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refraction

B.

sections

crustal
sition

model

adjacent

the

eastern

Snake

River

Plain

(ESRP).
The derived crustal
model is consistent
with the velocity
structure
interpreted
from
a profile
along the axis of the ESRP. The interpretation
also indicates
that significant
lateral
inhomogeneities
exist in the upper crust beneath
the ESRP when compared with the upper •rust
beneath the adjoining
Northern Rocky Mountain
and Basin and Range provinces.
The most prominent

features

of

the

crustal

structure

structure,

downthrown

the

appears
faulting.

in

the

order

to

crustal

confirm

model.

The

data across
further

details

con-

of

experiment

the

and shot-

River

and Presentation

Seismograph stations

and shot locations

for

SP5, SP8, SP4 and SP2; and four shotpoints along
a profile approximately perpendicular to the
ESRP axis; SP7, SP8, Gay Mine, and Conda Mine.
Shotpoint 8 was recorded both transverse (NWSE) and parallel
(NE-SW) to the axis of the
ESRP. Shotpoint locations,
origin times, sizes,
and other relevant
information
for these
are given by Braile et al. [this issue].

196-km seismic refraction
perpendicular
secting both

sources
The

line oriented roughly

to the axis of the ESRP and interthe northwest
and southeast bound-

aries of the SRP near Arco and Blackfoot, idaho,
respectively,
has been interpreted using ray
trace modeling.
This refraction
profile will
be termed

the

Conda-SP7

The interpretation

line

or

procedure

the

'crossline.'

and the derived

crustal model along this profile

are the principal

In addition,
a 47-kmfrom SP8 to SP4 near the

center of the ESRP (Figure 1) was•interpreted.
This profile is particularly
relevant to the
Conda-SP7 interpretation
because the two profiles

Plain

intersect

a partially

near

the

axis

of

the

ESRP.

As described in detail by Smith et al. [this
issue] and Braile et al.. [this issue],
seismic
data were recorded along the Conda-SP7 pro fil '•_
utilizing
portable
seismographs with timing
referenced
to crystal
clocks and radio signal
WWV or

1Now
at ArcoOil andGasCompany,
Dallas,

the

radio

broadcast

time

standard

WWVB.

Seismograms recorded on FM tape or analog records
(240 mm/min or 480 •u/min fast rotation
smokedpaper drum recordings) were subsequently digitized for plotting
as reduced-time
record sec-

75221.
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and

the eastern SRP phase of the Y-SRP seismic
experiment are shown in Figure 1. Four shotpoints were recorded along the axis of the ESRP;

reversed seismic refraction
profile
was recorded
along a northwest-southeast
line across the axis
of the eastern Snake River Plain
(ESRP).
Four
shotpoints
located along this profile
resulted

Paper number 1B1333.

_

information
are presented
issue] and Braile et al.

Data Acquisition

Introduction

Texas

_

line.
In addition,
the anomof the derived crustal
model

topics of this paper.
long reversed profile

experiment,

paper

to

Plain.

the 1978 Yellowstone-Snake

of this

SRP

located along the axis of the ESRP, was found
to be localized
within
the ESRP margins.
This
layer is interpreted
as a pervasive
intrusion
of higher velocity
material
from the upper mantle
into the highly fractured
upper crustal
layer
in this region.
(4) A density model of the
crust across the ESRP was prepared with the
densities
selected using the interpreted
seismic
velocities
as a constraint.
The gravity
field
calculated
from this model resulted
in a good
match to observed gravity
data over the eastern

During

The objective

point and seismograph
by Smith et al. [this
[this issue].

mediate 6.5 km/s layer occurring beneath the
ESRP, interpreted
from a refraction
profile

(Y-SRP) seismic profiling

the ESRP and the tranbetween
the ESRP and

1978 Y-SRP seismic profiling

the Cenozoic volcanics
of the ESRP possibly
to and beyond 40 km from the southeastern margin
of the ESRP near Blackfoot,
Idaho.
(2) The
modeling indicates
no abrupt variation
in the
depth to the top of the lower crustal
layer
near the margins of the ESRP. (3) An inter-

River

provinces.

ESRP

strain

Paleozoi c sedimentary rocks are present beneath

Snake

beneath
models

is compared with observed gravity

side (SE) wi•h an offset of greater than 4 km.
The southeast margin, conversely,
be downwarped with possible minor

structure
in crustal

northwest-southeast
alous gravity
field

inferred

on the

of Utah

is to describe ray trace travel time modeling
applied to the seismic data recorded along this

by the ray trace modeling are as follows:
(1)
The northwest margin of the ESRP was modeled
as a fault

47907

in refracted
and reflected
arrival
phases, which
have been interpreted
in order to infer the

for

a profile
from near Soda Springs,
Idaho, to
near McKay, Idaho, was used to derive a crustal
across

Indiana

Smith

of Geology and Geophysics, University
Salt Lake City, Utah 84112

time modeling

record

West Lafayette,

2619

Sparlinet al.' Ray-Trace
Modeling
of ESRP
CrustalStructure

2620

Fig. 1.

Ihdex map of southeastern Idaho showinglocations of shotpoints (large circles)

and seismograph stations

(small triangles)

utilized

during the eastern Snake River Plain

phase of the refraction experiment. Province boundaries (dashed lines).are
and Johnson

tions.

Data reduction

and editing

were described by Schilly
In order

to standardize

procedures

[1979].
the response of the

seismograms on the plotted record sections to
facilitate
correlation
of phases and reading

travel
to

times, all

a reference

seismogramswere normalized

instrument,

in

this

case

a

Sprengnether MEQ-800seismographwith 0 to 5Hz filter
settings
and an S-7000 seismometer
set for a 1-Hz resonant frequency.
Thus, the

variations

from Fenneman

[1946].

in response between the many record-

ing systems utilized
in the experiment were
minimized which allowed for amplitude control

and improved the coherency of arrival
character
between seismograms.
The •mplitude normalization
procedure was described by Baker et al. [this
issue]'
All of the seismograms presented here are
vertical-component
records which bmve been plot-

ted with a reducing velocity
corrected

of 6 km/s and time

to a 1200-m elevation

datum utilizing

an average velocity
for the near-surface
material
of 4.50 km/s.
Seismogram •mplitudes were scaled
for plotting
by the source-receiver
distance
raised to the 1.5 power such that •mplitudes
of

the arrivals

at

large

distance

are visible

Sparlin et al.'

on the

record

sections.

