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The Yellowstone-Snake River Plain (YSRP) volcanic system, which began =17 Ma under
eastern Oregon and northern Nevada and is currently active under the Yellowstone Plateau,
is the world’s best modern example of a time-transgressive hotspot track beneath
continental crust (figure 1). The Yellowstone Plateau consists largely of rhyolite with few
mantle-derived basalts (Christiansen 2001). The Snake River Plain (SRP) volcanic province,
which represents the earlier track of the Yellowstone hotspot, consists of basalts that are
compositionally similar to ocean island basalts like Hawaii and overlie rhyolite caldera
complexes that herald the onset of plume-related volcanism (e.g., Smith and Braile 1994;
Pierce et el 2002). The SRP preserves a record of volcanic activity that spans over 12 Ma
and is still active today, with basalts as young as 2000 years old. Thus, the Snake River
volcanic province represents the archetype example of active time-transgressive intra-
continental plume volcanism. The SRP is unique because it is relatively undisturbed
tectonically and because it contains a complete record of volcanic activity associated with
passage of the hotspot or mantle plume. Although plumes were originally thought to consist
of thin vertical tails that feed a bulbous plume head (e.g. Olson et al 1987; Olson 1990),
recent numerical models suggest that deep mantle plumes may have complex geometries
that are not continuous from top to bottom, and may be tilted by flow of the asthenosphere
(e.g., Farnetani & Samuel 2005). Seismic tomography confirms these predictions for the
Yellowstone plume (Yuan & Dueker 2005; Waite et al 2006; Smith et al 2007).
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Figure 1: Impact of the Snake River-Yellowstone plume on North America. (A) Geoid map of North Am
geoid anomalie of +15 m centered on current location of Snake River-Yellowstone hotspot. (B) digital topog
the plume tail on topography, cutting across the regional Basin & Range trend to form a broad depression i
several hundred km long. White arrow shows direction of North American plate motion, dashed white lir.
seismic tomograph section in figure 1C. (C) Seismic tomograph of Yellowstone thermal anomaly; anomaly
(plane of section). Note the high velocity (cold) lithospheric root of Wyoming craton, which extends to at lea:
anomaly. Tomograph from Yuan and Dueker, 2005.

Recently, the concept of mantle plumes as thermally or compositionally distinct entities has
been challenged (e.g. Anderson 2001; Christiansen et al 2002; Foulger & Natland 2003;
Foulger et al 2004). Evidence cited in favor of a non-plume origin include the structure of the
subcontinental lithosphere beneath the eastern SRP trend (Humphreys et al 2000;
Christiansen et al 2002), the large component of lithospheric melt inferred from some
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isotopic studies of SRP basalts (Reid, 1995; Hart et al 1997; Leeman et al 2009), the
occurrence of other ENE-trending lava fields in the southern Great Basin and Colorado
Plateau (St George and the Jemez volcanic trends), and the WNW-trend of the Oregon High
Plains lavas, which young to the NW (Jordan et al 2004). Many of these observations are
consistent with both plume and non-plume models, and thus cannot be used to distinguish
between hypotheses.

Alternative models that have been proposed for the origin of the SRP and its linear array of
time-transgressive volcanic centers include edge-driven convection, where the drift of
cratonic lithosphere creates an upwelling of asthenosphere along its margin (King and
Anderson, 1995; King 2007), propagation of a lithospheric fracture due to plate motion
(Christiansen et al 2002), and as a convective roll or ‘hotline’ within the sublithospheric
conduit driven by pressure release melting of the convecting asthenosphere (Saltzer and
Humphreys, 1997). The edge-driven convection and ‘hotline’ models are both based on the
observation that partial melting will create a convective instability by decreasing density in
the molten mantle; this will drive further pressure release of subjacent mantle, which will melt
and cause more pressure release melting. This ‘positive feedback loop’ will continue until
lateral differences in density (e.g., with the melting residue) become too small to drive the
system.

