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ABSTRACT 

This PepoPt aims at consolidating existing data useful in defining the 

hydPologic chaPactePistics of the Pasco Basin within south-centPal Washing­

ton. In addition, the PepoPt aims at compiling the pPopePties PequiPed to 

evaluate contaminant tPanspoPt potential within individual subsuPface stPata 

in this basin. The intent of consolidating such data in one document is to 

pPoduce a pPeliminapy conceptual model that descPibes the hydPologic Pegime 

and the contaminant tPanspoPt potential that exists in individual stPata 

within the Pasco Basin. This PepoPt will be used in subsequent studies as 

a data base foP modeling the hydPologic Pegime and ascePtaining whetheP OP 

not the pPeliminapy conceptual model is accUPate. 

The Pasco Basin itself is a t~act of semi-aPid land covePing about 

2,000 squaPe miles·in south-centpal Washington. The Pegional geology of 

this basin is dominated by tholeiitic flood basalts of the Columbia Plateau. 

The suPface hydPology of the basin is dominated by the Yakima, Snake, and 

Columbia PivePs. The fiPst two aPe tPibutaPies of the latteP. ShoPt-lived 

ephemePal stPeams thPough poPtions of the basin may flow foP a shoPt period 

of time afteP a heavy Painfall oP snowmelt. 

The subsuPface hydPology of the Pasco Basin is chaPactePized by an 

unconfined aquifeP caPpying the bulk of the wateP dischaPged within the 

basin. This aquifeP ovePlies a sePies of confined aquifePs caPpying 

pPogPessively smalleP amounts of gPound wateP as a function of depth. 

The gPound wateP also incPeases in age as a function of depth . 

. The hydmuZic pPopenies of the various aquifePs and non-wateP-beaPing 

stPata have been chaPactePized and PepoPted hePe. A summapy of the basic 

propenies is tabulated in Table 6.11. The hydPochemical data obtained 

have also been summax~zed in this pepoPt. WateP chaPactePistics vapy as 

a function of the stPata whePe the_wateP is entPained. 

The contaminant tPanspoPt pPopepties of the Pocks in the Pasco Basin 

have been analyzed in ChapteP 8.0 of this PepoPt with emphasis on the dis­

pePsion and sor,ption coefficients and the chaPactePistics of the potential 

Peactions between emplaced waste and the suPPounding medium. 

The final chapter of this PepoPt pPesents some basic modeling con­

sidePations of the hydPogeologic systems in the basin with a bPief dis­

cussion of mode~ input PequiPements and their Pelationship to available 

data. 

;.I 
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1.0 INTRODUCTION 

1.1 PROGRAM OVERVIEW 

In February 1976, the U. S. En~rgy Research and Development Adminis­
tration (currently the U. S. Department of Energy) expanded the commercial 
radioactive waste management program and established the National Waste 
Terminal Storage Program. Its mission was to provide multiple facilities· 
in various deep geologic formations within the United States. The Office 
of Waste Isolation was established within the Union Carbide Corporation­
Nuclear Division to provide program management of the National Waste 
Terminal Storage Program. The overall program consisted of investigating 
a number of geologic rock types to determine their suitability for terminal 
storage of radioactive waste. Basalts, such as the Columbia Plateau·basalts, 
which underlie a large portion of the Pacific Northwest and the Hanford 
Site, were selected for initial geologic reconnaissance. Atlantic Richfield 
Hanford Company was asked in May 1976, by the Office of Haste Isolation, to 
plan and execute a basalt feasibility study. Geologic exploration of 
Columbia Plateau basalts was needed to determine the feasibility of 
utilizing those formations as a site for terminal storage of commercial 
nuclear waste. 

In September 1977, the National Waste Terminal Storage Program was 
restructured. While emphasis was still on a salt repository, additional 
funds were given to support investigations of two U. S. Department of 
Energy sites--Hanford and Nevada. The Hanford program is presently the 
responsibility of the U. S. Department of Energy-Richland Operations 
Office. Rockwell Hanford Operations (successor to Atlantic Richfield 
Hanford Company) is the prime contractor responsible for this work. The 
Basalt Waste Isolation Program within Rockwell Hanford Operations has been. 
chartered with the responsibility of conducting these investigations. 
This program is divided into seven areas: 

• 

• 

• 

• 

·• 

Systems Integration encompasses the definition of technical 
criteria, planning, and systems analysis, as well as repository 
siting and mine model development; 

Geology encompasses all geologic studies needed for basalt quali­
fication, repository siting, and conceptual design; 

Hydrologic Studies includes all tests required to define any 
existing ground water flow systems and to obtain the hydrologic 
information needed for basalt qualification, repository siting, 
and conceptual design; 

Engineered Barriers includes the thermal assessment of the 
repository environment and the effect of waste form and other 
PnainPPrPrl h~rriers on repository feasibility and effectivene~s; 

Engineering Testing involves the conduct of tests to obtain 
laboratory and in situ engineering properties necessary for 
conceptual design and basalt qualification; 



• 

• 
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Near-Surface Test Facility Construction involves the construction 
of a Near-Surface Test Facility for in situ testing of the thermo­
mechanical behavior of basalt; 

Repository Engineering includes the engineering work leading to 
design and completion of a basalt repository. 

1.2 PURPOSE AND SCOPE 

This report aims at consolidating existing data useful in defining 
the hydrologic characteristics of the Pasco Basin within south-central 
Washington. In addition, the report aims at compiling the properties 
required to evaluate contaminant transport potential within individual 
subsurface strata in this basin. The intent of consolidating such data 
in one document is to produce a preliminary conceptual model that 
describes the hydrologic regime and the contaminant transport potential 
that exists in individual strata within the Pasco Basin. This report will 
be used in subsequent studies as a data base for modeling the hydrologic 
regime and ascertaining whether or not the preliminary conceptual model 
is accurate. 

This report draws upon existing data available from numerous studies 
by county, state, and Federal aqencies, private institutions, universiti~s, 
and research centers. Data from these studies have been carefully analyzed 
to assess their validity and ensure the accuracy of our interpretation. 

1.3 ACKNOWLEDGMENTS 

The authors gratefully acknowledge the cooperation from the staff of 
the Hydrology Unit of the Research Department who gathered much of the 
data. Special thanks go to Dr. C. W. Myers, Mr. R. L. Biggerstaff, and 
Dr. M. R. Fox, who acted as reviewers of this document. 

,. 
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2.0 GENERAL CHARACTERISTICS 

2.1 LOCATION 

•· The Pasco Basin is a tract of semi-arid land covering about 2 000 square 
miles in south-central Washington (Figure 2.1). The basih boundarles 
lie between 46°00' and 46°50' north latitude and 118°50' and 120°30' west 
longitude, mostly within Benton, Franklin, and Grant counties. This section 
of Washington has a sparse covering of natural vegetation, primarily suited 
for grazing, although large areas in the basin have gradually been put 
under irrigation during the past few years. 

2.2 DEMOGRAPHY 

The major cities in the area are Richland, Kennewick, and Pasco, all 
of which are centered in the southern portion of the basin at the confluence 
of the Yakima, Snake, and Columbia rivers. The population of these 3 
cities, based on 1970 census information, is approximately 66,000. Current 
estimates place the population of the three cities at about 90,000. 

2. 3 CLIMATE 

The Pasco Basin climate is dominated by the high Cascade Range to the 
west and the prevailing direction of storm fronts from the Pacific Ocean 
eastward over these high mountains. The orographic effect is dramatic, ·in 
that the region has a very mild temperature and is dry. There are occasional 
periods of high winds. Summers are generally hot and dry; most of the 
moisture comes during winters, which are relatively mild. 

The average maximum temperatures in January and July are 2.6° and 
33.2° C, respectively. The average minimum temperatures for the same months·. 
are -5.5° and 16.l° C, respectively. The average relative humidity varies 
from a low of 31.8 percent in July to a high of 80.4 percent in December. 
The minimum diurnal temperature in winter seasons ranges from -32.8° to 
.. 5.6° C; the diurY,Jil] mr~ximum temperatures in stimmer seasons vary from 
37.8° to 36.1° c.\ 1

) 

Average annual precipitation is 6.25 inches. Thirty-seven percent of the 
annual precipitation occurs during November, December, and January; whereas 
only 10 percent occurs in July, August, and September.( 1 ) A slight 
secondary maximum in precipitation occurs in late spring. About 45 percent 
of all precipitation that occurs during the months of December through 
February is in the form of snow. 

Mean monthly wind speeds range from about 5 miles per hour in the 
winter to 9 miles per hour in the summer. July hourly average wind 
speed varies from a low of about 5 miles per hour in mid-morning to a 
high of 13 miles per hour in the late evening. lhe correspond1ng speeds 
in January have the same trend, but have less than a 0.6-mile-per-hour · 
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difference. The prevailing wind directions are from the north-northwest 
through northwest. The strongest winds tend to be from the southwest. 
The highest observed peak wind gusts of 41 miles per hour or greater 
have been observed on the average_of at least once in every month of the 
year, although the winter months tend to have a higher frequency of high­
wind periods. 

2.4 LAND AND WATER USE 

Land within the Pasco Basin is used for agriculture and for Federal 
Government installations .. Agricultural land is generally north and east 
of the Columbia River aDd south of the Yakima River (Figure 2.1). Mo$t 
of the agricultural land is used for growing irrigated crops. Within · 
the Pasco Basin vicinity, the annual quantity of irrigation water pumped 
fro~ the Colu~bia and Yakima rivers and from wells is estimated at 1010 

cub1c feet.( 2 J Government installations include the 476-square-mile 
U. S. Department of Energy site in the north-central portion of the 
Pasco Basin and the U. S. Army-Yakima Firing Center in the northwest 
portion of the basin. 

2.5 PHYSIOGRAPHY 

The Pasco Basin is a structural and topographic low within the Columbia 
Plateau. The Pasco Basin is bounded by the Saddle Mountains to the north, 
Umtanum and Yakima ridges to the west, the Rattlesnake and Horse Heaven hills 
·to the south, and a broad regional monocline (known locally as the Jackass 
Mountain monocline) to the east. 

The central portion of the basin is partially filled with continental 
clastic sediments transported into the area by river systems from the 
surrounding highlands. The general surface topography of these sediments 
forms a broad plain which varies in elevation between 400 and 900 feet. · 

Locally, a diversity of landforms is found within the basin. In the 
north-central portion of the basin, two basaltic ridges, Gable Mountain and 
Gable Butte, crop out above the fluvial plain. These two ridges are the 
eastern extension of the Umtanum Ridge beneath the basin. Catastrophic 
flooding during the Late Pleistocene has scoured scabland tracts and coulees 
in the eastern portion of the basin and aggraded extensive bar deposits 
in the western two-thirds of the basin. Erosion by the Columbia River and 
Late Pleistocene floods has formed steep bluffs in the northeast portion of 
the basin. 

In addition, other landforms also characterize the basin. Landslides 
are prominent along the basaltic ridges bounding the basin and along the 
river bluffs. Both active and stabilized sand dunes also are prominent 
features forming a veneer over most of the Pasco Basin . 
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3.1 RHO-BWI-LD-20 

3.0 GEOLOGY 

3.1 REGIONAL GEOLOGY 

3.1.1 Miocene Volcanic Rocks 

The regional geology surrounding the Pasco Basin is dominated by a 
tholeiitic flood basalt province in the Columbia Plateau and adjacent Blue 
Mountains of Washington, northern Oregon, and adjacent Jdaho (Figure 3.1). 
The flood basalt province is a layered mass of more than 50,000 cubic 
miles'of basalt covering an area of more than 60,000 square miles. The 
flood basalts and associated rocks form a plano-convex lens. The upper 
surface of the lens slopes gently inward, except where locally modified by 
fo 1 d systems. 

The basalts erupted from liijear fissure systems in the eastern and 
southern portion of the· plateau.P, 2 ) Most of the basalt was emplaced 
during a 3-milljo(l-year volcanic pulse between 16 and 13 million years 
before present.l 3 J However, sporadic(fjssure eruptions continued until 
about 6 million years before present. ~J 

The flood basalts are collectively designated th~ Columbia River Basalt 
Group, and have been subdivided into five formations.l 5 ) The low~r two 
formations are the Imnaha Basalt( 6 ) and the Picture Gorge Basalt.l 1

) The 
upper three formations, the Grande Ronde Basalt, the Wanapum Basalt, and. 
the Saddle Mountain Basalt, collectively constitute the Yakima Basalt 
Subgroup. 

In general, progressively older basalt formations crop out toward the 
margins of the plateau (Figure 3.2). The oldest formation in the Columbia 
River Basalt Group is the Imnaha Basalt. The Imnaha Basalt unconformably 
overlies deformed pre-Tertiary rock and is found only in northeastern Oregon 
and adjacent portions of Idaho and Washington. At its type locality in 
Oregon, the Imnaha Basalt is about 1,700 feet thick.( 7

,
8 J The Imnaha(l~vas 

emanated, at least in part, from feeder dikes in northeastern Oregon. 7 1 

Picture Gorge Basalt crop~ out in north-central Oregon. These lavas 
are about 15 million years o]dP) and unconformably overlie tuffaceous rocks 
of the John Day Formation.( 2

) To the south, the-andesitic and rhyolitic 
rocks of the Strawberry Volcanics underlie, interfinger with, and overlie 
the Picture Gorge B~salt.\ 9 J The thickness of the Picture Gorge Basalt is 
up to 2,600 feet.( 5 J · 

The Grande Ronde Basalt is the most widespread formation in the 
Columbia River Basalt Group (Figure 3.2).( 10

) It covers all of the Columbia 
Plateau in Washington, extends south into the Blue Mountains, and is present 
along the lower Columbia River valley. The thickest section of Grande 
Ronde Basalt is in the Pasco Basin, where the unit is at least 500 feet 
thick. The formation crops out against older rocks along its margins. 
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However, in north-centr~l Oregon, the Grande -Ronde interfingers with the 
Picture Gorge Basalt.{ 5 J The Grande Ronde Basalt rests co~formably on 
the Imnaha Basalt, with no evidence of a major time break.\ 11

,
12

) This 
evidence indicates the Grande Ronde Basalt is at least in part coeval 
with the Picture Gorge, but o·l der than Imnaha. The top of the Grande 
Ronde is generally overlain by the Vantage member of the Ellensburg 
Formation or a zone of weathering. 

The Wanapum Basalt conformably overlies the Grande Ronde Basalt in 
the central portion of the plateau. Swanson, et al.,( 5

) conclude that on 
a 11 regional scale, however, the Wanapum Basalt disconformably overlies 
progressively older parts of the Grande Ronde Basalt eastward from the 
center of the plateau. 11 This suggests that downwarping of the Plateau 
started in Grande Ronde time. At one locality in southeastern W9sbington, 
Wanapum Basalt is known to interfinger with Grande Ronde Basalt.l 5

) 

The Saddle Mountains Dusalt is gene1·nlly conformable with the WanapUiu 
Basalt. Locally, however, particularly on the Yakima fold. flows of the 
Saddle Mountains Basalt form angular unconformities with Wanapum Basalt. 
The Saddle Mountains Basalt is largely confined to the center of the plateau, 
where downwarping has continued since Grande Ronde time, but there are some 
small exposures in the Lewiston Ba~in)and intercanyon flows which filled 
the ancestral Snake River valleys.l 13 The age of the Saddl~ Mountains 
Basalt is about 13.5 to 6 million years before present;{~, 1 ~1 it represents 
the waning period of Columbia River Basalt volcanism. Eruptions were 
sporadic during this time interval, allowing thicker sequences of inter­
bedded sediments to accumulate in the central portions of the plateau. 

3.1.2 Miocene Sedimentary Rocks 

During quiescent periods in Columbia River Basalt volcanism, conti­
nental clastic sediments were transported onto the Columbia Plateau from the 
surrounding highlands. In the northeast portion of the plateau, lacustrine 
and fluvial sediments of the Latah Formation occur beneath, interfinger 
with, and overlie the Columbia River Basalt Group.( 15

,
16

) A sequence of 
tuffaceous lacustrine sediments underlies and interfingers with the Columbia 
River Basalt Group in the southwestern portion of the plateau. These 
sediments are designated as the Payette Formation. Along the western margin. 
the Columbia River Basalt Group is interfingered with and overlain by 
volcaniclastic sediments of the Ellensburg Formation.( 17 J These sediments 
were derived largely from the Cascade Range, they are found near the center 
of the plateau,i and become increasingly abundant from 11Janapum thr·ough 
Saddle Mountains time. In the southwest portion of the plateau, the Mascall 
Formation is interfingered with and overlies the Columbia River Basalt 
Group.\ 2 , 5 1 

• 

•• 

• 
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3. 1.3 Plio-Pleistocene Sediments 

Deformation during the later stages of Columbia River Basalt volcanism 
resulted in the emergence of the Yakima fold system in the. plateau interior. 
Growth of these folds created a system of structural ridges and basins, which 
include the Ellensburg Basin, Quincy Basin, Yakima Basin, Pasco Basin, and 
Umatilla Basin (Figure 3.1). Thick sequences of sediments transported from 
the surrounding highlands accumulated in these basins. 

Clastic sediments of the Pliocene Ringold Formation accumulated in 
the Quin~v. Pasco~ and Walla Walla basins in the central portion of the 
plateau.l18 • 19 • 20 J Catastrophic floods at the close of the Pleistocene 
Epoch resulted in the deposition of th~ck ~eq~ences of glaciofl~vial 
sediments in these central plateau bas1ns.l 21 J The flood depos1ts over­
lie the Ringold Formation and the Columbia River Basalt Group. 

On the western margin of the plateau in the Yakima and Ellensburg basins, 
Ellensburg sediments continued to aggrade aft~r ces$ation of Columbia River 
Basalt volcanism. The Pliocene Thorp gravelsl 22

•
23 J overlie the Ellensburg 

Formation in the Ellensburg Basin. The Ringold Formation and glaciofluvial 
sediments are pr~seQt in the lower Yakima Basin. In the Umatilla Basin, The 
Dalles Formationl 24 J was deposited on the Columbia River Basalt. Impoundment 
of floodwaters in Glacial Lake Lewis during the Late Pleistocene(re$ulted in 
the deposition of glaciofluvial sediments in the Umatilla Basin. 21

) 

3.2 PASCO BASIN GEOLOGY 

3.2.1 Stratigraphy 

3.2.1.1 Basement Rock 

The basement rocks underlying the basaltic lava flows in the Pasco Basin 
are of uncertain composition. Pre-basalt rock types can be projected from the 
margins of the Columbia Plateau, 100 to 150 miles away, and are inferred to 
exist locally in the central plateau area, perhaps beneath the Pasco Basin. 
For example, data from the Basalt Explorer Well, northeast of the Pasco 
Basin, indicate that sandstones and shales comparable to sedimentary rocks 
of the Cascade Range may lie beneath the Pasco Basin. Recent magnetotelluric 
surveys indic~te a very deep conductive section, possibly representing these 
sediments.( 25 J Beneath these sediments are probably granitic rocks comparable 
to those in the Okanogan Highlands, the Snoqualmie Pass area of the Cascade . 
Range, in the Moscow Basin area of Idaho, in the lower part of the Basalt 
Explorer Well, and parts of the core of the Blue Mountains, Oregon. The 
granitic rocks there were intruded into largely Paleozoic and early 
Mesozoic metavolcanic and metasedimentary rocks whose equivalents might 
also occur beneath the Pasco Basin. 
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3.2.1.2 Columbia River Basalt Group 

In the Pasco Basin, near the center of the area covered by the Columbia 
River Basalt, the total basalt sequence is more than 10,000 feet thickt 26 J and •· 
perhaps as much as 19,000 feet thick.t 25

) In the Pasco Basin, a 5,000-foot thick 
sequence of Columbia River Basqlt.apparently overlies a series of older basalt 
of Oligocene to Eocene age.l 5 ) Approximately 100 basalt flows, including 
both Columbia River Basalt and older lavas, have been identified from geophysical 
logs obtained from a 10,600-foot deep borehole located along the western margin 
of the Pasco Basin. 

The stratigraphic nomenclature for the Pasco Basin is given in Figure 3.3. 
The three formations which constitute the Yakima Basalt Subgrovp have been 
subdivided into additional mappable units (members and flows).l 27 l Based on 
extensive borehole and mapping studies, many of these units have been deter­
mined to be laterally continuous across the Pasco Basin (Figures 3.4 and 
3.5). 

Individual basalt units within the Pasco Basin vary in thickness from 
flows greater than 325 feet in thickness to flow units a few feet thick. 
The internal characteristics of these flow units show a high variability in 
jointing patterns between flows, but a typical flow usually consists .of: 
(1) a lower zone or lower colonnade, generally 1/2 to 1/3 the thickness of 
the flow having nearly symmetrical columnar joints defining prismatic columns 
oriented approximately perpendicular to the flow top; and {2) an upper zone 
or entablature, generally 1/2 to 2/3 the thickness of the flow and consisting 
of a much more irregular jointing pattern where columnar joints, if present, 
are less distinct than in the colonnade (Figure 3.6).( 28

• 29 ) The flow tops 
are typically vesicular and most flows have a thin vesicular zone at the 
base. 

