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A three-dimensional five-layered crustal model of the Columbia Basin
has been constructed based on refraction data collected in August, 1984 by
the USGS, Rockwell Hanford Operations, and the University of Washington.
The USGS deployed a 260km-long line running NE-SW through the central
basin with dense station spacing. The University of Washington set up
unreversed refraction lines with sparse station spacing concentrated to the
west of the USGS line while Rockwell Hanford Operations deployed stations
to the east. Starting with the dense data from the reversed USGS line, inter-
cept times and crossover distances were used to create a two-layered model.
This model was then expanded to five layers, including a low-velocity layer
beneath the basalts, by using an iterative scheme of two-dimensional forward
ray-tracing and data from several deep boreholes.

The model consists of a 0.5km-thick, 3.7kn/s surface layer overlaying
the basalts, which have an average velocity of 5.18km/s. The average velo-
city for the low-velocity layer ranges from -4.6km/s to 5.0km/s. Deep
borehole sonic logs confirm the existence of this low-velocity layer and are
used to fix the depth to the bottom of the basalts in the northern region.
.nalysis of the reftraction data reveals that the basalts extend to a depth of
approximately 5.4km In the central basin and thin to a depth of 1.8km in the
northeast and 0.8km in the northwest. The top of the 6.2km/s crystalline
basement refractor extends to depths between 10km and 11km in the central
basin and shallows to the north. Shallowing of the basement rock was
confirmed by additional refraction data collected from a local mine in the
northern part of the study area. A deep-crustal layer with an average velo-
city of 7.2km/s begins at depths of about 18km in the south increasing to
approximately 22km in the northern part of the study area.
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Chapter I- INTRODUCTION

The Columbia Basin in eastern Washington is covered by a large feld of

flood basalts, yet proof is lacking about what lies beneath. No significant

windows have been eroded through the basalts, thus preventing a definitive

solution (McKee. 1072). Magnetotelluric data suggests that a rock low resis-

tivity may exist beneath the basalts (Stanley, 1984). Stanley constructed a

cross-section with a conductive sedimentary layer beneath a more resistive

layer of basalt. Deep boreholes also provide clues on a local basis for the

rock type beneath the basalts. In the northern part of the region deep

boreholes cut through the basalts into sediments (Lewis, 1982; Campbell. in

preparation (a)). However, the magnetotelluric data and the deep boreholes

do not provide details of the existence of this sedimentary layer throughout

the entire region.

In August, 1984 the U.S. Geological Survey (USGS), in conjunction with

the Basalt Waste Isolation Project of Rockwell Hanford Operations (B%\1P-

RHO), and the University of Washington, conducted a large-scale seismic

refraction experiment in eastern Washington. Data were collected from four

different shot points during this experiment. Data were also collected from

several blasts from a local mine in the area. Refraction lines splayed out in

different azimuths from the shot points, frequently crossing other refraction

lines along the way. These refraction lines provided good coverage of the

study area. A two-dimensional model was created along each refraction 1ine.

Where the lines intersected, the depth to each layer in the model was tied

together. Hence, a three-dimensional model for the entire study area w*s
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created by considering all of the two-dimensional models.

Project Goals

Figure 1.1 is an index map of the Pacific Northwest. The bold outline

on the map marks the boundary of the study area for the experiment. 'In the

heart of the study area is the U.S. Government's Hanford Reservation. This

is one of three sites chosen for the possibility of housing the nations first

commercial high-level nuclear waste repository. The three sites are undergo-

ing further Investigation. The proposed repository, if Hanford is chosen,

would, be built in basalt at a depth of about one kilometer. An issue as

important as the construction of a nuclear waste repository demands an inti-

mate knowledge of the geology and tectonic behavior of the region. Hope-

fully, the information determined from this experiment will aid in the under-

standing of the area. The emphases of the seismic refraction experiment are

to determine the depth to the bottom of the basalt, to verify the existence of

low-velocity sediments beneath the basalt, to determine the depth to the cry-

stalline basement, and to extend the detailed work from the USGS line

throughout the study area.

Investigation Method

For the purpose of this study, seismic refraction methods prove to be

superior to reflection methods. Oil companies exploring in eastern *Washing-

ton have had considerable difficulty with the waves scattering off the flow top

breccias; thus, very little seismic energy penetrates through the basalts (Shir-

ley, 1984). This has made the analysis of the structure beneath the basalts

nearly impossible. The refraction method is chosen because the length of the

lines enables the recording of refracted arrivals and wide angle reflections
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Figure 1.1 Index map of the Pacific Northwest. Bold outline encloses thestudy area and the stippled region denotes the Columbia River Basalt Group(basalt area from Myers et al., 1979).
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from layers beneath the basalts. Refraction data also provides evidence of

low-velocity layers in the crust. This evidence is seen on the records as sha-

dow zones and greater delay times between refractors. In addition to the

refraction data, information from four deep boreholes in the northern part of

the study area have been used to aid in the analysis of the crustal structure.

Principal Results

A generalized model along the USGS line depicting five crustal layers

has been derived independent of the USGS analysis (Catchings and Mooney,

1985). The main reason for the generalized interpretation of the USGS line is

to use this crustal model and the borehole data to help derive models for the

sparser data from the other refraction lines in the study area. Well logs from

the deep boreholes have provided control on the depth to the bottom of the

basalt in the northern part of the study area.

Through the use of two-dimensional forward ray-tracing (Cerveny,

Molotkov, and Psencik, 1Q77) and borehole information, a model has been

constructed with a low-velocity layer beneath the basalts. A computer pro-

gram. written by Cerveny et al. and modified slightly by the USGS and the

University of Washington, traces rays through laterally varying isotropic

layers. This program approximates head waves by diving rays through layers

with slight vertical velocity gradients.

A total of thirteen different interacting refraction lines have been

analyzed, thus giving essentially a three-dimensional crustal model for the

study area. Velocities determined from sonic logs from two deep boreholes

substantiate the existence of a low-velocity layer and fix the depth to the

bottom of the basalts in the northern area. The model consists of five layers

- three layers on top of basement rock and a deeper crustal layer. A 0.5km-
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thick surface layer with an average velocity of 3.7km/s has been used. The

second layer is the basalts of the Columbia River Basalt group. An average

velocity for the basalts is 5.18km/s. The bottom of the basalts extends to

depths greater than S.Okm in the central part of the study area and then

shoals to about 1.8km in the northeast and 0.8km in the northwest. The

*average velocity for the low-velocity layer is inferred to be approximately

4.7km/s. The depth to the crystalline basement is between O.Okm and

1I.Okm in the central part of the area and shallows to 3.gkm in the northeast

and 1.5km in the northwest. The crystalline basement has a velocity of

approximately 6.2km/s. The deep crustal layer is between 18.0km and

23.5km throughout the study area. This layer is shallower in the south. The

deep crustal refractor has an average velocity of 7.2km/s.



