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Abstract. Teleseismic receiver functions are used to estimate the crustal structure beneath 

a 36-station, 500-km-long, NW oriented linear array centered on the eastern Snake River 
Plain and crossing the Yellowstone hotspot swell 250 km SW of Yellowstone. Structure 
derived previously for this region from wide-angle reflection data is used as an initial 
model, and ffiis structure explains most features observed in our receiver functions. Based 
on a combination of forward and inverse modeling, our data require several modifications to 
the initial structure: (1) Moho depth is -42 km beneath most of the Snake River Plain, shal- 
lows to -37 km to either side, and thickens abruptly to -47 km beneath SW Wyoming; (2) a 
midcrustal layer interpreted previously as a-9-km-thick gabbroic sill is flat topped across 
the entire -90 km width of the Snake River Plain; and (3) a low-velocity layer is found 
beneath and southeast of the Snake River Plain, which probably is partially molten lower- 
most crust. Using the seismic structure of the crust to estimate the crustal load upon the 
mantle, and assuming local isostasy, we calculate that mantle beneath the Yellowstone swell 
is approximately uniformly as buoyant as 12-million-year-old ocean mantle, and more 
buoyant than the adjacent Wyoming mantle by an amount equivalent of-1.5 km of ele- 
vation. The transition between these regions of greatly different mantle occurs across a 
major Paleozoic boundary that now separates the Basin and Range from the Rocky Moun- 
tains. 

1. Introduction 

The eastern Snake River Plain (SRP) is the magmatic track of 
the Yellowstone hotspot [Morgan, 1972; Smith and Sbar, 1974; 
Pierce and Morgan, 1990]. The SRP lies along the axis of the 
Yellowstone swell, a wake-like area of uplift, abundant seismicity 
and young faulting described as a tectonic parabola [Anders et al., 
1989] (Figure 1). The relatively low elevations of the SRP are 
attributed to magmatic densification of the crust [Anders and 
Sleep, 1992]. The crust modified by hotspot magmatism is 
Archean basement that experienced late Proterozoic continental 
rifting and thinning, upon which a westward-thicking sequence of 
Paleozoic sediments were deposited in seas adjacent to stable 
North America. The structural hingeline of Paleozoic downwarp 
lies within Idaho close to Idaho's eastern boundary [Poole et al., 
1992] (Figure 1) and is crossed by the SE end of our array. This 
hingeline later controlled the eastern limit of intense Mesozoic 
thrusting and crustal thickening, which was followed by a Ceno- 
zoic collapse and thinning of the continent, currently expressed 
by Basin and Range activity. Significant deformation east of the 
hingeline consists only of modest Laramide shortening; essen- 
tially no Cenozoic extension has occurred, and this crust remains 
relatively thick. Uplift history of this region is not well under- 
stood, but the entire region, now standing from 1.5 to 4 km above 
sea level, was near sea level prior to the Sevier overthrusting - 110 
m.y. ago. The northern third of our array extends across the pro- 
jection of a major Proterozoic shear zone and onto crust that is 
either Proterozoic or strongly modified in the Proterozoic [Reed, 
1993; Houston et al., 1993]. 
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The crust beneath much of our array has been characterized by 
wide-angle reflection and refraction studies. Sparlin et al. [ 1982] 
discuss results of an investigation that crossed the SRP near our 
linear array (Figure 1). Away from the SRP, Sparlin et al.'s four- 
layer off-plain structure (Figure 2) is consistent with Willden's 
[1965] interpretation of explosion data recorded along a line 
extending SE from the SRP (Figure 1) to near the Utah- 
Wyoming-Colorado border. In traversing from the northern Utah 
Basin and Range to the southwestern Wyoming Rocky Moun- 
tains, Braile et al. [1974] find the crust to thicken abruptly to 
more than 40 km near the SE end of Willden's line. 

Compared to crust adjacent to the SRP, SRP crust is modified 
significantly by young magmatism. An unusual intermediate 
velocity (6.5 krn/s) unit, interpreted as a-9-km-thick sill of 
basaltic composition, extends across the width of the SRP and 
rests on a midcrustal interface (Figure 2). Chiang and Braile 
[1984] modeled the data of Sparlin et al. [1982] and concluded 
that the sill-like feature is flat topped across the 45 km width illu- 
minated by these data (Figure 2). Seismic profiles recorded along 
the axis of the eastern SRP indicate that approximately 3-6 km of 
volcanic rocks and interbedded sediment (of which the distinctive 
basaltic cover is only the upper few hundred meters) overlie a 
-5-km-thick upper crustal layer of Paleozoic sediments [Braile et 
al., 1982]. Below lie an upper crustal crystalline basement (6.1 
krn/s), the presumed sill and-22 km of lower crust (6.8 krn/s), for 
a total SRP crustal thickness of-40 km. 

A low-velocity zone, inferred to be partially molten lowermost 
crust, is found beneath the eastern SRP tapering from a thickness 
of-20 km immediately SW of the Yellowstone Caldera to zero 
thickness near our experiment [Priestley and Orcutt, 1982]. No 
evidence for the low-velocity zone is found SW of our experi- 
ment. A poorly constrained upper mantle Pn velocity of 7.9 km/s 
is observed beneath the eastern SRP [Braile et al., 1982]. Sparlin 
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Figure 1. (a) Smoothed elevation of much of the western United States. The area in Figure lb is shown with a box. 
Shading levels are in 1-km increments, and contours are shown at 0.5-km increments. (b) Smoothed elevations in 
the Yellowstone-eastern Snake River Plain region, including portions of Idaho (ID), Wyoming (WY), Utah (UT), 
Nevada (NV), and Montana (MT). The Yellowstone-eastern Snake River Plain province is outlined with a thin solid 
line, and the Yellowstone caldera is shown with a heavy solid line. The Paleozoic hingeline, represented by the 
eastern limit of Lower Cambrian terrigenous Miogeoclinal sediments [Poole et al., 1992] is shown with the gray 
line. Dashed lines are state boundaries, and white-outlined dashed lines represent the seismically active tectonic 
parabola. Squares are the stations from the 1993 PASSCAL Snake River Plain experiment used in this study, with 
bold labeled squares indicating stations used in examples. Solid lines with white outlines indicate locations of 
active source seismic investigations of Sparlin et al. [1982], Chiang and Braile [ 1984], Priestley and Orcutt [1982], 
Braile et al., [ 1982], and Willden [1965]. 
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Figure 2. Crustal structure across the eastern Snake River Plain inferred by Sparlin et al. [1982] from seismic 
reflection-refraction data. Number pairs are P wave velocities in km/s (left number) and density in g/cm 3 (right 
number). The near-surface stipple fill represents young volcanic and sedimentary deposits with a P wave velocity 
of 4.5 km/s, the brick pattern represents Paleozoic sediments, and the heavy stipple pattern represents the basaltic 
sill. The dashed line represents the modified shape for the basaltic sill from Chiang and Braile [ 1984]. The crustal 
thickness increase to the NW is inferred from gravity modeling [Sparlin et al., 1982]. The shaded line indicates 
topography (smoothed in the NE direction). 

et al. infer the crust to thicken NW of the SRP (Figure 2) based 
on gravity data; the only seismic information on Moho depth in 
Sparlin et al.'s study occurs beneath the SRP. Thus, in general 
terms, prior study of the SRP region resolves a simple two-layer 
crust away from the SRP and finds that beneath the SRP this 
basic crust has been magmaticaly modified through the addition 
of specific layers. 

