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THE YELLOWSTONE-SNAKE RIVER PLAIN SEISMIC PROFILING EXPERIMENT: 
CRUSTAL STRUCTURE OF THE EASTERN SNAKE RIVER PLAIN 

L W. Braile 1 R. B Smith 2, J. Ansorge 3 • M R Baker 1 s M A. Sparlinl, 6 C Prodehl ? 
M. M. Schilly 2,s j H Healy s St Mueller 3, • and K. H. Olsen lø 

Abstract. Seismic refraction profiles recorded layer. Crustal subsidence and periodic basaltic 
along the eastern Snake River Plain (ESRP) in 
southeastern Idaho during the 1978 Yellowstone- 
Snake River Plain cooperative seismic profiling 
experiment are interpreted to infer the crustal 
velocity and attenuation (Q-i) structure of the 
ESRP. Travel-time and synthetic seismogram 
modeling of a 250 km reversed refraction profile 
as well as a 100 km detailed profile indicate 
that the crust of the ESRP is highly anomalous. 
Approximately 3 to 6 km of volcanic rocks (with 
some interbedded sediments) overlie an upper- 
crustal layer (compressional velocity •6.1 km/s) 
which thins southwestward along the ESRP from 
a thickness of 10 km near Island Park Caldera 
to 2 to 3 km beneath the central and south- 

western portions of the ESRP. An intermediate- 
velocity (•6.5 km/s) layer extends from •10 to 
•20 km depth. A thick (•22 km) lower crust of 
compressional velocity 6.8 km/s, a total crustal 
thickness of •42 km, and a Pn velocity of m7.9 
km/s is observed in the ESRP, similar to the 
western Snake River Plain and the Rocky Mountains 
Provinces. High attenuation is evident on the 
amplitude corrected seismic data due to low- 
Q values in the volcanic rocks (Q = 20 to 200) 
and throughout the crust (Qp = 16• to 300). 
Based on these characteristics of the crustal 

structure and volcanic-age progression data, 
it is suggested that the ESRP has resulted from 
an intensive period of intrusion of mantle- 
derived basaltic magma into the upper crust 
generating explosive silicic volcanism and 
associated regional uplift and caldera col- 
lapse. This activity began about 15 m.y. ago 
in southwestern Idaho and has migrated north- 
east to its present position at Yellowstone. 
Subsequent cooling of the intruded upper crust 
results in the 6.5 km/s velocity intermediate 
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volcanism as represented by the ESRP complete 
the sequence of crustal evolution. 

Introduction 

During September and early October of 1978, 
a large-scale seismic refraction profiling ex- 
periment was carried out in the Yellowstone- 
Snake River Plain (Y-SRP) region of southern 
Idaho, northwestern Wyoming, and southwestern 
Montana. The experiment was designed to investi- 
gate the crustal structure and tectonic evolu- 
tion of the Yellowstone-Snake River Plain volcano- 

tectonic system and provide background geological 
and geophysical data on the geothermal potential 
of the area. The experiment was a cooperative 
seismic project involving investigators from 
several American universities, United States 
government agencies, and two European geophysical 
institutes. In this paper and a companion paper 
[Smith et al., this issue], we present a descrip- 
tion of the seismic experiment and an interpreta- 
tion of the general crustal structure of the 
Yellowstone-Snake River Plain region. In this 
paper, the results of seismic refraction profiles 
recorded in the eastern Snake River Plain (ESRP) 
area will be emphasized. 

During the Y-SRP seismic experiment, portable 
vertical-component and three-component seismo- 
graphs were deployed at remote sites across the 
Yellowstone plateau, along the axis of the ESRP, 
and along a profile across the ESRP to record 
several blasts detonated for the purpose of in- 
vestigating the crustal structure in this region. 
Station spacing was generally between 2 and 3 
km. Charge sizes and locations of the shotpoints 
were selected in order to obtain data from the 

crust and upper mantle. However, the average 
station spacing of 2 to 3 km along with several 
gaps in coverage preclude the possibilities of 
detailed interpretations of the shallow structure 
(0 to 5 km depth) except in isolated areas along 
the profiles. Shotpoint information for the 
ESRP phase of the experiment is shown in Table 
1. Locations of the shotpoints and seismograph 
stations are illustrated on the index map in 
Figure 1 (also see Figure 1 of Smith et al. [this 
issue]). Five shotpoints and two quarry blasts 
were utilized to obtain seismic data pertaining 
to the crustal structure of the ESRP region. 
The combined ESRP data are represented by two 

Texas 75221. principal profiles--one along the axis of the 
?Geophysical Institute, University of Karlsruhe, ESRP (herein called profile SP2-SP5) and one 

D-75 Karlsruhe, Germany. profile approximately perpendicular to the axis 
SNow at Amoco Production Company, Denver, of the ESRP (here called the Conda-SP7 profile) 

Colorado 80202. which has been described by Sparlin et al. [this 
9U.S. Geological Survey, Menlo Park, California issue]. The SP2-SP5 profile consisted of four 

94025. shotpoints with the two end shotpoints (SP2 and 
løLos Alamos National Laboratory, Los Alamos, SP5) being the largest shots detonated during 

New Mexico 87545. the seismic experiment. Interpretation of the 
sp2-sP5 profile is the principal objective of 
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TABLE 1. Shotpoint Information for the ESRP Phrase 
of the 1978 Y-SRP Experiment 

Origin 
SP Date Time 

North West Elevation, Depth, Explosives, 
Latitude Longitude m m kg Type 

8 12 Sept. 78 11 00 05.494 43 23.82 113 03.76 1,591 21 
4 13 Sept. 78 11 00 05.709 43 37.53 112 33.93 1,579 49 
5 14 Sept. 78 11 00 05.195 42 53.90 113 48.57 1,286 40 

