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ABSTRACT ' A

This report discusses geoZogic, hydroZogic, heat trans-

fer and rock-waste compatibility studies conducted by. the
AtZantic Richfield Sanford Company to evaZuate the feas€-

Ibitity of storing nucZear wastes in caverns mined out into

the CoZumbia River basaZts. The succession of CoZumbia
River PZateau flood basaZts was sampZed at various out-

crops and in core hoZes and the sampZes were anaZyzed to
deve Zop.a stratigraphic correZation of the various basaZt

units and sed€mentary interbeds. Hydrologic tests were

made in ode bore hoZe to assess the degree of €soZation in

the various deep aquifers separated by thick basatt accumu-
Zations. Earthquake and tectonic stu.dies were conducted
to assess the tectonic stab€Zity of the CoZumbia River

PZateau. Studies were made to evaZuate the extent of heat
diss€pation from stored radioactive wastes. Geochemicat

studies were aimed at evaZu&ting the compatib€Zity between
the radioactive wastes and the basaZt host rocks. Data

obtained to-date have aZZowed deveZopment of a hydrostrati-
graphic framework for the Cotumbia kiver PZateau and a

preZ€minary understanding of the deep aquifer systems.
FinaZZy, the comp€Zation'of this information has served as
a basis for pZanning the studies necessary to define the

effectiveness of the CoZumbia River basaZts for permanentZy

€soZating nucZear wastes from the biosphere.
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i CONCLUSIONS

,

              The
Work reported here is preliminary and provides an

initial framework upon whith future work can·be based.
Work needed to determine if basalt 4ualifies as an accept-

able geologic formation for. the fin·al storage of nuclear'
wastes is identified in the section on recommendations.

As a result of previous work, the geology of the

              Columbia River Physiographic Province is reasonably well
understood. The properties of the flood basalts in this
area have been studied extensively using petrographic,
geophysical, and geochemical techniques. These techniques

were applied primarily to the identification, characteri-

zation, and'correlation of individual flows and groups of
flows of the Yakima Basalts. Some individual flows and

some groups of flows can be readily identified and corre-

lated by determining their geochemical and petrographic

properties. Geophysical, logs can be ·used to support the

identification and stratigraphic cdrtelati·on.

The preliminary stratigraphy of the Pasco Basin has

been developed from analyses of samples obtained by

drilling deep core holes on the Hanford Reservation and by

sampling and mapping sections exposed on the sides of anti- .

clines and in river gorges. The formations within the

C o l u m b i a      R i v.e r     Basalt     Gr o.up     h a v e·   be.e n i d e n t i f i e d. T h e s e

basalts represent thelargest accumulation of Neogene age
continental basaltic rockin the·world. The Hanford Re-

servation lies near the.center of the thickest section of

these materials.

The Columbia' River BAsdlts have also been studied with
respect to tectonic deformation and behavior under stress.



vii ARH-ST-137

Preliminary earthquake an-d tectonjc studies have led to
.,

stability considerations which can be used for formulating
Ccriteria for the construction of a prototype facility.

Hydrologic studies of the·Columbia River Basalt Physio-
graphic Province have led to antunderstanding of the regional
hydrologic regime. Some of the basaltic interbeds-and
interflow zones are aquifers isolated from one another by
extensive flows.  The chemical and hydrologic properties
of these interbeds appear to be distinct.  Some of the
basalt flows are as much as 50 meters thick, and are quite
impervious since nearly all joints and fractures are fil Ted
with secondary minerals such as nontronite and beidellite.
These thick basalts may represent hydrologically isolated
units.

The engineering feasibility of building an underground
cavern into the Columbia River Basalts has not been eval-
uated; however, considerations,are·included as to the
extent of heat dissipation from radioactive wastes stored
in such a cavern. These· studies. have shown that the maxi-
mum cavern temperature decreases with (1) increasing cavern

radius, (2) wider cavern spacing, (3) fewer adjacent caverns,

(4) higher thermal conductivity of the surrounding medium,
(5) shorter·half life of the. radioactive waste products, and.

(6) lower heat generation rates per volume of the wastes.

Geochemical studies.were also initiated to. identify
those factors that need to be considered in order to set
criteria for a waste form that is acceptable for storage in
a basalt cavern. These studies· attempted to identi fy the

factors needed to evaluate the stability of various waste

forms, their solubility, and their compatibility with the
basalt.
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RECOMMENDATIONS      :

The understanding thus far developed represents a
preliminary base for initiating ah assessment of the envi-
ronmental suitability of basalts as a final storage medium
for radioactive wastes.

Although the regional geology of the Columbia River
Plateau is relatively well understood, additional workis
needed to assess the tectonic stab.ility of the region and
evaluate the extent ·of regional as well as local fracturing
and folding.

The stratigraphic framework must be refined with

emphasis on defining the hydrostratigraphic units in de-
tail.  The stratigraphic nomenclature needs to be stan-

dardized and made compatible with the work of other investi-

gators in nearby areas.

The geochemical, petrographic, and geophysical

identification techniques require further confirmation

by applying them to additional field locations and core
holes. This work will help assure the accuracy of the
hydrostratigraphic model for the Columbia River Plateau and
the Pasco Basin.

The hydrology Of the Columbia River flood basalts must

be understood and the extent of interaction. between various
flow units and interbeds defined. The significance of
head relationships and concentrations of anions and cations

in deep confined aquifers must be determined. Sources'of

recharge and discharge of these deep aquifers must be

identified and quantitatively described.  Such a hydro-
logical program can then be' used to provide data for
mathematical models that can predict the behavior of the
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hydrologic regime unden all probable stresses to assess the .

risk of contamination from a final radioactive storage site
throughout the.groundwater pathway. .The.extent of isolation

afforded a deep cavern by:the surrounding basalt is the
critical hydrologic factor.that needs to be determined.

Engineering studies are needed to assess the feasi-

bility of c,onstructing a terminal storage facility in the
deep basalts. Design criteria must.be developed and .plans
for implementation outlined. Engineering design will

Iaugment the environmental acceptab.i.lity ·of.the facility

and will constitute the main thrust of the project in the

final design stages should the basalts be proven environ-

mentally acceptable for final radioactive waste storage.

In addition, engineering studies are needed to assess heat

dissipation and stored energy effects from the various

waste forms to be stored in the cavern and to design con-

tingency plans during the retrievable period.

Geochemical studies are fundamental to our under-

standing of the feasibility of long-term containment of

radioactive wastes and will require substantial additional

research and development effort with emphasis on selection
and characterization of the solidified waste form for

storage and the compatibility of such a form with the
basalt host rock. Chemical reactions in a wet as well as

in a dry environment will: have to be considered to allow

for the possibility of eventual flooding 6f an Onderground
cavern. The effect of radiation on each component, in-

cluding the effect of'stored energy on stability, solu-
bility, and compatibility must·be understood.

All this information must then be put together into a
framework that allows a full assessment of the viability
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of basalt as a final stbrage medium for radioactive wastes

while assuring environmental safety, permanent isolation,
and initial retrievability. To fully accomplish this task,
in-situ information must be gathered. in a. prototype,under-
ground cavern to support the information obtained from

surface and bore hole studies. As part of the overall

program, all release and transport mechanisms that might
release radioactivity into the biosphere must be quanti-  :

' fied.



Xi                          ARH-ST-137

PROGRAM REVIEW

1

A review of this program was held in Richland, Washington, on September

15 and 16, 1976.  The Committee was composed of the following individ-

uals:

Dr. William S. Twenhofel - U.. S. Geological Survey
Dr. Don A. Swanson - U. S.,Geological Survey
Dr. George D. DeBuchananne - U. S. Geological Survey
Dr. G. L. Meyer - U. S. Environmental Protection Agency                      '
Dr. Robert Kaufman - U. S. Environmental Protection Agency
Mr. Jack Sceva - U. S. Environmental Protection.Agency
Mr. Arthur M. Piper - Office of Waste Isolation - Consultant
Mr. Robert B. Laughon - Office of Waste Isolation
Dr. Richard H. Jahns - Stanford University - Engineering Geologist
Dr. Aaron C. Waters - University of California

Mr. William K. Summers - Consultant-Hydrologist
Mr. Richard B. McMullen - Nuclear Regulatory Commission

-The members of the Committee were provided with draft copies of the doc-

ument resulting from the subject program on August 15, 1976, and the

material was orally discussed at the September 15-16, 1976, review.

Overall the Committee agreed with the results of the investigations to

date.  Dr. Aaron Waters, senior member of the review panel, has summa-

rized the findings of the Committee as follows:

"The general conclusion among the conferees at the meeting on 15-16

September, 1976, is that certain stratigraphic units of basalt rock do

·possess chemical and physical properties which make them strong candi-

dates among earth materials presently being considered as suitable for

long-term storage of atomic wastes."

Recommendations from individual members of the Review Committee are



Xii ARH-ST-137

| summarized below:

SUMMARY OF RECOMMENDATIONS FROM INDIVIDUAL REVIEWERS

Regional Geology and Tectonics

1.  Prepare an up-to-date regional geologic map of the Pasco Basin
with emphasis on Columbia River Basalts.

2.  Conduct a program .to identify and define faults, folds, and anti-
clines in the Pasco Basin.

3.  Assess the advantages and disadvantages of the Pasco Basin versus
other geologic basalt environments.

4.  Conduct detailed mapping of the Wallula and Sentinel Gap Areas.

5.  Conduct trenching of selected areas of the Pasco Basin to study
faulting.

6.  Study outcrop samples from the Lower Yakima Basalts in as many
locations as possible.

7.  Examine any relation between the Olympic-Wallowa lineament and
local tectonics.

8.  Continue the microearthquake monitoring network.
-

9.  Continue the study of major earthquake epicenters.  Assess seismic
risks.

:

10.  Study an analogous basin to determine unifying factors and develop
basin-wide models.

11.  Study local geomorphology and structural features.

Correlation Techniques and Stratigraphy
'

12.  Examine further the use of fresh water logging in volcanic rocks
and assess techniques for correlating gegphysical logs to individ-
ual lithologic units.

13.  Refine the techniques for geochemical interpretation On the Lower
Yakima Basalts.  Examine the extent of compositional differences.

14.  Relate the presence of dikes to the history and evolution of the
-                 Pasco Basin.
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Correlation-Techniques and Stratigraphy (continued)                                  1

15.  Attempt to correlate individual ·interbeds. Obtain stratigraphic
j nformat i on    on    each    u n i t. .

Hydrology

16.  Study the hydraulic characteristics of individual basalt flows
and interbeds.

17.  Complete an additional drill hole near DC-1.

18.  Develop.all needed hydraulic testing.techniques.

19. Test hydraulic characteristics of individual. horizons penetrated
by all existing drill .holes.

20.  Construct a model of the regional groundwater flow system.

Geochemistry

21.  Develop an experimental program to assess waste-basalt compatibil-
ity.
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CHAPTER I
7

INTRODUCTION

Of all the problems associated with the development of
the nuclear fuel cycle, the solution to none is so complex

as that of final disposal of the radioactive wastes pro-
duced by fission and transmutation reactions. This report

deals with but one alternative of final disposal, namely

the feasibility of storing radioactive wastes in deep,
.dense basalt caverns.

Disposal of radioactive wastes in this report implies
the emplacement of these materials in a form completely

isolated from ady·contact, direct or indirect, with the

environment for as long as these wastes pose a hazard.

Thus, the intent of final disposal is, one of isolation which

ultimately does n6t depend upon surveillance by man in order
to preserve containment.

From a practical standpoint, 'final' disposal of radio-

active wastes in a geologic formation is regarded as in-

volving two phases. The first phase will allow retrieval
of the waste for a limited initial period. An initial

period could be extended (possibly as much as 100 years).
Once this phase of the disposal ends, changes would be made

in the containment configuration to provide for long-term

isolation at the expense of ready re t r·i e v a b i l i t y. Final

geologic storage thus·requires a rather detailed and com-

prehensive knowledge of the characteristics of the stratum

to be used·for containment and all adjacent strata to assure
both temporary retrievability' and permanent isolation.  .·

-·' Geologic studies must examine not only the integrity of the
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isolation provided by the formation, but also its expected

stability in the future.  Hydrologic studies are needed to  

ascertain that no radioactive material will be transported

from the containment structure through the groundwater t.

pathway to the biosphere. Engineering design must assure
the safety, integrity, and reliability of every structure

and appurtenance built in connection with the geologic

storage facility.

In 1968, the Atlantic Richfield Hanford Company (ARHCO)

started a study to assess the feasibility of final geologic

storage of Hanford, defense, radioactive waste in deep
caverns constructed in the Columbia River flood basalts.

The project included: geologic studies to characterize
these basalts and to understand their relative strati-

graphic position; preliminary hydrologic tests into the
basalts and interbeds; studies ,to assess the release of

heat resulting from the emplacement of radioactive waste

in a deep cavern; studies to assess the compatibility

between the waste and the host basaltic rock; and studies

to assess the tectonic stability of the Hanford region

(Figure 1).  The entire project was suspended in 1972,
before completion of interpretative work.

In early 1976 the Office of Waste Isolation, Union
Carbide Corporation requested ARHCO to complete the inter-

pretation and documentation of the early studies, inasmuch

as such studies may be valuable in qualifying the Columbia

River flood basalts as a viable medium for final geologic

storage of commercial radioactive wastes. This report is
the result of that request. The objective of the report is            ·

to summarize existing data, interpret them, and identify key
issues that require resolution to qualify basalt as a             L
viable final geologic storage medium.
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The Columbia River Plateau flood basalts appear to have       0-
developed as a layered sequence of lavas that intermittently

filled a gradually down-warping basin th.at, in later stages,          p
began to foldinto an undulation of anticlines and synclines.
Initial studies were directed toward developing a hydro-

stratigraphic model.  To this end, methods for identifying
individual basalts were developed to assure that the

bottom of wells could be located at predetermined strati-
graphic horizons. Work was conducted on and around the

Hanford Reservation, which is situated in the Pasco Basin

near the center of the Columbia River Plateau flood basalt

province where the accumulation of the layered basalts is
thickest, exceeding 3,000 meters in thickhess.

Although the basalts are highly jointed, field and

core hole evidence suggest that some of the basalt flows
may be impervious to water. Inspection of basalt joints

and fractures shows that secondary minerals, predominantly
clays such as ,beidellite and nontronite, f.ill the joints
and cracks, effectively seal-ing them. Further evidence of

low permeability of the basalt layers is indicated by the

presence of a low-pressure gas field on the slopes of
Rattlesn·ake Mountain (onthe southwest quarter of the
Hanford Reservation).

Thus, preliminary characterizations suggest that the

Columbia River Plateau flood basalts may provide the

requisite degree of isolation needed for final storage.
However, before plans can be made to store wastes in

mined-out cavities, tests must be conceived, designed, and

conducted to positively assure ourselves, the scientific

community, and the public that the wastes cannot migrate
1from the final storage facilities and accumulate in

hazardous concentrations in the biosphere.
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This report presents the work done to assess thek

feasibility of final geologic storage in the Columbia River
flood basalts. It includes geologic, hydrologic, engi-

W
neering, and geochemical considerations. Four appendices

contained in Volume II show the basic geologic and geo-

physical data gathered at the various field sections, type
localities, and core holes. Much additional work is needed

to qualify the basalts for a final storage repository.

Primary factors requiring early resolution include a

determination as to whether or not water moves through the

basalt rock and if so, the rate at which radionuclides

might be transported through the basalt layers and inter-

calated sediments (via pores, open fractures, and/or

joints) to the biosphere. An associated factor includes

a determination of the likelihood of the rock becoming

fractured or the joints opening due to tectonic activity.

These questions must be answered in subsequent studies

prior to qualifying basalt as a final storage site.

The present report emphasizes environmental definition

rather than the engineering aspects of the design of the

final storage facility. Conceptually, from an engineering

standpoint, such a facility may resemble the design shown

in Figure 2. The facility, as noted previously, must pro-

vide for retrievability of the waste for a defined period.

To build such a facility will involve shaft sinking
techniques and excavation of an underground mine using

ordinary mining techniques and equipment or boring methods.

Waste canisters would be lowered from their shipping casks

into the mine and into a shielded transporter or conveyor,

one by one. The underground transportation system would

deposit the canisters in the storage spaces, which could be-

either horizontal or vertical holes in the walls or floor.
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The spacing of the holes is critical td keep the temperature

of the underground facility below an acceptable level.
During the retrievable perio8, provisions must be made to

f            preserve the integrity of the waste canisters and assure

easy access to them. Beyond the retrieval period, the
.

mine rooms would probably be backfilled and permanently
sealed. From the mining standpoint, such a facility
design appears feasible. Many tunnels for railroad and

vehicular traffic and irrigation water have been built

through the Columbia River flood basalts. Experience in

building these structures will be helpful in later stages
of this project.

.
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CHAPTER II
''.

COLUMBIA RIVER BASALT

'3

SUMMARY

The Columbia River Basalts of Miocene-Pliocene age in

south central Washington represent one of the largest
accumulations of continental basaltic rock in the world.
The Hanford Reservation.is 'in the western half of the

Pasco Basin.  The most prominent landforms of the region

surrounding the Pasco Basin are the east-west trending
anticlinal ridges that began to rise more than ten million

years ago. The Saddle Mountains border the Pasco Basin on

the north and rise to a maximum elevation of 817 meters
above sea level. Two anticlinal ridges occur along the
western border of the basin: Umtanum Ridge to the north and
Yakima Ridge to the south. Gable Butte and Gable Mountain

are outcrops along the eastern extension of Umtanum Ridge.

Very limited geological field work on the Columbia,
River Basalt was made before the 1930's. These early

geological investigators directed their attention toward

development of local and regional groundwater resources

and defining the structure of a small gas field discovered
on the north slope of Rattlesnake Hills in 1914.

From the late 1930's through the late 1960's, interest
in the stratigraphy and structure of the Columbia River

Basalts increased with the Federal construction projects of
the Grand Coulee Dam, the Columbia Basin Irrigation Project,

.

and the Hanford Works Project. These large construction

projects required more detailed knowledge of the geologic
-           and tectonic history of the Columbia River Plateau, espe-

cially in the region of the Pasco Basin.
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In 1968 ARHCO undertook a study to develop a strati-

graphic model of the basalts underlying the Pasco Basin.
To accomplish 'this task, flow by flow correlations were

r
required.

Most of the basalt within the Pasco Basin is tholeiitic

basalt. The common primary constituents of the basalt are

plagioclase, clinopyroxene, basalt glass (tachylyte)

olivine, magnetite-ilmenite, apatite, and a mineraloid·

(chlorophaeite). Common alteration products formed in the
basalt by'diagene.tic and hydrothermal .activity are iron-
and-magnesium clays,.opal and chalcedony, calcite, cela'-
donite, chlorite, and zeolites, (heulandite, analcite,
mordenite, and others). Nontronitic clays, other high-

alumina clays, hydrous oxides of iron and manganese, and

caliche are the main weathering products. The strati-

graphy of the Pasco Basin has beendeveloped from informa-

tion obtained by drilling deep core holes: on the Hanford
Reservation and sampling and mapping sections· exposed·in
river gorges.                            '

The rocks overlying the basalts in the central part of
the Pasco Basin are more than 370 meters thic*. The

lacustrine and fluvial Ringold Formation of late Pliocene

age directly overlies the basalt. Eolian silt and glacio-

fluvial sediments overlie the Ringold Formation.

The Ringold Formation, the eolian silts, and the
basalt- were locally eroded and truncated by a series of

catastrophic, floods of glacial meltwater near the close of
the Ice Age 12,000 to 18,000 years ago.·
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GEOLOGICAL SETTING

One of the largest accumulations of continental
1

basaltic rock is in the northwestern part of the United
States in the physiographic province known as the Columbia

River Plateau (Figure 1). Enormous volumes of basaltic

magma welled up through fissures in the earth's crust from

early Miocene to Pliocene time and spread out in broad

sheets over an area conservatively estimated at two million

square kilometers. The basalt magma probably had a low

viscosity with very little gas trapped in the rock as

evidenced by the uniformity of flow thicknesses over large
areas and the limited zones of vesicular basalt within a

flow. Contemporaneously with the eruption of basalts from

fissures, nearby volcanoes blanketed the area with ash and

ancestral rivers deposited sediments on the ground surface

that in time were covered by the next flow.

The average thickness of the basalt sequence over the
Columbia River Plateau is approximately 550 m; however, the

greatest known thickness is in the saucer-shaped region in
the northwestern part of the plateau. The Pasco Basin is

the long-standing structural and topographic low point in
the saucer-shaped region. The land surface near the center

of the Basin is about 120 m above sea level and the under-

lying basalt surface is as much as 80 m below sea level.

Figure 2 shows in more detail the principal topo-

graphic features around the Pasco Basin and shows the

boundary of the U. S. Energy Research and Development

Administration (USERDA) Hanford Reservation. Figure 3

shows some features of the Reservation in more detail and

-            identifies the sites of deep core holes referred to later.
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The most prominent landforms in the region surrounding*

the Pasco Basin are the anticlinal ridges that began to rise
more than ten million years ago in late Miocene or early

1
Pliocene time. The Saddle Mountains, bordering the Basin

to the north, are 50 kilometers long and trend east-west.

The mountains are fairly uniform in height and range from
610 to 817 m above sea level. The highest point on the
crest is Wahatis Peak. Structurally, the Saddle Mountains
are an asymmetric anticline with a steep northern slope

and a gentle southerly slope. The axial trace of the

anticline and the ridge crest of the Saddle Mountains do

not generally coincide because portions of the anticline
crest have been eroded.

At the western end of the Saddle Mountains the

Columbia River enters the Pasco Basin through Sentinel Gap.

This water gap is more than two kilometers wide and 500 m

deep.  Uplift of the Saddle Mountains was so gradual 'that
the Columbia River maintained its original course by slow

abrasion of the basalt surface. To the east, the Saddle

Mountain structure swings slightly southeast and plunges
beneath the basin fill.

Two basalt ridges occur along the western border of
the Pasco Basin.  The most northerly of the two is Umtanum

Ridge which rises more than 1000 m above sea level.  The

north limb of this anticline is sharply folded and at a
point near the Priest Rapids Dam, where the Columbia River

impinges against this ridge, the flows are overturned

(dipping 80 to 85 degrees to the south). Eastward, the

main ridge plunges beneath basin fill. It crops out again
near the center of the Basin as Gable Butte and Gable

-           Mountain (Figure 2). The Yakima Ridge lies immediately
south of Umtanum Ridge. The crest of this ridge to the
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west of the Pasco Basin is 1,200 m above sea level and is
the highest point within the Pasco Basin region. The              1
southeastern continuation of the Yakima Ridge lies buried

beneath the basin fill until it crops out as a line of                 9

isolated hills paralleling the Yakima River on its west

bank above its confluence with the Columbia River.

The Rattlesnake Hills are south of the Yakima Ridge.

This anticlinal structure is the most prominent topographic

feature bordering the Pasco Basin.  The asymmetry of this
ridge is tyBical of most ri·dges.in the region. 'The north.ern

limb slopes 17%, whereas.the southern limb slopes 5%.  West
of the Pasco Basin, the Rattlesnake Hills trend in an east-
west direction. South of the Basin they trend southeast-
northwest. Where the Rattlesnake Hills trend east-west the

crest is about 1,000 m above sea level. In the short dis-

tance from the point where they turn and trend southeast-

northwest, the anticline plunges sharply about 150 m/km.

