVs/dF = 2.1* 70° 135° 1.0 0.5
dlnVs/dF = 7.9† 55° 160° 0.9 0.5
NGSS
dlnVs/dF = 2.1* N/A 120° 2.3 1.6
dlnVs/dF = 7.9† 70° 170° 1.7 0.9

Note: A grain size of 2 mm is used. V* = 14 cm3/mol; E* = 510 kJ/mol. 
Grain-size sensitive (GSS) and non-grain-size sensitive (NGSS) refer to the 
different temperature-velocity anelastic scaling models. The velocity melt scaling 
is dlnVS/dF, where F is percent melt porosity.

*Kreutzmann et al. (2004).
†Hammond and Humphreys (2000).

melt-velocity scaling relation of Kreutzmann et al. (2004). The following quantities are contoured on the χ2
ν misfi t surface: confi dence levels  

from F-test (black lines), melt porosity at top of plume layer (red lines), and predicted shear wave attenuation (green lines). E: Same plot as 
D, except that the non-grain-size–sensitive  anelastic model is used (Karato, 1993).

D: Reduced chi-squared error surface for grain-size–sensitive anelastic model using melt-velocity scaling relation of Kreutzmann et al. (2004). 
The following quantities are contoured on the χ2ν misfit surface: confidence levels from F-test (black lines), melt porosity at top of plume layer 
(red lines), and predicted shear wave attenuation (green lines). E: Same plot as D, except that the non-grain-size–sensitive anelastic model is 
used (Karato, 1993).

Schutt & Dueker, Geology 2008

This rather challenging plot is showing that S velocities in upper mantle under Yellowstone require substantial excess temperatures compared to normal 
adiabat (>55-70° at 95% confidence). (Basically, areas with lower chi-squared better fit observations)



shape of the subhorizontal limb of the remnant slab beneath the
SRP/Y hotspot track, as shown in Fig. 4, is particularly relevant to
our discussion. Map views of successive depth slices through the
mantle transition zone clearly reveal a subhorizontal relict slab
structure that is dipping very slightly to the southeast. At a depth
of ~450 km (Fig. 4a), the remnant Farallon is imaged in the mantle
beneath Proterozoic North America as a relatively narrow limb situ-
ated beneath and parallel to the hotspot track. At these shallower
depths (450 km) in the transition zone, the northern edge of the
slab coincides with the northern boundary of the Snake River
Plain itself such that the hotspot track is everywhere underlain by
remnant slab material. At greater depths in the transition zone
(Fig. 4b–d), the slight southeast dip of the slab results, as expected,
in the gradual southeastward shift of the location of the slab surface

until at 550–600 km depth, the slab is located just southeast of the
SRP/Yellowstone region.

The vertical cross-sectional profiles shown in Fig. 5 suggest the
same story as that shown in Fig. 4. The sections are oriented
NE–SW, parallel to the direction of plate convergence, and bracket
the SRP/Y province both north and south. The most northerly pro-
file (Fig. 5a) is north of, but parallel to, the SRP/Y. This profile
shows normal Cascade subduction, where the steeply dipping Juan
de Fuca slab is traced with some reliability to a depth of at least
500 km, and perhaps as deep as 700 km. The downgoing slab is over-
lain by lower velocity material in the mantle wedge and backarc. The
high velocity feature beneath Idaho that extends to transition zone
depths has been interpreted to be a hanging “curtain” of the ca
50 Ma Siletzia subducting slab (Schmandt and Humphreys, 2010).
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Fig. 4. Horizontal (map) tomographic sections show P-wave velocity perturbations at: (a) 450, (b) 500, (c) 550 and (d) 600 km depth beneath Pacific Northwest. Color scale sat-
uration set to +/−1.5%. The high velocity limb of the subhorizontal Farallon plate is shown to underlie the SRP/Y hotspot track (dashed oval) at transition zone depths, with the
solid black line denoting its approximate northern edge. A dashed black line indicates the approximate upper surface of the normally dipping JdF slab. The remnant slab dips slightly
to the SE, such that at depths greater than 550 km the northern edge of the fragmented slab has shifted SE off the axis of the SRP/Y track. The P-wave depth images shown here also
show the outline of the “slab gap” in the transition zone depths, 400–600 km (Sigloch et al., 2008), although not as clearly visible as in the S-wave images. The low velocity slab gap
anomaly abuts the northwestern edge of the subhorizontal slab, with its southeastern bound maintaining contact with the slab edge throughout the transition zone. Both slab gap
and remnant slab are clearly visible in tomographic images and parallel to SRP/Y track itself.

