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ABSTRACT

The lack of field evidence for significant crustal stretching during the main
phase of flood basalt eruption rules out a passive-mantle origin for the Columbia
River Basalt Group. The short duration (1.1 m.y.) of the main-phase lavas, their
large volume (~195,500 km?), and their high eruption rate (~0.178 km?/yr) in an area
of minimal extension (<<1%) are better explained by an active-mantle upwelling
origin. Such a scenario could be satisfied by the arrival of a lower-mantle plume,
or by the ascent of upper mantle through a slab gap or around the truncated edge
of the Farallon plate. These competing ideas have been based on the interpretation
of seismic data beneath the Yellowstone region that appear to resolve either a sheet of
mantle upwelling extending downward into the mantle transition zone, or an irregu-
lar corridor of upwelling extending through the transition zone and into the lower
mantle to ~900-1000 km depth. A lower-mantle origin is supported by the seismically
resolved upward deflection in the ~660 km discontinuity at the base of the transition
zone, which in turn is consistent with a lower-mantle chemical signature reflected
in high *He/*He ratios found in derivative basalts from both the Snake River Plain
and the Columbia River flood basalt province. Mid-Miocene arrival of the Yellow-
stone plume was centered beneath the Oregon-Nevada border region, where there
are direct spatial and temporal connections among the initiation of flood basalt vol-
canism at ca. 16.7 Ma, the initiation of rhyolitic volcanism at the western end of the
Snake River Plain hotspot track at ca. 16.5 Ma, and the initiation of a major period
of uplift and crustal extension in the northern Basin and Range between ca. 17 and
16 Ma. Rapid uplift and the propagation of volcanism away from this region are con-
sistent with models of plume emplacement. The inability of seismic studies to image a
mantle-plume fabric of radiating flow is due to its destruction by corner flow, which
is evident in the contemporary east-west flow fabric derived from shear-wave split-
ting measurements.
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INTRODUCTION

In the 1960s, early workers on the Columbia Plateau used
field criteria and petrographic characteristics to establish a
working stratigraphy through the thick basaltic pile (Mackin,
1961; Waters, 1961; Bond, 1963; Bingham and Walters, 1965;
Schmincke, 1967), which was refined later by detailed geochemi-
cal and paleomagnetic investigations (e.g., Watkins, 1965; Brock
and Grolier, 1973; Wright et al., 1973; Nathan and Fruchter,
1974; Swanson et al., 1979; Swanson and Wright, 1981; Reidel,
1983; Hooper et al., 1984). These early studies resulted in the
development of a coherent regional stratigraphy, the detail of
which was more fully developed in the late 1970s and into the
1980s by a concentrated effort to map the Columbia Plateau at
reconnaissance scale (e.g., Swanson et al., 1979, 1980; Camp,
1981; Camp and Hooper, 1981; Swanson et al., 1981; Camp et
al., 1982; Tolan et al., 1989). Much of this early work culminated
in a series of papers, which were compiled in Geological Society
of America Special Paper 239 (Reidel and Hooper, 1989).

While early workers focused their effort on stratigraphically
based field investigations, there was less effort devoted toward
the publication of comprehensive tectonomagmatic models of
flood basalt genesis. The first such models attributed the origin
of the Columbia River Basalt Group and the Steens Basalt of
eastern Oregon to shallow-mantle melting associated with back-
arc extension (Carlson and Hart, 1987; Hart and Carlson, 1987,
Smith, 1992). Later models suggested that melting in the upper
mantle was triggered by torsional stress of the plate interior
(Dickinson, 1997; Tikoff et al., 2008), lithospheric delamination
(Hales et al., 2005), or more recently, upper-mantle convection
through, or around the truncated edge of, the Farallon—Juan de
Fuca plate (Sigloch et al., 2008; Faccenna et al., 2010; James et
al., 2011; Liu and Stegman, 2012; Long et al., 2012). Although
these shallow-mantle models lie contrary to the traditional view
that flood basalt provinces are generated above plumes derived
from the deep mantle (e.g., Morgan, 1972; Campbell, 2005),
they are embraced by many who advocate a nonplume origin
for all oceanic plateaus, continental flood basalt provinces, and
hotspot tracks (e.g., Foulger and Natland, 2003; Lustrino, 2005;
Anderson, 2005, 2007; Foulger, 2007; comments to Hooper et
al., 2007, p. 256-268).

The ongoing debate for or against a mantle-plume origin for
continental flood basalts requires detailed and well-constrained
databases derived from integrated field, geochronological, geo-
chemical, and geophysical investigations. Such a comprehensive
database is evident for the Columbia River Basalt Group, which
has long been regarded as the best preserved and most intensely
studied flood basalt province on Earth. The majority of workers
with direct field experience on the Columbia River flood basalt
province have favored a plume origin as the most reasonable
explanation for its field and petrochemical characteristics (e.g.,
Duncan, 1982; Brandon and Goles, 1988, 1995; Draper, 1991;
Hooper and Hawkesworth, 1993; Geist and Richards, 1993;
Camp, 1995; Dodson et al., 1997; Hooper et al., 2002, 2007;
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Camp et al., 2003; Camp and Ross, 2004; Camp and Hanan,
2008; Wolff et al., 2008; Wolff and Ramos, this volume). Such
a model is supported by seismic data that appear to resolve a
contemporary plume conduit beneath Yellowstone National Park
at the eastern end of the Snake River Plain hotspot track (e.g.,
Yuan and Dueker, 2005; Waite et al., 2006; Smith et al., 2009;
Obrebski et al., 2010; Humphreys and Schmandt, 2011; Tian and
Zhao, 2012; Darold and Humphreys, 2013). Other workers have
questioned the validity of a plume origin in favor of a variety of
nonplume interpretations (e.g., Roth et al., 2008; Warren et al.,
2008; Faccenna et al., 2010; Long et al., 2012; James et al., 2011;
Fouch, 2012; Liu and Stegman, 2012).

The wealth of geologic data on the Columbia River Basalt
Group is not only integral to the specific debate on its origin
(Hooper et al., 2007), but also to the broader debate on the very
existence of mantle plumes (e.g., DePaolo and Manga, 2003;
Anderson, 2007; Foulger, 2007). A discussion on the origin of
these flood basalts would therefore seem timely and relevant to
fellow workers and interested readers of this volume. The intent
of this chapter is to provide an updated summary on the geo-
logical and geophysical data used to evaluate genetic models, and
to discuss the efficacy of various proposed models that include
passive-mantle upwelling associated with crustal extension and
active-mantle upwelling associated with both plume and non-
plume interpretations.

SPATIAL AND TEMPORAL CONNECTION WITH
THE YELLOWSTONE MANTLE PLUME

The only obvious candidate for a plume source for the Colum-
bia River Basalt Group is the plume-like upwelling that currently
underlies Yellowstone National Park, located at the northeastern
end of the Snake River Plain hotspot track (Fig. 1). Pierce and
Morgan (1992) noted that the hotspot track is delineated by a
series of calderas and rhyolitic centers that become progressively
older to the southwest, consistent with the southwestern migra-
tion of the North American plate over a relatively stationary Yel-
lowstone plume. Such migration would have placed the Yellow-
stone plume near the Nevada-Oregon-Idaho tri-state area in the
mid-Miocene, in an area that would include the McDermitt and
related calderas, where the initial hotspot eruptions of rhyolite
began at ca. 16.5 Ma (Rytuba and McKee, 1984; Swisher et al.,
1990; Henry et al., 2006; Colgan et al., 2006; Brueseke et al.,
2007; Jarboe et al., 2007, 2008; Coble and Mahood, 2012).

One of the primary rationalizations for dismissing a plume
genesis for the Columbia River Basalt Group and the Snake River
Plain had been the failure of seismic studies to identify a mantle
anomaly extending >200 km beneath Yellowstone National Park
(Iyer et al., 1981; Evans, 1982; Dueker and Humphreys, 1994;
Christiansen et al., 2002; Schutt and Humphreys, 2004). Later
tomographic studies, however, have defined a mantle plume
beneath Yellowstone extending to a depth of at least 500 km (Yuan
and Dueker, 2005; Waite et al., 2006; Smith et al., 2009; Xue
and Allen, 2010), and more recently to a depth of 900-1000 km
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(Obrebski et al., 2010, 2011; Humphreys and Schmandt, 2011;
Schmandt et al., 2012; Tian and Zhao, 2012; Darold and Hum-
phreys, 2013). These studies support the contention of others that
the Snake River Plain hotspot track was generated by plate motion
above the Yellowstone plume (Pierce et al., 2002; Pierce and Mor-
gan, 2009; Nash et al., 2006; Hanan et al., 2008; Shervais and
Hanan, 2008; Shervais and Vetter, 2009; Smith et al., 2009). Such
a model is further supported by elevated *He/*He ratios for oliv-
ine phenocrysts in the Snake River Plain basalts (Graham et al.,
2009), which are typically considered to be robust indicators of a
deep-mantle source (Samuel and Farnetani, 2003).