On the west bank of the Yakima River the anticline dies
Out. Southeastward from the point w'here the main structure

dies out at the Yakima River, the extension of the Rattle-

snake Hills is manifested by a series of doubly plunging

anticlines or elongate domes trending toward the Horse
Heaven Hills. The Rattlesnake Hills structure eventual,ly
merges with the Horse Heaven Hills to the southeast near

the junction of the Snake and Walla Walla Rivers with the

Columbia River.

Wallula Gap, the water gap through the Horse Heaven
Hills through which the Columbia River leaves the Pasco

Basin, was cut in a manner somewhat similar to Sentinel -

Gap in the Saddle Mountains.

i 4..
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Figure 4 consists of two cross sections. constructed
.)*,. through the Pasco Basin that show the relationship-of the

Columbia River Basalts to the geology of the surrounding
region. Generally, granitic rocks of Mesozoic age crop/

out to the north, the Clarno Formation of Eocene-Oljgocene
age crop out to the south, Eocene to Miocene metavolcanics

of the Ohanapecosh and Fifes Peak Formations crop out to
the west, and late Paleozoic sediments and volcanics crop

out to the east. The number of individual flows under-

lying the Pasco Basin is not known, but approximately
fifty flows were identified in the core holes drilled on

the Hanford Reservation and about 100 flows were tenta-

tively identified in a deep well drilled by the Standard

Oil Company of California (RSH-1) that reached a depth of

3,248 m without penetrating the base of.the basalt sequence.

PREVIOUS INVESTIGATIONS

The first geological reconnaissance of the Columbia

River Basalt in Washington and Oregon was made in the late

1890's and early 1900's by geologists of the U. S. Geo-
Fl-13]logical Survey (USGS). One of the principal reasons

for these studies was to evaluate the groundwater resources

of the semi-arid to arid region around the Pasco Basin.  It

was primarily in the valleys along the eastern flank of the

Cascade Mountains that settlements first began to develop

because of the availability of water. As people began to

move away from the mountain slopes and.out into the desert
areas, they became more and more dependent on shallow wells

/
for water supplies.

A major question confronting these early investigators
was the source of the basalt. The relatively flat lying
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flows could be seen extending over thousands of square
1         kilometers, but were so monotonous in nature they could not

be identified and correlated between isolated outcrops using
the technology available at that time. Consequently, many
questions concerning structure, geo,logic history and the
petrogenesis of the basalt flows remained unanswered.

Merriam 14l was the first to study dikes in the

Monument, Oregon area and postulated that they might be
feeders for some of the Columbia River Basalt flows to

[15,16]the north. Fuller published papers desoribing dikes
in the Cornucopia, Oregon area and used flow structures to

determine general directions of movement for individual
flows. These structures developed while the flow was still
in the molten state and were essentially frozen in the
rock when it cooled.

In the 1930's, Hammer and Glover described[17] [18]

the gas field that had been discovered on the north slope

of Rattlesnake Hills in 1914 and developed through the
1920's.· During this period, Twiss[191 developed the

stratigraphy of. the Saddle Mountains.

From 1940 to 1970, a number of papers were published
[20] I21-241on the Columbia River Basalt by Laval , Mackin

Waters , and Schmincke Mackin and Laval[25-30]                [31-34]

correlated the basalt flows using gross physical features

observed in the field such as nature of the jointing; color

of weathered surfaces; presence or absence of large and

distinctive phenocrysts; shape, size and percentage of
vesicles or other voids. As in.correlation studies of

-            sedimentary rocks, one of the most important clues was

field-determination of the exact stratigraphic position of

_           a flow in relation to known overlying or underlying flows,
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or to recognizable sedimentary interbeds between flows.
'f'.

Mackin stated: :"recogriizable st'ratigraphic 'studies in the
Yakima Basalt....depend.6 not·on .tracing of   any  'indiv'id ual

„[231 ,                      9units,.but in relations seenin sequence.

These criteria serve well, and continue to be of value

in local studies of. small areas (less than 2,500 square

kilometers) which contain g'ood exposures. '  Most -of the
features listed above, .however, do not remain constant
when flows are traced for- tens of kilometets.  For exatple,
jointing reflects the cooling history of the flow, and this
necessarily changes with distahce from th·e vent·i thickness
o f    t h e     f l o w,     n a t u r e    o f  't h e su r f a c e c o v e r e d    -(e.  g.  ,     local
areas of mar-shy ground), :and whether the 'flow ponded
quickly and then solidified from a v'i·rtually motion'less
fluid, or whether it continued to creep forward throughout

the period of crystallization.  Weathering colors also

depend on many local factors. such as:. climate, presence.

or absence of an easily weathered iron-sulfide bearing
mineraloid, amount of cover.by lichen and mosses, local

deposition of caliche on weathered surfaces,.and many other
variable factors.

Field criteria such as weathering and-jointing are of
little diagnostic value in correlating flows from one site
to another unless the basalt is exposed at.the land surface.

Waters showed that it is possible'to distinguish' [29]

between certain major.groups within:the Columbia River   
Basalt using microscopic petrology supplemented by chemical

analyses and careful field studies. In the last 15 years

this approach has been strengthened and brought up to date·

by the efforts of numerous researchers.  Schmincke I. 3.43 ,

-
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used it to distinguish between four specific basalt flows
>R

interbedded with the Ellensburg Formation of south central

Washington.
/

In 1968 ARHCO on behalf of the Atomic Energy Commission

(now USERDA), undertook a study to develop the technology

by which a credible model of the basalt structure and

stratigraphy underlying the Hanford Reservation could be
made. Since the start of this project, ARHCO in coopera-

tion with the colleges and universities in the Pacific

Northwest and the USGS was able to develop such a strati-

graphic model. To accomplish this, five core holes were
subjected to intensive study and analysis to determine

properties by which individual flows (units) could be

uniquely identified for correlation. The techniques used

in basalt identification ara .discussed in the following

chapter.

GEOLOGY

The Columbia River Basalt is classed as tholeiitic

basalt on the basis of its chemistry and mineralogy. Not

all flows within the Pasco Basin fit this classification

because of their higher alkali content. The common minerals

present in the basalt are plagioclase, clinopyroxene,

olivine, opaque minerals (such as magnetite and ilmenite),

apatite, and mineraloids (chlorophaeite). Tachylyte, a
basalt glass crowded with crystallites, is abundant in most

flows. The plagioclase is usually labradorite where it

occurs as large phenocrysts but may range from labradorite
to andesine in the groundmass. Olivine is usually altered

to clay minerals or Mg-chlorite. The pyroxene present is



22                  ARH-ST-137

augite and/or pigeonite. The texture is aphanitic with
f

occasionally large phenocrysts present in some flows.
Although some flows in the Pasco Basin are quite glassy,
most exhibit intersertal to intergranular textures. Some              '

show a patchy diktytaxitic ophimottling. The color of the

rock is generally gray to black on a fresh surface. Some

flows such as the Roza flow have reddish-orange to reddish-
brown weathered surfaces that result from the oxidation

of iron in iron-rich clay and mineraloid present in this
flow.

The macrostructure of a flow or flow unit is illus-
I351trated in Figure 5.

Waters[27l divided the Columbia River Basalt into
two major and distinct sequences, the old·er Picture Gorge
Basalt, cropping out in central 'Oregon, and the younger

Yakima Basalt, well e4posed in outcrops west of the Pasco
Basin. In 1961 he. proposed that the two sequences be for-
mally defined as formations and that the term Columbia

[29]River Basalt be elevated to group status. Additional

changes to the stratigraphy of the Columbia River Basalt

have been proposed in recent years, as more and more flows

have been identified by other workers. On the basis of

information and knowledge gained by ARHCO on the basalts
within the Pasco Basin, a significant revision will be

required to clearly define the stratigraphic relationships.

Figure 6 is a stratigraphic chart showing the sequence of
the rock strata within the Pasco Basin. This stratigraphic

chart is under revision, but for purposes of this dis-

cussion, it is used in its present form.                                -

The basement rocks underlying the basalt are of un-

certain composition. Certain rock types can be projected -

from around the margins of the Pasco Basin to a point
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beneath it. The basement rock types found northwest of the

+             Pasco Basin can be inferred on the basis of our knowledge
of the geological features of the region. Wells that
penetrate the entire basalt sequence north of the Pasco

Basin encountered sandstones and shales beneath which are

probably Mesozoic granitic rocks comparable to those in the

Okanogan Highlands to the north (Figure 1).and granitic

rocks such as those found underlying the basalts in the

Snake River Canyon upstream of the Little Goose Dam,
Washington.  Another possibility is that basaltic rocks

older than the Columbia River basalt group underly the
Pasco Basin.

Geophysical studies by Cantwell and others[36l,

Skehan[37], I38]and McKee have led to several interpreta-

tions of the crustal structure underlying the basalts of the
Pasco Basin.  Cantwell et al.[36], identified differences

in deep crustal resistivity that appeared to have the same

linear trend as the Olympic-Wallowa lineament (a lineament.
.of several prominent physiographic features from the Straits
of Juan De Fuca to the Wallowa Mountains in northeastern

Oregon). Skehan believed these changes reflected
[39] [37]

a difference in rock type at depth, granitic rocks to the
north and basaltic rocks to the south.  McKee[38l recog-

nized that a change in rock types such as Skehan proposed
did occur in the northern Cascade Mountains. He believed

that the lineament was a broad zone separating those rock
[40]types and trending roughly east-west. Yates recog-

nized a discontinuity farther east in Idaho that if pro-

jected northwestward would correspond in part with .Skehan's
and McKee's lineaments.

Lacustrine and fluvial sediments of the Ringold For-

mation overlie the Columbia River Basalt in the Pasco Basin.
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Previously, downwarping in the local area was accompanied
by basalt flow extrusion into the topographically and
structurally low areas.  The end of the fissure eruptions

1

about18 million years ago permitted the deposition of a

continuous sequence of sediments. These were blends of

sediments and volcanic ash derived from three sources: the

Cascades, Okanogan Highlands, and northern Rocky Mountains.

An eolian deposit of fine sand and silt generally

overlies part of the eroded surface of the Ringold For-
mation. This deposit is considered to be the equixalent

of the Palouse soils (loesses) of eastern Washington and
westernmost Idaho.[41]

The Palouse soils, the Ringold Formation, and even
the basalts were locally eroded and truncated by a sequence

of catastrophic floods of glacial meltwater near the close

of the Ice Age (12,000 to 18,000 years ago).  These floods

emanated from the Clark Fork Valley near Missoula, Montana,

and resulted from the release of ice-dammed glacial Lake
Missoula. Smaller floods resulted, from the sudden drainage
of smaller, similarly glacier-dammed lakes to the north.

One of the largest floods occurred about 18,000 years ago

and probably lasted a few weeks, during which an estimated

more than 1000 cubic kilometers of water poured across the

eastern part of Washington and into the Pasco Basin. [42 ]

Maximum flow rates have been estimated at 20 cubic kilo-

meters of water per hour.

The glaciofluvial sediments deposited in the Pasco
Basin ate locally referred to as Pasco Gravels and Touchet
Silts. Ice-rafted erratics and thin silt deposits occur up

to 400 m above sea level indicating the depth of water in
the Basin. A later flood, about 12,000 years ago, reached
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a level of 300 m above sea level. The maximum altitude for
...

the basin-fill deposits in the Pasco Basin is 240 m above

sea level.
.."
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                                    CHAPTER III
\

CHEMICAL IDENTIFICATION OF BASALT FLOWS
&--

SUMMARY

Methods of chemical and petrographic analyses of

basalts were applied to the identification, characterization,

and correlation of individual flows and groups of flows of
the Yakima Basalts. Formally named flows and members were

sampled at the type locality and chemically and petro-

graphically·analyzed. The results from the type localities
were then compared with chemical and petrographic analyses

of basalt from core holes and field sections. This com-

parison showed that some individual flows and some groups

of flows can be identified and correlated by chemical and

petrographic properties. Geophysical logs supported the
identification.

Additional chemical data are needed to reduce the ana-

lytical error and thereby improve the precision and accuracy

of the data base and to correct existing deficiencies in

the data base.

Additional parameters, such as mineral compositions,

isotopic compositions, and paleomagnetic polarities need to

be measured and used for additional flow identification

criteria and to test existing identifications and corre-
lations.

-                                    INTRODUCTION

Recent developments in petrography and geochemistry

have revealed a number of characteristics by which flows and
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flow sequences can be identified.  Waters[ll made one of

the first and most significant contributions toward char-
acterizing the Columbia River Basalts. On the basis of

petrographic and geochemical properties, he was able to

show a major stratigraphic subdivision between basalts of

lower Miocene age and of upper Miocene-lower Pliocene age.

He named two formations, the Picture'Gorge Basalt and the
Yakima Basalt, respectively, and raised the Columbia River

Basalt to group status.

Swanson[2l demonstrated that the Yakima Basalt flows

in the Tieton River area near the western margin of the

Columbia River Plateau could be correlated using the modal
plagioclase/pyroxene ratios of individual flows.  Schmincke[3]

found significant differences in major element chemistry
between certain individual flows of the Yakima Basalts.
Holmgren[4l employed 4OK/40Ar age dating and paleomagnetic

techniques for correlating thick flow sequences of Yakima
Basalt in central Washington.  Osawa and Goles[Sl demon-

strated the applicability of neutron activation technology

for identifying trace element variations in and between the

Picture Gorge Basalt and Yakima Basalt. Myers and Brown [6]

and Wright[7l showed that individual flows and sequences of

flows can be correlated by comparing the concentrations of
elements.

Other techniques for identifying Columbia River Ba-

salts have been less successful but are still being evaluated.
McKee and McKee[8] observed differences in refractive indices

of fused glass beads within the major subdivisions of the

Columbia River Basalt Group but stated the method was not

useful in distinguishing individual flows or flow sequences
within a formation. A preliminary evaluation of the
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..3 feasibility of using Mossbauer spectra for identifying in-

dividual flows of upper Yakima Basalt has been made, but
the technique needs further development before it can beI.

applied to basalt flow identification.

An important requirement in using the techniques of

geochemistry, petrography, or any other discipline to

identify and correlate basalt flows is that there be no

significant lateral variation within the flows of the pro-

perty being measured. It is possible, for instance, that

lateral (or vertical) variations within a flow could be
related to distance from the vent, cooling history, chamber

differentiation, rate of crystal growth, rate of crystal

settling, effects of underlying topography, and conditions
of extrusion.

To determine to what extent geochemistry and petro-

graphy might vary laterally within Columbia River basalt

flows, two flows (later identified as the Sillusi Flow and

Umatilla Flow) were sampled several times along a series
' of sections exposed in cliffs along the Columbia River from

Sillusi Butte to Mound Pond located near Wallula Gap

(Figure 1).  Exposure in this area is almost continous for

about 30 kilometers; individual flows were traced visually.

The results of this work indicate that geochemical and

petrographic parameters within the Sillusi and Umatilla

Flows do not vary significantly with distance. The flows

are unique because their barium content (=3,000 ppm) is

 

three to eight times higher than the barium content of

other flows (about 400 - 1200 ppm).

Many flows of the Columbia River basalt group have

been formally named and described by previous workers at
I l   3  7,9]type localities designated by them.   ' ' These type



.

/3900 9-41         5  3 5A , I L_-9-/)  -YELLEPIT POND

f< -«»«3«3»-7 4»   /      A
 1 (35., -TE       -      _         -i,I-,/1"i--f -'·'5/          3/'                                   '1,

X » r      ---
/L ·/ -             *---\/2-sooK                  A

</-1                     5                      9
234

9                                                                                                                                                                                                    00

ELEVATION MSL/0                                     6             S
METERS FEEt

1200 - BLAIR POND POND
350 - POINT1100 -

YELLEPIT MOUND

1000 -

,  HIGH Ti02 (2.7%)

HIGH CaO (<9%)
300 -

900 - SILLUSI
1,

..

250 - 800 -
BUTTE RUSH SPUKSHOWKI

ICE HARBOR
HIGH Cr (<200ppm)

CANYO CANYON
700.                                                                                                        \

200 -
UNDIFFERENTIATED

600 -             ·.                                                               .1                                                    I          '                  ) MIDDLE YAKIMA
HIGH CaO '"). LOW"Ti'O"("1".  ,Crloop POMONA

150 - 500  -                     -                         LOW  Caa   <6.5%  .   LOW Cr <15  m  SILLUSI
PORPHYRITIC BASALT

41 PORPHYRITIC,-'400. .  Up . L HIGH Cr(40+ppm)     /
- LOW Cr(25ppm)

((IGH- Ba (<3®Oppm)FAUI·lATILLA. , -/9-
;,   1...... *„   .8-,/·'  ·'·6

300_      -·        

1 1 l i l l I' 11  1,1    ill0
15                                            20

RIVER MILES FROM UMATILLA TOLL BRIDGE

 
ic}                 e1 1 1„l i l i I

0.5  10  15 · 20  25  30    ES
KILOMETERS

W

FIGURE 1 FIELD SECTION, SILLUSI BUTTE TO MOUND POND
..J

5                                                                                                                                                                                                                                                                                                                                                                                                                   :5



37                  ARH-ST-137

-            localities have been visited, sampled, and analyzed

(Appendix A).*  Most of the type localities are separated
from the Hanford Reservation by tens of kilometers and the

intervening area is largely covered by surficial deposits
that conceal the underlying stratigraphic complexities.

However, some isolated exposures occur at water gaps, river

canyons, and in valleys along the flanks of the anticlinal

ridges. Several field sections (surface outcrops other
than type localities exposing part of the stratigraphic

section) have also been sampled and analyzed (Appendix B).

In addition, several deep core holes have been drilled
beneath the Hanford Reservation and the continuous core

obtained from these holes has been sampled and analyzed

(Appendix C; geophysical logs for the deep core holes are

shown in Appendix D).*  Thus, the basalt petrographic and

geochemical data bases for this report are from three
sources: type localities, field sections, and core holes.

Comparison of the core hole analyses with type locality

analyses has permitted the basalt flows and members in the

core holes to be identified by name.

In addition, comparison of the field section analyses

with the type locality and core hole analyses has improved

the reliability of the correlations between the core holes

and type localities and permitted a better understanding

of the stratigraphic complexity of the basalt sequence
within the Pasco Basin. The data have been used to develop

a preliminary model of the stratigraphic relationships
' beneath the Hanford Reservation (Chapter IV).

-           *All of the appendices are found in Volume II of this report.
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METHODOLOGY                                    -

Sampling Techniques *

Field section localities were selected from areas of

stratigraphic interest that gave maximum total relief,
extensive basalt outcrops, and access for description and

sampling.

After selection, the field sites were inspected from

the air. Aerial photographs were obtained for sample
documentation, structure evaluation, and reference.  At
each site, a lithologic description was recorded and ver-

tical thicknesses were measured by barometric altimeter or

tape. Horizontal control was established by topographic

maps, aerial photographs, and Brunton compass. The litho-

logic description was an account of such flow features as:

colonnades, entablature, vesicular zones, rubble zones,
and the visual appearance of hand specimens, i.e., por-

phyritic, aphanitic, etc. Particular attention was paid to

evidence of flow contacts such as vesicular zones, chilled

margins, clastic interbeds, flow surface texture ('aa' or

'pahoehoe' surfaces), and weathering zones.

Samples were taken from the lower colonnade or basal

entablature about 2 to 5 m above the base of every evident
flow when possible. Multiple samples were taken from

thicker flows and at points where contacts were obscured.

Each sample point was documented by marking with paint and

assigning a serial number. The location was marked on an

aerial photograph, and on a topographic map. -

Type localities were sampled in the same manner with
care taken to obtain fresh unaltered samples.                          -
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S.

The samples were prepared for chemical analysis by

crushing at least 500 grams of each in an alumina jaw-
crusher and splitting aliquots needed for analysis. Samples

used for preparation of thin sections were also selected

at that time.

Core hole samples were taken at least every 10 m near
evident flow contacts. Treatment of the samples were iden-

tical to that of field sections and type localities.

Analytical Techniques

Basalt samples were analyzed for major element content

by atomic absorption spectroscopy, for naturally occurring

radioisotopes by gamma energy spectroscopy and for minor

elements by emission spectrometry, and neutron activation

analysis. A truck-mounted energy-dispersive X-ray fluo-

rescence unit was used for field studies and core hole

stratigraphic control. Basalt mjneralogy was studied by

electron microprobe and X-ray diffraction techniques. Some

samples were age dated by 4OK/40Ar methods.

Atomic Absorption

Samples for analysis by atomic absorption were crushed
and pulverized to approximately 300 mesh and fused with

lithium metaborate in platinum ware followed by dissolution

in HCl. The method is basically applicable to both major

and minor components but is a single element analysis
technique in that separate dilutions are needed for most

elements and only one element can be analyzed at a time.

Standards must be prepared on a routine basis since they

degenerate with time. Problems develop frequently if the
lithium metaborate or other reagents added to the dilutions

*.

[KCl, La (N03)3] as ionization suppressants are not suffi-

ciently pure. A standard rock such as the USGS-BCR-1 basalt
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was normally used as a control standard. Accuracy and pre-
cision for the major elements are shown in Table I.

'
Accuracies and precisions in atomic absorption are

limited by (1) the inability to distinguish Fe and Fe
+2 +3

(2) the lack of sensitivity for silicon analysis,. a major
component, (3) the need for large dilutions that introduce

dilution and volumetric measurement errors, and (4) the
incomplete analysis for such things as P04-3.  On atomic

absorption equipment, silicon results can only be read to
within one weight percent. This does not include measure-

ment error.

TABLE I

TYPICAL ACCURACY AND PRECISION FOR
ATOMIC ABSORPTION ANALYSIS OF BCR-1

ROCK STANDARD

Oxide Percent Recovery
Determined Of BCR-1 Standard Value

Si 02 102.3 + 0.9

A1203 99.4 + 1.1

Fe203                   -
101.2+ 1.5

CaO      '         96.2 + 1.2

Mg O 110.4 + 3.4

Na20 102.1 + 0.9

K20 103.7 + 1.4

Ti02 97.2 + 2.2

Gamma Energy Analysis

Determination of naturally occurring radioactive iso-

topes has been described by Zimmer. Samples were[ 10]

-

analysed by an anticoincidence guarded, large volume lith-

ium drifted germanium detector, multi-channel analyzer and
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-

digital data reduction system. Analyses for 4OK, 226Ra

daughters, and 228Th daughters were performed to a pre-

·           cision of 10 to 12 percent at the 95 percent confidence

level in a four.hour counting period.

Emission Spectrometry

Several series of basalt samples were analyzed by an

emission spectrometer quantometer to evaluate the use-
fulness of the method. Problems inherent with the tech-

nique were encountered and emission spectrometric analyses
were discontinued.

Neutron Activation Analysis

More than 475 samples were analyzed for trace element

determinations. Table II lists elements determined and

analytical uncertainties. Errors listed are la (standard

deviation) and include counting statistics and standardi-
zation errors.