129D.E. James et al. / Earth and Planetary Science Letters 311 (2011) 124–135

James et al., EPSL, 2011

James et al. argue that it is s sheet sourcing Yellowstone and that part of slab sits at 450 km depth under SRP, so argues this is a slab tear. Solid line is N 
edge of slab at each depth, dashed line is fixed upper edge of slab



shape of the subhorizontal limb of the remnant slab beneath the
SRP/Y hotspot track, as shown in Fig. 4, is particularly relevant to
our discussion. Map views of successive depth slices through the
mantle transition zone clearly reveal a subhorizontal relict slab
structure that is dipping very slightly to the southeast. At a depth
of ~450 km (Fig. 4a), the remnant Farallon is imaged in the mantle
beneath Proterozoic North America as a relatively narrow limb situ-
ated beneath and parallel to the hotspot track. At these shallower
depths (450 km) in the transition zone, the northern edge of the
slab coincides with the northern boundary of the Snake River
Plain itself such that the hotspot track is everywhere underlain by
remnant slab material. At greater depths in the transition zone
(Fig. 4b–d), the slight southeast dip of the slab results, as expected,
in the gradual southeastward shift of the location of the slab surface

until at 550–600 km depth, the slab is located just southeast of the
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same story as that shown in Fig. 4. The sections are oriented
NE–SW, parallel to the direction of plate convergence, and bracket
the SRP/Y province both north and south. The most northerly pro-
file (Fig. 5a) is north of, but parallel to, the SRP/Y. This profile
shows normal Cascade subduction, where the steeply dipping Juan
de Fuca slab is traced with some reliability to a depth of at least
500 km, and perhaps as deep as 700 km. The downgoing slab is over-
lain by lower velocity material in the mantle wedge and backarc. The
high velocity feature beneath Idaho that extends to transition zone
depths has been interpreted to be a hanging “curtain” of the ca
50 Ma Siletzia subducting slab (Schmandt and Humphreys, 2010).
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Fig. 4. Horizontal (map) tomographic sections show P-wave velocity perturbations at: (a) 450, (b) 500, (c) 550 and (d) 600 km depth beneath Pacific Northwest. Color scale sat-
uration set to +/−1.5%. The high velocity limb of the subhorizontal Farallon plate is shown to underlie the SRP/Y hotspot track (dashed oval) at transition zone depths, with the
solid black line denoting its approximate northern edge. A dashed black line indicates the approximate upper surface of the normally dipping JdF slab. The remnant slab dips slightly
to the SE, such that at depths greater than 550 km the northern edge of the fragmented slab has shifted SE off the axis of the SRP/Y track. The P-wave depth images shown here also
show the outline of the “slab gap” in the transition zone depths, 400–600 km (Sigloch et al., 2008), although not as clearly visible as in the S-wave images. The low velocity slab gap
anomaly abuts the northwestern edge of the subhorizontal slab, with its southeastern bound maintaining contact with the slab edge throughout the transition zone. Both slab gap
and remnant slab are clearly visible in tomographic images and parallel to SRP/Y track itself.
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The conclusion we draw from the seismic images is that the SRP/Y
hotspot track is closely related in time and space to a segmented Farallon
slab. While it is possible that the association between remnant slab and
hotspot track is coincidental, we suggest that the remarkable match of
the remnant Farallon slab fragment in both length and breadth to the
surface expression of the SRP/Y, coupled with the apparent absence
of a connecting vertical conduit between low velocity material in
the deeper (600–1000 km) mantle with the SRP/Y hotspot track at
the surface, are ample motivation to investigate whether or not

the descending plate itself could generate upper mantle upwellings
that mimic deeper mantle plume-like behavior.

4.1. Upper mantle hotspot models

The notion that voluminous volcanism in the backarc region of
subduction zones, particularly in the Pacific Northwest, may be pro-
duced by subduction processes in the upper mantle rather than the
result of deep-seated plumes is not new (e.g. Carlson and Hart, 1987;
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Fig. 6. Schematic bird's eye view from the northeast of the velocity structures at 200, 400, 500, and 700 km beneath the Pacific Northwest. For clarity, the JdF slab outline has been
omitted from the two deeper sections. Blue indicates higher velocity (slab) material and red indicates ultra-low velocity material beneath the SRP/Y track. Low velocity regions at
greater depths are indicated by yellow. Regions of the slab gap and the depth segments of the remnant slab are labeled. Vertical dashed lines are included for 3-D perspective and
show that the remnant slab intervenes between the low velocity blob in the lower mantle and Yellowstone. The 400 km depth section shows partial connectivity of the southern-
most segment of the JdF slab with the orphaned remnant slab at its western terminus. High velocity mantle root structures beneath regions of the cratonic crust of stable North
America have been omitted for clarity.
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slab, the Basin and Range extension, the existence of a possibly hot thermal anomaly beneath present-day
Yellowstone, and the kinematic motion of both the subducting and overriding plates.

2. Method and Model Setup

In this study, we design high-resolution forward subductionmodels to simulate the interaction of the Farallon slab
with a putative mantle plume during the late Cenozoic. Our previous modeling results on the post-Eocene
Farallon subduction [Liu and Stegman, 2011] provide a good match to the fast seismic anomalies beneath the
western U.S., confirming their slab nature (Figure S1 in the supporting information). This earlier work also provides
an ideal starting point for further estimating the dynamic evolution of the observed slow seismic anomalies
(Figure 1). In practice, we adopt similar model parameters as those in Liu and Stegman [2011] for modeling
subduction and further include a hot anomaly in the lower mantle to represent the putative Yellowstone plume.