3.2.1.3 Ringold Formation 

The Ringold Formation is Pliocene in age{zu} and was deposited in 
response to a flattening of the gradient of the Columbia and Snake rivers. 
systems, perhaps related to the uplift of the Horse Heaven Hills and 
consequent deposition of the sediments carried.l 30 J The Ringold 
Formation in the Pasco Basin has accumulated to a thickness of up to 
1 ,300 feet. 

The Ringold Formation can generally be divided into three units on 
the basis of texture: clay and silts with lenses of gravel of the lower 
Ringold unit; occasionally cemented sand and gravel of the middle Ringold 
unit; and silts and fine sands of the upper Ringold unit (Figure 3.7).( 31 ) 

The lower portion of the Ringold Formation is, in general, conformable 
with the surface of the underlying basalt bedrock. The lower Ringold unit 
is thickest in the central portion of the Pasco Basin and thins to the margins 
of the basin. The matrix-supported_ conglomerate of the middle Ringold unit over­
lies the lower unit. The upper Ringold unit is generally confined to the 
margins of the basin; elsewhere, it either has not been deposited, or has 
been eroded by ancestral river systems and by Late Pleistocene catastrophic 
flooding of the basin. 

• 
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3.2.1.4 Palouse Soils 

An eolian silt (loess) and fine sand overlie part of the eroded surface 
of the Ringold Formation and caliche bed beneath the western· part of the 
Hanford Site (Figure 3.7).( 32 ) It is considered to be the equivalent to the 
earlier Palouse soils (loesses) of eastern Washington and western Idaho. 
It indicates a climate comparable to that of today, with effective wind 
transport and deposition of sediment. 

3.2.1.5 Hanford Formation (Informal Name) 

The Ringold Formation and the basalts and sedimentary interbeds were 
locally eroded and truncated by multiple floods that occurred as ice-dammed 
lakes released catastrophic torrents of water and jce when the ice dams 
were breached near the close of the ice age.( 21 •

33 l The floods scoured the 
land surface leaving a network of buried channels crossing the Pasco Basin 
filled with the outwash sands and gravels, forming the Hanford formation. 

The glaciofluvial sediments in the Pasco Basin were deposited on the 
Columbia River Basalt Group and Ringold Formation (Figure 3.7) .. These sedi­
ments can be divided into the coarser sands, gravels, and boulders and are 
referred to as the Pasco Grayel$;( 27 1 th~ fine-grained sand and silt units 
are called the Touchet Beds.l 34 J 

The Touchet Beds represent low-energy (slack water) sediments deposited 
in Glacial Lake Lewis, which formed when floodwaters were backed up behind· 
the Wallula Gap constriction. The Pasco Gravels represent high energy 
deposition in areas of more rapid water f1ow. In genera1, the Touchet Beds 
are found on the margins of the basin and the Pasco Gravels in and near the 
center of the basin. The characteristic variability of sediment size and 
degree of sorting within the 11 gravel 11 unit can be attributed to changes in 
water velocity and water level which occurred during the flooding process. 
The thickness of the Hanford formation varies significantly within the basin, 
with the thickest occurrence in the region of buried channels. 

3.2. 1.6 Eolian Deposit 

Loess and sand dunes mantle the surface of the Pasco Basin. These 
deposits are primarily reworked sediments of the Hanford formation from 
surrounding areas. The thickness of the wind-blown sediments varies con­
siderably, ranging from zero to more than 100 feet in some dunes. 

3.2.2 Structure 

3.2.2.1 Folds 

The most prominent structural features in the Pasco Basin and vicinity 
are anticlinal ridges known as the Yakima folds which divide the Columbia 
Plateau into several structural and physiographic basins. Although the 
orientation of the folds is generally east-west, they are east-west­
trending, west-northwest-trending, and northeast-trending segments 
(Figure 3.8). 
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3.2.2.2 Faults 

The major faults mapped in the Pasco Basin vicinity are generally 
associated with folds in the basalt and typically sub-parallel fold axes. 
Many of the anticlinal structures shown on Figure 3.8 have associated 
faults along part of their extent. 
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4.0 SURFACE HYDROLOGY 

4.1 GENERAL 

The Pasco Basin lies within the Columbia River Basin. This major surface 
drainage system (Figure 4.1) covers parts of five physiographic provinces 
in the United States, namely: (1) Pacific Border; (2) Cascade Range; 
(3) Columbia Plateau; (4.) Northern Rocky Mountains; and (5) Middle Rocky 
Mountains. It also includes a portion of the British Columbia Physiographic 
Province in Canada. The Columbia River Basin is drained by the 1,243-mile~ 
long Columbia River and its major tributaries: Kootenai; Pend Oreille; 
Spokane; Okanogan; Wenatchee; Yakima; Snake; Lewis; Cowlitz; John Day; 
Deschutes; and Willamette rivers. 

The headwaters of the Columbia River are at Columbia Lake (Figure 4.1) 
in British Columbia, between the Canadian Rockies and the Selkirk Mountains, 
2,650 feet above sea level. The river empties into the Pacific Ocean near 
Astoria, Oregon at 45°15' latitude and 124°05' longitude. 

The Columbia River flows northwest for the first 218 miles, then south. 
for 280 miles, crosses the United States-Canadian border into northeast 
Washington, and flows south~ ~hen west, and again south across central 
Washington in a sweeping curve called the Big Bend. Just below the mouth 
of the Snake River south of Pasco, Washington, the Columbia turns west 
for 210 miles and cuts across the Cascade Range, forming the boundary 
between Oregon and Washington. Near Vancouver, Washington the river turns 
north for 50 miles, then west for the final 55 miles to the Pacific 
Ocean. 

4.2 DRAINAGE OF THE PASCO BASIN 

The Pasco Basin is drained by the Yakima, Snake, and Columbia rivers. 
Short-lived ephemeral streams through portions of the Pasco Basin may flow 
for a short period of time after a heavy rainfall or snowmelt. 

The Yakima River is a major tributary of the Columbia River (Figure 4.1). 
It has an overall length of about 180 miles and a drainage basin of about 
6,000 square miles. The river heads in the rugged eastern slopes of the 
Cascade Range and flows sou.theastward into the semi-arid region of 
Central Washington. The Snake River starts in the state of Wyoming and flows 
westward to the confluence with the Columbia just south of Pasco, Washington. 

The surface hydrology of the Pasco Basin( 1
) has been extensively studied, 

especially as part of the Hanford was~e management programs an~ as_part of 
studies by the U. S Army-Corps of Eng1neers. The Hanford stud1es 1~clude not 
only an analysis of the Columbia and Yakima rivers, but also extens1ve 
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investigations as to the nature of a number of man-made ditches and ponds 
which are used for the disposal of low-level radioactive waste (Figure 4.2), 
certain industrial waste, and cooling water from various processes. A 
complete list of the ditches and ponds, together with their physical dimensions 
and radioactive inventories, has been compiled.tlJ 

Direct precipitation over the Pasco Basin mostly evaporates, leaving a 
minimal amount of water as land runoff and/or infiltration. Except for 
minor periods of time during the spring, land runoff in the Pasco Basin is 
negligible. 

More precipitation falls during the winter at the Hanford Meteorological 
Station and at Richland, Washington than during the summer. Thirty-seven 
percent of the total typically falls during November, December, and January, 
whereas only 10 percent falls during July, August, and September.( 2 ) 

Thus, precipitation is least when the potential evapotranspiration (PE) 
is greatest and largest when the PE is least. This tends to'make both the 
mean annual surplus and mean deficits (which are the sum of the mean monthly 
surpluses, and the sum of the mean monthly deficits) larger than if the· 
precipitation were uniformly distributed in time. 

Figure 4.3 shows the relation of mean-an.nual precipitation, PE, 
surplus, and deficit as a function of altitude obtained from 64 stations 
in and around the Yakima River Basin, which is adjacent to the Pasco 
Basin.(3J · 

The precipitation at Richland and the Hanford Meteorological Station( 2 ) 
shown on Figure 4.3 suggests that these curves should fit the Pasco Basin 
conditions fairly well. However, limited precipitation data from the Arid 
Lands Ecology Reserve( 2 } ori the west side of the Hanford Site suggest that the 
precipitation rate increases more slowly with altitude in the Pasco Basin 
than it does in the Yakima River Basin. Precipitation at the top of Rattle­
snake Hills appears to be only 70 to 90 percent greater than at the Hanford 
Meteorological Station; whereas the curve of Figure 4.3 suggests that it 
shoYld be 500-600 percent ~reater. If this is indeed the case, the surpluses 
will be·smaller and deficits larger than those shown. This is significant 
·to the ground water hydrology of the(P~sco Basin because rechar~e must 
be less than the calculated surplus. 4 J 

The Columbia River reaches from Priest Rapids Dam (river mile 397} 
(Figure 4.2) to the head of the reservoir behin~ McNary Dam (approximately 
river mile 351) are the last free-flowing stretch of the Columbia River within 
the United States. The main channel is braided around the island reaches 
and submerqed rock ledges and gravel bars causing repeated pooling and 
channeling. The riverbed material is mobile and dependent on river ve·locities; 
it is typically sand, gravel, and rocks up to 8 inches in diameter. ·small 
fractions of silts and clays are associated with the sands in areas of low­
velocity deposition, becoming more dominant approaching the upstream face 
of each river dam. 
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Velocity measurements in the Columbia River have been made at" selected 
locations, usually in conjunction with temperature and radioactivity surveys, 
and have included both surface velocity and velocity as a function of depth. 
Surface and vertical velocity profiles have been drawn from these measure­
ments.(1) The maximum velocities measured vary from less than 3 feet per 
second (fps) to over 11 fps, depending upon the river cross section and flow 
rate. 

From the reactors located on the Hanford Site to several miles below 
the Snake River mouth, bed sediments of the Columbia River are typically 
sand, intermixed with gravel ~nd rock as large as eight inches in diameter. 
Streambeds of eddying areas in this relatively fast-water reach are usually 
composed of sand. Sand, silt, and clay are deposited in slack water areas. 
behind McNary Dam. Between the upstream reach (which has a coarse-sediment 
bed) and the deposits of smal~-size sediments near McNary Dam, the streambed 
in deep channels is sand and, in shallow areas, is a mixture of sand~ silt, 
and some clay. Some sediment is present in the Bonneville Dam reservoir. In 
general, the bed in most stretches of the river between the reservoirs 
either has been scoured to bedrock or has been covered with a thin deposit 
of coarse gravel. 

Concentrations of suspended sediment carried .by the Columbia River vary 
considerably throughout the year because of the seasonal contributions of 
tributaries. However, during all seasons, the Snake River usually is the 
major contributor of suspended sediments. During slack water, the dams along 
the Columbia and Snake rivers normally interrupt the transport of suspended 
sediment as well as the bedload; during high water, the sediment is re­
suspended. Thus, most of the suspended sediment is discharged to the Pacific 
O~ean during the late spring and early summer at the time of highest flow 
rate. 

Bedload sediment transport, appreciable only in the lower Columbia, 
is probably small, perhaps on the order of 10 percent of the total sediment 
load, exclusive of dissolved materials.(l) 

4.3 POTENTIAL FLOODS 

A calculation of the effect of a Columbia River flood that might occur 
in the next 1,000 years on the Hanford Site has been performed and reported. (l) 
The flooding condition used in the analysis is the dam-regulated ''Probable 
Maximum Flood" (PMF) previously predicted( 1) by the U. S. Army-Corps of 
Engineers. This prediction was derived using extensive data and computer 
modeling techniques and incorporating assumptions of a combination of 
conditions which were the most severe considered "reasonably possible" for 
the .Columbia River Basin. Contributing factors of winter snow accumulation, 
spring melting, and runoff-season rainstorms were maximized. 
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The basic cause of the PMF would be spring snowmelt runoff in the 
mountains of the Columbia River Watershed following exceptionally cold 
and wet weather during the October to April snow accumulation season. It 
was assumed that, over the Columbia River Basin as a whole, the October to 
April precipitation equaled 1.3 times the normal annual precipitation. 
Unusually rapid melting due to meteorological conditions was predicted as a 
result of the assumption of extreme :seasonal values for air temperatures, 
dew point, solar radiation albedo, and wind speed. 

In addition, two hydrologically significant {the most severe considered 
11 reasonably possible 11

) basin-wide rainstorms were assumed. It was also 
assumed that rain contributions to the PMF fell entirely during two 5-day 
periods during the snowmelt season. The first was arbitrarily chosen in 
mid-May, the second was timed to maximize the natural peak discharge of the 
lower Columbia River. This calculation shows that, even under these circum­
stances, the flood would be restricted to a narrow zone adjacent to the 
Columbia River. 

The probable maximum 24-hour precipitation that can be expected in the 
Pasco Basi~ region near Hanford at le~st once in 1 million years is about 
11 inches.t 5 J The maximum recorded 24-hour precipitation has been 1.94 inches. 
Even an 11-inch, 24-hour downpour floodi-ng would be confined to the immediate 
areas along the Columbia River. 

Estimates of the consequences of hypothetical {artificial) floods 
have been reported.{ 6 ) A worst-case event would result from a postulated 
50 percent breach of.Grand Coulee Dam. The ensuinQ flood of 7.9 x 106 
feet per second would crest at about 460 feet above mean sea level in the 
channel between 200 East Area and Gable Mountain. 

4.4 
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5.0 SUBSURFACE HYDROLOGY 

5.1 GENERAL 

The Pasco Basin is only a part of the area covered by Columbia River 
Basalt (Figure 2.1). Located in south-central Washington, the Pasco Basin 
extends southward to near the Washington-Oregon border. It entirely encom­
passes the Hanford Site. Its boundary crosses the Columbia River just south 
of Lake Wallula and the Snake River, and just north of Sentinel Gap near the 
Saddle Mountains. 

The Pas~o Basin lies completely w~thin the Columbia River Basalt 
Plate au which extends westward almost to Port1 and,. Oregon; eastward into 
Idaho; southward to central Oregon; and northward to northern Washington. 

fhe Pasco Basin, being a subset of the Columbi~ River Ba3in (rigure 4.1) 
includes a sequence of subsurface systems ranging from localized to inter­
mediate to regional, where the latter two may have their origin outside the 
Pasco Basin. 

5.2 DESCRIPTORS OF THE SUBSURFACE FLOW FIELD 

The subsurface flow field of a given area can be characterized by de­
fining: (1) descriptors of the subsurface flow system; (2) measurinq the 
basic hydraulic properties; and.(3) establishing reference fluid character­
istics (Table 5.1). The basic descriptors of the fluid system give the 
geometri£ (areal and stratigraphic) and potentiometric (head) variations as 
a function of time and space. These descriptors will be discussed in this 
section of the report. Chapter 6.0 of this report discusses the basic 
hydraulic properties. The fluid characteristics required to model the sub­
surface hydrology of the Pasco Basin are not affected by the chemistry of the 
water, inasmuch as the total content of salts in the water is minimal. Thus, 
the standard. values listed in Table 5.1 are approp~iate. 

5.3 DATA BASE 

Much of the data for studying subsurface hydrologic systems come from 
surveys of the literature and an analysis of existing well records. This 
study began with the compilation of a bibliography covering reports dealing(l) 
with the geology and ground water of the basalt both within the Pasco Basin 
and outside the Pasco Basin 1 but within the Columbiu River Busin with emphasis 
on the State of Washington.\ 2 ) A bibliography of)the hydrologic studies on 
the overlying sediment was previously reported.l3 

Data from existing wells were compi'led as part of our hydrologic base. line 
studies. About 800 wells that penetrate basalt in the Pasco Basin have been 
identifi~d and their base line information has been compiled into standard 
forms.( 4 J Of these wells, 268 have been drilled in basalts deeper than the 
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TABLE 5.1 

GENERAL DATA REQUIREMENTS TO 
DESCRIBE THE SUBSURFACE FLOW FIELD 

DESCRIPTORS OF THE 
SUBSURFACE FLOW SYSTEM HYDRAULIC PROPERTIES 

1. Recharge and discharge 1. Hydraulic Conductivity 
locations and rates 

2. Porosity 
2. Time-varying potentials 

along the boundaries 3. Storage coefficient 
of the system 

3. Geometric description of 
aquifer boundaries 

FLUID PROPERTIES 
4. Initial potential 

distribution 1. Density p = 1 gm/cm 3 

5. Soil moisture 
characteristics* 

2. Compressibility·· 
c = 1.45 x l0- 5 cm·s~c 2/g 

3. Viscosity l..1 = 1 centipoise 

*Only in the vadose zone. 
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Mabton interbed or its equivalent. Their data have been co~piled in a_separate 
report.{ 5 } Data from selected wells within the Hanford Site not penetratina. 
the basalts but bottoming out in the overlying sediment were also compiled.{ 6 } 
These .data include the description and ~u~mary logs of cuttings sampled 
from 114 wells within the Hanford Site.t 7 J 

5.4 OVERALL CONCEPTUAL SYSTEM 

Using the aforementioned data ba~. one can develop a concept for the flow 
systems underlying the Pasco Basin. Overall, we envision a series of systems 
ranging from regional to local that extends from the water table of the upper 
sediments to depths of several thousands of feet. Figure 5.1 depicts these 
flow systems in a cross section through the Pasco Basin. 

Our conceptualization makes evidence of the following points. 

• A re~ional flow system carries water (rechar~ed, perhaps as far 
away as the Okanogan Highlands to the no~th or the.Rocky Mountains 
to the east) that underflows the Pasco Basin and discharges down­
stream--perhaps to the Columbia River. or d'irectly to the Pacific 
Ocean. ·By the time the water reac::hes.the Pasco Basin area, it is 
very very old, because it is moving under a very small hydraulic 
gradient within basal~ flows of low hydraulic conductivity. 

• Ground water also moves through intermediate flow systems that 
are recharged in regions beyond the.Pasco Basin; conceivably, a 
flow system that has its origin in the Cascade Range under-
flowing the local flow systems and overflowing the regional system. 
There definitely exists an intermediate system that brings water 
from the eastern part of the Columbia River Basalt Plateau. These 
intermediate flow systems carry some of the water discharged to the 
Columbia River within the Pasco Basin. 

• Local flow systems discharge water to local springs and streams 
as well as to the Columbia River. This water is very young and has 
its origins in recharge areas in the basin, such as Rattlesnake 
Hills and Saddle Mountains. These systems carry the bulk of the 
water discharged to the Columbia River within the Pasco Basin. 

Within the Hanford Site, water table data show that two small 'local 
systems (Figure 5.2) resulting from waste management operations overlie the 
local system. These superimpOsed systems dO not intetact with the bas1n's 
local system except through .their common boundary. 

In the Pasco Basin, the local system appears to correspond to the 
unconfined aquifer in the overlying sediments. The intermediate flow system 
is really a collection of confined aquifers corresponding to flow tops ·and 
interbeds of the uppermost basalts. Some of these are interconnected in 
places, although the vertical hydraulic conductivity of most basalt is 
probably very small. As we progress downward in the section, the flow paths 
become longer and the intermediate flow systems can then truly be termed 
regional. Figure 5.3 summarizes the hydrostratigraphic relations in the 
Pasco Basin. 
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GEOLOGIC TIME SCALE GEOLOGIC CHARACTERISTICS 

ERA PERIOD EPOCtl RADIOGENIC STRATIGRAPHIC BED OR FLOW UNIT LITHOLOGIC CHARACTER 
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5.5 RECHARGE AND DISCHARGE 

Recharge and discharge areas and rates for the local flow system 
(unconfined aquifer) in the Pasco Basin are better understood than for 
any of the deeper systems. Recharge and discharge to this system clearly 
occur within the Pasco Basin itself. Natural recharge to the unconfined 
system occurs in the Cold Creek and Dry Creek valleys along the margin of 
Rattlesnake Hills and Yakima Ridge (Figure 5.4}. Some recharge also occurs 
along the Saddle Mountains and Umtanum Ridge. The Yakima River recharges 
the unconfined aquifer along its reach from Horn Rapids to Richland, 
Wasl1"ington. The Columbia River represents a hydraulic discharge boundary 
for the local flow system. Ground water discharge and bank storage are 
affected by seasonal river stage fluctuations from one to three miles to 
either side ot the Columbia River. Summers and Deju(u) dndlyLt:!LI Lh~ ndtural 
recharge and discharqe areas in the Pasco Basin and prepared a map showinq 
their location. They also anal.vzep the extent of s.vnt_heti.c recharqe within 
the Pasco Basin resulting from waste management activities at the Hanford 
Site (Figure 5.2). The bulk of the synthetic recharge has resulted from 
disposal operations into five ponds (Figure 4.2}, namely: (1) Gable Mountain 
Pond; (2) B Pond; (3) S Pond; (4) T Pond; and (5) U Pond. The volumes disposed 
to these ponds are well documented. Summers and Oeju,(s) calculated the volume 
contributed to synthetic recharge from these sources. · 

The major source of n~tural recharge to the unconfined aquifer is 
precipitation on Rattlesnake Hills, Yakima Ridge, and Umtanum Ridge which 
crop out to the south and west of the Pasco Basin. The water percolates 
under ground near the base of the highlands and moves east northeast.t 9 J 
Flow from springs emerging on the flanks of these hills and ridges generally 
sink into the qround within a mile of the sources. 