TABLE II

Element Concentration Range Estimated la Error

La 10-50 Ppm + 5%

Sm 5-15 Ppm + 5%

Eu 1-02 Ppm +20%

2-04 Ppm +10%

Fe                  7-12    %               + 5%

Sc 25-40 ppm + 5%

Cr 1-10 ppm +30%
- 10-50 Ppm +15%

50-80 Ppm +10%

, 80-250 Ppm + 5%

Co 25-50 Ppm + 5%
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TABLE II (continued)

Element Concentration Range Estimated la Error

Na                 1-3     %              + 2%
Th 1-3. Ppm +20%

3-8 Ppm +10%
Hf 3-5 Ppm +20%

5-12 Ppm +10%

Al                   5-8     %               + 5%
V 200-500 Ppm +10%

Mn              1,000-2,000 ppm +10%
-

Petrography

Point counts, grain size measurements, textural des-

cription, and optical determination of plagioclase com-

positions were made from the basalt thin section using a

petrographic microscope equipped with a mechanical stage.

Age Dating

Approximately 300 samples of Yakima Basalt were dated
by the 4OK/40Ar method, which is based on determining the

ratio of naturally occurring radioactive potassium-40 to
argon-40, the decay product.

RESULTS

Geochemical and petrographic data from the type locali-

ties, field sections, and core holes are presented in
Appendices A, B, and C, respectively. Geophysical data for
the deep core holes are shown in Appendix D.

Type locality geochemical data (Appendix A) are sum-              *
marized in Table III. These geochemical data supported by



Analyses by Atomic Absorption Corrected for % Volatility (Heated to 900°C) Analyses by Neutron Activation

Si02 A1203 Feo MgO CaO
Na20   K20   Ti 02

MnO SrO P205   Ba     M/Bal    Na    La    Sm      Fe    Co    Sc     Cr     Eu    Th    Tb     Hf     Ta
' 1% ·3_ 1_L l l L ..L % 1 22!!L-  1 eim RIEL -1- 22 22 0 on 22 'Re 22!L 822_ RE-

Ice Harbor II A1424 48.7 11.8 16.6 4.9 9.2 2.5 1.2 3.4 1286 98.4 1.79    74 19.5 13.1    39    39    4Q 5.4 5.4 11.0

(Type A1426 50.0 11.4 16.9 4.8 9.0 2.6 1.2 3.4 1252 99.3

Locality) A1427 50.2 11.5 16.7 4.5 9.4 .2.8 1.1 3.6 1299 99.7

Ice Harbor I A1423 51.9 13.0 13.8 7.0 10.8 2.4 0.7 3.2 813 102:9

(Type Locality) A1425 49.9 12.8 13.8 7.0 10.5 2.2 0.8 3.2 891 100.3 1.78    38 9.9 11.1    45    42 162 3.3 3.1. 6.4

Ward Gap A1276 54.0 13.3 14.2 4.9 8.4 2.5 1.1 3.0 0.21 0.017 611 101.6 1.82    34 7.4 10.1    43    31    22 3.0 5.7 1.7 7.7 2.3

(Type A1277 52.3 13.1 15.4 4.6 8.4 2.6 1.1 2.8 0.22 0.018 659 100.5 1.76    34 7.5 11.2    42    31    23 2.6 5.2 1.2 6.5 2.3

Locality) A1278 51.0 12.7 15.2 4.7 8.5 2.5 1.2 2.8 0.21 0.018 597 99.0 1.79    36 7.8 10.9    40    28'   24 2.9 6.7 1.6 7.1 2.1

Elephant Mountain A1393 52.8 12:5 14.8 4.2 8.5 2.4 0.9 3.2 0.23 0.03 0.52 709 100.1 1.87    37 9.0 11.5    48    33    27 2.9 6.2 6.3

(Type' Locality) A1394 53.0 12.6 15.0 4.0 8.8 2.4 0.9 3.3 0.21 0.03 0.45 685 100.0

A1395 53.1 12.8 14.6 4.0 8.7 2.4 0.9. 3.3 0.24 0.03 0.56 702 100.0

A1396 52.8 12.6 14.4 4.0 8.5 2.4 1.1 3.2 0.22 0.02 0.48 712 99.0

A1397· 52.9 12.7 14.7 4.2 9.0 2.5 1.2 3.2 0.24 0.03 0.44 705 101.0

Pomona (Type A1266 52.6 14.4 11.0 7.6 9.7 2.4 0.7 1.6 0.19 0.016 637 100.3 1.59    21 4.5 8.1    40    32 100 1.7 5.2 1.0 3.1 1.1

Locality) A1267 52.8 14.9 11.0 8.2 10.4 2.3 0.7 1.6 0.19 0.017 405 102.1 1.64    20 5.0 8.0    41    33 102 1.3 4.6 1.3 3.2 0.9

A1268 51.8 14.3 11.1 7.9 10.3 2.5 0.7 1.6 0.18 0.016 435 100.5 1.69    19 4.6 7.8    43    33 103 1.7 4.8 0.9 3.0 1.0

A1269 52.8 14.7 10.9 7.9 10.2 2.4 0.8 1..6 0.18 0.016 .433 101.6 1.61    19 5.1 8.2    41    33 106 1.3 6.0 1.3 3.4 1.0

A1270 52.3 14.6 10.8 7.5 10.4 2.6 0.5 1.5 0.17 0.016 575 100.4 1.66 '18 4.5 8.0 . 43    34 104 1.7 6.8 0.8 2.9 1.1

Gable Mountain K1005 52.7 13.2 14.1 4.2 7.0 2.9 1.5 2.8 558 98.4
(Esquatzel) K1025 53.4 13.2 13.0, 4.2 7.2 2.9 1.3 2.6 663 97.6
(Type Locality) K1026 53.4 13.2 13.4 4.1 7.3 2.9 1.3 2.6 674 98.2

(Core Wells)
DDH-1, DB-1 A1037 52.7 13.4 13.2 4.2 7.2 2.7 2.0 2.4 790 97.9·

08-2, DDH-3 
A1038 52.7 13.1 13.8 4.0 8.7 2.6 1.5 2.6 639 99.2
A1039 52.5 12.9 13.4 4.1 8.0 2.7 1.5 2.6 690 97.8
A2017 55.5 -13.0 15.3 4.3 7.6 2.7 1.8 2.9 605 103.2 1.91    38 11.4 11.0    45    31 8.3 2.3 8.6 1.0 5.8 2.2

A2018 55.0 13.8 14.5 4.2 8.0 2.8 1.6 2.5 642 102.5 2.09    37 8.4 10.9    42    27 9.1 2.3 9.0 1.2 6.2 2.2

A2019 54.0 13.3 14.9 3.9 7.4 2.6 1.7 2.6 713 100.6 2.05    38 8.2 10.5    42    28 5.0· 2.5 8.2 1.1 5.0 2.0

II 01007 53.6 13.1 11.5 4.0 7.9. 2.9 1.6 2.6 0.17 0.32 813 97.8 1.98    36 7.1 9.2·    40    27    26 2.1 8.1 6.9

01008 53.3 13.4 11.8 4.0 7.8 3.0 1.6 2.7 0.18 0.32 926 98.2 1.96    36 7.0 9.3           39          27           21 2.·1: 8.9 7.1                                   '

01009 54.0 13.3 12.2 4.0 7.8 3.2 1.7 2.8 0.18 0.33 909 99.6 1.99    36 7.1 9.8    42    28    11 1.9 9.5 7.5

D2009 54.1 13.0 11.2 3.7 7.4 3.0 1.6 2.5 0.18 0.28 847 97.1 2.26    42 8.3 11.1    48    31     8 2.7 9.5 9.6

I 01010 53.2 14.7 12.6 4.1 8.2 3.0 1.4 3.0 0.18 0.31 921 100.8 1.95    34 7.0 10.0    45    29    23 2.0 7.4 6.3

01011 52.8 13.3 12.8 4.1 8.0 2.9 1.5 3.0 0.18 0.29 750 99.9 1.86    33 6.7 10.3    45    28    19 2.1 7.3 5.8
tj D2010 51.5 13.2 14.5 4.1 8.1 2.7 1.4 2.9 0.22 0.50 638 98.8 2.11    38 7.9 11.6    53    32    31     2.8 8.0 7.0
>'
CO Huntzinger A1301 52.6 15.4 10.7 6.9 9.0 2.4 1.0 1.6 585 99.7 1:74    24 5.7 8.0    41    28 163 1.8 6.4 0.9 4.6 1.0

(Type A1302 52.6 15.5 10.8 7.2 9.0 2.4 1.0 1.6 497 100.2 1.79    24 6.2 8.1    41    28 181 1.6 6.2 0.9 4.3 1.0
tw Locality) A1303 52.6 15.6 10.6, 7.2 9.1 2.4 1.0 1.7 603 100.2 1.75    25 5.8 8.1    42    28 173 2.1 6.5 1.2 5.0 1.1

+3                                                                 Al 304 52.6 15.3 10.8. 7.1 9.1 2.4 1.0 1.6 531 99.9 1.76    23 6.1 8.1    43 27· 188 1.6 6.4 1.1 4.4 1.0

A1305 52.9 15.2 10.6 6.8 9.0 2.6 1.0 1.6 603 99.9 1.86    25 5.8 7.7    40    27 168 1.7 6.3 0.7 5.1 0.9

0
M            (Core Well DH-4) A4010 53.1 13.9 11.0 5.9 9.2 2.4 0.9 1.8 0.17 0.030 789 98.6 1.63    35 5.8 7.9    38    27 111 1.5 5.1 0.96 5.6 1.0

0 A4011 51.9 14.6 11.5 6.3 9.3 2.4 0.9 1.6 0.18 0.028 666 98.7 1.55    33 5.5 7.7    40    26 125 1.7 2.2 1.1 5.6 1.6 4.
0 A4012 50.4 16.0 '10.1 9.5 10.6 2.3 0.1 1.3 0.17 0.025 472 100.5 1.46    13 3.0 6.8    42    30 295 1.1 0.43 0.84 . 3.5 0.82           W

A4013 50.6 15.9 10.2 9.1 10.7 2.2 0.3 1.4 0.17 0.026 375 100.6 1.46'   13 3.2 6.9    45    28 269 1.0 0.90 0.45 2.8 1.0

A4014 51.6 15.3 10.8 1.1 9.8 2.4 0.8 1.6 0.17 0.028 531 100.3 1.68    26 4.7 7.7    39    26 173 1.4 1.3 0.88 5.0 1.2

9 1 A4015 52.1 14.2    11.7  '6.1    9.0   2.4    1.4   1.7 0.17 0.030 791 98.9   1.72    35    5.9    8.1    37    26    97     1.7   2.8   1.2     7.1   1.7

H      7
O    tj   Wahluke (Warden?) A4016 53.5 14.0 11.7 5.1 8.2 2.8 2.0 1.8 0.19 0.029 1089 99.4 1.82    45 7.2 8.5    37    25    31 1.7 3.0 1.1 7.1 1.7

           (Core Well DH-4 j    A4017     53.7   13.8    12.4   5.4    8.2   2.8    1.9   1.8    0.18   0.030
1011 100.2 1.80    42    6.3    8.9    38    26    41     2.1   3.4   1.4     7.9   1.7

Sillusi-Umatilla A1214 54.2 13.2 12.6 3.6 5.8 3.4 2.9 2.4 4119 98.1

Q    H   (Type Locality) A1216 56.6 14.2 12.4 2.6 6.0 3.2 2.6 2.6 3541 100.1

V H A1238 57.0 13.5 12.7 2.8 5.8 3.2 2.7 2.2 3614 100.2 2.31    46 . 10,3 9.4    24    24 6 4.7 6.4. 1.4 9.8 2.6

E H A1237 59.0 13.9 12.0 2.6 5.9 3.1 2.7 2.4 3928 101.5 2.49    50 10.7 10.6    26    26     7 4.0 6.2 1.9 12.6 2.8

4 A1217 56.6 14.0 12.2 2.3 5.3 3.2 2.7 2.7 3780 99.0

Priest Rapids IV PR-01 55.1 13.3 14.1 6.0 8.7 2.5 0.8 2.8 987 103.4 1.81    25 7.6 10.2    39    37    86 2.5 3.3 4.2
| 48.9 13.0 14.1 8.4 2.5 0.8 2.8 651 96.7 1.87    25 7.5 10.4    39    37    87 2.6 3.6 .4.3(Type Locality) PR-02 6.1

(Core Wells) PR-21 49.2 13.2 15.7 6.4 8.5 2.4 0.9 2.9 535 99.3 1.96    26 7.7 10.8    42    38    87 2.9 4.2 4.6
03 PR-22 51.4 13.2 15.8 6.5 8.2 2.6 1.0 2.8 660 101.5 1.85    25 7.2 10.5    40    36    82 2.8 3.4 4.8
K
O III PR-04 50.2· 12.1 17.2 5.1 7.1 2.3 0.8 2.9 613 97.8 1.64    32 9.1 12.5    40    36 7 2.9 4.2 5.4
trj PR-05 51.0 12.9 15.0 4.2 8.3 2.8 1.1 .2.9 577 98.3 1.86   29 8.2 9.7    37    37    14 2.7 4.1 5.3

PR-08 51.1 12.6    15.1   4.6    7.8   2.7    ·1.1   3.2                           683    98.1   1.98    26 8.6 11.0    38    38    15     3.0 4.7 5.5
I PR-23 52.4 13.3 15.8 4.5 8.4 2.6 0.8 3.0 673 101.1 -- 20 6.0 11.1    41    40    15 3.0 4.0 5.4

0 PR-24 52.1 12:6 16.0 4.9 8.0 ·2.6 0.9 3.1 622 , 100.2 1.96    29 '8.5 12.0    41    39    17 2.5 5.0 5.6

0
24                         11 PR-09 49.6 12.5 14.8 5.1 9.7 2.6 1.0 3.0 559 98.3 1.84 . 27 7.8 11.0    38    36    18 2.7 3.5 4.9

f PR-10 50.9 12.9 14.5 4.8 8.1 2.7 0.9 3.1 701 97.9 1.89    28 8.1 10.7    37    37    16 2.6 4.0 5.1

H· PR-11 51.0 12.6 14.9 5.0 8.0 2.6 1.0 3.1 603 98.2 1.85    27 8.0 11.1    39    37    14 3.1 4.0 5.9

8                                                   ··
H                       1 PR-12 51.2 11.7 16.0 5.2 7.6 2.6 0.9 2.9 648 98.3 1.82    31 9.1 12.1    40    38    14 2.7 4.3 5.1

M PR-13 49.3 12.6 15.7 4.3 8.1 2.7 .0.9 3.1 692 96.8 1.93    29 8.2 11.1    39    38    13 2.8 3.9 3.4

O) PR-27A 53.6 12.9 14.5 4.6 7.9 2.6 1.2 3.0 664 100.3

Roza A1279 52.7 13.3 14.3 5.2 8.1 2.7 1.3 2.4 0.22 634 100.2 1.99    21 6.6 10.3    39    35    60 2.2 6.0 1.0 3.7 2.1

(Type A1280 50.8 13.2 14.6 4.8 8.1 2.8 1.1 2.6 0.23 683 98.2 2.05    25 7.4 10.2 35    33    34 2.4 6.4 1.4 5.3 1.3

Locality) A1281 50.8 13.3 14.6 4.9 8.1 2.8 1.2 2.6 0.22 746 98.5 1.92    25 8.1 1 Q.8    39    35    35 2.6 6.6 1.4 5.3 1.5

- - ---A1510  -----5077---13-3- --14-0---4-6· -8.6- -2-7 1.1 -3:0 0.25 0.038 - .0.61-  -595 ·-  98.9 -         -   -----------· - -  ----  -  -

A1511 50.0 13.4 14.0 4.8 8.3 2.8 1.0 3.2 0.23 0.038 0.60 609 98.2

A1512 51.0 13.0 13.9 4.5 8.2 2.8 1.1 3.0 0.23 0.037 0.62 642 98.4

Sentinel Gap K5032 52.7 13.1 14.4 4.4 7.8 2.7 1.2 2.6 0.23 0.034 841 99.2 1.95    29 7.9 10.8    39    35    27 2.1 4.9 1.3 5.3 1.4

(Type Locality) K5033 51.7 13.0 14.5 4.4 7.6 2.8 1.3 2.6 0.23 0.034 717 98.2 1.95 26 8.6 10.9    39    35    27 2.3 3.6 1.4 5.5 1.4

K5034 52.6 13.0 14.6 4.6 7.6 2.8 1.3 2.7 0.23 0.035 731 99.5 1.93    30 7.9 11.3    39    36    29     2.2   4.1 1.3 5.0   1.6

K5035 51.5 13.2 14.5 4.6 7.7 2.8 1.3 2.6 0.23 0.035 658 98.6 1.92    28 7.7 10.9    38    34    25 2.2 3.6 0.9 4.8 1.3

K5036 51.6 12.6 14.9 4.6 7.5 2.8 1.2 2.7 · 0.23 0.034 730 98.2 1.92 28 7.3 11.1    38    34    18 2.1
'

3.9 1.2 4.6 1.3

Sand Hollow K5001 53.2 12.8 14.0 4.7 8.2 2.8 1.0 2.6 0.22 0.036 592 99.5 1.92    26 6.2 11.4    40    36    58 2.1 4.9 0.9 4.2 1.4

(Type K5002 52.6 12.6 14.2 4.8 8.2 2.8 1.0 2.6 0.22 0.035. 885 99.1 1.96    27 6.5 10.6    38    35    56 2.2 3.2 1.4 4.9 1.0

Locality) K5003 54.0 12.7 13.6 4.5 8.1 3.0 1.0 2.6 0.19 0.036 730 99.8 2.12    27 7.0 10.8    39    37    42 2.3 5.1 0.8 4.7 1.5

K5005 52.9 13.3 13.8 5.1 8.1 2.8 0.9 2.6 0.21 0.038 731 99.9 1.95    27 6.1 11.4    40    36    48 2.2 4.6 0.8 4.5 1.5

K5007 52.8 13.0 14.0 4.9 8.0 2.9 1.0 2.6 0.23 0.035 666 99.6 1.91    26 6.5 11.3    39    36    48   ' 2.2 4.5 0.9 4.8 1.4

K5009 52.7 12.7 14.2 5.0 8.0 2.9 0.9 2.6 0.22 0.033 591 99.3 2.07    27 6.4 11.4    39    36    45 2.1 4.6 0.9 4.3 1.4

Gingko K5012 50.7 13.4 15.2 4.2 7.9 2.7 0.9 2.7 0.22 0.038 656 98.0 1.86    30 6.8 11.2    36    35    30 2.2 3.6 1.5 4.5 1.3

(Type K5014 51.4 13.3 15.2 4.6 7.8 2.8 1.0 2.7 0.24 0.038 675 99.2   1.88    29 6.2 11.0    38    33    28 2.3 3.8· 1.1 4.6   1.1

Locality) K5015 51.2 13.4 15.0 4.6 7.9 2.9 1.1 2.7 0.24 0.036 824 99.1 1.94    27 6.2 11.2    39    34    19 2.1 3.1 1.2 4.1 1.3

K5017 50.9 13.2 15.4 4.5 7.5 2.7 1.2 2.7 0.24 0.036 690 99.4 1.97    28 6.9 11.1    36    35    17 2.2 4.2 1.2 4.0 1.3

K5020 51.2 13.0 14.7 4.5 7.9 2.9 1.3 2.7 0.24 0.036 807 98.5 1.99    29 6.8 11.1    38    35    33 2.5 3.6 1.1 5.2 1.3

Museum (Type K5010 53.6 14.4 10.6 4.8 8.1 2.9 0.9 1.6 0.20 0.036 731 97.3 2.01     28 4.7 7.6    39    33    71 1.6 3.4 0.9 4.3   1.1

Locality) K5011 . 53.4 14.2 11.7 5.5 8.3 2.9 1.0 1.7 0.18 0.035 680 99.0 2.01     23 4.7 8.2    39    35    40 1.6 3.6. 1.5 4.5 1.3

Rocky Coulee K5025 54.3 14.1 11.3 4.9 8.2 3.0 1.0 1.7 0.19 0.036 691 98.7 2.09    23 5.6 8.3    34    33    70 1.6 3.6 1.1 4.2 0.8

(Type Locality) K5026 54.'4 14.3 10.9 5.2 8.2 2.9 1.0 1.7 0.18 0.037 737 98.9 2.02    22 5.4 8.3    36    34    35     1.6  '3.5 0.9 3.6' 1.1

K5027 53.4 13.8 11.4 5.0 8.8 3.1 1.0 1.7 0.20 0.036 719 98.5 2.13    23 5.9 8.2    34    32    43 1.6 3.1 0.9 3.6 1.0

K5028 54.5 13.6 11.2   5.1    8.0   2.9    1.0 1.7 0.20 0.039 675

98.4   2.06    23    5.4    8.1    35    33    40     1.5   3.4   0.9      .               

K5029 55.4 13.8 11.4 5.2 8.5 2.8 0.9 1.8 '0.18 C.037 656 100.1 1.97    22 5.8 8.4    34    33    52     1.4 3.5 0.9
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selected petrographic and geophysical data haVe been used
for identi fication, characterization, and correlation- of.
b.a.salt flows and sequen.ces of flows. Table IV s.hows the.,-
results of 40K/40Ar age dating.  Problems were experienced

with reliability of results due.to alteration Of th€·min-

erals in the basalt.  This alteration caused a loss of,
argon from the original minerals as well as a loss of

potassium and the formation of secondary mineralst  Th6
loss of argon would generally lead to younger than actual.
dates. All samples were examined by thin section to

evaluate suitability for dating, and only those with fresh
or only moderate alteration were used. ,                   -1.

INTERPRETATION

The results shown in Table III combined with the

geophysical logs (Appendix D) and the petrographic infor-
mation were used to identify individual flows.  The main

identifying features are shown in Table V. The geochemical

"signature" stresses compositional differences. The petro-

graphic description emphasizes petrographic differences
between members and between flows within members. The

geophysical log responses reflect differences in physical

and chemical properties of rock and the entrained fluid.

The geochemical data appear to give the most promising

single means for identifying individual flows and members.

Table VI summarizes one scheme for arranging geochemical
criteria in such a manner that flows or members can be

identified using a chemical analysis. It must be empha-

sized that Table VI was constructed using the currently
--

available type locality chemical data only (Table III).  It

merely shows one scheme by which geochemical data can be
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RANGE OF DATES IN PROBABLE
STRATIGRAPHIC UNIT MILLIONS OF YEARS DATE

ICE HARBOR I FLOW 7.9-11.3 8.5

ELEPHANT MT. MEMBER 8.1-12.0 9.5

POMONA MEMBER 7.7-13.3 10.5

GABLE MT. MEMBER 10.3-12.9

HUNTZINGER FLOW 10.8-12.9

WAHLUKE FLOW 12.7 12.7

UMATILLA MEMBER 12.0-15.0 14.1

PRIEST RAPIDS IV FLOW 13.1-16.2 14.9

%

PRIEST RAPIDS 1, 11 & 111 FLOWS 11.9-15.5

ROZA MEMBER 12.5-16.3

¥7608-27.2

TABLE IV

RADIOGENIC AGES OF BASALT FLOWS

--



..