Regional Setting

The Neogene Snake River volcanic province can be divided into three subprovinces: (1) the
older western province, comprising the Owyhee Plateau and western SRP graben, (2) the
transitional central SRP, including the Bruneau-Jarbidge eruptive center, and (3) the
younger NE-trending eastern SRP. The relatively well-studied eastern SRP, which trends
parallel to North American plate motion (Pearce et al 2002; Gripp and Gordon 2002), is
characterized by a thin (1.5 km) carapace of basalt that overlies rhyolites extending to
depths >3 km (e.g., Champion et al 2002). The eastern SRP is underlain by a 10 km thick
mid-crustal density anomaly, imaged seismically, that is interpreted to represent a basaltic
sill (Peng & Humphries 1998). Studies of core from deep drill holes in the eastern SRP show
that the basalts form a series of upward fractionation cycles and reversed cycles that
indicate fractionation in a magma system undergoing periodic recharge; we infer that this
fractionation occurred in a sill complex of layered magma chambers represented by the mid-
crustal density anomaly (Geist et al 2002; Shervais et al 2006). Chemical and isotopic
variations show that the oldest basalts assimilated continental crust, but later basalts
interacted largely with crystallized melts of the layered magma system, resulting in
decoupling of major and trace element fractionation, but without substantial changes in
isotopic composition (Shervais et al 2006). This has resulted in new model for basalt-crust
interaction in continental systems that we call assimilation of consanguineous mafic
intrusions (ACMI: Shervais et al 2006).

In the western province, the Owyhee Plateau is a highland underlain by rhyolite and basalt
(Ekren et al 1984), whereas the western SRP is a NW-trending graben bounded by en-
echelon normal faults and filled with several km of Pliocene-Pleistocene sediments
deposited in large epicontinental lakes (Wood and Clemens 2002); deep drill core shows
that the lake sediments are both underlain and overlain by basalt (Shervais et al 2002). The
western province is underlain by a mid-crustal mafic sill similar to that imaged under the
eastern plain (Hill and Pakiser, 1967; Prodehl, 1979), even though it lies north of the
projected hotspot track based on reconstructions of North American plate motion (Gripp and
Gordon, 2002). Younger basalts of the western SRP are coeval with Pleistocene basalts of
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the eastern SRP but are less voluminous and generally more Fe-rich (Vetter and Shervais,

1992; Shervais et al 2002; White et al, 2002). In addition, there is an abrupt and fundamental
change in basalt compositions =700 ka, from Fe-rich tholeiitic basalts to K-rich transitional-
alkaline basalts (Vetter & Shervais, 1992; Shervais et al 2002; White et al, 2002; Shervais
and Vetter 2009). The K-rich basalts have trace element and isotopic systematics that are
similar to the plume component in ocean island basalts such as Hawaii (Vetter and Shervais
1992) and represent an abrupt and fundamental change in magma source regions that has
not been observed along the plume track farther east.

The central SRP represents a critical transition from the broad western province to the well-
defined eastern province, but it has received comparatively little study (Fig 2). Surface
basalts are generally < 1 Ma and form a thick axial volcanic zone of young volcanic vents
(Shervais et al 2005). In the SE these basalts directly overlie rhyolite of the Twin Falls
eruptive center; in the NW they overlie fluvial and lacustrine sediments similar to those found
in the west, and older (Pliocene) basalts that rest on rhyolite (Fig 3). A 340 m drill core near
Wendell (NW of Twin Falls) documents =1 Ma hiatus in basalt eruptions — shorter in
duration and younger than the hiatus observed in the western SRP described above. This
connection between basaltic volcanism in the western SRP graben and basaltic volcanism
on the projected plume track implies that similar processes controlled the magmatic systems
in both areas.

Sr-Nd-Pb isotopes suggest <5% lithospheric input into a system dominated by plume-
derived basalts similar in composition to Hawaiian basalts. Isotopic studies of surface and
subsurface basalt flows show systematic variations in Sr-Nd-Pb isotopes with distance from
Yellowstone that are interpreted to reflect changes in the proportion of plume source and the
underlying heterogeneous cratonic lithosphere, which varies in age, composition, and
thickness from west to east (Hanan et al 2008).