The average f1ow of Cold Creek and other infiltration water in that section 
has been estimat~d at 72,000 cubic feet per day, of which perhaps half reaches 
the water table. F 0

) Estimated recharge from the Dry Creek and Rattlesnake 
Springs area averages about 36,000 cubic feet per day over the year. Addi­
tional recharge may be caused by leakage upward from the underlying confined 
aquifers along the western boundary of the Pasco Basin. Recent irrigation 
developments in the Cold Creek Valley could substantially augment the natural 
recharge from this area. 

The natural recharge due to precipitation over the lowlands of the Hanford 
Site and east of the Columbia River is not measurablP. A minor amount occurs 
where the water table is close to the 1 and surface. l1 0

) The Pasco Basin 
is in the rain shadow of the Cascade Ranqe with averaqe annual precipi-
tation of 6.3 inches (the higher ridges receive about" 12 1nches per" year). 
A maximum 24-hour precipitation of 1.94 inches and a maximum monthly pre­
cipitation of 3.08 inches have been recorded since 1912.( 11

) The primary 
return of rainfall to the atmosphere takes place almost immediately before 
deep penetration-can occur. Drying of the land surface by wind and low- ~ 

.. 
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humidity air produces a gradient of water potential toward the surface. The 
evaporation potential during the summer months greatly exceeds total pre­
cipitation. Data on migration from natural precipitation in deep soil~ 
(below 30 feet) show movement r~tes of less than 1/2 inch per year at the 
one measurement site available.~ 12

-
14

) . 

Tanaka, et al. ,( 15
) have studied recharge to the eastern part of the Pasco 

Basin resulting from land irrigation as part of the Columbia Basin Irrigation 
Project. Based on numerical simulation, they calculate the natural recharge 
rate within the Pasco Basin resulting from the irrigation project as .33 inches 
.Per .vear. The bulk of the re~harge is to the unconfined a qui fer. 

Recharge to the intermediate and regional flow systems comes from outside 
the Pasco Basin, possibly as far away as the Okanogan Highlands to the north, 
the Rocky Mountains to the east, or the Cascade Range to the west (see 
Section 5.4). Discharge takes place from infinitesimallY slow flowage 
vertically to more pervious strata and ultimately to the Columbia River at 
points in the Columbia River between Lake Ha11ula and the Pacific Ocean. 

5.6 GROUND WATER POTENTIALS AND AQUIFER GEOMETRY 

5.6.1 The Unconfined Aquifer 

The geometry of the local flow system (unconfined aquifer) beneath the 
Hanford Site is well documented. Flow models of the Hanford Site and the 
environmental impact stotement for Hanford op~rations clearly define its 
geometric boundaries.~ 3 J 

The top of the unconfined aquifer is the water table (Figure 5.5). · 
The aquifer bottom is either the top of the basalt sequence or silt and clay 
zones of the Ringold Formation (Figure 5.6). Both the water table map and the 
unr.nnfi ned aquifer bottom map have been compiled using hundreds of we 11 s. 

The impermeable boundaries of the unconfined aquifers are the Rattle­
snake Hills, Yakima Ridge, and Umtanum Ridge on the west and southwest sides 
of the Pasco Basin and the Saddle Mountains to the north. Gable Mountain and 
Gable Butte also impede the ground water flow. The Yakima River ~echarges the 
unconfined aquifer along its reach from Horn Rapids to Richland. The Columbia 
River.forms a hydraulic potential boundary which is mainly a discharge boundary 
for the aquifer. However, the ground water flow from 1 to 3 miles inland from 
the Columbia River is affected by seasonable river stage fluctuations. This 
river bank storage phenomenon has been reduced by increased control of the 
river flow by dams upstream of the Hanford Site. The volume Of river bank 
storage under the Hanford Site has been estimated to be from 2 x 109 cubic 
feet to 3.6 x 10 9 cubic feet for a typical year. 



·' 

N 

- WATER TABLE CONTOURS 
IN FEET AND (METERS) 
ABOVE MEAN SEA LEVEL 

Mf» PONDS WITH WATER SURFACE 
IN FEET AND (METERS) 
ABOVE MEAN SEA LEVEL 

0 

I 
0 

I 
5 

Miles 

5 

I 
10 

Kilometers 

10 
I I 

5.10 

FIGURE 5.5 

HANFORD SITE WATER TABLE MAP 
DECEMBER 1976 

RHO-BWI-LD-20 

V7611-10.2 



5.11 

. ATER TABLE OP ABOVE W ~ BASALT OUTCR TOURS IN FEET 

f((j/ffi AQUIFER BOTT~~;~N MEAN SEA LEVEL ,...-200- "AND (METERS) · 

Mll.I!S 

r- ~ 
OKILOMETERS 

V7611·10.4 

BOTTOM 

5 

FIGURE 5 ·6 

AQUIFER SYSTEM OF UNCONFINED 

RHO-BWI-LD-20 

~ 
N 



5.12 

The unconfined aquifer under most of the Pasco Basin has a maximum 
thickness of 230 feet ~nd extends approximately 30 miles north-south and 
25 miles east-west at its maximum dimensions.· Therefore, this system has 
a horizontal-to-vertical ratio of from 570:1 to 690:1. The maximum range 
in potential within this system is from 480 feet to 340 feet elevation. 
Primarily, horizontal flow within this system has been observed except in the 
immediate vicinity of recharge areas. Variation of hydraulic potential with 
depth within the unconfined aquifer has been determined to be negligible 
except in areas close to recharge sites. 

The above reasoning leads to the deduction that the ground water velocity 
vector is perpendicular to the water table contours and points in the 
direction of lower hydraulic potential (water table elevation). 

5.6.2 The Uppermost Confined Aquifers 

The uppermost confined aquifers within the Pasco Basin include: (1) 
permeable units within the lower member of the Ringold Formation; and (2) 
sedimentary interbed and interflow contacts within the upper part of the 
Yakima Basalt Subgroup. 

Recharge to the confined aquifers occurs from: (1) precipitation; 
(2) stream runoff; and/or (3) infiltration from an overlying unconfined 
aquifer. 

Figure 5.7 shows the regional potentiometric surface within the upper­
most confined aquifer systems (uppermost intermediate flow system) as defined 
from available core and piezometric well data. Ground water moves down­
gradient, perpendicular to equipotential lines, from areas of recharge and 
discharge ultimately to the Columbia River. 

All of the uppermost confined aquifers down to the Mabton equivalent 
appear to recharge from ridges and plateaus fringing the Pasco Basin and 
discharge into the Columbia River or south of Pasco near Wallula Gap. It 
appears probable that the Horse Heaven Hills, an anticlinal ridge at the 
southern boundary of the Pasco Basin, causes ground water from the uppermost 
confined aquifers north of these hills to enter the Columbia River north 
of Wallula Gap. 

Figure 5. 7 shows the' piezometric heads of the lower Ringold, Rattlesnake 
Ridge, and Mabton as measured in wells throughout the Pasco Basin. Although 
the data for the lower Ringold are limited to wells very near the Columbia 
River, it appears that along the banks of the river the lower Ringold 
aquifer is connected to the overlying unconfined aquifer. The Columbia 
River probably represents base level drainage for the lower Ringold aquifer. 

I 
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5.6.3 Deep Zones 

A limited amount of data is available regarding the distribution of 
piezometric heads in deeper water-bearing zones within the Pasco Basin. 
These data come from measurements in Wells RSH-1, DC-1, DC-2, DC-6, 
and DC-8. Heads have been measured in these wells for various water­
bearing intervals from the Saddle Mountains Basalt to basalts and andesites 
older than the Columbia River Basalt Group. Most measurements, however, 
were taken in the Grande Ronde sequence. Measurements on rocks older than 
the Columbia River Basalt Group are only available from Well RSH-1. 

Reports of all deep head measurements are contained in Tables 5. 2 through 
5.6 and have been plotted on Figures 5.8 through 5.12. As the data and figures 
show, the piezometric head decreases with depth. The figures also show the 
existence of confining i~tervals, such as the Umtanum.(Figure 5.9), which 
consistently act as barriers to vertical water flow. Vertical flowage in the 
deep zones of any of the holes is generally from the upper to the lower zones. 

Using Wells DC-1, DC-2, and DC-6, one can note that the qeneral flow 
system of individual horizons above and below the Umtanum unit show water 
flow from east to west. This is consistent with the concept postulated in 
Figure 5.2 for the reqional flow system. Additional monitoring wells are 
needed to fully verify the direction of flow in these deep zones. 

Based on measurements taken to date using Wells DC-1, DC-2, and DC-6, 
the regional westerly gradient is approximately 5 feet per mile. Whil~ 
it is difficult to infer the location of a discha~ge zone for the deep 
basalts, one can postulate with reasonable certainty that the direction from 
these zones to the Columbia River, if any, takes place below, or at the 
elevation of, Lake Wallula at least 60 miles from the center of the Pasco 
Basin. 

A number of low-circulation zones was encountered Juring the testing, 
especially when heads were being measured in flow breccias. These low- · 
circulation zones represent low-pressure horizons. 

The decrease of heads with depth appea~s to continue to the pre­
Columbia River Basalt Group rocks, at least as shown from the data at 
Well RSH-1. 



TEST INTERVAL 
(feet) 

1 '929-2,005 

2,614-2,690 

3,213-3,289 

4' 119-4' 195 

4,832-4,908 

5,921-5,997 

8,275-8,351 

TABLE 5.2 

PIEZOMET1IC HEAD DATA 
WELL RSH-1 

INTERVAL DESCRIPTION 

Straddles one flow-top breccia zo~e, 
1,956-1,990 

Flow-top breccia and 20-30 feet of 
entablature 

Straddles flow-top breccia zone, 
3,230-3,250 

Straddles cne fl O\'t-top breccia :zone, 
4,152-4,195 

Straddles part of a flow-top breccia 
4,815-4,85G and includes some int~a-flow 
zones of variable density to 4,908 

htra-fl ow z~ne of variable den5ity 

Straddles cne flow-top breccia zone, 
8,300-8,355 

PIEZOMETRIC HEAD 
(feet above+ or below 

·-mean sea level) 

+1 ,E.29 

+1,360 

+S57 

+S99 

+E55 

-4 ,.E91 

FORMATION 

Grande Ronde, Sentinel Bluffs 
sequence 

Grande Ronde, Schwana sequence 
top of Umtanum unit 

Grande Ronde, Schwana sequence 

Grande Ronde, Schwana sequence 

Possible lowest flow of the Grande 
Ronde; Schwana sequence 

Possible Pre-Columbia River Basalt 
~nd~sites or basalts 

Possible Pre-Columbia River Basalt 
andesites or basalts 
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TEST INTERVJI.L 
(feet) 

362-416 

1 '130-1 '1 90 

1,970-2,160 

2,730-2,910 

3,36'0-3,597 

3,774-3' 934 

. 4,0E0-4,283 

..• 

TABLE 5-3 

PIEZOMETRIC HEAD DATA 
WELL DC-1 

INTERVAL DESCRIPTION 

Flow emtablature or colonnade 

Straddles flow-top breccia zone 

Three thin flows and associated flow-top 
breccia zo~es and one thin interbed 

Three flow-top breccia zones, two 
moderately dense zones 

Three flow-top breccia zones, three 
moderately dense zones 

One thin flow-top breccia zone; one thin 
intraflow low-density zone, rest of 
interval q•Jite dense 

Flow-top and intraflow l·Jw-density interior 
of a highly fractured or brecciated flow 

PIEZOMETRIC HEAD 
(feet above + or below 
· - mean sea lev~l) FORMATION 

+405 Saddle Mountains, Pomona .Member 

+400 Wanapum, Roza flow 

+408 Wanapum, 1 owes.t Frenchman Springs 
Vantage Sandstone 

+410 

+390 

+380 

+368 

Grande Ronde, Sentinel Bluffs 
sequence, 2 thin flows 

Grande Ronde, Sentinel Bluffs 
sequence, immediately above the 
Umtanum 

Grande Ronde, Schwana sequence 
2nd, 3rd, ·and 4th units below the 
Umtanum 

Grande Ronde, Schwana sequence. 
7 units below the Umtanu~ 

Grande Ronde, Schwana sequence 
9 units below the Umtanum 
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TEST INTERVAL 
(feet) 

2,269-2,299 

2,340-2,370 

2,626-2,655 

2,795-2,825 

2,960-2,990 

3,160-3,190 

3,243-3,273 

TABLE 5.4 

PIEZOMETRIC HEAD DATA 
\~'ELL DC- 2 

PIEZOMETRIC HEAD 
(feet above + or 

INTERVAL IDESCP.IPTION be 1 ow - mean ~- ea 1 eve 1 L.) _____ F:.....:O:..:.R.::....M::...:A..:...TI=-=O:..:.N=--------

Dense, intraflow, probable colonnade 

Straddles flow-top breccia, 2,349-2,3·54 

Straddles flow- top breccia, 2,627-2,640 

Straddles 2 florl-top breccia zones, 
2,797-2,810 and 2~818~2.825. 

Within flow-top breccia and vesicular 
zone, 2,958-2,992. 

Straddles flow-top breccia, 3,178-3,188 

In a gradational flow..:top contact z.:>ne, 
3,244-3,300, vesicular and vuggy 

;. 

+470 

+443 

+438 

+421 

+395 

+377 

+362 

Grande ~:or.de, Sentinel Bluffs sequence 

Grande Eonde, Sentinel Bluffs sequence 

Grande ~.on de, Sentinel Bluffs sequence 

Grande Ronde, Sentinel Bluffs sequence 

Grande. Ronde, Schwana seq~ence, 
top of Umtanum unit 

. Grande Ronde, Schwana sequence, 
top of low K20 flow below the 
Umtanum unit 

Grande Ronde, Schwana sequence, 
normal low MgO flow 
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TEST INTERVAL 
(feet) 

2,24()-2,270 

2,400-2,430 

2,454-2,484. 

2,708-2,738 

2,896-2,936 

3,025-3,055 

3,343-3,373 

3,62()-3,650 

3 '650- 3' 680 

3,683-3 '713 

3,692-3,722 

,• 

TABLE 5.5 

PIEZOMETRIC HEAD DATA 
WELL OC-6 

PIEZOMETRIC HEAD 
(feet above + or 

INTERVAL DESCRIPTION beiow - mean sea level) FORMATION 
~--------~~~~--------

5traddl:s flow-top breccia, 2,263-2,270 

5traddl:s flow-top breccia and vesicular zone, 
t: ,405-2,,425 

5traddl:s a fissured flow-top breccia zone, 
t:,458~2,478. (making water during drilling) 

5traddl:s 2 breccia zones, 2,712-2,718 and 
2,727-2,731. lost circulation zone, apparent 
iJnterconnec~ed vesicles 

Straddles 1 tight flow-top breccia zone, 
2,903-2,910, with possible connected vugs 
2,910-2,936 . 

5traddl:s a flow-top breccia·zone, 3,036-3,054, 
lost circulation zone, interconnected fissures 

5traddl:s a flow-top bretcia zone, 3,329-3,364 
lost circulation zone, large fissures 

Straddles 3 thin breccia zones, 3,623-3~625, 
2,634-3~638, and 3,643-3,648, lost circulation 
2one 

5traddles 1 breccia and vesicular zone, 
3' 662-3,668 

Straddles part of 1 flow-top breccia zone; 
3,687-3,800, lost circulation zone, vesicular 
and highly fissured 

Straddles part of 1 flow-top breccia zone, 
3,687-3,800, lost circula:ion zone,·vesicular 
and hig1ly fissured 

+450 

+447 

+456 

+423 

+454 

. +460 

+443 

+421 

+432 

+429 

+432 

Grande Ronde, Sentinel Bluffs 
sequence 

Grande Ronde, Sentinel Bluffs 
sequence. 

Grande Ronde, Sentinel Bluffs 
sequence 

Grande Ronde, Sentinel Bluffs 
sequence 

Grande Ronde, Sentinel Bluffs 
sequence 

Grande Ronde, Schwana sequence, 
top of Umtanum unit 

Grande Ronde, Schwana sequence, 
2 flows below Umtanum unit 

Grande Ronde, Schwana sequence 

Grande Ronde, Schwana sequence 

Grande Ronde, Schwana sequence 

Grande Ronde, Schwana sequence 
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TEST INTERVAL 
(feet) 

1,710-1,740 

1 ,810-1 ,840 

1,990-2,020 

2,033-2,063 

TAB._E 5. 6 

PIIZ0METRlC HEAD DATA 
WELL DC-8 

PIEZOMETRIC HEAD 
(feet above + or 

INTE~VAL DESCRIPTION belciw- mean sea level) FORMATION 

Straddles an intraflow zone, 1,723-1,737 +433 Wanapum, lower Priest Rapids 
lost circulation zore, vesicular, vu~gy 
and fracturec 

Wit~in a flow-top breccia zone, 1 ,78~-1,836, 
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5.7 SOIL MOISTURE IN THE UNSATURATED ZONE 

The unsaturated (vadose) zone has been defined by the U. S. Geological 
Survey•s Committee on Redefinition of Ground-Water Terms( 16 )·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 zone, interstices 
may be temporarily or permanently filled with water. Perched water 
bodies may exist within the unsaturated zone ... 

In the Pasco Basin, the thickn~ss of the unsaturated zone ·varies 
from one foot to several hundred feet. 

The movement of water in the unsaturated zone is influenced by the 
physical properties of the sediments in two ways: (1) the size anrl structural 
arrangement of the sediment particles determines 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 single phase. Where water 
does not completely fill the pores, the hydraulic potential depends on the 
gravitational field and on the absorptive forces associated with inter-
facial 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 
smallest capillaries that exist between soil particles.· 

Practically, measurement of the specific retention capacity of sediments 
is difficult because, under most conditions, water movement in sediments is 
exceedingly slow and equilibrium can be achieved only aft~r extremely long 
periods of time. Thus, the specific-retention capacities measured for the 
sediments in the unsaturated zone represent the equilibrium conditions 
reached over the past several thousand years. The presence of a desiccated 
zone at the 30-foot depth in the region of the 200 Areas within the Hanford 
Site (Figure 4.2) indicates that no moisture is moving downward from the 
ground surface (at the 200 Areas test site) to the water table. 

Several attempts have been made to measure ·drainage and water retention 
properties of the Hanford sediments using t~nsion meters or suction plates. 
Whereas, these techniques are suitable for establishing irrigation and 
drainage practices for agricultural purposes, the techniques did not provide 
sufficient sensitivity for measuring moisture transport in sediments which 
contained about 1.5 percent to 3.0 percent water by wei.ght. 

The first major attempt to establish whether or not meteoric water percolates 
to the water table underlying the 200 Areas involved the use of thermocouple 
psychrometers. It was proposed that, because water migrates from a high-water 
potential to a lower potential, the potential gradient; i.e., the slope of the 
water potential curve versus depth, could be used to establish the direction 
of water transport as well as the magnitude of the driving force (isothermal 
condition). 
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In tests based on natural rainfall conditions, two lysimeters were con­
structued about one mile south of the 200 East Area. The two lysimeters 
have a diameter of 10 feet and a depth of 60 feet. The three sets of instru­
mentation provided for each lysimeter include: (1) a 1.5-inch aluminum alloy 
tube for use with a Nuclear of Chicago neutron log sensor; (2) a set of thermo­
couple psychrometers with temperature sensors attached; and (3) a stainless 
tube for recording pore pressure as a function of time and depth. One lysim­
eter has an open bottom; the other is closed. The purpose of closinq the 
bottom of one lysimeter is to provide a more complete definition of the 
column of sediments within it by isolating it from complicating factors such 
as the effects of changing atwospheric pressures and vapor migration. The 
closed-bottom lysimeter would serve as a container to collect water if pre­
cipitation does indeed percolate to the water table on the 200 Areas plateau. 
If, on the other hand, evaporation exceeds percolation; the bottom zone of 
the closed-bottom lysimeter would slowly lose moisture. Thus, as the lysim­
eter begins to equilibrate, changes in the psychrometer readings and the 
direction of changes will predict whether or not percolation occurs. The 
observation has been made with the closed-bottom lysimeter during the 
1973-1974 water year that a higher than average rainfall (170 percent of 
normal) reached a depth of 13 feet and then was removed by summer heat. 