TABLE V

.--.-......-...MAIN. IDENTIFYING GEOCHEMICAL, PETROGRAPHIC,
AND GEOPHYSICAL SIG.NATURES OF INDIVIDUAL STRATIGRAPHIC. UNITS

Geochemical Signature
Based on Type Locality Data

Stratigraphic Unit (all oxide values are in Dercent) Petrographic Description Geophysical Description

ICE HARBOR It MgO < 5.8, T 102 12.2, sparse plagioclase phenocrysts,
K20 < 1.4 Feo 2 16.4 and rare Fe-Ti oxide phenocrysts (Not present in any boreholes)
Ti 02 1 3.3

ICE HARBOR MEMBER

ICE HARBOR I MgO - 7, Ti 02 > 3.1 phenocrysts of plagioclase, Dense. Porosity and moisture grades from top to
augite and olivine up to 2 cm. center of .the flow.  Natural gamma radioactivity

is lower than most basalts (similar to Pomona II
and Priest Rapids IV).

LEVEY' INTERBED Tuff and Tuffaceous Sandstone Low density, high porosity and moisture.  High
natural gamma radioactivity. 4

Crt

WARD GAP MgO < 5.8, Ti 02 > 2.8, X 20 i High apatite content, scattered Low density at top and bottom grading to medium
1.4, FeO < 16.4, Ti 02/Mgo < pyroxene microphenocrysts and density.  Porosity and moisture grades from top
0.75, Cr 20-25 ppm, La plagioclase microphenocrysts rich and bottom decreasing to the center of the flow.
34-36 ppm in pyroxene inclusions Natural gamma radioactivity is lower than that of

ELEPHANT MOUNTAIN Pomona.
the Middle Yakima Basalt and greater than that of

MEMBER

ELEPHANT 40< 5.8, Tio 22.2, Similar to the Ward Gap Low density at top grading rapidly to high density.

MOUNTAIN K20 1 1.4, FeO < 16.4, Porosity and moisture grades from top to bottom.
Ti02/MgO 10.75, CaO decreasing with depth.  Natural gamma radioactivity
Average > 8.5 increases with depth and is equal to or greater

than that of the Middle Yakima Basalt.

RATTLESNAKE RIDGE Sandstone, tuffaceous sandstone and clay; equivalent to the upper Low density.  High porosity and moisture.  High
INTERBED Ellensburg to the west and upper Beverly to the northeast natural gamma radioactivity.

POMONAI'AND 11' Mgo 2- 5.8, Ti 02 < 2.2, Plagioclase phenocrysts up to 2 mm Pomona II

Cr 100-106 ppm, Sc 32 - 36 crowded with inclusions'of pyroxene, High density with gradational density. at top.
Ppm glass, and mineraloid, and having an Porosity and moisture decreases with depth

inclusion-free rim; plagioclase/ through 50% to 75% of the flow thickness then

pyroxene ratio 0.9-1.1 increases in the bottom 15% of the flow thickness.
Natural gamma radi oactivity lower than that oT

POMONA MEMBER Pomona I.  Natural gamma radioactivity of Pomona
and Huntzinger flows is lowest of all Yakima
Basalts:

Pomona I

High density, decreasing slightly toward bottom. XI
Low porosity and moisture, increasing slightly I
toward bottom:  Low natural gamma radioactivity             I
but slightly higher than Pomona II and Huntzinger. (/)

-1

SELAH INTERBED Tuff and tuffaceous sandstone equivalent to the lower Beverly Low density layered interbed with density lowest            '-
to the northeast in the center.  High porosity and moisture.  High

CAD
natural gamma radioactivity that increases \1
stepwise with depth.

Gable Mountain IIGABLE MOUNTAIN MgO < 5.8, Ti 02 1 2.2, Plagioclase phenocrysts up to 3 cm
l' AND 11' K20 1 1.4, Th > 7.3 ppm (Thin sections of this flow have not Moderate density increasing to high density with

(ESQUATZEL?) yet been studied).
depth.  Low porosity and moisture decreasing with
depth.  High natural gamma radioactivity.

Gable Mountain Tuff

.-0 GABLE MOUNTAIN Low to medium density increasing with depth.

(ESQUATZEL?)
Medium interstitial porosity and moisture.
Medium natural gamma radioactivity that peaks and

MEMBER '
then decreases with depth.

Gable Mountain I

Low density, (for basalt). High porosity and
moisture increasing slightly with depth.  Medium
natural radioactivity.

-COLD-CREEK'-
INTERBED Sandstone with tuff, sand, and gravel Low density, high porosity and moisture.  Medium

to high natural gamma radi oactivity.

HUNTZINGER Mgo 1 5.8, Ti 02 < 2.2,  Cr 163 - Ophimottled texture locally well- High density at top to medium density at bottom,
188 ppm, Sc 27-28 ppm developed, concentration of olivine generally in two or 'more steps. High porosity

toward base of the flow in thick but low moisture.  Natural gamma radioactivity
sections is lowest of all basalt flows in upper portion

HUNTZINGER but increases significantly toward base.

MEMBER

WAHLUKE' MgO < 5.8, Ti 02 < 2.2, K20 1 Not yet studied Erratic density medium to high.  Porosity and

(WARDEN?) 1.6 moisture increases gradationally from center to
top and bottom.  Natural gamma radioactivity
is high and increases gradationally with depth.
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- TABLE V      --'  --- -
MAIN IDENTIFYING GEOCHEMICAL, PETROGRAPHIC,

AND GEOPHYSICAL SIGNATURES OF INDIVIDUAL STRATIGRAPHIC UNITS

(Continued)

Geochemical Signature
Based on Type Locality Data

Stratigraphic Unit (all oxide values are in percent) Petrographic Description Geophysical Description

SILLUSI AND Ba 1 3000 ppm ·Plagioclase/pyroxene ratio is Sillusi

UMATILLA
density in 15 to 20 feet.  High porosity and

2.5-6.0, high compared to other Low density at top of flow increasing to high
Yakima basalt flows.

high moisture decreasing abruptly to moderate to

UMATILLA only by its companion, the Umatilla.
low.  High natural gamma radi oactivity exceeded

MEMBER Umatilla

High density, low porosity, low moisture.  High
natural gamma radioactivity.  (Gable Mt. II,
Wahluke, Sillusi and Umatilla have highest gamma
radioactivity of all basalt flows).

MABTON INTERBED Sandstone with some gravel Low density, high porosity, high moisture. Natural

/ 4gamma radi oactivity tends to be lowest of all

interbeds and lower than many basalt flows. \1

PRIEST RAPIDS IV MgO 6.0-6.5, Ti02 1 2.2 Cr > Very rare plagioclase phenocrysts High density.  High porosity and moisture near
70 ppm, Chemically different bottom.  Low natural gamma radioactivity at top of
from the other Priest Rapids flow grading to medium at bottom.

PRIEST RAPIDS PRIEST RAPIDS 111 MgO < 5.8, Ti 02 21 2.8 K20 5 Very rare plagioclase phenocrysts Thickness and presence varies from borehole to
Il     1.4, FeO < 16.4, Ti 02/Mgo < borehole.  Tends toward very high and consistent

MEMBER density when flows are thick.  Low porosity and
 

0.75, Cr i 20 ppm, La 20-32

ppm, Chemically similar to moisture.  Medium natural gamma radioactivity.

Roza and Frenchman Springs
Flows

QUINCY INTERBED Sandstone with clay and diatomaceous material                              Low density, high porosity, high moisture, high
natural gamma radioactivity in limited locations
(not always distinguishable from adjacent bas3lt)

ROZA MgO < 5.8, Ti 02 2.4-3.2, 1<20 i Abundant 5-10 mm, lathe-shaped Density is variable within flows ranging from
1.4, FeO < 16.4, Ti 02/MgO < euhedral plagioclase phenocrysts; medium to high.  Porosity and moisture is also
0.75 and Cr > 30 ppm.  Chemi-   olivine microphenocryst content i 0.5% variable ranging from low to high.  Natural gamma

ROZA MEMBER cally similar to Priest Rapids radioactivity is medium.
I, II, III, and Frenchman
Springs Flows

SQUAW CREEK Diatomite Not distinguishable (moderate density, high
porosity, high moisture).

SENTINEL GAP MgO < 5.8, Ti 02 2.6-2.7, K201 Sparse plagioclase phenocrysts; Density is variable within flows ranging from 3.
1.4, FeO 14.4-14.9, TiO /MgO < olivine content 1.5-3.5% medium to high.  Porosity and moisture is also 30
0.75 and Cr 18-29 ppm. variable ranging from low to high.  Natural gamma
Chemically similar to Priest radi oactivity is medium.

I

Rapids I, II, and III. (/)

-1
FRENCHMAN SPRINGS                                                                                                                                                                                       I

MEMBER SAND HOLLOW Chemically similar to Roza and  Sparse plagioclase phenocrysts; Density is variable within flows ranging from
Priest Rapids I, II, and III. olivine content 2-5% medium to high.  Porosity and moisture is also 0-)

variable ranging from low to high.  Natural gamma ..J
radioactivity is medium.

GINKO MgO < 5.8, Ti 02  -2.7, K20 i Abundant plagioclase glomero- Density is variable within flows ranging from
1.4, FeO 14.7-15.2, Ti02/MgO <  porphyritic clots up to 2.5 mm medium to high.  Porosity and moisture is also

0.75, Cr 17-33 ppm in diameter.  Negligible olivine variable ranging from low to high.  Natural gamma
microphenocrysts compared to Roza radi oactivity is medium.

VANTAGE SANDSTONE Natural gamma radioactivity is consistently high
Weakly cemented sandstone Low density, high porosity, high moisture.

FORMATION" in all boreholes.

.-- .....---- _    _ --   _ ·-   _ .   '.  .  -----  .MgO-_€-5.3. Ti.02.-<-2·2„ K20 <-- -Sparse.._i.ncl.usjon-rich plagio.clase. -.-.- .Very..uni.fo.rm:»_Iligh_density...1.-w· Porosity...low..
1.6, Sa - 4.7, Co - 39 ppm. microphenocrysts, ophimottled texture, moisture.

MUSEUM MEMBER diktytaxitic cavities.  Plagioclase/
pyroxene ratio 1.23-1.54

MgO < 5.8, Ti 02 < 2.2, X20 < Not completed Very uniform.  High density. low porosity, low
ROCKY COULEE 1.6, Sa 5.4-5.9 ppm, Co moisture.

MEMBER 34-36 ppm.                                                            \

*Informally used name stratigraphic rank
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TABLE VI

CRITERIA FOR GEOCHEMICAL IDENTIFICATION USING

TYPE LOCALITY DATA (TABLE III) ONLY

1.  Check for Barium

a)  if Barium 1 3000 ppm Sillusi - Umatilla

b)  If Barium < 3900 ppm Upper, 'liddle or Lower Yakima Basalt

except the Sillus.1-Umatilla

2.  Check for MgO and Ti07

a)  if Mgo i 5.8 and Ti02 1 2.2

i  MgO 6.0-6.5 and Cr > 70 ppm Priest Rapids 1V

ii Mgo % 7.0 and Ti02 > 3.1 Ice Harbor I

b)  If Mgo L 5.8 and Ti 02 < 2.2

i  Cr 163-188 ppm,.Sc 27-28 ppm Huntzinger

ii Cr 100-106 ppm, Sc 32-34 ppm Pomona

c)  If MgO < 5.8 and Ti 02 < 2.2

i    I f  K20  1 1 5 Wahluke (Warden?)

ii If K20 < 1.6

aa) Samarium   4.7 ppm Cobalt e 39 ppm Museum

bb) Samarium 5.4-5.9 ppm Cobalt 34-36 ppm ...................................· Rocky Coulee

d)  lf MgO < 5.8 and Ti02 1 2.2

i If K20 > 1.4 Thorium > 7.3 Gable Mountain (Esquatzel?)

i i   lf.K20  i 1.4
aa)  If Feo 1 16.4 and Ti02 1 7 2 Ice Harbor II

bb)  If FeO < 16.4

bb-1  If Ti02/ Mgo 2 0.75 CaO average > 8.5% ................... Elephant Mountain

bb-2  If Ti 02/ MgO < 0.75

If Ti 02 2 2.8 and Cr < 25 ppm

a  If Cr > 20, La 34-36 ppm,
-

CaO average < 8.5% 4ard Gao

& If Cr l 20 La, 20-32 ppm Priest Rapids I, II, III

These 4lows are If Ti02 1 2.8 and Cr > 25 ppm .................................. Roza

apparently very If Ti 02 < 2.8 and Cr < 25 ppm
·1   similar in

chemi stry. Dis- a  If average Feo i 14.8 Sentinel Gap

tinguishing them
Ginkgo·b  If average FeO > 14.8from each other

is difficult If Ti 02 < 2.8 and Cr > 25 ppm

using chemical a  If Cr > 40 ppm Roza or Sand Hollow
data alone.

b  If Cr < 40 ppm

Sentinel GapIf average FeO i 14.8

-1 If average FeO > 14.8 Ginkgo

™
-                                                                                 %
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.- used to identify flows; other schemes have also been used.

This approach cannot be used as a sole criteria by itself
•_        for identifying flows and members because the data base on

which the scheme is based is insufficient, i.e., a parti-

cular flow or member may not have been sampled sufficiently

and chemically analyzed at its type locality to adequately
measure the range of variability- of the chemical consti-
tuents within the flow or member. Consequently, a multi-

criteria approach has been used in the actual identification
of flows and members in the core holes: geochemical, petro-

graphic, and geophysical data are all used and combined
with stratigraphic relationships to arrive at the most

likely name for a particular flow or member.. The names and

correlations are given in Chapter IV.

The age dating information (Table IV) shows that the
most recent basalt flow is about 8.5 million years B.P.

(before present), and that the ages increase progressively
in all core holes down to.the Roza, which is about 15 million

years B.P. (Table IV). The apparent ages of the samples

below the Roza range in erratic fashion from about 11 to

15 million years B.P. Investigations as to the cause for
the erratic relationship between potassium-40 and argon-40

revealed that the variation in apparent age increased.as
the glass content increased and was highly erratic in those

samples in which the glass had altered to palagonite.

RECOMMENDATIONS

The geochemical characterization criteria supported by

petrographic and geophysical studies should be applied to
--' future stratigraphic studies in the Columbia River flood

basalts.
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...

Additional chemical data are needed to reduce the

analytical error and thereby improve the accuracy and re-

liability of the data base, and to correct existing de-
ficiencies in the data base.

Additional parameters, such as mineral compositions,

isotope compositions, and paleomagnetic polarities need to

be measured and used for additional flow identification

criteria and to test existing identifications and corre-
lations.
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CHAPTER IV
a

STRATIGRAPHY OF THE PASCO BASIN

SUMMARY

The stratigraphy of the Pasco Basin as it is currently

understood is based on the correlation of basalt flows,

members, and interbeds which have been identified and
traced using their geochemical, petrographic, and geo-

physical properties.

The stratigraphy has been generalized because of the
limited number of sample points; nonetheless, the data

appear to be self-consistent in a broad sense over a

relatively large area.

THE STRATIGRAPHIC COLUMN

The approximate ages, stratigraphic positions, and

descriptions of the rocks within the Pasco Basin are

summarized in the chart shown in Figure 6, Chapter II, and

in Table V, Chapter III. This stratigraphic chart is
under revision, but for purposes of this discussion, it i·s
Osed in its present form.

The Yakima Basalt Formation of the Columbia River

Basalt' Group, has been subdivided[ll into three informal
stratigraphic units: the lower Yakima Basalt, the middle

Yakima Basalt, and the upper Yakima Basalt. Sedimentary
interbeds are intercalated with the basalts. In,the Pasco

Basin more than ten sedimentary interbeds have been identi-

fied in deep core holes. One of these interbeds, the

Vantage Sandstone, has been informally given formational
0
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status by ARHCO researchers (Figure 6, Chapter II and
.

Table V, Chapter III), because of the marked difference

between the chemistry of the basalts above and below,
.

The middle and upper Yakima Basalts, which occur

stratigraphically above the Vantage Sandstone, are divided
into nine members. Each member consists of one or more
individual basalt flows. The lower Yakima. Basalt flows,

which occur stratigraphically below the Vantage Sandstone,

can be divided into at least two stratigraphic units
(chemical types) on the basis of marked differences in

chemistry. The lowermost unit, the LOW Mg - HIGH K

chemical type, consists of at least 20 flows identified
in core holes DH-4 and DH-5. The uppermost unit, the HIGH '

Mg chemical type, consists of 7 to 13 flows, also identi-
fied in DH-4 and DH-5. In addition, surface outcrops of
these two units have been identified at Sentinel Gap,

Selah Butte, and Umtanum Ridge (Figure 2, Chapter II).

Two flows in the bottom of DDH-3, the LOW Ti - LOW K

chemical type on Figure 6, Chapter II, may not be lower

Yakima BasaTt, their affinity to other Columbia River

Basalt Group units is unknown.

CORRELATION OF YAKIMA BASALT MEMBERS AND FLOWS
IN THE PASCO BASIN

The geochemical, petrographic, and geophysical pro-
perties that characterize and distinguish the members and

certain individual flows of the Yakima Basalt in the Pasco

Basin haye been discussed (Chapter III, Tables III and V).

These properties plus stratigraphic relationships were
used to correlate basalt units from their type localities

to the field sections and between the core holes. A common
*
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procedure for establishing correlations.was as follows:

type locality geochemical and petrographic data were used

to establish criteria by which basalt units could be
-ir

characterized as uniquely as possible (Table V and Table VI,

Chapter III), their geochemical and petrographic data from
flows in the core holes were compared with the type locality
data until the best possible correlation was found.  A

good correlation was not always found and some correlations
remain questionable. Correlations of basalt units strati-

graphically below the Vantage Sandstone horizon are generally

more questionable than correlations of .basalt units strati-.

graphically above the Vantage Sandstone horizon.because of

the overall chemical and petrographic similarity of the

basalt units below the Vantage Sandstone. Geophysical

criteria were also used to establish correlations between

core holes; this probably makes. the correlations of the.
basalt units between the core holes stronger than the

correlations between the core holes and the type localities.

The importance of stratigraphic relationships cannot

be emphas.ized enough. For example, if analysis A2108 from

core hole DDH-3, is taken through the scheme shown on

Table VI of Chapter III, the basalt from which this analysis

was made might be mistakenly identified as the Wahluke flow

of the Huntzinger Member (this is a common mistake for those

using single criteria for the identification). However,

examination of the stratigraphic position of the flow from

which sample A2108 was taken readily reveals that it cannot

possibly be correlative with the Wahluke flow. The Wahluke

flow is stratigraphically above the Vantage Sandstone horizon
(easily identified by the sharp contrast in Ti02% in flows
above and below) and between the Pomona and Umatilla Mem-

-.

bers (also easily identified).  The flow from which sample
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A2108 was taken, however, is below the Vantage Sandstone

horizon and within the LOW Mg - HIGH K chemical type (Fig-
ure 6, Chapter II).

One of the nine members above the Vantage Sandstone

could be uniquely identified on the basis of a single

element (barium in concentrations exceeding 3000 ppm for
the Umatilla Member). The two flows that comprise this

member can also be distinguished in the field sections and

core holes on the basis of lithologic and petrographic
differences. Most flows within the remaining members can
be distinguished from one another on the basis of their

minor element and major oxide concentrations as noted in
the preceding chapter.

Two distinct horizons were observed where a marked
contrast in the chemical composition of the flows above and

below the horizon occurs. One horizon, as noted above, is
the Vantage Sandstone. All of the flows below this horizon

contain less than 1.8% Ti02 and most flows above contain
2.4-2.6% Ti 02. The second horizon identified is from
7 to 12 flows below the Vantage Sandstone in DH-4 and DH-5.

In this horizon a chemical change occurs in the concentra-
tion of MgO and K20 within the flows. This is the contact

between the HIGH Mg chemical type and the LOW Mg - HIGH K
chemical type.

STRUCTURE AND STRATIGRAPHY

A map showing the contours on the surface of the basalt
in the Pasco Basin is given in Figure 1. This map also

shows the position of sections constructed through the

Pasco Basin (Figures 2 and 3). The major synclinal and -
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a n t i c l i n a l      a x e s    c a n.b e i n f e r r e d     f r o m t h e s h a p e:   o f    the     con-
"

tour lines.

The general· trend: i·n-·the ,structures shown  in  the
. '

w e s t e r n  ·  p o r t i o n     of    t h e    ·region    -is, e a s t-w e s t. In the eastern

portion, the.structural .trend chan·ges to a southeasterly
direc.tion. The Rattlesnake Hills, Yakima.Ridge, Umtanum

Ridge-Gable Mountain, and Saddle Mountains all tend to
converge with the Horse Heavdn· Hil.ls near Wallula Gap.

Two geologic cross-sections show the relatibnship of
the several basalt members of the Columbia River Basalt

Group to each other (Figures 2 and 3).  Cross-section A-A'

parallels the main axis of the Pasco Basin 'and section B-B'
is normal to it.

The cross-sections show that the youngest member (Ice
Harbor) is apparently restricted to the eastern part of the

Pasco Basin.  The next youngest member (Elephant Mountain)
has been identified in outcrops on Or near the crest of the

Horse Heaven Hills, Rattlesnake Mountain, Gable Mountain,

and Saddle Mountain.  West of the Hanford Reservation,
Umtanum Ridge rises to an elevation of more than 1000 m

above sea level and the basalt capping the crest of the

ridge is either the Roza Member or the Frenchman Springs
Member. It is not known whether Umtanum Ridge was one of
the first anticlines to develop in the region and flows

younger than the Roza Member are not found there because of

nondeposition, or whether Umtanum Ridge formed later and

flows younger than the Roza Member were eroded from the
crest. Eastward along the Umtanum Ridge-Gable Mountain
structure the members capping the crest of the structure are

progressively younger.
-
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Five basalt units have been identified over most of the           <

Pasco Basin:  (1) the LOW Mg - HIGH K chemical type, (2) the

LOW Mg chemical type, (3) the Frenchman Springs Member, (4)
the Roza Member, and (5) 'the Pomona Member. The number of
flows or flow units within these members changes signi-
ficantly across the basin. For example, five flows occur
within the Frenchman Springs Member and seven flows within

the HIGH Mg Member on the south flank of Saddle Mountain;

however, in core hole DDH-3 near the center of the Pasco

Basin, 12 flows occur in the Frenchman Springs Member and
13 flows in the HIGH Mg chemical type unit. Conversely,
the Umatilla and Gable Mountain Members are present in

core hole DDH-3 but have not been found on Saddle Mountain.

REFERENCES

1.   T. L. Wright, J. J. Crolier, D. A. Swanson, "Chemical

Variations Related to the Stratigraphy of the Columbia

River Basalt," Geol. Soc. Amer. Bull., v. 84, p. 371-
386, 1973.
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CHAPTER V
A:                                                                                                       .,

'  HYDROLOGY

SUMMARY

The hydrology of the Hanford R.eservation has been
[1 ]studied extensively in recent years. The area is under-

lain by an unconfined aquifer composed of sediment of the

Ringold Formation and glaciofluviatile material.  The un-

confined aquifer overlies a series of confined aquifers

including portions of the Lbwer Ringold Formation and
interbeds of the Columbia River Basalt Group. The confined

aquifers above the Vantage Sandstone (see Chapter on
"Stratigraphy" for nomenclature) are termed the uppermost

confined aquifers.

Studies at Hanford have centered on the unconfined and

uppermost confined aquifers. The hydraulic conductivity of
the former is much greater than that of the latter. Flow

in all Qf these aquifers is greatly affected by the behavior

of the Columbia River where they discharge their waters.