An additional argument against a plume genesis for the flood
basalts is the apparent geographic separation of the Snake River
Plain hotspot track with the Chief Joseph dike swarm on the
Columbia Plateau, lying ~400 km north of the presumed mid-
Miocene location of the Yellowstone plume (Fig. 1A). Although
this argument was addressed by Geist and Richards (1993) and
Camp (1995), it has now been resolved by Ar-Ar geochronology
and field relationships in the Malheur Gorge of eastern Oregon.
Here, well south of the Columbia Plateau, Hooper et al. (2002)
have identified Imnaha Basalt sitting conformably above Steens
Basalt, thus extending the distribution of Columbia River Basalt
Group volcanism into southeastern Oregon, adjacent to the west-
ern margin of the Snake River Plain hotspot track (Fig. 1B).

These geologic relationships demonstrate that the earliest
eruptions of flood basalt volcanism in southeastern Oregon at
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ca. 16.7 Ma were essentially coincident in both time and space
with the earliest eruptions of rhyolite along the Snake River Plain
hotspot track at ca. 16.5 Ma. This important temporal and spa-
tial connection between the initiation of flood basalt volcanism
and the initiation of the Yellowstone hotspot cannot be easily
dismissed as coincidence. Indeed, this relationship is predicted
in plume models that attribute flood basalt volcanism to melting
above mantle-plume heads and hotspot-track volcanism to melt-
ing above their connecting plume tails. The geographic location
of this connection adjacent to the Precambrian craton in North
America (Fig. 1) suggests that the plume head may have been
decapitation by the thick, cratonic boundary at ca. 16 Ma due to
southwest-directed plate motion, thus allowing the plume tail to
generate a hotspot track through the overriding craton (Pierce and
Morgan, 1992; Camp and Ross, 2004; Nash et al., 2006; Smith
et al., 2009). This well-preserved plume head-tail pair may be the
world’s best example of a continental flood basalt province con-
nected to its own hotspot track.

RELATIONSHIP OF BACKARC EXTENSION TO
FLOOD BASALT VOLCANISM

The Oligocene-Miocene history of the backarc region in
eastern Oregon was dominated by the widespread eruption of
mildly alkaline to calc-alkaline volcanic rocks that varied in
composition from intermediate to rhyolitic (e.g., Norman and
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Figure 1. The Columbia River Basalt Province. (A) Original distribution of the Columbia River Basalt Group on the Columbia Plateau (Tolan et
al., 1989), showing the ~400 km separation between the main source region for the flood basalts (the Chief Joseph dike swarm) and the presumed
initiation site of the Yellowstone hotspot (the McDermitt caldera). (B) The currently accepted distribution of the Columbia River Basalt Group
based on the incorporation of Steens Basalt into the Columbia River Basalt Group stratigraphy (e.g., Camp et al., 2011, this volume). Hooper et
al. (2002) first recognized this conformable relationship of Imnaha Basalt overlying Steens Basalt in the Malheur Gorge region (MG) of eastern
Oregon. Ovals with tick marks are the felsic calderas of Pierce and Morgan (1992), which progressively decrease in age along the Snake River
Plain hotspot track, from the McDermitt caldera to Yellowstone. The cratonic boundary separates the Precambrian craton of North America to
the east from a thinner basement of Paleozoic and Mesozoic oceanic terranes to the west.
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Leeman, 1990; Langer, 1991; Mathis, 1993; Dooley, 2010), and
that were in places bimodal (e.g., Colgan et al., 2006; Lerch et al.,
2008). Although volcanically active at least since the early Oli-
gocene, tholeiitic volcanism did not begin in the backarc region
until the mid-Miocene, when this long-lived tectonic regime
underwent an abrupt, but short-lived (~1.1 m.y.) transformation,
manifested by the main-phase eruptions of the Columbia River
Basalt Group from ca. 16.7 Ma to ca. 15.6 Ma (Barry et al., 2010,
this volume; Camp et al., this volume). These uninterrupted, tho-
leiitic eruptions continued over at least six paleomagnetic inter-
vals to form the voluminous succession of the Steens, Imnaha,
Grande Ronde, and Picture Gorge Basalts.

All workers agree that these eruptions occurred in a back-
arc environment, but they disagree on whether backarc extension
was the sole contributor to flood basalt genesis. Some suggest
an origin associated with the passive rise of ambient-temperature
mantle driven by either backarc extension or delamination, while
others suggest that flood basalt volcanism is an active-mantle
process driven by the rapid upwelling of a plume-like body con-
taining anomalously hot and/or fertile mantle.

Crustal Extension and the Passive Rise of Shallow Mantle

Several workers have invoked shallow-mantle melting mod-
els for the origin of the Columbia River Basalt Group. Most of
these involve the passive, adiabatic rise and melting of astheno-
spheric mantle that would result from either backarc extension
(e.g., Carlson and Hart, 1987; Smith, 1992) or transtensional
shear of the plate interior (Dickinson, 1997; Tikoff et al., 2008).
The exception to these stress-release models is that of Hales et
al. (2005), who suggested that the Columbia River Basalt Group
originated from the passive rise of asthenosphere into the void
created by delamination of lithosphere beneath the Chief Joseph
dike swarm. This model, however, does not accord with the
numerical experiments of Elkins-Tanton (2007), who demon-
strated that even under the most extreme conditions of delami-
nation, the rise of ambient-temperature asthenosphere cannot
generate the large melt volumes associated with flood basalt vol-
canism. In addition, localized delamination at the Chief Joseph
dike swarm cannot account for the more widespread eruptions of
the Columbia River Basalt Group that occurred as far west as the
Monument dike swarm in north-central Oregon and as far south
as the Steens Basalt dike swarm in southeastern Oregon and adja-
cent Nevada (Fig. 1).

On the other hand, the numerical experiments of Burov and
Guillou-Frottier (2005) and Burov et al. (2007) demonstrated
that delamination of the lithospheric mantle and lower crust is
the expected result of plume emplacement. In testing this active-
mantle process, Camp and Hanan (2008) showed that a plume-
triggered delamination origin for the Columbia River Basalt
Group appears to be consistent with the sequence of source
melting evident in the basalt stratigraphy, and with the history of
uplift and tectonism in eastern Oregon and adjacent Washington.
More recently, Darold and Humphreys (2013) presented a similar
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scenario where flood-basalt volcanism was induced by plume-
triggered delamination of the remnant Farallon plate beneath
northeastern Oregon.

The extent to which regional crustal stretching provides the
driving mechanism for mantle melting is an important consid-
eration in nonplume models of flood-basalt volcanism. There
is little or no evidence to suggest that Columbia River Basalt
Group volcanism was associated with significant extension other
than the minor amount of stretching necessary for dike injection
(<<1%). In southeastern Oregon, the greatest amount of Mio-
cene extension occurred between ca. 15.5 Ma and 10.5 Ma to
produce the Oregon-Idaho graben (Cummings et al., 2000). This
rift zone is associated with relatively small-volume eruptions of
basaltic, andesitic, and rhyolitic lava, typically of calc-alkaline to
mildly alkaline affinity (Hooper et al., 2002). After ca. 12 Ma, a
later period of extension generated the western Snake River Plain
(Wood and Clemens, 2002) and the fault-block mountain ranges
that define the northern Basin and Range Province (Colgan et
al., 2006). All of these mid- to late Miocene regions of crustal
stretching postdate the voluminous, largely tholeiitic eruptions
of Steens Basalt at ca. 16.7 Ma (Camp et al., this volume).
Similarly, in northeastern Oregon and southeastern Washington,
where ~90% of the Columbia River Basalt Group erupted from
the Chief Joseph dike swarm, there is a distinct lack of exten-
sional features occurring at the same time as flood basalt eruption
(Wells, 1990; Hooper et al., 2007).

On the other hand, Colgan and Henry (2009) have shown
that the northern Basin and Range Province experienced 40%-—
50% extension that began abruptly at ca. 1617 Ma, in an area
of very minor basalt volcanism. These field relationships demon-
strate that the area of least extension generated the greatest vol-
ume of basaltic lava from the Chief Joseph dike swarm, and that
the area of greatest extension generated only minor volcanism.
The eruption of such large volumes of basalt in the absence of
substantial crustal rifting, and the lack of significant volcanism in
the presence of considerable rifting are inconsistent with the pas-
sive rise of mantle driven by crustal extension (e.g., McKenzie
and Bickle, 1988).