Tritium analyses of soil moisture were used to determine the depth of 
penetration of meteoric precipitation by evaluating tritium distribution from 
atmospheric fallout versus soil depth. Special sample-handling techniques were 
used to avoid contamination of soil samples with tritium from the atmosphere. 
Water was recovered from the soil samples by distillation and the very low 
tritium concentration in some samples was electrolytically increased by a 
factor of about 100 to permit more accurate gas counting. The results 
demonstrate that archaic water exists in virqin soil at depths from 23 feet 
to the water table. The tritium profiles are considered to be representative 
of uncontaminated areas of Hanford soils. The tritium concentration decreased 
exponentially from the surface to a depth of 17 feet and from a depth of 
23 feet to the water table, the tritium units are in the range of values 
associated with archaic water, and water isolated from atmospheric contami­
nation for the past 25 or more years. 

In summary, observations to date indicate that the annual precipitation 
of meteoric water within the Pasco Basin does not percolate to the water 
table, but apparently moves downward only a few feet during the fall .and 
winter months and is removed by evaporation and evapotranspiration during 
the summer. 
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6.0 HYDRAULIC PROPERTIES 

6.1 GENERAL 

The main hydraulic measurements made in ground water evaluations 
inGlude: 

• The hydraulic conductivity; 

• The storage coefficient; 

• The formation•s porosity; 

• The radius of influence of the test; and 

• The skin factor of the well tested. 

The last two parameters give an index of the representativeness of the test. 

Other properties can then be calculated from the above parameters. 
Table 6.1 shows the measurement techniques used to determine the above 
parameters. Each technique is further discussed in Section 6.2. 

TABLE 6.1 

MEASUREMENT TECHNIQUES IN HYDRAULIC STUDIES 

PARM1ETER 

llydraul ic conductivity* 

Storage coefficient 

Porosity 

Radius of influence 

Skin factor 

MEASUREf1ENT TECHNIQUES 

Pumping tests, drill stem tests, 
laboratory tests 

Pumping tests, drill stem tests 

Calculated from the storage coefficient 
value or determined in the laboratory 

Pumping tests, drill stem tests 

Pumping tests, drill stem tests 

*Although hydraulic conductivity is really a tensor property, 
values measured in this study refer to horizontal hydraulic 
conductivity unless otherwise noted. 
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6.1.1 Hydraulic Conductivity 

The hydraulic conductivity is a parameter quantifying the ability of 
a given stratum to conduct water through it under hydraulic gradients. It 
is a property dependent on both the moving fluid and the rock formation. 
The transmissivity of a formation, in turn, defines the overall ability of a 
water-bearing formation to transmit water. Transmissivity values are 
obtained by multiplying the hydraulic conductivity of a given stratum by 
its thickness. 

6.1.2 Storage Coefficient 

The storage coefficient is defined as the volume of water that an 
aquifer releases from or takes into storage per unit surface area of aquifer 
per unit change in the component of head normal to that surface.t 1 )' 

6.1 .3 Porosity 

In simple terms, the porosity of a formation is a measure of the inter­
stices contained within the formation. ~lhenever the term effective porosity 
is used, it refers to a measure of connected interstices capable of trans­
mitting water. 

6.1.4 Radius of Influence 

The radius of influence is a reasonable indication of the distance from 
the borehole that the formation was stressed during a well test. Generally, 
the greater the formation's hydraulic conductivity and the lower its effective 
porosity, the larger will be the radius of influence. 

Several eqvations are av.ailable.for estima.tin. g a test(•s)radius of 
influence {r;).~z-s) The equation used in this report is: 3 

where 

rl =\ r;:; V-§f!t-

k = permeability (square centimeters) 
t • test durat1on (seconds) 
0 = porosity (dimensionless) 
~ = fluid viscosity (1 centipoise) 

( 6-1) 

c =fluid compressibility (1.45 x 10- 5 centimeter-square second per 
gram). 

,•. 
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6.1 .5 Skin Factor 

This factor is an index for examining the pressure effect of a zone of 
different permeability immediately adjacent to the borehole. This alter­
ation of near-field permeability (the skin) commonly results from pluggage 
of rock pore space by drilling fluids. Pressure tests conducted: across such 
a zone would show artificially lower or higher permeability values depending 
upon the permeability of the host rock. 

where 

The skin factor has been quantitatively defined as:( 6 ) 

s = 6P (skin) 
Qll/2n kh 

6P = pressure drop across skin. (feet per log cycle) 
s = skin factor (dimensionless) 
Q = production (barrels per day) 
ll = viscosity (1 centipoise) 
kh = transmissivity (millidarcy feet). 

(6-2) 

To calculate "s," it is necessary to measure the well pressure both 
before and after a test. The radius (rs) of the skin zone around. the well 
and the permability (k~) in this zone are related to the skin factor as 
shown by the equation:\ 7 ) 

where 

s =~~ - v 
rs = radius of skin (feet) 
rw =well radius (feet). 

1 n ..J:s._ 
rw 

(6-3) 

If the permeability in the skin zone (ksl is less than the rest of the 
rock formation, "s" will be positive. If the permeabilities are equal 
(k = ks), the skin factor is zero. Finally, if the skin permeability is 
greater than that in the formation, "s" will be negative. 
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6.2 TESTING AND ANALYSIS TECHNIQUES 

Hydraulic properties are either determined in situ using a variety of 
well tests or in the laboratory via well-established procedures. Laboratory 
tests on samples generally yield results which are quite different from 
well tests on the same strata. This difference is caused by the repacking 
of the sample and the sizable scale difference between the laboratory sample 
and the overall aquifer. In this section, we will describe the techniques 
that have been utilized in tests within the area of study. 

6.2.1 Pumping Tests 

The simplest of well tests consists of pumping a well and measuring 
changes in ground water.drawdown as a function of time. These tests 
permit a determination of both the hydraulic conductivity and the storage 
coefficient. A number of procedures can be followed for testing and 
analyzing pumping tests.( 8 J All of these techniques require a knowledge 
of the physical characteristics of the we'll bore and a determination of the 
water level changes in the pur.1ping well and in observation wells nearby as 
a known discharge is pumped from a preselected horizor.. If water level mea­
surements are only taken at the pumping well face, an accurate determination of 
the storage coefficient is not possible. In addition to measuring the water 
level lowering as a function of pumping a volume from a well bore, one 
usually measures the water level increase in the well bore subsequent to 
the end of pumpage. Measurements of water level data during this recovery 
period are usually more reliable since one is not disturbed by pump effects. 

Pumping tests have been used almost exclusively to test the uppermost 
water-bearing zones, generally to depths not exceeding 1,000 feet, within the 
area of study. These tests, however, are not suitable for low-hydraulic 
conductivity horizons, such as the deep basalt interiors. 

Analyses of pumping tests can be conducted using numerous well-documented 
techniques. Results of tests within the upper aquifers underneath the Hanford 
Site have been inte~preted using the Deju-modified Jacob method for pump 
testing a well partially penetrating an unconfined aquifer.( 8 ) The Boulton 
method(B) has also been used to interpret these tests. Other researchers 
conducting pumping t~sts in the Columbia Plateau have used the Theis, Hvorslev, 
and other methods.( 9 J Results from the various methods are comparable. . 

6.2.2 Drill Stem Tests 

A dr111 stem test 1s a techn1que for evaluating the pressure 
response of a rock stratum to fluid injection or withdrawal. The results 
yield information about the hydraulic conductivity, storage coefficient, 
and other properties of the formation. These tests have been used in the 
deep basalts and interbeds. The test begins by lowerinq a packaqe of 
11 tools 11 into the borehole at the end of a tubing string. The tools consist 
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·of packers, pressure recorders, spacing pipe, and mechanical locking devices 
(Figure 6.1). The packers used in the basalts are generally made of expandable 
rubber whi£h are inflated to seal off and·isolate the specific formation zones 
tested. By opening and closing various tool ports, the formation•s fluid 
pressure is relieved by allowing fluid to flow into the drill pipe. For 
an injection test, the port openings allow fluid pressure to be applied 
against the formation. The recorders show the initial pressure buildup 
and then its decay into the formation. Withdrawal tests result in pressure 
release from the formation. 

During the drill stem test, pressure records are normally obtained 
from three pressure recorders in the borehole. Each recorder monitors a 
separate borehole interval. 

Figure 6.2 shows a typical· pressure response recorded for a drill stem 
test during a single flDw period. This response typifies the sequence of 
operations from tool installation to retrieval. Pressure increases from 
bottom to top and time increases from left to right. Beginning at point 
A, the pressure increases as the equipment is lowered into the borehole. The 
vibrations from A to B (and also F to G) represent movements of the recorder•s 
stylus as the tools are lowered or raised and indicate the stylus is 
free and responding to pressure changes. The horizontal line at B gives 
the initial fluid pressure when the packer assembly is positioned opposite 
the desired rock formation. At C, the packers have been set and the test 
valve opened. Pressure drops as the fluid pressure within the tool 
equalizes with the formation pressure. Line C-D gives the initial flow 
period. At D, the test valve is closed and the formation pressure. 
is allowed to freely build up to its hydrostatic pressure. Line D-E is 
the test•s shut-in period. This pressure buildup provides data about the 
hydrologic properties of the rocks tested. The drill pipe is raised and 
rotated at E, unloading the hydrostatic pressure that had developed across 
the packed-off formation. The final hydrostatic pressure is read at F 
and, from F to G, the tools are being raised from the borehole. 

. The calculatio~ of.f?rmation ~haracter~~ti~s from drill $tern test data 
1s based upon the s1mpl1f1ed equat1ons for 11qu1d systems.( 10 J The 
following assumptions are made concerning the formations tested and their 
entrained fluids: 

• The flow obeys Darcy•s law and its pattern is radial in influence; 

• The reservoir is homogeneous, isotropic, horizontal, uniformly 
thick, and has infinite areal extent; 

• The production or injection rate is constant; and 

• The compressibility and absolute viscosity of the entrained 
fluid is reasonably constant over the working range of pressures 
nnd temperatures. 
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Any variation from these assumptions will cause a deviation from an 
otherwise straight-line plot of the borehole pressure versus the time 
ratio (t + 6t)/6t as plotted on semi-logarithmic paper (t equals time of 
production or injection rate and 6t is the shut~in period). 

A number of papers have been written discussing the interpretation of 
pressure· buildup_ and decay_ curves. These pressure curves are read in· 
time segments (t) and at their corresponding borehole pressures: These data 
are then plotted on semi-logarithmic paper in pounds per square inch versus 
the log of (t + 6t)/6t. The slope (m) of the buildup curve is·found as 
the difference of pressure over one log cycle. Basically, the data inter­
pretation consists of _calcula~ing the fluid production ra.te by computing 
the number of barrels per day production of fluid u~ing the pressure 
changes that take place during drill pipe_fill up. 

In addition to the measurement of hydraulic conductivity, one can also 
calculate the test radius of influence, the skin factor, and the storage 
coefficient. Values of the storage coefficient were calculated for this 
report using the curve-matching technique of Papadopulous, et al.( 11 ) 

6.2.3 Laboratory Studies 

Laboratory studies on determination of porosity and hydraulic conductivity 
are included in this report. The hydraulic conductivity determination is 
made by measuring the permeability of a rock sample in a standard permea­
meter(1) and calculating the hydraulic conductivity using the equation: 

where 

K :: 
k = 
p = 

q = 
'1.1 = 

hydraulic conductivity 
permeability 
fluid density 
acceleration of gravity 
viscosit.v. 

K - ~_g_ 
11 (6-4) 

The porosity determinations have been made by drying test specimens 
for periods of about 24 hours at temperatures of the order of 150° C, 
weighing them, and placing them in a vacuwn chamber where the sample is 
subjected to a high vacuum for 4 hours. With the vacuum still on, 
distilled water is introduced so as to completely cover the sample. Evalu­
ation continues until decreased bubbling indicates the air has been 
removed from the water. Pressure in the chamber is returned to atmospheric 

}··· 
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and the sample kept submerged for 24 hours. The sample is then removed from 
the water, blotted, and quickly weighed. This procedure allows a determination 
of the pore volume. The total volume of the rock is measured using a standard 
precision mercury displacement volume determination device and an analytical 
balance.( 12

) 

6.3 RESULTS 

6.3.1 Unconfined Agu~fer 

The sedimentary material overlying the topmost basalt forms the unconfined 
aquifer of the Pasco Basin. This.aq~ifer ha~ been tested the most, especially 
within the Hanford Site. Newcomb, et al.,{ 13 ) report the results of pumping 
tests made prior to 1956 in the Hanford area. These tests were conducted 
in the glaciofluvial and Ringold material. The hydraulic conductivity values 
obtained average 6,000 feet per day in the glaciofluvial material and 60 feet 
per day in the Ringold ~onglomerate. Storage coefficient values reported 
by Newcomb, et al ., {13 J are 0.03 for the glaciofluvial material and 
2 x 10-~ for the Ringold. 

Comparable results were reported( 14
) for the glaciofluvial and Ringold 

material. In this report, the glaciofluvial material is found to have a 
hydraulic conductivity in the range from 1,200 to 12,000 feet per day, 
while the Ringold conglomerate was found to have a hydraulic conductivity 
in the range from 1 to 200 feet per day. The range of storage coefficients 
of the Ringold conglomerate is given as 8 x 10- 4 to 2 x l0- 1

, while that of 
the glaciofluvial material is given as 5 x 10- 2 to 4 x 10- 1

• 

R. A. Deju(e) interpreted a number of pumping tests conducted by Pacific 
Northwest Laboratory.· Results of these tests are summarized in Table 6.2. 
Well designation numbers refer to the Hanford coordinate system. Location 
of these wells is shown in Reference 14 .. 

Results of these pumping tests have been used within the Hanford area 
to generate a map of the vertically averaged hydraulic conductivity dis­
tribution in the unconfined aquifer (Figure 6.3). Close scrutiny of this 
figure reveals a low hydraulic conductivity zone to the west of Hanford with 
an apparent buried stream channel running north-northwest to south-southeast 
passing between Gable Butte and Gable Mountain. The above results have 
been substantiated by a later study by Deju and Summers.~ 15 J 

Laboratory samples of cores from the unconfined aquifer material in 
wells at Hanford were used to obtain hydraulic conductivities. The laboratory­
measured hydraulic conductivities are generally very low, probably due to 
sample repacking. These values are shown in Table 6.3. 
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TABLE 6.2 

PUMPING TEST DATA RESULTS 
FOR THE UNCONFINED AQUIFER( 8 ) 

HYDRAULIC CONDUCTIVITY 
HELL NUMBER (feet per day) 

699-77-54 . 97 

199-K-1 0 260 

199-K-12 250 

699-87-55 130 
699-61-66 >400 

699-63-90 2,300 

699-55-50 9' 100 
699-26-15 200 

699-36-61 43 

699-33-56 250 

699-31-53 165 

699-17-47 50 

699-8-17 640 

699-47-60 80 

699-35-9 45 
699-26-89 2 

699-S12-3 9 

RHO-BWI-LD-2"0 
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WELL NUivJBER 

699-54-17C 

699-49-100 
699-43-42 
299-Wll-26 
299-Wl9-10 
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TABLE 6.3 

LABORATORY HYDRAULIC CONDUCTIVITY VALUES 
OF SEDIMENTARY CORES FROM THE UNCONFINED AQUIFER 

DEPTH HYDRAULIC CONDUCTIVITY 
(feet) t~ATERIAL (feet ·per da.v) 

104 Silty conglomerate 5.1 X 10- 2 

133 Sand 100 

217 Silty clay 5. 6 x 1 o- 3 

259 Silty clay_ 4.9 X 10- 2 

290 Sand 2.2 

314 Silty clay 8. 7 X 10- 1 

360 Sandy gravel 29 

163 Sandy gravel 2.1 

265 Silty sand 10 

285 Sand 2.3 

6.3.2 Upper Basalts and Interbeds 

The upper basalts and interbeds form a series of confined aquifers 
which constitute the major intermediate flow system or systems beneath the 
Pasco Basin. Under this category, we include the lower Ringold Formation 
to the Vantage Member, which overlies the Grande Ronde Basalt. 

· Tests in the lower Ringold have been reported for several wells 
within.the Pasco Basin.( 16

) The hydraulic conductivities obtained range 
from 0.10 to 7.0 feet per day. The lower Ringold confined aquifer may be 
connected to the unconfined aquifPr in rlr\t:es where the subsurface strata 
were subjected to deformation or erosion. 

Accurate results for water-bearing zones in the Saddle Mountains and 
Wanapum basalts are only available from testing Well DC-1 (Figure 6.4). 
The Saddle Mountains Basalt includes members made up of 1 to 3 flows. 
Some of these flows occur over limited geographic extent. Interbeds are 
common and are more extensive west of the Pasco Basin. As Table 6.4 shows, 
dense interiors make up only 55 percent of the formation and 43 percent of 
interbeds. The hydraulic conductivity of the dense interiors calculated 
from pumping tests in Well DC-1 is an order of magnitude larger than that of 
the Wanapum Basalt. The hydraulic conductivities of the interflows which 
make up only 2 percent of the formation are similar to those of the older 
formation. The hydraulic conductivities of the interbeds are approximately 
the same as those of the interbeds in the Wanapum Basalt. 

... 
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FORMATION 

Saddle Mountains 
Wanapum 

TA3LE 6.4 

CALCULATED LITHOLJGIC AND I~E;\N HYDRAULIC CONDUC-IVITY OF SAD:X..E MOUNTAINS 
ANJ WANAPUM FORMATIONS, YAKIMA BASALT SUBGROUJ' 

IN WELL OC-1( 17 ) 

[Hydraulic Conductivity {kh) is in feet per day] 

DENSE BASALT 
THICKNESS 

feet . _L __!b_ 

VESICULAR 
BASALT 

THICKNESS -
feet ·% kb 

... ·-. --. -· 
425 55 • 03V 0 

855 65. .002 25 2 . 007 

BASALT 
FRACTURED, WEATHERED 

OR BRECC It.TED 
THICKNESS -

feet % _Jili_. 

-15 

105 

2 .03 
8 .09 

TUFF 
.THICK~ESS 
feet % 

0 

220 18 . 01 

SAND, GRAVEl 
CLAY 

THICKNESS -
feet % _ls.h__ 

330 43 
85 6 

2 

1 

:::0 
:z::: 
0 
I 
~ 
:::;:: ...... 
I 

I 
0 
I 

N 
c::: 
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The Wanapum Basalt includes interbeds that geologists recognize over 
extensive areas plus several members made up of 2 or more flows. Table 6.4 
shows that dense interiors with low hydraulic conductivity make up 67 percent 
of the formation. Hydraulic conductivity of the interflows, which make up only 
8 percent of the formation, is similar to that of interflows in the Saddle 
Mountains Basalt. The hydraulic conductivity of the interbeds tends to be 
larger than that of the interflows. 

The storage coefficient for the Saddle Mountains and Wanapum basalts 
can be estimated from the data of LaSala and Doty,l 17 ) from Price's test of 
the Walla Walla City Well No. 3,( 18

) and from a calculation using the Young's 
modulus, Poisson's ratio, and bulk porosity values reported by Agapito, 
et al.( 19

) The storage coefficient of both the Wanapum and Saddle Mountains 
basalts is comparable ranqinq between 1.2 x 10- 3 and 2.7 x lo-s. 

Porosity values were obtained from laboratory measurements in the Pomona 
Member of the Saddle Mountains Basalt using cores from Wells DC-10 
and DC-11 (Figure 6.4). Porosity values for. 7 determinations ranged 
from 1.0 percent to 3.95 percent. 

6.3.3 Grande Ronde Basalt 

The Grande Ronde Basalt is stratigraphically beneath the Wanapum Basalt. 
Within the Pasco Basin, the Grande Ronde Basalt contains few interbeds which 
are invariably very thin. Many Grande Ronde flows are so extensive that they 
eros~ the entire Pasco Basin. Table 6.5 summarizes the pumping data for Well 
DC-ll 17 ) and shows that dense interiors with very low hydraulic-conductivity 
make up about 71 percent of the formation. Another important fact noted 
in Table 6.5 is that the DC-1 data show that the hydraulic conductivity 
of the interflows and the interbeds is, with a few exceptions, as low as 
that of the dense interiors.l 20

) The hydraulic conductivities reflected 
by the data shown on Table 6.5 are comparable to results of laboratory 
analysis using rock cores from test Well DC-1 (Table 6.6). As Table 6.6 
shows, the hydraulic conductivity of these samples is very low, even though 
all the samples, except Sample 13 (Umtanum), were from vesicular basalts. 
Samole 13 is from the Umtanum dense interior and shows a lower hydraulic 
conductivity and a much lower porosity. 

Well RSH-1 (Figure 6.4) was tested by Raymond and Tillson.( 21
) They 

ran 4 drill stem tests in t~terflow zones and one across a moderately 
fractured zone. Their hydraulic conductivity values range from 4 x l0- 2 

to 7 x lo-s feet per dav. 