The unconfined aquifer flow pattern has been affected by

waste disposal operations at Hanford. The water table has

risen under waste disposal sites and contaminants·resulting
from waste processing have been found in samples from the
unconfined aquifer. Total water flow through this aquifer
in the Hanford area is small.

The uppermost confined aquifers within the Hanford Re-

servation are locally unimportant except for the Mabton

Interbed and the Quincy Interbed. The latter has not been

studied within th;e Hanf9rd Reservation. Recharge into these
aquifers. appears to occur at. the ridges and plateaus
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fringing the Pasco Basin, They are probably connected to
r

the unconfined aquifer in areas where the basalts have
been subjected to deformation and warping.

)

The hydraulic properties of the«basalt flows and inter-

beds of the lower Yakima Basalts within the Hanford Reser-

vation have been studied at only one site (Well ·ARH-CD-1,
Figure 8). 'The lithology of these beds has been studied

using geophysical data. The hydraulic conductivity of all
beds sampled below the Vantage Sandstone is very small,

especially for the dense basalts. The flows proper appear

to act as barriers separating the various interbeds. The

geochemistry of the waters in the lower Yakima Basalts

appears to be controlled by the nature-of the sedimentary

interbeds and not the basalts themselves. Their composition

appears to show an equilibrium with albite. Flow rates are

very slow, thus supporting the low hydraulic conductivity
.

values.

Some mathematical models are available for describing
the hydrologic regime underlying the Hanford Reservation,

especially the unconfined aquifer. A preliminary model of
cavern leakage is available but has not been tested.

Additional information in the field of hydrology is

needed to qualify basalts at Hanford as a viable medium for

geologic storage. Such a program requires additional re-

gional and local studies and development and testing of
mathematical models.

INTRODUCTION                                      -

To demonstrate conclusively the feasibility of a
proposed terminal storage project for nuclear wastes in the
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., Columbia River flood basalt requires that the hydrologic
conditions in the prospective host rocks, the regional, and

local gr.oundwater flow regimes be known in unprecedented

detail.  'This chapter summanizes the information currently

available on the hydrology of the Hanford Reservation and
points out the areas where additional information is needed.

SURFACE:HYDROLOGY

The surface water'bodies..located within. the boundaries
of the Hanford Reservation consist of the Columbia River,
v a r i o u s d i t c h e s, a n d; : p o n d s     i··n    a n d   ·n e a r    t h e    2 0 0    As e a s,    a n d

three ponds located in the 300 Area ,(Figure 1·), .Two

ephemeral streams, Cold and Dry Creeks, appear only·for a

short time a·fter a heavy rainfall or snowmelt. The Yakima

River borders part of the .Reservation's souther.n boundary.

The surface hydrology of the Hanford Reservation has
been studied extensively.[1-41  These studies include not

..

only an analysis of the Columbia and Yakima Rivers, but also

investigatiohs as to th-.e.nature.·of a number of ditches and

ponds that are used for the disposal of low-level radio-

active liquid wastes, certain industrial wastes, and cooling
w a t e r s f r o m v a r i o u s p r o c e s s e s. A c o m p l e t e     l i s t'   o f    t h e

ditches and ponds, together with their physical dimensions
and radioactive inventortes, is given'in the "Final Envi-

ronmental Statement, Waste Management Operations, Hanford
Reservation, Richland, Washington.".1;1]

Average annual precipitation at Hanford is 15.9 centi-
meters. November, December, and January contribute 42 per-

cent of the total; whereas July, August, and September
,-,

contribute only 10 percent.  ,A s.light secondary maximum in
l
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precipitation occurs in early summer. About 45 percent of

all precipitation during the months of December through
February is: ih the form of snow. Runoff is essentially
n e'g 1 i g i b l e.

The maximum expected yearly rainfall over the next

1,000 years.is about 46 cm (a .three-fold increase of the

average yearly precipitation).

The probable maximum 24-hour precipitationthat can be

expected in the Hanford region at least once in a million
years is 28 cm.[51  The maximum recorded 24-hour precipi-

tation has been 4.85 cm. Even the 28 cm, 24-hour downpour

would not cause appreciably significant flooding of the·
200 Areas.[i]

REGIONAL HYDROLOGY

The regional geology of the Hanford Reservation, as

discussed in preceding chapters, has been extensively
studied and documented.[11  From a hydrologic standpoint

the area is composed of a series of confined aquifers

(primarily basaltic interbeds of the Columbia River Group)

overlain by an unconfined aquifer formed by permeable beds
in the upper and middle Ringold and in the Pasco Gravels.

Table I summarizes the hydrologic characteristics of the

various stratigraphic horizons.

During the Tertiary Period the Columbia Plateau was
the scene of numerous lava outpourings emanating from

extensive fissure systems. The viscous fluids covered the

surrounding terrain and flowed into the regional low areas
such as the Pas'co Basin. As basining continued, thick

.,
sections of basalt accumulated in these low regions.



TABLE I

HYDROSTATIGRAPHIC CHARACTERISTICS OF THE PASCO BASIN

GEOLOGIC TIME SCALE GEOLOGIC CHARACTERISTICS /   HYDROGEOLOGY

RADIOGENIC
STRATIGRAPHIC THICKNESS HYDROLOGIC

ERA PERIOD EPOCH DATE BED OR FLOW UNIT LITHOLOGIC CHARACTER AQUIFER
YEARS B P IN METERS CHARACTER
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Between periods of lava outpoOrings the existing basalt
surfaces were subjected to various degrees of 'weathering
and erosion.  As a consequence, varying amounts of sediments
accumulated on some of·the basalt surfaces prior to being
covered.by later flows.' Such sedimentary deposits now act
as confined aquifers and are, in many cases, good ·water-
producers. Confined groundwater present in these sedi-
mentary interbeds may originate as far away as the Cascade
Mountains to the west.

During Pliocene time the number and size of fis.sure
eruptions decreased markedly and finally ceased. Even

though the volcanic activity ceased, basining continued and          '
was apparently accompanied by a regional north-south com-
pression. As a result of the compressional forces acting
on the basalt rocks, a number of east-west trending anti·-
clinal ridges (e.g., Saddle Mountains) were formed in the
western par.t of th'e Columbia Plateau.  The rise of· these
ridges had asignificant effect on the course of the Col-
umbia River. Where the Columbia RiVe·r was able to erode
the basalt at a rate equal to or faster than the anticlinal
ridges were rising, little change in the course of the
Columbia River occurred. Where the ridges rose faster than
the water was able to erode, the river was temporarily

halted and the water formed a lake behind the ridges.  As
basining cohtinued, such lacustrine and fluvial deposits
continued to fill the Pasco Basin and covered the previously
deposited basalts. These sedimentary deposits constitute
the Ringold Formatioh. The upper portion of the formation

- presently comprises the steep cliffs exposed just east of

the Columbia River, known as the White Bluffs.

-,            The total thickness of the Ringold Formation in the
Pasco Basin is about 330 m.  It is characterized by clay
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separating gravel lenses in the lower section, cemented
..

gravels in the middle, and silts and sands in the upper

part of the section. The Ringold sediments are well- to

poorly- sorted and show a wide range of cementation. Locally
.

the coarse muds and gravels possess a high permeability and

are capable of storing vast quantities of groundwater. The

clay and silty clay beds are generally impermeable under

hydraulic gradients of ordinary magnitude. The water table

over the western portion of the Hanford Reservation lies at

the top of the Ringold Formation. However, between the
high terrace plateaus and the Columbia River the water table

rises above the Ringold sediments and intersects overlying

permeable glaciofluviatile deposits. [1]

The gravel zones in the lower Ringold tend to consti-
tute local confined aquifer systems overlain by clay zones

and underlain by clay or basalt. The upper part of the

Ringold and, in places, the overlying glaciofluviatile
sediments constitute the major unconfined aquifer under-
lying the Hanford Reservation.

Above the water table lies the unsaturated or vadose

zone. This zone is composed of eolian and glaciofluviatile      '
material.

The critical factor that controls the nature of the

unconfined aquifer within the Hanford Reservation is the

extent ofthe Columbia River downcutting that took place

during Ringold and post-Ringold times.  ·Sizable paleochan-
nels of high permeability were formed as a result of such

downcutting. The nature and location of the paleochannels
[6]                            -

have been studied using a gravity survey.

-
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THE UNSATURATED ZONE

The ungaturated (vadose) zone has been defined by the
U.·S. Geological Survey's Committee on Redefinition of
Groundwater Terms[7] as:

"...the zone between the land surface and the water
table. Characteristically, this zone contains liquid

water under less than atmospheric pressure, and water

vapor and air or other gases usually at atmospheric
pressure. In parts of this z'one, interstices may be

temporarily or permanently filled with water. Perched

water bodies may exist within the unsaturated zone."

On the Hanford Reservation the thickness of the un-   '

saturated zone varies from less than 1 m to more than 100 m.

The movement of water in the unsaturated zone is in-

fluenced by the physical properties of the sediments in two

ways: (1) the size and structural arrangement of the sedi-

ment particles determine the space configuration through

which the water moves, and (2) the interaction between the

sediments and the water gives rise to water-moving forces.

In sediments where pores are completely filled with water,
the fluid is a single phase. Where water does. not com-

pletely fi14 the pores, the water potential depends on the

gravitational field and on the absorptive forces associated
with the interfacial boundaries in the sediments. Where

air partially fills the soil pores, with water occupying
the remaining void space, a two-phase flow can take place.

As the percentage of liquid water decreases, it occupies
-

the smaller and smaller capillaries that exist between

soild particles.
 J'
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During the period August 1, 1973 through July 31, 1974, .-

Hanford experienced 170 percent of normal rainfall. At a

field test site located south of.the 200 East'Area, rainfall
[8]           'moisture penetration is measured by means of a lysimeter.

The 170 percent of normal rainfall penetrated less than 6 m
into the sediments. All moisture from rainfall -during this

rain year appears to have now evaporated to the atmosphere.

In fact, the data indicate that more moisture has evaporated

from the ground than was put in by rainfall during this rain

year. The current lysimeter data show that Hanford sedi-

ments below a depth of about 9 m are extremely dry.  In
this desiccated zone the ability of the sediments to trans-

mit water is significantly reduced.

THE UNCONFINED AQUIFER               '

The unconfined aquifer consists of both glaciofluvia-

tile and Ringold sand and gravel deposits. Since these

materials are very heterogeneous, greater lithologic

differences often appear within a given bed than between
beds. The top of the aquifer at any one time is the water
table (Figure 2). The unconfined aquifer bottom is the[9 ]

basalt bedrock in some areas and silt/clay zones of the

Ringold Formation in other areas (Figure 3). The unconfined

aquifer bottom has been determined using information from
hundreds of wells drilled at Hanford. The hydraulic

characteristics of the unconfined aquifer are quite vari-
able and are summarized in Table II. The storage coeffi-

cient is not sufficiently well-known to plot its areal
distribution; however, as a result.of'pump testing[101 and

from geologic studies, one can plot a|map of the vertically

averaged.hydraulic conductivity distribution of the Hanford
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unconfined aquifer (Figure 4)..  There is a zone of high..

hydraulic conductivity apparent between Gable Butte and
Gable Mountain down through the middle of the Reservation.

TABLE II

A.  Hydraulic Conductivity of the Unconfined
Aquifer Material

Hydraulic Conductivity
Interval Tested ft/day 8/day

Glaciofluviatile 500-20,000 150  -5,100
Glaciofluviatile and Ringold 100- 1,000 30 - 300
Ringold (including clay) 1- 200 0.3- 60

B.  Transmissivity of the Unconfined Aquifer

Transmissivity
Region ft2/day m2/day

North of Gable Butte and
Gable Mountain 4,000- 25,000 370- 2,300

On the flank of Gable
Butte and Gable Mountain
and along paleochannels 40,000-600,000 3,700-56,000

Other areas of the
Reservation 2,000- 40,000 185- 3,700

C.  Storage Coefficient

Through the Reservation It Ranges from 0.05 to 0.4.

The impermeable boundaries of the unconfined aquifer
within the Hanford Reservation and vicinity are the Rattle-
snake Hills, Yakima Ridge, and Umtanum Ridge to the west and
southwest (Figure 4). Gable Mountain and Gable Butte, as

well as other small areas of basalt, outcrop above the water
table and impede groundwater flow. The Yakima River re-

charges the unconfined aquifer along its reach from Horn
Rapids to Richland. The Columbia River forms a hydraulic

potential boundary in the Pasco Basin which is mainly a
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discharge boundary for the aquifer. However, the ground-"

water flow from 1 to 3 miles inland from the Columbia River

is affected by seasonal river stage fluctuations. [1]

The flow pattern that originally prevailed in the

unconfined aquifer prior to waste discharges was primarily

to the east and northeast with discharge into the Columbia
River.[11  Natural recharge occurs at the foot of Rattle-

snake Hills and Yakima Ridge. Surficial flow sinks into the

floor of the valley at the foot of and paralleling Rattle-
snake Hills. Probably the underflow is to a great extent

interrupted by a buried extension of Yakima Ridge which

parallels Rattlesnake Hills at a distance of about 3 ki-
lometers and which rises above the water table.

As a result of waste.disposal activity at Hanford, the
above-described natural groundwater pathways have been

superimposed by three synthetic flow ,systems: (1) the

200 West Area, (2) the 200 East Area, and (3) Gable Moun-

tain Pond (Figure 5).

The 200 West Area receives approximately one-third of
the liquid disposed of at Hanford. Piezometers show that

the flow from this area underflows that of the 200 East

Area.[11]

The flow systems of the 200 East Area and Gable

Mountain Pond receive about two-thirds of the liquid waste

disposed of at the Hanford Reservation. The input of these

areas forms two 'local' flow systems within the 'inter-

mediate' flow system of the 200 West Area. The Gable Moun-

- tain Pond flow system underflows the small system that
results from recharge on Gable Mountain.
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..                     THE UPPERMOST CONFINED AQUIFERS

The uppermost confined aquifers consist of the lower
9.

Ringold Formation and the sedimentary interbeds of the

upper and middle Yakima Basalts. From a hydrol.ogic[12]

standpoint, locally the only important confined aquifers
are the Mabton and Quincy Interbeds. The Mabton Interbed

is below the Umatilla Member and atop the Priest Rapids

Member of the Columbia River Basalt Group (refer to the

chapter on 'Stratigraphy' for nomenclature). The Mabton

Interbed locally ranges in thickness from 15 to 40 m.
Interbeds within the middle Yakima Basalts are known to be

productive aquifers but their hydraulic properties have
not been studied.

The head in the uppermost confined aquifers is measured

at periodic intervals in wells within the Hanford Reservation        i
and its Micinity. Figure 6 shows the shape of the average

head surface of these aquifers that gives an approximate

picture of the regional flow system in these aquifers.

Flow lines are perpendicular to equal head contours.  In
the Reservation variations in head between the various

uppermost confined aquifers are only pronounced near the

Columbia River (Figure 7), and in the Cold Creek Valley

(Figure 1). Recharge into these aquifers appears to occur
at the ridges and plateaus fringing the Pasco Basin with

the discharge being toward the Columbia River. The entire

eastern third of the Hanford Reservation appears to be a

discharge area for the uppermost confined aquifers.

The hydraulic properties of the uppermost confined

aquifers have been studied and reported by various investi-
 1-12,13 gators. ' Table III summarizes these properties.
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TABLE III

HYDRAULIC CHARACTERISTICS OF THE UPPERMOST CONFINED AQUIFERS

Hydraulic
Transmissivity ConductivityWell Number ft2/day m2/day ft/day m/day Other Properties

LOWER RINGOLD

699-84-35P           4 0.4 0.11 0.03
699-24-1P 90 8.3     5         1.5
699-Sll-E12 40 3.7 0.5 0.15 The porosity for the699-20-E12P 350 32       7 2.1 uppermost confined aqui-

Mean 120 11       3 0.91 fers ranges between 0.3
Range 4-350 0.4-32 0.11-7 0.03-2.1 00and 0.4 (30 to 40%). The

vertical hydraulic con-
RATTLESNAKE RIDGE ductivity in the interbeds
199-B3-2P 3. 5 0.3 0.25 0.08 m/day and 20 x 10-4 m/day.

ranges between 5 x 10-4

199-H4-2             3 0.3 0.3 0.09 The storage coefficient
699-14-E6Q 600 55 30 9.1 approaches the compressi-

Mean 200 18 10 3.0 bility of water.
Range 3-600 0.3-55 0.25-30 0.08-9.1

MABTON

DH-8 Range 600-2000 55-180 20-60 5.0-20.0 I
50

(/)

-1

-

W
04

/

I                                                                                                                                                                                                                                                       11,                                                                r     •'
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A The uppermost confined aquifers are interconnected in
places to the overlying unconfined aquifer.  This is the
case in areas where the basalts have been subjected to
extensive warping, deformation, and differential erosion
such as along the anticlinal axis that runs from Umtanum
Ridge to Gable Mountain. In the vicinity of this anti-
cline where the basalt flows are severely tilted and where
the ancestral Columbia River has deeply eroded the flows,
both the unconfined aquifer and the uppermost confined
aquifers appear to be in hydraulic equilibrium.

HYDROLOGY OF THE LOWER YAKIMA BASALTS

From the standpoint of assessing the feasibility of
establishing a permanent geologic repository of immobilized
high-level waste at Hanford, the hydrology of the lower
Yakima Basalts is of utmost importance. Geologic infor-
mation on the lower Yakima Basalts is available from field
studies and from several wells within and adjacent

[13,15]

to the Hanford Reservation (DDH-3, DH-4, DH-5, RSH-1, and
ARH-DC-1) (Figure 8). Hydrologic tests have been conducted

only in Well ARH-DC-1. This well lies on the north flank

of the Cold Creek Syncline (Figure 8). The rock units dip
southward in this area. The rocks analyzed appear to be
structurally uncomplicated and exhibit a normal strati-
graphic succession.

The lithology of the section of ARH-DC-1 has been
interpreted using cores, geophysical, and drilling logs.
On the geophysical logs competent, dense basalt shows a

high electrical resistivity and density while sedimentary
horizons show a low electrical resistivity and density.
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Cutting and Drilling Rate logs can also be used to dis-
,

tinguish Aections of resistant basalt from softer sediments.

Figure 9 shows a portion of several geophysical and
2

drilling logs taken in Well ARH-DC-1. The Vantage Sandstone

Formation shows as a very thin washout zone at a depth of
about 625 m below the land surface. Below the Vantage Sand-
stone is the lower Yakima series of basalt flows and inter-
beds. Of special interest is the 'Umtanum' interval found

at a depth of 915 m. Cores and geophysical logs of this

interval demonstrate it to be a very tight, dense, glassy
basalt flow nearly 60 m thick.

Direct measurements of head were taken in 1969 ih

discrete water-bearing zones in Well ARH-DC-1. These

measurements were made using packers operated by a tool

carried on a string of tubing that extends to the surface.

The tubing can be connected hydraulically to the isolated

zone after setting the packers, and the head in the zone

can be measured as a depth-to-water in the tubing. Results

are shown in Figure 10. Intervals tested in the lower

Yakima Basalts down to 1310 m tund to either have the same

head as intervals tested above this formation or have

slightly lower heads. These intervals have very low per-

meabilities and since they were tested within one day after

drilling was suspended, the heads may not have recovered

from production of water during drilling.

Swabbing and injection tests were conducted by the

USGS in Well ARH-DC-1 to determine the transmissivity and

storage coefficient of selected intervals downhole. [13 ]

Laboratory analyses of hydraulic conductivity, porosity,

compressive and tensile strength were obtained on five core

samples from the lower Yakima Basalts (Table IV). The data -,

obtained from these tests combined with lithologic infor-

mation allow a definition of the hydraulic properties of
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TABLE IV

SUMMARY OF LABORATORY ANALYSES OF ROCK CORES FROM TEST WELL ARH-DC-1

Compressive strength ,  Tensile strength
(unconfined) .(Reichmuth test)

Depth Moisture Moisture
Core (feet) Hydraulic -2 content Sample -2 content Sample
number From

"

To conductivity Porosity Kgm cm
(vol. diameter_ Kgm cm

(percent)
(Vol. diameter

percent) (cm) percent) (cm)

6 2,381.4 2,384.6 1.3x10 cm/sec 9.8 738 6.2 5.38          28 6.2 5.38
-8                          1/

-5                                                                  -
3.68x10 ft/day

2.76x10-4 gpd/ft2 2/816 2.7 2.52

2,779.0 2,779.8 2.lx10-8 cm/sec 10.5 1892 3.8 2.52 300 3.6 2.53

5.96x10-5 Et/day

4.46x10-4 gpd/ft2 2425 4.0 2.52 339 2.53 00
..J

-8 1/25.4 240 -28.6 5.37          60 28.5 5.38
8 2,946.8 2,950.1 1.1*10 cm/sec

3.12x10-5 ft/day

-2.34 10-4 gpd/ft2

13 3,127.1 3,128.0 6.7,10-9 cm/sec 2.1 1006 2.0 2.52 150 1.9 2.52

1.9x10-5  ft/day

1.42%10-4 gpd/ft2 3219 1.9 2.53 229 1.5 2.53

-828 4,285.0 4,285.5 1.4x10 cm/sec 10.9 3>
30

3.97x10-5 ft/day I

2.98x10-4 gpd/ft2

1

-

W
1/ sample failed along a partially penetrating fracture surface not visible in the origihal specimen. ..J

2/ Value undoubtedly too high as the result of using value of compressive strength from first specimen in calculation of tensile
strength for second specimen.

3/ Porosity determined on small specimen apparently more dense than those used for other physical tests on Core 8.

-

1 1                                                                                                                                                                                                -                I
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the four basic lithology types found in the lower Yakima
.

Basalts.  Table V shows the typical hydraulic conductivity,

transmissivity, effective porosity, and storage coefficient
..'

found for dense basalt, vesicular basalt, fractured basalt,

and sedimentary interbeds in the lower Yakima Basalts at
Well ARH-DC-1.

In 1972 five isolated piezometers (Figure 11) were
installed in Well ARH-DC-1. Water level measurements have

been taken during the past four years in these piezometers.

Results are shown in Table VI and in Figure 12. The re-

sults point out a potential interconnection of the basalt
and interbeds above 888 m. The flow regimes below 970 m
appear connected down to 1480 m. Separating these two

flow regimes lies the 'Umtanum' flow unit. At ARH-DC-1
the difference in head between the upper and lower flow

regimes is presently about 2 m with the flow direction

being apparently from the lower to the upper flow regime.

Little is known about the direction of migration of

groundwater through the deep basalts and interbeds. Ground-

water movement is influenced by both depositional structure
of the rock and tectonic structures, chiefly folds and

faults.

[13]La Sala and Doty discuss the effect oftectonics

on groundwater flow through the deep basalts and interbeds

and the potential recharge and discharge areas,. Their

investigations, however, are based on meager data and the
results remain unsubstantiated. It is clear, however, that
the regional flow systems in the lower Yakima Basalts are

extensive although probably the amount of water extractable

from any one unit is likely to be small within the Hanford
Reservation.