The model that satisfies our data and requires minimal modifi- 
cation to the structure inferred by the earlier studies has the crust 
thinning to either side of the SRP, averages -40 km in thickness 
across the width of the tectonic parabola, includes a lower crustal 
low-velocity zone beneath the SRP region (which is interpreted as 
partially molten lowermost crust), and has the presumed basaltic 
sill with a flat top at a depth of-10 km across the-90 km width 
of the SRP. Because we use the crustal velocities determined by 
the active source investigations, our receiver function analysis 
provides well-constrained estimates of crustal thickness except in 
regions where Moho Ps conversions are not observed clearly. 

2. Seismic Deployment 

Our investigation uses teleseismic data recorded by a Program 
for Array Seismic Studies of the Continental Lithosphere (PASS- 
CAL) linear array trending SE for about 500 km from central 
Idaho across the SRP, the hingeline, and into SW Wyoming (Fig- 
ure 1). This array was located-250 km SW of Yellowstone and 
aligned perpendicular to the SRP, trending directly across the Yel- 
lowstone swell. By being oriented in line with most circum- 
Pacific events, this array is in plane with more than half of Earth's 
seismicity. Array operation occurred from May through Novem- 
ber of 1993, using 27 broadband and 3 1-Hz, three-component 
seismometers. These seismometers were moved so as to occupy 
a total of 55 sites, providing a station spacing of about 10 km. 
However, the high-frequency seismometers and sites located in or 
near large sedimentary basins (on the SE side of the deployment) 
produced little data of quality usable for receiver function study, 
and sites located in regions of rugged topography (NW and SE of 
the SRP) experienced significant degradation of data quality. 
These problems result in array gaps, and only the 36 sites shown 

in Figure 1 were used in our study. About 375 teleseismic earth- 
quakes were recorded, of which 82 were of quality suitable for 
use in this receiver function study. These data provided more 
than a thousand radial receiver functions (and an equal number of 
tangential receiver functions). Data quality varied greatly from 
one station to another and from one event to another, and about 

350 receiver functions are of a quality that permit modeling of 
crustal structure. 

3. Receiver Functions 

Receiver functions commonly are used to address layered 
Earth structure through use of the S conversions that arrive 
shortly after the arrival of teleseismic P waves [Langston, 1977, 
1979; Burdick and Langston, 1977; Ammon, 1991 ]. The magni- 
tude and delay of these P-to-S (Ps) conversions provide informa- 
tion on the depths to interfaces and the change in seismic proper- 
ties across the interfaces. To study the amplitude and delay of the 
Ps phases, recorded three-component teleseismic data are rotated 
to the theoretical back azimuth to obtain radial and tangential 
ground motions. The P wave source function is removed by 
deconvolving the vertical component from the radial and tangen- 
tial components. Because the seismic signal is teleseismic, there 
is little energy at frequencies higher than 1 Hz. In accordance, a 

Gaussian function (e -t2/a2, for specified value of a) is convolved 
with the receiver functions to smooth the high-frequency noise, 
and the resulting receiver functions are band pass filtered in a fre- 
quency band chosen to correspond with the response of the seis- 
mometer and the goals of the investigation. 

Towards achieving the goals of using receiver functions to 
resolve interface depths and crustal velocities, two basic problems 
commonly are encountered. First, the Ps delay time and magni- 
tude depend on combinations of interface depth and the seismic P 
and S velocities (Vp and Vs, respectively) of'the crust above the 
interface. Specifically, Ps delay time for a ray of near-normal 

incidence is the product of interface depth and average V] •- V• • 
of the overlying crust. Hence absolute depths cannot be esti- 
mated without knowledge of crustal P and S wave velocities. 
The magnitude of the Ps phase does not depend directly on the 
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Figure 3. Receiver functions from two stations, for earthquakes of NW and SE back azimuths, ordered by ray 
parameter. Moho Ps phases are indicated with dashed lines (which is slightly curved because a normal moveout 
correction is included). Station LES is a particularly well-sampled station, and for a wide range in ray geometry, 
receiver functions are very similar for the duration between the direct P arrival (at time equals zero) to the Moho Ps 
arrival, and they show large variations in character after this time. This is typical of most of the stations. In con- 
trast, station VOS is an example that shows an abrupt change in waveform as a function of ray parameter, which is 
attributed to a large, local change in crustal thickness near this station. Ray parameter, in s/deg, is given for each 
receiver function. Receiver functions have been band-pass filtered between 0.05 and 1.0 Hz (1-20 s) and convolved 
with a Gaussian pulse that has a characteristic width of 0.5 s. 

absolute value of the velocities above and below the interface, but 

rather on the seismic impedance across the interface. The main 
consequence of these limitations is that interface depth is not very 
well estimated because of the absence of information on absolute 

crustal velocities. The second basic problem is that reverberatory 
and direct converted phases may be difficult to distinguish in a 
receiver function. Reverberations from relatively near surface 
interfaces (whose fundamental reverberation arrives at times 
equal to direct Ps arrivals from interfaces about 3 times as deep) 
tend to complicate and mask conversions from the deeper inter- 
faces, and they may be mistaken for direct Ps arrivals from 
deeper interfaces. Hence, without direct information on the near- 
surface interfaces, ambiguity exists as to which potential interface 
generated an observed Ps arrival. 

In spite of these problems with receiver functions, they offer 
important information that often is difficult to obtain with other 
techniques. In comparison to the active source experiments, tele- 
seismic P wave data have incident angles that are nearly vertical, 
interact with the deep crustal structure with relatively great 
energy, and often can be obtained over a great area with relative 
ease. For these reasons, receiver function deployments provide 
information that is especially useful in resolving lateral variations 
in crustal structure and the regional geometry of the Moho. 
Because the information contained in receiver functions and 

wide-angle reflection data are rather complimentary, their com- 
bined use affords an especially useful means of investigating the 
crust. Similar advantages can be gained with the combined anal- 
ysis of receiver functions and surface waves [Ozalaybey et al., 
1997]. 

In our receiver function analysis, we deconvolve by division in 
the frequency domain and stablize deconvolution by setting the 
denominator term to a constant absolute value (i.e., "waterlevel" 
[Clayton and Wiggins, 1976]) at any frequency where the spectral 
amplitude falls below the watedevel value. A waterlevel usually 
is chosen to be the maximum spectral amplitude multiplied by 
10 -4, though in noisy cases the watedevel is increased to values 
as great as one tenth of the maximum spectral value. A Gaussian 
function with a =0. 5 s is convolved with the receiver functions, 

so as to smooth frequencies higher than about 1 Hz (little teleseis- 
mic energy occurs at frequencies higher than 1 Hz in the western 
U.S.). The receiver functions are then band-pass filtered in each 
of two frequency bands: 0.1-0.4 and 0.05-1 Hz. 