In 1977, carefully run drill stem tests were conducted in the Grande 
Ronde Basalt at RSH-1. Tests centered on the Umtanum flow. Table 6.7 
shows the results of the testing. Hydraulic conductivity values calculated 
for the low-density (flow.tops) basalts at RSH-1 ranged between 4.8 x 10- 4 

and 1.1 x lo-s feet per day.l 22
) In addition to the tests reported in Table 

6.7, 3 other drill stem tests were conducted across portions of the Grande 
Ronde Basalt at RSH-1. Inasmuch as no measurable pressure change was observed, 
no hydraulic conductivity could be calculated for these three tests. 



FORt-'IATION 

TABLE 6.5 

LITrOLOGI C AND t~EAN HYDRAULIC CONDUCTIVITY OF GI<.ANDE R•)NDE BASALT 
IN WELL DC-1, 1971{ 17

) 

[Hydraulic conductivity (kh) is in feet per day] 

DENSE BASALT 
THICKNESS 

feet % ..!l:L_ 

VESICULAR 
BASALT 

THICKNESS 
feet % _J:A_ 

BASALT FRACTURED 
WEATHERED 

OR BRECCIATED 
THICKNESS 

feet _L ___!g]_ 

TUFF 
THICKNESS 

feet % .kh_ 

Grande Ronde · ·1 ,420 59 .002 270 12 . )08 505 23 .08 105 5 .003 

• 

SAND, GRAVEL 
CLAY 

THICKNESS 
feet % kh_ 

35 .003 

:;c 
:I: 
0 
I 

co 
:::E: ..... 
I 

I 
0 
I 

~· 
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TABLE 6.6 

RESULTS OF LABORATORY TESTS ON CORE FROM WELL DC-1 

HYDRAULlC. 
DEPTH (feer6 CONDUCT! V lTV POROSITY 

CORE NO. FRQr~ {feet per day) (%) 

6 2,381.4 2,384.6 3.68 X 10- 5 9.8 

7 2,779.0 2,779.8 5. 96 x 1 o- 5 10.5 

8 2,946.8 2,950.1 3.12 x 1 o- 5 25.4 
13* 3 '127. 1 3,128.0 1. 90 X 10- 5 2.1 
28 4,285.0 4,285.5 3. 97 X 10- 5 10.9 

*Umtanum Basalt 

" 



TEST 
TEST IiHERVAL 

;~U~lB ER (feet) 

1 2,780 - 2,820 

2 2,825 - 2,860 

3 2,700 - 2,770 

4 2,740 - 2,770 

5 2,780 - 2,820 

6 2,717 - 2,739 

7 2,622 - 2,676 

TABLE 6.7 

RESULTS o!: HYDRAULIC TESTING IN WELL ~SH-1 

(Modifi~d from R. E. Gephart, et al.[ 22
]) 

HYDRAULIC CONDUC!ri VITY 
ROCK CHAR~CTER (feet per da.r·) 

Low-density basalt* 4.8 X 10- 4*** 
Lo'.-J-dens i ty ba sa 1 t 8.5 X lQ- 5 - 9.9x10- 5 

Hi~h-density bas3lt 1 . 3 x 1 o- 5 - 1 . 7 x 1 o- s 

Hi~h-density bas3lt** 3.1 x 1 o- 5 -3.91 xl0-s 
Lo·o~J-den s ity basalt 2.2 x lo-s - 2. 5· X 1Q-S 

Hi~h-density basalt 4.3 X lO-s*** 
Lo~-density basalt 1.1 x lo-s- 1.6 x lo-s 

*Low-density basalt (2.4 - 2 .. 6 grams per cubic centimeter). 
**High-density basalt (2.; - 2.9 grams ~er cubic centimeter). 

RAOIUS OF 
INFLUENCE*** 

SKIN (feet) 

-4 <l 

-4 <l 

-3 <1 

-1 <1 

-2 <1 

-3 <1 

-2 <1 

***Identical values were calculated using recorder and electric line measurements of water pressures. 
****Cone. porosity assumed. 

., 
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The negative skin values reported in Table 6.7 reveal that the basalts 
immediately adjacent to the borehole are slightly more permeable than the 
overall rock stratum. Because of the negative skin, less of a pressure 
drop (6P) is obtained across the test zone proportional to the rate of fluid 
production or injection (Q). In tests where the radius of influence is 
small, a large negative skin reveals that the permeability measured is 
probably greater than the undisturbed rock permeability. However, the 
skin values reported in Table 6.7 show: 

• There was no ·interfering mud ·cake across the test horizons which 
would have produced a positive skin; and 

• The reported hydraulic conductivity values are probably character­
istic and conservative for the rocks tested. 

The low values for the radius of influence are a measure of the tight­
ness of the basalts permitting only limited rock volumes to be stressed. 
It can then be assumed that the test results are characteristic of the 
basalt rock within the immediate vicinity of the borehole. However, given 
the negative skin values, one can conclude that the hydraulic conductivity 
values obtained are conservative. 

In 1978, fiye drill stem (injection) tests were run in Well DC-6 
(Figure 6.4).( 23

) These te~ts were mostly run across vesicular flow tops 
in the upper part of the Grande Ronde Basalt section. Results are shown 
in Table 6:8 and are comparable to values from RSH-1 and DC-1. 

DEPTH RANGE 
(feet) 

from to 

2,260 2,295 
2,439 2,482 

2,544 2,576 
2,576 2,618 
?.,fi70 2,711 

TABLE 6.8 

HYDRAULIC CONDUCTIVITY VALUES 
DETERMINED IN WELL DC-6 

ROCK TYPE 

Vesicular flow top 

Vesicular flow top 

Vesicular flow top 

Basalt columns* 
Vesicular flow top 

HYDRAULIC CONDUCTIVITY 
(feet per day) 

1 o-1 o 

*Columns 1s a general term referring to either the entablature or 
colonnade portion of a basalt flow unit. 
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In 1978, carefully controlled drill stem t~sts usin9 sensitive quartz 
transducers were run in Well DC-2 (Figure 6.4}.t 9 ) Calculations of hydraulic 
conductivity were made for 6 zones--4 in the colonnade/entablature sections 
and 2 in basalt flow top sections. Table 6.9 summarizes the results of the 
tests specifying the analytical method used for interpretation. Three of the 
6 zones tested were in the Umtanum entablature/colonnade and showed values of 
hydraulic conductivity 3 orders of magnitude less than the other zones tested. 
For the Umtanum entablat~re/colonnade tests, no curve matching techniques 
(Papadopulous, et al.)( 9 J could be used due to the negligible volume of flow 
in the interval tested over the duration of the test period. 

The storage coefficients obtained from the tests in DC-2 were less than 
1 o-'•. 

6.3.4 Basalts and Interbeds Outside the Pasco Basin 

Some pumping tests are available from deep wells outside the Pasco Basin. 
These pumping tests generally have a large contributing interval and, thus, 
cannot be ascribed to a specific unit. Results are shown in Table 6.10.(2o) 
Values of the hydraulic conductivity averaqe around 10-20 .feet Per day. 

6.3.5 Vertical Hydraulic Conductivity 

The only expressed estimate of vertical hydraulic conductivity kv derives 
from the simulation by Tanaka, et al ., of the Columbia Basin Irrigation Project 
area where the estimated kv for the dense interiors rqng~s from .000001 to 
.000037 feet per day,t 24 ) and from MacNish and Barker\ 25 1 who say that_ in the 
Walla Walla River Basin the vertical hydraulic conductivity may be as low as 
.004 feet per day. We believe that in the interflows and interbeds the horizontal 

··.hYdraulic conductivity k-h_is slightly larger than kv; whereas the dense interiors 
1<11 i~ much lc~~ than the kv. 

6.4 SUMMARY 

Table 6.11 lists the basic hydraulic properties for the hydrostratigraphic 
units beneath the Pasco Basin. The most significant variability takes place 
in the hydraulic conductivity of the glaciofluvial and Ringold sediments. 

The unconfined aquifer comprised of these sediments is the largest 
carrier of ground water in the basin accounting for over 95 percent of the 
flow volumes beneath the basin (see Chapter 10.0). Fortunately, this uncon­
fined aquifer is the best understood flow regime in the basin. Data shown in 
Table 6.11 and in preceding tables in this section also demonstrate the 
very low values found for hydraulic conductivity in the various Grande Ronde 
Bas a 1t horizons. 

Porosities in the basalt are usually less than 3 percent, except in 
brecciated horizons where very large values can be found in small samples. 

All storage coefficients for the basalt horizons are near ~r below 
the limit of measurement. 
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TABLE 6.9 

RESULTS OF HYDRAULIC TESTING IN WELL DC-2 

.HYDRAULIC CONDUCTIVITY (feet per day) 
DEPTH LENGTH U. S .. BUREAU 

ItUERV,AL (feet: (feet) Rock Type GEOLOGIC DESCRIPTION PAPADOPULOUS OF RECLAMATION HVORSLEV 

2376.3f; 32.72 Entablature Moderately fra.ctured, der:Jse, dark, some 5.6 X 10- 3 1.3 x 10- 4 to 3.6 x lo- 4 4.5 X 10- 6 

to glass, some flow banding, scattered 
2409.08 amygdules 

2A and 2343.5:'. 32.72 now top Highl; fractured, vesicular (15%}, and 4.5 X 10- 4 · to 7.9 x l0- 3 

2B to breccia and flow rubble ·with clay matrix, 
2376.29 zeolites; upper part of interval base of 1.5xlo-2 3.1 X 10- 4 to 6.5 x 10- 3 1. 2 X 10-s 

overl1ing colonnade of dense, dark, finely 
phaneritic nature; lower part of interval 
is top of entablature, moderately fractured, 
competent, with brown-yellow clay 

4 3018·.81 52.65 Untanum · Dark, dense, aphyric with filled·and N/A 7.3 X 10- 7 1. 5 X 10- 8 

to e11tablature unfilled fractures mostly hairline and. C'l 

3071 .45 irregular, rare amygdules 
N 

5 .3068.94 52.6!5 U11tanum Zones of moderate fracturing , N/A 1 .6 X 10- 6 4. 2 X 10- 8 

to entablature/ with high-angle orientation hair-
3121 ;59 C•)lonnade line fractures. 

6 3ll6.ll4 54.16 U:11tanum Moderately fractured rock, high-angle N/A 8. 2 X 10-7 3. 9 X 10- 8 

to c::>lonnade hairline fractures, black and glass zones; 
3170.::0 more fractured toward the base 

7 2954. ~:8 54.16. llntanum Flow top consisting of a competent rubble 7.1 X 10-4 3.9 X 10'"4 to 1. 7 x 10- 3 4.8 X 10-7 

to flow top zone well indurated with little altera-
3006.54 tion underlain by a glassy scoria in a 

well-indurated matrix, some vugs; ·th·e 
underlying entablature is a dense, dark ::0 

::J: 
aphyric basalt with some low-angle fractures 0 

I 
co 
~ ...... 
I 
r-
0 
I 

N 
0 



T.ABLE 6. 10 

SUMt~ARY OF PU~1PING TESTS OF WELLS IN BASALT OUTSIDE OF PASCO BASIN 

DEPTH TO DEPTH! TO WATEF: lENGTH OF CONTRI- TRA:-.!S- APPF:OXmATE 
BOTTO I~ (feet} TOTAL 3UTION INERVAL J.llSSIV- .I~EAil HYDRAULIC 

PUf~PED ALTITUDE OF CASING MaxirrJm DEPTH (bl (feet) ITY (T) CONDUCT! V ITY 
WELL (feet f (feet) Stati: Puin~i19 (feet) Maximum Minimum (feet 2L day) (kb = T/b)ftid 

Halla Walla 1,320 178 164 222 1 '169 ·1,005 947 53,000 50 s = .0002 
City Well #3 Ss = 2 X 10-7 /ft 

Municipal 40,000 
Wells · 
Walla Walla 

Test Well 670 710 174 222 1,280 570 4,700 8 Wanapum Basalt 
6N35E.l8 

Geiger Field 670 
Near Spokane 

Bierly 490 3,000 6 
Fann Well . 0'1 . 

N 
Well Near 1,000 r" 
Pilot Rock, OR 

Hermiston, OR . 453 55? 12 962 "'900 9,000 9 
4N28E-llcac to to 
4N28E-ll cca· 446 44? 11 918 "'875 17,000 20 

George Well 1,157 343 165 191 975 632 40,000 60 Wanapum Basalt and 
(18/25-15El) Grande Ronde Basalt 

Basalt Explorer 232? 315? . 1,600 1,370? 1 ,.300? 12,000 9 
#1 230? 264 2,300 2,000? 18,000 9 

Almira Well 60 363 36B 750 382 30,000 80 
(24/31-16) ~ 

:I: 
0 

Hangman Creek 9,000 s = 1 . 1 x 1 o- 3 to I 
c:c 

Area 3. 5 x 1 o- 4 ::e:: ..... 
I 
r-
0 
I 

N 
0 

r •· 



6.23 RHO-BWI-LD-20 

TABLE 6.11 

SUI..,MARY OF HYDRAULIC PROPERTIES 

HYDRAULIC CONDUCTIVITY POROSITY 
MATERIAL (feet per day} STORAGE COEFFICIENT (%) REMARKS 

Unconfined Aquifer 1,200- 12,000 5 X 10- 2 - 4 X 10- 1 Estimated Mostly dry 
Glaciofluvial (6 ,000)_ (3 x 1 o- 2 ) 5 - 20 (above water 
sediments table) 

Unconfined Aquifer 1 - 200 8 X lQ- 4 - 2 X lQ-1 Estimated 
Upper and middle (60) ( 1 X 10- 3 ) <12 
Ringold sediments 

Confined Aquifer .1 0 - 7 Estimated Estimated Extremely 
Lower Ringold (2) 'VlQ- 3 5 - 20 clayey material 

Saddle Mountains .030 - 10 2.7 x lo-s - 1.2 x lo- 3 1. 00 - 3. 95 Most of the 
Basalt hydraulic 

Dense basalts ( .030) conductivity 
is thro.ugh 

Brecciated basalts (.031)) ( 1 x 1 a- 4 ) (2.00) the interbeds 
Interbeds (2) 

Wanapum Basalt .020 - 10 2.7 x lo-s- 1.2 x 10-3 1.00- 4.00 Most of the 
Dense basalt . ( .020) hydraulic 

conductivity 
Brecciated basalts (. (}80) (1 x 1 o- 4 ) (2.00) is through 
Interbeds ( 1 ) the interbeds 

Grande Ronde Basalt 7.3 X 10- 7 
- 1 x 1 o- 2 1 x 1 o- s - 1 x 1 o- 3 1.00 - 25. 00* Lowest h.vdrau-

Umtanum ( 1 X 1 Q-6 ) lie conduc::-
tivitie~ found 

Dense basalt (.003) 

Brecciated basalts (. 01 ) (<1 X 10- 4 ) (3.00) 

Interbeds· (. 003) 

*H1 gh va1 ue 1 n one sample of brecc i d lt!c..l basalt. 
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7.0 HYDROCHEMISTRY 

7.1 GENERAL 

We can use hydrochemical data, coupled with ground water age determina­
tions obtained by isotopic methods, to interpret ground water flow patterns 
because the ambient water chemistry in a particular part of the flow 
continuum depends on such factors as: 

• The antecedent water chemistry; 
• Residence time of the water; 
• The chemical composition of the continuum; and 

• The temperature-pressure relationships in the continuum that 
control water-rock reactions. 

Because ground water flow systems are three-dimensional and flow may 
be across beddin~ or stratigraphic units, as well as parallel to them, 
the chemical character of water in a formation does not necessarily reflect 
chemical changes due exclusively to flow through that formation. 

Conversely, local, intermediate, and regional flow systems (as described 
in earlier sections) can in some places be identified by their chemical 
characteristics, even though all flow is essentially horizontal. 

Recharqinq qround waters are amon.g the youngest waters in a ground 
water flow system. They have comparatively low concentrations of soluble 
salts and contain relatively few ionic species. They may not be at 
equilibrium with the surrounding rock. 

As the waters move into und through the flow continuum, their residence 
times and travel paths become increasingly longer, and their concentrations 
of total dissolved solids increase, as does the diversity of ionic species. 
The water and rock tend to come to equilibrium. Thus, observed differences 
in water chemistry in a flow continuum may reflect distance traveled from 
the recharge area or length of residence time. 

In discharge areas, waters of one or more flow systems, each with 
different chemi·stries, converge (so that water samples apparently from the 
same source have substantially different compositions). Discrimination of 
flow systems in a discharge area is difficult because water samples rarely 
represent one flow system exclusively. 
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7.2 ANALYTICAL RESULTS 

Extensive chemical analyses are available from ground waters found 
within the Pasco Basin. The largest concentration of the data is found 
for the unconfined aquifer, with more me~qer results for the deep reqional 
system. Most of the data are concentrated on the Hanford Site.{ 1 , 2 ) 

Table 7.1 depicts the average composition ascribed to waters in the uncon­
fined aquifer (local flow system) and uppermost confined aquifer (inter­
mediate flow system). 

R. A. Deju(z) reported results of a study where a number of wells 
(DB-1, DB-2, DB-4, DB-7, DDH-3, 699-53-103, and 699-52-52) were sampled 
by Pacific Northwest Laboratory for the Atlantic Richfield Hanford Company 
during the month of August 1976. Complete chemical analyses were obtained 
for Wells DB-1, DB-2, DB-7, and DDH-3. Carbon-14 age dates were determined 
for all wells, and 180jl60 ratios were measured for all except Well DB-4. 
Tritium-3 analyses were obtained for DB-1, DB-2, DB-7, DDH-3, and 699-53-103. 
In addition, \~ell RSH-1 was sampled in r~ay 1977 by Atlantic Richfield Hanford 
Company and a complete chemical analysis was obtained. No age-dating 
data are available for Well RSH-1. The locations of all wells sampled are 
shown in Figure 7.1. 

All sampling was done by the Water and Land Resources Section of 
Pacific Northwest Laboratory, except for Well RSH-1 which was sampled 
by Atlantic Richfield Hanford Company. \•Jell DB-1 has a water level within 
a few feet of the ground surface. A conventional centrifugal pump was used 
to both flush the well and subsequently sample it. Well 699-53-103 is arte­
sian flowing and a water sample was directly obtained. For all other wells 
sampled, the water levels in the wells were below the capabilities for a 
centrifugal pump,'and, therefore, an air lift method was employed. The 
method entails the use of a long sampling tube being lowered into the well 
and air pressure from an air compressor used as the driving force to bring 
the water to the sur·face. All wells were sampled until a reasqnably clean 
sample was obtained. In the case of DDH-3, diesel oil and drilling mud 
contamination was detected and could not be removed even after extensive 
well clean out. Thus~ DDH-3 results are not representative of aquifer 
water and are simply given for completeness. For all other water samples 
obtained, the air lift method provided reproducible results. Well RSH-1 
was sampled using a swab unit while testing for hydraulic conductivity in 
selected zones of the Grande Ronde Formation. 

Duplicate samples for chemical composition were taken in all wells 
sam(.Jled and ar·e t·eported in Tables 7.2 and 7.3. Results of the 14C 
and 180 analyses are summarized in Table 7.4. Table 7.5 summarizes 
the t•esults of the H3 una lyses. 



7.3 

TABLE 7.1 

AVERAGE COMPOSITION OF WATERS FROM AQUIFERS 
UNDERLYING THE PASCO BASIN 

(Numbers in parentheses denote the range of values found.) 

RHO-BWI-LD-20 

UPPERMOST .CONFINED 

CONSTITUENTS 
AQUIFERS 

UNCONFINED AQUIFER (intermediate 
(milligrams per liter) (1 oca 1 flow s~stem) flow system} 

Sodium 29 40 
(16-64) (4.1-122) 

Calcium 48 15 
(31-72) (1-18) 

~1agnesi urn 12 7 
(7.1-14) ( 0-11) 

Chloride 13 16 
(3.1-24) (3.8-81) 

Sulfate 58 9 
(20-150) (0-29) 

Bicarbonate 172 1.52 
(115-315) (93-100) 

Carbonate 0 3 
(0) (0-15) 

Hardness, total 170 66 
(110-220) (3-96) 

Potassium 6.8 ~.u 

(4.6-13) ( 4. 5-17) 

pH 8.0. 0.0 
(7. 5-8 .1) (7.2-8.7) 

,. 
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TABLE 7.2 

MAJOR CONSTITUENTS: ANALYTICAL RESULTS 

··(sampling dates are in parentheses.) 