Geophysical studies of the eastern SRP have documented differences in both the crustal
structure and lithosphere/asthenosphere boundary relative to both the Archean Wyoming
craton, and the Basin and Range province. The most important crustal feature observed in
seismic reflection profiles of the eastern SRP is the 10 km thick mid-crustal sill (Sparlin et al
1982; Peng and Humphreys, 1998). In the mantle, seismic tomography of the
lithosphere/asthenosphere boundary shows that SCLM directly beneath the SRP has been
eroded to form a deep channel parallel to North American plate motion. Within this channel,
a low-velocity zone of hot, partially molten asthenosphere is flanked by levees of high-
velocity, melt-depleted mantle that has been plastered onto the walls of the channel (Saltzer
and Humphreys 1997; Humphreys et al 2000). This work has been confirmed by Yuan and
Dueker (2005) and Waite et al (2006) beneath the Yellowstone Plateau, where they
document a =100 km diameter positive thermal anomaly plunging =65° NW and filling a
channel in the lithosphere that does not continue NE of Yellowstone, but can be traced into
the eastern SRP. This thermal anomaly extends through the mantle transition zone (=700
km) but cannot be imaged below that depth (Smith et al 2007); it may end there, or be too
narrow to image with current technology (e.g., Montelli et al 2006).

Major and Trace Element Processes in SRP Basalts
The major and trace element composition of continental basalts reflects the composition of
their source region, the extent and depth of melting that produced them, subsequent

interactions with the intervening mantle and crust, and magma chamber processes that
modify their compositions prior to eruption. In order to understand the origin of basalt flows
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erupted onto the surface we must essentially work backwards, unraveling first the magma
chamber processes and crustal interactions that affect their compositions, and then using
the ‘corrected’ compositions to understand their prior mantle history.

Basalts of the Snake River volcanic province have major element compositions similar to
ocean island basalts (OIB), with higher FeO, TiO2, P20s and KO than mid-ocean ridge
basalts over a similar range in MgO (figure 2). Their trace element concentrations also mimic
OIB tholeiites (like Hawaii), with moderately enriched LREE/HREE ratios and OIB-like HFSE
ratios (figure 4). Their compositions are distinct from sodic-alkaline rocks associated with
extension in the Great Basin (Wise, 1969; Farmer et al 1995) and highly potassic rocks
erupted through the Wyoming craton (e.g., Cenozoic: Luecite Hills, Volimer et al 1984;
Absaroka, Feeley et al 2002; Independence, Meen and Eggler 1987; Missouri Breaks,
Scambos 1987; Smoky Butte, Fraser 1987; Bearpaw Mountains, MacDonald et al 1992;
Highwood Mountains, O’'Brien et al 1995). For the most part these rocks show little evidence
of crustal assimilation: oxygen isotope compositions average around 5.8-6.0 9'%0, K20 is
relatively low and does not increase relative to other incompatible elements during
fractionation (e.g., P»Os), and silica contents are consistently low (e.g., Leeman 1982; Vetter
and Shervais 1992; Geist et al 2002; Hughes et al 2002; Kuntz et al 1992). In contrast,
evidence suggests that these basalts evolve primarily through fractional crystallization in
relatively shallow magma chambers (mid-crustal, 10-20 km) with episodic magma recharge
(Geist et al 2002; Shervais et al 2006).
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Figure 2: Flood basalts of the Snake River Plain exposed in Bruneau Canyon. Eleven major basalt flows wi
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Figure 3: Volcanic stratigraphy at the Perrine Bridge, Twin Falls, Idaho. Dark rock at bottom of canyon is th:
thickest section of basalt erupted from vents south of the river (Hub Butte, Sonnickson Butte), and is over
from north of the current river (mostly Flat Top Butte with basalt of Rocky Butte and/or Wilson Butte) on top.
by thin wedges of clastic sediment in middle of section.

Our evidence to date suggests that crustal assimilation, when it is observed, occurs primarily
within the mid-crustal magma chambers through the assimilation of low-percentage melting
fractions (or residual melt fractions) of previously intruded mafic magmas (Geist et al 2002;
Shervais et al 2006, 2007). This process, which we refer to as assimilation of
consanguineous mafic intrusions (ACMI) is implied by following evidence: (1) increasing
La/Lu with decreasing MgO, indicating an AFC process, (2) decreasing K/Ti and K/P ratios
with decreasing MgO, indicating a low-K assimilant, and (3) radiogenic isotopes that remain
essentially constant during this process (Shervais et al 2006; submitted). The first two are
commonly observed in SRP basalts, suggesting that this process is relatively widespread
within this province. Isotopic data are too sparse for most locations to document the third,
but where these data exist the results are compelling (Shervais et al 2006). This means that
for basalts that have not assimilated felsic crust, their isotopic compositions likely reflect their
parent magma and not a mixture of parental and felsic crust components. Basalt
fractionation trends allow us to reconstruct parental magmas with some confidence, which
further allows us to investigate mantle processes.