In

Ray-Trace Modeling of ESRPCrustal Structure

addition,

a recur-

sive bandpass filter
was applied to each seismogram to pass frequencies from approximately
1 to 8 Hz [Baker, 1979].

comparison
if

Modeling

Procedure

grams.

Because of the seismogram normalization

priat.e here as to the identification
of the
arrival
time of a phase on the observed record
sections.
We have consistently
selected •h•
onset of a phase, recognized by amplitude or
frequency character,
to be the earliest
time
consistent with the data.
The largest amplitude

record

observed.

times was determined,

the

interfaces

and

each record
which

and theoretical
of

the

the portions

common to

even

a satis-

by pertubation

velocities

section,

were

sections
After

match between observed

model

procedure, phase correlation was usually significant except for (generally) small travel time
shifts due to local velocity anomalies, elevation
effects, or timing errors.
A commentis appro-

observed
not

factory

for

The procedure utilized
in the interpretation
of the Conda-SP7 refraction
profile was to identify the travel times of principal
refracted
and reflected phases by their lateral coherency
of amplitude and phase character of the seismo-

is

arrival
of

Seismic

on the

an arrival
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two

or

model

of the

more

record

sections and two or more ray paths were adjusted
until
a satisfactory
match to all of the data
was obtained for a single model.
Thus, the
process required iterative
refinement of the
velocity
model utilizing
the seismic data from
all of the crossline
record sections
and requiring consistency
with the crustal
model interpreted for the refraction
profile
along the axis
of the ESRP (SP2-SP5 from Braile et al. [this
issue].
Although this procedure is somewhat
subjective
and the models derived must be considered to be nonunique, the extensive modeling
•ffu•L,
a• m•a•u•ed by Lhe number of trial
models
utilized
and the degree of structural
pertubation
of the various trial
velocity•models,
produces
confidence in the interpretation.
In addition,

of the arriving phase generally occurs 0.10.5 s after the onset time.
Considering the
band-limited
source and recording instruments,
this is the most appropriate
convention for

many regions

travel

time comparisons which were met in the successful
velocity
model.
The use of simple interfaces
to represent

time modeling.

Also,

calculated

arrival

times were compared with expanded-amplitude

(large

scale) seismic record sections during

of the

crustal

model were

traversed

by ray paths from more than one shotpoint or
for two or more ray types, and thus the derived
model was subjected to a large number of travel

the ray trace modeling.
Examples of expandedamplitude record sections are shown by Braile
et al. [this issue].
These large-scale record

the boundaries between the layers and bodies
of the velocity model is a simplification
for

sections were important in recognizing the true
sec-

does not necessarily
imply that the transition
bet,•een the layers is a first-order
discontinuity
in velocity.
In reality,
these boundaries are

the

probably thin velocity

arrival

times of several
observed.

of the emergent pha•ses

which

were

The

tions

shown here are designed to display

seismic

record

character of the seismograms
for all phases,
and thus the amplitudes

are sometimes 'scaled

convenience

0.1-1

of

the

travel

km thickness.

time

transition
Such

would be sufficient

calculations

thin

to nearly

and

zones of about

transition

zones

eliminate

sub-

down' such that onset times for first
arrivals
may not 'be apparent.
Modeling of the correlated
phases was initially
performed using one-dimen-

critical

sional

data. Thin velocity transition zonesare present

and

velocity

refracted

models (travel
head' wave

times of reflected

arrivals

for

of plane, homogeneouslayers).
an approximate•

starting

a stack

This provided

model beneath

each shot-

point location from which to begin•more complex
travel time modeling.
Subsequently, travel
time calculations
were performed by ray trace
modeling [Cerveny et al.,
1977] for each shotPoint and refraction
In the ray-tracing

velocity

profile.
modeling

model was specified

process,

the

as homogeneous

layers or bodies whose interfaces
were described
by spline fits
to a series of grid points at
which the velocity
was specified.
Seismic ray

tions

reflected

arrivals

but would allow

reflected

arrivals

in

on the

record

sec-

for prominent.wide-angle
accordance

with

the

observed

for the shallow volcanic layers,
as indicated
by the velocity
well log for the ESRP (Figure
2).
However, inclusion
of these transition
zones

in the velocity

model does not appreciably

the

results.

travel

time

effect

In our modeling, we have also utilized
nearly
homogeneous layers and bodies for the velocity
model.
Of course, small velocity
gradients
are possible within these layers,
but several
observations
indicated that any gradients would
be Small, and therefore we chose to model the
crust with homogeneous layeros. With the e•ception of arrivals
from the volcanic layers,
the

paths for both reflected and refracted primary

record

arrivals

shown here and by Braile et al. [this issue]
show small-a •mplitude first
arrivals
(refracted

tracing

were calculated by Snell's
through

the model.

law ray

The results

of the

ray-tracing calculations were ray path diagrams
and calculat•
travel times. The ray path dia-

grams
wereusefulin the mod•eling
process
for

correlation

of

the

record

various

travel

time

sections

of the wave propagation

anomalies
and

effects

for

between

illustration

of the velocity

model. Ray path diagrams are illustrated
the derived

model in the figures

each

section.

times

record

are geometrical

The

calculated

ray theory

for

which accompany
travel

times

and are

not necessarily

represented by significant

tude arrivals.