TABLE V

RANGE OF HYDROLOGIC PROPERTIES OF LOWER YAKIMA BASALT FLOWS AND INTERBEDS

Effective Storage
Hydraulic Conductivity Transmissivity Porositya Coefficient
ft/day m/day ft 2/day m2/day Dimensionless Dimensionless

Dense basalt lx10-5-3x10-3 3x10-6-9x 10-4 lx10-4-3x10-1 9x10-6-3x10-2 0.1-1 lx10-5-1x10-6

Vesicular basalt lx10-3-lx10-2 3x10-4-3x10-3 lx10-2-1 9x10-4-9x10-2         5          <lx10-4
00

Fractured, weathered CO
or brecciated basalt 3x 10-3- 5 3x10-4-1.5 lx10-2-500 9x10-4-46 10 <lxlo-3

Interbed 3x10-3-10 9x10-4-3 3x10-2-100 3x10-3- 9 20 <lx10-2

avolume percent.

:DI
10
I

(/)

-1

W
\1

:
.1.                                                   P                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            . * .                                                    . /
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TABLE VI

SUMMARY RECORD OF DEPTHS TO WATER BELOW THE LAND SURFACE IN
FEET AND METERS FOR PIEZOMETERS IN ARH-DC-1

Piezometer Tube
Measurement          1                2                3                4                5

Date ft                 m                 ft                 m                 ft                 m                 ft                 m                 ft                 m

06/29/72 157.33 47.95 158.03 48.16 158.39 48.28 141.37 43.09 163.00 49.68
07/06/72 157.05 47.87 157.71 48.07 158.10 48.19 142.33 43.38 162.82 49.63
07/13/72 157.02 47.86 157.63 48.05 158.00 48.16 143.40 43.71 162.94 49.66
07/20/72 156.91 47.83 157.50 48.01 157.90 48.13 144.24 43.96 163.00 49.68
08/10/72 157.07 47.87 158.00 48.16 158.38 48.27 146.42 44.63 162.78 49.62
08/17/72 157.34 47.96 158.21 48.22 158.58 48.34 147.18 44.86 162.88 49.65
08/24/72 157.27 47.94 158.00 48.16 158.42 48.29 147.75 45.03 162.82 49.63 -

CO

08/30/72 157.45 47.99 158.17 48.21 158.52 48.32 148.28 45.20 162.30 49.47
09/07/72 157.25 47.93 157.88 48.12 158.26 48.24 148.81 45.36 162.81 49.62
09/21/72 156.97 47.84 157.57 48.03 157.94 48.14 149.69 45.63 162.83 49.63
09/28/72 157.52 48.01 157.75 48.08 158.07 48.18 150.29 45.81 163.06 49.70
10/05/72 157.36 47.96 157.88 48.12 158.25 48.23 150.80 45.96 163.22 49.75
12/30/74 155.73 47.47 156.26 47.63 156.67 47.75 158.90 48.43 162.56 49.55
04/18/75 155.28 47.33 155.60 47.43 156.35 47.66 163.70 49.90 162.24 49.45
09/03/75 155.39 47.36 155.69 47.45 156.44 47.68 164.08 50.01 162.30 50.69
12/06/75 155.59 47.42 155.47 47.39 156.50 47.70 164.96 50.28 163.37 49.80  
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GROUNDWATER CHEMISTRY                               1

The chemistry of the waters in the various aquifers
underlying the Hanford Reservation is not as well under-

stood as the hydraulic properties of these aquifers. Com-

plete chemical analyses are available from some wells
penetrating the unconfined aquifer , the uppermost

[1,16]

confined aquifer[i], and the lower Yakima Basalts[1,13,17]

(ARH-DC-1). Table VII summarizes these results. The

waters from the three aquifers are quite distinct. The

unconfined aquifer is characterized by waters high in
calcium and magnesium and can be described as calcium-

magnesium-sulfate-bicarbonate waters. On the other hand,

the waters in the lower Yakima Basalts are sodium-chloride-

carbonate waters which are very low in both calcium and

magnesium. Waters in the uppermost confined aquifers are

intermediate in nature and can be described as calcium-

sodium-bicarbonate waters.

Generally,.waters from basalt aquifers are characterized

by high ratios of calcium-to-sodium and of magnesium-to-

calcium, a relatively high silica content and a relatively
low fluoride content. The waters in both the uppermost

confined aquifers and the lower Yakima Basalts are atypical

basalt waters and thus appear to come from the sedimentary
interbeds and not the basalts proper. This point is fur-

[ 13]ther supported by the silica values. La Sala and Doty

noted that the silica content indicates near-equilibrium
with a silica phase having properties similar to those of

chalcedony or cristobalite. The silica probably comes into            -

solution from feldspars and other minerals but at a con-

centration higher than that at which it would be in equili-

brium with quartz.



J

TABLE VII

AVERAGE COMPOSITION OF WATERS FROM AQUIFERS
UNDERLYING THE HANFORD RESERVATION

(Numbers in Parentheses Denote the Range of Values Found)

Unconfined Uppermost Confined Lower Yakima
Aquifer Aquifers Basalt Formation

Sodium (mg/liter) 29 40 168
(.16-64) (4.1-122) (134-182)

Calcium (mg/liter) 48 15 0.5
(31-72) (1-18) (0.2-0.8)

Magnesium (mg/liter) 12 7 0.1
(.7.1-14) (0-11) (0-0.1) -

Chloride (mg/liter) 13 16 90 to
(3.1-24) (3.8-81) (68-98) 4

Sulphate(mg/liter) 58               9                   14
(20-150) (Q-29) (10-21)

Bicarbonate (mg/liter) 172 152 56
(115-315) (93-180) (2-164)

Carbonate (mg/liter)               0               3                    87
(0) (0-15) (16-125)

Hardness, total (mg/liter) 170 66                    2
(110-220) (3-96) (1-2)

Potassium (mg/liter) 6.8 9.0 4.0        7
(4.6-13) (4.5-17) (3.0-5.9) (/)

-4

PH 8.0 8.0 9.6         L
(7.5-8.1) (7.2-8.7) (8.9-9.9) W

..4
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1:. the waters obtained from the lower Yakima Basalts,
sodium is the predominant cation present. These waters

appear to be in equilibrium with a feldspar of about equal

calcium and sodium content.  .The low calcium in solution

probably results from the high bicarbonate content of the
water that causes calcite to precipitate from solution.

Waters from the unconfined aquifer contain chloride in

concentrations generally present in meteoric waters. The

high chloride content of the waters from the lower Yakima
Basalts is atypical of basalt waters.

The USGS [131 analyzed the carbon-14 content of the

bicarbonate dissolved in water from the uppermost confined

aquifers in ARH-DC-1. The measured carbon-14 content. has

been adjusted for the dilution effects of carbonate mineral

solution using the earbon-13 value of bicarbonate. The[18]

adjusted age is about 13,000 years before the present.

Deuterium/hydrogen and oxygen-18/oxygen-16 ratios for waters

from the lower Yakima Basalts also suggest that these waters

were recharged at about the end of glaciation when a cooler
climate prevailed. On the other hand, waters in the un-

confined aquifer are of-recent origin.

GROUNDWATER MODELING

In order to assess the potential migration of con-

taminants from a deep, high-level waste geologic storage
facility, one must construct mathematical models capable of

describing the extent of contaminant migration from the
facility and assessing the overall risk. In addition, models

must be available that can be used to describe the local and
--./

regional hydrology and to analyze the effect of stresses
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applied to the groundwater system. The models available to

date on migration out of a repository are very preliminary
and have not.been tested with field data. The groundwater

".

flow and transport codes availabl'e at Hanford are.primarily
applicable to the unconfined aquifer but could be extended

to treat multiaquifer systems including the deeper basalts.

To date models for describing groundwater and con-
taminant movement in the unsaturated zone and the unconfined

aquifer have been. developed and tested against analytical
solutions and field data. The testing provided confidence

in the mathematical methods and the approach used. Veri-

fication with field data showed areas where data coverage

was inadequate and pointed up the need for development of
a technique to compute uncertainties in the output'based

on known uncertainties in the input data. Additional data

and work are needed to reduce the uncertainty in the model

predictions.

In general, the Hanford Reservation modeling is
divided into four categories: (1) unsaturated zone analysis
capability, (2) saturated unconfined groundwater analysis

capability, (3) transport capability, and (4) leakage from

a deep storage cavern. The unsaturated and saturated por-

tions of the groundwater system were considered separately

in order to develop feasible models. The transport phenomena

were assumed to be affected by, but not to affect, the con-

vective flow patterns.

The model development effort is separated into three

major categories:  data models, hydraulic models, and con-

taminant transport models. Data models are used to calculate

input characteristics required for operation of the hydraulic
.-'

and transport models.  The,hydraulic models utilize the
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groundwater movement calculated by the hydraulic models with
.

soil-waste reactions for predicting the contaminant movement
rate. The groundwater convective transport is simulated

independent of waste movement. Figure 13 lists the models          ·'

and their respective functions as well as input data

requirements and output information.

A major data model, the Transmissivity Iterative

Routine (TIR) has been developed for calculating the hydrau-

lic conductivity distribution in highly heterogeneous aqui-

fers where characterization by field measurement alone would
be prohibitive. The method is based on the numerical inte-

gration of the Boussinesq equation for the transmissivity
along instantaneous streamtubes of flow. Testing of the

computer program on a synthetic surface identified a set of
control parameters that resulted in a maximum computational

error of +5%. This maximum error occurred as streamtubes

passed near stagnation points where the groundwater gradi-
ents and radius of curvature were small. Two versions of

the program, steady and transient, were implemented on the

Hanford unconfined aquifer.  .Although the earlier steady

version was a limited program, the verification by compari-

son of computed and observed groundwater potentials assuming

steady conditions, while far from perfect, was encouraging,

and the resultant distribution represented a substantial
[19]improvement over the previous version.

The results of limited sensitivity analyses on the

Hanford unconfined aquifer indicated that, in general, the

flow in the aqui fer is sufficiently greater than the rate

of storage to make the calculation of the hydraulic con- -

ductivity relatively insensitive to the storage coefficient.

A good average estimate is that a 100 percent error in -,

either storage coefficient or temporal rate of change will
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result in a 20 percent error in the calculated hydraulic
.'

conductivity measurement because of the extreme sensitivity

of the calculated hydraulic conductivity generated for
certain streamtubes. The agreement of calculated hydraulic

conductivities of the reference lines and analysis of pump
test data support these observations. Details of the model

assumptions, limitations, error, and sensitivity analyses
[19]are contained in a recent report.

The basic hydraulic models are the Variable Thickness
Transient Groundwater Model (VTT)[201 and the Partially

Saturated Transient Flow Model(PST).[211  The VTT Model'was

developed to predict the changing height of the water table

(phreatic surface) throughout the unconfined aquifer under-
lying the Hanford Reservation. It provides for the simu-

lations of two-dimensional flow in an unconfined aquifer.

The model utilizes the nonlinear transient Boussinesq
equation with the appropriate initial and boundary condi-

tions. The heterogeneous permeability distribution input

can be calculated by the TIR Model. A successive line over-

relaxation technique with unequal time steps is used for

numerical solution.

The PST Model includes a mathematical description and

computer program to simulate transient Darcian transport of

a fluid in heterogeneous partially saturated porous
media.[211  The objective of the model is to assess move-

ment of groundwater in the unsaturated zone. The model

involves the solution of the basic two-dimensional equation
[21]of flow in the unsaturated region.

[22,23]A transport model based on ion exchange has been

developed for use with the PST and VTT Models for predicting
f.'

movement and distribution of contaminants in groundwater
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systems. ,Ba·sed. ·o'n the .two·-dimensi·onal form of th'e diffu-
sion-convection· equation, the model considers variable

dispersion coefficients, variable media thickness, and sink
..

and/or source terms. The model has two major components:
the macroion segment handles dissolved minerals that are

typically present in groundwater systems, and the microion

segment predicts movement of the contaminants that are

normally present·in.trace quantities (in comparison with
the naturally occurring. materials):  The model combines the

compound problem of multicomponent transport with si-

multaneous chemical reactions and includes the general

transport mechanisms of advection, dispersion, and sorption,
as well as radioactive decay. Each segment can be run as

a separate model.

A preliminary model of fluid movement from a deep
[24,25]underground storage cavern has been developed. This

model is aimed at giving:

1.  The expected location of the fluid during move-
ment from an area of release to a remote outflow

boundary..

2.  The expected elapsed time between fluid 'release
and arrival at the boundary.

3.  The expected fluid flow rate across the out-

flow boundary as it varies with time.

This cavern outflow model considers flow in a stratum

of uniform thickness, of constant permeability, and of
uniform porosity. The lateral flow in the stratum results

from a uniform gradient upon which the cavern leakage (a

completely penetrating line source) is superimposed.
1
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Therefore only two-dimensional lateral flow in the stratum
is considered by the initial model. This model has not
been tested to date.

RECOMMENDATIONS

To demonstrate conclusively the outcome of a proposed
project for final storage of nuclear wastes in the Columbia
River flood basalt requires that the hydrologic conditions
in the prospective host rocks be known in unprecedented
detail and precision.

The Committee on Radioactive Waste Management of the
National Academy of Sciences has indicated the type of

[26]

information needed to make an adequate hydrologic assess-
ment. They have noted:

1.  "To guide underground exploration ... investiga-
tions must produce definitive information as to
the three-dimensional characteristics of ... rock
units ... Particularly important is information
on (a) the fluid transmissivity ... (b) the
hydraulic gradients ... (c) the ion exchange ca-
pacities, ... (d) the chemical reactions between
the waste and the potential host rocks, and (e)
regional stress fields ..."

2.  "The (Committee on Radioactive Waste Management,
Panel on Bedrock Disposal) concludes that no
reasonable amount of exploration from the land
surface can conclusively demonstrate the safety

-

of waste storage in deep vaults. Essential for
such a demonstration is in situ inspection'and

0-4testing of the rock in which vaults might be
constructed.
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Obtaining such: information requires not only regional
hydrogeologic studies of the flood basalts but A'lso coring
and detailed studies of the·locality where the shaft leading
to the vault and the vault'itself are to be built. These

studies should assure that the'following standards be met:

1.  "Whatever method is adopted (for terminal waste

disposal) ... it (must) be capable of protecting
the biosphere from these wastes for not less than

 [26]1,000 years.

2.  "The excavated vault (must) remain structurally
i:[27]sound so long as access may be,necessary.

3. "Waste .toxins (must) not Teach the biosphere in
concentrations exceeding the permissible maxi-

mum for public drinking water. „[27]

4.  "No-waste constituents (must) reach beyond a

prededicated containment zone within the basalt

so long as these constituents exceeded 'pen-
i,[27]missible' concentrations.

Studies to date at Hanford have concentrated on under-

standing the geologic framework and history of deposition
of the Columbia River flood basalts. Hydrologic information

on the unconfined aquifer is abundant; however such is not
the case with the hydrology of the deep basalt flows.

Hydrologic data for the lower Yakima Basalts are available

from only one well (ARH-DC-1). Additional data are needed

to elucidate the regional flow regime in these basalts. A

comprehensive program to demonstrate the feasibility of a
- proposed terminal storage:·project in the flo.od basalts must

be aimed at (1) characterizing the hydrology of the lower
n Yakima Basalts and assessing the extent of interaction
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between the basalts and adjacent strata; (2) developing and           -
using mathematical models to predict the behavior of the
hydrologic regime under all possible stresses; and (3)

..

assessing the risk of contamination from a terminal storage

facility through the groundwater pathway.
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CHAPTER VI

EXTENT OF HEAT DISSIPATION FROM RADIOACTIVE WASTES
STORED IN A BASALT CAVERN

.'

.SUMMARY

Several computational techniques have. been developed to

study the effect of different variables on the maximum. cavern

temperature reached as a result of storage of radioactive
wastes. The computer programs TALUS and DIBUW were developed

to allow the calculation of these temperatures under many
conditions. These programs are based on an equation to
calculate the temperature as a function of time from a line

heat-generation source. Studies were made using these

programs to calculate the effect on cavern temperature of
various parameters. These studies have shown that the

maximum transient cavern temperature decreases witb:

(1) increasing cavern radius, (2) wider cavern spacing,

(3) fewer adjacent caverns, (4) higher thermal conductivity

of the surrounding medium, (5) decreasing quantities Of
shorter half-life radioactive waste products, and (6) lower

heat generation rates per volume of the wastes.

Calculations in these studies were based on the assump-

tion that the basalt was a "perfect" medium. However, the

basalt layers surrounding the cavern have different ther-

mal properties, and ground water is present between and
within some of these layers. If this water is heated and a

large temperature rise occurs, the geologic stability of the
.-, basalt might be affected. Future calculations should take

into account that the surrounding basalt layers are not

/*.. infinite media with constant thermal properties and temper-

atures.

I
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INTRODUCTION

One of the factors that must be considered in assess-
ing the feasibility of geologic storage in basalt of high-

level radioactive wastes in solid form is the dissipation of
heat produced by the wastes. Temperatures in the storage
cavern and access tunnels will have to be kept below a
level dictated by the melting point of the waste,' the
d e v  i  t r i  f i  c a t i o n t e m p e r a t u r e     o f     t h e     glass       (if' t h e     w a s t e     is
in glass form), and the temperatura limit- for concrete

bore-hole seal integrity.

Over a period of years after the waste is in a storage<
mode, the temperature will rise, passing through a maximum -
that is a function of the following variables:  (1) the
half lives of the various radionuclides in the waste,

(2) heat generation of the fission products, (3) the ther-

mal properties of the basalt, (4) the size of the caverns,

(5) the spacing of the caverns, (6) the number of adjacent

caverns, (7) the geometric layout of adjacent caverns, and
(8) the filling time" of each cavern with respect to sur-
rounding caverns. To assess the feasibility of using
basalt as a geologic storage site for high-level radio-

active waste, the effects the above variables have on
cavern temperature changes were studied. These studies

included the development and testing of different computa-
tional methods and corresponding computer programs for

determining the maximum transient cavern temperature.

%



110 ARH-ST-137

-                              COMPUTATIONAL TECHNIQUES

»                  To determine the cavern temperature at a specified

time, a computer program TALUS (Temperature Around a Line

Underground Source) has been developed. This program was
used to calculate the temperature rise in an infinite cylinder

at a given radial distance from the center of the continuous

line source using the equation: [1 ]

I .
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WHERE

V = TEMPERATURE RISE 18 INFINITE CYLINDER AT A RADIAL DISTANCE, r,
FROM THE CENTER OF THE CONTINUOUS LINE SOURCE, °F

Q. = HEAT GENERATION OF i,h NUCLIDE AT TIME OF BURIAL OF WASTE,
8, u/h r.f,

pc = VOLUME HEAT CAPACITY OF MEDIUM, Biu/1,3.°F
a = RADIOS OF INFINITE CYLINDER, fi

Xi = DECAY CONSTANT OF Ah NUCLIDE, hr- 1
t= TIME AFTER BUR IAL OE WASTE, hr

26 - LENGTH OF LINE SOURCE. ft
x = THERMAL DIFFUSIVITY OF MEDIUM. f,2/hr

Rw( ) = REAL PART OF COMPLEX ERROR FUNCTION W(Z), DIMENSIONLESS

i.qrT
....

ana = POSITIVE ROOTS OF 11(aa), EXCLUDING an = 0
'. RADIAL DISTANCE FROM CENTER OF INFINITE CYLINDER, f,

i...,
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This equation is for a line source of finite length 2b
in a medium of finite radius a. Computations are made for a
radius r corresponding to the cavern: wall. Radioactive

-%

decay is assumed to occur with a decay constant x..1.

The TALUS program is used to calculate the maximum

temperature for a s.ingle line.heat-generation source and the
corresponding time since waste· buria.1. Several line

sources, analogous to two- and three-.dimensional arrays
of caverns, can be simulated by the principle of super-

position. This method uses a specified coordinate and sums

all temperature effects from adjacent sources.

The use of negative images facilitates the calculation
of temperatures of shallow-buried wastes (wastes buried at

depths less than 30 m [100 ft]). To satisfy the boundary
condition that the temperature rise at the surface be.zero,
a negative (heat absorbing) source is imagined to be pre-
sent at the same height above the surface that_the radio-

active source is in the subsurface. The sum of these

two temperature effects at a given radius is used to cal-
culate the maximum temperature.

A computer program DIBUW (Direct Buried Underground

Wastes) has been developed to use the previously described

methods of superposition and negative images to estimate
transient temperatures. Input for the program includes:

(1) the coordinates of the caverns, (2) the coordinates of
a point at which the temperature Calculation is desired,

(3) the initial heat generation rates, (4) the half lives of
the sources in each cavern, (5) the depth below grade

at which'the caverns are located, (6) the thermal conduc-

tivity, and (7) the thermal diffusivity of the basalt sur-
1,-.\

rounding the caverns. A large number of fission products
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-             in each cavern and a large number of caverns, not necessar-
ily parallel or in the same plane, can be accomodated.  At

..             the present time, the .program does· not include the effects
of filling caverns at different intervals or end effects due

to short heat sources.

RESULTS

Effect of Cavern Radius

Figures 1 and 2 show the effect of cavern radius on
the maximum cavern temperature. The data for these plots
were obtained 'from a single line source heat generation
calculation. The rate of heat generation used was 54

cal/(sec)(met,er of length)[235 BTU/(hr)(ft of length)]
with thermal conductivity values of 0.207, 0.413, and

0.620 cal/(sec)(m2)(°C/m)[.5, 1.0, and 1.5 BTU/(hr)(ft2)

(oF/(t)]. These graphs demonstrate that as the radius of
the cavern is increased, the maxi'mum temperature that the
cavern reaches decreased. Because these results were

obtained from calculations for a line source, and equal heat

generation per length was assumed, the change in radius
represents storing the same relative amount of heat producing

radionuclide wastes in different size containers. '

Effect of Cavern Spacing and Altering the Number of Caverns

Using the DIBUW program and assuming a volumetric heat   '

capacity of 320 kcal/(m3)('C)[2OBTU/(ft))('F)], the data

for figures 3, 4, 5, and 6 have been compiled. These graphs
.- quantitatively describe the effects of changing the cavern

spacing and altering the number of adjacent caverns on the

,_            maximum temperature of the central cavern. The depth below

4rade was assumed to be. 30 meters (100 ft).  This depth
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-             can be considered an infinite distance below grade, since

greater depths will not change the.results of the calcula-

tions significantly (because the contribution to the maximum

temperature of the negative image above the surface becomes

negligible). A line-source heat generation rate of 64.3

cal/(sec)(meter of length)[280 BTU/(hr)(ft of length)], was
used for the calculations corresponding to the placing Of

1 kw sources at 3 m (10 ft) intervals along the caverns.

The heat generation sources were single decaying isotopes
with half-lives of 30 years. Thermal conductivities of

0.145 and 0.269 cal/(sec)(m)(°C)[0.35 and 0.65 BTU/(hr)(ft)

('F)] were assumed.  These figures were based on all the

caverns being filled at the same time.

The increase in temperature at-the wall of the central
cavern with increasing numbers of neighboring caverns is

shown in Figures 3, 4, and 5, for 0.6, 0.9, and 1.2 m dia-

meter [2, 3, and 4-ft diameter] caverns, respectively.  As
the cavern spacing decreases, the maximum temperature

increases.

Figure 6 was derived from FigOres 3, 4, and 5, and
the effect of cavern spacing on maximum temperature is shown.

