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INTRODUCTION
A recent deployment of seismometers in the Yellowstone area 

(Wyoming, USA) has provided an excellent new data set with which to 
examine the deep structure of the hotspot (Fig. 1). Studies utilizing these 
data have found a relatively low P wave and S wave velocity pipe that 
extends from 500 to 600 km depth to ~60 km depth, where it is sheared 
to the southwest by North American plate motion (Fee and Dueker, 
2004; Waite et al., 2006; Yuan and Dueker, 2005). Based on fundamental 
mode Rayleigh wave measurements, the plate-sheared plume layer has 
been found to have an extremely low shear velocity of 3.8 ± 0.1 km/s 
(Schutt et al., 2008). This velocity is 0.15–0.3 km/s lower than imaged by 
Rayleigh waves beneath normal mid-ocean ridges (Nishimura and 
Forsyth , 1989; Weeraratne et al., 2007) and 0.3–0.4 km/s lower than a 
1320 °C potential temperature adiabatic mantle (Cammarano et al., 2003; 
Schutt and Lesher, 2006). While these low upper mantle velocities along 
the Yellowstone hotspot track suggest a plume, modeling of the effects of 
different anelastic velocity models and melt porosity is required to quan-
titatively assess the temperature of the low-velocity sheared plume layer 
beneath the Yellowstone hotspot track, and thus the minimum tempera-
ture of the plume layer. Constraining the temperature of the plume layer 
beneath the hotspot track is of particular interest since the plume conduit 
is suggested to end in the transition zone and to not extend into the lower 
mantle (Montelli et al., 2004b; Waite et al., 2006; Yuan and Dueker, 2005). 
In addition, because mantle with an excess potential temperature must 
ultimately come from a thermal boundary layer, a fi nding of signifi cant 
excess temperature would further argue against studies that suggest a non-
plume origin for the Yellowstone hotspot track (Christiansen et al., 2002). 
For example, processes such as small-scale convection (King and Ritsema, 
2000) or lithospheric extension would produce temperature variations, but 
would not produce temperatures in excess of the potential temperature of 
ambient mantle, since they cannot create excess temperature mantle.

Schutt et al. (2008) measured fundamental mode Rayleigh waves 
using the two plane wave technique of Forsyth and Li (2005). In that 
study, Rayleigh wave observations were inverted for phase velocity as 
a function of wave period in three tectonic regions: the Yellowstone 
hotspot track, which overlies the plate-sheared plume layer; the imme-
diately adjacent Basin and Range; and the Wyoming craton, which is 

unaffected by the Yellowstone plume (Fig. 1). Phase velocity was then 
inverted for shear wave velocity (VS) as a function of depth for each 
region (Schutt et al., 2008).

In this study we forward model the effects of plume temperature on 
S wave velocity, convert this to phase velocity, and compare these pre-
dictions to observations. To accomplish this task, a four-layer S wave 
velocity model is constructed to represent the Yellowstone hotspot track 
crust, mantle lithosphere, plume layer, and subplume mantle (Fig. 2A). To 
reduce tradeoffs between the model parameters, the velocity of the crust, 
mantle lithosphere, and subplume mantle is fi xed as discussed below. For 
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ABSTRACT
Recent studies show that the Yellowstone hotspot is associated with a plume-like low-