Chapter I - REGIONAL GEOLOGY

Myers and Price, et al. (1979) have compiled an extensive list of refer-

ences on the geology of the region for the Basalt Waste Isolation Project of

Rockwell Hanford Operations. Much of this research was conducted by

Rockwell Hanford Operations or by contractors for Rockwell. A summary of

part of their work as well as that of a few other authors are included in this

chapter.

Columbia River Basalt Group

The Columbia River Basalt Group (CRB) underlies most of the surface

throughout the study area. The stippled region in Figure 1.1 shows the areal

distribution of the CREB. The CRB is a field of flood basalts covering an area

of approximately 200,000 square kilometers. These basalts erupted from

north-northwest-trending linear fissures now preserved as dikes (Swanson,

Wright, and Helz. 1975). The CRB is composed of tens to hundreds of indi-

vidual flows deposited during the Miocene epoch (6.0 to 16.5 million years

before present). Thin sedimentary rock layers exist between many of the

basalt flows. An average thickness for a basalt Sow is about 34 meters.

Five different formations comprise the CRB. From oldest to youngest

they are the following:

Imnaha Basalt
Picture Gorge Basalt
Grande Ronde Basalt
Wanapum Basalt
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Saddle Mountains Basalt

The Imnaha Basalt outcrops in northeastern Oregon, southeastern Washing-

ton, and southwestern Idaho. Outcrops of the Picture Gorge Basalt are

located out of the study area in north-central Oregon. Most, if not all of the

Picture Gorge Basalt is younger than the Imnaha Basalt and part of the Pic-

ture Gorge Basalt is coeval with the Grande Ronde Basalt. The Grande

Ronde Basalt was deposited 14.0 to 16.5 million years before present. This

extensive formation covers the largest area and comprises nearly 851% in

volume of the CRB. The Grande Ronde Basalt is overlain by the Wanapum

Basalt. The Wanapum Basalt is the second most voluminous formation of

the CRB. On top of the Wanapum Basalt lies the Saddle Mountains Basalt,

the youngest member of the CRB, having been deposited 6.0 to 13.5 million

years before present. This formation comprises less than one percent of the

total volume of the CRB.

Each formation of the CRB consists of several layers. These layers can

be seen on sonic logs from boreholes through the basalt. The interbedded

sedimentary rocks have much lower seismic velocities than the basalts. This

difference can be seen quite easily on a velocity versus depth curve which is

read directly from a sonic log (two examples of this are illustrated in Chapter

4). These layers can be seen on sonic logs, however. on a large-scale seismic

refraction experiment only gross structure can be resolved. Thus for model-

ing the refraction data,.the CORB can be interpreted as one layer with an

average velocity which is influenced by the many thinner layers.

Tertiary Sediments

North of the study area Tertiary sedimentary rocks of the early Eocene

Swauk Formation. late Eocene Chumstick Formation, and Oligocene

Wenatchee Formation are known to exist (Gresens. 1983; Gresens and
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Stewart, 1981; Gresens, Naeser, and Whetten, 1081; Tabor et al.. 1984). The

southward extent of the Tertiary sediments beneath the CRB is presently

unknown. Gresenw and Stewart (1981) and Gresens et al. (1981) hypothesize

that Wenatchee type rocks may extend far to the south beneath the basalts.

Campbell (in preparation (afb)) suggests that the Chumstick Formation and

the Wenatchee Formation could extend beneath the basalt toward the center

of the Columbia Basin. Campbell (in preparation (a)) also states that Creta-

ceous marine sediments found in the Shell 1-20 Bissa Well could extend to

the center of the basin.

Crystalline Basement

The crystalline basement just north of the study area is the Swakane

Biotite Gneiss (Gresens et al., 1981). Schists and plutonic complexes are also

present to the north and Campbell (in preparation (a)) states that the Shell

1-29 Bissa Well bottoms in granite. East of the study area the basement is

Precambrian metasedimentary rocks of the Northern Rocky Mountains pro-

vince and Mesozoic intrusive units of the Idaho Batholith province. To the

south, the basement consists of Mesozoic to early Tertiary metamorphic

rocks of the Blue Mountains subprovince.

Regional Structure

Several anticlinal structures are prominent topographic features within

the study area. Figure 2.1 shows the major ridges in this area. The general

trend of these ridges is northwest-southeast to almost due east-west. A

description of the structures in the study area follows.

Manastash Ridge, one of the furthest north ridges in the study area, is a

55km-long structure which extends northwest from Badger Gap to just west
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Figure 2.1 Map of the study area displaying the major ridges: NIR (Manxs-
tash Ridge), SM (Saddle Mountains), UR (Umtanum Ridge). GNI (Gable
Mountain, CR (Cowiche Ridge). YR (Yakima Ridge). AR (Ahtanum Ridge),
RH (Rattlesnalke Hills), TR (Toppenish Ridge), and HHH (Horse Heaven
Hrills).
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of Shushuskan Canyon, where it assumes a more east-west trend along the

south fork of Manastash Creek (Myers et al., 1979). This ridge is an asym-

metrical anticlinal structure which has steeper dipping beds on the northern

limb (Smith, 1903).

The eastward extension of Manastash Ridge is the Saddle Mountains.

The Saddle Mountains structure extends approximately 110km across the

western portion of the Columbia Plateau (Myers et al., 1979). According to

Russell (i893), this structure is a well-defined monoclizal ridge, tilted south-

ward with a steep north face. The northern limb is overturned along parts of

this ridge (Laval, 1956). Laval (1958) also states that this structure is actu-

ally an anticline that resembles a monocline. Myers et al. (1979) agree with

this interpretation stating further that the main structure is an asymmetric

anticlinal ridge with a steep northern flank.

The next major feature just south of the Manastash Ridge-Saddle Moun-

tains structure is the Umtanum Ridge-Gable Mountain structure which

extends a total of 110km (Myers et al., 1979).. Gable Mountain and Gable

Butte are currently interpreted as continuations pf Unmtanum Ridge because

of their similar trends (Myers et al.. 1Q79). Umtanum Ridge is an asymmetri-

cat anticline with steep northern dips (Smith, 1903). Goff and Myers (1978)

classify the Umtanum Ridge segment further as an asymmetric, non-

cylindrical, overturned, plunging anticline. Myers et al. (19fg) also state that

Gable Mountain and Gable Butte are topographically isolated anticlinal

ridges of basalt and interbedded sediments.

South of Utmtanum Ridge lie the Cowiche Ridge-Yakima Ridge complex.

Waters (1955) states that Yakima Ridge is a less continuous anticline than

most of the other ridges. Yakima Ridge and its western continuation.