Active-Mantle Upwelling in the Absence of
Significant Extension

The revised total volume generated by the main-phase
eruptions is 195,500 km?, or ~93% of the total Columbia River
Basalt Group volume, which equates to an overall effusion rate
of 0.178 km*/yr. The peak effusion rate was generated during the
initial stage of flood basalt volcanism, when the majority of the
Steens Basalt lavas (~31,800 km?) erupted in <50,000 yr at a rate
of ~0.67 km*/yr (Camp et al., 2011, this volume). The brief dura-
tion (~1.1 m.y.), high effusion rate, and homogeneity of the main-
phase tholeiites lie in stark contrast to the much longer history of
intermittent, and compositionally more variable, eruptions that
have been more typical of the Oregon backarc region since early
Oligocene time.
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Columbia River Basalt Group volcanism thus appears to
have been a singular event in the history of eastern Oregon and
adjacent Washington, distinguished by voluminous eruptions that
generated Earth’s only obvious example of a flood basalt prov-
ince located in a backarc setting. Long-lived backarc extension
cannot by itself account for this dramatic burst of basalt accu-
mulation during the main-phase eruptions. An additional compo-
nent of active-mantle upwelling would seem to be required, and
workers have proposed both shallow- and deep-mantle processes.
Faccenna et al. (2010), James et al. (2011), and Liu and Steg-
man (2012), for example, suggested that active-mantle upwelling
beneath the Columbia River Basalt Group source region could
have resulted from small-scale convection in the upper mantle
along tears in, or around the edges of the truncated Farallon—Juan
de Fuca plate. Long et al. (2012) promoted a similar model facili-
tated by a rapid initiation of slab rollback. The more traditional
view suggests that the generation of such large volumes of flood
basalt over an exceedingly short interval of time, during minimal
extension, is better explained by the arrival of a thermal and/or
fertile anomaly from the deep mantle (e.g., White and McKen-
zie, 1989, 1995). Whatever its origin, the most reasonable choice
for this anomalous mantle is the seismically resolved plume-like
body that currently resides beneath Yellowstone National Park
(Waite et al., 2006; Obrebski et al., 2010, 2011; Humphreys and
Schmandt, 2011; Schmandt et al., 2012), as demonstrated by
plate reconstruction, which places it in the vicinity of flood basalt
volcanism at ca. 16.5 Ma, contemporaneous with the initiation of
flood basalt volcanism (Pierce and Morgan, 1992, 2009; Pierce et
al., 2002; Shervais and Hanan, 2008; Smith et al., 2009).

Propagation of Flood Basalt Volcanism: A Passive or
Active Mantle?

Field data demonstrate a rapid northward propagation of
dike intrusion and flood basalt volcanism from southeastern Ore-
gon and into southeastern Washington during the Columbia River
Basalt Group main-phase eruptions (Fig. 2). The early eruptions
of Steens Basalt in southeastern Oregon were followed by the
eruption of Imnaha Basalt farther to the north in the vicinity of
the Malheur Gorge. Northward migration continued into the
Chief Joseph dike swarm, where Imnaha Basalt was followed by
the progressive advance of each of the four magnetostratigraphic
units that comprise Grande Ronde Basalt (Fig. 2) (Camp and
Ross, 2004). A distance of ~450 km can be measured between
the geographic center of the oldest Steens eruptions in southeast
Oregon (i.e., magnetostratigraphic unit R ) to the center of the
youngest Grande Ronde eruptions in southeast Washington (i.e.,
magnetostratigraphic unit N.). That distance equates to an aver-
age migration rate of ~0.4 m/yr over the ~1.1 m.y. interval of the
main-phase eruptions. This rate is over four times the average
migration rate of propagating hotspots (Wang and Wang, 2001),
but it is similar to the ~0.2-0.3 m/yr rate predicted in model sim-
ulations of a relatively small, outwardly spreading plume head
impinging on lithospheric mantle (d’ Acremont et al., 2003).
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Realistic models of Columbia River Basalt Group volca-
nism must be able to account for this rapid rate of basalt propa-
gation. One potential mechanism is to attribute the migration
of eruptive activity to passive-mantle rise beneath a northward-
propagating rift system. Such a model, however, is inconsistent
with the field evidence and the complete absence of coeval rift-
related structures in the flood basalt source region. Indeed, none
of the proposed models for passive-mantle upwelling driven by
backarc extension or delamination can adequately explain this
northward migration.

Camp (1995) attributed the rapid propagation of volcanism
to an active-mantle explanation associated with an outwardly
spreading plume head that was deformed against the thick
cratonic boundary of North America. In this interpretation, a
balloon-like mass would have impinged on the lithosphere and
flattened outward. The greatest volume of the plume head would
have spread rapidly and preferentially to the north, against the
craton, flowing “uphill” into the thin lithosphere of accreted oce-
anic terranes that form the basement rocks of northeastern Ore-
gon. Rapid propagation of the plume head into this “thinspot”
(Thompson and Gibson, 1991) would have resulted in a massive
melting event manifested on the surface by a northward migra-
tion of dike injection and flood basalt eruption from southeast
Oregon and into the Chief Joseph and Monument dike swarms
(Camp and Ross, 2004; Camp and Hanan, 2008).

Farther south, plume impingement beneath the thicker
cratonic-to-transitional lithosphere of northern Nevada was man-
ifested in a different manner. Here, the abrupt and contemporane-
ous onset of Basin and Range extension at ca. 16—-17 Ma (Colgan
and Henry, 2009) may well have been induced by plume emplace-
ment, but the surface expression of magmatism was minor, in the
form of small-volume volcanic fields, dike injection, and aero-
magnetic anomalies representing keel dikes associated with the
northern Nevada rift system (Glen and Ponce, 2002).

Alternative models for northward migration include
(1) subslab flow through a northward propagating tear in the
Farallon plate (Liu and Stegman, 2012), (2) similar subslab flow
around the truncated edge of the Farallon plate during slab roll-
back (Long et al., 2012), or (3) rapid propagation of Imnaha and
Grande Ronde dikes driven outward by a high magma flux rate
from a centralized magma chamber located at the northwestern
end of the western Snake River Plain (Wolftf and Ramos, this vol-
ume). Liu and Stegman (2012) and Long et al. (2012) envision
a shallow-mantle genesis, while Wolff and Ramos (this volume)
present chemical evidence for a deeper-mantle plume with a
component from the lower mantle. All of these alternative mod-
els are consistent with active-mantle upwelling being the root
cause of voluminous melting.

GEOCHEMICAL EVIDENCE FOR
A DEEP-MANTLE SOURCE

Brandon and Goles (1988, 1995) and Hooper and Hawkes-
worth (1993) identified a primary mantle source component in the



186

0 100 200 | ;
Kilometers
WA |
OR

T IMNAHA
(No)

V.E. Camp

v
| .l||y|||

4
e
,ff\\\

GRANDE '/ “i.,
RONDE RONDE vk
!{l:f'l’l
LA AT
S e s

Figure 2. Map sequences showing the progressive northward distribution of the Steens, Imnaha, and Grande Ronde Basalts, modified from Camp
and Ross (2004). These conformable lithostratigraphic units comprise the main phase of the Columbia River Basalt Group, with unabated erup-
tions over at least six paleomagnetic intervals (R -N,), from ca. 16.7 Ma to 15.6 Ma.

main-phase Columbia River Basalt Group lavas akin to that for
oceanic-island basalts (OIBs) with Hawaiian-like trace-element
and isotopic profiles. This source component is least diluted in
Imnaha Basalt, but it is present in all the main-phase lavas. Steens,
Picture Gorge, and Grande Ronde lavas radiate from the Imnaha
lavas in Sr-Nd-Pb isotopic space (e.g., Wolff et al., 2008; Camp
and Hanan, 2008; Wolff and Ramos, this volume), indicating that
they were derived from mixing of the “Imnaha component” with
other source components. Workers are in general agreement that
the second mixing component for Steens and Picture Gorge Basalt
was relatively depleted asthenospheric mantle (mid-ocean-ridge
basalt [MORB]) (e.g., Carlson, 1984), but there is less agreement
on the nature of the second mixing component for Grande Ronde
Basalt (cf. Carlson, 1984; Hooper and Hawkesworth, 1993; Wright
et al., 1989; Takahahshi et al., 1998; Hooper et al., 2007; Wolff et
al., 2008; Camp and Hanan, 2008; Wolff and Ramos, this volume).

The “Imnaha component” is particularly relevant to the
debate on plume versus nonplume models. This source rock was
originally interpreted as depleted mantle contaminated by ~2%
subducted sediment (Carlson et al., 1981; Carlson, 1984), but
then it was reinterpreted by Brandon and Goles (1988, 1995),
Brandon et al. (1993), Hooper and Hawkesworth (1993), Camp
and Hanan (2008), and Wolff et al. (2008) as a mantle-plume
component.

