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ABSTRACT

Previous models relating the Snake River plain and Columbia River Basalt (northwest
United States) to the Yellowstone plume have not taken into account the effects of the subducted
Farallon and Juan de Fuca plates. Not only did subduction shield the surface from mantle
plume activity, but it deflected the plume in the direction of plate motion. A variety of geo-
physical and geologic evidence suggests that the plume penetrated the subducted slab at ~17.5
Ma, causing eruption of the Columbia River Basalt. The plate boundary then migrated over
the plume, and the Yellowstone plume has recovered to a more nearly vertical conduit, forming

the Snake River plain and Yellowstone plateau.

INTRODUCTION

The Columbia Plateau and the Snake
River plain constitute two enormous mag-
matic provinces, covering much of the in-
land northwest of the United Statcs with a
sequence of lava flows more than 1 km thick
(Fig. 1). The tectonic origin of these Ceno-
zoic magmatic provinces and their relation
to each other have been the subjects of long-
standing controversy. One hypothesis is that
both were caused by the Yellowstone hot
spot as the North American plate drifted
southwest (Morgan, 1972; Suppe ct al.,
1975). This paper presents a model involving
interaction of the Yellowstone plume with
the subducting Farallon plate that explains
some of the atypical features of these mag-
matic provinces.

Many lines of evidence support a mantle-
plume origin for the Columbia River Basalt
and the Snake River plain. First, the isotopic
and trace element compositions of the Co-
lumbia River Basalt are strongly suggestive
of a major plume component (Brandon and
Goles, 1988; Hooper and Hawkesworth,
1993). Second, the voluminous Columbia
River Basalt flows were erupted over a rel-
atively short period of time (~66 000 km?/10°
y1; Tolan et al., 1989), and a mantle plume is
a reasonable mechanism for generating this
volume of magma (e.g., Richards et al.,
1989; White and McKenzie, 1989). It has
been recognized that flood basalts from
throughout geologic time may be related to
hot spots (e.g., Morgan, 1981; Duncan and
Richards, 1991), particularly hot-spot forma-
tion (Richards et al., 1989; Campbell and
Griffiths, 1990). Third, volcanism in the east-
crn Snake River plain is time transgressive,
and the orientation of the eastern plain co-
incides with the absolute motion of the
North American plate (Armstrong et al.,
1975). Fourth, seismic tomography has re-
vealed a vertically oriented, deeply scated,
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unusually slow region currently in the man-
tle beneath Yellowstone (Dueker and Hum-
phreys, 1990). Seismic, neotectonic, and
geomorphic features are consistent with a
mantle-plume origin for the Snake River
plain (Anders et al., 1989; Rodgers et al.,
1990; Picrce and Morgan, 1992; Anders and
Sleep, 1992).

The principal problem with the hot-spot
model is that the Columbia River Basalt
vents do not lie along the track of the Yel-
lowstone hot spot, as predicted by the ab-
solute motion of the North American plate
(Fig. 1) (Engebretson et al., 1984). A second
problem with the model is the spatial and
temporal gap between the vents for the Co-
lumbia River Basalt, which erupted mostly
from near the Idaho-Oregon-Washington
common border between 17.2 and 14.5 Ma,
and the western Snake River plain and Owy-
hee platcau lavas, which began erupting 250
to 480 km to the south at ~16 Ma (Fig. 1).
Third, there is no sign of anomalous mag-
matism in the Northwest prior to 17.2 Ma;
thus, any older manifestation of the pro-
posed host spot is absent. Duncan (1982),
however, proposed that some igneous rocks
of the Coast Range of Oregon and Washing-
ton are accreted oceanic islands formed by
the Yellowstone hot spot when it was below
the Farallon-Kula divergent plate boundary
during the early Tertiary. Other workers
have recognized these problems and pro-
posed that the absolute motion of the North
American plate is actually aligned with the
Columbia River Basalt vents and Yellow-
stone (azimuth of ~285°) (Brandon and
Goles, 1988), or that the Yellowstone plume
formed at ~16 Ma, creating the Owyhec pla-
teau (Picrce and Morgan, 1992).