The -350 modelable radial receiver functions are divided into 

SE, NW, and SW back azimuth groups. Receiver functions to a 
specific station tend to be very similar in character for events of 
similar back azimuth, and usually remain similar in character for 
events of different back azimuths; however receiver functions to a 

few stations vary considerably as a function of event ray geome- 
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Figure 4. Receiver functions, in two frequency bands. The individual receiver function shown for each station is 
selected on the basis of its simplicity and representativeness, with preference given to events from SE back 
azimuths. If no high-quality receiver functions are available from the SE, NW back azimuths are used (and indi- 
cated by underlined station names). The origin time is based on the direct P wave arrival (i.e., the vertical compo- 
nent of motion). The middle panel shows the Moho Ps arrival on a plot with an expanded time scale, and with the 
Moho Ps arrival indicated with arrows. The heavy line indicates the location of the Snake River Plain. Receiver 
functions have been bandpass filtered as indicated at the top of the figure and convolved with a Gaussian pulse that 
has a characteristic width of 0.5 s. 

try (Figure 3), indicating an abrupt change in crustal structure 
near such stations. These changes in crustal thickness also can be 
seen in the record section of receiver functions presented in Fig- 
ure 4, which shows representative high-quality radial receiver 
functions from the stations used in this study. Tangential receiver 
functions are shown and discussed below. The left column of 

Figure 4 shows the receiver functions bandpass filtered between 
0.1-0.4 Hz (2.5-10 s). Prominent arrivals are observed at 4.5-5.8 
s across the entire array. These arrivals represent the only major 
phases in the P wave coda in this particular frequency band and 
are identified as Moho Ps conversions. The middle column of 

Figure 4 shows that the Moho Ps phase arrives to the SRP a few 
tenths of a second later than 5 s, whereas arrivals to either side of 

the SRP are earlier than 5 s (though arrivals to stations NW of the 
SRP are not very consistent). On the extreme SE end of our 
array, in Wyoming, the Moho Ps arrivals are very late (-5.8 s). 

The right column of Figure 4 shows the same receiver func- 
tions bandpass filtered between 0.05-1 Hz (1-20 s). The wider 
frequency band permits more detailed resolution of the crustal 
structure. A midcrust Ps phase arriving at-2.5 s, observed in 
most the off-plain receiver functions (stations SDM-MOR and 
ANG-NU2), is replaced by a distinctive shoulder at-1.25 s at 
most on-plain receiver functions (stations ARH-THC). A consis- 
tent (though subtle) Ps downswing arrives immediately before a 
prominent Moho Ps for stations on and immediately SE of the 
SRP. Receiver functions for stations south of NU2 in SE Idaho 



7176 PENG AND HUMPHREYS: CRUSTAL STRUCTURE OF YELLOWSTONE'S TRACK 

(Figure 1) are erratic, and coherent receiver functions could not 
be derived for these stations. In contrast, receiver functions for 

stations on the SRP are very stable. 

4. Modeling 

It is our desire to resolve not only Moho depth beneath our 
array but also to use our many receiver functions to resolve struc- 
ture internal to the crust. Several factors work in our favor toward 

achieving this goal: we have many receiver functions from many 
closely spaced sites, the receiver functions are usually stable with 
varying ray geometry and between nearby stations, the on-plain 
sites are nearly noise free (as seen by the receiver functions in 
Figure 4 at times prior to the P wave arrival at time =0), there is 
good information from the previous wide-angle studies on crustal 
velocities and interfaces (Figure 2), and the geological history of 
the region indicates that the crust is a magmatically modified ver- 
sion of the adjacent crust. The fact that receiver functions to on- 
plain sites have a common character that is distinct from the off- 
plain sites (Figure 4) suggests that there is a distinctive structure 
causing this difference, and that this structure is modelable. 

We begin modeling by using the crustal velocities and inter- 
face geometries resolved previously (Figure 2) [Sparlin et al., 
1982; Chiang and Braile, 1984] and modifying the interface 
depths as required to satisfy the receiver functions. The results 
shown below are the product of an iterative process in which we 
have made use of forward and inverse modeling. 

A stacking of receiver functions recorded at a given site is 
•n•,,ctc,t aspects of the receiver Ub•U coremtony to rninirnize 

functions. For those stations with many high-quality receiver 
functions (e.g., Figure 3), we have examined single receiver func- 
tions, stacks of receiver functions from similar back azimuths, 
and the stack of all modelable receiver functions. By stacking 
receiver functions, we reduce the amount of signal generated by 
unmodeled sources (such as that created by scattering from irreg- 
ular topography and sediment-basement interfaces), which can be 
of large amplitude relative to intercrustal phases. Unfortunately, 
stacking also degrades the intercrustal phases because, even when 
these arrivals are seen to be common among several receiver 
functions, they are not perfectly phase aligned. This is not unex- 
pected since, for the intercrustal phases (which are most clearly 
observed near frequencies of-1 Hz), any timing variations of a 
phase by more than 0.25 s causes stack incoherence. For exam- 
ple, such timing variations will occur for reverberations from a 
midcrustal layer dipping by as little as-2 ø. To contend with this 
problem, we select receiver functions at each station that are low 
in pre-arrival noise and display features which are common 
among receiver functions of similar back azimuth and ray param- 
eter to the same and nearby sites. The chosen receiver functions 
are those shown in Figure 4. Although we show only these 
selected receiver functions, all receiver functions to each station 

have been modeled in order to assess model consistency and sta- 
bility. 

Synthetic receiver functions generated from our initial model 
(Figure 2) [Sparlin et al., 1982; Chiang and Braile, 1984] are 
similar to the observed receiver functions, leading us to conclude 
that this is a good choice for the initial structure. During subse- 
quent modeling, velocities and densities are held at the values 
determined by Sparlin et al. (Figure 2), and layer thicknesses are 
modified by trial and error until a structure is found that explains 
the data well while being as close to the initial structure as is pos- 
sible, and is similar to the structure found at nearby stations. A 
Thompson-Haskell matrix method [Haskell, 1962] is used to cal- 

culate the synthetic crustal response functions. Model goodness 
is evaluated visually by paying attention to those features in the 
receiver function that are expressed repeatedly for receiver func- 
tions of similar ray geometry and location. No attempt is made at 
modeling the receiver functions after the Moho Ps arrival because 
these phases often vary significantly even among receiver func- 
tions of minor variation in back azimuth and ray parameter (Fig- 
ure 3). We assume a Poisson's ratio of 0.27 [Christensen, 1996]. 
Forward modeling is done initially with the receiver functions fil- 
tered in the narrow 0.1-0.4 Hz band, which is especially useful in 
identifying the Moho arrival. We follow this analysis with mod- 
eling of the receiver functions filtered in a broader 0.05-1.0 Hz 
band in order to address features internal to the crust. 