Trace element concentration patterns are nearly identical to OIB tholeiites, with somewhat
lower slopes on multi-element variations diagrams, consistent with 7-12% partial melting of
spinel-facies peridotite (9-18 kb, 40-65 km) with a composition similar to the source of
EMORB (Shervais et al 2006, Shervais and Vetter 2009). Our models show that NMORB or
primitive mantle composition sources cannot yield SRP tholeiites, even with residual garnet
in the source region to raise LREE/HREE ratios in the melt. There is no indication of residual
garnet in the source — which requires that either the lithosphere was relatively thin (or had
been removed by delamination or some other process) or that the melts originated within the
lithosphere itself. As discussed in more detail below, the major element concentrations, trace
element systematics, and isotopic compositions all favor a sub-lithospheric source for these
magmas.

One of the most interesting aspects of SRP volcanism is the young high-K transitional

alkaline basalts associated with the western SRP (Vetter and Shervais, 1992; Shervais et al
2002; White et al 2002; Shervais and Vetter 2009). These rocks are unusual because they
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are not only higher in K20 then SRP tholeiites, but also in silica, MgO, Cr, and Ni (Vetter and
Shervais 1992). They are characterized by extremely low Zr/Nb and Y/Nb ratios that are
essentially identical to the enriched ‘plume’ end member in the plume-OIB array and have
isotopic compositions that are closer to Hawaiian plume than any basalts in the SRP; they
correlate most closely with Hawaiian post-shield alkali basalts. Vetter and Shervais (1992)
have shown that these compositions are not the result of crustal assimilation: they are more

MgO-rich then the tholeiites, and have mantle oxygen isotope compositions (3'°0 = 5.8).
These high-K alkaline lavas appear to represent the least contaminated component of the
Yellowstone plume — yet they are only found in the western SRP, over 400 km west of the
current position of the active plume. With ages of 200 ka to 700 ka (Howard et al 1982;
White 2002), they were coeval with the youngest eruptive cycle of at Yellowstone, and post-
dated the onset of plume-related volcanism in the west by more than 10 million years.
Eruption of these ‘pure plume’ lavas with little or no lithospheric contamination requires that
either ancient Archean-Proterozoic lithosphere was completely removed by thermal or
mechanical erosion by the plume, or that this lithosphere was finally depleted in its low-
temperature melting fraction so that subsequent transient magmas had little chemical
interaction. We consider these unusual lavas to be an important consequence of plume—
SCLM interaction along the SRP and perhaps a key to understanding the transition between
Mesozoic and cratonic SCLM (Shervais and Vetter 2009). The abrupt transition from
tholeiitic to alkaline volcanism at around 700 ka implies a rapid, perhaps catastrophic origin,
such as lithospheric delamination caused by a Rayleigh-Taylor instability beneath the Idaho
batholith (e.g., Elkins-Tanton 2007).

Isotope Fingerprinting of the SRP mantle Source

Correlations between He, Sr, Nd, Hf, Os and Pb isotope ratios are powerful indicators of
mantle source origin of basaltic rocks. Isotope signatures of continental basalts, in
comparison to oceanic lavas, are generally more difficult to interpret because of possible
interactions with continental crust and/or sub-continental mantle lithosphere (SCML)
components (e.g. Carlson et al 1981; Hart 1985; Hart et al 1989; Johnson and Beard 1993:
Beard and Johnson 1993). In the Snake River Plain the limited range of major and trace

element composition, mantle 3'80 signatures, and lack of any correlation between & Sr/®°Sr