Cowiche Ridge, are about 100km long (Waters, 1955).
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Ahtanum Ridge is the next major topographic feature heading further

south. Myers et al. (1979) state that Ahtanum Ridge is an asymmetrical

anticline trending east-west and extending approximately 32km. The

Rattlesnake Hills anticline is the eastern extension of Ahtanum Ridge. Laval

(1956) points out that the southeastern end of the Rattlesnake Hills merges

with the Horse Heaven Hils structure.

Toppenish Ridge, south of Ahtanum Ridge, is a 125km-long anticlinal

ridge located in the southwestern part of the study area (Myers et al., 1979).

Laval (1956) states that Toppenish Ridge Is a composite anticline formed in a

broad arch with subsidiary anticlinal flexures.

The major structure furthest south in the study area is the Horse

Heaven Hills. This anticline flanks the northern edge of the Horse Heaven

Plateau (Laval. 1956).

Several of the refraction lines interpreted from this experiment crossed

one or more of the ridges. An elevation correction was not used for stations

placed on these ridges nor was the topography modeled in the two-

dimensional cross sections. However, a 0.5km-thick surface layer with a

3..7km/s average seismic velocity was used. The major composition of these

ridges is basalt and the deposition of sediments has been confined mainly to

the plateau areas between the ridges (Myers et al., 1Q79). This surface layer

not only models the sediments between the ridges well, but also compensates

for the additional distance the seismic waves travel when going through a

ridge. The relief difference along a refraction line that intersects a ridge is

generally on the order of 0.3km to 0.4km. The time difference for waves

traveling through 0.5km of sediment at 3.7km/s and 0.85km of basalt (this

gives a height of 0.35km for the ridge) at 5.18km/s is only 0.03s which is

within the picking error of the first arrivals for most of the stations.
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Therefore, the use of a constani-thickness surface layer is a valid approxima-
tion for the surface topography in the study area.

A



Chapter m - DATA ACQUISITION AND ANALYSIS

In August, 1984 the USGS, the Basalt Waste Isolation Project of

Rockwell Hanford Operations, and the University of Washington collected

data from a large-scale seismic refraction experiment in eastern Washington.

The data from each of the three groups were used in the analysis presented

in this thesis.

U.S. Geological Survey

The USGS detonated eight blasts at four different locations - one at

each location on two separate nights. The first night shot #1 was a large

blast while shot #'s 2, 3, and 4 were about half the size. On the second night

shot #4 was a large blast while the other three blasts were about half the

size. These blasts ranged in size from 900kg to 2300kg. The blast locations

are given in Table 11.1. The blast location from the Cannon Mine, which

will be discussed later, Is included as well.

TABLE 1ILI Blast Sites

Name Latitude Longitude

Shot #1 46 ' 58.24 ' 119 ' 51.73 '
Shot #2 46*40.57 ' 119 27.97 '
Shot #3 46 * 2088 ' 11Q *50.30 '
Shot #4 45 * 58.45 ' 120 * 84.77 '

Cannon Mine 470 23.27 ' 120 * 20.27 '
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The USGS set up a 260km-long refraction line that ran between the

blasts and extended 60km past shot #1 and shot #4. Figure 3.1 is a map of

the study area showing the USGS refraction line. The squares on the map

represent the shot points and the triangles represent the seismic stations and

deep boreholes.

The USGS data were recorded by 120 portable instruments on FM ana-

log tapes which were later digitized (Healy et al., 1982). These instruments

were deployed on each night so that a total of 240 sites were occupied. The

VSGS used a 0.9km station spacing between the shots and a 1.3km station

spacing northeast of shot #1 and southwest of shot #4. This dense station

spacing was used to obtain high resolution for the crustal models.

Rockwell Hanford Operations

The Basalt Waste Isolation Project of Rockwell Hanford Operations runs

a permanent seismic network in the center of the study area. They also set

up a temporary network consisting of thirteen stations just east of the USGS

deployment. BWEP-RHO operated two types of portable instruments in their

temporary network - Sprengnether MEQ-800 portable drum recorders and-

Sprengnether DR-100 portable digital recorders. These instruments were

deployed in a fairly even spacing to provide sufficient coverage for an analysis

of the data using a time term method. Table 1.2 is a list of the locations

and the blasts recorded by their temporary stations.
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Figure 3.1 MTap of the study area for the experiment is shown with the
USGS line. Squares indicate shot points and triangles are seismic stations
and deep boreholes.
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TABLE 11.2 BWIP-RHO Temporary Network

Name Latitude Longitude Shot #'s recorded

RYD 4605.35' 110937.32' 2,3,4
PTN 45 * 58.52' 119 * 29.80' 2,3,4
HAT 45 55.05 119 * 10.20' 2,4
BUT 45 0 35.43' 119 * 24.78 ' 1,2,3,4
CSP 45*51.97 ' 119"02.37' 1,2,4

MFC 45 * 49.93 ' 118 * 51.75' 1,2,3.4
WRM 45 * 57.40' 118 * 41.15 ' 1,2.4
JON 46 * 07.42' 118 * 39.57 ' 1,2,4
GRN 46 * 18.08' 118 * 32.72' 1,2,3.4
MUR 4820.86' 11846.05' 1
SRR 46028.57 118 45.78' 1,2.3.4
DLY 46 * 37.90' 118 * 39.05' 1,2,3.4
PSC 46 ̀ 20.73' 118 57.18' 2

University of Was hington

The University of Washington operated five kinds of seismic recorders

for the USGS experiment: four of the recorders were portable. The non-

portable instruments are used for the permanent seismic network operated by

the University of Washington. The stations In the permanent network are

telemetered directly to an on-line computer system at the university. Three

temporary stations, WNS, SLH, and KIT, were telemetered to the on-line

system as well. The portable instruments included strip chart recorders,

Sprengnether DR-100 recorders. Sprengnether £EQ-800 recorders, and Terra

Technology DCS-302 recorders. The data from the Sprengnether DR-100

portable digital instruments were recorded on high quality cassette tapes. A

program was written to convert this data into the same format as the data

from the stations in the University of Washington's permanent seismic net-

work. The trace data from the stations using the DR-100's could then be
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plotted on record sections along with data from the permanent stations. The

data from the strip chart recorders and the MEQ-800 portable drum record-

ers were not digitized, so only first arrivals could be plotted on the record

sections. The data obtained from the DCS-302 portable digital recorders

were not merged with the other trace data, s0 again, only first arrivals could

be plotted on the record sections. Figure 3.2 shows a typical record section

along one of the refraction lines from the experiment. The circles indicate

first arrivals from portable instruments.

The University of Washington set up several refraction lines directed

away from the USGS shot points. Temporary stations, coordinated with the

locations of the permanent stations, were set up along these unreversed lines.