Although Imnaha Basalt has OIB trace-element values typi-
cal of melts that are presumed to be plume-derived, like those
in Hawaii and Iceland (Hooper and Hawkesworth, 1993), it also
displays *He/*He, *’Ne/*Ne, and ?'Ne/?Ne ratios that are char-
acteristic of a deep-mantle source (Dodson et al., 1997). One of
the most significant characteristics of the Imnaha component is
a *He/*He ratio of 11.4 = 0.7 times the atmospheric ratio (R,)
(Dodson et al., 1997). Wolft et al. (2008) noted that this ratio
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is significantly elevated compared with MORB (*He/*He = 8 +
1 R,), and equivalent to the “moderately high *He/*He” OIB type
of Class and Goldstein (2005) in its Pb isotope and incompatible
element abundances. The most reasonable mechanism to account
for the elevated *He/*He in the Imnaha component is a plume
derived from the deep mantle (Dodson et al., 1997; Hooper et
al., 2007; Wollff et al., 2008; Camp and Hanan, 2008). A causal
relationship between the Imnaha component and the Yellowstone
plume is further suggested by similar elevated *He/*He values for
younger basalts lying along the Snake River Plain hotspot track
(Graham et al., 2009), which have maintained a direct connec-
tion to the plume currently underlying Yellowstone National Park
(Yuan and Dueker, 2005; Waite et al., 2006; Obrebski et al., 2010).

UPLIFT ABOVE THE MANTLE-PLUME HEAD

Active-mantle models of plume impingement predict that
uplift above the plume head will begin before the eruption of
continental flood basalts (Campbell and Griffiths, 1990; Hill et
al., 1992; White and McKenzie, 1995). Such uplift is evident
at the site of the Chief Joseph dike swarm, in the border region
of northeast Oregon and Idaho, where deep canyons that cut
through the prebasalt surface were filled with the earliest flows
of Imnaha Basalt (Kleck, 1976; Hooper et al., 1984, 2007). Con-
tinued uplift during the main-phase eruptions is manifested in the
northward offlap of basalt units resulting from the progressive
rise of a north-dipping paleoslope (Camp, 1995). This northward
migration of uplift was coincident in both time and space with
the northward migration of volcanism from southeast Oregon
into southeast Washington (Camp and Ross, 2004). Pierce et
al. (2002) described this region as the northern part of a much
broader region of plume-generated uplift. They presented 13 lines
of evidence for the development of a large north-south dome, the
crest of which extended for ~1000 km, from the southern tip of
the northern Nevada rift system in the south to the Chief Joseph
and Monument dike swarms in the north. Such uplift is consistent
with U-Pb data on paleodrainages (Beranek et al., 2006) and with
paleobotanical altitude estimates supporting the development of
a broad precipitation shadow to the east that peaked at ca. 15 Ma
(Pierce et al., 2002). In the northern part of the dome, this abrupt
period of uplift was contemporaneous with dike injection and
flood basalt volcanism during a time of minimal extension, all
of which are consistent with an active-mantle process, and which
are equally inconsistent with stress-release models driven by con-
tinental extension.

The field data suggest that uplift was initiated by a thermal
anomaly that arrived at asthenospheric depths in the early to mid-
Miocene, thus reducing the density of the overlying lithosphere. In
addition to thermal uplift, continued isostatic support for the uplifted
region was maintained by the associated melting event, which gen-
erated voluminous basalt and restite, both of which have lower den-
sities than the original mantle source (Morgan et al., 1995).

Today, the southern portion of the uplifted dome in north-
central Nevada has experienced ~40%-50% extension since
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ca. 17 Ma (Colgan and Henry, 2009). If this region was under-
lain by normal-temperature mantle, then even small degrees
of extension should result in continental subsidence (White
and McKenzie, 1989, 1995). Although such a scenario of mid-
Miocene extension and subsidence has indeed been argued by
Colgan and Henry (2009), the northern Basin and Range still
maintains a relatively high elevation (1.0-1.5 km) for such a
highly extended terrain. Its buoyancy is evident in progressively
decreasing altitudes from the northern to the southern Basin and
Range Province, which Saltus and Thompson (1995) attributed
to the isostatic support of the remnant Yellowstone plume. In
an independent investigation, Parsons et al. (1994) used crustal
thickness and density constraints to model a residual mass deficit
in the mantle beneath the northern Basin and Range, which they
also attributed to emergence of the Yellowstone mantle plume at
ca. 17 Ma. A more recent tomographic study attributes the buoy-
ancy of this uplifted region to a broad, low-velocity anomaly
reflecting high temperatures in the upper mantle, consistent with
a plume origin (Yang et al., 2008).

LOCATION OF PLUME IMPINGEMENT

The three most commonly cited locations for the center of
the plume head are, from south to north: (1) in the vicinity of
the McDermitt caldera on the Oregon-Nevada border (Pierce and
Morgan, 1992; Zoback et al., 1994; Parsons et al., 1994; Pierce
et al., 2002), (2) in southeastern Oregon, ~80 km north of the
McDermitt caldera (Ernst and Buchan, 2001; Camp and Ross,
2004; Pierce and Morgan, 2009), and (3) near Vale, Oregon, at the
western edge of the western Snake River Plain graben, ~240 km
north of the McDermitt caldera (Glen and Ponce, 2002; Shervais
and Hanan, 2008; Wollff et al., 2008) (Fig. 3).

In modeling the ascending plume head as a spherical mass,
Pierce and Morgan (2009) estimated its diameter at ~300 km.
Once it impinged and spread out at the base of the lithosphere,
even such a small plume head would have generated a very wide
area of uplift and volcanism. Thus, small discrepancies in deter-
mining the exact location of the plume center may not be sig-
nificant. Nevertheless, the large distance between the Vale and
McDermitt locations is significant, and determining the more
likely center of plume impingement has some important tectono-
magmatic implications.

Smith et al. (2009) utilized several parameters in modeling
the ascent of the Yellowstone plume over time. They noted that
the orientation and age progression along the hotspot track depend
on the difference vector between plate motion and mantle flow
at source depth, but the largest uncertainties in measuring mantle
flow arise from variations in mantle density models. Thus, Smith
et al. (2009) used several density variations in their model experi-
ments, along with variations in source depth, both at 660 km and
in the lower mantle. Their models demonstrate that if the Yellow-
stone plume originated in the lower mantle and arrived at the base
of the lithosphere at ca. 15 Ma, its location will vary depending on
which density variations are used. When extrapolating the model
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Figure 3. Distribution of ca. 16.5-
15.0 Ma rhyolites (light gray), includ-
ing the oldest of these rhyolitic centers,
which began to erupt at ca. 16.5 Ma
(dark gray). The oldest rhyolite centers
include the Virgin Valley caldera (VVC),
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Santa Rosa—Calico complex (SRC)
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vada rift (NNR), Newberry volcano

vvC

16.5-15.0 Ma
Rhyolites

CALIFORNIA
*

(NB), and the western Snake River Plain
(WSRP). The northward migration
trend of the flood basalts and contempo-
raneous rhyolites is indicated by broken
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locations of the ca. 16.6 Ma plume axis
are near the McDermitt caldera (MC)
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and in the Vale region (V). Potential surface hotspot tracks proposed for the plume include the model calculations of Smith et al. (2009) for a
lower-mantle plume rising through a mobile mantle, where the degree of mantle flow influencing the plume location deviates with the mantle
density variations of Mégnin and Romanowicz (2000) and Becker and Boschi (2002) to produce hotspot tracks A and C, respectively. Track B is

the predicted hotspot track of Shervais and Hanan (2008).

data to ca. 16-17 Ma, the plume would arrive directly under
the Vale area when using the density variations of Mégnin and
Romanowicz (2000), but directly under the McDermitt caldera
when using the density variations of Becker and Boschi (2002)
(Fig. 3). In short, both possibilities are consistent with variations
in the model data. This places greater emphasis on the geologic
data for or against these sites of plume impingement.

McDermitt Area

Pierce and Morgan (1992) identified the McDermitt caldera
as the oldest in an age-progressive series of calderas lying at the
western end of the Snake River Plain hotspot track. The earliest
pyroclastic flow to erupt from the caldera is the ca. 16.5 Ma Tuff
of Oregon Canyon (Swisher, 1992; Henry et al., 2006), which sits
conformably on ca. 16.7-16.6 Ma Steens Basalt (Jarboe et al.,
2008; Camp et al., this volume). Based on the close geographic
and temporal relationship between the initiation of flood basalt
volcanism and the initiation of the hotspot track, this has been
traditionally viewed as the most likely location of the plume axis
in the mid-Miocene.