Since a Yellowstone plume originated from the core-mantle boundary lacks evidence from both recent seismic
tomography [Ritsema et al., 2011; Sigloch, 2011; Schmandt and Lin, 2014] and geodynamic modeling [McNamara
and Zhong, 2005; Steinberger and Torsvik, 2012; Bower et al., 2013], in ourmodels we simulate amiddlemantle hot
thermal anomaly beneath the present-day Yellowstone (Figure 1) [Schmandt and Lin, 2014]. In order to estimate
the maximum possible effects of this plume, we assume that the plume has an excess temperature of 200°C
(Table S1), larger than estimates from the 660 km topography analyses [Schmandt et al., 2012; Gao and Liu,
2015]. Another model assumption for a strong plume is that we approximate the hot anomaly using a vertical
cylinder that has a diameter of 400 km, similar to the size of a hypothetic plume head throughout the subduction
history and over the depths of 400–1200 km (Figures 1 and S2).

In practice, we use the finite element mantle code CitcomS [Zhong et al., 2000; Tan et al., 2006] to simulate sub-
duction. We utilize a 3-D mesh of 257×257×65 nodes in longitude× latitude×depth, covering a geographic
volume of 60°×100°×2800 km, centered on the western U.S. A variable grid spacing in all three dimensions is
adopted, reaching a local resolution of 15×12× 7 km in the EW, NS, and vertical directions, respectively, over
the western U.S. Initial and boundary conditions are similar to those in Liu and Stegman [2011]: on the sur-
face, we impose the plate kinematic history based on a recent hybrid moving hot spot reference frame
[Müller et al., 2008] (Figure S2a) and use slip-free conditions for all other boundaries; we also use temporally
evolving plate boundaries, consistent with the Basin and Range extension history [McQuarrie andWernicke, 2005].
Time-dependent seafloor ages are assimilated to update the thermal profile of the oceanic plate, using the
GPlates software [Gurnis et al., 2012].

Figure 1. Seismic structures below the western U.S. (a) Map view at 120 km depth from Schmandt and Lin [2014]. Green circles
represent tested locations of the lower mantle plume at 30Ma. (b) Two cross-sectional views, along the lines shown in
Figure 1a. The red outlines represent the geometry of the slow seismic anomalies, with the lower portion corresponding to the
putative Yellowstone plume. The gray lines mark the likely base of the continental lithosphere. YS: Yellowstone caldera.
(c) Similar to Figure 1b but from the tomography of Sigloch [2011].
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Yet another interpretation of tomography.  Map and column (b) from Schmandt and Lin, column (c) from Sigloch.  An unusual aspect is that the white is not 
at zero mean and the scale appears to be reversed (blue is certainly fast in these images). Circles show where plume is placed in different models in figure 
on next slide.
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the maximum possible effects of this plume, we assume that the plume has an excess temperature of 200°C
(Table S1), larger than estimates from the 660 km topography analyses [Schmandt et al., 2012; Gao and Liu,
2015]. Another model assumption for a strong plume is that we approximate the hot anomaly using a vertical
cylinder that has a diameter of 400 km, similar to the size of a hypothetic plume head throughout the subduction
history and over the depths of 400–1200 km (Figures 1 and S2).

In practice, we use the finite element mantle code CitcomS [Zhong et al., 2000; Tan et al., 2006] to simulate sub-
duction. We utilize a 3-D mesh of 257×257×65 nodes in longitude× latitude×depth, covering a geographic
volume of 60°×100°×2800 km, centered on the western U.S. A variable grid spacing in all three dimensions is
adopted, reaching a local resolution of 15×12× 7 km in the EW, NS, and vertical directions, respectively, over
the western U.S. Initial and boundary conditions are similar to those in Liu and Stegman [2011]: on the sur-
face, we impose the plate kinematic history based on a recent hybrid moving hot spot reference frame
[Müller et al., 2008] (Figure S2a) and use slip-free conditions for all other boundaries; we also use temporally
evolving plate boundaries, consistent with the Basin and Range extension history [McQuarrie andWernicke, 2005].
Time-dependent seafloor ages are assimilated to update the thermal profile of the oceanic plate, using the
GPlates software [Gurnis et al., 2012].
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Figure 1a. The red outlines represent the geometry of the slow seismic anomalies, with the lower portion corresponding to the
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(c) Similar to Figure 1b but from the tomography of Sigloch [2011].
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Mountains, location of the onset of CRB at 16.6Ma [Camp and Ross, 2004]. This scenario is similar to an earlier
proposed model for slab-plume interaction [Geist and Richards, 1993]. Soon afterward, the emplaced plume
material first spreads out toward the east and then bifurcates toward both north and south, closely following
the migration of the CRB dike swarms (Figure 4f). By 10Ma, the northern branch on the border of Oregon and
Washington largely dies out, but the southern part remains active until the present day and stays around the
intersection of Oregon, Idaho, and Nevada. This temporal behavior is also consistent with the southward
migration of volcanic history along eastern Oregon during mid-Miocene, when the CRB switched to western
SRP hot spot activity. However, after 10Ma, the main thermal anomaly remains largely fixed in space with a
slight westwardmigration toward central Oregon (Figure 4f), and this evolution is inconsistent with either the
Newberry or the Yellowstone hot spot track history (Figure 1).