The most widely accepted alternative to
the hot-spot model for the origin of the Co-
lumbia River Basalts attributes them to rift-
ing behind the Cascade Range (e.g., Chris-

tiansen and McKee, 1978; Carlson and Hart,
1987) in a manner analogous to back-arc ba-
sins. Back-arc rifting is an unlikely sctting
for the Columbia River Basalt, because
synmagmatic extensional structures are
nearly absent from the Columbia Plateau
(Hooper, 1990).

The tectonic origin of the Snake River
plain is equally problematic because the
plain lies at the boundary of several major
tectonic provinces. One possibility is that it
is the transform-like northern boundary of
the Basin and Range province (c.g., Chris-
tiansen and McKee, 1978). The principal
problem with this model is that the eastern
Snake River plain clearly crosscuts exten-
sional Basin and Range structures, some of
which were extending prior to the arrival of
the hot spot (Anders et al., 1989). In con-
trast, several lines of evidence indicate that
the Snake River plain is the result of the pas-
sage of the North American plate over the
Yellowstone hot spot (Morgan, 1972; Suppe
et al., 1975; Leeman, 1982; Anders et al.,
1989; Rodgers et al., 1990; Pierce and Mor-
gan, 1992), but this hypothesis is also prob-
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Figure 1. Location and tectonic setting of Co-
lumbla River Basalt (CRB) and western and
eastern Snake River plain (WSRP and ESRP)
provinces. Most vents for Columbla River Ba-
salt lie within enclosed area centered at Idaho-
Oregon-Washington common border. Hot-spot
track vector indicates movement of North Amer-
ican plate over Yellowstone hot spot during
past 17 m.y. by using absolute motions of En-
gebretson et al. (1984). Vent swarm for Colum-
bia River Basalt (CRB fleld) may have been de-
flected north-northeast by subducted Farallon
plate by amount indicated by deflection vector.
Location of Cascade Range is that at 17 Ma
{Wells and Heller, 1988). OP—Owyhee plateau;
YP—Yellowstone plateau.
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lematic. In particular, there is no sign of the
hot-spot track west of the Owyhee plateau
and western Snake River plain. Further-
more, the ages of lavas indicate that volcan-
ism has transgressed at a rate of 4.5 cm/yr
(Armstrong et al., 1975; modified by Rod-
gers et al., 1990), which is at odds with the
1.1 cm/yr rate at which the North American
platc has been drifting in the hot-spot refer-
ence frame (Engebretson et al., 1984). Post-
Oligocenc extension in the northern Basin
and Range is estimated to be between <2%
and 17% (M. H. Anders, 1993, personal
commun.; Wells and Heller, 1988), which
does not account for a significant part of the
discrepancy.

The prominent change in direction be-
tween the eastern and western Snake River
plain from southwest to northwest (Fig. 1) is
another problem with the simple hot-spot
model, because this change in direction is
not explicable by changing motions of the
North American plate. Instead, Miocene la-
vas of the Owyhee plateau arc thought to be
the western continuation of the eastern
Snake River plain, and the western Snake
River plain is thought of as an unrelated rift
associated with Basin and Range extension
(e.g., Mabey, 1982; Leeman, 1982; Bon-
nichsen and Kauffman, 1987; Rodgers et al.,
1990; Pierce and Morgan, 1992).

Pierce and Morgan (1992) and Draper
(1991) proposed that Miocene lavas of the
Owyhee plateau resulted from the initial as-
cent of the Yellowstone mantle plume and
melting of its head. The castern Snake River
plain then resulted from the passing of the
North American plate over the plume’s tail.
The principal evidence for the plume-initia-
tion model is the spatially widespread mag-
matism on the Owyhee plateau, the differ-
ence in the style of volcanism between the
eastern Snake River plain and the Owyhee
plateau, and the absence of time-transgres-
sive volcanism west of the plateau (Pierce
and Morgan, 1992). The dominance of rhy-
olitic volcanism on the plateau, however,
suggests that it is not a typical plume-initia-
tion province (Richards et al., 1989; Camp-
bell and Griffiths, 1990; Hill et al., 1992).