The travel

ampli-

times are shown for

sections

for

the

ESRP (the

record

sections

phases) followed by larger amplitudes interpreted
to be wide-angle reflections.
Presence of significant positive velocity gradients would produce
large-amplitude first arrivals.
Also, synthetic
seismogram modeling by Braile et al. [this issue]
of data recorded along the axis of the ESRP

showedthat homogeneouslayer models were adequate
to match the travel

time and amplitude character

of the observeddata. The velocity structure
of the shall øw volcanic layers, however, is
effectively
for

a strong positive

the wavelengths

of interest

velocity

gradient

and is evident
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by strong-amplitude
km distance

on

arrivals

the

The advantage
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from about 30-50

record

SHOT

sections.

of the application

50
,

,

5.56

,

A

could
in

be obtained.
this
manner

6.15

did

E

The refracnot differ

6.55

by more than 0.005 s in travel time when compared
with travel
times for plane homogeneous layered

models computed using standard Snell's
In the diagrams

to follow,

city models are idealized,
linear

or curvilinear

5.•o

in the medium below the

interface, quite accurateapproximations
to head
arrivals
simulated

,

C

the extremely small curvature introduced into
wave
tions

SE

SRP

bodies and layers.

be generated.
For our travel time modeling,
critical
refractions
were simulated by introducing a small (0.01 km/s/km) velocity gradient
parallel
to the interface
along which the critical
refractions
were being calculated.
Thus, with

traveled

7

NRM

In geometric
ray theorya true headwavecannot

the ray as it

POINT
x (KM)

of the ray

trace theory in this case is the ability to simulate the propagation of various seismic wave
types through discontinuous

Structure

the crustal

utilizing

boundaries

VALUES
AREIN KM/SEC

VERTICAL
EXAGGERATION'2X

law methods.
velo-

a simple

and are

thus

approximations to a geological model. When
more than one refracted
phase appears on a plot,
each phase was calculated
separately with the

velocity gradientintroduced
only in the layer

in which the head wave was generated.
The layers
above and below were seismically
homogeneous.

Thereflectedphases
werecalculatedwith all
layers

6.55

homogeneous.

SMOOTHEDINTERVAL
VELOCITY (km/s)
$
4
5
6
.

:

i

i

VALUESARE IN KM/SEC

GENERALIZED
LITHOLOGIC
'LOG

I

VERTICALEXAGGERATION-2X

I

I

I

I

•

Fig. 3. Velocity model for the ESRP from shotpoint 7 to the southeast showing the compressional
wave velocities,
interfaces
(heavy solid lines),
ALTERED
BASALT
LAYERSand computed ray paths (thin lines) for selected
TUFFACEOUS
INTERBEDS
angle of incidence ranges for refracted (upper
plot) and reflected (lower plot) ray types.
WELDED
TUFF
The phase names correspond to calculated ray
WITH
SOME
BASALT

i

WITH

SOME

INTERBEDDED SAND,

:. Boffomo!

SILT

ß

<:

INEL13
VELOCITY

AND

CLAY

trace

TUFFACEOUS

LOG

INTERBEDS

travel

in Figure

times

shown in

the

record

section

4.

In addition to the interpretation
of the
HYDROTHERMALLY
ALTEREDConda-SP7 profile,
the seismic refraction
pro-

DENSE, RECRYSTALLIZED,

RHYODAClTE
ASH-FLOW(?)
file recordedalong the axis of the ESRP(shot-

Bottom;:
Drill Hole----._._._•

log observed in drill
hole INEL-1.
A generalized lithologic
log from drill
cuttings and
cores [Doherty et al.,
1979] is also shown.

points 5, 8, 4 and 2; Figure 1) was used to provide important constraints
on the crustal model
across the ESRP [Braile
et al.,
this issue].
The 252-km reversed profile
from shotpoint 2
to shotpoint 5 provided detailed
inf'ormation
less complicated by lateral
velocity
structure
variations.
Because of the length of the SP2SP5 profile
and the shotpoint locations,
this

The interval-velocity
data were available between
the bottom of the drill casing and the bottom

profile was particularly useful in determining
the velocity-depth relations for the deeper layers

of the hole.
However, the velocity data were
highly erratic in the depth range of 500-800
m corresponding to a depth interval characterized

beneath the ESRP.
Utilizing the interpretation

3159 m
i

i

i

i

Fig. 2. Compressional velocity versus depth
profile
inferred for the shallow structure of
the ESRP from the smoothed interval-velocity

by alternating
layers of high-velocity
altered
basalts and low-velocity
sedimentary rocks.
The velocity data in this interval
are shown
schematically by the dashed line.
The velocity
profile
for the upper 700 m which was used for
interpretation
(dotted line) is more consistent
with

the

observed

pretations
al.

[1947].

refraction

data

and the

inter-

of Ackermann [1979] and Perkins et

SP5 profile
following
model

[Braile et al.,
constraints

beneath

the

of the SP2this issue], the

were applied

central

area

of

to the crustal
the

ESRP.

The upper crustal layer (velocity
• 6.15 km/s)
is interpreted
to thicken toward shotpoint 2.
The interpretation
of the axial profile
(shotpoints 5, 8, 4 and 2; Braile et al. [this issue])
indicated
an apparent velocity
of the upper
crustal layer of between 6.08 and 6.19 km/s.
A value

of 6.15

km/s was utilized

in the

ideal-

Sparlin et al.-

ized model o• the Conda-SP7 profile

Ray-Trace Modeling of ESRPCrustal Structure

presented

their

respective

arrivals

2625

on the seismograms.

here. Below the upper crustal layer and extending
down to approximately 19 + 1 km is an intermediate

Figures 4 and 6 display the theoretical travel
time curves superimposedon the observed seismic

layer with a velocity
of approximately 6.53
km/s. The velocity of this layer is well defined
from the interpretation
of the shotpoint 2 to

sections recorded
Mine, respectively.

5 data.

Shotpoint 7

The

lower

crust

of the intermediate

extends

layer

the

we relied
the

near-surface

heavily

INEL-1

well,

the

base

7 and the Gay

to a depth of approxi-

mately 42 _+2 km with a velocity
For

from

from shotpoint

volcanic

of 6.80 km/s.
structure,

upon the interpretation
15 km from the

of

northwestern

boundary of the ESRP, east of Arco [Doherty

Phase A in Figures 3 and 4 has an apparent
velocity of 5.56 km/s to a distance of 30 km
and was modeled essentially

as a direct

wave.

Theoretically,
the travel time curve for this
phase should pass through the origin on the
seismic

data,

but instead

it

exhibits

a delay

et al.,
1979].
This well penetrated to a depth
of 3.16 km and intersected
three general lithologies.
Basalt interbedded with lacustrine
and fluvial
deposits was encountered from the
surface to a depth of approximately 700 m.

delay is accounted for by 450 m of 1.5-km/s low-

Below the surficial
basalt, to a depth of 2400
m, a sequence of welded tuff was penetrated,

from the shotpoint,
the ESRP boundary is encountered and phase A from 30 to 45 km displays an

and

then

well,

from

this

level

recrystallized,

to

the

bottom

hydrothermally

of

the

altered

rhyodacite was the predominant lithology

[Doherty

et al.,
1979].
We utilized
a velocity
of 3.33
km/s in the idealized
model for the surficial
basalts and sedimentary deposits.
This velocity
is

between

the values

of 3.40

in intercept

time of approximately 0.3 s.