! 
lconstl tuent 08-1 DB-2 08-7 01)1-3* RSH-1 Units 

(8-9-76) (8-17-76) (8-11-76) (8-11-76) (5-11-77) 

sio2 27.11 28.8 31.6 31.8 36.4 36.4 29.0 29.0 22.5 22.5 ppno 

. 
Na 75.0 75.0 150.0 150.0 106.0 117.0 166.6 172.3 30.0 zs.o ppao 

I( 14.0 14.0 12.5 12.5 12.5 12.5 23.0 22.0 9.0 7. 7 PPIII 

Ca 3.5 8.0 4.2 4.5 2.5 2.5 10.5 8.0 6.5 8.5 ppm 

llg 0.70 0.90 0.18 0.20 0.50 0.50' 1.40 1.20 1.0 2.2 ppno 

Fe .155 .105 0.53 0.63 2.72 3.82 3.8 4.0 .08 <.02 ppno 

HC03 208.8 219.6 196.4 li2.8 135.7 121.4 192.8 191.0 42.8 67.3 mi!J/t Caco
3 

col D 0 21.4 21.4 jS.7 50.0 9U 114.2 0 0 lllg/t taco
3 

so •. s <.5 .s .s 1.0 .5 1.0 1.0 23.0 15.0 ppm 
4 

C1 12.2 11.8 134.5 117.5 53.0 52.0 83.5 82.5 16.2 8.8 PP"I 

F 3.0 3.5 2 c1 7.0 ' 8.7 15.0 18.0 0.7 0.7 ppm 

N03 .s .5 <.5 <.5 .5 .5 •. s <.5 < .05 .zo ppm 

8 .25 .25 .6 .6 .8 .7 .5 .4 < .05 •• 05 Pill 

T .O.S. 345 307 430 417 531 505 861 914 118 112 mg/ltter 

TOC 29' 28 14 16 27 28 160 160 9 9 1119/ltter 

Con d. 400 430 430 440 450 475 460 560 250 250 ~~C~OS/CII 

pH 8.2 8.3 8.6 8.6 9.0 9.0 9.1 9.1 7.3 7,4 

INter from Water from W.ter fi"'OI Water ,.,.. Water fi"'OI 
Mabton Inter- Mabton Inter- Mabton Inter- Loooer Frencll- Grande Ronde 
bed S&qlltd bed sanp1ed . bed saq~1ed lll!n Springs Formation 
wl th centrl- with air-lift with air-lift and Vantage sampled by 
fugal p....,, device and air device and air lllelli>ers SUIIIled SWibbing. 

compressor. compressor. with air-lift 
device and air 
compressor. 

*Anomalously high metal ion content confirmed sampling of stagnant water containing 
diesel oil and drilling muc. 
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TABLE 7.3 

TRACE CONSTITUENTS: ANALYTICAL RESULTS 

(Sampling dates are in parentheses.} 

Trace 08-1 oa-2 DB-7 DIJ!-3 . RSH-1 
Constituent (B-9-76) (8-_17-76) (8-11-76) (B-11-76) (5-11-77) 

Zn 24 16 14 15 600 655 7110 7So 2,560 39,000 

Cu 15 15 10 12 15 19 30 25 20 so -·, 

H9 < .os c.OS c,OS c.OS <.OS <.01 <-.05 <.OS <.OS c.OS 

Sll 10 ~8 <8 cl 10 15 70 55 <l c 3 

8• 22 30' 39 35 43 42 74 53 140 50 

Be .8 .9 1.3 1.2 .8 1.2 .8 1.1 NA NA 

Cd c.S c.S c,S <.5 1.0 1.5 1.5 1.5 .2 .6 

Cr 2 cl <I cl 14 33 750 480 c25 c25 

Co 6 7. 7 5 6 5 8 5 2 2 

I'll 19 17 15 13 31 41 38 IS 7 12 

llo 67 20 cl cl 40 IS 107 120 2 2 

Nf 7 10 8 11 15 13 19 11 NA NA 

A9 1.5 1.0 1.0 1.5 0.8 0.8 1.5 0.5 < 2.5 <2.5 

Sr 7 5 2 3 4 3 8 5 NA NA 

Sn 14 ., 14 14 5 5 6 10 NA NA 

T1 11 11 12 15 11 13 7 8 NA NA 

v .? -~ 8 9 1J 14 u 19 NA M 

Lower Frenctuoan Grande Ronde 
tnt t Sup led l'labton Mentler Mabton MHDer II&Dtan Mledler Springs/Yon loy• Fonnatfon 

MeaDer 

NA ~ Not analyzed for. 
*=All constituents are expressed in parts per billion. 



7.7 RHO-BWI-lD-20 

TABLE 7.4 

14C AND 180 ANALYSES 

WELL 14C AGES (years) 180 VERSUS SMOW* 

DB-1 20,500 ± 500 -17.6 

DB-2 23,000 ± 500 -17.6 

DB-7 15,400 ± 500 -17.4 
J 

DDH-3 4 '200 ± 140*.* -15.2** 

699-53-103 16,800 ± 250 ·. -18.0*** 

DB-4 15,400 ± 250 NAt 

699-52-52 19,900 ± 500 -lO.Ott 

*Standard Mean Ocean Water. 

**Anomalously high metal ion content indicates sampling of 
stagnant water containing diesel oi 1 and dri 11 ing mud. 

***Mixed water from several confined aquifers. 

NA- Not analyzed for. 

t Water from between the Mabton and Vantage (see stratiqraphic 
chart in· Chapter 3.0 of this report). 

tt Water from the uppermost confined aquifers. 
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· TABLE 7.5 

RESULTS OF 3H ANALYSES 

OB-1 

OB-2 

.OB-7 

OOH-3 

699-53-103 

WELL 

Upper confined 
aquifers range 

Unconfined aquifer 

Concentration guide 
USOOE Manual Chapter 0524 

level of detection 

*Contaminated sample. 

H3 RANGES 

Below detection 

Below detection 

Below detection 

46-53 pC1/R.* 

Below detection 

1-30 pCi/ t 

103 pCi/R. - 3 X 106 pCi/R. 

3 X 106 pCi/R. 

1 pCi/t 
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W. K. Summers and Associates( 3) compiled chemical data from wells throughout 
the Pasco Basin. Their compilation includes 48 nearly complete water chemistry 
suites from basalt-confined aquifers and 91 suites frQm the unconfined aquifer. 
The analyses repQrt)ed by W. K. Summers and Associatesl3) are comparable to those ~ 
reported by Dejul 2 and those reported earlier by Newcomb.(4) Results or the 14C age dating work agree with data frQm Robinson(s) (Table 7.6), Silar, 6) 
Crosby and Chatters,( 7 ) and Newcomb. 4J 

WELL 

1S/26E-ldad 

4N/27E-8dda 

3N/26E-5cbd 

WATER 
AGC 

(years) 

Modern 

6' 700. 

27,290 

7.3 INTERPRETATION 

TABLE 7.6 

AGE DATING RESULTS 

(From Robinson[s]) · 

ALTITUDE OF 
OPEN INTERVAL 
Iii WCLL (feet) 
From To 

359 

341 

162 

-409 

Ca++ + Mq++ 
(percent) 
Ecations 

29. l 

26.0 

RH1ARKS 

Interval 
open to 
well is 30 
-70 feet 
deep 

Results of the above analyses show that waters from the unconfined 
aquifer are characterized by a high bicarbonate and magnesium content. They 
can be described as calcium-magnesium-sulfate-bicarbonate waters. On the 
other hand, the waters in the uppermost confined aquifers are primarily of 
the sodium-bicarbonate type. ' 

Generally, waters from basaltic aquifers are characterized by high ratios 
of calcium to sodium and of magnesium to calcium 1 a relatively hiqh silica 
content, and a relatively hiqh fluoride content.\ 8 ) The waters in thP 
uppermost confined aquifers (Table 7.1) are atypical basalt waters and 
appear to be influenced by the sedimentary interbeds and not the basalt 
proper. The water from Well RSH-1, obtained from the Grande Ronde Formation, 
is slightly different and can be described as a sodium-calcium water; however, 
its composition isalso atypical of basalt waters. 

LaSala and Doty( 9
) have examined numerous water analyses of Columbia 

Plateau basaltic aquifers. They concluded that the waters were typical 
of those found in sedimentary aquifers. The silica content of these waters 
indicates near equilibrium with a silica phase having properties similar to 
those of chalcedony or cristobalite. The silica probably comes into solution 

.I 
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from feldspars and other minerals, but at a concentration higher than that 
at which it would be in equilibrium with quartz. The solubility of quartz 
is particularly low and would account for only 5 to 15 parts per million 
Si0

2 
in the water. Other silicate minerals, however, have solubilities 

intermediate between quartz and amorphous silica (40 parts per million). 

LaSala and Doty(
9

) analyzed the 14C content of the bicarbonate dis­
solved in water from the uppermost confined aquifers in Well DC-1 within 
the Hanford Site. Their measured 14C content was then adjusted for the 
dilution erfe~ts of carbonate mineral solution using the 1 3C value of bi­
carbonate. 10 J They found an adjusted age of about 13,000 years before 
present. The same procedure was followed for the wells in Figure 7.1 whose 
dates are reported in Table 7.5. Adjusted ages range from 15,400 to 23,000 
years before present. 

Silar( 6 ) dated 44 samples of water from wells in east-central Wash­
ington. He concluded that the age of ground water in the top few hundreds 
of feet of basalt ranged from 0 to 16,275 ± 1,465 years before present. 
Thirty-seven of the ages were 6,000 years or less and 4 were gre~ter 
than 10,000 years. 

Crosby and Chatters( 7 ) obtained age dates on 33 samples of ground water 
taken from wells in the basalt of Pullman and Mos~ow. The ages ranged from 
about 1,700 to more than 32,000 years. Newcomb~ 4 J suggests that their data 
indicate that age may increase downward roughly correlating with depth with 
the exceptions being due to mixing of waters of different ages because of 
concentrated pumping for irrigation. 

The 818 0 versus standard mean ocean water values reported in Table 7.5 
are representative of waters recharged during a glacial stage when a colder 
climate prevailed. 

Further, the 3H results (Tab 1 e 7. 5) show very 1 ow 3H in the· confined 
aquifer system sampled, probably due to lack of interconnection between 
these and aquifers closer to the land surface. 

Total iron concentration in Pasco Basin deep ground waters is very low. 
These low levels of iron indicate that the aqueous solution is poorly poised 
with respect to the Fe+ 3 - Fe+ 2 couple. The sulfur system is also poorly 
poised in Pasco Basin ground waters. 

Ground water composition is also)affected by secondary minerals found 
in a given rock formation. Benson{ 11 reports that 3 phases dominate 
secondary mineral assemblages to a depth of approximately 4,000 feet: 
(1) the zeolite clinoptilolite; (2) the smectite nontronite; and (3) a 
silica phase (usually cristobalite or quartz). Minor amounts of calcite, 
gypsum, potassium feldspar, chabazite, mordenite, pyrite, apatite,.and 
opal have also been noted . 
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Using the preceding data on ground water chemistry, one can make a 
preliminary correlation with the ground water flow system of the Pasco 
Basin. We believe the following generalities describe the conceptual 
ground water flow systems underly1ng Hanford. 

• Water in the recharge areas and in local flow systems (unconfined 
aquifer) contains ca++, Mg++, and HC03 with low (200-300 milliqrams) 
per liter) total dissolved solids. This wat~r is young water (less 
than 500 years before present). 

• Water in intermediate flow systems is like water in local flow systems 
near the recharge area, but downstream the water contains more S0 4=, 
larger total dissolved solids (300-SOO), and is older (more than 500 
years before present). 

• Water in regional flow systems contain Na+, HC0 3-, C03, Cl-, 
and F- and is usually much older than 2,000 years, in many 
cases as much as 30,000 years old. 

• In discharge areas, water from local, intermediate, and regional 
flow systems converge, so the character of the water sampled 
depends upon how and where the sample was obtained. 
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8.0 CONTAMINANT TRANSPORT 

8.1 GENERAL 

The migration rates of radionuclides traveling from a repository 
location to the biosphere can be calculated by utilizing transport models · 
based on the equation of mass conservation. To utilize these models~ one 
needs to obtain a number of additional properties of the hydrologic regime. 
These are: (1) the dispersion coefficients; (2) sorption coefficients; 
(3) characteristics of the waste source; (4) chemical reaction constants; 
and (5) radioactive decay rates. These factors define differences in the 
movement of a ground water fluid and its associated contaminants. 

Mathematically, the expression of transpoft is simply a continuity 
equation for each chemical species written as: 1 ) 

where 

anCi- (V • CiV)- (V • J,·) + R1• ~--

i = 1, 2, 3 ... n (transport species) 

Ci =the mass or radioactivity concentration of species i, 
[ML- 3 ] 

t = time, [T] 

n = porosity [dimensionless] 
a a a v = the Del operator = -- +-- + -- [dimensionless] · ax ay az ' 

V = the mass average Darcian velocity of the fluid, [LT- 1
] 

ji = the mass flux of species i relative to V. [MI - 2 r- 1 ] 

Ri = the net rate of production or consumption of species i 
(source/sink term) [ML- 3T- 1

]. 

(8- i ) 

The term on the left of Equation 8-1 is the time rate of change of 
species i (transient term). The- ·(v · CiV) term is usually referred to as 
the advective term. This term represents change in concentration of the 
system resulting from the movement of flui~ in which species i is dissolved. 
The velocity vector of the fluid mixture, V, is in general a function of 
time, space; temperature, and the chemical composition of the mixture. If 
Vis constant with respect to time, the flow field is said to be steady; 
if Vis zero, the fluid is stationary. 
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The- ( V · Ji) term is often referred to as dispersion and is the 
macroscopic mixing caused by a combination of the molecular type dif­
fusion, microscopic velocity variations within the pore space flow paths, 
and small-scale variations in advection resulting from the separation of 
the contaminated fluid into slightly different flow paths. Dispersion 
causes a given mass of contaminant to spread into a continuously expanding 
volume of porous medium. Whereas the first two elements of dispersion 
may be directly related to physical or chemical processes at the micro­
scopic level, the third element is largely a measure of apparent mixing 
produced by unidentified variations in the porous material which are 
responsible for changes in the direction and velocity of ground water 
flow. The magnitude of the latter component of dispersion is, therefore, 
often a function of the scale of porous medium property identificationl 2

) 

and becomes more significant as the degree of nonhomogeneity of the 
medium incr~a~es. This type of dispersion has been called macroscopic 
dispersion~l 2 J The combination of velocity variations at the microscopic 
level and the macroscopic dispersion may be termed mechanical dispersion.( 3

) 

Considerable progress in the field of porous media flow has been made in 
describing dispersion resulting from molecular diffusion and microscopic 
velocity variations. This has been accomplished primarily through small­
column ·laboratory studies. However, Schwartz( 2 ) noted that the few results 
that are available from field trials suggest that dispersion effects are 
considerably different from laboratory results. The difference bet\~een 
laboratory and field results is caused by macroscopic dispersion.(l) 

Unidentified variations in a porous material result from the technical 
and economic difficulties in obtaining sufficient data to completely 
define a porous medium. The system blocks in a regional model are, thus, 
often larger than the true representative elementary volumes (REV). In 
reality, the mechanical dispersion should be included in the advection 
term to be rigorously consistent. Since its effect is normally small 
relative to large-scale fluid movement, it is usually associated with molec­
ular diffusion, and included as part of the-(~· Ji) term. The molecular 
diffusion is composed of ordinary (concentration) ditfusion, pressure 
diffusion, forced (electro-osmotic) diffusion, and thermal diffusion. The 
pressure, forced, and thermal types of diffusion are not normally important 
in large-scale ground water problems because of the lack of steep pressure, 
gravity, electrical, or thermal gradients necessary to make these diffusion 
mechanisms significant in a given problem. 



8.3 RHO-BWI-LD-20 

The last term of Equation 8-1 represents the net production or 
consumption of species i and is often called the source/sink term. It 
is the sum of the changes due to reactive or radioactive decay mechanisms 
and the input or withdrawal of species i associated with the fluid 
recharge/discharges. Mathematically, this can be expressed as: 

where 

R. = r. + m. 
1 1 1 

(8-2) 

ri = the net rate of production or consumption of species i 
by reactive means [ML- 3T- 1

] 

mi = the net rate of input/withdrawal of species i such as from a 
discharge source or pumped well [ML- 3T- 1 ]. 

Some of the reaction mechanisms represented by ri include ion 
exchange, precipitation, complex formation, and radioactive decay. The 
reactivity of a system may be a function of temperature and any or all 
of the n mass concentrations in the mixture. This term should, in theory, 
consist of.a series of rate expressions which represent all known mechanisms 
by which species i can react in a given system. Species for which ri is 
zero are referred to as conservative species, since they do not change by 
reactive means within the ground water system. Because ri can, in general, 
be a function of all n components of the mixture, it is through this term 
that the s.vstem of n transport equations is coupled. · 

Practical solutions of the transport equations can be obtained by 
assuming that advection-dispersion and reaction occur sequentially within 
a simulation time step. This simplification can be justified on the 
basis that ground water systems, in general, exist at near chemical 
equilibria. The reaction rates for most important reactions are extremely 
rapid with respect to the velocity with which the fluid is moving. Also, 
the amount of coupling among the equations for different species may be 
reduced by assuming that trace (contaminant) species do not affect the 
chemistry of either the significant naturally occurring species or other 
trace species. 

The mass flux of the dispersion term may be expressed as: 

Ji = -Ei VCi (8-3) 

where 

Ei = the coefficient of dispersion of species i and in the 
general three-dimensional case is a second-rank tensor [LZT-1]. 

' .. . ~ -~ 
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8.4 RHO-BWI-LD-20 

Equation 8-1 thus reduces to: 

where 

anc· 
~-=- 'iJ • civ + v ( Ei 'i/Ci) + Ri at 

Ei has components defined by: 

E~x oi cos 21jJ cos 2e i (si:1 2 e + sin 2 1jJ cos 2e) = + Dt 1 

Ei = (Di D i) sine cose cos 21jJ 
xy 1 t 

E~z = (Di Di) sinljJ COSI/J cose 1 t 

Ei = Ei 
yx xy 
i oi cos 2

1jJ sin 2e + i (cos 2 e + sin 2
1jJ sin 2e) Eyy = Dt 1 

i 
Eyz = ( Dl - Dt) sinljJ COSI/J sine 

t~x = Ei 
xz 

Ei = Ei 
zy yz 

Ei = oi sin 21jJ + Di cos 2
1jJ zz 1 t 

ljJ,e are the principal angles between movement caused by convection 
and the coordinate axes · 

D~ =a~ lui is the longitudinal dispersion scaler 

D~ =at juj is the transverse dispersion scalar [L 2 T- 1
] 

n 

lui= the magnitude of the fluid velocity, [LT- 1
] 

a1 = the longitudinal dispersivity [L] 

at = the transverse dispersivity [L]. 

The dispersivities, a1 and at are characteristics of the porous medium 
alone. Specification of dispersivities is one of the data requirements for a 
transport model. 



8.5 RHO-BWI-LD-20 

8.2 DISPERSION 

As noted in the preceding section, dispersion is the result of a micro- ~ 
scopic and a macroscopic mechanism. The former occurs as a result of a 
continuous division and redivision of a fluid mass as it flows through a 
given material. Variations in local velocity, both in regard to direction 
and magnitude, along tortuous flow paths and the velocity distribution within 
each pore lead to contaminant spreading. Macroscopic dispersion, on the 
other hand, is the apparent mixing produced by unresolved variations in 
the regional media being studied. The overall impact of dispersion processes, 
however, on an analysis of transport processes is of second order by comparison 
to the effect of sorption and radioactive decay. This secondary importance, 
coupled with the difficulty of measuring dispersivities, accounts for the 
lack of dispersion data. In general. the approach that is usually taken is 
to estimate dispersivities rather than measure t~em. 

R. A. Deju(
4

) reported contour plots of the x andy directional components 
of dispersion of the unconfined aquifer underlying the Hanford Site. These 
plots were computed using the calculated 1970-1971 ground water velocity 
distribution in the saturated zone. 

Longitudinal and transverse dispersivities (ai and at) for the Hanford.Site 
unconfined aquifer have been estimated as 100 feet and 60 feet, respectively,(~) 
based on the average values required to give a match of historical tritium 
movements in the unconfined aquifer resulting from Hanford waste management 
practices. These values are high compared to typical laboratory values. 
The transverse dispersivity of 60 feet is much greater relatjv~ to the 
longitudinal dispersivity that has been suggested by DeJong.l 6 J 

Longitudinal dispersion values(fQr crystalline rocks, such as bas~lts, have 
been reported by Hill and Grimwood. 7 1 Their work gives a value for Di = 10 square 
meters per day = 107 square feet per day and a high figure for the ground water 
velocity of u = 0.3 meter per day= 0.98 foot per day. Thus, the longitudinal dis­
persivity for a dense flow of porosity .01 is: 

Din 
al = 1 = 1.1 feet (8-5} 

Tur 

For a more vesicular basalt flow with porosity 0.1, the value of a1 would 
be 11 feet. Thus,. in the dense ba~al ts w{ can assume 1.1 feet .:_a 1 .::J 1 feet. 
at can then be est1mated as approx1mately 7 1 .6 a~ .7 feet~ at~ 7 feet. 

·~ 
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8.6 RHO-BWI-LD-20 

8. 3 SORPTION 

Sorption is a measure of the decrease in the concentration of a 
component of a solution as it flows through a porous medium. One 
measure of sorption for species which are present in chemically trace 
amounts is the distribution coefficient, Kd 

where 

Kd = [A]eg 
[B]eq 

Kd = distribution or sorption coefficient (milliliter per gram) 

[A]eq =equilibrium trace concentration as~ociated.with the 

[B]eq = 

solid phase (milliequivalent per gram) 

equilibrium trace concentration in the solution phase 
(millie~uivalent per gram). 