GEOLOGIC AND GEOPHYSICAL
CONSTRAINTS

Models relating the Columbia Plateau and
Snake River plain to the Yellowstone hot
spot have not always taken into account
the history of subduction of the Farallon
and Juan de Fuca plates and the movement
of the Farallon-North American plate
boundary relative to the hot spot. Scveral
lines of evidence suggest a major perturba-
tion to the subducting plate in the mid-Mio-
cene. First, an angular unconformity in the
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central Cascade Range has been determined
to date from ~17 Ma (e.g., Priest, 1990; Bee-
son and Tolan, 1990). Moreover, there is a
notable paucity of Cascade tephra in the in-
terbeds of the main phase of the Columbia
River Basalt. These two observations sug-
gest that the mechanism for the subduction-
related magmatism was interrupted leading
up to the time of deposition of the Columbia
River Basalt. Second, recent tomographic
seismic inversions suggest that the ancient
Farallon plate may no longer be connected
to the actively subducting Juan de Fuca
plate. P-wave velocity inversion shows that
the subducted Juan de Fuca platc dips
steeply at an angle of about 60° to 80° be-
neath western North America, and the sub-
ducted slab appears to end at ~300 km depth
(Rasmussen and Humphreys, 1988). S-wave
tomographic inversion suggests that the
older Farallon plate is dipping shallowly be-
necath the central United States (Grand,
1987). A steep dip for the Juan de Fuca slab
and a shallow dip for the Farallon slab imply
that the two plates may not be continuous at
depth. We suggest that the subducted slab
segments separated at depth during the mid-
Miocene, suspending arc magmatism in the
Cascades and leading to generation of the
Columbia River Basalt. This suggestion is
not without precedent; teleseismic studies of
the Pacific Northwest suggest that the Juan
de Fuca slab is currently tearing along a
north-propagating structure at ~150 km
depth (Vandecar et al., 1991).

INTERACTION OF THE
YELLOWSTONE HOT SPOT AND THE
FARALLON-NORTH AMERICAN
PLATE BOUNDARY

We suggest that both the Columbia Pla-
teau and Snake River plain could be the re-
sult of the drift of the North American plate
over the Yellowstone hot spot, with the
complication of deflection and shielding of
the mantle plume by the subducted Farallon
plate, followed by the plate boundary cross-
ing the hot spot. This hypothesis is moti-
vated by recent models of the effect of large-
scale mantle convection on the ascent of
plumes (Richards and Griffiths, 1988, 1989;
Griffiths and Richards, 1989). We propose
that the subducted Farallon plate extended
rapidly above the pluime and ruptured at
~17.5 Ma. This would have opened a ‘“win-
dow” for plume ascent (Fig. 2) and a tem-
porary cessation, or slowing of the rate, of
subduction and, presumably, related arc
magmatism. The idea that the Yellowstone
plume was affected by the subduction zone
has been suggested previously (Leeman,
1982; Duncan, 1982; Draper, 1991; Hill et
al., 1992; Hooper and Hawkesworth, 1993).

20 Ma {Deﬂectlon}n

”
Yellowstong
Plume
16 Ma (Slab Disruption-Plume

Reactivation)
CRB  (Dogmant)

t Yellowstone
Plume

14 to 1 Ma (Plume Recovery)

Ye!lowstone\ SRP CRB Cascades

| Yellowstone
Plume

Figure 2. Schematic representation of proposed
model as viewed in cross tion from north-
west. Top: At 20 Ma, Yellowstone plume was
shielded from surface and defiected north-
northeast by Farallon plate. Middle: At 16 Ma,
Farallon plate allowed plume to pass through,
and deflected part rose to create Columbla
River Basalt. Bottom: Most recently, plume Is
only slightly deflected by stow (1 cm/yr) motion
of North American plate. JAF—Juan de Fuca
plate. Other abbreviations as In Figure 1.