After a crustal structure is estimated by forward modeling, we 
inverse model the selected receiver functions with an algorithm 
that seeks the least squares optimal S wave velocity of prescribed 

layers [Ammon et al., 1990]. Vp is assumed to be Vs x •' (i.e., 
Poisson's ratio is 0.25) and density in SI units is calculated using 
0.32 x Vp + 800 [Christensen and Mooney, 1995]. The inversion 
algorithm iteratively solves for first-order perturbations of Vs 
about the solution from the previous iteration until suitable con- 
vergence is attained in a least squares sense. An initial model 
needs to be prescribed, and interface depths do not vary. 

Inverse modeling often produces layer velocities that are 
inconsistent with the structure estimated from the forward model- 

ing and the reflection-refraction seismic investigations and that 
often vary greatly between neighboring stations even when 
receiver functions are similar. When an initial model is parame- 
'•-'-• vcsuvltlc• tend to produce tc•Lcu with many thin layers, modeled "•'-•: '• 
a sawtooth velocity-depth profile and unreasonably large velocity 
variations, and receiver functions of similar form can result in 

very different structures. We stabilize inverse modeling by pre- 
scribing thick layers where evidence does not support the exis- 
tence of thin layers. As an initial structure in inverse modeling, 
we have used Sparlin et al.'s structure, our forward structure, and 
other velocity structures. After testing these different initial mod- 
els, we choose a starting structure based on our forward model. 
Upper and lower crustal layers are parameterized as thick units, 
and thin layers are placed near the major crustal boundaries in 
order to allow the model freedom to change effective layer thick- 
ness. Following inversion, we adjust the absolute velocities of the 
resulting structure to be consistent with the reflection-refraction 
seismic investigations in such a way as to alter the form of the 
receiver function as little as possible. This is a straightforward 
operation since receiver functions are insensitive to absolute 
velocity. 

Figure 5 shows an example in which an inverse model pro- 
duced midcrustal and lower crustal velocities that are too high 
(6.8 and 7.2 krn/s) compared to the velocities derived from the 
reflection-refraction studies (Figure 2). We adjust the velocities 
of the midcrust and lower crust to 6.5 and 6.8 krn/s to correspond 
with those of the refraction experiments while maintaining the 
large velocity contrast at 10 km that the inverse modeling 
included to account for observed phases in the receiver functions. 
The adjusted model accounts for the data equally as well. An 
example of an inverse-modeled receiver function is shown in Fig- 
ure 6, compared to the structure determined through forward 
modeling. The primary difference between forward and inverse 
models for the on-plain stations is the location of a low-velocity 
layer, with the inverse modeling locating this layer in the upper 
crust. The upper crustal low-velocity layer accounts for receiver 
function phases near the Moho Ps arrival with reverberation off 
the low-velocity layer, whereas during forward modeling we 
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Figure 5. Effects on modeled receiver functions at station MON of manually adjusting the inverse model. The 
actual receiver function (thick gray line) is compared with the receiver functions generated by the unadjusted 
inverse model (solid line) and the model adjusted so as to be consistent with the velocities derived from reflection- 
refraction investigation of the same area [Spadin et al., 1982] (dashed line). Moho in the adjusted model is pulled 
up slightly so that the delay of the Moho Ps arrival (seen near 5 s) is the same in the inverse and adjusted models. 
The effects of velocity adjustment on the modeled receiver function is minimal for the Moho Ps phase and earlier 
phases. 

model the same waveform character with a direct arrival from a 

lower crustal low-velocity layer. 
Through iterative use of forward and inverse modeling of the 

selected receiver functions, we derive an estimate of the structure 

at each site. We then forward model each high-quality receiver 
function obtained at every site by using the estimated structure as 
a starting model and varying interface depths as needed to 
improve the fit between each modeled receiver function and the 
actual receiver function. Finally, we make minor adjustments to 
the structure at each station to be as consistent as possible with 
the set of receiver functions at each station. The variations in 

modeled structure at each site are used to estimate the uncertainty 
in the positions of the estimated interfaces. Figure 7 compares 
the selected receiver functions (shown in Figure 4) with the 
receiver functions produced by the modeled crust (which are 
based on the entire set of receiver functions available for each sta- 

tion). 

5. Crustal Structure 

Figure 8 shows the basic off- and on-plain structure inferred 
from modeling. The receiver function shown for BAN is typical 
of off-plain sites. Both forward and inverse modeling produce the 
off-plain arrival near 5 s with a Moho at depths of-40 km, and 
both produce the large -2.5-s arrival with the combined effects of 
Ps conversion from a midcrustal interface at-19 km depth and a 
reverberation from an interface at-5 km depth. The only 
required modification to Spadin et al.'s off-plain structure is a 
repositioning of the Moho, and the need for such modification is 
not surprising considering that Spadin et al. had no seismic infor- 
mation on the off-plain Moho. 

We estimate that the Moho lies at -42 km depth beneath most 
of the SRP, that the crust thins to less than 40 km beneath the 

southeastem SRP and adjacent area and thickens to -47 km 
where our array crosses into Wyoming. Potential errors in these 
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Figure 6. Two crustal structures that satisfy the receiver function for station THC. In forward modeling (dashed 
line) we include a lower crustal low-velocity layer at this station and most stations in the central portion of the array, 
whereas inverse modeling (solid line) accounts for the same features in the observed receiver functions (gray line) 
with reverberations from an upper crustal low-velocity layer. Filter bands as in Figure 4. Although both structures 
explain the data well, the lower crustal low-velocity layer is more consistent with seismic reflection-refraction 
results. 
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Figure 7. Modeled and observed receiver functions. Conventions as in Figure 4. The receiver functions shown 
with gray lines are the actual receiver functions shown in Figure 4. Modeled receiver functions (solid lines) result 
from the crustal structure derived by modeling all the receiver functions to each station, with a starting model from 
Sparlin et al. [ 1982]. The Moho Ps phase arrives near 5 s, and the waveform following the Moho Ps arrival is not 
modeled. 

regional estimates of crustal thickness, discussed below, typically 
are less than -2 km. Crustal thickening beneath Wyoming results 
in the large Moho Ps delays south of VOS (Figure 4), and the 
transition in crustal structure near VOS is clear in the back 

azimuth dependence of receiver functions at VOS (Figure 3). A 
similar abrupt thickening of the crust to values greater than 40 km 
was observed in crossing from Utah to Wyoming along a NE ori- 
ented refraction line that crosses our array at its southeastern end 
[Braile et al., 1974]. 