4. Discussion and Conclusions

In this paper, we quantitatively evaluate the possible role of a mantle plume in the formation of the Yellowstone
volcanic province since the Miocene. This is the first study that simultaneously considers both the more realistic
subduction dynamics and a putative mantle plume. The analysis is based on a constrained history of subduction,

Figure 4. Predicted present-day mantle structures from various models. (a–d) Models I, II, II, and IV, respectively, corresponding
to cases whose initial plume position is shifted 300 km to the east, west, south, and north, respectively, of where the present
slow anomaly appears in the tomography. (e) Model V, where the initial plume position is the same as that of the present
Yellowstone slow anomaly. (f) Temporal migration of the uppermost mantle hot anomaly after the initial plume head pene-
trates the slab, relative to major volcanic activities in the Pacific Northwest. Gray regions represent the strong parts of the
continental lithosphere.
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cylinder that has a diameter of 400 km, similar to the size of a hypothetic plume head throughout the subduction
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volume of 60°×100°×2800 km, centered on the western U.S. A variable grid spacing in all three dimensions is
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the western U.S. Initial and boundary conditions are similar to those in Liu and Stegman [2011]: on the sur-
face, we impose the plate kinematic history based on a recent hybrid moving hot spot reference frame
[Müller et al., 2008] (Figure S2a) and use slip-free conditions for all other boundaries; we also use temporally
evolving plate boundaries, consistent with the Basin and Range extension history [McQuarrie andWernicke, 2005].
Time-dependent seafloor ages are assimilated to update the thermal profile of the oceanic plate, using the
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Figure 1. Seismic structures below the western U.S. (a) Map view at 120 km depth from Schmandt and Lin [2014]. Green circles
represent tested locations of the lower mantle plume at 30Ma. (b) Two cross-sectional views, along the lines shown in
Figure 1a. The red outlines represent the geometry of the slow seismic anomalies, with the lower portion corresponding to the
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In these geodynamic models, plume is moved around (a-d—circles in upper right) or placed where thought in lower mantle (e); none of these reproduce 
shallow structure seen (though caption says “upper mantle” but panel a says “30 km”, so some confusion about exactly what these are).  Paper argues that 
slab flow overwhelms any plume, so plume overstated.
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Or maybe an even odder broken slab model… ARTICLESNATURE GEOSCIENCE

the trail of anomalies in the 660 km discontinuity map could be 
explained well by a hot mantle flow rising up through a linear gap 
within a large slab of the cold Farallon Plate. The distribution of 
slab anomalies in the 660 km discontinuity map in Fig. 2 correlate 
well with seismic wave-speed anomalies in the MTZ, but show more 
detail in slab fragmentation (Supplementary Fig. 7). The width of 
the hotspot-track anomalies in the 660 km discontinuity model is 
about 150 km, narrower than the slab gap imaged in the wave-speed 
models, as the wave-speed models have a lower resolution at those 
depths due to a ~200 km grid spacing used in the model param-
eterization. The hotspot track at the MTZ cannot be explained by 
a plume model because a stationary mantle plume may only pro-
duce a volcanic track at the surface due to the movement of the rigid 
lithospheric plate, but not in the mid mantle.

The correlation between depth perturbations of the 410 km and 
the 660 km discontinuities in the western United States is overall 
positive, as both phase transformations occur at greater depths than 
in a normal mantle. The mean depths are about 416 and 663 km, 
respectively. This observation is largely consistent with previous 
receiver function studies14,16. I interpret this positive correlation 
as a result of thermal variations in the mid mantle. Although the 
Clapeyron slope is positive for the 410 km and negative for the 
660 km, seismic anomalies suggest that the western United States 
is hotter (than normal) in the upper mantle but colder in the lower 
MTZ due to slab stagnation7,8,10 (Supplementary Fig. 7). The depth 
perturbations along the Yellowstone anomaly track, however, show 
an opposite polarity: both the 410 km and the 660 km disconti-
nuities are shallower than the surrounding mantle. I interpret the 
elevated 410 km discontinuity along the anomaly track as wet spots 
due to a high water solubility in the MTZ21–23. A hydrated layer asso-
ciated with the 410 km discontinuity, and the consequential melting 
events, have been reported in regions in which mantle flows rise 
through the 410 km discontinuity24,25. In the western United States, 
the MTZ is hydrated by the stagnant oceanic Farallon slab, and the 
seismic attenuation structure in the western United States supports 
the presence of water and partial melt at those depths10. The anom-
alies at the 410 km discontinuity are at locations slightly different 
from those in the 660 km discontinuity map (Fig. 2). This indicates 
that the rising mantle flows are probably not strictly vertical.