Caverns were considered only within a 30 m (100 ft) radius
of .the central cavern. The maximum temperature rise occurs
at the wall of the central cavern. With a 3.8 m (12.5 ft)
spacing, 17 parallel caverns fit within the 30 m radius with

8 caverns on either side of the central cavern. Wi th  a

7.6 m (25 ft) spacing, 9 caverns are possible, and with
15 m (50 ft) spacing, 5 caverns are possible.  Adding more-.

caverns outside the 30 m (100 ft) distance limit would
increase the maximum .temperature that occurs at the

/-

central cavern by less than 10 percent. The effect of
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cavern spacing is, small at spacin'sis greater than 15 m-'(50 ft).
Increasing the spacing from 15 m (50 ft)' to infinity decreases
the maximum temperature rise by about 25 percent. .

Thermal Resonance

Filling all the caverns at once will not.result in the

worst heating condition. For example, if two caverns"with a

1.2 m (4 ft) diameter are placed 7.6 m (25 ft) apart in

soil with a thermal conductivity of 0.145 cal/(sec)(m)(°C)

[0.35 BTU/(hr)(ft)(°F)], a thermal wave proceeds from each

source. If the caverns are filled with a 30-Year half-life

material at an initial heat generation rate of 64.3

cal/(sec)(meter of length)[280 BTU/(hr)(ft of length)] at
the same instahce, the temperature at the wall of one cavern

on a line between their centers will receive two thermal

waves. The first wave to reach the wall is from the

closest cavern.  It peaks at 180°C (356°F) and 10.5.years.

The second wave from the other cavern peaks at 48.3°C

(119°F) and 20.5 years.  The maximum temperature, which is
the'sum of the two waves, does not occur at the time of
either individual maximum temperature. It reaches a value

of 243°C (470°F) at 13 years.

If the far cavern is filled 10 years before the cavern

whose wall is being considered, the peaks of the two thermal

waves arrive simultaneously at this wall, and a maximum

temperature rise of 251°C (483°F) is reached 10.5 years

after the closest cavern is filled and 20.5 years after the
far cavern is filled. Thermal waves from neighboring

-

caverns on both sides could reinforce this effect by adding
their own contributions if they were at appropriate spacings

and filling times.  The importance of the effect has nqt --,

been investigated for practical spacings and fill intervals;
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however, the condition should be avoided if possible.  An

optimum filling schedule and spacing may possibly include
nonuniform spacing and unequal filling intervals.  A schedule

-

must be developed that prevents the filling of adjacent

caverns at the wrong intervals.

Properties of Material Surrounding the Waste

The effect of thermal conductivity of the basalt layer

on cavern temperature is shown in Figure 7. The data for

Figure 7 were obtained from the calculation methods for a

line underground source, using a heat generation rate of

54.0 cal/(sec)(m of length)[235 BTU/(hr)(ft of length)], a

cavern radius of 3 m (10 ft), and a product half-life of
30 years. This plot shows that increasing the thermal con-
ductivity causes a large reduction in the maximum cavern

temperature. Since the thermal conductivity of the basalt

layer is approximately 0.29 cal/(sec)(m)(°C)[0.7 BTU/(hr)

(ft)(°F)], the actual curve would be between curves A and B

under the given conditions.

To determide and.justify the ranges of physical proper-

ties used in the various calculations, tests have been run
on some actual samples. Analyses of representative physical

properties of the basalt rock for two samples from Well
ARH-DDH-1 have been made.[21  Samples 1005 and 1084 were

utilized, corresponding to depths of 306 and 330 m

(1005 and 1084 ft), respectively.  The density, heat capa-

city, and thermal diffusivity were found by direct experi-
mental measurements on the. samples. The thermal conducti-

vity was calculated from the temperature corrected density
.-/

and the least squares line for heat capacity and thermal

diffusivity.
)'3-·

6
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A complete listing of the thermal prdperties from a
least squares fit is given in Table I.

The values are in a temperature range of 37.8 -to
316°C (100 to 600°F). A least squares fit of the data
gives the following equations for heat capacity; C , and

P
thermal diffusivity, a:
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TABLE I

«    '         THERMAL PROPERTIES OF BASALT AS A FUNCTION OF TEMPERATURE

Sample 1005 bepth 306, m  (1005  ft)

Temperature, T Density, p Heat Capacity, Cp
oF °C lb/ft

3 kg/m3   Btu/(lb)e F) cal/(g) (°C)

100 37.8 183.6 2941 ·0.174 0.174
200 93.3 183.8 2944 0.186 0.186
300 149 184.0 2947 0.198 0.198
400 204 184.1 2949 0.210 0.210
500 260 184.3 2952 0.222 0.222
600 316 184.5 2955 0.234 0.234

Temperature, T  Thermal Diffusivity, a Thermal Conductivity, k
oF        oC     ft 2/hr cmz/sec Btu/(hr) (ft)(°F) cal/(sec) (m) (°C)

100 37.8 0.0206 0.00532 0.657 0.272
200 93.3   : 0.0201 0.00519 0.687 0.284
300 149 0.0196 0.00506 0.714 0.295
400 204 0.0191 0.00493 0.739 0.305
500 260. 0.,0186 0.00480 0.762 0.315
600 316 0.0181 0.00467 4.783 0.324

Sample 1084 Depth = 330 m (1084 ft)

Temperature, T Density, p Heat Capacity, Cp
°F        °C    lb/ft 3 .  kg/m 3

Btu/(lb) (°F)  cal/(g) (°C)

100 37.8 166.1 2661 0.176 0.176
200 93.3 166.2 . 2662 0.187 0.187
300 149 166.4 2665 0.197 0.197
400 204 166.5 2667 0.207 0.207
500 260 166.7: 2670 0.217 0.217
600 316 166.8 2672 0.227 0.227

Temperature, T  Thermal Diffusivity, a Thermal Conductivity, k
°F        °C ft2/hr cm2/sec Btu/(hr) (ft) (°F) cal/(sec) (m) (°C)

100 37.8 0.0200 0.00516 0.587 0.243
200 93.3 0.0195 0.00503 0.603 - 0.249
300 149 0.0189 0.00488 0.617 0.255
400 204 0.0183 0.00472 0.629 0.260

.... 500 260 0.0177 , 0.00457 0.639 0.264
600 316 0.0171 0.00441 0.647 0.267

.-/

Ll
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Sample 1005:·

C  = 0.1659
+ 0.000217lt°C ca.1/(g,)(°C)

a X 105 = 539.77 - 0.2278t°C cm2/sec    ;  -

Sample.1084

C  = 0.1696 + 0.0001822t°C cal/(g)(°C)P

a x 105 = 527.62 - 0.2752t°C cm2/sec

The thermal coefficient of volumetric expansion'of

b a s a l  t, e s t i m a t e d     t o     b e     1.6    +    0.4·X     1 0- 5     p e r    °C     (9    12    X
10-6 per 'F), was used to make the temperature correction
for density. From these correlations, the thermal con-
ductivity of the basalt at any reasonable temperature can be
estimated.  These temperature correlations .are necessary for
calculations of the maximum storage caverh' temperature when
a wide variety of cavern conditions and. temperatures are

[3]considered.

Heat Generation Rates

Heat generation in stored radionu·clide wastes is a key
factor affecting the maximum temperature rise.  The actual
spectrum and intensity of the radioactivity in a waste
depends on the type of fuel and on its reactor exposure
history.  The self-heating range 1.85 to 18..5 ca/(sec)(m3)
[0.1 to 1.0 BTU/(hr)(gal)] is characteristic of long-cooled

salt cake wastes that contain only cesium-137 and stron-
tium-90 as heat.generators. [4]  Should the aqueous waste be

solidified to a monolithic solid. havinga composition
similar to that of the basalt layer, a volume change would
result that would change the preceding values in the heat
generated per volume over a given time.                          -
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The results of the estimated wall temperatures in a
cavern with radius 3 m (10 ft) located in a large volume of

basalt with a thermal conductivity of 0.413 cal/(sec)(m)

(°C)[1.0 BTU/(hr)(ft)('F)] are shown in Table II.

The maximum wall temperatures reached for each case and

the time to reach them are given for a constant inventory of
90Sr and 137Cs, but with decreasing amounts of short-lived

isotopes present. Figure 8 shows the ,effect of various

heat-generation rates on the maximum temperature. The

precise initial heat generation rate of the different

radionuclides is shown ih Table III.

Secondary Considerations

When the data for, the maximum waste temperature
calculations were used, the radioactive wastes were con-

sidered to be surrounded by an infinite medium of basalt

(or solid material) with constant temperature and thermal

properties.  The subsurface has a geothermal gradient

(change in temperature per change in depth) that is posi-

tive with increasing depth. Differences in the heat transfer

coefficient for successive layers of basalt and inter-
calated sediments will result in different thermal pro-

perties and will influence heat transfer rates to some
degree. Further, since the interbeds between basalt layers

may consist of water saturated sediments, the presence of
water may lead to convective heat transfer. Therefore, the

actual maximum cavern temperature will differ from the

values obtained for an infinite line source surrounded by
-             an ihfinite medium.

Figure 9 shows the temperature of the subsurface as a

function of depth for the DC-1 drill hole. This plot shows
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TABLE II

HEAT GENERATION RATE

Ratio of Time to
Total to Reach Maximum

Case Btu/ (hr) (gal) cal/ (.sec) (m)) 9 0 S r   + 13.ts Temperature, yr

1        0.665            12 6.2 1.0
20.270             5 2.5 2.5
3        0.158             3 1.5 8.0
4        0.109             2 1.0 15.0

Temperature Temperature
Maximum Temperature at 90 Days at 15 Years

Case      oF  .      oC         oF     °C     °F     oC

1 276 136 214 101 210 98.9
2 220 104 170- 76.7 208 97.8
3 208 97.8 158 70.0 207 97.2
4 206 96.7 152 66.7 206 96.7

420
1 1

CAVERN RADIUS =1 0 l t=3 meters

THERMAL CONDUCTIVITY OF BASALT = 1.0 81 u/(h, 11 112)( .F/lt) INITIAL HEAT GENERATION RATE

kg .413 cal/(sec)(m)#.C/m) Btu/(hi}(gal) cal/(sect(m))
200

380 CASEl .665 12.3

CASE 2 .270 4.99

CASE 3 .'58 2.92

CASE 4 .109 2.02 180

340                         -
-
l,L *

- 160 k

i  '00 -

C•SE•                                                                                                                                                     iiI

rr

i                                                                                                         - 1.0   
   2,0 -                                                                                                         mC

- 120  m

i                                                                                    3

220 CASE 2

100

_.·----1-·----
180  61             „

awk-ki
140 601 1

0.1 1.0                                                          10 100 1000

TIME AFTER BURIAL (years)

FIGURE 8

CAVERN WALL TEMPERATURE AS A
FUNCTION OF TIME AFTER BURIAL
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TABLE III

INITIAL HEAT GENERATION RATE

Case 1 Case 2
FISSION Btu/(hr) cal/(sec) Btu/ (hr) .  cal/ (sec)
PRODUCT (gal) (m 3) (gal),· (m3 

90Sr O.060 1.110 O.060 1.110
*

106RU 0.091 1.660 0.033 0.610

134CS 0.004 0.074 0.003 0.056

137CS 0.047 0.869 0.047 0.869

144Ce 0.455 8.410 0.121
'

2.240
147Prn 0.008 0.148 0.006 0.111

TOTAL 0.665 12.271 0.270 4.990

Case 3 Case 4
FISSION Btu/(hr) cal/(sec) Btu/(hr) cal/(sec)
PRODUCT (gal) (m 3  (gal) (m 3  

gOsr 0.060 1.110 0.060 1.110

106Ru 0.012 0.222      0          0

134CS 0.002 0.037      0          0

137CS 0.047 0.869 0.047 0.869

144Ce 0.033 0.610      0          0

147Pm 0.004 0.074 0.001 0.019

TOTAL ' 0.158 2.922 0.108 1.998

'-

'DS
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TEMPERATURE (°C)
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FIGURE 9

SUBSURFACE TEMPERATURE AS A FUNCTION OF DEPTH
IN DC-1 DRILL HOLE (GEOTHERMAL GRADIENT)

(See FIGURE 3, CHAPTER II FOR DRILL HOLE LOCATION)
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data reported from approximately 100 to 1500 m (330 to 4920

ft), and the geothermal gradient is not constant.

Water.occurs· in fractured zones in basalts. I f. '·the
heat released from the radionuclide waste causes a temper-

ature rise in this water, :thermal expansion will occur, and
stresses might result that could affect the stability of
the jointed basalts. If the water vaporized, a. pressure

increase would occur, perhaps altering the flow pattern.

These factors must be considered in the design of the

storage system.

RECOMMENDATIONS

The preceding plots and discussion show the results of

changing the important variables that affect the maximum

waste storage temperature. Before waste storage can pro-
ceed on a large scale basis, the·effects of.varying storage
conditions will have to be. fully investigated.  Two dimen-

sional waste canister arrays may be efficient with respect

to mining cost, and this geometry should be evaluated in
future analyses. More advanced calculations in which all

the important variables are considered at once to find
optimum storage conditions may be necessary. Future cal-

culations should take into account that the surrounding

basalt layers are not infinite media with constant thermal

properties and temperatures. Pilot plant operations, where
the wastes can be monitored and easily retrieved, will be

needed.

t-/

/
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CHAPTER VII

GEOCHEMICAL CONSIDERATIONS
d»-

1 SUMMARY

cal interactions between a solidified radioactive waste and

a bas'alt storage cavern resulted in the initiation of several
studies by Atlantic Richfield Hanford Company (ARHCO) on
the subjects of waste-form solubility, chemical stability,

and compatibility between the waste and the host rock. These

studies have drawn attention to the need to understand

further the compatibility of the waste form with the host

rock and the consequences of chemical reactions between them.

INTRODUCTION

The safety of any method by which nuclear waste is

stored underground would depend, in part, upon the following

parameters: (1) low solubility of the waste form, (2) the
rate of transport of radionuclides.if the waste should dis-
solve, (3) the chemical stability of the waste form,

(4) chemical reactions between the waste and the host rock.

Initial studies of waste-rock interactions at Hanford

were concerned with the potential for radionuclides to move

to the biosphere from a storage cavern deep in basalt.  In

support of this concern, ARHCO initiated studies to evaluate
-          the solubility of waste forms, develop models to describe

radionuclide transport in solids, and develop methods

for predicting the stability of waste products in geological/=;

environments. Accomplishments in these fields are summarized

in this chapter.
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SOLUBILITY

...

To contain radioactive wastes safely, they must be

stored as leach-resistant solids because the integrity of
the geologic barriers that would isolate the wastes from the

biosphere cannot be assured for the time required for the

radioactivity to decay to innocuous levels. Thus it is

necessary to be able to predict the long-term potential
for release of radionucl.ides from the solidified waste form,
subject to all of the storage condjtions that can be fore-
seen. The maximum amount of activity that could be released

under the worst possible storage condition, (e.g., flaoding
of the storage cavern), as well as the amount expected to

be released under normal conditions should then be compared
with acceptable environmental tolerances. .

Research by ARHCO has resulted in the development of a              l

set of comprehensive models that describe the leaching
mechanisms of solids that contain radioactive waste. These

models are based on mass transport·and reaction theory. The

equations developed to fit and extrapolate leach data

have the form:[i]

-k 2t
-T t .- k2e

f(t) =1- Z2e
- W2 /  . -2  Zl + Z2  e  n  + Z2

n , (1)|<2t   6__F --'  1 <    -T t T e
n

- n k2 - Tnn=I

where:

f = fraction leached -

Zi = fraction of ions initially mobile,
Z2 = fraction of ions initially present in the solid, ..i

k2 = first-order release rate constant, (time-1),
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- n2A , (time-1),--

n
R

D = diffusivity, (length2/time),
re

R = sphere radius, (length),

n = index of infinite series summation,
t = time.

This equation can be evaluated precisely except when the

infinite series is slow in converging at small time values.

The fraction leached equation can be interpreted as

to mechanism by splitting it into the following three parts:

f=f +f + f. (2)d r i

The term fd is the contribution of pure diffusion to

the fraction leached, and is defined by
-

-n

f d    =    Z 1        1     - 6·2 f     12   , {     ,   R 2      D ,)-  0                                  i
w   n=l n

- -

The term f is for first-order release and predominatesr

if release is the rate Controlling step and if Z 1 is small.

f =  Z \A - e -,2,j

r      7\                                               (4)
The interaction between the release and diffusion is

given by fi

00                                   -k 2t

6 Z2   r-7 1  /.r e-rnt - k2e           -rnt  . (5)
f. = -·eI       n

1    2   / .2\    T-k
Tr    : n  \     n    2

n=1

In an attempt to partially verify the models developed,
leach data from pollucite, (a naturally occurring cesium-e

aluminosilicate zeolite), were fitted to the equations with
excellent results. However, the models require[1]

/7

extended experimental verification before they can be used
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.

to predict the long-term resistance to solution of the

radioactive waste-containing solid form.
1.-

The solubility rates ahd mechanisms for glasses are of
particular interest· since glasses are the leading contenders
for the final waste form. Unfortunately, the chemistry of
glass-water reactions. is quite complex and seems to vary
with changes in the experimental leach procedure.  If

reliable predictions of leach data are to be employed, an

attempt must be made to devise a general mechanism that can

be used to describe the seemingly diverse leach data that
are in the literature. An ARHCO study based on mechanisms[2]

proposed in the literature, has resulted in an attempt to

collect these partial mechanisms into the following unified
theory to explain much of the existing leach data.

The mechanism of glass-water interaction is based upon
the concept of the glass structure as consisting of basic

Si04 tetrahedral units that are linked at their vertices by

brjdging oxygens to form a connected three-dimensional net-
work. Solution of a glass involves the processes of

absorption, ion exchange, and diffusion, followed by the
chemical processes of lattice attack and ionic reaction in
the aqueous phase. Release of an alkali ion to the aqueous

phase by diffusion can be considered in two separate steps;
one involves the process by which an alkali ion bonded to

the nonbridging oxygen is released, and the other involves
the migration of this "free" cation through the lattice.

It is suggested that both steps always take place, but that
the actual mechanism of each depends upon the experimental

conditions employed.

7
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An example of one specific experimental condition is the

investigation of self-diffusion of alkali ions. in silicate

glasses by measurement of electrical conductivity. The

release mechanism in this case requires the bonded metal

ion to attain sufficient vibrational energy, which, when

oriented along the bond direction, is able to break the metal
ion-nonbridging oxygen bond. Since there is an energy

distribution for the alkali ions at any specific temperature,
there will be a.certain number of the metal ions available

for migration through the glass lattice. In addition, since

the alkali ions are coordinated with various numbers of

bridging and nonbridging oxygens, a range of binding energies
should exist for these ions. Thus, it is reasonable to con-

sider some alkali ions to be more easily released than others.

Finally, the importance of determining leach rates under
actual storage conditions must be mentioned. The extrapola-

tion of leach data obtained under laboratory conditions is

likely to be inadequate or misleading if the final conditions

of storage vary markedly from the laboratory experiment.

i STABILITY

i A solid phase is defined as "stable" when it is in

chemical equilibrium with its environment. Under this condi-

tion, no net changes, (e.g., dissolution, change of state,

etc.) of the solid take place. Statistically, however, in a

balanced way, some ions of the solid phase exchange with ions

           in the fluid phase of the solid's environment. The solubili-      ·     1
ties of ceramics, silicate glasses, and silicate minerals,

are very low. If such materials are stored in a chemicallyfi

stable environment, the radionuclides they contain will be

virtually immobilized.

-



133 ARH-ST-137
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The radionuclide-containing waste form must be in equi-

librium with the environment of its final storage site, or be

capable of achieving equilibrium without permitting long-
lived radionuclides to become mobile. Decisions regarding
the optimum waste form will be more logicalTy developed if

methods are available to predict their long-term stability
with a high degree of confidence based on thermodynamic

and geological arguments.[3] Although the selection of subsur-

face sites is implied, they are not the only choice and

considerations of chemical stability are equally applicable

to surface storage.

WASTE FORM

Research on waste forms has produced glasses and syn-
thetic silicate minerals. Aqueous experiments ranged from

room temperature to hydrothermal processes and included the
use of gels and reactions with clays.[4-61  The high tem-

perature processes ranged from making glasses[7-91 to

developing a thermite process that produced crystalline
aluminosilicates in a glassy matrix.[10]

As more is learned about the ability of silicate struc-

tures to immobilize radioactive elements, the concept of

converting high-level liquid radioactive wastes into rock-

like silicates has become ihcreasingly promising.
'

Except[11]

for a few gaseous radionuclides (e.g., tritium, krypton,

iodine, and xenon), fission products form metallic ions, which

in turn can be processed into silicates of low solubility.

The three radionuclides that are given major attention
when considering the need for long-term storage are 137Cs,

90Sr, and 239Pu.  Both strontium and plutonium form the
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poorly soluble silicates, Sr2Si04 and PuSi04.  Plutonium sili-

cate is a structural analog of zircon, ZrSi04' and has

'         extremely low solubility. Strontium also forms a number of

aluminosilicates, one of which is a strontium feldspar. Both

the strontium silicate and the strontium aluminosilicates have

very low solubilities and all are stable at elevated tempera-
tures. In addition, the silicate and aluminosilicate forms

are essentially inert and unreactive with most geologic

materials, except for hydrothermal solutions and subsurface
waters of low pH. Cesium is highly soluble and volatile in

most of its chemical forms; however, pollucite is stable in
neutral or basic environments. The conventional method of

forming synthetic pollucite involves hydrothermal techniques
at elevated temperatures and pressures. In experiments at

Hanford, pollucite has been synthesized at atmospheric pres-
sure and 90°C. [11]

The selection of the most suitable environmental site for

the final storage of a radioactive waste depends in part on

the characteristics of the waste. If the waste is in the form

of an aqueous solution, a salt cake. or a calcine, it should be
stored where it is isolated from natural water percolation

because of its high solubility. Such wastes have been kept
in storage tanks on an interim storage basis. If the waste

has been separated and concentrated as cesium chloride, the

steel container for the waste must be protected from corrosion

because of the high solubility of cesium chloride. If,

however, the waste is converted to a highly insoluble solid

by appropriate chemical treatment, the resulting solid will

be resistant to leaching under all foreseeable conditions,

and in addition, will be safe to transport and store.
.

Placing such solidified wastes in excavated caverns in a
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geologic formation possesses the advantage of allowing
retrieval of the waste, if necessary. At the same time, the
waste will be safe from natural as well as man-made hazards.       *
In the event of destruction of the chamber by earthquake or
following corrosion of the waste canister, the solidified

waste must be chemically compatible with the host rock and

of low solubility so as to be slow to release radionuclides

to the groundwater in the event of flooding of the storage
chamber.

WASTE COMPATIBILITY

Radioactive wastes are transported, or stored for interim

periods, by the use of containers of high integrity. The per-
missible time for such storage is some fraction of the anti-

cipated lifetime of the container.  Assessing the compatibility
between radioactive wastes and a host rock involves the

determination of the reactions, products, and product con-
centrations that result from contact between radioactive waste
and the host rock as a function of time and ambient physical
and chemical conditions. In the absence of, or eventual fail-
ure of a container, immobilization of the waste becomes
increasingly important. Silicification of the waste provides
one method of immobilizing the radionuclides. Also, a
hydrothermal process may be used to convert radioactive[4]

[4]waste to analogs of silicate minerals. Another process
could be conversion of wastes to silicate materials in a non-
aqueous pyrochemical process. These stable materials of low

solubility could possibly be stored safely in deep underground
caverns in rock (e.g., basalt, in which the water has a high

.
pH and is saturated with alumina and silica).
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RECOMMENDATIONS

The understanding thus far developed represents a pre-

liminary attempt to evaluate considerations of a geochemical
nature that relate to the many problems associated with the

permanent storage of solidified radioactive wastes in a

basait cavern.  A major advance in the understanding of the

many parametric controls over the long-term containment
of these wastes requires substantial additional research

and development effort. To cite just a few examples of the

kinds of additional information needed before a storage

facility could be safely employed, one must determine, among
other factors:

(1) The character of the solidified waste. This would

involve a description of the macroscopic physical
and chemical properties of the solid and in addition,

a quantification of the relevant thermodynamic para-

meters by use of phase equilibria, solubility

studies, radiolytic studies, stored energy data, etc.