The station-to-station coherence of receiver functions NW of 

LES is relatively weak and the crust appears to be complex. 
Moho depth is most ambiguous in the vicinity of station BOR, 
where two prominent phases are observed near 5 s (Figure 4). 
Problems in interpreting these complex receiver functions lead to 

ambiguity in estimating crustal thickness there. Phases preceding 
the Moho arrival in this part of the array also are not laterally 
continuous in any simple way. 

The midcrustal phase (seen at 2.5-3.0 s in Figure 4) is common 
to stations away from the SRP and persists with varying ray 
parameter, indicating a rather well-developed midcrustal interface 
near-19 km depth away from the SRP. Figure 3 illustrates the 
stability of this phase for an especially well-sampled station (sta- 
tion LES). The prominent midcrustal interface for off-plain sites 
is consistent with the model shown in Figure 2 [Sparlin et al., 
1982]. 

The on-plain crustal structure of Sparlin et al. [1982], as modi- 
fied by Chiang and Braile [ 1984], is the off-plain crustal structure 
with two layers added: a thin near-surface low-velocity layer of 
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Figure 8. Four receiver functions, showing the general character of receiver functions and the modeled origins of 
various commonly observed phases. Marked arrivals represent Ps arrivals and reverberations from the following 
interfaces: M, Moho; L, top of low-velocity layer; C, midcrustal interface; B, top of basaltic sill; S, base of Paleo- 
zoic sedimentary rocks; and V, base of young volcanic and sedimentary deposits. P wave velocities, in km/s, are 
given in the left panel. In addition to the Moho Ps arrival (M at -5 s) we model the shoulder to the direct P arrival 
(B and B V at -1.5 s), the positive phase preceding the Moho arrival (CS at 2.5-3.5 s), and the downswing immedi- 
ately preceding the Moho arrival (LS). 

volcanic deposits and a thick midcrustal high-velocity unit inter- 
preted to be a basaltic sill (Figure 2). Although this structure pro- 
duces receiver functions similar to those observed, our data 

require several modifications. 

5.1. Specific Modifications to Crustal Structure 

5.1.1. Basaltic sill. Perhaps the strongest evidence for the sill 
is found in displacement of the prominent off-plain midcrustal 
phase found near 2.5 s (arrows in right panel of Figure 9) to about 
1.25 s (arrow heads in same figure) for the on-plain data. The top 
of the basaltic sill generates the-1.25-s arrival across most the 
width of the SRP and extending slightly to the south (as indicated 
by the black bar in Figure 9). The rather constant arrival time of 
the-1.25-s phase suggests an approximately flat-topped sill. In 
Figure 9 our model is seen to produce the shoulder with the com- 
bined arrivals of the direct Ps conversion from a 10-km-deep 
interface (the top of the inferred basaltic sill) and the first rever- 
beration of the near-surface layer of volcanic deposits. Either 
phase alone produces a shoulder with too small an amplitude. 
Also, removal of the sill results in a large-2.5 s Ps conversion 
similar to that seen in the off-plain receiver functions and 
degrades the overall fit prior to -3 s (Figure 9). Thus receiver 
function modeling confirms the presence of a high-velocity sill- 
like structure and its flat top. With respect to the sill, the most 
important aspect of our modeling is the conclusion that the sill is 
approximately flat-topped over its entire -90 km width. 

5.1.2. Low-velocity layer. We include a low-velocity layer 
(LVL) at the base of the crust in our model. This layer is not pre- 
sent in Sparlin et al.'s [ 1982] model but it is present in Priestley 
and Orcutt's [1982] model of the SRP crust to the NE. Figure 10 
shows that for the 11 contiguous stations on or immediately SE of 
the SRP, inclusion of a LVL at the base of the crust improves the 
fit of the modeled receiver functions to the actual receiver func- 

tions by (1) enlarging the Moho Ps phase (by increasing the con- 
trast across the Moho) and (2) generating a downswing immedi- 
ately prior to the Moho Ps arrival (by including an interface with 

low velocity beneath high velocity immediately above the Moho). 
The downswing expresses itself either as a distinctive inflection 
immediately preceding the Moho arrival (e.g., stations ILS-TAB 
and FBU in Figure 10), or as an unusually large trough (e.g., 
THC-PEB) when this downswing superimposes with the 
downswing caused by the reverberation from the base of the Pale- 
ozoic sediments. The enlarged Moho phase and precursory 
arrival are not very profound features, and we take their presence 
as simply suggestive of a LVL. However, the fit between the 
observed and modeled receiver functions is improved at all 11 
contiguous stations, and it is difficult to reproduce the character 
of the receiver function at times near 4-5 s without the presence 
of a LVL. 

These receiver functions can be modeled successfully with a 
LVL either at the base of the crust (as illustrated in Figure 10) or 
in the upper crust, as is usually created by inverse modeling of 
these data. Figure 6 shows both options. The lower crustal 
option is preferred over the -10-km-deep option because the lat- 
ter option contradicts the results of Sparlin et al. [ 1982] and Chi- 
ang and Braile [1984] in an area where their data provide well- 
resolved images, whereas the lower crust is poorly sampled by 
their data. Furthermore, refraction data from the Snake River 

Plain closer to Yellowstone show strong evidence for a low- 
velocity zone in the lower crust between 20 and 40 km depth, 
where the low-velocity zone progressively thinning to the SW 
[Priestley and Orcutt, 1982], that is, toward our array. 

5.1.3. Nonfault bounded margins of the SRP. Based on 
modeling of gravity and refraction data, Sparlin et al. [1982] infer 
the presence of a vertical offset fault separating the SRP from the 
intermontane basins and ranges that trend NW of the SRP. They 
place this fault between stations ILM and ILS and have it separat- 
ing a relatively thick -7 km of sedimentary and volcanic deposits 
above basement from an accumulation of 2-3 km of deposits to 
the north (see Figure 2). Our receiver functions fit a model with a 
uniform 5-km-thick sedimentary layer and overlaying volcanic 
deposits for all of the stations in this vicinity (results shown with 
fine arrows in Figure 10), and the fit is degraded considerably 
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Figure 9. Evidence for a basaltic sill beneath the eastern Snake River Plain. (right) Receiver functions for the sta- 
tions on or near the Snake River Plain that are well modeled with a basaltic sill, as well as the two adjoining stations 
(ILN and ANG) that show no evidence for a sill. Arrow heads in this panel indicate the approximately constant 
arrival time of the Ps conversion from the top of the basaltic sill, and complete arrows show the prominent mid- 
crustal arrival that occurs away from the sill. The black bar indicates the range over which the sill conversion is 
seen, compared to the width of the Snake River Plain, shown with the gray bar. (middle) Actual receiver function 
for station ILM (gray line) is compared to receiver functions resulting from the various models shown in the left col- 
umn. (left) Crustal structures include (I) interfaces representing the Moho (M), top of a low-velocity layer (L), a 
midcrustal boundary (C), and the base of the Paleozoic sediments (S); (II) model I plus a layer of volcanic deposits 
(gray); (III) model I plus a basaltic sill (black); (IV) model I plus both a layer of volcanic deposits and a basaltic 
sill. The effect on the receiver functions of each interface is indicated in the middle panel, with bold lines used to 
emphasize the time duration of interest for the upper crustal phases. The addition of the volcanic layer produces a 
shoulder at -1.25 s, as does the inclusion of the basaltic sill. The magnitude of their combined effect depends on 
the degree to which these phases arrive constructively. The basaltic sill also has the effect of reducing the magni- 
tude of the phase labeled CS, which is prominent whenever the sill is not included, as shown in the middle panel. 