Before ~17.5 Ma, the Yellowstone hot
spot was beneath the subducted Farallon
plate, which would have shiclded the Yel-
lowstone plume from shallow levels (where
melting begins) or physically hindered the
ascent of magmas. The hypothesis that
plumes are shielded by subducted litho-
sphere is consistent with the observation of
the excellent anticorrelation between the po-
sition of hot spots and the down-dip side of
active subduction zones (e.g., Duncan and
Richards, 1991).

In addition to shielding the Yellowstone
plume, the subducted Farallon plate would
have deflected it in the direction of absolute
plate motion. The fluid dynamics experi-
ments of Richards and Griffiths (1988)
showed that plumes are bent by the upper
mantle flowing with the lithospheric plates.
The deflected plume is parabolic in cross-
sectional shape, although changing direc-
tions of mantle flow and differences in vis-
cosity with depth render the extent of
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Figure 3. Plan view of proposed path of Yellow-
stone hot spot. At 17 Ma, plume was defiected to
northeast, resulting in Columbia River Basalt.
Plume partly recovered by 14 Ma, forming west-
ern Snake River plain. Arc in Snake River plaln

Is caused by recovery of plume to its present
steady-state position.

deflection uncertain. At ~20 Ma, the abso-
lute motion of the Farallon plate, hence the
direction of plume deflection, was 27° (En-
gebretsen et al., 1984).

When deflection of a plume ceases or
changes direction, the bent part separates
from the root of the plume and rises as an
independent body, driven by its own Stokes
buoyancy (Griffiths and Richards, 1989).
The cessation of shiclding and deflection by
the Farallon plate at ~17.5 Ma would have
allowed the rise of a large tilted buoyant
mass that had built up beneath the sinking
plate (Fig. 2), marking the reinitiation of the
Yellowstone plume. This buoyant plume
rose beneath the North American plate and
resulted in the sudden eruption of the volu-
minous ““Clarkston” phase (Hooper and
Hawkesworth, 1993) of the Columbia River
Basalt, which comprises the Imnaha,
Grande Ronde, and Wanapum basalts
(>97% of the Columbia River Basalt) near
the Idaho-Oregon-Washington boundary.

The extent of deflection of the plume can
be calculated by using the calibration of
Richards and Griffiths (1988), but unfortu-
nately it involves several unknown parame-
ters, such as the viscosity and patterns of
flow through the entire depth of the convect-
ing mantle. An estimate that uses the veloc-
ity of the Farallon plate at 20 Ma (5 cm/yr)
for the horizontal advective velocity and a
650-km-thick convecting layer indicates that
the plume would have been deflected sev-
cral hundred kilometres to the north-north-
cast relative to its vertical piercing point had
the Farallon plate not interfered.

Deflection caused by a sinking slab may
be much stronger than deflection beneath
the interior of a surface plate. A variety of
evidence suggests that the viscosity of the
upper mantle increases by one or two orders
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of magnitude in its upper 650 km (e.g., Da-
vies and Richards, 1992). Because it pene-
trates into the higher viscosity region, a sub-
ducted slab would exert more traction on the
plume than a moving plate at the surface,
which is effectively lubricated by the upper-
most, low-viscosity region (Whitehead,
1982; Richards and Griffiths, 1988). The ra-
dius of the Hawaii-Emperor bend indicates
that the Hawaiian plume was deflected <200
km by the moving Pacific plate, in contrast
to the nearty 500 km of deflection of the Yel-
lowstone plume toward the Columbia River
Basalt vent area suggested by our model.
This difference may result from the sinking
of the slab at depth, as described above. It
may also result from the lesser buoyancy
flux {or buoyancy cross section) of the Yel-
lowstone plume relative to the Hawaiian
plume (Sleep, 1990).

We suggest two possible consequences of
plume recovery to a more nearly vertical
conduit as the lower part of the subducted
Farallon plate sank dceper toward the north-
cast (Fig. 2). These alternatives are not nec-
essarily mutually exclusive, because the
dynamics of plume recovery must be com-
plicated. One possibility is that plume recov-
ery resulted in the formation of the Owyhee
plateau at ~16 Ma (cf. Pierce and Morgan,
1992). This hypothesis accounts for the rapid
shift of the focus of magmatism to the south,
from the Columbia River Basalt vents, and
the 1 m.y. time lag between the start of Co-
lumbia River Basalt and Owyhee plateau
magmatism (Fig. 3).