• 

(8-6) 

There are two types of reactions that result in changes in Kd with 
time.( 8 ) The first is a sorption-desorption reaction with the rock. This 
type of reaction is relatively rapid and is probably diffusion controlled. 
The second is extremely slow and involves the reaction of geologic 
media with macro-components of the ground water. Possible reactions 
include mineral transformation, mineral dissolution, and precipitation of 
dissolved minerals and. other ground water components. · 

R.·A. Deju( 4 ) has reported contours of the sorption coefficient for 
ground water containing sosr flowing through the unconfined aquifer 
underlying the Hanford Site within the Pasco Basin. These results are 
shown in Figure 8.1 and were .obtained from five field tests. 

Results from various sources are shown in Table 8.1. These data 
include Kd values for various radionuclides in sediments from the unconfined 
aquifer beneath the Pasco Basin. These results are from laboratory 
columns and batch tests. 

R. C. Routson( 9 ) has studied Kd values for the unconfined aquifer 
using laboratory columns and batch tests. His results show that enormous 
volumes of water would be required to leach 90Sr, 137Cs, Pu, U, and 241 Am; 
whereas 3H and 99Tc are likely to move essentially with the liquid except 
for dispersion. 

D. W. Rhodes~ 0) conducted laboratory equilibrium studies on sediments 
from the unconfined aauifer as a function of pH. His results are shown in 
Table 8.2. T. Tamura ( 11 ) later noted that, since pl_utonium can exist in 
different oxidation states and is subject to hydrolysis in the pH range 
normally encountered in natural-water systems, its adsorption from a 
water system is not by ion exchange, but more likely by scavenging of the 
hydroxide or oxide precipitates. 



8.7 

... ~f-7 

CO!HICI(HI 
5ATURAT!D ~ORf~:c;:ROt.liUM lmll~rnl CJ DI~IRIBUll()o 

SALT OUICROP /Jl>. fSTI .. AT!~~~ lUll (fLU ABOV!W 

• 5 
t r '- = c -- ioili~ 

FIGURE 8 .l 

N COEFFICIF.NT SATURATED SOOR~T~~R STRONT~UH DISTRIBUTI . 

VICHOAIM 

RHO-BWI-LD-20 

:~ 

• 



... 

i 

:l 

8.8 RHO-BWI-LD-20 

TABLE 8. 1 

·SORPTION (DISTRIBUTION) COEFFICIENTS FOR 
SELECTED RADIONUCLIDES ON UNCONFINED AQUIFER SEDIMENTS 

RAD I ONUCL IDE Kd (m1/g) 

~ 0 Sr 5-38 
137Cs 12-200 

Pu 200 
.U <1 

·2 '+~Am 'V1,200 
99Tc Very1ow(«1) 
agRu 26-750' 

TABLE 8.2 

EQUILIBRIUM DISTRIBUTION COEFFICfE~T VALUES 
FOR 239pu AS A FUNCTION OF pH 9• . 

__1!!:!_ .Kd. (m1/g) __QJi_ Kd (m1/g) 

0 18 . 6.5 1 ,314 

1.0 28 7.1 >1,980 

2.2 >1,980 8.4 > 1 '980 

2.7 >1,980 9.3 200 

3.5 >1,980 , 1.1 178 

4.4 >1,980 12.0 96 

5.3 >1,980 13.0 1,980 

6.0 888 14.0 1,980 

. ' 



8.9 RHO-BWI-LD-20 

K. J. Schneider and A.M. Platt~ 12 ) and Routson, et al.,( 13
) have deter-

mined Kd values for neptunium ~sing-typical Pasco Basin unconfined aquifer 
sediments .. The former reported values of 15 milliliters per gram. Routson, et al., 
reported values of between 0.36 and 3.90 milliliters per gram using batch tests. 

K. J. Schneider and A. M. Platt(IZ) have esti~ated a Kd value of 2,000 milli­
liters per gram for americium in the case of water and a typical western desert 
sediment. They have a 1 so estimated a Kd va 1 ue of 600 mi 11 i 1 iters per gram for 
curium between water and a typical western desert sediment. 

G. S. Barney and M. W. Grutzeck( 8
) measured Kd values using batch experiments 

with Umtanum flow basalt samples (from an outcrop at Sentinel Gap, Washington) 
and typical deep basalt waters from the Pasco Basin (Table 8.3). Since the 
extent of sorption is directly proportional to the surface area, Barney has also 
reported the modified distribution coefficient Kd 1

: 

Kd Kd I = -==---=--.,-------,.--.,.-r Surface area (m 2 )/g [ml/m2
] (8-7) 

Barney measured the surface area using the Brinnell-Emmett-Teller appar&tus and 
averaged the results of 2 determinations. His average surface area for basalt 
was 5.1 square meters per gram. 

TABLE 3.3 

SUMMARY OF Kd AND Kcl' VALUES WITH BASALT 

Kd ml/g * Kd• (ml/m 2
) 

137Cs 296 ± 31 58.0 ± 6.1 
gosr 15.1 ± 18 29.6 ± 3.5 

lUbRu 38.0 ±-8.1 7 .11.5 ± 1. 59 

Pu 19.8 ± 4.0· 3.88 ± 0.78 
241/\111 231 ±. 18 /:5.3 ± 3.5 

*The error given is the standard deviation 
for five replicate experiments. ' 

,.1 

•• 
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S. Fried, et al.,( 14
'

15
) conducted experiments on the surface adsorption 

coefficient, K, of plutonium and americium on limestones and basalts. This · 
coefficient, K, was defined as: 

K = activit of a~tinide/ml of solution) (8-8) 
activity of actinide/em of rock 

The results of Fried•s experiments showed that, on a surface area basis, 
basalts sorbed more plutonium than limestone. Results from Fried•s experiments 

·are depicted in Figure 8.2. 

. Ames( 16 ) has conducted Kd batch tests using basalt, heulandite 
[(Ca, Na2) Al2 Si7 018 · 6H20J,and nontronite [(Fe, Al)2 (Al, Si)4 01 0 · XH20]. 
The latter two are common secondary minerals found within the Pasco Basin 
basalts. The basalt used was a sample of Umtanum basalt collected from just 
below Priest Rapids Dam on Umtanum Ridge. 

The work of Ames included determination of Krl variatJons with time for 
natural uranium, 266Ra, 75Se, 125I, 6DCo, assr, 1'j7Cs, 9smTc, and 237Pu. The 
Kd data for strontium and cesium are shown in Table 8.4. Typical Kd 
values for other·elements are shown in Table 8.5. 

Examination of the cesium and strontium data indicate that, in 60 days, 
equilibrium or near-equilibrium conditions were not achieved. Since the 
chemical forms of cesium and strontium are not sensitive to changes in 
redox potential, they provide a good source of information regarding the 
required equilibration time. 

In all cases except uranium, sorption experiments showed that, on a unit 
surface area basis, basalt adsorbs larger quantities of radioncl ides than 
heulandite and nontronite. This is true of selenium, radium, iodine, and cobalt, 
as well; although unexplained fluctuations in Kd values occurred for selenium 
and cobalt. These are probably a result of the lack of control of redox potential 
and temperature in the experiments. 

8.4 CHARACTERISTICS OF THE WASTE SOURCE 

8.4.1 General 

The waste form presently being considered for storage in a basalt re­
pository is spent unreprocessed fuel (SURF) from a light-water reactor. 
Assemblies from both pressurized water reactors (PWR) and boiling water 
reactors (BW~) are be~ng co~si.dered. The19h.vsical characteristics of these 
SURF d!:i~~~~~I.Jl1es are l1sted 1n Table 8.6.( ) 

If the decision were made to reprocess spent fuel with its resultant 
high-level wa~te stream, a vitrification process yielding a glass product would 
probably be the leading contender. In addition, supercal~ine formu~ations have 
recently been studied as a potential waste form. The bas1c propert1es of these 
waste forms are noted in Tnble 8.7.( 18 ). 
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SURFACE ADSORPTION COEFFICIENT OF PLUTONIUM AS 
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(From Fried, et al.[lS]) 



Basalt 

Heu1an­
. dite 

tiontro­
nite 

Basalt 

Heu1 an-· 
dite 

Nontro­
nite 

.. 

137Cs 
85sr 

l37Cs 

85sr 

137Cs 
85sr 

137 Cs 
85sr 

137cs 
85sr 

137cs 
85sr 

TABLE 8.4 

CESIUM AND STRONTIUM Kd VARIATIONS WITH TIME AT 23 DEGREES CENTIGRADE 

3 DAYS 7 DAYS 

623 + 42 605 + 36 
79 + 6 86 + 5 

14 DAYS 

566 + 59 
89 + 4 

328 + 27 ~09 + 147 333 + 95 
180 + 6 231 + 34 . 221 + 9 

1000 + 37 899 + 96 1056. + 10 
970 + 86 992 + 90 . 744 + 40 

Kd (milliliters per gram) 

28 DAYS 

710 + 5 
113+3 

5.5 DAYS 

828 + 36 
121 + 6 

461 + 100 598 + 277 
33~ + 53 422 + 55 

992 + 46 1238 + 212 
950 + 44 1020 + 73 

90 DAYS 

771 + 50 
70 + 12 

331 + 42 
495 + 84 

1466"+ 14 
1328.+ 100 

120 DAYS 

882.1 + 60.7 
120.4 + 11.6 

324.6 + 75.4 
444.8 + 74.6 

1626 + 74 
1046 + 121 

Kd(s) (milliliters per square meter) 

35.2 + 2.4 34.2 + 2.0 32.0 + 3.3 
4.5 + 0.3 4.9 + 0.3 5.0 ~ 0.2 

6.0 + 1.3 i 7.4 + 2.7 6.1 + 1.7 
3.3 + o.1 1 4.2 ~ o.6! 4.o ~ o.2 

I I 
1.16~0.04 1.1.05 ~ 0.1! 1.22~ 0.01 
1.1J~o.1o 1.15 ~ o.1 1 o.86~ o.os 

40.1 + 0.3 46.8 + 2.0 
6.4 + 0.8 6.8 + 0.3 

8.4 + 1.8 10.9 + 5.0 
6.1 + 1.0 7.7 + 1.0 

43.6 + 2.8 
3.9 + 0.7 

6.0 + 0.8 
9.0 + 1.5 

1 :15~0.0051\ 1.44~0.25. 1.70+ 0.02 
1.10+0.05 Ll8~ 0.08 1.54~0.02 

49.8 + 3.4 
6.80 + 0.65 

5.90 + 1 .. 37 
8.09 + 1.36 

1.89 + 0.09 
1.21 + 0.14 

co 
__. 
N 

;:o 
:c 
0 
I 

OJ 
:::;:: ..... 
I .--

0 
I 

N 
0 



Bas a 1t 
Heu1andite 
Nontronite 

Basalt 
Heu1andite 
Nontronite 

TABLE 8.5 

TY PIC;.L Kd V.~LUES AND THEl R STANDARD DEVIATIONS AT 23 DEGREES CENTIGRADE 
FOR SEVERAL RADIONUCLIDES 

(Equi1ibratiJn time in days is indicated in each case.) 

Kd (milliliters per gram) 

237Pu, 38 DAYS . 226Ra, 66 DAYS 60co, 30 DAYS . U, 42 DAYS 1251, 30 DAYS 75se, 30 DAYS 

65 fr 2 
66 + 16 

1456 i 609 

3.67 .. 0.11 
1.20+"0.29 
1.69 + n. 71 

731 + 327 
975 + 660 

1441 + 331 

41.3 + 13.4 
17.7 + 12.0 
1. 67 :£ 0. 38 

315 + 45.8 
234 + 32 

8393 + 428 

3.09 + 15.8 
-1.28 + 3. 93 
314 + 102 

6.2 + 2.3 
2.0 + 2.7 

-3 .. 0 + 2.8 

Kdj~illiliter~ per square me:er) 

17.8 + 2.6 
4.3 t 0.6 

9.75 + 0.50 

0.175 + 0.892 0.35 + 0.13 
~0.023 + 0.071 0.036 + 0.049 
0.365 :£ 0.11~ -0.003 :£ 0.003 

11.1+0.8 
0 

2L7 + 1.3 

0.63 + 0.045 
0 

0.025 + 0.002 

w 

::0 
.:::c 
0 
I 

OJ 
::E: ...... 
I 
r-
0 
I 

N 
0 
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TABLE 8.6 

PHYSICAL CHARACTERISTICS OF UNIRRADIATED 
REFERENCE LIGHT WATER REACTOR ASSEMBLIES( 21 ) 

RHO-BWI-LD-20 

PRESSURIZED WATER BOILING WATER 
REACTOR REACTOR 

Overall assembly length, meters 
Cross section, centimeters 
Fuel element length, meters 
Active fuel height, meters 
Fuel element 00, centimeters 
Fuel element array 
Assembly total weight, kilogram 
Uranium assembly, kilogram 
uo2 assembly, kilogram 
Zircaloy assembly, kilogram 
Hardware assembly,*** kilogram 
Total metal assembly, kilogram 

4.640 

20.8 X 20.8 

3:851 

3.658 

1.12 

14 X 14 

657.9 
461.4. 

523.4 
108.4 ** 
26.1 tt 

134.5 

*Includes zircaloy fuel element spacers. 
**Includes zircaloy control rod guide thimbles. 

4.350 

13.9 X 13.9 
iL065 

3.660 

1.252 

8 X 8 

275.7 

183.3 

~08.0 

57.9 * 
9. 77 t 

67.7 

***There a1·e also light-water reactor fuels that have stainless 
steel control rod guide thimbles and cladding. 

i· Includes stainless steel tie-plates and inconel springs. 
ttlncludes 10 kilogram stainless steel nozzles and inconel 718 grids . 
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TABLE 8.7 

HASTE FORM PROPERTIES ( 1 8 ) 

KEY TO SYMBOLS 

PROPERTY 

SOLUTION 
!V.TE 

CORROSION 
TO CLAD 
!'IATEiUAL 

RESIDt;AL 
NITRl.TE 
AND/OR 
WATER 

141\XlHUH 
PROCESSING 
TE!"IPERATURE 

RLITHENIUH 
VOLATILIZEO 
hT PROCESSING 

VOLATILITY 

SPECIFIC 
VOLU!'f..E 

WEIGHT PERCENT 
WASTE ?RODUCT 
OXIDES 

S?ECIFIC 
AREA 

FORM 

5TRUCTURAL 
Ot;ALITY . 

POROSITY 

DENSITY 

C•J::FF"!CIENT 
OF LINE.:..F. 
FiYf'l"~r;lnK 

THE?!·~.L 

CO:·::H..iC7:V!TY 

!-!::.AT 
CAPACI7Y 

~l C'UIDUS 
':'Ef'l..?i:?.ATliRE 

:-;::~:..~;s:T:io;: 

7:::~?Ef\.:.7;;R.E 

= Not Available. 

NA Not Applicable. 

UNITS 

·rna 

m2s-= 

nm/sec 

' 
OK 

' 

NA 

MAXIMUM 

TYPICAL 

NA 

NA 

SUPERCALCINE 
POWDER CERAMIC 

0 
to 
10 

0.005 
to 

0.05 

1. )70 
to 

1,570 

~7.0 

1,570°K 
some 

Ru & Co 

0.070 

~75\ 

45\ 

10,000 
to 

20,000 

0 
to 
10 

0.005 
to 

0.01 

1,370 
to 

1,570 

~5.0 

1. 670°K 
much 

Ru·• C<: 

0. 0 7U 

~75% 

45l 

0.005 
to 

0.05 

Powder Monolithic 

Soft ~ very Hard 
Crumbly & Rritt-l~ 

40 
to 
80 

4,000 

-..a. 3 

O.E 

670 

1. 670 
to 

l,E7u 

NA 

2 
to 
20 

3,500 
to 

4. 000 

to 
10 

0.8 
to 
2 

1,100 
to 

1,200 

1.670 
t:O 

1. 870 

• Mostly str·~ss corrosion cracking which is localized, variable, 
and dependent upon the chemical species. 

Based on UOz with approximately 2-10 percent porosity. 

= Alloy has a transition temperature. 

GLASS 

PHOSPHATE 

10-s 
to 

0.7 

0 
to 
10 

BORO­
SILICATE 

10- 5 

to 
0.01 

0 
to 
10 

.0.005 0.005 
't.O to 

0.05 0.05 

l,~/0 
1.170 to 

1,670 

3 
to 9.0 
15 

<l,SOO~K <1,500°K 
all all 

Ru i C5 Ru & Cs 

0.036 
to 

0.078 

~25\ 

20\ 

0.005 
to 

u.os 

0.04 
to 

0.1 

~ SO\ 

20-35\ 

0.005 
to 

0.05 

Fractured Fractured 
Monolith Monolith 

Ve rv Hard Very Hard 
~ ari~~lo ' arit~lo 

!_5.0 

2,700 
to 

3,000 

8 
t:O 

10 

G.e 
to 

l.:i 

1,100 
to 

l,20C. 

5 ,, --t:O 
!,020 

770 

~l. 0 

3,000 
to 

3,600 

to 
10 

0.9 
to 

1.3 

750 

BOO 
to 

I, 500 

870 
to 
97;, 

RHO-BWI-LD-20 

SURF 

PELLETS 

c.005 

NA 

NA 

NA 

5% 

Fractured 
Pellets 

ver.y Hare. 
& Brittle 

to 
10 

10,000 
to 

10,500*• 

2•• 
to 
6 

2Ja•• 
to 
330 

•• 
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8.4.2 Spent Unreprocessed Fuel 

8.4.2.1 General 

8.16 RHO-BWI-LD-20 

The chemical state of SURF is altered from the state of fresh fuel by 
the presence of fission, activation and d~cay products, and by the radial 
temperature gradient which exists in the fuel during irradiation. The central 
portion of the fuel pin, which is typically at temperatures in the range of 
1,800 to 2,500° C during irradiation, restructures forming large, dense 
columnar grains with radial orientation. An an~ular central void also 
can occur during restructuring (Figure 8.3).( 19

) The fuel restructuring is 
essentially.a sintering process which occurs early in irradiation life. 
Typically, only refractory oxide and noble metal components, which have very 
low vapor pressures, remain in the central portion of the fuel. Other fission 
products migrate radially to cooler regions. The most mobile components are 
found at the fuel surface in the fuel cladding gap and at the fuel column ends 
or plenum regions. 

The chemical components of SURF (excluding claddi~g) can be divided into 
chemical groups for the purpose of assessment of the chemical state. The 
groups consist of the following: actinides; yttrium and the rare earths; noble 
metals; other metals; alkaline earths (Ba, Sr); alkali (Cs, Rb); other elements 
(H, Se, Te, I); and· inert gases (He, Kr, Xe). The groups as listed are roughly 
ordered from lowest to highest mobility in an intact fuel pin. However, two 
factors which strongly influence the state of SURF components are temperature 
and oxygen chemical potential. 

8.4.2.2 Fuel Solid Solution 

The primary phase in SURF is an oxide fuel .solid solution. The fuel solid 
solution phase contains the actinides, Y + rare earths, and much of the Zr in 
a fluorite structure oxide phase of nominal M02 stoichiometry. Calculated 
bulk composition of the cation elements in.the oxide fuel solid solution are 
given in Table 8. 8. 

u 
Pu 
Np 
Am 
em 
y I l"tH·e earths 
Zr 
Th 
Others 

TABLE 8.8 

FUEL SOLID SOLUTION COMPOSITION 
· . (Percent) 

1 YEAR 10,000 YEARS 

97.632 97.874 
0. 931 0.524 
0.045 0.171 
0.018 0.004 
0.002 
1. 013 1. 013 

0.359 0.413 

0.001 
<0.001 <0.001 

*Assumes all Zr02 and no· Mo02 are dissolved in the fuel solid 
solution phase. 
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Some radial concentration gradients in the fuel solid solution composi­
tion occur as a result of the radial temperature gradients during irradiation. 

In a flooded repository (no air) under hydrothermal conditions, oxidative 
degradation of the fuel structure would depend on oxygen potential and pH 
characteristics of the ground water. However, solubility of the actini9es, 
Y+ rare earths, and Zr oxides or salts in the neutral aqueous solutions is quite 
low and their polyvalent cations tend to be highly complexed in solutions. 
Solubility and mobility of these species is expected to increase with decreasing 
ground water pH. 

8.4.2.3 Noble Metals 

The noble metals, primarily Te, Ru, Rh and Pd, are present as metallic 
ingots in the fuel. Depending on oxygen potential, the ingots may also contain 
Mo. The equilibrium oxygen potential for formation of Mo02 is close to the 
oxygen potential of stoichiometric M02 fuel. Rhodium, Ru, and Tc form oxides 
when heated in air. After a few hundred years, only Tc and Pd have any signif­
icant radioactive isotopes in SURF. 