2A 17 Sept. 78 11 00 05.684 44 17.11 111 20.20 1,890 32 
2B 21 Sept. 78 11 00 05.411 44 17.11 111 20.20 1,890 32 

7 25 Sept. 78 11 00 05.340 43 45.16 113 29.14 1,783 29 
Conda 27 Sept. 78 01 12 52.811 42 45.24 111 30.81 2,195 5 
Gay 3 Oct. 78 21 11 26.842 43 03.31 112 06.22 1,796 5 

1,810 Borehole, dry 
1,825 Borehole, dry 
3,635 Borehole, wet 
3,185 Borehole, wet 
1,320 Borehole, wet 
1,020 Borehole, dry 

36,300 Quarry blast 
22,700 Quarry blast 

2 and 5 is interpreted to derive the average average crustal-velocity (•6.3 km/s) and a crustal 
crustal structure of the ESRP and a more detailed thickness of about 30 km [Braile et al., 1974; 
profile from shotpoint 8 is used to model the Keller et al., 1975; Smith, 1977, 1978; Hill 
upper crust in the central part of the ESRP. and Pakiser, 1966]. Armstrong et al. [1975] 

During the experiment, as many as 220 seismo- utilized K-Ar dates of late Cenozoic silicic 
graphs were deployed simultaneously for recording volcanic rocks of the ESRP to demonstrate a sys- 
of the shotpoints detonated. These seismographs 
represent a wide variety of seismometer and re- 
corder instrument types. Most of the seismo- 
graphs utilized FM magnetic tape recording, and 
the resulting seismic data were subsequently 
digitized from the field tapes for analysis. 
After digitization, merging and editing of all 

tematic age progression of volcanism along the 
ESRP. Their data indicate that silicic volcanic 

activity began about 15 m.y. ago in southwestern 
Idaho and progressed at an average rate of ap- 
proximately 3.5 cm/yr northeastward toward its 
present site at the Yellowstone plateau. They 
also indicate that the initiation of basaltic 

of the seismograms recorded during the experiment, volcanism has followed this same time progres- 
amplitude normalization of the data to a standard 
instrumental response (approximately 1 to 10 
Hz passband) was performed utilizing an inverse 
filter technique described by Baker et al. [this 
issue]. The final digital data have a sample 
interval of 0.02 s and are displayed as reduced- 
time record sections. 

Previous geological and geophysical studies 
of the ESRP indicate that it is a volcanic-filled 

depression which trends nearly perpendicular 

sion, with a lag of approximately 2 to 5 m.y. 
after the silicic volcanism. In addition, the 
basaltic volcanism in the southwestern portion 
of the ESRP has remained active sporadically 
to the present. Today, the Yellowstone Caldera 
is representative of this silicic phase of vol- 
canism which characterizes the volcanic pro- 
gression, and the Island Park region represents 
the leading edge of the basaltic volcanic activ- 
ity. Brott et al. [1978] utilized heat flow 

to the regional structures of the Basin and Range, data on the western Snake River Plain and an 
Northern Rocky Mountains, and Middle Rocky Moun- 
tains Provinces which bound the ESRP. To the 
northeast of the ESRP are the Island Park and 

Yellowstone Calderas which have displayed vol- 
canic, seismic, and hydrothermal activity within 
the last million years. Kirkham [1931] suggested 
that the ESRP is a simple downwarp and that 
faulting along the margins of the plain has been 
of minor importance. However, Sparlin et al. 
[this issue] have demonstrated the existence 

observed heat flow-elevation relationship for 
the western and eastern Snake River Plain to 

propose a tectonic model for the development 
of the Y-SRP volcanic province. According to 
their model, the time progression of volcanism 
along the eastern Snake River Plain is accompanied 
by intrusion into the crust and rapid transfer 
of heat to the surface by intrusion and eruptions. 
High heat-flow adjacent to the margins of the 
ESRP is observed, but low values are observed 

of major faulting along the northwestern boundary in the ESRP itself due to groundwater circulation 
of the ESRP from seismic and gravity modeling. 
Gravity studies [Hill, 1963; Mabey, 1976, 1978; 
LaFehr and Pakiser, 1962] have identified a pro- 
minent positive gravity anomaly which approxi- 
mately coincides with the axis of the ESRP, but 
is more localized toward the northern part of 
the downwarp in the western Snake River Plain. 
Deep crustal structure information from seismic 

in the Snake River Plain aquifer [Brott et al., 
1978]. According to the model suggested by Brott 
et al., cooling of the crust after the intense 
silicic volcanic activity results in the sub- 
sidence which is presently observed as the eastern 
Snake River Plain downwarp. 

Several additional tectonic models have been 

proposed to describe the geologic evolution of 
data is absent in the ESRP, but a seismic refrac- the eastern Snake River Plain during the past 
tion profile from Mountain City to Boise in the 
western Snake River Plain [Hill and Pakiser, 
1966; Prodehl, 1979] has demonstrated that the 
western Snake River Plain consists of a thick, 
high-velocity (-•6.7 km/s) crust with a surface 
layer of lower-velocity volcanic materials. To 
the south of the ESRP, the northeastern Basin 
and Range Province is characterized by a lower, 

15 m.y. Hamilton and Myers [1966] suggested 
that the ESRP consists of a tensional rift. 