when we incorporate thinning of this layer north of the fault. 
This suggests that a fault of significant offset does not exist in this 
area. In fact, we find no evidence in our data that our array 
crosses a fault anywhere near the Snake River Plain. Since our 
array extended NW of the SRP within an intermontane basin, we 
suggest that the upper crust continues horizontally from the SRP 
into the basins, and that the basin-bounding mountain ranges are 
upwarped above the SRP. This is consistent with Anders and 
Schlische [1994] and N. McQuarrie and D. Rodgers [Subsidence 
of a volcanic basin by flexure and lower crustal flow - the eastern 
Snake River Plain, Idaho, submitted to Tectonics, June, 1997], 
who report that near the SRP a strong downwarping of the moun- 
tain ranges toward the SRP occurs. 

5.2. Uncertainties 

Figure 1 l a shows our modeled crustal structure along the 
length of the seismic array. Our modeled crustal structure and 
analysis of uncertainties along the length of the seismic array are 
presented in Figure 1 la. Absolute and relative uncertainties exist 
in this estimated structure owing to three classes of potential 
error: (1) a misprescription of seismic parameters (Vp and Pois- 
son's ratio), (2) data noise and small-scale structure, and (3) diffi- 
culty in interpreting complex receiver functions. The availability 

of preexisting P wave velocity structure [Sparlin et aL, 1982; 
Chiang and Braile, 1984] (Figure 2) not only provide the infor- 
mation needed to constrain the depth-velocity trade-off but supply 
the specific knowledge on interfaces that allows us to distinguish 
direct Ps conversions from reverberations. 

With knowledge on absolute crustal velocities, interface depths 
are estimated well. For instance, if the 20-km-thick lower crust 

were of velocity 6.6 krn/s (instead of 6.8 krn/s), Moho depth 
would be mislocated by 0.6 km. An erroneous choice of Pois- 
son's ratio could have a somewhat larger effect; if a Poisson's 
ratio of 0.25 were correct for the lower half of the crust, and a 
value of 0.27 were chosen, Moho depth would be mislocated by 
1.2 km. Thus reasonable variations in seismic parameters may 
cause up to about 2 km of error in Moho depth estimate (and less 
effect on shallower interfaces). This class of uncertainty (i.e., 
those resulting from imperfect knowledge of seismic parameters), 
by affecting nearby stations similarly, would tend to have more 
effect on the depth to interfaces than it would on local variation in 
interface geometry. 

A more serious problem is model inconsistency owing to data 
noise and small-scale crustal heterogeneity. This source of uncer- 
tainty is assessed by modeling receiver functions for all available 
events at each station and examining the range in modeled inter- 
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Figure 10. Evidence for a low-velocity layer at base of crust beneath the eastem Snake River Plain. The right 
panel shows the effect of including the low-velocity layer (triangle-head arrows) for those stations that show evi- 
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arrival. (III) The receiver function calculated by the model with improperly located S interface and LVL. (IV) The 
receiver function calculated by the model with properly located S interface and LVL. This produces both a down- 
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face depth. More specifically, our estimate of uncertainty for a 
particular interface beneath a particular station is the standard 
error in the modeled interface depth at this station and the two 
neighboring stations (excepting cases where where stations are 
separated by more than 15 km). This involves anywhere from 2 
to 35 receiver functions. These uncertainty estimates are shown 
in Figure l lb, plotted at 2 standard errors. Uncertainty in the 
location of the top of the LVL is shown relative to the Moho, 
whereas errors in the depths of other interfaces are shown relative 
to the Earth's surface. 

Because most of our events are of SE back azimuth, we have 

chosen to emphasize these examples in the figures shown in this 
paper. Near station BOR (Figures 1 and 4) the receiver functions 
are of relatively poor quality. For this area, receiver functions for 
events of NW back azimuth are of higher quality, and we show 
these in Figures 4 and 7. The resulting structure for this area is 
complex, and where ambiguity in Moho depth occurs we show 
both possibilities and assign large uncertainties (Figure 1 lb). 

5.3. Tangential Energy 

Tangential waveforms often contain significant energy, sug- 
gesting anisotropy in the crust, dipping interfaces, or scattering 
from surface or near-surface structure. Figure 12 shows represen- 
tative tangential receiver functions for events of SE back azimuth. 
Tangential receiver functions for the off-plain stations tend to be 
much more energetic than are those for on-plain stations. The 
extremely low amplitudes of tangential receiver functions 
observed on the SRP stations indicates that SRP crustal interfaces 

do not dip strongly and that this crust is not strongly anisotropic. 
The greatest tangential amplitudes occur near the NW end of 

the array, in the same general region where the radial receiver 
functions are least coherent (Figure 4) and crustal structure most 
poorly resolved (Figure 11). Because tangential energy is most 
prevalent at sites on deep sedimentary basins and near rugged 
topography, wave field refraction and scattering from basin struc- 
ture [Owens and Crossen, 1988] and topography is considered a 
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Figure 11. (a) Crustal structure. The structure shown is modified from an initial model presented by Sparlin et al. 
[1982] as required to account for our receiver functions. Young near-surface volcanic and sedimentary deposits 
(light stippled pattern) are underlain by Paleozoic sediments (brick pattern) and a granitic upper crust. A sill-like 
body (heavy stipple pattern) occupies the lower portion of the upper crust beneath the Snake River Plain. The lower 
crust is shown with a low-velocity layer of presumed partial melt (dot pattern) distributed over a portion of its base. 
Crustal thickness increases SE of a boundary defined by two nearly coincident trends: the Paleozoic hingeline ("Pz 
Hingeline" in figure) and the SE margin of the tectonic parabola. The Moho is difficult to identify at places NW of 
the Snake River Plain and is especially ambiguous in the Borah Peak area (near station BOR). In this figure we 
choose to emphasize the deeper of two possible Moho locations because this choice is more consistent with the 
topography and the probable occurrence of a crustal suture in this region [Erslev and Sutter, 1990; Houston et al., 
1993]. Station locations shown with bold letters indicate stations illustrated in previous figures. The range of struc- 
ture shown by Sparlin et al. [1982] (Figure 2) is indicated with heavy bar at bottom. (b) Uncertainties in crustal 
structure. Uncertainties of important interfaces, shown at 2 standard errors, are indicated with the gray pattern. The 
uncertainties are relative to the Moho for the top of the low-velocity layer and relative to the Earth's surface for the 
other interfaces. (c) Elevations. We use a density structure modified from Sparlin et aL [1982] to predict the ele- 
vation (solid line overlaying a ruled pattern representing the uncertainties), assuming this crust lies on an "average" 
upper mantle (discussed in text). The difference between the actual elevation and the predicted elevation yields an 
elevation anomaly. Over the width of the tectonic parabola the elevation is -1 km too high, whereas to the SE of the 
tectonic parabola (and Paleozoic hingeline) the elevation is -0.5 km too low. These elevation anomalies are 
attributed to lateral variations in mantle density. 
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probable origin. The absence of a clear time separation between 
radial and tangential phases suggests that crustal anisotropy is not 
a likely origin of tangential energy beneath our array (in contrast 
to results elsewhere in the Basin and Range [McNamara and 
Owens, 1993; Peng and Humphreys, 1997]). At several of the 
off-plain stations, tangential phases for arrivals of opposing back 
azimuth are observed to change sign. This suggests that the 
causative interface dips with a component of dip out of the plane 
of the incident rays [Langston, 1977; Baker et al., 1997; Peng and 
Humphreys, 1997]. If this is so, then some of the P wave energy 
will be projected onto the horizontal components and may be 
misinterpreted. Because of likely problems with dipping struc- 
ture and scattered arrivals at many of the off-plain stations, only 
the main features of the receiver functions (i.e., the Moho and 
midcrustal arrivals) are considered well constrained there. This is 