The data from all the refraction lines interpreted in this study, except the

USGS line, are included in Appendix 1. The permanent stations involved in

the planning of the refraction lines were VTG, ELL, TBM, NAC, YAK, SYR,

BRV, GL2, and AUG. AUG, however, did not supply any useable data

because of excessive noise. Nineteen stations set up for the temporary net-

work recorded useable data. The temporary stations operated by the tUniver-

sity of Washington are listed in Table 1.3.

The on-line system triggered for seven of the eight blasts. The system

did not trigger for shot #4 on the first night; however, it did trigger the

second night when shot #4 was the large blast. Therefore, data from all four

of the shot points were recorded by stations telemetered directly to the

university.



S4.n Refraction Line

30.00 60.00 90.00 120.00 50. 00
KILOMETERS

l1giere 3.2 lRe(cord tsecilot, mhwhiboW thI at he yb St.u rrtatnwlfoll lii.! --
reo.orval tr,,velthiooms are johottIeLd. 1r.sl it sIrrivsil Pillory fromil til ghortIabIt dIrum
recorders are displayed as circles.



19

TABLE m.3 University of Washington Temporary Network

Name Latitude Longitude Shot #'s recorded

NEI 46 58.35' 119-34.68' 1,2
NE2 46857.03' 11943.70' I
NE4 46w45.70' 119'56.27' I
N02 46 * 55.50' 120 a 21.97' 2,4
N03 46 0 48.32 120 N 38.80' 1,3,4

WNS 46 * 42;62' 120 * 34.50' 1,2.3,4
SLH 46 * 37.92' 120 * 32.47' 1.2.3,4
ICT 46 0 37.22' 120 * 21.42' 1,2.3,4
Sol 46 ' 29.30' 120 ' 31.07' 4
S02 46 * 22.93 120 * 30.63' 1.2.3,4
S03 46 ' 17.10' 120 * 31.60' 1.2.3,4
S04 46 * 13.60 120 * 30.75' 1.2.3.4
S06 46 * 09.28' 120 ' 27.33' 1.2.3,4
SOS 46 04.06' 120 `26.15' 1.2.3.4 !

SWI 45 * 55.67' 120 * 27.93' 1.2.4
SW2 45 0 54.70' 120 ' 37.92' i.2.4
SW3 45 a 51.00' 120 ' &.33' 2.3.4
SW6 45 * 49.93' 121 * 05.75' 2.3.4
SW8 456 45.50' 121 * 29.62' 2.4

Data from eight blasts from the Cannon Mine near WVenatchee were also

collected for this study. These blasts were recorded on the stations in the

permanent network over a period of nine months from October. 1984 to

June, 1985. An 1vIEQ-800 portable drum recorder was set up L.lkm from the

source for one of the eight blasts. An origin time for this one blast was then

closely approximated by assuming a 3.7km/s surface layer - the same surface

layer velocity used in the two-dimensional models introduced later. The ori-

gin times for the other seven blasts were estimated by comparing first arrival

times to several stations with those from the blast with the known origin

time. To minimize the first arrival picking error, average times were used as

the data from the Cannon Mine.
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Deep Boreholes

Four deep boreholes used in this study are located in the northern part

of the area. These wells are the following: the Snowbird Resources 1-A

Moses Lake Well, the Shell 1-9 BN Saddle Mountains Well, the Shell 1-2n

Bissa WVell, and the Shell 1-33 Yakima Minerals Well. The locations of these

wells are listed in-Table 1114.

TABLE 114 Well Locations

Name Latitude Longitude

1-A 47 13.40' 119 30.00'
1-9 46 48.10' 110 41.60'
129. 47 01.30' 120 13.70'
133 46 44.50 120 27.50'

Analysis Technique

Thirteen refraction lines were interpreted for this crustal structure study

of eastern Washington. Figure 3.3 shows all of the lines that were analyzed.

The USGS line was used along with twelve other lines with station spacing

ranging from about Skm to 15km. These other refraction lines used stations

from the University of Washington s and the BW[P-RHO's permanent and

temporary networks. The refraction lines analyzed are the following: the

USGS line, Sl.w, S1.wsw. S2.s, S2=se. S2.se. S3.nw, S3.e, S3se, S4.n. S4.w.

S4.e, C.s (the reversal of the northern part of S4.n), and C.sse. The naming

convention for these lines is the shot point followed by the direction of the

line.

The USGS set up instruments along a reversed refraction line with dense

station spacing. Therefore this line was the first refraction line to be

analyzed. The other refraction lines interpreted from this experiment had
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sparser station spacing and were not reversed (except for C.s). Using data

from all four shot points along the USGS line, a simple two-layered model

was created by using equations involving crossover distances and intercept

times to calculate the depths to a dipping interface (Dobrin, 1978). A low-

velocity layer was added by observing sonic logs from two boreholes and sha-

dow zones- present on some of the USGS record sections. Once a three-

layered model for the USGS refraction line was determined, the data analysis

was begun on the other refraction lines.

Refraction lines that ran near boreholes were the next to be analyzed.

The starting models for these lines were based on the depths to each layer

from the USGS line and layer depths determined from the boreholes. An

iterative forward modeling scheme of two-dimensional ray-tracing was then

implemented to adjust the models along the refraction lines. Through this

method the depths to each layer were altered slightly to make the model

arrival times match the real data arrival times. Since no major geologic

faults are known to be located in the study area and since the station spacing

was on the order of 10km, the interfaces between the layers in the models

were made as smooth as possible. Refraction lines that did not have well

control were interpreted with the same method. Next, the depths to each

interface along a refraction line were tied together with the crossing refrac-

tion line at the intersection point.

A surface layer was added to the model after the three-layered model

was created. To compensate for this new layer the two-dimensional model

for each line was modified slightly through iterative ray-tracing. Finally, first

arrivals from stations greater than 100km from the source provided evidence

for the existence of a deep crustal layer. Therefore the deep crustal layer -

the fifth layer - was added to the models.



Chapter IV - RESULTS

Well Log Data

Sonic logs from two wells in eastern Washington were obtained for velo-

city analyses. These wells are the Shell 1-29 Bissa Well and the Shell 1-33

Yalima Minerals Well. Information from well logs was also obtained for the

Snowbird Resources 1-A Moses Lake Well and Shell 1-9 BN Saddle Moun-

tains Well. The Snowbird Resources 1-A Moses Lake Well was still in basalt

at a depth of 2.1km and the Shell 1-9 BN Saddle Mountains Well cut

through the basalt at 3.5km and bottomed in sediments at 4.6km (Campbell,

in preparation (a)).

The velocity analysis and stratigraphic interpretation for the Shell 1-29

Bissa Well and the Shell 1-33 Yakima Minerals Well are shown in Figure 4.1.

The bold line superimposed on the sonic velocity versus depth curve indicates

a reasonable estimate for the velocity model for the two-dimensional crustal

models. The gradients were used to generate up-turning rays in each layer to

approximate head waves. A 0.5kim-thick surface layer is used in most of the

study area. The 3.7km/s average velocity for this layer is based on data

from shallow wells in the central basin (Rohay, personal communication).