Reversed polarity subduction of the Farallon Plate
Subduction of a large oceanic plate is one of the most spectacular and 
complex processes in plate tectonics. The convergence between the 
oceanic Farallon Plate and the North American Plate eventually led 
to the subduction of the youngest seafloor, including active seafloor 
spreading centres, into the mantle beneath the North American 
continent. The ridge subduction event explains the termination 
of arc volcanism and the development of the San Andreas strike-
slip system26. As a result, a slab window formed and widened, and 
the Mendocino Triple Junction propagated northward26,27. Seismic 
structures north of the Mendocino show that slab in the upper 
mantle is still connected to the currently active Cascadia subduc-
tion zone Supplementary Fig. 7). To the south, slab anomalies are 
absent in the upper mantle where subduction ceased about 30 mil-
lion years ago (30 Ma), and most slab materials have sunk down to 
the MTZ beneath present-day Utah (Fig. 3 and Supplementary Fig. 
7), with only small volumes of fossil slab remnants in the upper-
most 120 km of mantle28. The anomalies at the 660 km disconti-
nuity show a northeastward subduction of an enormous Farallon 
oceanic plate, fragmented along subducted oceanic fracture zones 
(Fig. 2). If we extend the hotspot track on the discontinuity maps 
westward, it roughly meets the Pacific Mendocino Fracture Zone 
(Fig. 1). However, current plate reconstruction model predicts a tra-
jectory of the Farallon Mendocino Fracture Zone (the ‘conjugate’ of 
the Pacific Mendocino Fracture Zone) with an orientation different 
from the hotspot track8.

Based on the high-resolution discontinuity maps and a re-
examination of the seismic wave-speed structure in the mid mantle 
at their respective resolution, I propose that the slab south of the 
Farallon Mendocino Fracture Zone broke off from a subducted 
spreading centre in the shallow mantle about 25 Ma (Fig. 4). The 
upper slab either stayed neutrally buoyant in the shallow 150 km of 
the upper mantle or was captured by the Pacific Plate28, whereas the 
lower slab sank with a steep angle. The lack of strong coupling with 
a surface plate facilitated a fast sinking rate of about 5 cm yr–1 and an 
easier penetration through the 660 km discontinuity. This detached 
slab is weakly coupled to the northern slab through the Mendocino 
Fracture Zone, and slab tearing occurred along the fracture zone as 

Fig. 3 | 3D rendering and re-examination of S-wave slab anomalies in 
the western United States. The isosurface represents 1% fast seismic 
wave-speed anomalies at depths from 50!km to 1,600!km (ref. 10). US 
state boundaries are plotted at the surface for geographical reference. 
Fast anomalies in the upper mantle beneath the craton are removed for a 
better illustration of the slab. Map views of the same wave-speed model at 
different depths are plotted in Supplementary Fig. 8. The horizontal plane in 
grey is plotted at a 660!km depth for reference. A cartoon representation of 
this figure is plotted in Fig. 4d.
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Fig. 4 | Cartoon illustration of the stages of subduction in the western 
United States (not to scale). a, Stagnant slab subduction > 30!Ma. b, Ridge 
subduction and slab break off ~25!Ma. c, Reversed subduction (polarity 
reversal) ~16!Ma. d, Present-day slab geometry as seen in Fig. 3: slab tearing 
along the Mendocino and Pioneer Fracture Zones. For simplicity, the Pioneer 
Fracture Zone is not illustrated in a and b and is indicated as a dashed line in c.
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the trail of anomalies in the 660 km discontinuity map could be 
explained well by a hot mantle flow rising up through a linear gap 
within a large slab of the cold Farallon Plate. The distribution of 
slab anomalies in the 660 km discontinuity map in Fig. 2 correlate 
well with seismic wave-speed anomalies in the MTZ, but show more 
detail in slab fragmentation (Supplementary Fig. 7). The width of 
the hotspot-track anomalies in the 660 km discontinuity model is 
about 150 km, narrower than the slab gap imaged in the wave-speed 
models, as the wave-speed models have a lower resolution at those 
depths due to a ~200 km grid spacing used in the model param-
eterization. The hotspot track at the MTZ cannot be explained by 
a plume model because a stationary mantle plume may only pro-
duce a volcanic track at the surface due to the movement of the rigid 
lithospheric plate, but not in the mid mantle.