Morgan [1972] and Smith and Sbar [1974] 
described the eastern Snake River Plain- 

Yellowstone system as the track of a mantle 
plume or hotspot. Finally, Taubeneck [1971] 
suggested that the ESRP was laterally faulted 
and the upper crust pervasively intruded by dikes. 
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Fig. 2. (a) Reduced-time record section of vertical-component seismograms for shotpoint 2 recorded 
to the southwest. Seismograms have been amplitude normalized and amplitudes of the plotted seis- 
mograms multiplied by distance to the 1.5 power for convenient scaling. The seismograms have been 
corrected to a 1200 m elevation datum assuming an average surface-layer velocity of 4.5 km/s. A 
1 to 8 Hz bandpass filter has been applied. Theoretical travel-times for the dipping-layer velocity 
model of Figure 8 Are also shown. The phase nomenclature is as follows. Layers are numbered 1 
through 6 from the top down (Figure 8) and the refracted arrival (head wave) from the top of layer 
i is called Pi' The reflected wave from the interface at the top of layer i is called Pi P . P1 is 
the direct wave; P3 -- Pg' the refraction from the upper crust; P6 = Pn, the refraction from the Moho; 
and P6 P = Pm P, the reflection from the Moho. (b) Synthetic seismograms calculated by the modified 
reflectivity method for the plane, homogeneous-layer model (Figure 11) corresponding to shotpoint 
2 southwest. These seismograms should be compared with the observed data shown in Figure 2a. The 
amplitudes have been scaled by multiplying by distance to the 1.5 power for convenient plotting. 
Travel-time curves for the model shown in Figure 11 are also shown. Notation is identical to that 
used in Figure 2a. False arrivals (due to the limits in the integration over the phase velocity 
in the reflectivity method) are indicated by the pairs of arrows. 

Seismic Refraction Data And 

Travel-Time Interpretation 

A crustal velocity model has been developed 
by interpretation of the seismic refraction lines 
located approximately along the axis of the 
eastern Snake River Plain (SP2-SP5). Data from 
shotpoints 2 and 5 represent a reversed refrac- 
tion profile emphasizing intermediate and deep 
crustal structure. Because of the distance be- 

tween shotpoints 2 and 5, gaps in the observed 
seismic data coverage, and the 2 to 3 km average 
station spacing, the shallow velocity structure 
which is derived from these data represents an 
average over the entire profile. More detailed 
interpretations of the shallow velocity structure 
of the ESRP are described later for shotpoint 
8 (Figure 1) and for the Conda-S?7 profile by 
Sparlin et al. [this issue]. 

The vertical-component seismic-refraction 
data for shotpoint 2 (Figure 2a) and shotpoint 
5 (Figure 3) are plotted in reduced-time record 
sections with a reducing velocity of 6 km/s after 
amplitude normalization by the methods described 
by Baker et al. [this issue]. The amplitudes 
of the seismograms shown on the record sections 
have been scaled by multiplying by distance to 
the 1.5 power for convenient plot scaling. The 
data have been amplitude normalized and bandpass 
filtered from 1 to 8 Hz. In addition, the seis- 
mograms have been adjusted to a 1200 m elevation 
datum assuming a near-surface velocity of 4.5 
km/s. The velocity utilized in the elevation 
correction was determined by averaging the 
apparent velocities of the travel-time data 
for the record sections in the distance range 
of 0 to 20 km. The seismograms shown in the 
record sections for shotpoints 2 and 5 exhibit 
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Fig. 3. Reduced-time record section of vertical-component seismograms for shotpoint 5 recorded 
northeast. Seismograms are scaled in the same manner as described in Figure 2. Travel-times 
are shown for the model of Figure 8. The phase nomenclature is described in Figure 2. 

generally good signal-to-noise ratio, and the 
amplitude normalization procedure allows phase 
correlation as well as amplitude correlation 
along travel-time branches. Travel-time curves 
for a simple dipping, homogeneous layered model 
(Figure 8) are also shown on the seismic record 
sections for shotpoint 2 and 5. The travel- 
times for the SP2-SP5 reversed profile recipro- 
cate. The phase nomenclature is described in 
Figure 2. Prominent arrivals on the shotpoint 
2 and shotpoint 5 record sections include the 
phases P2, P5 P, and Pm P. 

A very weak refracted first-arrival (P4) 
is observed on both of the shotpoint 2 and shot- 
point 5 record sections. However, its amplitude 
is so small relative to other phases that it 
is not evident on the record sections shown 

in Figure 2 and Figure 3. Enlarged-amplitude 
record sections showing the appropriate dis- 
tance and time range for the P4 arrival for 
shotpoints 2 and 5 are shown in Figures 4 and 
5. Here, it can be seen that while the P4 arri- 
val is weak and barely above the noise level 
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SW . . . -• _ . NE•__.., • 
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Fig. 4. Upper record section shows seismograms 
for shotpoint 2 southwest with enhanced ampli- 
tudes for plot scaling illustrating the emergent 
arrivals for phase P4' Travel-time curves cor- 
respond to the model in Figure 8. Lower record 
section shows the same seismograms before ampli- 
tude normalization. The P4 phase is evident as 
a first arrival from 100 to 160 km. 

on many of the seismograms, it is a coherent 
first arrival on the records between approxi- 

mately 90 and 150 km. The P4 phase is most 
evident on the higher-frequency-content record 
sections which have not been amplitude normalized. 
This phase has an apparent velocity of approxi- 
mately 6.5 km/s, a value which is intermediate 
between velocities of normal upper crustal and 
lower crustal rocks. In addition, its cross- 
over distance is small, indicating that the 
depth to the top of the 6.5 km/s material is 
shallow. 

An arrival with unusual character, but highly 

consistent phase correlation which follows P4 
by less than 1 s, is the P5 P arrival in the 
distance range of approximately 80 to 200 km. 
This phase was adequately modeled as a wide- 
angle reflection from the lower-crustal layer 
having a velocity of approximately 6.8 km/s. 