The second layer is the basalts of the CRB. In the Shell 1-29 Bissa Well, the

basalts end at a depth of about 1.4km where the Tertiary sediments begin..

In a typical cross-section, the velocity in the two-dimensional models for the

basalts increases from 5.00km/s to 5.358km/s. The low-velocity Tertiary sedi-

ments have an increasing velocity with depth from about 4.0km/s to
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Figure 4.1 Sonic velocity vs. depth curves for the Shell 1-20 and 1-33 wells
with two-dimiiensional ray-trace velocity models superimposed. Stradigraphic
interpretation included on the right of each graph.
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5.0km/s. I was only able to obtain the sonic log to a depth of about 4.2km

for this well, however, Campbell (in preparation (a)) states that the well

enters granite - the basement rock - at about 4.6km. The basalts bottom at

a depth of about 1.5km in the Shell 1-33 Yaklma Minerals Well. The sonic

log, which ends at 4.8km, exhibits a velocity higher than S.Okm/s near the

-bottom-oLthe-weIll-hese -two- wells have a-very- :milar-wnicetocity-versus

depth curve.

The Shell 1-29 Bissa Well, the Shell 1-33 Yakima Minerals Well, and the

Shell 1-9 BN Saddle Mountains Well provided the depth to the bottom of the

basalt in the northern part of the study area. These wells also helped place

bounds on the velocities of the Tertiary sediments beneath the basalts.

These data were used as a control for the two-dimensional models introduced

in the following sections.

USGS Refraction Line

The USGS refraction line ran northeast-southwest through the Hanford

Reservation. The line between shot #1 and shot #4 was reversed. The part

of the line northeast of shot #1 and southwest of shot #4 was unreversed.

The model along this line was based mainly on first arrivals and data from

the well logs. Figure 4.2 and Figure 4.3 show the model and travel-time

curves along this line. Circles on the travel-time curves indicate first arrival

times for the real data read at 10.0km intervals from the USGS record sec-

tions. I's indicate arrival times for the model. The source in Figure 4.2 is

shot #1 (located at 180.0km on the plot) and the source in Figure 4.3 is shot

#4 (located at 40.Okm on the plot). Shot #2 is located at about 141.0km on

the cross-section and shot #3 is near 95.Okm.
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The model consists of five layers. In this simplified model of the earth's

crust the surface layer is a constant 0.Skm thick with an average velocity of

3.7km/s. The second layer is the Columbia River Basalt Group. The CRB is

approximately 5km thick in the center of the basin, where it extends to a

depth of 5.4km. At about l50km on the plot, the basalts in the model

extend to a depth of 3.5km, which is the tie point with the Shell 1-9 BN Sad-

dle Mountains Well. The basalts then thin toward the northern end of the

model. Here the basalts extend to a depth of about 1.8km, hence, they are

1.3km thick. The velocity in this layer increases from 5.00km/s at the top of

the layer to 5.20km/s at the bottom of the layer near shot #1 and to

5.40km/s at the bottom of the layer near the center of the basin.

Tertiary sediments comprise the third layer of the model. These sedi-

ments are 3.6km thick near shot #4, increase in thickness to 4.6km in the

center of the basin, and thin again in the north to a 2.1km thickness. This
£

layer has an average velocity lower than the basalts which makes observing

refracted arrivals from this layer impossible. The average velocity in this

layer varies from 4.6km/s to 5.0km/s. In the north, where the overlying rock

is relatively thin, the velocity at the top of the layer is 4.1km/s and 8.0km/s

at the bottom. Near the center of the model where the basalts are thickest,

the overburden stress on the Tertiary sediments is greater. Therefore in this

area, the velocity of the sedimentary layer increases with depth from 4.7km/s

to 5.3km/s.

The crystalline basement rock, having an average velocity of 6.2km/s,

lies beneath the Tertiary sediments. Near the center of this line the base-

ment is at a depth of 10.Okm and shallows in the north to 3.9km. Beneath

the crystalline basement lies a 7.2km/s deep crustal layer. The top of this

layer is at a depth of 18.3km underneath shot #4, 23.5km beneath the center
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of the basin, and then shallows again in the north to about 22.Okm. The

bottom of the model is at 37.0km. This depth could possibly be near the

crust-mantle boundary, however, the Woho depth in this area is not well con-

strained.

Shot #1 Refraction Lines

Two refraction lines using shot #1 as the source, SI.w and SI.wsw, are

shown in Figure 4.4. Stations which provided data considered in the analysis

lie in the stippled area on the map. The refraction lines were approximated

as straight lines for the interpretation.

SI.w

The S1.w refraction line began at shot #1 and headed almost due west

through the permanent network stations VTG and ELL. The model along

this line is shown in Figure 4.5. This line intersected two other lines besides

the USGS line at shot #1 - line Csse at VTG, and also line S4.n (and Cus,

the reversal of S4.n) at ELL. Thus, the depth to each layer has three tie

points where the refraction lines intersect. Also, line S1.w passed just 101cm

south of the Shell 1-29 Bissa Well which enters the crystalline basement at a

depth of 4.6km. This well provided evidence that the crystalline basement

becomes shallower near the center of the line and then deepens again further

west. The basalts thin to the west as the end of the line approaches the

CRB margin. The deep crustal layer is included in the model because the

arrival time at ELL (104km from the source) could be from either the crystal-

line basement or the deep crustal layer.

SI.wsSw

The SI.wsw refraction line went through the permanent network sta-

tions SYR and YAK. The model for this line is shown in Figure 4.8. This
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line intersected four other refraction lines: the USGS line at shot #1, line

C.sse at NE4 (61.2km from the source), line S3.nw at KIT (96.8km from the

source), and line S4.n near YAK (about 113km from the source). In addition

to these tie points, the Shell 1-9 BN Saddle Nfountains Well was located very

close to this line about 42km from the shot point. This well provided control

for the depth to the bottom of the basalt.

Shot #2 Refraction*Lines

Three refraction lines beginning at shot #2 are shown in Figure 4.7.

These lines are S2.s, S2wsse. and S2.se.

S2.s

The S2.s refraction line started from the USGS line at shot #2 and

crossed both S3.e and S4.e. Figure 4.8 shows a model of the crustal structure

along S2.s. The end of the line covered the same area as S3.se. For this part

of the line, the model is identical with that of S3.se. Line S4.e provides a

good tie point for the deep crustal refractor. Not much data exists from this

layer further south, therefore the deep crustal refractor has been modeled as

a Sat layer south of S4.e.

S2.sse

The middle line originating at shot #2 is S2.sse. The model along this

line is shown in Figure 4.9. Refraction line 52.sse intersected S3.e and S4.e.