The correlation between depth perturbations of the 410 km and 
the 660 km discontinuities in the western United States is overall 
positive, as both phase transformations occur at greater depths than 
in a normal mantle. The mean depths are about 416 and 663 km, 
respectively. This observation is largely consistent with previous 
receiver function studies14,16. I interpret this positive correlation 
as a result of thermal variations in the mid mantle. Although the 
Clapeyron slope is positive for the 410 km and negative for the 
660 km, seismic anomalies suggest that the western United States 
is hotter (than normal) in the upper mantle but colder in the lower 
MTZ due to slab stagnation7,8,10 (Supplementary Fig. 7). The depth 
perturbations along the Yellowstone anomaly track, however, show 
an opposite polarity: both the 410 km and the 660 km disconti-
nuities are shallower than the surrounding mantle. I interpret the 
elevated 410 km discontinuity along the anomaly track as wet spots 
due to a high water solubility in the MTZ21–23. A hydrated layer asso-
ciated with the 410 km discontinuity, and the consequential melting 
events, have been reported in regions in which mantle flows rise 
through the 410 km discontinuity24,25. In the western United States, 
the MTZ is hydrated by the stagnant oceanic Farallon slab, and the 
seismic attenuation structure in the western United States supports 
the presence of water and partial melt at those depths10. The anom-
alies at the 410 km discontinuity are at locations slightly different 
from those in the 660 km discontinuity map (Fig. 2). This indicates 
that the rising mantle flows are probably not strictly vertical.

Reversed polarity subduction of the Farallon Plate
Subduction of a large oceanic plate is one of the most spectacular and 
complex processes in plate tectonics. The convergence between the 
oceanic Farallon Plate and the North American Plate eventually led 
to the subduction of the youngest seafloor, including active seafloor 
spreading centres, into the mantle beneath the North American 
continent. The ridge subduction event explains the termination 
of arc volcanism and the development of the San Andreas strike-
slip system26. As a result, a slab window formed and widened, and 
the Mendocino Triple Junction propagated northward26,27. Seismic 
structures north of the Mendocino show that slab in the upper 
mantle is still connected to the currently active Cascadia subduc-
tion zone Supplementary Fig. 7). To the south, slab anomalies are 
absent in the upper mantle where subduction ceased about 30 mil-
lion years ago (30 Ma), and most slab materials have sunk down to 
the MTZ beneath present-day Utah (Fig. 3 and Supplementary Fig. 
7), with only small volumes of fossil slab remnants in the upper-
most 120 km of mantle28. The anomalies at the 660 km disconti-
nuity show a northeastward subduction of an enormous Farallon 
oceanic plate, fragmented along subducted oceanic fracture zones 
(Fig. 2). If we extend the hotspot track on the discontinuity maps 
westward, it roughly meets the Pacific Mendocino Fracture Zone 
(Fig. 1). However, current plate reconstruction model predicts a tra-
jectory of the Farallon Mendocino Fracture Zone (the ‘conjugate’ of 
the Pacific Mendocino Fracture Zone) with an orientation different 
from the hotspot track8.

Based on the high-resolution discontinuity maps and a re-
examination of the seismic wave-speed structure in the mid mantle 
at their respective resolution, I propose that the slab south of the 
Farallon Mendocino Fracture Zone broke off from a subducted 
spreading centre in the shallow mantle about 25 Ma (Fig. 4). The 
upper slab either stayed neutrally buoyant in the shallow 150 km of 
the upper mantle or was captured by the Pacific Plate28, whereas the 
lower slab sank with a steep angle. The lack of strong coupling with 
a surface plate facilitated a fast sinking rate of about 5 cm yr–1 and an 
easier penetration through the 660 km discontinuity. This detached 
slab is weakly coupled to the northern slab through the Mendocino 
Fracture Zone, and slab tearing occurred along the fracture zone as 

Fig. 3 | 3D rendering and re-examination of S-wave slab anomalies in 
the western United States. The isosurface represents 1% fast seismic 
wave-speed anomalies at depths from 50!km to 1,600!km (ref. 10). US 
state boundaries are plotted at the surface for geographical reference. 
Fast anomalies in the upper mantle beneath the craton are removed for a 
better illustration of the slab. Map views of the same wave-speed model at 
different depths are plotted in Supplementary Fig. 8. The horizontal plane in 
grey is plotted at a 660!km depth for reference. A cartoon representation of 
this figure is plotted in Fig. 4d.
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Fig. 4 | Cartoon illustration of the stages of subduction in the western 
United States (not to scale). a, Stagnant slab subduction > 30!Ma. b, Ridge 
subduction and slab break off ~25!Ma. c, Reversed subduction (polarity 
reversal) ~16!Ma. d, Present-day slab geometry as seen in Fig. 3: slab tearing 
along the Mendocino and Pioneer Fracture Zones. For simplicity, the Pioneer 
Fracture Zone is not illustrated in a and b and is indicated as a dashed line in c.
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the trail of anomalies in the 660 km discontinuity map could be 
explained well by a hot mantle flow rising up through a linear gap 
within a large slab of the cold Farallon Plate. The distribution of 
slab anomalies in the 660 km discontinuity map in Fig. 2 correlate 
well with seismic wave-speed anomalies in the MTZ, but show more 
detail in slab fragmentation (Supplementary Fig. 7). The width of 
the hotspot-track anomalies in the 660 km discontinuity model is 
about 150 km, narrower than the slab gap imaged in the wave-speed 
models, as the wave-speed models have a lower resolution at those 
depths due to a ~200 km grid spacing used in the model param-
eterization. The hotspot track at the MTZ cannot be explained by 
a plume model because a stationary mantle plume may only pro-
duce a volcanic track at the surface due to the movement of the rigid 
lithospheric plate, but not in the mid mantle.