The Pm P arrivals, which are reflections from 
the Mohorovicic discontinuity (Moho) are par- 
ticularly evident as the large-amplitude, co- 
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Fig. 5. Upper record section shows seismograms 
[or shotpoint 5 northeast with enhanced ampli- 
tudes for plot scaling illustrating the emergent 
arrivals for phase P4' Travel-time curves cor- 
respond to the model in Figure 8. Lower record 
section shows the same seismograms before ampli- 
tude normalization. The P4 phase is evident as 
a first arrival from 60 to 160 km. 
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SHOT POINT 2 SW t ions of travel-times for reflected and refracted 
SW NE 

..... •o phases for both record sections. The resulting 

p. m •>•• 'i ,.•. I velocity model consists of homogeneous dipping •••_••,• -• _ layers am shown in Figure 8. As noted earlier, • the shallow structure of this velocity model 
P• 8 • must be considered as an average over the entire 
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Fig. 6. Record section for shotpoint 2 south- 
west seismograms with a reducing velocity of 

8 km/s chosen to emphasize the Pn and Pm P arri- 
vals. Seismograms are scaled as described in 
Figure 2. Travel-time curves correspond to 
the model in Figure 8. 

herent-phase arrivals in the distance range 
of 120 to 250 km on the shotpoint 2 record sec- 

tion. The Pm P arrivals are also evident on 
the shotpoint 5 section, but are not prominent. 
These reflections are particularly important 
to interpretation of the crustal model for this 
reversed refraction profile. Due to the thick- 
ness of the crust and the high average-velocity 
as shown by the model in Figure 8, the crossover 
distance for the Pn arrival is over 230 ks. 
At this distance range on both the shotpoint 
2 and shotpoint 5 profiles, the signal-to-noise 
ratio is generally low on the observed seismo- 

grams, and consistent Pn arrivals are not ob- 
served. The choice of the travel-time curve 

for the Pn phase was based on the position of 
the near-critical reflections of the Pm P arri- 
val and the optimum alignment of weak Pn arri- 
vals in the distance range of 180 to 250 km 
on the record sections. The inferred upper- 
mantle velocity is then approximately 7.9 km/s. 
However, due to the uncertainty of the arrival 

times of the Pn phase, as indicated on the 
record section, this velocity is uncertain. 
The thickness of the crust, however, is much 
more certain due to the presence of the strong 
Pm P arrivals which constrain the velocity of 
the lower crust and the crustal thickness. The 

Pn and Pm P phases are best illustrated on 8 
km/s reducing-velocity record sections for 
shotpoints 2 and 5 shown in Figures 6 and 7. 
In these sections, the large amplitude Pm P 
arrivals stand out as coherent phases and the 
weak correlation of Pn phases across the record 
is evident. 

The primary differences between the shot- 
point 2 and shotpoint 5 record sections are 
the presence of more coherent PmP arrivals on 
the shotpoint 2 data, and the short crossover 
(40 ks) for the 74 phase for shotpoint 5 due 
to the absence of a thick =6 km/s layer near 
the shotpoint. In contrast, the shotpoint 2 
record section shows •6 km/s arrivals to dis- 
tances of approximately 70 km from the shotpoint. 

The crustal model which has been used to 

calculate the travel-times which result in a 

good fit to the observed seismic data on the 
record sections shown in Figures 2 through 7 
is illustrated in Figure 8. Modeling of the 
travel-times for the record sections was per- 
formed by inverse and trial and error calcula- 

length of the shotpoint 2 to 5 reversed profile 
and is not meant to be representative of the 
detailed velocity structure in the entire 
distance range between the two shotpoints. In 
fact, shotpoint 8 and shotpoint 4 data as well 
as the Conda-SP7 profile discussed by Sparlin 
e t al. [this issue] indicate somewhat greater 
detail in the shallow structure and some slight 
differences from the velocity model shown here. 
Although the layer boundaries on the ESRP aver- 
age model (Figure 8) are shown to be continuous 
from shotpoint 5 to shotpoint 2, the deeper 
interfaces (Moho and top of lower crustal layer) 
are not constrained by the seismic data for 
the distance range of 0 to 40 km from the shot- 
points. The most prominent features of the 
ESRP average model (Figure 8) are the thick 
section of low-velocity volcanic and sedimentary 
materials in the near-surface layer, the thinning 
of the 6.1 km/s layer from the northeast to 
the southwest and the presence of an intermediate- 
velocity (6.5 km/s) layer at a shallow depth 
beneath the eastern Snake River Plain. This 

anomalous layer was also recognized on the 
Conda-SP7 profile by Sparlin et al. [this 
issue]. From this northwest-southeast profile 
across the ESRP, they show that this layer is 
thickest near the center of the ESRP and thins 
to zero thickness near the boundaries of the 
ESRP. 

Amplitudes and Synthetic 
Seismogram Modeling 

Shotpoint 8 NE 

More detailed analysis of the seismic record 
sections recorded during the Y-SRP seismic 
experiment is illustrated by application of 
synthetic seismogram modeling to the record 
sections for shotpoint 8 recorded to the northeast 
and shotpoint 2 recorded to the southwest. The 
observed and synthetic seismic data for shotpoint 
8 are shown in Figure 9. Data recorded •n this 
area of the ESRP were particularly good due 
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Fig. 7. Record section for shotpoint 5 north- 
east seismograms with a reducing velocity of 