This

velocity material below the shotpoint located
in Antelope Valley.
At a distance of 30 km

apparent velocity

of 4.84 km/s.

This lower-

velocity segment was modeled by introducing a
fault into the velocity model at the ESRP boundary
which accounts for the apparent velocity of phase
A and the time delay evident for phase C, as
discussed

below.

The thickness

km/s indicated

of the 5.56

by Ackermann [1979] and 3.02 km/s indicated

by Perkins et al. [1947] for these strata. Our
smoothed
velocity log fromthe INEL-1well (Figure
2) indicates velocities of 4.9 km/sfor the

the ESRPis not well known. However,a review
of the stratigraphicworkdoneby Ross[1962]
and SkippandHall [1980] indicates that the

welded tuffs and 5.3 km/s for the recrystallized
rhyodacite.
The thicknesses of these layers
were extrapolated
from the well, this being
the only lithologic
reference point with velocity information near the intersection
of the
two seismic

profiles.
Seismic

20 km southeast of the southern margin of the
ESRP near Blackfoot,
Idaho (Figure 1).
The data from both of these shotpoints
were

modeled iteratively.
Figures 3 and 5 show the
idealized
crustal velocity models, to a distance
of 70 km from the respective shotpoints, which

provided appropriate fits
data.

to the arrivals

on

Also shown are representative

computer-drawnray paths used in generating the
various

calculated

travel

during the modeling.
crustal
from

the

structure

time

curves

utilized

A complete model of the

across

combination

adjacent

of

the ESRP was formed
the

70-km segments.

to the north side of

thickness
is quite subs•.antial.
We regard the
3-km thickness
indicated
by the velocity
model
(Figures 3 and 4) for these strata as a conservative
value.
In actuality,
some of the Precambrian and lower Paleozoic quartzites,
which Ross
describes,
conceivably
could propagate seismic

energy with a velocity
Interpretation

Initially,
the 136-km reversed seismic line
from shotpoint 7 in the Northern Rocky Mountain
(NRM) province to the Gay phosphate mine located
in the Basin and Range (BR) province was interpreted.
Shotpoint 7 was located 30 km northwest
of the ESRP boundary. The Gay Mine is located

the seismic

directly

km/s sedimentary

strata

of approximately 6 km/s.

It would be difficult
to distinguish
between
these strata
and the upper crustal
crystalline
layer,
thus resulting
in a shallower interpreted
depth to this interface.
A very prominent feature of the shotpoint

7 seismograms displayed in Figure 4 is the absence of a well-developed
arrival
with an apparent

velocity

of 6.15 km/s extending into the ESRP.

However, phase C, the critical
refraction
from
the top of the upper crust northwest of the SRP
margin propagated through the normal fault
at
the ESRP boundary (Figure 3), matches the first
arrivals
on the seismograms between ,30 and 55
km. We assumed the simplest structural
model
consistent
with the data in generating
this
interpretation.
The interface
between the 4.90

and 5.30 km/s volcanics
well

log location
The

seismic

data

do not provide

was projected

to the margin
available

definitive

from the

of the ESRP.

for

the

resolution

crossline

on the

depth to the bottom of the 5.30-km/s volcanics.
The depth of approximately

5 km was derived

by

Representative refracted and reflected phases
from the top of the 6.53-km/s layer and the lower
crustal 6.80-km/s layer are shown in the 136km-long crustal model in Figures 4 and 6. The

modeling of the crossline
data while requiring
reasonable
consistency
with the interpretation

Conda Mine data were then used to extend this
crustal
model into the Basin and Range province

respectively,

southeast

layer,

of

the

ESRP.

Because of the complexity of the inferred
structure,
the various groups of modeled rays
are referred to as wave types or phases and

denoted alphabetically.

This provides a simple

means of indexing the different

phases with

of the axial
Phases

profile

D and E,

[Braile
reflections

et al.,

this

issue].

and refractions,

from the top of the 6.53-km/s

indicate

that

this

boundary slopes to

the northwest with a dip of approximately 10 ø,
as shown in
a depth of
and a depth
top of this

Figures 3 and 4. The model indicates
7 km near the center of the plain
of 17 km under shotpoint 7 to the
layer.
However, phase D is only
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VALUES

ARE

IN KM/SEC

VERTICAL
i

•g.

4.

s•o•po•

Veloc•

7 •o •e

model a•d calculated

southeast.

i

EXAGGERATION=
i

•a• paths •o• la•ge•

•educed-veloc•

3X

i

se•s•c

d•s•a•ce

•a•ge [o•

•eco•d sec•o•

(•op

s•ows •e ve•cal-compo•e•
seismograms, ampl•ude-•o•l•ed
a•d plo•ed w•
a•
amplitude scaling [ac•o• o[ d•s•a•ce •o •e 1.5 power. •eo•e•cal
•avel
•me
curves [o• •e phases •11us•a•ed • •e velocity model (a•d •om •gu•e 3) a•e
also

sho•.

record sections,
and therefore,
the configuration
of this interface
beneath shotpoint 7 is only
inferred.
These two phases produce the prominent

tion is analogous to the presentation
of the
shotpoint
7 data.
Figure 5 shows the derived
crustal
model from the shot origin
to a distance
of 70 km, and Figure 6 displays the seismograms

arrivals

recorded

well

developed from 27 to 70 km on the seismic

between

60

and

70 km on the

SP7 record

section.