Because of the lack of data farther than 100km, no evidence exists for refrac-

tions from the deep crustal layer. Therefore, this layer has not been included

in the cross-section.
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S2.se

The last and furthest east line stemming from shot #2 is S2.se. The

modeled crustsal structure along this line is shown in Figure 4.10. Line S2.se

crossed S3.e at ETP and S4.e near MFW. ETP is located 3Q.Ikm from the

source and MFW is 118.6km distant. The deep crustal layer is included in

this model because the last arrival time could be from the crystallinetbae- -

ment or the deep crustal layer. The three lines which begin at shot #2 pro-

vide good coverage of the southeastern portion of the study area.

Shot #3 Refraction Lines

Three refraction lines that originated from shot #3 are shown on the

map in Figure 4.11. These refraction lines are S3.nw, S3.e, and S3.se.

S3.nw

The S3.aw refraction line ran from shot #3, through the permanent net-

work station BRV, passed close to the Shell 1-33 Yakima Minerals Well, and

then through NAC another permanent station. A model of the crustal struc-

ture along line S3.nw is shown in Figure 4.12. This line began at the USGS

line and then intersected two other refraction lines from the .experiment -

S1.wsw and S4.n. Therefore, with the depth to the bottom of the basalt

obtained from the Shell 1-33 Yakima Minerals Well S3.nw has several tie

points for each layer in the model. Again, the deep crustal layer is not

included in the model because data is lacking beyond 100km.

S3.e

Refraction line S3.e began at shot #3 and then went through the per-

manent network stations RSW, WIW, and ETP. The crustal structure

model for line S3.e is shown in Figure 4.13. This line had tie points from

four other refraction lines: the USGS line, the S2.s line, the S2.sse line, and



'I

0

.3.0

_I,. 0

0.0

0.0 .0

10.0

15.0

20.0

25.0

30.0

35.0 _

Figure 4.10 Two-dinellsional ray-trace model ror S2ese. Presentation as inligiTre 4.2.



I

39

121.75 SHOT #3 REFRACTION LINES 11L2
- '17.~~~~W50

a~~~~~~~~~~~~~

*oat_,___S C -' ,tw*X

121.75 
118.2!

I I . . I p p p

Figure 4.11 Map showing shot #3 refraction lines.



N

I

,,2.00.0
-0.

0-*2. 0
le
qaI.O1

0.0
0.0

,O 
..~

_

100.00.0

5.0

A.
0

I

10.0

15.0

Figure 4.12 Two-dimensional ray-trace moodel cur S3.nw. Presentation as inFigure 1.2.



C>3.0
1* 2.003.0 0a

N
-, 2.0

0.0
0.0

- ~~ ~~ e~ ~~ CX) Z~~03p . I
3 ( !~~~~~~~~~

20.0
I I I I80.0 100.0

0.0

5.0

10.0

15.0

J.1

Fiigure 4.13 rwo-dlimensional ray-trace miodel for S3.c. Present~ation as if)
reigure 4.2.



42

the S2.se line. The early arrival time at a distance of 96.5km on the plot is

from station DLY. This station is actually north of the line, but the arrival

time has been included on this figure to provide evidence of a shallower cry-

stalline basement to the north.

S3.se

The S3.se refraction line began at shot #3 and headed southeast

through the permanent network station PRO. The cross-section along line

S3.se is shown in Figure 4.14. The line had tie points from the USGS line at

the shot point and from S4.e near PTN (about 49km from the source). Also,

the model for the last half of the line is identical to the corresponding seg-

ment of the S2.s refraction line.

Shot #4 Refraction Lines

The map in Figure 4.15 shows three refraction lines which originated at

shot #4. These lines are S4.n, S4.w, and S4.e.

S4.n

The S4.n refraction line ran north from shot #4 through the permanent

network stations YAK, ELL, and TBM. The model for S4.n Is shown in Fig-

ure 4.16. The northern part of the line was reversed by Cs. Line S4.n had

several other tie points: the USGS line at shot #4, line SI.wsw just north of

YAK (about 68k1m from the source), line S3.nw near WNS (about 891cm from

the source), and line S1.w at ELL (110.lkm from the source). Also, the S4.n

line passed very close to the Shell 1-33 Yakima Minerals Well located 90.5km

from the shot point. This well provided a tie point of 1.5km for the depth to

the bottom of the basalt. The basalts are only 0.3km thick in the model at

the northern end of the line. The end of the line is near the CRB margin.

The slight dip in the basement at a distance of 110km from the source is the
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location of the permanent network station ELL and the intersection with line

S1.w. The dip in the model at this point was modeled from data along line

S1.w. The crystalline basement shallows further north toward the end of the

line where it is only 1.6km deep. The deep crustal layer is 18.3km in depth

underneath shot #4, then gradually deepens to 22.3km at the northern end

of the line.

The first arrival times from stations SOS (21.5km from the source) and

S04 (37:9km from the source) were very early. Arrivals from S04 were

anomalously early for all four blasts and therefore a systematic error in the

recorder is suspected. The arrival time from NAC, which is 98.8km from the

source, appears to be early. This station is actually just west of the line but

is included to show that the crystalline basement and/or the deep crustal

layer shallows to the west. The first arrival time for TBMI. located at

139.2km from the shot point, appears to be late: however, the noise level

before the first arrival is relatively high (refer to Figure 3.2). The amplitude

of the first arrival from the deep crustal layer at this distance should be fairly

small. Therefore, the real first arrival at TBM could be lost in noise.

S4.w

The S4.w-refraction line was designed to run through the permanent

network stations GL2 and AUG; however, AUG failed to supply any useful

data because of excessive noise. The model for the S4.w line is given in Fig-

ure 4.17. This line did not have any other tie points except at the source,

therefore the model given here is feasible but hardly unique. Heading west

from the shot point, the surface layer thins from 0.5km to 0.3km. This is the

only line that has been modeled without a constant 0.5km-thick surface

layer. The S4.w refraction line ends about 50km north of the southwest

corner of the map shown in Figure 4.15. This location is also near the
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Columbia River Basalt Group margin. Therefore the basalts, the second

layer of the model, thin to the west until they are only 0.2km thick. The

deep crustal layer along this line has been modeled as a flat layer 18.3km

deep. The depth seems to be an upper bound for the actual deep crustal

layer because 90km from the source the arrival time for this layer and the

crystalline basement are nearly the same. This distance is the location of the

furthest west station (SW8) along the line. If the deep crustal layer were to

shallow going west, the arrival time for a refraction from this layer would be

earlier than the first arrival time at SW8. Therefore, the deep crustal layer is

probably not shallower than 18.3km.