The correlation between depth perturbations of the 410 km and 
the 660 km discontinuities in the western United States is overall 
positive, as both phase transformations occur at greater depths than 
in a normal mantle. The mean depths are about 416 and 663 km, 
respectively. This observation is largely consistent with previous 
receiver function studies14,16. I interpret this positive correlation 
as a result of thermal variations in the mid mantle. Although the 
Clapeyron slope is positive for the 410 km and negative for the 
660 km, seismic anomalies suggest that the western United States 
is hotter (than normal) in the upper mantle but colder in the lower 
MTZ due to slab stagnation7,8,10 (Supplementary Fig. 7). The depth 
perturbations along the Yellowstone anomaly track, however, show 
an opposite polarity: both the 410 km and the 660 km disconti-
nuities are shallower than the surrounding mantle. I interpret the 
elevated 410 km discontinuity along the anomaly track as wet spots 
due to a high water solubility in the MTZ21–23. A hydrated layer asso-
ciated with the 410 km discontinuity, and the consequential melting 
events, have been reported in regions in which mantle flows rise 
through the 410 km discontinuity24,25. In the western United States, 
the MTZ is hydrated by the stagnant oceanic Farallon slab, and the 
seismic attenuation structure in the western United States supports 
the presence of water and partial melt at those depths10. The anom-
alies at the 410 km discontinuity are at locations slightly different 
from those in the 660 km discontinuity map (Fig. 2). This indicates 
that the rising mantle flows are probably not strictly vertical.

Reversed polarity subduction of the Farallon Plate
Subduction of a large oceanic plate is one of the most spectacular and 
complex processes in plate tectonics. The convergence between the 
oceanic Farallon Plate and the North American Plate eventually led 
to the subduction of the youngest seafloor, including active seafloor 
spreading centres, into the mantle beneath the North American 
continent. The ridge subduction event explains the termination 
of arc volcanism and the development of the San Andreas strike-
slip system26. As a result, a slab window formed and widened, and 
the Mendocino Triple Junction propagated northward26,27. Seismic 
structures north of the Mendocino show that slab in the upper 
mantle is still connected to the currently active Cascadia subduc-
tion zone Supplementary Fig. 7). To the south, slab anomalies are 
absent in the upper mantle where subduction ceased about 30 mil-
lion years ago (30 Ma), and most slab materials have sunk down to 
the MTZ beneath present-day Utah (Fig. 3 and Supplementary Fig. 
7), with only small volumes of fossil slab remnants in the upper-
most 120 km of mantle28. The anomalies at the 660 km disconti-
nuity show a northeastward subduction of an enormous Farallon 
oceanic plate, fragmented along subducted oceanic fracture zones 
(Fig. 2). If we extend the hotspot track on the discontinuity maps 
westward, it roughly meets the Pacific Mendocino Fracture Zone 
(Fig. 1). However, current plate reconstruction model predicts a tra-
jectory of the Farallon Mendocino Fracture Zone (the ‘conjugate’ of 
the Pacific Mendocino Fracture Zone) with an orientation different 
from the hotspot track8.

Based on the high-resolution discontinuity maps and a re-
examination of the seismic wave-speed structure in the mid mantle 
at their respective resolution, I propose that the slab south of the 
Farallon Mendocino Fracture Zone broke off from a subducted 
spreading centre in the shallow mantle about 25 Ma (Fig. 4). The 
upper slab either stayed neutrally buoyant in the shallow 150 km of 
the upper mantle or was captured by the Pacific Plate28, whereas the 
lower slab sank with a steep angle. The lack of strong coupling with 
a surface plate facilitated a fast sinking rate of about 5 cm yr–1 and an 
easier penetration through the 660 km discontinuity. This detached 
slab is weakly coupled to the northern slab through the Mendocino 
Fracture Zone, and slab tearing occurred along the fracture zone as 