Finally,
phase F, which is well
from 70 to 110 km, was satisfactorily

developed
modeled

as a reflection
from the top of the 6.80-km/s
layer.
This interface
dips slightly
to the
southeast from a depth of 18 km under shotpoint
7 to 19 km under the Gay Mine shotpoint.
The
calculated
travel
time curve for phase G, the
theoretical
head wave from this boundary, is
also

shown in Figure

4.

from

the

mine

blast

and

the

calculated

travel
time curves superimposed above the velocity model of the ESRP. The model in Figure
6 is identical
to that utilized
in Figure 4.
However, the corresponding phases have different
expression in the seismic data recorded from
the Gay Mine and thus qualitatively
indicate
structural

differences

between

the

northwest

and southeast margins of the ESRP.
The station
spacing and data recovery beyond
35 km for this shot were quite good. However,
the inability
to locate adequate seismograph

Gay Mine Shotpoint

sites

The procedure used in the interpretation
the discussion of the Gay Mine data in this

foot,
Idaho, caused the lack of coverage in the
distance range of 20 to 35 kin. Also, it was
not possibñe to obtain data between the Gay Mine

and
sec-

in

the

area

of

the

Snake

River

and

Black-
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location.
An arrival
analogous to this is
totally
absent in the shotpoint 7 data on the

GAY MINE
x (KM)
NW

north side of the SRP and thus implies that
the upper crustal layer extends under the south-

SE
SRP

east

side of the ESRP relatively

undisturbed.

The boundary between the 5.56-km/s material

5O

'

and the 6.15-km/s

'0

material

was modeled as an

interface
dipping to the northwest from a depth
of approximately 3 km under the Gay Mine in the
Basin and Range province to a depth of 5 km near
the center of the plain.
Phases B and C in Figures
5 and 6 are the reflected
arrivals
from this
interface.

6.15

and

refracted

Another very prominent arrival
in the Gay
Mine data is the large amplitude-reflected
phase

6.55

D, from the top of the 6.53-km/s layer.
VALUES

ARE

IN

KM/SEC

VERTICAL

This

phase provided substantial evidence for a sharp
velocity
contrast between the upper crustal layer

EXAGGERATION'2X

and the 6.53-km/s

2O

of this
this

material

and the observations

phase allowed accurate

interface.

The

travel

delineation

times

of

indicate

that

this interface
is approximately 7 km deep near
the center of the plain and dips to the southeast
at 12 ø to approximately 19 km in depth beneath
the

N

VALUES
ARE
INKM/SEC
VERTICAL
EXAGGERATION'2X
•

2O

Fig. 5.
Velocity
model and ray paths for Gay
Mine shotpoint to the northwest.
Travel times
for the refracted
arrivals
(upper figure)
and
reflected
arrivals
(lower figure)
are shown
in Figure 6.

shotpoint and the margin of the ESRP because
of permitting difficulties.
Thus, the velocity
of

the

Paleozoic

strata

on the

southeast

side

of the SRP is poorly defined.
The velocity
of
5.56 km/s was assumed for these rocks because
it

was consistent

from this

with

the

shot and because

associated

with

northwest

side

seismic

it

is

the corresponding
of

the

data

recorded

the velocity

rocks on the

fault

of

and the

500-m

surficial

throw

basalts,

was modeled

with

a small
the

Paleo-

zoic st'rata then dipping under the plain from
this depth to a depth of 3.40 km at 70 km from
the shot location.
However, the location
and
throw of this fault
is not well defined by the
seismic
data.
Phase A then accounted
for the

5.40-km/s apparent velocity arrival which is
prominent on the seismograms extending across
the plain from 35 to 53 km from the shotpoint
(Figure 6).
The most striking

shotpoint
of a first

difference between the
7 and Gay Mine data is the presence
arrival

with

It

should

seismic

be

added

here

that

data from shotpoint

the

available

7 and the Gay Mine

do not allow
definite
resolution
on the nature
of the interface
between
the extension
of the
Paleozoic
rocks
under
the ESRP and the 5.30-

km/s volcanics in the region near the center
of the plain.
Modeling of record sections along
the axis of the SRP [Braile
et al.,
this issue]

did not require the 5.56-km/s material

SRP.

Phase A in Figures 5 and 6 was modeled as
a direct wave through the 5.56-km/s material
to the ESRP boundary.
At the margin, to allow
for the fluvial
deposits associated with the
Snake River

Gay Mine.

The lower amplitude arrival
approximately
0.5 s later than phase D was interpreted
as the
reflected
arrival,
phase F, from the top of the
6.80-km/s lower crust (Figure 6).
Wave-type
G, the refraction
from this boundary, was calculated
and the travel
time curve shown, although
the distance range of this profile
precludes
observation
of this arrival.
Also present in
the seismic data for the Gay Mine shot is a large
amplitude arrival
approximately 1 s later than
phase F between 53 and 90 km. Several unsuccessful attempts were made to adequately model
this phase as a multiple arrival.
It is possible
that this phase is due to a phase which propagates as a shear wave for a portion of its ray
path.

an apparent

velocity

present.

to be

Thus, the absenceof the 5.56 km/s

Paleozoic sedimentary rocks beneath the central
and northeastern
region of the SRP is reflected
in our velocity
model but cannot be inferred
with certainty
at this time.
Figure 7 presents
a record section from shotpoint 8 recorded transverse to the axis of the plain.
A high-velo-

city

(apparent velocity

is present
about

• 6 km/s) first

on the record

a distance

of

section

30 km to

the

arrival

beginning
southeast.

at
As

can be seen by the rays calculated for the ESRP
model (Figure 7), refractions
from the top of
the 5.56-km/s material under the plain provide
a reasonable

match

to

the

observed

arrivals.

Owing to the small number of records available,
the seismograms recorded to the northwest from
shotpoint 8 were not interpreted.
Also, the
thi'•.d through the seventh seismograms plotted

of approximately 6 km/s on the Gay Mine record

on this

section.

shotpoint were actually located parallel
to the
axis of the plain northeast of the shotpoint

This

arrival

extends

across

the

ESRP

from approximately 35 to 80 km from the shot

record

section

to

the

southeast

of

the
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Fig. 6. Velocity
model, ray paths, and seismic record section for larger distance
range arrivals
from the Gay Mine shotpoint.
Record section s•.ows vertical-component,
amplitude-normalized
seismograms with an amplitude factor of distance to the 1.5 power
for plot scaling.
Theoretical
travel times are shown on the record section for the
phases illustrated
by the ray paths shown here and in Figure 5.