More recent data, however, reveal that these ca. 16.5 Ma
rhyolitic eruptions were not restricted to the McDermitt cal-
dera, but instead erupted from at least two additional calderas.
These include the Santa Rosa—Calico volcanic complex to the
east, where a variety of rhyolites and rhyodacites began to erupt
ca. 16.5 Ma (Brueseke et al., 2007), and the Virgin Valley caldera
to the west, where the Idaho Canyon tuff erupted at ca. 16.5 Ma
(Fig. 3) (Henry et al., 2006; Jarboe et al., 2008, 2010; Camp et
al., this volume). Therefore, the very earliest eruptions of rhyolite

are not restricted to a single caldera along the hotspot, but rather
over a linear trend of volcanic centers extending for ~80 km in an
east-west direction. The only other rhyolite center of this age is
the Silver City rhyolite in the Owyhee Mountains of west-central
Idaho, dated by Bonnichsen et al. (2008) at 16.66 = 0.08 and
16.33 £ 0.12 Ma (Fig. 3).

The eastward migration of younger rhyolitic eruptions
along the Snake River Plain hotspot track is well known (Pierce
and Morgan, 1992, 2009; Nash et al., 2006; Smith et al., 2009).
Less appreciated, however, is a general northward migration of
younger rhyolitic eruptions away from the Virgin Valley, McDer-
mitt, and Santa Rosa—Calico volcanic fields. These younger rhy-
olites are manifested in a series of calderas that began to erupt
at ca. 15.5 Ma within and adjacent to the Oregon-Idaho graben
(Rytuba et al., 1991; Lees, 1994; Cummings et al., 2000). These
felsic eruptions were contemporaneous with the initiation of
rifting and the simultaneous eruptions of diverse, mildly alka-
line to calc-alkaline volcanic rocks that continued to erupt until
ca. 10.5 Ma (Hooper et al., 2002). This northward migration of
rhyolite initiation into the Oregon-Idaho graben is complemen-
tary to the northward migration of flood basalt volcanism, dis-
cussed earlier, but at a slower rate (Fig. 3).

There is additional evidence, though less well defined, for a
southern migration of rhyolite initiation away from the McDer-
mitt, Santa Rosa—Calico, and Virgin Valley volcanic fields.
The available data suggest that the initiation ages of the rhyo-
lites lying south of these volcanic centers are also younger than
ca. 16.5 Ma. This includes a variety of rhyolitic rocks in the
northern Nevada rift, lying south of the Santa Rosa—Calico com-
plex (John et al., 2000), as well rhyolites associated with three
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recently identified calderas located south of the Virgin Valley cal-
dera (Ach and Swisher, 1990; Coble and Mahood, 2012). The
oldest pyroclastic flow yet identified from these three calderas
is the ca. 16.3 Ma Summit Lake tuff (Noble, 2009; Coble and
Mahood, 2012), which directly overlies the ca. 16.5 Ma Idaho
Canyon tuff of the Virgin Valley caldera (Noble et al., 1970;
Coble and Mahood, 2012). Thus, the available data suggest that
the Virgin Valley, McDermitt, and Santa Rosa—Calico volcanic
centers represent a relatively restricted initiation site for rhyolite
volcanism at ca. 16.5 Ma, which not only migrated to the east
along the Snake River Plain, but also to the north, and perhaps to
the south, with advancing time.

Vale Area

An alternative center for plume impingement was suggested
by Glen and Ponce (2002) at the northwestern tip of the western
Snake River Plain, north of Vale, Oregon (Fig. 3). They based
this location on a regional pattern of geologic and geophysical
features that include a radiating system of aeromagnetic anoma-
lies, dike swarms, faults, and fold axes. Glen and Ponce (2002)
used a Coulomb stress model to show that the convergence of
these features is consistent with a point source of stress at the
base of the crust, superimposed on the regional stress field. They
further suggested that both the radiating features and the point
source of stress may be related to the emergence of the Yellow-
stone hotspot.

Shervais and Hanan (2008) expanded on this idea by sug-
gesting that the plume tail feeding the plume head in the Vale
area was forced beneath thinned cratonic lithosphere due to plate
motion, bending to the southeast into a preexisting zone of thin
lithosphere to produce a thermally eroded lithospheric sink. Once
this lithospheric channel was fully established by ca. 12 Ma, rift-
ing and rhyolitic volcanism on the surface resulted in the initiation
of the western Snake River Plain and massive rhyolitic eruption
of the Bruneau-Jarbidge volcanic center lying at the intersec-
tion of the western and eastern Snake River Plain (Shervais and
Hanan, 2008). Vertical bending of the plume tail required by this
model provides an elegant explanation for the current ~65° north-
westerly plunge of the plume tail at Yellowstone National Park
(Yuan and Dueker, 2005). On the other hand, the current dip of
the plume tail can also be explained by variations in the vector
of plate motion and the vector of mantle flow at source depth, as
described by Smith et al. (2009), or by plume-slab interaction, as
suggested by Obrebski et al. (2010).

A source for plume-derived melts in the Vale area is also
consistent with the model of Wolff et al. (2008) and Wolff and
Ramos (this volume), who suggested that the main-phase erup-
tions of Columbia River flood basalt were derived from a cen-
tralized crustal magma chamber located at the northwestern tip
of the western Snake River Plain. They presented geochemical
evidence that the Steens, Imnaha, and Picture Gorge lavas were
generated from the interaction of the plume with surrounding
upper mantle, and that the more-evolved Grande Ronde lavas

189

were generated in this area from the assimilation of cratonic crust
by plume-derived melts. They further suggested that the wide-
spread eruption of these magmas, in particular, the Imnaha and
Grande Ronde magmas, is best explained by lateral transport
from radiating dikes derived from this centralized crustal stor-
age system. Although this model appears to be consistent with
the radiating structures recognized by Glen and Ponce (2002),
Wolff et al. (2008) were quick to point out that the location of
this centralized crustal storage system does not necessarily place
constraints on the location of the plume axis.

Discussion on the Plume Axis

The intriguing scenario of the plume center arriving in the
Vale area has some important tectonic implications, particularly
with respect to the formation of the western Snake River Plain
(Shervais and Hanan, 2008). Before such an interpretation can be
accepted whole-heartedly, however, a number of inconsistencies
in the geologic data must first be resolved.

The geologic features found above mantle-plume heads are
evident in both model simulations and actual examples. The tem-
perature at the plume center is thought to be 300 °C + 100 °C
hotter than at the plume margins (McKenzie and Bickle, 1988).
Such an environment should generate large degrees of partial
melting, manifested on the surface by the significant accumula-
tion of basaltic lava (Campbell, 2005). This is certainly true of
the Icelandic plume, where seismic data in the North Atlantic
demonstrate that the basalt accumulation is thickest at the plume
axis but thins significantly toward the plume margins (Hopper et
al., 2003). A similar pattern is shown for continental flood basalt
provinces, exemplified by the plume axis of the Deccan basalts
in the western Ghats region of India, where the basaltic pile is
>2 km thick (Mahoney, 1988).

In comparison, there are few dikes exposed at the presumed
plume center in the Vale area, and a dearth of Columbia River
Basalt Group flows exposed in only a few isolated outcrops
(Walker, 1977). The thickest accumulation of basalt occurs north
of Vale, where the majority of Imnaha and Grande Ronde Basalts
erupted from the Chief Joseph dike swarm, and south of Vale,
where the majority of Steens Basalts erupted from dikes that are
best exposed at Steens Mountain. One explanation for this appar-
ent lack of volcanism in the Vale region is that the plume center
was a region of central uplift where the basalts accumulated in an
annulus of lower elevation to the north and south (Shervais and
Hanan, 2008), but this explanation does not appear to explain the
paucity of eruption sites above the plume axis. Plume-generated
uplift is certainly evident, as described earlier herein; however,
others have argued that uplift above the plume head is more likely
to affect a much broader region (Hooper and Camp, 1981; Camp,
1995; Pierce et al., 2002; Pierce and Morgan, 2009; Hooper et al.,
2007), and it is unlikely to be restricted to a relatively small area
above the axis of the plume.