8 km/s chosen to emphasize the Pn and P_P arri- 
vals. Seismograms are scaled as descri•ed in 
Figure 2. Travel-time curves correspond to the 
model in Figure 8. 
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to the relatively close station spacing and 
high signal-to-noise ratio in the first 100 
km of this refraction line. Thus a more detailed 

synthetic seismogram and amplitude modeling 
of the observed arrivals was used to infer the 
shallow crustal structure in the central area 

of the ESRP northeast of shotpoint 8. 
Both the observed and the synthetic data 

shown in Figure 9 have been scaled by multiplying 
the seismogram amplitudes by distance to the 
1.5 power. The general amplitude decay with 
distance of the various phases between the two 
record sections is comparable. The observed 
seismic data (Figure 9) for shotpoint 8 show 
several interesting features. First, amplitude 
maxima caused by near-critical point reflection 
and constructive interference occur at distances 

of approximately 15 and 40 kin. Rapid attenuation 
of all phases beyond approximately 50 km is 
evident on the observed record section when 

one considers that the amplitudes of the plotted 
seismograms have been multiplied by distance 
to the 1.5 power. Modeling of the shotpoint 
8 NE data was initially performed by calculation 
of travel times for reflected and refracted 

phases. Subsequently, synthetic seismograms 
were calculated using the modified reflectivity 
method [Kind, 1978] for the anelastic model 
which is shown in Figure 10. Many attempts 
were made to model the observed data with the 

synthetic seismograms, and it was clear that 
the modeling procedure was sensitive to the 
details of the velocity structure and the Q 
values used in the model. In particular, the 
abrupt attenuation of the P2 phase in the dis- 
tance range of 5 to 15 km required low Q values 
in the near-surface volcanic and sedimentary 
rocks. In addition, the position of high-ampli- 
tude (near critical point) arrivals near 15 
km and 40 km on the synthetic data was also 
very sensitive to velocity structure and Q 
values. Finally, attenuation of P4 and P5 P 
arrivals in the distance range greater than 
50 km was sensitive to the Q values of the 
intermediate layer and the lower crust. 
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Fig. 8. Dipping-layer velocity model fit to 
the shotpoint 2 southwest (Figure 2a) and shot- 
point 5 northeast (Figure 3) record sections. 
Compressional-wave velocities are given by the 
numbers within each layer. For comparison, the 
Conda-SP7 model [Sparlin et al., this issue] at 
the intersection with the SP2-SP5 profile is 
shown by the heavy bars (interface depths), and 
the velocities for this model are given by the 
numbers below the location of the intersection 

with the Conda-SP7 profile. 
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Fig. 9. Observed (upper)and synthetic (lower) 
seismograms for shotpoint 8 northeast. The 
observed data were amplitude-normalized and 
scaled in the same manner as described in Figure 
2. The synthetic data were calculated by the 
modified reflectivity method, and the ampli- 
tudes have been scaled by multiplying by dis- 
tance to the 1.5 power (identical to the ob- 
served data) for convenient plotting. Travel- 
time curves on both record sections correspond 
to the plane, homogeneous-layer model shown in 
Figure 10. Layer numbers are not equivalent to 
those used in the SP2-SP5 model. In the SP8 NE 

model P4 = Pg, the refraction from the upper- 
crustal layer. 

The synthetic data shown in Figure 9 show 
a remarkably good match to the general char- 
acter, amplitude fall-off and phase relationships 
of many of the seismograms in the observed record 
sections. In fact, for several of the observed 

seismograms, a synthetic record can be overlain 
over the observed seismogram, and near phase- 
to-phase correlation is observed. Of course, 
severe signal-to-noise ratio problems are evident 
on some of the observed data, particularly in 
the greater distance range, and several erratic- 
amplitude seismograms are also observed. However, 
the large number of stations allows a consistent 
trend in amplitude and phase character of the 
observed records to be evident on the record 

sections. 

The derived model for the shotpoint 8 to 
the northeast record section (Figure 10) is 
a plane, homogeneous-layer model representing 
an average velocity and Q structure for the 
shallow crust in the central portion of the 
ESRP just northeast of shotpoint 8. Although 
this modeling was restricted to laterally homo- 
geneous structures, the derived velocity struc- 
ture is consistent with the travel-time modeling 
using ray-tracing methods presented by Sparlin 
et al. [this issue]. They present evidence 
that lateral variation in velocity structure 
exists to the northeast of shotpoint 8. However, 
their laterally inhomogeneous velocity model 
indicates small dip on the interface at the 
top of the •5.2 km/s layer beginning at about 
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25 km northeast of shotpoint 8. This slight 
lateral inhomogeneity would not be expected 
to appreciably alter the amplitude and general 
character of the observed seismic records and 

the synthetic seismogram modeling illustrated 
in Figure 9. 

The velocity structure for the central area 
of the ESRP from the synthetic seismogram 
modeling of shotpoint 8 NE data (Figure 10) 
indicates that a thick section of volcanic and 

sedimentary rocks with velocities less than 
5.2 km/s over lie an extremely thin (=2 km) 
upper-crustal layer of 6.13 km/s velocity. 
Extremely low Q values are associated with the 
near-surface low-velocity rocks. The anomalous 
•6.5 km/s velocity layer in the depth range 
of 9 to 16 km is also indicated to have a low 

Q value. 

Shotpoint 2 SW 

Synthetic seismogram modeling using the modi- 
fied reflectivity method was also applied to 
the shotpoint 2 southwest record section in 
an attempt to model the deep crustal structure 
and particularly Pm P arrivals which are prominent 
on the observed record section. Initially, 
a plane homogeneous-layer model representing 
an average velocity structure from the travel- 
time model (Figure 8) was used for computation 
of the synthetic seismograms. Various perturba- 
tions in the model (including varying Q-values, 
velocity gradients, introducing transition zones 
instead of sharp interfaces and varying the 
thickness of the layers) were attempted as trial 
models. Comparison of the observed and synthetic 
data was performed by overlaying the observed 
and theoretical seismograms and by reading the 
amplitudes of three separate arrivals and comp- 
paring on an amplitude-distance plot as described 
below. 