consistent with our modeling. 

6. Discussion 

6.1. Seismic Structure 

Perhaps the most significant aspect of our work is resolution of 
Moho depth and depth variations across the Yellowstone swell 
(including the SRP) and, to the SE, slightly beyond. At -40 km, 
crustal thickness beneath the swell is near global average [Chris- 
tensen and Mooney, 1995], although its thickness is 5 or more 
kilometers greater than the crust in the rest of the Basin and 
Range [Braile et al., 1989; Pakiser, 1989]. Where our array 
leaves the Basin and Range and crosses into Wyoming, a thicken- 
ing of the crust to -47 km marks a transition to the rather great 
thicknesses typical of the Rocky Mountains [Braile et al., 1989; 
Sheehan et al., 1995]. 

North of the SRP, apparent crustal complexity creates receiver 
functions that are difficult to model (Figure 7), and the crust may 
be considerably more heterogeneous than represented in Figure 
11 a. Our problems with modeling this region are compounded by 
the fact that little previous seismic work has been done in this 
region. Sparlin et al. [ 1982] have essentially no seismic data for 
the area north of the SRP. Sheriff and Stickney [1984] model 
local blast data along a line trending NE from station BIC into 
Montana. They model these data with a crust about 33 km thick 
and with velocities in the lower crust of about 5.9 km/s. This 

structure is inconsistent with our results at BIC (which has a well- 
formed Moho Ps arrival at 5 s) and most nearby stations. 
Receiver function phases that arrive at times representative of the 
midcrust are not simple, and in the region between stations MOR 
and BIC there are hints of dipping crustal features. The crust 
beneath the NW part of our study contains a transition between 
Archean and Proterozoic basement rock (suture or major change 
in metamorphic grade [Houston et al., 1993]). It also crosses the 
SW extrapolation of the Madison Mylonite Zone, a major Pro- 
terozoic shear zone exposed north and west of Yellowstone that 
trends parallel to the SRP [Erslev and Sutter, 1990; Houston et 
al., 1993]. Hence the complexity in receiver functions from this 
area may well reflect the complex Precambrian structure of the 
crust. However, in the absence of additional seismic information 

on the structure internal to the crust beneath this part of our array, 
we simply assume a two-layer crust and direct our effort at 
resolving Moho depth. 

The crust SE of the SRP thins to -37 km and thickens consid- 

erably near where our array crosses the Wyoming border. This 
crustal thickness in SW Wyoming is similar to that of Braile et al. 
[ 1974], and the trend toward thickening to the east was found in 
Willden's [1965] early refraction study (seismic line shown in 
Figure 1). However, at 31 km beneath the SRP and 37 km 
beneath Flaming Gorge, Utah, Willden's low estimate of crustal 
thickness is inconsistent with both Braile et al.'s [1974] and our 
own study. 

6.2. Isostasy 

By assigning densities to the crustal layers, and assuming local 
isostasy, we estimate an elevation anomaly with respect to a refer- 
ence continental mantle lithosphere. Our reference lithosphere is 
an average of the near sea level margin of the United States along 
the Atlantic and Gulf of Mexico, for which Braile et al. [1989] 
give an average crustal thickness of 30 km (i.e., the crustal load 
holds the top of the mantle at a depth of 30 km) and an average 
crustal P wave velocity of 6.4 km/s (from which we infer an aver- 
age crustal density of 2840 kg/m 3, using the work by Christensen 
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and Mooney [1995]). Figuratively speaking, we place the crust 
from our field area on this reference mantle and use isostasy to 
calculate an elevation anomaly. This represents the lateral buoy- 
ancy structure of the mantle in our area compared to the reference 
mantle. 

To estimate the crustal load in our field area, we start with the 

densities given by Sparlin et al. [1982] and our crustal structure, 
modify the density of the midcrustal sill-shaped body, assign a 
density to the low-velocity lower crust, and then estimate an 
amount of density reduction arising from the elevated crustal tem- 
peratures in the area of elevated heat flow. Emplacement of the 
midcrustal body probably occurred beneath a Yellowstone-like 
magmatic system, where hot conditions would cause a slow cool- 
ing and crystalization of basaltic magmas to gabbros. If so, and if 
the actual velocity of this body is near 6.5 krn/s (as estimated by 
Sparlin et al. [1982] and Chiang and Braile [1984]), then gab- 
broic intrusions (Vp --7.1 krn/s [Christensen and Mooney, 1995]) 
and the granite-granodiorite country rock (of velocity measured at 
V/, = 6.1 krn/s adjacent to the SRP [Spadin et al., 1982]) would 
need to be proportioned approximately equally. Such a gabbro- 
granodiorite composite would have an average density of about 
2830 kg/m 3 [Christensen and Mooney, 1995], which is 50 kg/m 3 
less dense than the value assumed by Sparlin et al. [1982]. The 
isostatic effect of modifying the sill density is to increase the pre- 
dicted SRP elevation by about 0.17 km. We assign a density to 
the volume of presumed partial melt in the lowermost crust that is 
50 kg/m 2 less dense that the unmolten lowermost crust, which is 
equivalent to this rock being 10-15% partially molten. This con- 
tributes an additional 0.05-0.10 km of uplift. 