The temperature excess at the plume center should not only
produce high-volume eruptions, but also the earliest eruptions
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(Campbell, 2005). Such early eruptions are not present in the Vale
area. Instead, the oldest volcanic rocks associated with impinge-
ment of the Yellowstone plume are the ca. 16.7 Ma Steens Basalt,
which erupted in southeastern Oregon, and the ca. 16.5 Ma
rhyolites that erupted near the Oregon-Nevada border (Fig. 3).
Such early, bimodal eruptions appear to be more common above
plume centers, as demonstrated by the Oligocene bimodal erup-
tions associated with the Yemen and Ethiopian traps, for example
(Peate et al., 2005). Although the location of these bimodal rocks
near the Oregon-Nevada border region (Fig. 3) gives credence
to this being the initial site of plume impingement, Shervais and
Hanan (2008) presented an alternative interpretation that the rhy-
olites in this region resulted from lithospheric delamination at the
southern margin of the spreading plume head.

Spreading of the plume head away from the site of initial
impingement should result in the propagation of volcanism away
from the plume axis. At first glance, this seems consistent with
the rapid northward migration of volcanism into the Chief Joseph
dike swarm (e.g., Camp, 1995; Shervais and Hanan, 2008; Wolff
et al., 2008). However, there is no evidence of a complementary
southward migration of volcanism away from the Vale region.
Instead, northward migration of volcanism into the Chief Joseph
dike swarm is only part of a broader migration of volcanism that
began in southeastern Oregon, where the oldest flood basalts
reside (i.e., the ca. 16.7 Ma Steens Basalt), and advanced north-
ward through the Vale region (Fig. 3) (Camp and Ross, 2004;
Camp and Hanan, 2008). A similar northward migration is evi-
dent in the rhyolitic eruptions that migrated northward from the
ca. 16.5 Ma rhyolitic centers along the Oregon-Nevada border to
the younger rhyolites exposed in the vicinity of the Oregon-Idaho
graben, as described earlier herein (Fig. 3).

The location of the plume axis will be a topic of continued
debate. To summarize, the idea of the plume axis arriving in the
Vale region is an intriguing possibility and cannot be readily dis-
carded, but stratigraphic evidence seems to favor a plume axis
centered either in the McDermitt area, where the initial rhyolites
were generated at ca. 16.5 Ma from crustal melting by plume-
derived magmas, or in southeastern Oregon, where flood basalt
volcanism was initiated at ca. 16.7 Ma.

RECENT GEOPHYSICAL STUDIES
AND INTERPRETATIONS

Several recent papers have unveiled a wealth of new geo-
physical data for the Pacific Northwest; these include (1) new
information on the dimensions and seismic structure of the man-
tle, obtained from the EarthScope USArray and several other
regional networks (Xue and Allen, 2007, 2010; Sigloch et al.,
2008; Burdick et al., 2008; Warren et al., 2008; Roth et al., 2008;
Wagner et al., 2010; Schmandt and Humphreys, 2011; Obrebski
etal., 2010, 2011; James et al., 2011; Schmandt et al., 2012; Tian
and Zhao, 2012; Darold and Humphreys, 2013), (2) the structure
of the crust and uppermost mantle, revealed in studies using ambi-
ent noise and earthquake tomography (Yang et al., 2008; Gao
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et al., 2011; Eagar et al., 2011; Hanson-Hedgcock et al., 2012),
(3) the mantle-flow pattern beneath eastern Oregon, obtained
from shear-wave splitting measurements (Xue and Allen, 2006;
Long et al., 2009, 2012), (4) the depth and dimensions of the
presumed tail of the Yellowstone mantle plume, derived from
large-scale magnetotelluric data (Zhdanov et al., 2011) and a
variety of seismic surveys (Yuan and Dueker, 2005; Waite et al.,
2006; Smith et al., 2009; Obrebski et al., 2010; Humphreys and
Schmandt, 2011; Schmandt et al., 2012; Tian and Zhao, 2012),
(5) electrical conductivity images of magma beneath the Snake
River Plain (Kelbert et al., 2012), and (6) new data on crustal
temperatures in the western United States, unveiled by heat-flow
measurements combined with the spectral analysis of magnetic
anomalies (Bouligand et al., 2009).

There has been a lack of agreement among geophysicists on
whether these new data support or refute a plume genesis for vol-
canism in the Pacific Northwest. On one hand, there is growing
support for a deep conduit or sheet of mantle upwelling beneath
Yellowstone National Park, but there is less direct support for
the mid-Miocene emplacement of a mantle-plume head beneath
the Oregon-Idaho-Nevada tristate area. The latter is understand-
able in light of the difficulty that geophysical studies have in rec-
ognizing past events, particularly after ~16 m.y. of plate motion
and mantle flow. Genetic models must therefore rely more on the
field and geochemical evidence for or against plume emplace-
ment. Nevertheless, these geophysical studies provide new and
important insight into the mantle dynamics associated with
development of the Columbia River Basalt Group, the Snake
River Plain, and the Yellowstone hotspot.

Yellowstone Plume Tail and the Snake River Plain

Origin of the Snake River Plain hotspot track by plume-
plate interaction has been a long-held view (e.g., Smith and Sbar,
1974; Smith, 1977; Pierce and Morgan, 1992), but acceptance of
this model was tempered by the apparent lack of credible seis-
mic evidence for a deep-mantle plume (e.g., Christiansen et al.,
2002). A low P-wave anomaly into the mantle transition zone
beneath Yellowstone was first imaged by Bijwaard et al. (1998)
and Montelli et al. (2004), but it was defined more precisely by
Yuan and Dueker (2005) and Waite et al. (2006) as a low-density
plume extending to at least 500 km. The most recent imagery,
however, appears to resolve this low-velocity conduit as a con-
tinuous, S-shaped, mantle plume that descends into the lower
mantle beneath Yellowstone to depth of at least 900-1000 km
(Fig. 4) (Obrebski et al., 2010, 2011; Humphreys and Schmandt,
2011; Schmandt et al., 2012; Tian and Zhao, 2012).

The rapidly evolving seismic data add credence to the notion
of a contemporary deep-mantle source for the Yellowstone
hotspot. By extension, there appears to be a growing consensus
among many to endorse a plume origin for the Snake River Plain
(Nash et al., 2006; Hanan et al., 2008; Shervais and Hanan, 2008;
Pierce and Morgan, 2009; Shervais and Vetter, 2009; Smith et al.,
2009), consistent with the high *He/*He ratios for the Snake River
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Plain basalts (Graham et al., 2009), and with the age progression
of rhyolites lying along the hotspot track (Pierce and Morgan,
1992; Smith and Braile, 1993).

Despite this evidence, interpretations involving a shallow-
mantle origin have also been promoted in a number of recent
papers. Roth et al. (2008) recognized a linear reduced velocity
feature that lies in the upper mantle southwest of the Yellowstone
conduit, along the length of the hotspot track, but it terminates at
a depth of ~250 km (Fig. 4). Obrebski et al. (2010) suggested that
this feature results from deflection of the plume by the motion
of the overlying lithospheric plate, consistent with numerical
models (Lowry et al., 2000; Steinberger et al., 2004). However,
Roth et al. (2008) suggested that it results from ascending shal-
low mantle flowing around the southern edge of the Juan de Fuca
plate, similar to the model described in a more recent paper by
Faccenna et al. (2010). Although Roth et al. (2008) expressed
skepticism for a plume origin, they failed to cite the earlier work
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of Yuan and Deuker (2005) and Waite et al. (2006) resolving the
Yellowstone plume into the mantle transition zone, nor did they
attempt to explain the high *He/*He signature in the Snake River
Plain basalts, or offer alternative explanations for the apparent
age migration of the rhyolites.

James et al. (2011) used seismic data from the USArray to
model the ascent of mantle through a gap in the Farallon plate.
Their results conflict with previous interpretations of a plume
conduit descending into the lower mantle. Instead, they recog-
nized a “sheet” of low-velocity mantle extending downward
from the eastern Snake River Plain and Yellowstone caldera
into the mantle transition zone, where it rises through an appar-
ent tear in the Farallon plate. This interpretation differs from the
interpretations of Obrebski et al. (2010, 2011) and Humphreys
and Schmandt (2011), who also used the USArray data in rec-
ognizing a continuous low-velocity corridor extending into the
lower mantle (e.g., Fig. 4). James et al. (2011) also recognized
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Figure 4. Map view (A) and cross sections (B-E) of the Yellowstone mantle anomaly, modified after Obrebski et al.
(2011). (A) Map view showing color-coded velocity anomalies at 150 km depth. Dashed lines show the location of
vertical slices across the Yellowstone—Snake River Plain displayed in parts B through E. (B-E) Cross sections of the
Yellowstone mantle anomaly. Note that the color-scale range of relative velocities used in each of these images varies,
from —2% to +2% in A, B, and E, to —3% to +3% in C and D. Cross sections A—A” and D-D’ (B and E) demonstrate
that the Yellowstone anomaly is a slow feature that extends continuously from the surface down to at least 1000 km
depth. The top of the anomaly in the upper 200-250 km underlies the Yellowstone—Snake River Plain and is elon-
gated in the direction parallel to the absolute motion of the North American plate. This relatively shallow anomaly is
connected to the more vertical low-velocity anomaly located beneath Yellowstone caldera, defined by Obrebski et al.
(2011) as the Yellowstone mantle plume. In cross section D-D’ (E), the mantle plume weaves its path to the surface
around a block of high-velocity material interpreted by Obrebski et al. (2011) as fragments of the Farallon—Juan de

Fuca subducting slab.
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a lower-mantle anomaly but suggested that it is separated from
their upper-mantle anomaly by the remnant Farallon plate. They
acknowledged, however, that their model may be associated with
multiple processes, which could include the complementary par-
ticipation of lower-mantle upwelling.