velocity pipe that ascends from the transition zone to the lithosphere-asthenosphere bound-
ary, where the plume is sheared to the southwest by North American plate motion. Rayleigh 
wave tomography shows this plate-sheared plume layer has an extremely low S wave velocity 
of 3.8 ± 0.1 km/s at 80 km depth, ~0.15–0.3 km/s lower than the velocity observed beneath 
normal mid-ocean ridges. To constrain the temperature of the plume layer, a grid search with 
respect to grain size and temperature is performed to fi t the observed Rayleigh wave phase 
velocities. This search fi nds that the excess temperature of the plume layer is >55–80 °C at 
95% confi dence for two different temperature-velocity and two different melt-velocity models , 
confi rming that a thermal mantle plume exists.
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Figure 1. Elevation, seismic stations, and tectonic regions covered 
by Yellowstone array. Tectonic regions have been defi ned as follows: 
pink swath is Yellowstone hotspot track (YHT), which includes the 
eastern Snake River Plain and Yellowstone Park; dark blue line out-
lines Basin and Range (BR); rest of the area is assigned to Wyoming 
craton (WY). Blue and red circles denote the Billings and Yellow-
stone arrays, respectively. Black and white inset shows location of 
larger map in the context of western United States.
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the plume layer, the temperature and grain size are varied in a grid search. 
Each temperature and grain size combination is converted to VS, and the 
phase velocities are calculated. In addition, the velocity reduction associ-
ated with the equilibrium melt porosity is calculated based on the grain 
size and vertical Darcy Law fl ow (Turcotte and Schubert, 2002). The 
reduced chi-squared misfi t (denoted as χ2

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

MODELING THE EFFECTS OF TEMPERATURE 
AND GRAIN SIZE

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

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

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

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

TABLE 1. TEMPERATURE CONSTRAINTS FOR DIFFERENT SCALING MOD-
ELS

95% 
 confi dence

68% 
 confi dence

95% 
 confi dence χ2

ν

68% 
confi dence χ2

ν

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

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

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

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

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



GEOLOGY, August 2008 625

would violate the basalt petrology (Leeman et al., 2006) and isostatic 
constraints (Schutt and Humphreys, 2004). Based on these constraints, a 
2–8 mm grain-size range is used for the plume layer.

For the NGSS anelasticity model, grain size is not an independent 
parameter. However, grain size mildly affects our velocity models via 
its effect on the matrix permeability, which is roughly proportional to 
the melt porosity. The calibrated material constants (V*, E*, preexpo-
nential constant, and frequency dependence exponent) are set to the 
values  of Goes et al. (2000). The third anelastic model considered is 
based upon an empirical fi t to tomographic oceanic shear wave velocity 
models, assumed thermal models, and continental xenoliths (Priestley 
and  McKenzie, 2006). However, for a 1320 °C potential temperature 
mantle, an excess temperature of 100 °C at 100 km depth predicts an 
unrealistically low velocity of 3.2 km/s.

RESULTS
The results of our plume layer grid search fi t to the Yellowstone 

hotspot track phase velocity data are summarized in Figures 2D and 2E 
and Table 1. To assess the statistical signifi cance of the grid search results, 
the reduced χ2

ν misfi t between the predicted and observed phase veloci-
ties is used. This statistic assumes 14 degrees of freedom based upon 17 
phase velocity data and 3 model parameter constraints (calculated as the 
trace of the resolution matrix; Weeraratne et al., 2003). The χ2

ν from the 
grid search is primarily sensitive to the 25–80 s phase velocity data, which 
have small error bars (Fig. 3C). The poorer fi t to the short period (<25 s) 
data is expected due to upper crustal velocity heterogeneity found along 
the Yellowstone hotspot track.

At a 68% confi dence level, the GSS and NGSS anelastic  models 
constrain the minimum excess temperature (i.e., for smallest 2 mm 
grain size) to be 150 °C and 120 °C. For the GSS models, the fi t 
to the phase velocity data improves with increasing temperature 
and/or smaller grain size (Fig. 3D). At 95% confi dence level, the 
GSS model using the Kreutzmann et al. (2004) melt-scaling requires 
excess temperatures of 70–200 °C for grain sizes of 2–8 mm. For the 
Humphreys  and Hammond (2000) melt scaling, an excess tempera-
ture of 55–185 °C is required for grain sizes of 2–8 mm. The NGSS 
anelastic model χ2

ν values are larger (Fig. 2E) because this model does 
not produce low enough velocities to fi t the observations, and a 95% 
confi dence estimate does not exist for the large melt-velocity scaling 
relation of Hammond  and Humphreys (2000).