(Figure
10,

1) and were modeled as shown in Figure

which

is

described

later.

on the
travel

Conda Mine Shotpoint
The Conda Phosphate Mine is located

approxi-

mately 59 km southeast of the Gay Phosphate Mine
and 79 km southeast

(Figure 1).
not located
of

of the

inferred

SRP margin

As the Conda Mine shotpoint was
in close proximity to the boundary

the ESRP, the data

obtained

from this

blast

were used primarily
to determine the transition
of deeper crustal layers between the Basin and
Range province and the ESRP. Interpretation
of the data for this line provided a model consistent with the shotpoint 7 to Gay Mine profile.
However,

the data were not useful

interpretation

point and the derived model to a depth of 50
km are shown in Figures 8 and 9.
The ray paths
of the interpreted
refracted
phases are plotted

in direct

of the shallow structure

of the

ESRPo

The seismogramS.recorded from the Conda shot-

idealized
crustal
time
curves
are

model
and the associated
shown on the seismic
record

sections in Figure 8. The ray paths calculated
for the various reflected
phases are presented
in Figure 9.
The crustal model shown in Figures 8 and 9,
beyond a distance of 70 km from the Conda shotpoint, is exactly the model derived from the
shotpoint 7 and Gay Mine interpretation.
A

low-velocity
southeast

surface layer of 4.50 km/s dipping

near

the

to account for
calculated

travel

wave through this
from

the

base

Conda

Mine

was

introduced

delay times of the arrivals.

of

time

curves

layer
this

for

the

and the reflected

material

are

The

direct

shown

phase
on

the seismograms in Figure 8, but they are not
coded according to wave type.
Thus, proceeding
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8 NW-SE
SE

NW

50

50

x (KM)
NRM

SRP

\

5.56

3.33

5.30

VALUES
AREINKM/SEC

6.15

VERTICAL
EXAGGERATION=
2X
• •6,•
i

Fig. 7.

i

I

•

IO

'Velocity model, ray paths, and seismic record section recorded from shotpoint

8 to the northwest and southeast.
Theoretical
travel times for the ray paths shown are
drawn on the record section.
The third through the seventh seismograms plotted to the
right of the zero distance correspond to stations 2105, 2104, 2102, 2101, and 2652 (Figure 1), which are actually located northeast or east of the shotpoint and are modeled in
Figure 10.

with phase A, the coding of the wave types is
generally
analogous to that previously
discussed.
Phase A in Figure 8 is a refracted arrival

of the American Falls Reservoir-Bear Lake-Flaming
Gorge Reservoir seismic refraction
data discussed
by Wilden [1965].
His interpretation
of the

from the 5.56-km/s layer representing the Paleo-

reversed profile,

zoic sedimentary rocks.
Phase B is a reflected
arrival
from the top of the lower crust.
Although
some scatter in arrival
times is evident in the
distance range of 15-60 km due probably to station
locations 'off-line'
from the profile
(Figure
1) and local near-surface velocity variations,

Flaming Gorge Reservoir, also did not require
the presence of a layer with a velocity intermediate to the velocities
of the upper and lower
crust in this region.

these phases match the observed seismic
reasonably well.
From

a distance

of

40

km from

the

data

Conda

shot-

Phase D, illustrated
in ray
travel
time curve in Figure 8,
reflection
from the top of the
then becomes a reflection
from

6.53-km/s

point to the ESRP boundary the seismic data
exhibit
a first
arrival
with an apparent

time
face

velocity somewhat higher than 6.15 km/s, By
sloping the top of the upper crustal layer from

on

3.85

km in depth at a distance

of 60 km to a

depth of 6.35 km beneath the CondaMine, phase
C modeled these

arrivals

appa.rent velocity
There

that

is

no

quite

well

with

in

the

Conda

Mine

suggests the 6.53-km/s intermediate

the

crustal

structure

beneath

The triplication

data

layer

the

Basin

and

Range province,
directly
southeast of the ESRP
margin, is consistent
with the interpretation

of the travel

the

observed

record

section.

Phases E and G are refractions
from the top
of the intermediate
and lower Crustal
layers,
respectively,
and are shown in Figure 8.
Phase

point to approximately 105

km has an apparent velocity

extends into the Basin and Range province for
any appreciable
distance.
This interpretation
of

layer.

paths and the
is initially
a
lower crust and
the top of the

curve caused by the structure
of this interis accompanied by large-amplitude
arrivals

G from the critical

an

of 6.25 km/s.

evidence

American Falls Reservoir-

of 6.80 km/s.

Then

from 105 km, the apparent velocity
of this phase
increases
as the rays intersect
the updip portion
of the intermediate
layer and then the apparent
velocity
decreases as the rays intersect
the
crest.
Beyond 132 km, the apparent velocity

is again approximately
correlation

between

the

6.80 km/s.
calculated

The excellent
arrivals

of
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Fig. 8. Velocity
model, ray paths for refracted
phases, and seismic record section for
the Conda Mine shotpoint.
Record section shows vertical-component,
amplitude-normalized
seismograms with an amplitude scale factor of distance to the 1.5 power for plot scaling.
Theoretical
travel
times are shown on the record section for the phases illustrated
by
the ray paths shown here and in Figure 9.

phase G and the actual

seismic data from 110

to 160 km substantiates
the configuration
of
the interface
between the 6.53-km/s material

and the lower crustal
the

ESRP.

Thus,

the

(6.80 kin/s) layer beneath
Conda Mine

data

are

in

agreement with the shotpoint
7 and Gay Mine
interpretation
of this interface
and are also
consistent
with the configuration
of the 6.53-

structure
for
the
of the ESRP which

shallow
crust
near
the center
was used to constrain
the

Conda-SP7 crustal

model.

the

seismic

record

sections

Figures
from

10 and 11 show
these

two

shot-

points to a distance of 50 km from their respective origins.
The intersection
of the shotpoint
7 to Gay Mine crossline with this profile
is
located approximately 15 km from shotpoint 8

km/s layer as indicated by the shotpoint 7 to

(Figure 10) and approximately 32 km from shotpoint

Gay Mine profile.
Finally,
the reflected
energy from the crustmantle interface,
indicated
conventionally
herein
as PmP, is apparent in the seismic data beyond
110 kin. This phase was modeled adequately with
the Moho at 40 km in depth consistent
with the
interpretation
of the PmP arrivals
for the axial

4 (Figure

profile

[Braile

et al.,

this

issue].

the model shown in Figure 9 indicates
face is planar,
reflections
from this
were obtained over only approximately
distance,
and therefore
the possibility
ture

on

this

interface

cannot

be

Although
the interinterface
a 30-km
of struc-

eliminated.