S4.e

The S4.e refraction line ran through the permanent network stations

PAT and NIFW. A model for the crustal structure along S4.e is shown in

Figure 4.18. This line intersected several other refraction lines besides the

USGS line at the source. Near PTN (about 58km from the source), the S4.e

line crossed both S2.s and S3.se. S4.e intersected S2.sse between HAT and

CSP (83.5km and 94.Okm from the source, respectively). Also, near MFW

(about 143km from the source), the S4.e line crossed S2.se. Three arrivals

beyond 100km helped to constrain the depth to the deep crustal layer.

Underneath the shot point the depth is 18.3km increasing to 20.8km at the

end of the line.

Cannon Mine Refraction Lines

Two refraction lines have been analyzed using Cannon IMine blasts as

sources (Figure 4.10). These lines. C.s and C sse, were interpreted to confirm

that the crystalline basement is substantially shallower in the northernmost

part of the study area and also to reverse the S4.n line.
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C.5

Refraction line C.s is the reversal of the northern half of line S4.n. The

model, identical to the one derived for S4.n, is shown in Figure 4.20. Line

C.s, originating at the Cannon Mine, crossed S1.w at ELL (58.0km from the

source), and continued as far south as YAK (97.5km from the source). The

results clearly show that the crystalline basement is very shallow near the

source (I.Skm) and then deepens heading south.

C-se

The refraction line C.sse originated at the Cannon Mine and then ran

south-southeast through the center of the study area. The model displaying

the crustal structure along this line is shown in Figure 4.21. Even though

there are only four data points along this line, the model has been con-

strained by three other refraction lines. Csse crossed Sl.w at VTG (54.7km

from the source), intersected S1.wsw about 75km from the source, and

crossed the USGS line near the third shot point. Also, just northwest of

VTG, the Shell 1-29 Bissa Well is relatively close to this line.

OC
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Chapter V - DISCUSSION

The results of modeling the refraction data have led to the creation of a

three-dimensional model for most of the study area. The original goals to

determine the depth to the bottom of the basalt, to verify the existence of

low-velocity sediments beneath the basalt, to determine the depth to the cry-

stalline basement, and to use the interpretation of the U.SGS refraction line

as a guide in evaluating the other refraction lines in the area were accom-

plished. Mify results along the USGS line are in close agreement with the

results obtained by Catchings and Mooney (1985).

The information obtained from the deep boreholes in the northern part

of the study area proved invaluable in developing the basalt layer of the

model. A contour map showing the depth to the bottom of the basalts is

given in Figure 5.1. The basalt margin has been Included on this map for

reference. Recall that in my model a 0.5km-thick surface layer lies on top of

the basalts. The contour map was created by plotting depths from each

refraction line. Contours ivere then interpolated between these values. The

thickest area of basalts is inside the 5km contour near shot #3 where the

basalts extend to a depth of 5.4km.

The basalts of the CRB are not as thick as earlier estimates indicated.

Cantwell et al. (1965), in a deep resistivity study of the Pacific Northwest,

identified the upper 10km to 15km as the CRB. The analysis of a gravity

study conducted by Konicek (1974) agreed with the results determined by

Cantwell. Rohay and Malone (1983) and Malone et al. (1983) analyzed blast

data from eastern Washington, creating a two-layered model by using a time
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Figure 5.1 Contour map showing depth to bottom of basalt and refraction
lines. Contours are in kilometers. The 0.5km surface layer is included in the
calculation of this depth.
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term technique. The top layer is analogous to my first three layers and the

second layer is the crystalline basement. These authors state that the top

layer could be composed of up to 10km of basalt; however, they also suggest

that a layer of low-velocity, low-density sediments may exist between the

basalts and the crystalline basement.

The existence of a low-velocity sedimentary layer agrees nicely with my

results. Figure 5.2 shows an isopach map of the low-velocity sediments

between the basalts and the crystalline basement. This map was created by

subtracting the values on the previous figure from the values on the next

figure. The existence of the sedimentary layer beneath the basalts is con-

sistent with the hypotheses presented by Gresens et al. (1981) and Campbell

(in preparation (b)). Stanley (1Q84) also modeled a sedimentary layer

beneath the basalts with the basalts extending to a maximum depth of

3.5km. He analyzed two magnetotelluric profiles recorded in the state of

Washington. Furthermore, Cowan and Potter (in press) have included a

layer of sediments beneath the basalts. They have modeled approximately

7km of basalts and 1km to 2km of sediments beneath the basalts near the

center of the basin.

Figure 5.3 shows a contour map of the depth to the top of the crystal-

line basement. Rohay and Malone (1Q83) and Malone et al. (1983) deter-

mined a depth to the crystalline basement ranging from 3km to approxi-

mately 11km. Their results for the depth to the crystalline basement are

greater in most of the study area than the depths that I have determined.

This discrepency is probably due to the Inclusion of the low-velocity zone in

my model, which raises the actual depth of the basement rock.

The crystalline basement shallows in the north to 1.5km near the Can-

non Mine. This shallowing is reasonable since exposures of gneiss have been
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between basalts and basement. Refraction lines are also present. Contours
are in kilometers.
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found in the area (Gresens et al., 1981). In addition, Silling (1979) deter-

mined from gravity data that the depth to the basement rock in the Chiwau-

kum Graben, just north of the study area, is probably about 2km.

The deep crustal layer has been defined mainly from data along the

USGS line, S4.n, and S4.e. This layer is shallower in the southern part of the

study area where it is about 18km. The deep crustal layer gradually deepens

in the north to a maximum depth of 23.5km near shot #2. The existence of

this layer could explain some of the results determined by Hill (1972). Hill

analyzed data from a 800km-long unreversed seismic refraction survey that

extended due south from the Canadian border across the Columbia Plateau

into eastern Oregon. He concluded that the depth to the Moho shallows to

approximately 20km through the central basin. He may have actually been

seeing arrivals from this deep crustal layer (7.2km/s), which would have a

faster apparent velocity up dip going north to south.

A discussion of the results is not complete without mentioning the possi-

ble errors involved in the analysis. In addition to the error due to topogra-

phy cited earlier, other errors include the difference between picked and

predicted ari"val times, the imprecision of the velocity model, the approxima-

tion of stations along a straight line, and the modeling of only one or two

arrivals along some of the refractors. Performing a rigorous quantitative error

analysis on refraction data proves to be a very difficult task - especially

when a low-velocity layer is included in the model. However, the standard

deviation between observed and modeled arrival times (ar ) can be calculated.

A complete list of these errors is included in Appendix [I.

Errors for the velocity of each layer can be estimated. These estimated

errors are the following: a., - 1.30km/s, a,, = 0.20km/s. a,. = 0.50km/s,

a,,, 0.30km/s, and a,. = 0.40km/s. The error in the first layer is large
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because of the surface layer approximation (the basalts are at the surface in

some areas). Having determined the traveltime error and the velocity error,

a resolution length (a, ) can be calculated for the three refractors. These

errors are listed in Table V.1.