A potential discriminant between the GSS and NGSS mod-
els is that for a given temperature, the GSS model predicts a lower 
shear wave quality factor (Qs) with respect to the NGSS model (Figs. 
3D, 3E). The lowest misfi t GSS and NGSS models predict Qs values 
of 15 and 25, respectively. However, without any estimates of the Qs 
of the plume layer, we consider the Qs predictions from both anelastic 
models as equally plausible.

Potential sources of error in our temperature estimates are a thicker 
lithospheric layer or a thicker plume layer. However, a thicker mantle 
litho sphere (currently 9 km) only requires greater plume temperatures, 
and we fi nd that the χ2

ν values are insensitive to a thicker plume layer 
(see the Data Repository). Hence, the Yellowstone hotspot track phase 
velocity data truly require a profound low-velocity channel between 50 
and 120 km depth.

DISCUSSION
Our melt porosity estimate of <0.2%–0.4% is reasonable (McKenzie , 

1984) and consistent with the geochemical constraints provided by the late-
stage basalts along the eastern Snake River Plain (Leeman et al., 2006). 
Our excess temperature estimate combined with the imaged width and 
assumed thickness of the plume layer permits a buoyancy fl ux estimate. 
Given that the plume is not spreading signifi cantly beneath the litho sphere 

(Schutt et al., 2008; Schutt and Humphreys, 2004; Waite et al., 2005), we 
assume that the upwelling rate of the plume is equal to the 2.1 cm/yr abso-
lute North American plate motion. This vertical velocity rate in essence 
assumes that the plume material is being emplaced at the same rate that 
it is being advected horizontally by plate shear. These values defi ne a 
 buoyancy fl ux estimate of 0.03–0.1 Mg/s for a plume excess tempera-
ture of 70–200 °C, consistent with estimates from other methods (Waite, 
2004). This buoyancy fl ux is much smaller than the 8 Mg/s buoyancy  
fl ux estimated for the Hawaiian plume (Sleep, 1990), but close to the 
0.5–1.0 Mg/s fl ux proposed for the Eifel plume (Wüllner et al., 2006).

The excess temperature found by our analysis, combined with the 
tomographic and mantle velocity discontinuity results (Fee and Dueker, 
2004; Waite et al., 2006; Yuan and Dueker, 2005), strongly suggests that 
the ultimate cause of the Yellowstone hotspot track is a thermal mantle 
plume. The absence of an observed lower mantle extension of the plume 
(Montelli et al., 2004a) suggests that the plume tail has either detached 
from the core-mantle boundary or has nucleated from an intermittent 
thermal boundary layer that may form about the 660 km discontinuity 
(Yuen et al., 1998). The low buoyancy fl ux may point to a mid-mantle 
plume (Goes et al., 2004). On the other hand, it has been shown that a 
subducting slab can nucleate a plume at the core-mantle boundary (Tan 
et al., 2002), and it is possible the Farallon slab may have played a role 
in the genesis of the Yellowstone plume. The relation of the Yellowstone 
plume to other contemporaneous magmatism in the Pacifi c Northwest 
remains to be elucidated: e.g., the High Lava Plains and the Columbia 
River Basalts may manifest plume material that has fl owed along litho-
spheric thickness gradients (Jordan et al., 2004) and/or has also been 
advected by counterfl ow associated with the subducting Juan de Fuca 
plate (Humphreys et al., 2000).

To summarize, the very low velocity mantle plume layer beneath 
the Yellowstone hotspot track requires signifi cant excess temperature 
with respect to an adiabatic mantle. Modeling shows that melt porosity 
cannot explain the velocity reduction. The minimum excess temperature 
of the plume material varies for the different anelastic and melt-velocity  
scaling models. The best-fi tting GSS model for a 2 mm grain size requires 
>70 °C at 95% confi dence. At 68% confi dence, the two anelastic and 
two melt-velocity scaling models require an excess temperature >120 °C 
(Table 1). These excess temperature estimates are lower bounds, because 
our shear velocity model is an average of the plume’s track over the past 
8 m.y., and both heat diffusion and latent heat effects have removed heat 
from the plume layer.
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