In a more recent paper, Schmandt et al. (2012) used the
USArray data to image the mantle transition zone discontinuity
beneath the irregular zone of low-velocity mantle underlying the
Yellowstone caldera. They found that where this mantle anomaly
crosses the transition zone, the 660 km discontinuity is warped
upward ~12—-18 km, as expected from the rise of a thermal plume
through the transition zone (Bina and Helffrich, 1994). They
therefore concluded that the Yellowstone low-velocity corridor
cannot be explained by the passive rise of mantle through the slab
edge (Roth et al., 2008; Faccenna et al., 2010) or a gap (James et
al., 2011) in the Farallon plate, but instead it represents a lower-
mantle plume descending to at least 900 km depth, with tempera-
tures that exceed average mantle temperatures near the 660 km
discontinuity by ~200-300 K.

Plume Interaction with the Juan de Fuca Plate

There has been much speculation that the starting plume
head may have encountered and broken through the subducting
Juan de Fuca plate during its Miocene ascent to the base of the
lithosphere (Geist and Richards, 1993; Pierce et al., 2002; Camp
and Hanan, 2006; Xue and Allen, 2007). Major disruption of the
slab by plume interaction should be evident in seismic tomogra-
phy models for the Pacific Northwest. Roth et al. (2008) inter-
preted their seismic data as showing a consistent slab to depths
of at least 500 km, with no evidence of plume disruption. In con-
trast, other workers conclude that the Juan de Fuca plate beneath
Oregon terminates abruptly at ~400 km (Xue and Allen, 2007,
2010) or ~300 km (Obrebski et al., 2010) due to its mid-Miocene
destruction by the rising Yellowstone plume. These workers also
noted that the timing of plume-plate interaction corresponded
closely with a substantial change in the rate of plate motion at
ca. 19 Ma (Wilson, 1988) and with the initiation of Columbia
River Basalt Group volcanism at ca. 17 Ma.

Plume-plate interaction is also consistent with the substan-
tial fragmentation of the slab, including ‘“holes” or breaks in
the slab noted by Sigloch et al. (2008), Burdick et al. (2008),
and Schmandt and Humphreys (2010). However, Sigloch et
al. (2008) preferred to interpret these apparent breaks as tears
between two slab segments that allowed buoyant upper mantle
lying beneath the slab to rise through it unimpeded, thus melt-
ing to generate the Columbia River flood basalts. In contrast,
Roth et al. (2008) suggested that these “holes” do not exist but
instead are inversion artifacts resulting from low-velocity mate-
rial lying above the Juan de Fuca plate. The geodynamic model
of Liu and Stegman (2012), however, suggests that flood basalt
volcanism could have been triggered by tearing of the Farallon
plate followed by its thermal erosion by upwelling subslab asthe-
nosphere. On the other hand, the rapid northward migration of
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upper mantle described in the slab-rollback model of Long et
al. (2012) requires a coherent Farallon plate, and thus Long et
al. (2012) argued in support of the interpretation of Roth et al.
(2008) that such breaks or tears do not exist.

Despite these different interpretations, all of the recent
tomographic models show a well-defined, broken, and imbri-
cated pattern in the southern part of the slab, where the Gorda
plate descends beneath northernmost California in two en ech-
elon slab segments (Roth et al., 2008; Xue and Allen, 2007, 2010;
Schmandt and Humphreys, 2010; Obrebski et al., 2010). Roth et
al. (2008) noted that the timing of this break would have occurred
at ca. 16-17 Ma at current subduction rates, contemporaneous
with Columbia River Basalt Group volcanism. Both Roth et al.
(2008) and Schmandt and Humphreys (2010) attributed these
detached slabs to rapid plate reorganization. In contrast, Obreb-
ski et al. (2010) suggested that the break occurred during plume
impact, thus isolating the broken, upper fragment from the rest of
the plate, which continued to subduct behind it.

In summary, the currently available seismic data beneath
Oregon have been interpreted in different ways. Whereas Sigloch
et al. (2008) and Roth et al. (2008) saw no evidence for the exis-
tence of a mid-Miocene plume or its interaction with the Juan
de Fuca plate, other workers have imaged an unexpectedly shal-
low termination of the Juan de Fuca plate and significant dis-
ruption of the Gorda plate, consistent with the predicted ages
of plume interaction, plate reorganization, and the initiation of
Columbia River Basalt Group volcanism (Xue and Allen, 2007,
2010; Obrebski et al., 2010). These studies neither prove nor dis-
prove a plume origin for the Columbia River Basalt Group. An
oceanic slab that has been segmented and highly fragmented by
plate reorganization could produce significant changes in mantle
flow between slab segments, perhaps delivering enough heat to
the base of the lithosphere to generate basaltic volcanism on the
surface (e.g., Faccenna et al., 2010), and such flow should be
enhanced by slab rollback (Long et al., 2012). On the other hand,
plume interaction provides a convenient mechanism by which
to disrupt and fragment the oceanic slab. Whatever the cause of
fragmentation, a broken and segmented slab removes one of the
primary arguments often cited against a plume origin—that the
subducting lithosphere would have been an impenetrable barrier
to mantle-plume rise.

Dispersion of the Mantle-Plume Head

While the Yellowstone plume tail seems well established as
a mantle anomaly, seismic studies have greater difficulty resolv-
ing the location and dimensions of the presumed plume head
responsible for Columbia River Basalt Group volcanism. Yang
et al. (2008) utilized recent innovations in ambient noise and
earthquake tomography to reveal a broad low-velocity anomaly
beneath southern Oregon and the northern Basin and Range
Province at depths above ~120 km. Such an anomaly would be
consistent with the location of the plume head, as envisioned by
Saltus and Thompson (1995) and Parsons et al. (1994). Indeed,
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Yang et al. (2008) agreed that this anomaly is plume derived,
but more likely derived from contemporary plume-fed astheno-
spheric flow (Yamamoto et al., 2007) with its source from the
Yellowstone plume tail. If true, then any attempt to seismically
resolve a remnant plume head after ~16—17 m.y. of mantle flow
should prove particularly difficult.

A rather consistent orientation of mantle flow appears to be
recorded in the shear-wave splitting results of Long et al. (2009),
who measured fast directions in southeastern Oregon that are
predominantly E-W, mostly ranging from ~N80°E to N100°W.
They concluded that this mantle fabric is inconsistent with plume
models, where flow alignment should radiate outward from the
plume axis. They also noted that this mantle fabric is not from
relict anisotropy “frozen” in the lithospheric mantle, but instead
it reflects contemporary mantle flow in the asthenosphere. If true,
then this flow must be decoupled from the southwest motion of
the overlying lithospheric plate. There are numerous potential
mechanisms to account for E-W flow of the asthenosphere in this
region, many of which are outlined by Jordan (2005). Whatever
the cause, the prevailing direction of mantle flow would have cer-
tainly altered or destroyed any original pattern of anisotropy that
might have been created during the time of plume emplacement
at ca. 16-17 Ma.

The mantle fabric identified by Long et al. (2009) is consis-
tent with the model of Jordan et al. (2004), who suggested that
the effects of asthenospheric flow and counterflow above the sub-
ducting plate would have driven the plume head westward, thus
reorienting its mineral fabric. Camp and Ross (2004) suggested
that heat loss from the plume head during this westward advance
may have resulted in melting of the overlying mantle lithosphere,
thus producing the high-alumina olivine tholeiites common to
eastern Oregon (Hart et al., 1984). Underplating of basaltic melts
is the most likely contributor to crustal melting and the related
bimodal volcanism along the High Lava Plains trend (Fig. 3).
The westward advance of crustal melts rising preferentially into
weakened crust of the northwest-trending Brothers fault zone
may have generated the pattern of progressively younger rhyo-
litic eruptions along the Oregon High Lava Plains trend (Jordan
et al., 2004).