11).

Because a simple

layered

crustal

model was

used to model the shotpoint 8 NE and shotpoint
4 SW data, the phase nomenclature that is used
in Figures 10 and 11 describes
the reflected
and refracted
arrivals
by the layer number from
which the phase originates.
Specifically,
the
refractions
from the top of the ith layer are

identified

as Pi, while the reflections

from

the top of this layer are identified as PiP.
Because of the short distances
the

travel

three

time

layers

curves

involved,

associated

are indicated

with

only

the

on the seismic

first

record

sections, and only the P3 phaseis represented

Shotpoint 8 NE and Shotpoint 4 SW

by ray paths in the crustal model in both figures.
The depths to the fourth and fifth
layers were

Shotpoint 8 NE and shotpoint 4 SW were recorded along the axis of the ESRP as a 47-km
reversed refraction
profile.
Interpretation
of this reversed profile
provided the velocity

derived from the Conda-õP7interpretation at
the intersection

with this

profile.

face

5.30-km/s

material

between

the

The interand the

6.15-km/s upper crustal layer may be highly
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,
model and ray paths for reflected
phases for the Conda Mine shotpoint
Travel times for these phases are plotted
on the record section sho•

irregular
if not gradational
due to the nature
of the volcanic processes which have probably
produced this structure.
There is also the
possibility
of the occurrence of =5.56-km/s
Paleozoic
sedimentary rocks beneath the 5.3-

Q value of this material

km/s volcanic rocks, as discussed previously.

early

However, presence of this layer was not required
in the modeling of the axial line and could

km from shotpoint

not

velocity

be

resolved

with

the

2-

to

3-km

station

et

al.,

this

The

is extremely low [Braile

issue].

reflections

and

refractions

from

the

top of the 5.30-km/smaterial, phasesP3P and
P3, respectively,
arrivals

sets.

account for the large amplitude

beyond about 10 km in both data

The P3 phase beyond approximately 27
4 (Figure

11) has an apparent

of approximately 5.30 km/s, as does

spacing used during data collection.
Computer modeling of this reversed profile
yielded a velocity
versus depth model of the
crust which generally
was in good agreement

the P3 phasebetweenthe critical point and

with

than 5.30 km/s, while this phase exhibits an
apparent velocity less than 5.30 km/s beyond

the INEL-1 well

interpretation

(Figure

2).
However, the modeling also indicated
that
significant
relief
existed
in the interface
between the 4.90- and 5.30-km/s material
from
approximately
the midpoint of the profile
to
and beyond shotpoint 4. The surficial
3.33-

23 km from shotpoint
8 in Figure 10.
Between
the critical
point for this phase to 27 km from
shotpoint 4, the apparent velocity
is greater

23 km from shotpoint

km/s layer was modeled as 0.9 km in thickness
beneath shotpoint 4. Layer 2, the 4.90-km/s
material,

was determined

ness below shotpoint
zontal at this depth
from the shotpoint
8
24 km, this interface
as dipping 4.5 ø to a

to be 2.7

km in

8.

Thus the structure

on the top of the 5.30-km/s material is inferred
from these apparent velocity anomalies for the
P3 phase.
Gravity

Modeling

thick-

8 and is essentially
horito a distance of 23 km
location.
For the next
was modeled successfully
depth of 4.5 km beneath

Several investigators
have previously
studied
the gravity field associated with the ESRP and
generally characterize the gravity field as

an asymmetric positive
to the axis

anomaly roughly parallel

of the ESRP [LaFehr

and Pakiser,

shotpoint 4. Preliminary modeling of shotpoint 4 NE, which is not presedted here, sug-

1962; Mabey, 1976, 1978].
we calculated the
gravitational
field over the crustal model

gests that the dip on this interface
extends
at least 30 km northeast of the shotpoint 4
location
although with a somewhat lesser slope.

derived from the seismic interpretation

The P• phase, refractions from the top of
the 4.90--km/s welded-tuff layer, attenuate

modeling.

rapidly
in amplitude,
and energy from this
arrival
was essentially
nonexistent
in the
seismic records beyond about 7 km from both
of the shotpoint 8 and 4 locations.
Thus, the

a simple Bouguer gravity map provided by G.
R. Keller
(wri'tten
communication,
1979) which
was compiled from the gravity data file of the
U.S. Defense Mapping Agency. The first profile

compared this
to

constrain

field
further

Three gravity

and

with observed gravity
and

profiles

refine

the

data

seismic

were constructed from
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[1962].

8 NE

SW

NE

The densities were assigned by selecting,

from Woollard's velocity-density
data, the average density value which corresponded to the
seismic velocity for each layer.
The velocitydensity relation which resulted from this procedure is graphed in Figure 12. Although these
densities

were derived

from various

sources,

this relation indicates that the velocitydensity curve deviates very little
from an
almost linear relationship.
Figure 13 shows the topographic and gravity
profiles
above the final inferred geological
model.

The densities

utilized

in

the

calculation

of the theoretical
gravity curve are indicated
in parentheses beside the corresponding seismic
velocities.
The general characteristics
of
the observed gravity profiles
are matched quite
well by the calculated
profile,
although no
attempt was made to model the shorter-wavelength
anomalies on these profiles.
The fault
structure
on the northwest side of the SRP yields
a characteristics-signature
local anomaly which is

o

50

SHOT POINT 4 SW

x (KM)
SW

SRP AXIS

NE
'

N

4

6.15

5

I0

VALUES ARE IN KM/SEC

'

'

VERTICAL

Fig. 10.
P arrival

4

6.5;5

'

'

EXAGGERATION=

2X

Velocity model, ray paths (for the
only), and seismic record section

f3orshotpoint
8 to thenortheast.
Seismograms

are vertical-component,
amplitude-normalized
with an amplitude scale factor of distance to
the 1.5 power for plot scaling.
Theoretical
travel

times

on

record

the

for

the velocity

model are shown

'

section.