(or 8'80, 2%Pb/2%Pb, and 2°®Pb/?%*Pb) and major and trace element, and rare earth element
abundances in the basalts indicate minimal crustal interaction (Menzies et al., 1983;
Leeman, 1982; Carlson, 1984; Hart, 1985; Church, 1985; Shervais et al., 2006). Major
element, trace element, and He isotope systematics of the basaltic rocks are consistent with
a deep, sublithospheric mantle source, similar to the source of ocean island basalts (e.g.,
Craig et al 1978; Vetter and Shervais 1992; Hughes et al 2002; Shervais et al 2006; Graham
et al 2008). In contrast, the radiogenic Pb isotopes in these basalts are indistinguishable
from melts derived from the ancient Wyoming cratonic lithosphere that underlies the SRP,
while Sr and Nd isotope ratios are intermediate between depleted mantle and continental
crust or lithospheric mantle values (Church 1985; Leeman et al 1985; Hughes et al 2002).
This conundrum has been a major problem for plume models presented in the past.

Lithosphere beneath the Snake River Plain and Yellowstone Plateau stabilized in the Late
Archean to Paleoproterozoic (Mueller and Frost 2006). Compared to other Late Archean
rocks, the Pb and Sr initial ratios are higher, and the Nd initial ratios are lower, than
expected for a depleted upper mantle source (Wooden and Mueller 1988; Menzies et al
1983). These isotope data, and mantle xenolith Os, Sr, Nd, and Pb isotopes (Carlson and
Irving 1994), suggest that crustal material was mixed into the lithosphere during Late
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Archean subduction and later Proterozoic metasomatic events (Church 1985; Wooden and
Mueller 1988). However, this enriched lithosphere is not conducive to preserving ancient

high *He/*He. An appropriate mantle with high time-integrated *He/(U+Th) that would allow
preservation of ancient *He enrichments cannot exist within or below the continents, and is
unlikely to exist within the upper mantle based on the *He/*He in MORB (Day et al 2005).

The high *He of the Snake River—Yellowstone province suggests that there is a flux of deep
mantle material across the 660 km mantle transition zone into the upper mantle plume
imaged at Yellowstone (Waite et al 2006).

Hanan et al. (2008) proposed that the apparent conflict between the isotopic and major and
trace element data can be resolved by considering mass balance between the contrasting
components. The Pb, Sr, and Nd concentrations in the plume source are low compared to
SCLM, and melts derived from the plume source are expected to have concentrations of Pb,
Sr, and Nd on the order of 0.3-3, 90-660, and 7—40 ppm, respectively, based on observed
concentrations in OIBs and on trace element melting models of inferred plume sources (e.g.,
Sun and McDonough 1989). In contrast, low percent fractional melts of ancient SCLM, such
as the Leucite Hills volcanics (Vollmer et al 1984; Mirnejad and Bell 2008), are strongly
enriched in Pb (23-120 ppm), Sr (1652-7233 ppm), and Nd (97-300 ppm), and provide an
estimate for these concentrations in melts assimilated by the plume basalts as they rise
through the lithosphere. The SCLM:plume proportions implied by these concentrations are
~38—400 for Pb, ~11-80 for Sr, and 11—41 for Nd. As a result, the assimilation of lithospheric
melts into partial melts derived from plume-source mantle will result in hybrid magmas
whose isotopic compositions are controlled by the isotopic composition of the Archean
lithosphere.

This process is well illustrated quantitatively by mass balance calculations for the radiogenic
isotopes of Pb assuming a lithosphere:plume concentration ratio of 100. Figure 5 shows the
effects of mixing a plume component similar in Pb isotopes to the Steens basalts, the
earliest Columbia River eruption, and to Pacific Mesozoic oceanic crust (e.g., Shervais et al
2005) with fractional melts derived from Archean lithosphere with Pb isotopic composition
represented by the ca. 2.8 Ga isochron for the Beartooth Mountain igneous rocks (Wooden
and Mueller 1988). Heterogeneity in the lithosphere is expected to be much greater than for
the plume source. For ease in modeling and visualization we have chosen a single point
located in the overlap between the Steens and Stonyford fields to represent the plume
isotope composition. The Beartooth rocks are a good proxy for the Paleoproterozoic—
Archean lithosphere because they show the whole range of 2%Pb/2%*Pb isotope
compositions observed in the Snake River Plain basalts and crustal xenoliths, the Saddle
Mountain lavas, and the Yellowstone plateau basalts. Two effects are observed.