Camp and Ross (2004) suggested that the northwest migra-
tion of these rhyolites may be an indirect manifestation of a
much broader, westward migration of the plume head. Yang et
al. (2008) suggested that westward flow in this region continues
to be fed by the Yellowstone plume tail. Such a model is consis-
tent with (1) a pattern of low-velocity anomalies in the mantle
that spreads outward from the Snake River Plain into Oregon and
northern Nevada to the western margin of the Cascade Range
(Xue and Allen, 2010), and (2) a geographically identical pattern
of abnormally elevated temperature and heat-flow measurements
in the shallow crust (Bouligand et al., 2009, their figure 12c).

The backarc region adjacent to the southern Cascades is
underlain by abnormally hot mantle delineated by a seismic low-
velocity zone that extends from northern Nevada to southern
Washington (Xue and Allen, 2010). Roth et al. (2008) and Xue
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and Allen (2010) demonstrated that the most anomalous part of
this N-S belt is a large region of strongly reduced P-wave veloci-
ties beneath the Newberry volcano (Fig. 3) to ~300 km depth,
with a lateral dimension that extends northward into southern
Washington. There are several alternative explanations for this
thermal anomaly: (1) subslab asthenosphere rising from beneath
the shallow end of the abruptly terminated Juan de Fuca plate
(Obrebski et al., 2010); (2) a remnant of the mid-Miocene plume
head dispersed to the west by the prevailing westward flow (Xue
and Allen, 2010); or (3) subslab flow around the southern edge
of the Juan de Fuca plate, focused to the west by slab rollback
(Long et al., 2012).

A primary, enriched plume source for basaltic rocks lying
along the Newberry (High Lava Plains) trend is ruled out by
the chemical data. Instead, these high-alumina olivine tholeiites
have moderately low °He/*He ratios, between 7.6 and 9.3 R,
(Graham et al., 2009), and trace-element compositions indica-
tive of a depleted upper-mantle source (Carlson and Hart, 1988).
Carlson et al. (2009) suggested that source melting beneath the
Newberry volcano (Fig. 3) was influenced by fluids derived from
the subducting slab. While such fluids would have certainly been
a catalyst for melt generation by lowering the melting tempera-
ture of the source, they may not have played the primary role in
mantle melting. Roth et al. (2008) noted that this large anomaly
almost certainly has a strong thermal component, so that abnor-
mally high temperatures of the source would just as certainly
have been a major contributor to mantle melting. This is consis-
tent with a dispersed plume remnant with elevated temperatures
sufficient enough to melt hydrated mantle in the backarc region,
but it is also consistent with the adiabatic rise and melting of
subslab asthenosphere through, or around the edge of, the Juan
de Fuca plate.

CONCLUSIONS

Regional models describing the genesis of the Columbia
River Basalt Group must be consistent with the following con-
straints: (1) the similarity of the “Imnaha component” to OIB
in trace-element and isotopic composition (Hooper and Hawkes-
worth, 1993; Wolff et al., 2008; Wolff and Ramos, this volume),
(2) the high *He/*He ratios in Imnaha Basalt (Dodson et al.,
1997) and the younger Snake River Plain basalts (Graham et
al., 2009), (3) the abrupt onset, short duration (~1.1 m.y.), and
high eruption rate (~0.178 km?/yr) of the main-phase Colum-
bia River Basalt Group lavas, (4) the high volume of the main-
phase lavas (~195,500 km®) erupted during, and in an area of,
minimal extension (Hooper et al., 2007), (5) the radial, migrating
trends of basalt eruption from a focused center (Camp and Ross,
2004), at a rate (~0.4 m/yr) consistent with model simulations
of a spreading plume head (d’ Acremont et al., 2003), (6) a simi-
lar, but poorly defined, trend for rhyolites migrating to the north
and south, away from the ca. 16.5 Ma McDermitt-age rhyolites
in the Oregon-Nevada border region, (7) the subsequent rhyo-
lite age-propagation trend along the Snake River Plain hotspot
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track, at the same rate as plate motion (Pierce and Morgan,
1992), (8) the seismic resolution of a low-velocity conduit to a
depth of ~900-1000 km beneath Yellowstone at the eastern end
of the Snake River Plain hotspot track (Obrebski et al., 2010,
2011; Humphreys and Schmandt, 2011; Tian and Zhao, 2012),
(9) deflection of the 660 km discontinuity at the base of the
mantle transition zone (Schmandt et al., 2012), (10) the appar-
ent destruction of the Juan de Fuca plate, marked by its abrupt
termination beneath Oregon at a very shallow depth of ~300 km
(Obrebski et al., 2010), (11) the field evidence for broad mid-
Miocene uplift above the presumed site of mantle upwelling
(Camp, 1995; Pierce et al., 2002), and perhaps most important
(12) the spatial and temporal coincidence between the projected
location of the Yellowstone plume in the mid-Miocene and the
initiation site for flood basalt eruption at ca. 16.7 Ma (Camp et
al., this volume), the initiation site for hotspot track volcanism at
ca. 16.5 Ma, and the initiation site for the abrupt onset of Basin
and Range extension at ca. 16—17 Ma (Colgan and Henry, 2009).
Stress-release models invoking transtensional stress of the
plate interior or backarc extension and a passively rising man-
tle as the root cause of flood basalt volcanism have difficulty
explaining any one of these 12 constraints. The geologic evidence
appears to be more consistent with a model of active-mantle
upwelling, as expected from the adiabatic rise of a deep-mantle
plume (e.g., Brandon and Goles, 1988; Draper, 1991; Hooper and
Hawkesworth, 1993; Camp and Ross, 2004; Hooper et al., 2007;
Camp and Hanan, 2008; Obrebski et al., 2010; Humphreys and
Schmandt, 2011; Schmandt et al., 2012; Tian and Zhao, 2012).
Still, a shallow-mantle genesis of active upwelling can-
not be so easily dismissed. Small-scale convection of the
upper mantle around the truncated edge of the Farallon plate,
or through a slab gap, could also provide a viable mechanism
consistent with many of these 12 constraints (Roth et al., 2008;
Sigloch et al., 2008; Faccenna et al., 2010; James et al., 2011;
Liu and Stegman, 2012; Long et al., 2012). Upwelling of shal-
low mantle, however, is inconsistent with (1) the high *He/*He
ratios of Dodson et al. (1997) and Graham et al. (2009), (2) the
proposed seismic resolution of an irregular low-velocity corridor
to a depth of ~900-1000 km (Obrebski et al., 2010; Humphreys
and Schmandt, 2011; Tian and Zhao, 2012), and (3) the upward
deflection of the 660 km discontinuity by the Yellowstone con-
duit, as expected from a lower-mantle thermal plume (Bina and
Helffrich, 1994; Schmandt et al., 2012). Whereas the heat content
of a thermal plume is the driving force of mantle upwelling, the
driving force for active upwelling of shallow mantle through a
tear or gap in the Farallon plate is less clear. Model experiments
suggest that slab rollback may be viable as a driving force (Long
et al., 2012), but such a model appears to require a coherent plate,
which is inconsistent with the broken and fragmented plate noted
in a variety of seismic studies (e.g., Sigloch et al., 2008; Burdick
et al., 2008; Schmandt and Humphreys, 2010). Whereas several
of these interpretations are appealing in their ability to com-
bine the genesis of the Columbia River Basalts and Snake River
Plain hotspot track into a single unifying model, the prevailing
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evidence suggests that a plume origin is the only interpretation
capable of satisfying all of the 12 constraints cited here.

Although the Vale region cannot be ruled out as the center
of plume impingement, the field data appear to be more consis-
tent with a plume axis located in the vicinity of the ca. 16.5 Ma
rhyolites in the Oregon-Nevada border region, or near the ini-
tiation site of flood basalt volcanism in southeastern Oregon
at ca. 16.7 Ma. The difficulty of seismic studies in imaging a
well-defined plume head, or the outward flow pattern away from
its center, is a predictable result, consistent with the shear-wave
splitting measurements of Long et al. (2009). The prevailing
direction of long-lived asthenospheric flow evident in these mea-
surements would have distorted and dispersed the plume head to
the west while simultaneously overprinting its original flow fab-
ric. It is possible, though speculative, that remnants of the plume
head responsible for Columbia River Basalt Group volcanism in
the mid-Miocene may still be active today, providing the elevated
temperatures necessary to melt the metasomatized mantle source
for basaltic volcanism in the backarc region of the southern Cas-
cades. The idea of a westward spreading plume head driven by
subduction-induced flow in the mantle wedge has been success-
fully modeled by Kincaid et al. (2013). However, the adiabatic
rise and melting of subslab asthenosphere through or around the
edge of the Juan de Fuca plate also represent a viable alternative
and are more consistent with petrologic constraints of a depleted
mantle source for basalts lying along the Newberry—High Lava
Plains trend.
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