Due to the lateral variation in velocity 

structure for the shallow layers (Figure 8) 
the synthetic seismogram modeling was restricted 
to consideration of deeper crustal structure 
and, therefore, only the seismograms in the 
distance range of 80 to 250 km were utilized 
in the modeling. Calculated vertical component 
synthetic seismograms are shown in Figure 2b 
for the final derived model (Figure 11) for 
shotpoint 2 SW amplitude data. The seismograms 
for this model have again been scaled by multi- 
plying the amplitudes by distance to the 1.5 
power, identical to the amplitude scaling which 
was performed on the observed data. Although 
the travel-time modeling of the shotpoint 2 
to 5 record sections required a dipping layer 
model (Figure 8), we are restricted to plane, 
homogeneous-layer models for the synthetic seis- 
mogram calculations, and therefore, the velocity 
structure derived by the synthetic seismogram 
modeling (Figure 11) must be considered to be 
an average over the length of the profile. 

The prominent arrivals P5 P and Pm P which 
were observed on the shotpoint 2 SW record sec- 
tion are evident on the synthetic seismograms 
calculated for the plane, homogeneous-layer 
model. The weak first-arrival (P4) is also 
evident on the synthetic data although its ampli- 
tude is small and difficult to observe on the 

synthetic data plotted with the amplitude scaling 
as shown in Figure 2b. The travel-time curves 
drawn to match the arrivals in Figure 2b are 
calculated for the velocity structure shown 
in Figure 11. Examination of the observed (Fig- 
ure 2a) and synthetic (Figure 2b) seismic record 
sections indicates that the general amplitude 
and phase character of the arrivals compares 
favorably. 

In the course of the modeling, many attempts 
were made to vary the velocity and Q structure 
of the model in order to match the observed 

data as well as possible. Various Q values 
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Fig. 11. Plane, homogeneous-layer velocity model 
for the travel-time curves and synthetic seis- 
mograms shown in Figure 2b. Q-values are com- 
pressional wave quality factors for each layer 
utilized in the calculation of the synthetic 
seismograms. Shear wave Q-values are 4/9 of the 
compressional wave Q' s. 
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were tried, particularly for the lower crust, 
ranging from 150 to 2000. In addition, a velo- 
city-gradient transition-zone for the Moho dis- 
continuity at a depth of approximately 42 km 
was tested. Thicknesses of the transition zone 

were varied from 1 to 10 km. However, the Pm P 
amplitudes show the best match for a simple 
first-order discontinuity in velocity at the 
Moho. The shear-wave velocities corresponding 
to the compressional-wave velocities shown in 
the layered (Figure 11) model were selected 
correspending to a Poisson's ratio of 0.25 (com- 
pressional velocity = /• times shear velocity) 
with the exception of the lower-crustal layer 
and upper mantle for which the shear velocities 
are 3.6 and 4.2 km/s, respectively, consistent 
with the results of surface-wave dispersion 
studies by Greensfelder and Kovach [this issue]. 

An additional approach to the comparison 
between the observed and synthetic data for 
shotpoint 2 SW is shown in Figure 12. Amplitudes 
of the arrivals for phases P4' P5 P' and Pm P 
were read from the observed seismograms and 
plotted as a relative amplitude versus distance 
plot. The amplitude-distance curves defined 
by the synthetic data are also shown on the 
amplitude-distance diagram of Figure 12 for 
comparison. Several erratic-amplitude values 
are evident on the amplitude-distance plot, 
and these are also evident on examination of 

the observed seismic record section (Figure 
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Fñg. !2, Observed and calculated amplñtude- 
dñstance curves for three arrñvals on the shot- 
poñnt 2 southwest record sectñons. The amplñ- 
tudes of observed arrñvals for the ?4' 75 ?, 
and ?_? phases are shown by the solñd symbols. 
The s•aded regñons represent the scatter of 
poñnts correspOndñng to all but a small number 
of observatñons for each phase. The heavy solñd 
lñnes correspond to the amplñtudes measured from 
the synthetñc data. The method of measurement 
of the amplñtudes for both the observed (Fñgure 
2a) and synthetñc (Fñgure 2b) data ñs ñllustra- 
ted on the ñnset. Tn measurñng the amplñtudes 
of the three arrñvals on the observed and 

synthetñc record sections, the convention used 
was to measure the amplitude of the first one 
to one and one-half cycles of the waveform in 
the first approximately one-half second immedi- 
ately following the arrival time given by the 
travel-time curve for the phase. 

2a). However, the general character of the 
amplitude-distance relations for the three phases 
is reasonably consistent, showing a consistent 
amplitude-distance trend. The P•P phase shows 
a prominent peak in the amplitude'"-distance curve 
at approximately 130 to 140 km. The synthetic 
data show this peak at •150 km which corresponds 
to the near-critical-point region of the reflec- 
ted Pm P arrivals. Attempts to shift this ampli- 
tude peak to smaller distance ranges utilizing 
a low-velocity zone in the lower crust or transi- 
tion zones to model the Moho discontinuity were 
unsucessful in that although the amplitude peak 
was successfully shifted, the relative amplitudes 
between the three phases plotted and the ampli- 
tude decay rate of the Pm P arrival did not match 
the observed data. 

Observed amplitudes of the P5 P phase at dis- 
tances greater than 190 km show an abrupt ampli- 
tude increase. However, this may be due to 
interference with other arrivals, particularly 
the Pn phase, in this distance range, and thus 
these amplitudes were not modeled. 