First, the mass fraction of plume component increases from east to west: Yellowstone ~95%
—98%, eastern plain ~97%-98.5%, and central plain ~98%-99% plume component (figure
4). Second, the Pb isotopic composition of the lithospheric component changes from east to
west: Yellowstone 2%°Pb/2%*Pb =15.5-17.0, central basalts 2%Pb/2%Pb =17.1-17.8, and

eastern lavas *Pb/?**Pb ~18.0-18.5 (Fig. 5). Modeling Snake River Plain basalt Sr and Nd
isotopes using these end-member compositions gives results consistent with plume mass
fractions >95% (figure 4B). These mass-balance models can be understood in terms of two
processes. First, the increase in plume component from east to west most likely reflects a
progressive decrease in the thickness of the cratonic lithosphere from east to west as the
craton margin is approached. This decrease in thickness will result in a decrease in the
volume of lithosphere available to react with the plume-derived melts, and hence a decrease
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in the proportion of lithosphere component assimilated. The depth of plume melting will also
decrease, resulting in a higher degree of melting of the plume. Second, the regular increase
in 2°°Pp/2%Pb isotopic composition of the lithosphere component in the mix, from east to
west, results from the concomitant decrease in lithosphere age and from compositional
heterogeneity of the lithosphere. Spatial compositional differences are reflected by the lack
of regular covariation between 2°®Pb/2%Pb, 8Sr/%Sr, and "**Nd/'**Nd ratios along the Snake
River Plain (figure 5), corresponding to heterogeneity in Th/Pb, U/Pb, Rb/Sr, and Sm/Nd and
the time-integrated effect of radioactive decay in the lithosphere. The similarity between the
radiogenic isotope signatures of the Snake River Plain and the Saddle Mountain basalts,
and their contrast to the Yellowstone basalts, indicates that the lithosphere between the
Yellowstone Plateau and the craton margin is not the same as that underlying the Archean
Wyoming province, but likely a transitional lithosphere containing a complex mixture of
Archean and Proterozoic components (e.g., Foster et al 2006). In summary, Pb, Sr, and Nd
isotopic analyses for basalts from the Snake River Plain, including the Idaho National
Laboratory in the eastern plain, the Bruneau-Jarbidge eruptive center and the Glenns Ferry
area, both in the central plain, show that these isotope compositions are compatible with a
deep mantle plume source, which interacted with SCLM that varies in age, composition, and
thickness from west to east, and are compatible with a mantle plume origin for the Snake
River Plain basalts (Hanan et al 2008).
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Figure 4: Multi-element spider diagrams normalized to primitive mantle for (A) tholeiitic basalts of the ce.
basalts and high-K transitional alkaline basalts of western SRP, normalized to primitive mantle of Taylor an
and low-K basalts have OIB-like patterns; constant Sc and Sr in low-K basalts suggests cpx-rich source

(1992), White et al (2002), Shervais et al (2002, 2006), and Hughes et al (2002).
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206pp204pp ratios of the xenoliths decrease from west to east. Field for the Columbia River Steens basalts
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represent mixing tie lines between average plume and distinct lithospheric Pb reservoirs along the Beartoc
and Yellowstone Plateau basalts. Solid lines labeled 95%—-99% plume component indicate proportion o
mixes where the lines intersect the tie lines. Note that Snake River Plain data define pseudo-isochrons v
Beartooth reference isochron. Inset plot shows mixing curve between enriched lithosphere with 2°°Pb/% P

and plume source with °°Pb/”%*Pb = 19.0 and >’ Pb/”%*Pb = 15.55. Pb concentration in the lithosphere is 1
with plume proportions >95% the isotope composition of the mix is dominated by lithosphere Pb signature. .
mantle.

Seismic Tomography

Recent seismic tomography results document a low velocity anomaly that extends at 1000
km into the mantle below Yellowstone — but not completely continuous nor vertical (Xiu and
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Allen, 2007; James et al 2009). The data do not support the classic plume model with a
vertical stem and a bulbous head, but are consistent with more recent models for
thermochemical plumes (Farnetani and Samuel, 2005) and with evidence for non-fixed
plumes. The seismic tomography data do support models that call for deep seated thermal
and/or chemical anomalies to underlie mantle hotspots.
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