(2) The character of the host rock.

(3) The compatibility of the two.

(4) The consequences of chemical reactions between the
waste and the rock.

Chemical reactions in a wet, as well as in a dry envi-

ronment, will have to be considered to allow for the possi-
[5]bility of eventual flooding of an underground cavern.

,-         The effect of radiation on each component, including the

effect of stored energy on stability, solubility, and com-

r       patibility must be understood.

L
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The need for the above information is dictated by the
requirement that if the final storage of radioactive wastes

.

is to be safely controlled by placing these wastes in deep

underground caverns excavated in geologic formations, it is

first necessary to understand short-term, and to be able to

predict long-term, chemical compatibility between the waste
materials and the host rock.
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CHAPTER VIII

9..

TECTONIC STUDIES

SUMMARY

The Pasco Basin region has had a history of moderate

earthquake activity that can be expected to continue indefi-

nitely. Some historic earthquakes have had intensities

of greater than VI MM (Modified Mercalli Scale) at their epi-

centers, but none of these have actually occurred on the
Hanford Reservation. Consequently, the intensity produced

by them at Hanford has been less than VI MM, (probably IV
for most).

Microearthquake activity has been monitored in the

Hanford region since 1969. Microearthquakes are numerous

and relatively continuous. They are concentrated in time

and space into microearthquake clusters. The epicenter

locations of the microearthquakes form diffuse bandsrather
than sharply defined linear trends (which would be expected

with active faults). The mere occurrence of the historic

earthquakes and microearthquakes indicates that the crust in

the Hanford region is being tectonically deformed, but no

evidence suggests that this deformation is concentrated

along a major, regional fault, hidden or otherwise. Simi-

larly, trilateration and triangulation surveys have not

revealed significant horizontal strain accumulation.

... Leveling surveys have indicated a continuation of folding in
the region, apparently in an episodic fashion.

-               Studies of known faults in the Hanford Reservation

region are largely incomplete, and results are inconclusive.

L                                                                                           _
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HISTORIC EARTHQUAKES IN THE PACIFIC NORTHWEST

„

The United States Coast and Geodetic Survey has com-

piled a Seismic Risk Map (Figure 1) using the historic

records of earthquakes occurring in the United States since
1840. This map is updated annually and gives an approxi-

mation of the expected long-term earthquake hazards for
different regions of the United States. The Seismic Risk

Map shows the eastern half of Washington state to be within

what is designated as a Zone 2 area indicating a potential
for moderate damage from earthquakes. The nearest Zone 3

areas - which have a potential for major damage from earth-

quakes - are:  (1) western and northwestern Washington

(around and within Puget Sound), (2) southwestern Montana,

eastern Idaho, northwest Wyoming, western Utah, and

(3) northern Nevada, northern California. The Puget Sound

area is the nearest Zone 3 area to the Hanford Reservation.

A visual examination of the epicenter locations for

earthquakes of intensity VI MM or greater, occurring in
[]Washington State between 1842 and 1974 (Figure 2) 1  indicates

that the Hanford Reservation is more than 150 kilometers

from the seismically active Puget Sound region. Nevertheless,

within 150 kilometers of Hanford are the epicenters of the

1936 Milton-Freewater (near Walla Walla, Washington) earth-

quake (VII MM), the 1918 Corfu earthquake (V-VI MM), the

1893 Umatilla earthquake (VII ? MM), and some earthquakes
near Chelan, Washington (IV-V MM). These earthquakes, plus

four others that occurred in the Puget Sound area, are

described in Table I in order of decreasing intensity
produced by them at Hanford.[21  A comparison of Table I

-.

and Figure 2 indicates that no historic earthquake occurring
within 150 kilometers of the Hanford Reservation has had
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TABLE I

DESCRIPTIONS OF SELECTED LARGE EARTHQUAKES
IN THE PACIFIC NORTHWEST AND THEIR ESTIMATED INTENSITY

AT HANFORD

(This Table is a summary of written descriptions
in Reference 2)

flagnitude
Earthquake Location Intensity (1,111) Intensity  (IL',)

(Latitude, Longitude) Date (at Epicenter) (at Hanford) Cot:ments

Lilton-Freewater 7/15/36 5-3/4             IV          Estimated duration 10-30 sec.
(46.0 118.3) VII onds.  Important because of

proximity to Blue Mountains
and Olympic-Wallowa lineament.

11. W. Washington· 12/14/1872 unknown            IV
(Near Canadian Dorder)

Corfu 11/01/18 unknowii V-VI Epicenter location uncertain.
(46.7 119.5) V-VI Important because of proximity

to Saddle Mountains structure
and Hanford.

Near Seattle 4/29/65 6-1/2          IV       Hanford is in the I-VI intensity
(47.4 122.3) VII-VIII zone on the NOAA Isoseismal Map

for this earthquake.

Puget Sound 4/13/49           7 I-IV Largest earthquake recorded in-
(47.1 122.7) VIII strumentally within 200 wiles of

Hanford.

East of Seattle 4/29/45 5-1/2 I-IL

(47.4 121.7) VII

Puget Sound 2/14/46 5-3/4 I-IV Not felt in Richland.
(47.3 ' 122.7) VII

Near Seattle 11/12/39 4-3/4 I-IV

(47.2 123.0) -vII

Near Chelan 4/23/43 unknown I-IV
VI

Chelan 8/05/59 unknown I-IV Not felt in Richland.
(47.7 120.0)                              VI

Near Chelan 12/30/1876 unknown I-III                      - - - -

(47.8 120.1)                               V
C-1

Umatilla 3/15/1893 unknown            ?        Wall of a stone building
(46.0 119.0)

· VII? tumbled.  Intensity at Han-
ford unknown.

...

L-
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a magnitude greater than 5-3/4 or intensity at the epicenter
greater than VII MM, and none have produced an intensity on
the Hanford Reservation greater than IV MM, except possibly

the Corfu earthquake. In addition, none of the larger

magnitude earthquakes (up to 7.0) in the Puget Sound region

has produced an intensity greater than IV on the Hanford
Reservation.

Thus, the Hanford Reservation and nearby area can be

described as having had a moderate level of earthquake
activity in the historic past. This level of activity can

be expected to persist indefinitely.

Using past levels of earthquake activity to predict

future levels is a common technique for assessing the earth-

quake hazard for a given area. But recent studies in the

People's Republic of China have indicated that perhaps some

caution·should be exercised when doing this, particularly
if the time interval for the prediction is on the order of
hundreds of years or more.[3]

The earthquake record in China extends nearly 3,000
years B.P. This record indicates that China has experienced

several major earthquakes and that these major earthquakes

have occurred in various earthquake-prone regions. Some of
these regions have had vastly different earthquake histories

both before and after the occurrence of a great earthquake.

For example, some great earthquakes have occurred in regions

where the rate of seismicity has been at an approximately
constant level, both before and after the occurrence of the

i--)

major earthquake. Other major earthquakes, however, have

occurred in regions where the rate of seismicity shows dis-
-.

tinct secular variations: several hundreds of years of high

to moderate activity followed by tens to hundreds of years
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of relative quiescence terminated by the major earthquake.
Still'other regions show secular variations wherein the

R

major earthquakes were both preceded and followed by periods
of low activity or even quiescence. Secular variations in

earthquake activity such as these are not unique to China

but appear to be typical of those regions where historical

records extend over a sufficiently long interval. This is
true, for instance, in the Middle East.[31  The implication

of such secular variations in earthquake activity are obvious.
The earthquake record in the entire Pacific Northwest is
less than 150 years. Consequently, any attempt to predict

future earthquake activity in the Hanfordregion based on
this meager record should be done with extreme caution and

prudence.

EARTHQUAKES AND GEOLOGIC STRUCTURES IN THE HANFORD REGION

Macroearthquakes

A visual examination of the spatial association between

earthquakes having intensity IV and larger (on the Modified

Mercalli Scale of I through XII), and geologic structures
in the Hanford Reservation region indicates no obvious or

unambiguous linear pattern of epicenters associated with any

of the known faults (Figure 3).  However, the group of

eight earthquakes near Walla Walla, Washington, form a

southwest-northeast trending pattern parallel to the southwest-
northeast trending Blue Mountains structure. The largest of
these earthquakes near Walla Walla, the 1936 Milton-Freewater      .
earthquake, caused intensity IV MM ground motion at Hanford

(Table I) and has been interpreted as being associated with          »
the Olympic-Wallowa lineament[4] (the Rattlesnake-Wallula
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lineament on Figure 3 is a segment of the Olympic-Wallowa
lineament).  In addition, Jones and Deacon[5] proposed that

the 1918 Corfu earthquake was related to movement on the

Saddle Mountains fault, but this proposal is now considered

doubtful (evidence for this is discussed below under

"Geologic Structures and Evidence for Faults").-

Microearthquakes

In March of 1969, a network of seven high-sensitivity

seismometers was established in the Hanford area by the

National Center for Earthquake Research of the United

States Geological Survey to determine the location and
magnitude Of microearthquakes and thereby detect patterns

of seismic activity that may exist. The network has been

subsequently enlarged, and cunrently consists of 29 seismo-

graph stations (Figure 4). The University of Washington
Geophysics Program assumed responsibility for operation of

the network in July of 1975. Preliminary results from the

microseismic network are in two open-file reports by the
U. S. Geological Survey[6,71 and in three quarterly reports

I 8-111and one annual report by the University of Washington.

In addition, a third open-file report is being prepa'red by
the U. S. Geological Survey that will evaluate and interpret

all data collected from 1969 to 1976 when the U. S. Geolog-

ical Survey was responsible for the operation of the micro-
seismic network.

Preliminary results to date indicate that more than

90 percent of the microearthquakes occurring in the Hanford
\-;

region are shallow, originating at depths of less than

10 kilometers, and that less than 10 percent are deeper,
...

originating at depths of more than 10 kilometers (Figure 5).
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Furthermore, the shallow microearthquakes are not randomly

distributed but show a clustering pattern. The individual
4,

clusters of microearthquakes are spatially arranged in a

somewhat diffuse, linear pattern trending roughly east-west,

approximately parallel to the Saddle Mountains structures

(compare Figure 3 and Figure 5).  Detailed studies of sev-

eral of the microearthquake clusters made with a portable

seismic network installed when the clusters began to form

indicate that, although the basalt was fracturing,

" . . . large, scale, through-going fault zones are

unlikely."[1
21

The deep microearthquakes are confined to

depths of between 10 and 27 kilometers, and form a somewhat
diffuse, north-south trending band (Figure 5).  The spatial

arrangement of the deep earthquakes within the band does
not appear to delineate a major fault.

Thus, the occurrence of the microearthquakes does
indicate that the crust beneath the Hanford Reservation is

currently being deformed by faulting, but the spatial

pattern of the epicenters reveals no obvious evidence of a

major, currently active fault.

Geologic Structures and Evidence for Faults

Geologic mapping of surficial deposits, geophysical

investigations, drilling of shallow hydrologic and engineer-
ing bore holes, and excavations of shallow trenches and

exploratory pits have not revealed features interpreted as
recent faults on or at shalTow depths beneath the Hanford

[2,13,14]Reservation. Likewise, as mentioned above, studies
-

of macro- and microseismic activity have not revealed

evidence for major, currently active subsurface faults.

Consequently, most attempts at detecting recent faults have

been directed toward evaluating geologic structures in the
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Pasco Basin and surrounding region within an approximately
100 kilometer radius of the Hanford Reservation.

D

The Pasco Basin is surrounded on three sides by anti-

clinal ridges.  To the north are the Saddle Mountains, to
the west is Manashtash Ridge - Hanson Creek and Umtanum

Ridge, and to the south is Rattlesnake Mountain. These

anticlinal ridges, and others throughout the region, possess
several features in common: they trend east or southeast;

they are transversely asymmetrical with one limb having a

gentle dip and the other a steep dip; and the crest of the

anticline is typically broad and open, but may be locally
compdicated by en echelon folding or minor flexures.

Several of the ridges have faults - or what have been inter-

preted as faults - associated with them. Largely because
of the presence of· these faults, the ridges have been

.mapped and studied in varying detail, mostly since 1966,
to determine if the faults actually exist; and if they do,
to determine if any remain active.

The geological field studies described below illustrate

what is apparently at least one reason for sharply divergent
geological interpretations of the Pasco Basin. Investi-

gators who did only reconnaissance studies have often con-

cluded that the alignment of breccia zones and certain

topographic features indicate the presence of laterally
extensive faulting. Investigators who did 5,13,15,16 

detailed field studies, or who have had extensive geological
field experience, often concluded that the same breccia
zones are either nontectonic (e.g., flow breccias), or if

tectonic, formed essentially contemporaneously with folding
- and in response to the same lateral forces producing the

folds; and that the topographic features can be explained

-                                                                                                                                                                                                                                                         A
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by differential erosion during Pleistocene flooding. I 2,6,17,191

Saddle Mountains
0

One of the earliest and most important geological studies
[5]was that of Jones and Deacon. Its importance lies not

in its accuracy, but in the questions it raised concerning
recent faulting. Mollard, in Jones and Deacon studied[ 5]

aerial photographs and reported several "fault systems" in
the Hanford region. Among these were fault systems in the

Saddle Mountains, on Gable Mountain-Gable Butte, and along
the Rattlesnake Mountain-Wallula Gap lineament, a segment of
the Olympic-Wallowa lineament.[41  According to Jones and

Deacon, the Saddle Mountains fault (Figure 3) shows evidence

of recent tectonic activity, including fresh scars, depres-
sions, and grabens which were probably associated with the

Corfu earthquake of 1918. In addition, they stated that the

Gable Mountain-Gable Butte fault system contains cross faults
that may be part of a larger fault system which, in turn, is

" . . .a potential locus for future fault movement due to

earthquakes . . ." and the Rattlesnake Mountain-Wallula
fault system shows evidence of recent tectonic activity

including the Milton-Freewater earthquake of 1936.

Because of the implications of these conclusions for

establishing seismic design criteria for Hanford facilities,

the Atomic Energy Comission requested an additional study
to verify or refute the findings of Jones and Deacon. This

[6]additional study was conducted by Bingham, et.al., of

the U. S. Geological Survey. It was based not on aerial

photographs, but on detailed field studies that included          1
limited trenching.  Bingham, et.al.,[61 concluded that the

-

depressions, scarps, and graben-like features associated

with the Saddle Mountains fault were not related to the
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Corfu earthquake of 1918 nor to recent tectonic activity

along the fault, but were genetically associated with large
'' landslide blocks which probably formed during Pleistocene

time. Furthermore, Carbon-14 age dating of layers of wind-

blown sand within the landslide deposit indicated that
" . . . the Saddle Mountai*ns faulting can be dated clearly
only as older than Pinedale age (12,000 to 25,000 ye ars

[2]ago)."  Results of other geological field work and an
aerial reconnaissance survey[18l in the Saddle Mountains is

r]consistent with the Bingham, et.al.,-6  interpretation.

Gable Mountain - Gable Butte

The Gable Mountain-Gable Butte area is completely within
the Hanford Reservation. Jones and Deacon [5] mapped a

fault on both Gable Mountain and Gable Butte, and Bingham

did discover a fault on Gable Mountain, but not on Gable
Butte.[61  The Gable Mountain fault has been exposed by

exploratory trenching. The geometry of the fault suggests
that the fault is contemporaneous with folding. Carbon-14
age dating of wood fragments[6l taken from undisturbed

sediments overlying the fault indicates no movement on the
fault in more than 40,000 years.

Rattlesnake Mountain - Wallula Gap

Bingham, et.al.,[61 did only reconnaissance mapping

along the Rattlesnake Mountain-Wallula Gap lineament

(Figure 3). They did not resolve questions concerning the

presence or absence of faulting along the lineament, but

merely noted the presence of several aligned linear outcrops
t.

of breccias and strongly sheared zones that they interpreted

as " . . . indicating the existence and continuity of the
e-%

Rattlesnake-Wallula Gap fault." Other studies have agreed

6-
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in essence with this interpretation, but they too were mainly
I 13 151reconnaissance studies.    '

*1

The most recent study, however, involved detailed sur-

face mapping at selected localities along the lineament

and reinterpreted the breccia outcrops as both flow breccia,

and as breccia produced by slippage between basalt layers

during folding; nonetheless, some evidence was found for

small faults of limited displacement and lateral extent
along the Rattlesnake-Wallula Gap lineament.[21  The exact

determination of the extent displacement and age of faulting
along the Rattlesnake-Wallula Gap portion of the Olympic-

Wallowa lineament remains unresolved, but the available

evidence does not indicate that a continuous or sharply

defined fault along which recent or historic movement has
occurred. This conclusion is consistent with microearth-

quake monitoring that failed to reveal an alignment of
earthquake epicenters with the lineament.

Wallula Gap Fault

The Wallula Gap fault is in Wallula Gap about 50 kilo-
meters southeast of Hanford. The trace of the fault is about

five kilometers south of the inferred trace of the Olympic-
Wallowa lineament. The Wallula Gap fault has a proposed[20]

westward extension along the front of the Horse Heaven

Anticline, but this extension has been disputed because
[13]

of lack of evidence of stratigraphic offset in overlying
strata. East of Wallula Gap, the fault merges with the[2]

Olympic-Wallowa lineament. Evidence for the existence of
1,1

the Wallula Gap fault includes breccia outcrops and aligned
[5.13,15]topographic features.  ' The same evidence has been

-

questioned because of a reinterpretation of the breccias as

e
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1
having formed by slippage during folding and a reinter-

pretation of the topographic features as having resulted

from differential erosion during Pleistocene flooding. I 2,171

Badger Coulee Alignment, Horn Rapids Alignment, and
Horse Heaven Anticline

Several other structures in the Hanford region have

been interpreted as having faults associated with them. Among
these are the Badger Coulee Alignment and Horn Rapids Align-

ment. Both of these are subparallel to the Olympic-[16]

Wallowa lineament (Figure 3). Detailed mapping has revealed

a lack of stratigraphic offset along the trace of the pro-
posed faults associated with the alignments.[2]

The Horse Heaven Anticline has been interpreted as a
major, possibly active, tectonic feature that is potentially

-more significant as an earthquake generator than the Olympic-

Wallowa lineament.  Field evidence for recent faulting along
the structure and the continuity of the structure itself

from the Cascade Mountains to the Blue Mountains has been
cited as supporting this interpretation.[14]

Maximum Anticipated Earthquake

Inasmuch as no known or inferred recent faults have

been discovered on or beneath the Hanford Reservation,

displacements caused directly by fault rupture are thought

to be highly unlikely. Other seismic hazards, such as

landslides, differential ground setting, soil liquefaction,

seiches, floods from dam or levee failure, and fires, are

:*.4/ surface phenomena and can also be disregarded. The remain-

ing and most important phenomenon is earthquake induced

+ ground shaking.

1--
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Several historic earthquakes in the Pacific Northwest
have produced different intensities of ground shaking dn the

RiHanford Reservation. Table I describes several such earth-

quakes and lists them in order of decreasing intensity at
Hanford. Ground shaking of intensity IV'is the largest
recorded to date at Hanford. Several authorities  1,18,22,23 

have estimated that the maximum anticipated earthquake to

be expected in the Rattlesnake-Wallula area or perhaps near
the Saddle Mountains could have a magnitude of 5.5 to 6.8

and produce up to MM-VIII intensity ground shaking with 25
percent gravity accelerations.[141   The consequences of

this hypothesized acceleration level on a mined cavern in
the basalt must be evaluated.

A comparison of seismograms from seismometers deep

within mines with seismometers on the ground surface above
the same mines has revealed little difference in the

intensity of shaking between the two locations. [21]

GEODETIC SURVEYS

Tillson[24l has analyzed geodetic data from first

order benchmark (levelingy and triangulation network surveys
across the Columbia Plateau made by the U. S. Coast and

Geodetic Survey. Results of his analysis indicate that the

Columbia Plateau as a whole is gradually basining

" . . .a t a n average rate of 1 m m per year."  Locally,
however, some areas within. the Plateau are basining at rates
of up to 4 mm per year and some others are rising at rates of

0

up to 3 mm per year. The leveling results indicated no

" . . . contemporary vertical movement that would be associated
with known or postulated fault systems . . ."  The tri-

angulation results indicated no discrepancies that might
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9
indicate horizontal displacement, and those discrepancies

»        in position that were found were not greater in magnitude
than " . . . the magnitude inherent in the measurement

system. The triangulation network used in this. I 241

analysis extended across both the Hanford Reservation and
the Olympic-Wallowa lineament.

Following Tillson's work, a trilateration network
consisting of 19 stations was established across the Hanford

Reservation from the Saddle Mountains to Rattlesnake Moun-

tain (Figure 6). The network has been surveyed four times

(March and June 1972, March 1973, and May 1975) using laser

geodolites having a distance measuring precision of 1 mm
between stations in the network. Results of the surveys to

data indicate no relative motion of any stations. [25]

Thus, the results of the trilateration survey and the
leveling and triangulation survey are consistent with a

contemporary-and apparently episodic-downwarping in the

Pasco Basin vicinity of the Columbia Plateau at a rate of

about 1 mm per year. Many geoiogic processes,I24,251

including regional deformation, proceed at seemingly

uniform rates when observed over long intervals of time, but
in reality proceed at varying rates in an episodic fashion

when observed over shorter intervals of time. A continuation

of folding is also indicated by the post-depositional
warping of Ringold beds reported by Brown and McConiga.[26]

RECOMMENDATIONS

A program of basinwide geologic mapping should be
initiated and given a high priority. The objective should be
the detection and evaluation of capable faults. This program

">2\
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1 should involve classical geological. mapping supplemented,

as necessary, by sufficient geochemical, petrographic, paleo-

3          magnetic, and mineralogical studies to insure an adequate
knowledge of stratigraphic relationships. Results from

geophysical studies such as gravity, aeromagnetic, and

seismic surveys should be more fully utilized.  Trenching
and drilling may be necessary in critical areas.

The Hanford trilateration network should be maintained

and surveyed periodically to monitor crustal strain in the
region. If possible, the network should be enlarged to the

south and east toward Walla Walla, Washington; Milton-

Freewater, Oregon; and Umatilla, Oregon. This would extend
the net across the Olympic-Wallowa lineament, Wallula Gap

fault, the Horse Heaven Hills and other structures in
the region of questionable tectonic activity.

Microearthquake monitoring using the Hanford micto-

earthquake net now in operation should continue. The seem-
ingly nebulous, diffuse, and somewhat unusual pattern of

microearthquake activity now observed may become better
defined with time.  .Continued operation of the net would
also. provide information relating to faulting mechanisms,
regional stress patterns, and physical characteristics of

the crust.
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