TABLE V.1 Resolution of each Refractor

Refractor at (s) a. (km/s) a. (km)

basalt 0.19 0.28 0.03
basement 0.14 0.20 0.30
deep crustal 0.10 O.20 0.66

The error due to topography (surface layer approximation) is actually the
dominant error for this refractor.

The boundary for the crystalline basement is very well determined. This

resolution length, calculated for a depth of 8.0km. is an average for the

refractor. The resolution length for the deep crustal refractor was calculated

for a depth of 20.5km. The resolution for both of these refractors, as

expected, becomes worse with depth.

The most difficult boundary to determine is the interface between the

basalts and the low-velocity sediments. The deep boreholes in the northern

part of the study area provide fixed points for the depth to this interface and

absolute proof of the existence of the low-velocity layer in some areas. Also,

the data from the USGS record sections exhibit shadow zones from a low-

velocity layer (Catchings and Mooney, 1985). The shadow zones are not evi-

dent on the record sections from the other refraction lines because of the

sparse station spacing, however a delay In the arrivals from the crystalline

basement can be seen. Since no rays bottom in the low-velocity layer. the

boundary was set by observing the delayed first arrivals from the crystalline

basement, cross-over distances between the basalts and the basement. and
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depths from the deep boreholes.

Figure 5.4 shows traveltime curves for three different models of lines

Sl.w and S4.n. The first traveltime curve is from my original model with a

low-velocity layer. The second traveltime curve is from a model with the

low-velocity layer half as thick and the last traveltime curve is from a model

without the low-velocity layer. The depth to the crystalline basement had to

be altered slightly for the models to compensate for the adjustments and

removal of the low-velocity layer.

On the traveltime curves for the original model the refracted arrivals

from the basalts are plotted as ending at approximately 26km on S1.w and

43km on S4.n. Refracted waves actually continue to arrive. However,

because of the presence of the low-velocity layer the amplitudes of the

arrivals have been greatly attenuated at these distances. The first arrivals

from the crystalline basement appear to be late on the traveltime curves with

only half of the low-velocity layer and without the low-velocity layer. With

such a small low-velocity layer and without this layer, the first arrivals from

the basalt refractor do not attenuate as rapidly. These models provide evi-

dence that the low-velocity layer exists and the boundary between the sedi-

ments and the basalts has been modeled relatively accurately. By observing

the traveltime curves for Sl.w and S4.n. a crude error approximation for the

thickness of the low-velocity layer can be set at 25%.

In conclusion. through the analysis of deep borehole data and seismic

refraction data, a geologically feasible three-dimensional crustal model of the

Columbia Basin has been created.
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Flgure 5.4 Reduced traveltbne curves for three difTerent models along Sl.w
(a,b,c) and S4.n (d~e,f):(a) and (d) are ror the original models with a low-
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observed data are shown a9 opcn circles and the calculaled data, obtained by
ray-tracing, are shownl as x'9.
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APPENDIX I

The distance from the shot point and the arrival time for each station
along a refraction line are listed in the following table. Data from the USGS
line are not included.

TABLE ALI Data from Refraction Lines

Refraction Line
S1.w

S1.wsw

S2.s

S2.sse

S2.se

Station
RC1
NE1
NE2
VTG
ELL

RC1
SfR
NE4
KI"T
SLH
YAK

GBL
SAN
PLR
HOR
PTN
BUT

Wm
MJ2
WNP
WIW
HAT
CSP

WFU
ETP
PSC
JON
WRM
MFW

Distance (km)
18.33
29.09
40.53
60.26

104.73

18.33
34.30
61.16
06.83

100.30
113.50

8.74
14.90
24.53
31.00
7.7.93

120.73

6.82
15.83
25.10
30.60
87.36
05.85

6.8°
30.07
53.85
87.20

100.04
118.58

Time (s)
3.92
6.33
8.15

11.17
19.04

3.92
6.86

11.78
17.61
19.74
20.37

1.90
3.51
5.05
6.13

14.99
21.3g

1.50
3.18
5.13
6.12

16.39
17.53

1.50
7.69

10.49
15.82
17.80
21.06
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S3.aw

S3.e

S3-se

S4.n

S4.w

S4.e

BRV
KIT
SLH
WNS
NAC

RSW
wpg

ETP
SRR
DLY
GRN

PRO
RYD
PTN
BUT

SOS
S06
S04
S03
S02
S01
YAK
KIT
SLH
WNS
NAC
N03
N02
ELL
TBM

SWI
SW2
GL2
SW3
SW6
SW8

PAT
PTN
HLAT
CsP
MFC
WRM
NEW

19.28
50.02
62.51
69.40
87.09

19.80
43.38
61.32
83.90
96.47
99.72

19.09
33.26
49.11
90.40

21.53
28.7.
3. .86
43.97
53.14
64.36
88.09
76.00
80.11
89.19
98.85
100.90

109.7-8
110.50
139.25

17.06
30.09
44.62
58.51
67.04
98.99

38.24
58.24
83.53
94.02

108.09
121.01
142.S4

3.94
10.37
12.69
13.87
16.51

4.06
8.78

11.80
15.85
17.15
17.90

3.95
6.58
9.58

16.58

3.97
5.56
6.79
.8.87

11.05
13.16
13.62
14.84
15.28
16.59'
17.70
18.44
19.97
19.79
24.22

3.25
5.82
9.18

11.26
12.55
17.82

7.76
11.53
15.60
17.13
19.11
21.04
24.39
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APPENDIX I

Even though the crustal model consists of five layers, only three mainrefractors exist: the basalts (1), the crystalline basement (2), and the deepcrustal refractor (3). The following table lists the number of data points on arefractor (N), the number of crossing refraction lines (X), and the standarddeviation between the observed and modeled first arrival times (a ).
TABLE AH.l Standard Deviation of Arrival Times

-
Mame

USGS.sw

tSGS.ne

S1.w

Sl.wsw

S2.s

Refractor
1
2
3

IN
4
7

a, (s)
0.11
0.14
0.17

1

3

5
6
7

- 0.11
0.06
0.10

I1
2

1
4 2 0.10

0.13
3 0.21

1
2

2
4

1
2
3

4

1

S2.sse 2
2

4
2

1.
1

I
1

1
1

0.10

0.11
0.14

0.19
0.14

S2.se 1
2

2
4

i

S3.nw

S3.e

1
2

1
4 2 0.1g

1 2 2
1

0.11
0.20

S3.se 1
2~

3
1

- 0.18
1
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S4.n

S4.w

S4.e

1 2
2 8
3 2

1 2
2 4

1I 1
2 2
3 4

2 6

2 3
3 1

- 0.30
2 0.10
- 0.01

- 0.38
- 0.05

1 0.01
- 0.12

1 0.17

3 0.28

C~Se

i.
I ,

.i

. i
1 1
t

-4-,
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