50

0
X (KM)

was coincident
with the Conda-SP7 seismic profile
and extended 50 km northwest of shotpoint 7
to 44øN latitude
and 114øW longitude.
This

profile

longitude.

located

SRP AXIS

also extended 51 km southeast of the

Conda Mine

profiles
parallel

0

to

42ø30"N

latitude

and 111øW

i

i

i

i

\

The two other observed gravity

i

•

0

were of the same length (297 kin) and
to the first one, however, they were
20 km northeast

and southwest,

respec-

tively,
of the Conda-SP7 profile.
By utilizing
the three observed profiles,
regional trends
of the observed gravity field could be compared
to the calculated
gravity anomalies, and effects
of localized
density anomalies, which could
not be resolved by either the seismic or the
gravity data, could be minimized.
The densities assigned to the volcanic rocks
were derived from an averaged, compensated
density log recorded in the INEL-1 well.
The
remaining densities were determined by utilizing
the appropriate seismic velocity versus density
curves for various rock types compiled by Woollard

4

5

VALUES ARE IN KM/SEC

'

'
VERTICAL

Fig.

11.

N

6.15

Velocity

'

6.5:5

'

I0

EXAGGERATION=MX

model, ray paths (for

the

P_3arrival only) and seismic record section

fSr shotspoint
4 ;o thesouthwest.
Seismograms
are vertical-component,
amplitude-normalized
with an amplit, ude scale factor of distance to
the 1.5 power for plot scaling.
Theoretical
travel
times for the velocity
model are shown
on

the

record

section.
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crustal
layer in the idealized
model from 10
km under the SRP to approximately
18 km northwest of the SRP margin.
It also was necessary
to decrease the distance
that the 6.53-km/s
intermediate
layer extends beyond the northwest
boundary of the plain to model satisfactorily
the steep gravity
gradient which occurs on this
side of the plain.
This configuration
of the

,

ß
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DENSITY(G/CMs)
Fig. 12. Plot of velocity-density
relation
for the crustal
model shown in Figure 13.

vations

recognizable on the three observed gravity profiles although the amplitudes are slightly
different and locations
slightly
shifted.
To model the gravity gradient northwest of
the ESRP, it was necessary to thicken the lower
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6.53-km/s

the seismic data, as there were no significant
reflections
observed from this region of the
interface
on the shotpoint
7 data.
Also, the
inferred
crustal
thickening
to the northwest
of the SRP is not constrained
by the seismic
data, and thus the gravity
data could have
equally well been modeled by a lower density
crust rather than a variation
in the depth to
the Moho. However, the increased depth to the
Moho in this area was the simplest
structural
assumption and is also consistent
with isostatic
compensation beneath the large topographic
ele-
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Fig. 13. Inferred crustal modelacross the eastern SnakeRiver Plain.

the crustal

is available.

model is 1.2-km elevation.

Interfaces

The datumfor

are dashed where no seismic control

F•levation and gravity profiles are also shown. Three observed simple,

Bouguergravity profiles are shown. Oneis located along the Conda-$P7
profile, and
the other two are oriented parallel to the Conda-$P7profile but are shifted 20 km
northeast and 20 km southwest. The gravity anomaly calculated from the two-dimensional

density model (densities are values shownin parentheses)is also illustrated.
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Conclusions

EASTERN SNAKE
RIVER PLAIN

NW

SE

Use of the ray trace method to model the
seismic refraction
data presented here was invaluable
in defining
the crustal
structure
beneath the ESRP. The interpreted
structural
model presented in Figure 13 is consistent
with
the average crustal model parallel
to the axis
of the ESRP at their point of intersection

[Braile

et al.,

this

issue].

However, simple

dipping homogeneous layers were utilized
in
the modeling of the profiles
along the axis
of the ESRP, whereas the ray trace method
utilized
for the crossline
provided information
on the lateral
variations
of these layers and
the

structural

margins

of

transition

associated

with

the

the ESRP.

The ray trace modeling of the seismic refraction profiles
and subsequent gravity modeling
has substantiated
model
of the crust

the structure,
to be highly
structure
is
the fault
at
The graben is

volcanic

a three-dimensional
beneath
the ESRP

especially
in the upper crust,
anomalous.
An asymmetric grabenlike
indicated,
with greater
throw along
the northwest margin of the ESRP.
filled
with a thick sequence of

rocks.

The 6.15-km/s

layer is greatly
thinned
son with the surrounding
The

fault

idealized
and indicated

structure

upper crustal

in the ESRP in compariregions.
inferred

at

the

northwest

Fig.

14.

Schematic diagram illustrating

inferred

crustal

Snake River

model

Plain

beneath

the

and adjacent

the

eastern

provinces.

face between the upper and lower crust

(19 +

1 km) extending into the Basin and Range is
consistent

with

the

refraction

data

between

interpretation

of the seismic

American

Falls,

Idaho,

and Flaming Gorge, Utah, discussed by Willden
[1965].
He found the depth to this interface

boundary of the ESRP, with the sedimentary strata
terminating there, is a significant feature
which was indicated by both the seismic and
gravity data. However, it appears that along
the southeast margin of the ESRP, the Paleozoic
sedimentary rocks extend under the ESRPvolcanics

from American Falls to Bear Lake to be 18.1
km, while the reversal of this segment of the
profile indicated a depth of 19.4 km. Hill
and Pakiser [1966] also interpreted the depth
to the lower crust as 19 km beneath the Basin
and Range province, south of the western SRP.

for

Combined gravity
and ray trace travel
time
modeling has proven to be a powerful interpretation procedure for investigation
of the crustal

a distance

of

at

least

40 km.

If

there

is a fault present along the southeast margin
of the SRP, then it is of much less magnitude
than that along the northwest boundary.
The modeling of the 6.53-km/s intermediate
layer indicates that it is localized
within
the ESRP margins and has a minimum relief
of
10

km above

the

contact

with

the

lower

crust

beneath the center of the plain.
This anomalous
body may be interpreted
as an intrusion
of mafic
material
into the highly fractured
upper crustal
layer of the ESRP accompanying the graben formation or as a petrologic
transition
due to thermal
metamorphism of the upper crust by a rising
heat source.
Whatever the process that has

structure

of

the

the transition
anomalous

crust

ESRP (Figure

eastern

Snake

to adjacent
is

14).

shown

River

Plain

provinces.
to

exist

beneath

A volcanic-filled

and

A highly
the

asymmetric

graben at least 5 km deep overlies
an intruded
upper crust beneath the ESRP. Proposed models
for the geologic and tectonic
evolution
of the
Snake River Plain should be capable of explaining
this

anomalous

crustal
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