Fig. 3 | 3D rendering and re-examination of S-wave slab anomalies in 
the western United States. The isosurface represents 1% fast seismic 
wave-speed anomalies at depths from 50!km to 1,600!km (ref. 10). US 
state boundaries are plotted at the surface for geographical reference. 
Fast anomalies in the upper mantle beneath the craton are removed for a 
better illustration of the slab. Map views of the same wave-speed model at 
different depths are plotted in Supplementary Fig. 8. The horizontal plane in 
grey is plotted at a 660!km depth for reference. A cartoon representation of 
this figure is plotted in Fig. 4d.
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Fig. 4 | Cartoon illustration of the stages of subduction in the western 
United States (not to scale). a, Stagnant slab subduction > 30!Ma. b, Ridge 
subduction and slab break off ~25!Ma. c, Reversed subduction (polarity 
reversal) ~16!Ma. d, Present-day slab geometry as seen in Fig. 3: slab tearing 
along the Mendocino and Pioneer Fracture Zones. For simplicity, the Pioneer 
Fracture Zone is not illustrated in a and b and is indicated as a dashed line in c.
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(Though one problem here is that the Mendocino FZ is to the south. Another might seem to be means of actually generating melt at these depths—wants 
upwelling lower mantle to pick up water in the TZ to generate melt…
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Figure 2 | Frames showing plume–subduction interaction in side-view and map-view orientations. a–d, Evolution (side-view) of plumes rising along the
slab centre line from 30Myr before present to 5Myr into the future (case E5). SST, slab surface temperature. e–h, Map-view images showing break-up
(outlined) and southward deflection of a plume rising north of the slab centre line (case E13) by toroidal flow (translucent arrow in h). Blue (and white)
arrows in a highlight plate motions and plume ascent rates, respectively, and triangles mark the position of the trench. Passive (PTA) and active (RPH)
plume regions are highlighted with yellow and red. The shaded area is a region of plume head thermal pollution. i–l, Map-view contours of shallow excess
temperatures for e–h (see Methods). Numbers in l show time-series locations for Fig. 3.

In runs with plumes having modest temperature (for example,
scaled excess temperature, �T ⌅ 300 ⇤C, entering the base of the
wedge), a deep thermal buoyancy source positioned on the wedge
side of the subduction zone and roughly one plate width (W ) away
from the trench formed a large leading head with diameter 80mm
(400 km when scaled to the mantle) and a narrow trailing conduit
with diameter 20mm (100 km; Fig. 2a). The plume head rose at
⌅30mmmin�1 (30mmyr�1). Vertical velocities within the conduit
were between 40 and 80mmmin�1 (40–80mmyr�1), producing a
scaled buoyancy flux of⌅1Mg s�1. The downdip (UD) and rollback
(UT) components of the slab-driven flow altered this simple plume
shape at shallower levels.

The onset of rollback initiated a strong toroidal flow in the
wedge17–20, deforming the plume head and conduit over times
of 1–2min (5–10Myr) and bifurcating the thermal anomaly into
active and passive parts. In the reference frame of Fig. 1, the western
(trench-side) portion of the headwas entrained into a⌅50mmyr�1

slab-driven flow directed towards the centre line of the subducting
plate (Fig. 2b). This warm material was carried horizontally at
rates of UT + (0.25–0.4) ⇥ UD depending on depth, evolving to
a passive thermal anomaly (PTA), with a morphology that was

narrow (⌅100 km) in north–south extent (Fig. 2h) and thicker
(⌅200 km) in vertical extent (Fig. 2c,d). The remaining buoyantly
active portion of the plume (the remnant plume head, RPH)
continued ascending at a reduced rate (<10mmyr�1), passing
through 150 km depth at ⌅30Myr and reaching the base of the
plate at ⌅20Myr. The partitioning into passive (PTA) and active
(RPH) portions depended on the distance from the plume to the
trench (x), relative to the slab width (W ), and occurred in all
cases with x/W < 1.5.

Although the deep plume conduit remained active, it
was strongly deflected at shallow levels by the plate-driven
flow (Fig. 2b,c) and the throughflow gradually reduced from
⌅60mmyr�1 to much less than 10mmyr�1 (Fig. 2c). Warm
conduit material slowly fed into a diffuse region below the plate
(50–150 km depth range) and blended with deeper bands of former
plume head fluid that continued to move and deform within the
background flow. This conduit PTA evolved into a narrow, but
thick feature (red highlights, Fig. 2d,h). The scaled buoyancy flux
of the shallow, deformed plume fluid dropped to <0.1Mg s�1 after
interacting with rollback-driven flow. Reduced values result from
the slow (⌅5–10mmyr�1) rise of thin, horizontally elongated,
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Argues that Newberry trend could be entrainment of plume material in asthenospheric counterflow [couldn’t other stuff be entrained, too?--does this model really show a bifurcation?].  Caption: Figure 2 | 
Frames showing plume–subduction interaction in side-view and map-view orientations. a–d, Evolution (side-view) of plumes rising along the slab centre line from 30 Myr before present to 5 Myr into the future (case E5). SST, slab surface temperature. e–h, Map-view images showing break-up (outlined) and 
southward deflection of a plume rising north of the slab centre line (case E13) by toroidal flow (translucent arrow in h). Blue (and white) arrows in a highlight plate motions and plume ascent rates, respectively, and triangles mark the position of the trench. Passive (PTA) and active (RPH) plume regions are 
highlighted with yellow and red. The shaded area is a region of plume head thermal pollution. i–l, Map-view contours of shallow excess temperatures for e–h (see Methods). Numbers in l show time-series locations for Fig. 3.