The sccond possibility is that the western
and eastern parts of the Snake River plain
constitute a continuous feature created by
adjustment of the Yellowstone plume to
changes in the flow of the uppermost mantle
that accompanied the slab-penetrating event
at 17.5 Ma. This change would have exposed
the plume to a “mantle wind”* that had dif-
ferent direction and velocity as the Farallon—
North American plate boundary crossed
over it. Adjustment of plumes to a new
steady-state position occurs along a hyper-
bolic path (Griffiths and Richards, 1989), and
a finite amount of time is necessary to adjust
to a new steady-state position. Griffiths and
Richards (1989) showed that the recovery
distance after a change in plate motion is
equivalent to the amount of deflection. Ifitis
assumed that the eastern and western Snake
River plain form a single hyperbolic hot-spot
trace, its radius of curvature is ~350 km,
which is only slightly less than the distance
of deflection between the trace of the Yel-
lowstone hot spot and eruptive sites of the
Columbia River Basalt. This radius is
greater than the 100 to 200 km radius of the
Hawaiian-Emperor bend, suggesting that

the Ycllowstone plume is not as buoyant as
the Hawaiian plume (cf. Sleep, 1990), espe-
cially considering the much faster plate (and
presumably upper mantle) flow velocities in
the Pacific.

The observation that the eastern Snake
River plain is aligned with the absolute mo-
tion of the North American plate suggests
that the Yellowstone plume has recovered to
anew steady-state position. The time for the
plume to recover to steady state has been
shown to be equal to the height of the con-
vecting layer divided by the Stokes velocity
of the plume (Richards and Griffiths, 1988).
If deflection of the plume occurs in the upper
{650 km) mantle, and the Yellowstone plume
had just attained steady state (time = 17 X
10° yr), then the ascent rate of the plume is
calculated to have been ~4 cm/yr, which is
a reasonable figure. In addition, the appar-
ent discrepancy between the transgression
of volcanism along the Snake River plain
and the velocity of the North American plate
is a logical result of the plume’s recovery to
a new stcady-state position.

SUMMARY

Complications imposed on the Yellow-
stone plume by subduction and the overrid-
ing of the plume by the convergent plate
boundary provide a straightforward expla-
nation for many of the discrepancies in the
temporal and spatial distribution of magma-
tism in the inland Northwest. The progres-
sion from the Oregon Coast Range, Colum-
bia River Basalt, and Snake River plain to
Yellowstone provinces is a logical conse-
quence of the changing plate-tectonic envi-
ronment in the vicinity of the Yellowstone
plume. During the Eocene, a divergent plate
boundary lay above the plume, and the man-
ifestation of this is the scamount province of
the Oregon Coast Range (Duncan, 1982).
During the late Eocene and early Miocene,
the plume was shielded from the surface and
deflected to the northeast by a subduction
zone. This zone was reconfigured when an
effective window opened in the subducted
plate at ~17.5 Ma, and the plume burst
forth, producing the Columbia River Basalt.
The plume then readjusted to a more vertical
orientation, producing a hot-spot track along
the Snake River plain.

This model suggests that there is a com-
mon association of small-volume flood-ba-
salt volcanism (the Columbia River Basalt is
an order of magnitude less voluminous than
other flood basalts; e.g., Richards et al.,
1989) when a convergent plate margin
crosses a hot spot. Although our model must
surcly be inadequate in detail, simple tec-
tonic and fluid-dynamics considerations
show that the Columbia River Basalt-Snake
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River plain eruptions may be consistent with
a Yellowstone plume origin. Furthermore,
our hypothesis can be tested by several
means, particularly by refined age determi-
nations (e.g., Clemens and Wood, 1991),
further geochemical study (e.g., Craiget al.,
1992), and resolution of the geologic rela-
tions between the eastern and western
Snake River plain and the Owyhee plateau.
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