The final density adjustment is made to account for thermal 
expansion of the heated crust (compared to more typical conti- 
nental crust, upon which standard density-velocity relations are 
based [e.g., Christensen and Mooney, 1995]). We assume that the 
SRP and the region extending-70 km SE along our array has 
unusually hot crust. This is based on the mutually consistent dis- 
tributions of young magmatism, high heat flow and geothermal 
activity [Blackwell and Steele, 1992], and the inferred distribution 
of lower crustal partial melt (Figure 10). To calculate the effect 
of local heating, we assume that the Moho temperature beneath 
this region is 250øC hotter than elsewhere and that this tempera- 
ture difference diminishes linearly to zero at the Earth's surface. 
The value of 250 ø is chosen to be consistent with the heat flow in 

the region SE of the SRP, which is -20 mW/m 2 greater than that 
found away from these regions (i.e., in SW Wyoming and central 
Idaho) [Blackwell and Steele, 1992]. Heat flow through the SRP 
is greater by an additional -20 mW/m 2. We do not include addi- 
tional thermal density reduction of the SRP crust because we 
have little sense of the crustal thermal structure them; simple 
extrapolation of this gradient leads to unreasonably large Moho 
temperatures, and large-scale groundwater flow influences the 
near-surface temperature field [Blackwell and Steele, 1992]. With 
any reasonable choice of crustal rock type [Christensen and 
Mooney, 1995], thermal expansion results in surface uplift of 
-0.35 km. A lesser or greater temperature difference would have 
a corresponding effect on crustal density and uplift. 

Figure 1 l c shows the predicted elevations compared to the 
actual elevation (averaged over a 70-km-wide swath centered on 
our array, so as to average over the 35-km wavelength of the 
basins and ranges in this area). The elevation NW of the Paleo- 
zoic hingeline (i.e., over the width of the tectonic parabola) stands 
about 1 km higher than our reference lithosphere, whereas the 
elevation south of the hingeline is 0.5 km lower than this refer- 
ence. Using a standard oceanic crustal structure (water over 

basalt of density 3000 kg/m 3) and age-subsidence relation 
(depth= 2.5 +0. 38•- for age in million years and depth in kilo- 
meters), an excess elevation of 1 km would be supported by an 
oceanic mantle that is about 12 m.y. old. This suggests that there 
is little mantle lithosphere remaining beneath the area of the Yel- 
lowstone swell. The uncertainties in calculated elevation result- 

ing from uncertainties in crustal thickness are roughly +200 m, as 
shown in Figure 11 c. 

6.3. Speculations 

The SRP crust does not appear to be greatly thickened com- 
pared to the crust adjacent to the SRP, in spite of the great vol- 
umes of magma added to the crust in the form of the midcrustal 
"basaltic sill" and any lower crustal addition or underplate. How- 
ever, the crust in this part of the Basin and Range is 5-10 km 
thicker than Basin and Range crust elsewhere. This combination 
of observations leads us to suggest that the lower crust beneath 
the SRP flowed laterally away from the SRP (as considered by 
Anders and Sleep [ 1992]). Any such flow would contribute to the 
temporal subsidence of the SRP (which has been attributed to 
cooling [Brott et al., 1981 ]). 

The Paleozoic hingeline (Figure 1) has been the boundary of 
tectonic and igneous events repeatedly during the Phanerozoic. It 
originated during marginal downwarp of the continent following 
continental rifting near the end of the Precambrian, and marginal 
subsidence reflects lithospheric cooling and thickening [Sleep, 
1971; Karner and Watts, 1982]. Hence this lithosphere (whatever 
is left of it) probably is compositionally distinct from the older 
lithosphere east of the hingeline that presumably is more typical 
of older cratonic mantle [Jordan, 1981], that is, depleted of 
basaltic component. It is in heading east across the Paleozoic 
hingeline that the currently observed abrupt thickening of the 
crust, strengthing of the lithosphere [Lowry and Smith, 1994], and 
increase in mantle density occurs. The hingeline currently sepa- 
rates the Basin and Range from the Rocky Mountains near the 
southeast end of our array. It also is close to the current eastern 
margin of the Yellowstone swell and the tectonic parabola (Figure 
1). This is interesting because the margin of the Yellowstone 
swell and the tectonic parabola are features generally attributed to 
ongoing sublithospheric activity [e.g., Anders and Sleep, 1992; 
Pierce and Morgan, 1990] and not to older, inherited structure. 

7. Conclusion 

Building on previous studies (especially Spadin et al. [1982]), 
receiver function analysis has yielded the crustal structure shown 
in Figure 11 a for the eastern SRP and nearby regions. Combined 
use of wide-angle and receiver function techniques, by compli- 
menting one another, provide an especially powerful tool for the 
investigation of this crust. When we combine our results with 
studies along the axis of the Snake River Plain and Yellowstone, a 
general view emerges, which is illustrated in Figure 13. Mag- 
matic activity propagating with the Yellowstone hotspot has 
injected basaltic melt into the crust to depths as shallow as -10 
km, thereby creating the midcrustal "basaltic sill." With time, the 
top of the partial melt zone descends to greater depth (resulting 
from cooling and lower crustal flow), so that-70 km SW of Yel- 
lowstone it lies at a depth of-20 km [Priestley and Orcutt, 1982] 
and at the location of our array it lies at a depth of-35 km. The 
load of the upper crustal basaltic intrusion depresses the crust by 
an amount sufficient to account for the physiographic SRP down- 
warp, which we suggest was accommodated by lower crustal 
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Figure 13. Representation of inferred crustal structure in the vicinity of Yellowstone and the eastern Snake River 
Plain. View is to the SE. Shading indicates relief. The outermost line is the outer limit of the tectonic parabola 
(and, for the region shown, the approximate location of the Paleozoic hingeline); the inner lines represent the Snake 
River Plain (finer line) and the Yellowstone Caldera (heavy line). The left exposed face trends near the axis of the 
Snake River Plain, and the right exposed face trends beneath the SE portion of our experiment. The zone of lower 
crustal partial melt is shown increasing in thickness towards Yellowstone, where it is involved in the construction of 
the presumed basaltic sill (consistent with our results and the findings of Priestley and Orcutt [1982] for the area 
near the NE termination of the Snake River Plain). The crust NE of Yellowstone is inferred to thicken to values 
more typical of Wyoming; thinning to the SW is a result of prior extension west of the Paleozoic hingeline. A 
major increase in mantle density to the SE is indicated by dark gray. 

flow. We find no evidence that SRP subsidence is associated with 

major faults bounding the margin of the SRP. 
While the general physiography across the width of the Yel- 

lowstone swell is well explained by variations in crustal structure, 
the crust across the width of the Yellowstone swell is maintained 

at anomalously high elevation by a mantle that is approximately 
uniformly buoyant and positively buoyant compared to the mantle 
beneath Wyoming (Figure 13). The relatively great net buoyancy 
of the mantle beneath the Yellowstone swell precludes a signifi- 
cant thickness of mantle lithosphere there. The transition from 
this buoyant upper mantle to a mantle buoyancy more typical of 
old lithosphere occurs at a location defined by both (1) the SE 
margin of the tectonic parabola (i.e., the inferred margin of the 
Yellowstone swell) and (2) a Paleozoic-age hingeline associated 
with old continental rifting. It is difficult to know which of these 
features is more fundamental to the origin of the mantle contrast. 
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