The P4 phase exhibits a particularly compli- 
cated amplitude-distance trend with rapid attenua- 
tion of amplitudes with distance, two peaks 
in the amplitude-distance curve, and an abrupt 
localized area of low amplitudes at approximately 
130 km. These effects are probably due, at 
least partially, to constructive and destructive 
interference. For example, the amplitude minimum 
at approximately 130 km corresponds to an area 
of the observed seismic data where P4' a head 
wave refracted in the low-Q, 6.5 km/s layer, 
is a first arrival which would be expected to 
have very small amplitudes and attenuate rapidly 
with distance. Areas of larger amplitudes for 
the P4 phase, approximately 90 km and approxi- 
mately 160 km distance, correspond to regions 
of the travel-time curve (Figures 2a and 2b) 
where other phases overlap with the P4 arrivals. 
The amplitude-distance curve for the P4 phase 
from the synthetic data illustrate this same 
character with a slight shift to shorter distance 
ranges. 

In general, a good match is seen between 
the observed and synthetic amplitude-distance 
data shown in Figure 12. Significant improve- 
ment in the fit would likely require considera- 
tion of two-dimensionality of the velocity 
structure which is not considered here due to 

the limitations of the synthetic seismogram 
calculations. However, such consideration would 
probably not be warranted due to the scatter 
of the amplitude-distance observations. 

The velocity and Q structure shown in the 
plane, homogeneous-layer model of Figure 11 
was developed by consideration of many synthetic 
seismogram record section calculations. During 
this process, it was observed that properties 
of the amplitude-distance curves and character 
of the synthetic seismogram arrivals were sensi- 
tive to details of the velocity structure and 
the Q values of the layers. For example, an 
identical velocity structure as shown in Figure 
11 was utilized to calculate synthetic seismo- 
grams with a Q value of 1000 in the lower crust. 
However, the relative amplitudes between the 
P4, P5 P, and Pm P phases for the synthetic seis- 
mograms did not produce a satisfactory match to 
the observed data for this trial. A low-velocity 
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zone introduced by a negative velocity gradient 
in the lower crust was also attempted. However, 
this modification resulted in a poor comparison 
to the relative amplitudes of the three phases 
and the amplitude-distance decay rate of the 
Pm P phase. Thus, although the synthetic seismo- 
gram modeling shown here was not a direct inver- 
sion procedure in which quantitative estimates 
of the uncertainty of model parameters can be 
given, the multiple attempts at modeling various 
features in the velocity and Q structure indicate 
that the model shown in Figure 11 is a reasonable 

the adjacent Basin and Range and Middle Rocky 
Mountains provinces [Hill and Pakiser, 1966; 
Willden, 1965; Braile et al., 1974]. 

Synthetic seismogram modeling of two of the 
record sections for the ESRP indicate that the 

crustal layers produce large attenuation of 
seismic waves. Low Q values are associated 
with the shallow volcanic rocks as well as deeper 
crustal layers. The high attenuation may be 
due to composition or temperature effects. Al- 
though some lateral variation in velocity struc- 
ture along the axis of the ESRP (northeast- 

structure for the crust of the ESRP and illustrate southwest) is indicated by the travel-time 
that the observed seismic data are fairly sensi- modeling presented here and by Sparlin et al. 
tive to small changes in velocity and Q structure. [this issue], the synthetic seismogram modeling 

for shotpoints 2 and 8 indicate that simple 
Conclusions plane-layer models are adequate to explain the 

principal travel-time, amplitude and wave-form 
characteristics of the observed seismic data 

along the aris of the ESRP. However, as clearly 
Travel-time and synthetic seismogram modeling 

of seismic record sections for the eastern Snake 

River Plain of southeastern Idaho have indicated 

a highly anomalous crust. As compared with 
crustal models for adjacent provinces (Figure 
13) the ESRP is anomalous due to the thick layer 
of volcanic rocks above the upper crustal layer, 
the small thickness of the crystalline upper 
crust add the presence of the 6.5 km/s layer 
at intermediate depths in the crust. The crustal 
thickness is approximately 42 km, and the aver- 
age compressional velocity of the crystalline 
part of the crust (beneath the 5.2 km/s volcanic 
layer) is 6.64 km/s, an unusually high value. 
The high average-velocity is primarily due to 
the thin upper-crustal layer and the presence 
of the intermediate layer (velocity •6.5 km/s). 
The crust in the ESRP is nearly identical to 
the western Snake River Plaim model of Hill 

and Pakiser [1966] except for the presence of 
the intermediate layer. However, re-interpreta- 
tion of the refraction profiles in the western 
SRP [Prodehl, 1979; Fauria and Braile, manuscript 
in preparation, 1982] suggests that a thin upper 
crust and an intermediate layer are also present 
in the western SRP. 

The average crustal model of the ESRP (Figure 
8) indicates that the upper crustal layer thins 
progressively from the northeast to the southwest 
suggesting that the thinning is associated with 
the time-progressive volcanism and subsequent 
subsidence that has characterized the evolution 

of the crust in the eastern Snake River Plain 

area in the last 15 m.y. The near-surface vol- 
canic and sedimentary rocks are thickest in 
the southwest and thin toward the Island Park 

Caldera to the northeast. They extend to a 
depth of at least 6 km beneath the central part 
of the ESRP. The proportion of silicic to 
basaltic volcanics also increases from 

southwest to northeast along the ESRP until 
the relative volume of basalt is insignificant 
near Island Park Caldera and the Yellowstone 

plateau [Thompson, 1977]. The crustal thickness 
of 42 km is approximately the same as that found 
under the Yellowstone plateau [Smith et al., 
this issue], that reported by Hill and Pakiser 
[1966] for the western Snake River Plain in 
the vicinity of Boise, Idaho, and the thickness 
inferred for the Middle Rocky Mountains [Willden, 
1965; Braile et al., 1974]. The layer-velocity 
and depth to the top of the lower-crustal layer 
compares reasonably well with that found in 
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Fig. 13. Comparison of crustal velocity models 
for the eastern Snake River Plain (ESRP) with 
adjacent provinces: western Snake River Plain 
(western SRP from Hill and Pakiser [1966]), 
ESRP model inferred from the Conda-SP7 profile 
at the axis of the ESRP (from Sparlin et al. 
[this issue]), Northern Rocky Mountains (NRM, 
southwestern Montana from McCamy and Meyer 
[1964]), Middle Rocky Mountains (MRM, inter- 
preted from the American Falls-Flaming Gorge 
profile of Willden [1965] and the Bingham-NE 
profile of Braile et al. [1974]), and northern 
Basin and Range (northern B & R from Hill and 
Pakiser [1966]). Numbers shown in the crustal 
model are compressional wave velocities in km/s. 
Inferred correlations indicate the upper and 
lower crustal layers and the intermediate layer 
which is present only in the Snake River Plain 
models. The layers above the upper crust are 
primarily volcanic rocks in the Snake River 
Plait and sedimentary rocks for the other pro- 
vinces. 
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demonstrated by the ray-tracing modeling pre- 
sented in Sparlin et al. [this issue] prominent 
latera• inhomogeneity across the ESRP (northwest- 
southeast direction) is required to match the 
observed data. 

The synthetic seismogram modeling, including 
the amplitude-distance measurements illustrated 
in Figure 12, was extremely useful in refining 
the details of the velocity structure of the 
ESRP model and in defining the Q-values of the 
layered structure. Amplitude-distance curves 
are presented which provide a good match to 
the observed data. It is found that these 

amplitude-distance relationships are highly 
sensitive to the velocity and Q structure of 
the derived model. 

Although more detailed analysis will be re- 
quired in the future, a few comments are appro- 
priate here on the implications of the velocity 
structure which has been derived for the Yellow- 

stone-eastern Snake River Plain region to the 
tectonic models which have been proposed for 
this area. The pertinent observations of the 
crustal structure from Yellowstone proceeding 
southwest along the eastern Snake River Plain f 
are that the crustal thickness and Moho velo- 

city remain approximately constant at 42 km 
and 7.9 km/s, respectively, and are continuous 
with the adjacent provinces except for the 
boundary with the Great Basin to the south. 
A lower-crustal layer with a depth to the top 
of approximately 15 km beneath the Yellowstone 
plateau [Smith et al., this issue] and approxi- 
mately 20 km beneath the ESRP and with a velocity 
of 6.8 km/s appears to be continuous along •he 
entire Y-SRP system and continuous with adjacent 
provinces. A thick section of rhyolitic and 
basaltic volcanic rocks along with some sedi- 
mentary layers exists along the ESRP with the 
thickness increasing to over 6 km toward the 
southwest. Under the Yellowstone plateau, an 
upper-crustal layer of 6 km/s velocity, with 
low-velocity anomalies of 5.7 km/s attributed 
to partial melting, attains a thickness of 12 
to 15 km [Schilly et al., thi• issue; Lehman 
et al., this issue]. However, beginning just 
southwest of the Island Park Caldera this upper- 
crustal layer thins significantly such that 
it is only about 2 to 3 km thick beneath the 
Conda-SP7 profile and shotpoint 5. Accompanying 
the thinning of the upper-crustal layer is an 
anomalous 6.5 km/s layer which is present to 
shallow depths beneath the entire ESRP crust. 
These changes in crustal velocity structure 
are approximately coincident with the position 
of the northeast-trending leading edge of 
basaltic volcanism near the Island Park 

Caldera. 

When these observations are considered in 

conjunction with the volcanic age progression 
relationships described by Armstrong et al. 
[1975] and the thermal model proposed by Brott 
et al. [1978] for the evolution of the eastern 
Snake River Plain, a possible evolutionary model 

perturbations. As the hot magma contacts the 
sialic upper crust, it causes partial melting 
of a part of the upper-crustal layer (as evi- 
denced by the low velocity upper-crust beneath 
the Yellowstone area) during the process of 
rapid transfer of volcanic material and heat 
to the surface. Partial melting of these upper 
crustal rocks generates the silicic volcanism. 
This phase is presently represented by the 
Yellowstone plateau. As the 'hotspot' moves 
to the northeast, cooling of the intruded upper 
crust generates the high-density, high-velocity 
intermediate layer in the ESRP and results in 
rapid subsidence of the crust. Continued 
cooling, subsidence due to thermal contraction, 
and minor, periodic basaltic volcanic activity 
persists through the remainder of the at least 
15 m.y. evolutionary sequence. Due to the 
depletion of silicic material in the crust, 
this late-stage volcanism is of lesser intensity 
and probably represents rapid ascent of magma 
through small dikes or pipes from the upper 
mantle. An example of these late-stage volcanics 
is found in the Craters of the Moon, Idaho, 
area. Considering the potential geothermal 
anomalies along the Y-SRP system, the recent 
basaltic volcanism would represent a minor 
thermal anomaly in the crust. However, partial 
melt zones in the upper crust associated with 
silicic volcanism could produce significant 
temperature anomalies but would be restricted 
to the Yellowstone plateau and extreme north- 
eastern part of the ESRP. Additional geothermal 
anomalies could be present near the axis of 
the ESRP due to shallow (7 to 10 km) intrusion 
of high-density and high-velocity rocks of the 
intermediate layer, or along the northwestern 
margin of the ESRP where a fault of at least 
4 km offset could provide a route for upward 
migration of hot fluid. 

Although much remains to be learned about 
the geology and tectonics of the Yellowstone- 
Snake River Plain area, the model described 
above provides a reasonable, qualitative explana- 
tion for the observed crustal structure, thermal 
anomalies, and volcanic history during crustal 
evolution of the Yellowstone-Snake River Plain 

system. 
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