8.4.2.4 · Other Metals 

Zirconium and molybdenum are the major elements in this group. The majority 
of Zr is· most likely dissolved in the primary fuel oxide phase. However, Zr 
may also be found as BaZr03 and SrZrOJ zirconates in a second phase oxide. The 
molybdenum will be partitioned bet\'1een the primary fuel oxide phase, the noble 
metal ingots, and CsMo04 phase in the fuel cladding gap. At full burnup, the 
majority of the Mo is most likely in the ingots or in the gap as CsMo04. 
Oxidation of Mo to Mo02 occurs at oxygen potential values near that of the 
primary fuel oxide at stoichiometry (0/M = 2.0). The chemical state of minor 
metal elements in this category will also depend on oxygen potential. 

8.4.2.5 Alkaline Earths 

The alkaline earth elements barium and strontium are present as second­
phase oxides in th~ fvel. The ·second-phase oxide may include zirconium as in 
BaZr03 and SrZrO~.l20J Strontium would be leached out of the fuel if contacted 
by neutral or slightly acidic ground water. However, the deep Pasco Basin 
ground waters are fairly basic. Availability of strontium to interact with the 
repository system will be greatly increased by conditions leading to disruptive 
oxidation of the oxide fuel. 

8.4.2.6 Alkali Metals 

Cesium is the only alkali with significant radioactivity. At 100 years, 
cesium accounts for more than half of the calculated SURF radioactivity. 
Cesium-135 contributes small amounts of activity for great lengths of time due 
to a 2 x 106 yPar half-life. Cesium forms compounds with YO?. and Mo0 2 in the 
fuel cladding gap and may also be present as Csi and Cs 2Te. 
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8.4.2.7 Other Elements 

All elements in this category have relatively high potential for migration 
from stored SURF. However, except for 1291 ·and initial contributions from 
tritium, activity from these elements is quite low. Iodine and Se would most 
likely be present in the fuel cladding gap along with Cs-containing phases. 
Carbon-14 and 36 Cl may also occur as activation products. ) 

8.4.2.8 Inert Gases 

A portion of the fission gas is released from the fuel during irradiation 
and may occasionally also be released to the reactor coolant through cladding 
breaches. 

Retained fission gas is probably on the order of half the fission gas 
generated. Gas generated in the hotter central portions of the fuel diffuses 
out of the fuel structure as it is generated. Release -of retainP.cl fissinn 
gas would be expected under conditions resulting in oxidation of U0 2 to UsOa. 

8.4.2.9 Bulk Composition 

Calculated typical spent fuel compositions at post-irradiation times 
from 1 to 10~ years are given in Table 8.9. This table is derived from 
ORIGEN-2 computations for a PWR fuel assembly at 33,000 MWD/ MT burnup,.{21) 
and includes heavy metals, fission products, and decay products. Elements 
derived from light element neutron activation products, the cladding, or 
subassembly are not included in Table 8.9. The fission and decay 
product total is 3.38 percent of the original heavy metal weight indicating 
3.38 atom percent burnup. 

8.4.2.10 Spent Unreprocessed Fuel Activities 

fhe elements whose chemical state is of most concern are those containing 
the highest long-lived radionuclide activities. Calculated activities at 
post-irradiation times from 1 to 10~ years are given in Table 3. 10. Activi­
ties less than 10- 8 curies per subassembly are tabulated as zero. Several 
activation products not listed in Table 8.8 are included in Table 8.10 
(i.e., 14C, 36Cl . 54f~n, ssFe, ssco, 60Co, 59Ni, 63Ni, Gszn.) Where decay 
chains occur, activities of short-livP.d i~otopes are included in the 
longer-lived isotope activity. For exampl~, in the decay chain: 

144Ce 295d ., 144pr 17m 144Nd (stable), 

Prometium-144 activity is part of the tabulated Ce activity. Simi­
larly, 137Ba is inc)uded in the Cs activity, l03Rn and l06Rh are included 
in the Ru activity, and so on. The Zr, Nb activity includes: 

9szr· ___ 6_5_d ______ _. Nb 35d -------+ 

9 3 Ar~-1=-Q=-6->Ly _____ _.,.., 9 3mNbr--3_._7-"-y ___ _.,. 

(stable) 

(stable). 

Total spent fuel activities as a fraction of the total activity at 1 year 
are 14.1 percent, 1.44 percent, 0.074 pe~cent, and 0.024 percent at 10, lJO, 
1 ,000, and 10,000 years, respectively. It appears that a majority of the 
fission products are of concern for less than 100 years. Beyond 1,000 years, 
most of the SURF activity results from actinide decay. 
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TABLE 8.9 

PWR SPENT FUEL COMPOSITION IN GRAMS PER ASSEMBLY 
(excluding.cladding) 

.... (Fro~ C. W. Alexander, et al.[2l]) 

'( ., . 

1 YEAR 10 YEARS 100 YEARS ·. 1,000 YEARS 10,000 YEARS 

Actinides 446,000 446,000 446,000 446,000 446,000 
AC' ... Es 
A 1 ka 1 i Meta 1 s 

Li . 8. 9 xl o-5 

Rb 157 162 168 168 168 
Cs 1,250 1,108 723 680 667 .· 

Total 1,307 1,270 891 848 835 

A 1 ka 1 i Earths 
Sr 403 355 183 162 162 
Ba 657 796 1 '181 1,236 1,236 

Total 1,060 1 '151 1,364 1,398 1,398 

Rare Earths {&y) 
y 210 210 210 210 210 
La 561 561 561 561 561 
Ce 1 '168 1,096 1,096 1,096 1,096 
Pr 515 515 515 515 515 
Nd 1,784 1,856 1,856 1,856 1 ,856' 
Pm 52 5 10-10 . 0 0 
Sm 353 400 401 398 398 
Eu 73 60 54 57 57 
Gd 40 53 63 63 63 
Tb 1 1 1 1 

D.v 1 1 1 1 
... Ho 6 X 10-2 

Er 2 X lQ-2 

" Tm 2 X lQ-5 

Yb 7 X 10-6 

Total 4,758 4,758 4,758 4,758 4,758 
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Table 8.9 (continued) 

1 YEAR 10 YEARS 100 YEARS 1000 YEARS 10,000 YEARS --
Noble Metals 

Tc 359 359 359 358 348 )' 

Ru 1,044 1,005 1 ,,005 1,006 . 1 ,016 

Rh 217 217 217 217 217 
Pd 592 631 631 631 631 

Ag 35 35 3G 35 35 

Total 2,247 2,247 2,247 ,,,47 2,247 

Other Metals* 
Zr 1,624 1 ,672 1,844 1,865 1,863 

Nb 0.7 10-3 10-2 0.2 . 2.4 

Mo 1,533 1,535 1,535 1,535 1,535 

Cd 49 49 49 49 49 

In 1 1 1 1 1 

Sn 41 41 41 41 40 

Sb 13 9 8 8 8 
3,261.7 

Other Elements 
II 10- 2 10-2 1 o·"' 0 0 

Se 26 26 26 26 26 

Te 218 223 223 223 224 

I 108 108 108 108 108 

352 

*Mn, Fe, Co, Ni, and Zn were listed only in curies.as activation products, 
Zr does not include cladding. 

... 
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TABLE 8.10 

PWR SPENT FUEL ACTIVITIES IN CURIES PER ASSEMBLY 

(446 Kg Heavy Metal; 33,000 MWD/NT) 

( (From C. W. Alexander, et al.[2l]) 

1 YEAR 10 YEARS 100 YEARS 1000 YEARS 10,000 YEARS 

Actinides 

Ac~Cm . 60,700 38,300 3,140 785 204 
Alkali 

Cs 142,000 76,400 9,310 0.2 0.2 
Alkali Earths 

Sr 36,900 27,300 2,960 10-6 0 
Rare Earths 

y 6,400 0 0 0 0 
Ce 458,000 15 0 0 0 
Pm 48,400 4,480 0 0 0 
Sm 175 163 84 0.1 0 
Eu 7,290 2,944 2 0 0 

Total 520,265 7,602 86 0.1 0 

Noble Metals 
Tc 6. 1 6.1 6. 1 6. 1 5.9 
Ru 264,000 544 0 0 0 
Pu 0.1 0.1 0.1 0.1 0.1 

"' Total 264,000 550.2 6.2 6.2 6.0 

Other Metals 
Mn 20 10-2 0 0 0 
Fe 1,970 179 10-8 0 0 
Co 3,272 972 10-2 0 0 

~ Ni 305 286 146 2 2 

Zn 23 10-3 0 0 0 
.. Zr,Nb 45,400 3 3 3 3 

Mo 10-2 lQ-2 10-2 10-2 10-2 

Sn 1,200 1 0.6 0.6 0.5 
Sb 7,370 750 10-7 0 . 0 

Total 59,560 2,190 150 5.6 5.5 
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Table 8.10 (continued) 

1 YEAR 10 YEARS 100 YEARS 1000 YEARS 10,000 YEARS 

Others 
3fi 356 214 1.3 0 0 

c 0.7 0.7 0.7 0.6 0.2 

Se 0.2 0.2 0.2 0.2 0.2 

Cl lQ-3 lQ-3 lQ-3 lQ-3 lo-3 

I 10-2 1o-2 lQ-2 10-2 1o-2 

.t) 

.. · 
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8.4.3 Other Waste Forms 

The reference propertjes)of botb ~]asses and superc9lcine)have b~en) 
summarized by Deju · et al.,P 8 Ross,( 2 ) Mendel, et al.,\2 3 • 2 ~+ Gray,t 25 

Turcotte and Wald,( 26
) and Ross, et al.,( 27

) have extensivel~ det~iled the 
properties of borosilicate glass wastes. McCarthy, et al.,( 8

-
32

) have 
extensively covered the properties of supercalcine formulations. 

8.5 CHEMICAL REACTION CONSTANTS 

A simulation of reactions between basalt and ground water has been made 
using techniques which permit the calculation of the progressive mass tran$fer 
between solids and an aqueous phase as a function of reaction progress.( 33 J 
Reactions involving SURF, b~salt, and ground water have also been extensively 
studied and reported.( 3 ~+- 36 J · 

In order to understand the chemistry of the natural environment in which 
contaminant transport takes place, chemical th~rmodynamic data are needed to 
summarize this environment. A summarization( 8 J was made of thermodynamic 
data of aqueous complexes and solid phases of plutonium, neptunium, americium, 
and curium likely to form in the natural environment. Data summarized includes: 

• 
• 
• 
• 
• 
• 
• 

Free-energy data for the aqueous and solid species; 
Reaction constant data; 
Reactions studies; 
Techniques used; 
Nature of the aqueous media; 
Reaction-free energy; 
eH-pH diagrams. 

Thermodynamic data on aqueous complexes and solid phases of other ions 
are presently being summarized as part .of the Waste Isolation Safety Assessment 
Program.· 

8.6 RADIOACTIVE DECAY RATES 

Radioactive decay rates are a measure of the amounts of a given radionuclide 
present in a given system at any one time. The half-life of a radionuclide 
is a measure of the time for the activity of a radionuclide to decay to half 
its value. Half-lives for the most important radionuclides from a contaminant 
transport analys1s standpoint are given in Table 8.11. 



ISOTOPE 

2~+1Am 

l~+c 

13sc5 

l37Co 

6ocm 

2~+~+cm 

3H 

12 9 I 

237Np 

239pu 

2~+lpu 

226Ra 

79Se 
gosr 
99Tc 

23~+u 

23au 

8.25 

TABLE 8.11 

RADIOACTIVE DECAY RATES 

HALF-LIFE {years) 

432 
5,730 

2.3 X 10 6 

30.17 
5.27 

18.11 
12.33 

1.59 X 107 

2.14 X 10 6 

2.4 X 10 4 

14.7 
1,600 

10,000 
29 

2.13x10 5 

2 ./!.4 X 10 5 

4.47 X 10 9 

RHO-BWI-LD-20 

) 
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9.0 MODELING 

9.1 GENERAL 

The ultimate objective of our research and development effort in the 
basalt waste repository program is to assess the risk of siting a repository 
in a given subsurface stratum. The data given in the preceding chapters 
of this report are aimed at supplying the basic input parameters to flow 
and ground water transport models that serve as the basis for the assess­
ment of risk from a ·basalt repository. The data requirements of these 
models are shown in Table 9. 1. In this table, we have included a list 
of the sections of this report where individual input items are discussed. 
In this table, we depicted the flow models as separated from the transport 
process. This separation of flow from transport is based upon the assump­
tion that the movement ot waste contaminants from a repository would not 
cause any significant changes in the hydraulic properties of individual 
rock strata. The flow models are required input to the transport models, 
inasmuch as one must first describe the flow field that will be responsible 
for moving the radioattive contaminants. 

To date, models have been developed and used in a preliminary way to 
·model specific portions of the flow system; i.e., the unconfined aquifer,(l) 

and the deep repository environment,(2) but have not yet been applied to the 
total system. This latter objective is part of the effort in our risk 
assessment studies. Data from this report will be used in these regional 
modeling applications. 

9.2 SIMPLIFIED CONCEPTUAL MODEL 

A model can be defined as a simplified representation of a give~ system. 
Models must behave in a manner analogous to the actual system under a set of 
specified conditions. The objective of constructing a model is generally 
to assess the impact of certain actions and/or conditions on the actual 
system. 

Generally, in modeling a system, orie begins by conceptualizing the overall 
description of the actual system. This report has presented our conceptual 
model of the surface hydrology of the Pasco Basin {Chapter 4.0) and our 
conceptual model of the subsurface hydrology of the Pasco Basin {Chapter 5.0). 
The hydrologic properties of the various subsurface strata are part of the 
data requirements for our conceptual understanding of the subsurface regime 
and have been discussed in Chapter 6.0. 

The picture that emerges from these analyses is that the Pasco Basin, in 
essence, consists of a sequence of water-bearing zones, generally confined 
from one another, and separated into three distinct flow systems. Flow paths 
in these flow systems appear to lengthen as we move to deeper zones. 

) 



FLOW PARAMETERS 

( 1. Recharge and discharge 
locations and rates 

2. Time-varying potentials 
along the boundaries of 
the system 

3. Geometric description 
of aquifer boundaries 

4. Initi a 1 potential 
distribution 

5. Soil moisture 
characteristics 

6. Hydraulic conductivity 

7. Effective porosity 

8. Storage coefficient 

9. Fluid density 

10. Fluid compressibility 

11. Fluid viscosity 

! I 
I 

I 
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TABLE 9.1 

DATA REQUIRB,lENTS FOR MODELING 

COVERED 
TN SFC:TTON 

Section 5.5 

Sections 5.4 
and 5.6 

Sections 5.5 
a.nd 5.6 

Section 5.6 

Section 5.7 

Sections 6.3 
and 6.4 

Sections 6.3 
and 6.4 

Sections 6.3 
and 6.4 

Section 5.2 

Section 5.2 

Section 5.2 

1. 

2. 

3. 

4. 

5. 

RISK 
ASSESSMENT 

TRANSPORT 
MODELS 

TRANSPORT PARAMETERS 

Dispersion coefficients 

Sorption coefficients 

Characteristics of the 
waste source 

Chemical reaction 
constants 

Radioactive decay rates 

COVERED 
IN SECTION 

Sections R.l 
and 8.2 

Sections 8.2 
and 8.3 

Sections 8. I 
and 8.4 

Sections 8.1 
and 8.5 

Sections 8.1 
and 8.6 
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The total amount of flow from individual aquifers can be calculated 
using Darcy's law. Such a calculation was done for Well DC-1 using the 
data contained in Chapter 6.0. The results of these calculations are shown 
in Table 9.2, which indicates that the bulk of the ground water under­
flowing a unit column at the location of Well DC-1 is coming through the 
upper unconfined aquifer with minimal amounts by comparison being contrib-
1uted by the deeper zones, especially within the Grande Ronde Formation. 

In Chapter 6.0, it was also shown that our present model of the 
regional flow system, based upon piezometric head testing to date, indicates 
downward flow in this system trending from east to west within the Pasco 
Basin. 

By describing the surface hydrology and the subsur fa~.:e hydr·ol oyy and, 
in addition, defining the hydrologic properties ·of individual subsurface 
strata, one can physically describe the flow characteristir.s nf the around 
water regime. In addition, in siting a repository, one is interested in 
understanding the transport potential of such a regime. To conceptualize· 
this transport, a series of additional properties is necessary. These have 
been described in Chapter 8.0. 

To conceptualize the transport process, we will consider a source of 
radioactive contaminant defined mathematically as a body of finite dimensions 
containing a given amount of radioactive material. This radioactive material 
is leached at a given rate and will undergo sorption and dispersion based 
on the basic physical/chemical properties of the repository basalt system. 
These basic properties are heavily dependent on the waste form and rock 
material through which the waste would have to be transported. 

This general conceptual model will form the basis for our mathematical 
studies to analyze the behavior of the basic hydrologic system under various 
repository conditions. A number of mathematical models is available to 
define and describe the behavior of this system under various circumstances.(3) 
These models will be used to analyze the behavior of a saturated flow system 
adjacent to the canisters of nuclear waste, to analyze the effect of ground 
water on the stability of underground caverns, and to understand the flow 
and transport processes that take place in the subsurface of the Pasco Basin. 

9.3 MODELING TO DATE 

Mathematical models are representations of a system by means of a set of 
equations satisfying a number of conditions which occur in the actual system. 
Mathematical models can be further classed into two groups: (1) stochastic; 
and (2) deterministic. Stochastic models are such that one or more variables 
in the system are regarded as random or as Kisiel (4 J defines them: 11 ln the 
stochastic approach uncertainty by way of probability laws is woven onto the 
fabric of hydrodynamic and phenomenological relations which define mean-value 
behavior of a system with zero mean-square error ... Deterministic models, on 
the other hand, involve only variables that are free from random variation. 
The modeling approach discussed herein is of a deterministic nature. To date, 
modeling work has included model development, sensitivity testing, and pre­
liminary verification. 
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To date, models for describing ground water and contaminant 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. Verification 
with field data showed areas where data coverage was inadequate and pointed 
up the need for development of a technique to ~ompute uncertai~ties in 
the output based on known uncertainties in the input data. 

In general, the Pasco Basin modeling is divided into three categories: 
(1) unsaturated zone analysis capability; (2) saturated ground water analysis 
capability; and, (3) transport capability. The unsaturated and saturated 
portions of the ground water system were considered separately in order to 
develop feasible models. The transport phenomena were assumed to be affected 
by, but not to affect, the convective flow patterns. 

The model development effort is separated into three major categories: 
(1) data models; (2) hydraulic models; and (3) contaminant tr~nsport models. 
Data models are used to calculate input characteristics required for operation 
of the hydraulic and transport models. The hydraulic models utilize the ground 
water movement·calculated by the hydraulic models with rock-waste reactions for 
predicting the contaminant movement rate. The ground water convective transport 
is often simulated independent of waste movement. 

Reliable estimation of model parameter distributions both in time and 
space is a challenging enterprise in view of uncertainties in sampling, data 
analysis and interpretation, and the model structure. Hence, data models which 
assist in the process of producing such parameter distributions can be as 
important as the simulative models they serve. In a recent review of paramet~r 
estimation techniques applicable to Hanford ground water modeling, Mclaughli~t 5 ) 
examined a number of the better known methods. Statistical parameter estimation 
methods were recommended because they can account for significant measurement 
uncertainties and have a more general applicability to a variety of problems. 
Such statistical methods are being integrated into the Rockwell modeling 
effort. Earlier, a major data model, the Transmissivity Iterative Routine (TIR) 
was developed for calculating the hydraulic conductivity distribution in highly 
heterogeneous agujfers where characterization by field measurement alone would 
be prohibitive.l 6 J The TIR has been useful in developing a spatial distribution 
of hydraulic conductivity for the Hanford unconfined aquifer, but is limited 
by q lack of an objective measure of performance, the necessity of engineering 
intervention at various stages of the estimation process, qnd by the fact that 
it is rather highly specialized and application dependent.l 5 ) 

The basic hydrauli~ models are the Variable Thickness Trans1ent Ground 
Water Flo~ M)odel (VTT),l 7) th~ ~imultaneous Heat and Moisture Transport Model 
(SEMTRA),l 8 the PATHS Model ,l 9 J and versions of the DAVIS FE Model. ~ 9 ) The 
VTT Model was developed to predict the changing height of the water table 
(phreatic surface) throughout the unconfined aquifer. It provides for the 
simulations of two-dimensional flow in an unconfined aquifer. The model utilizes 
the non-linear transient Boussinesq equation with the appropriate initial and 
boundary conditions. The heterogeneous permeability distribution input has been 
calculated by the TIR Model. A successive line over-relaxation technique with 
unequal time steps is used for numerical solution. The VTT Model has recently 
been enhanced to have a multi-aquifer capability with variable thickness features 
for the unconfined stratum. The VTT Model can solve both ·transient and steady­
state problems. More detailed solution at a finer difference grid spacing is 
possible by a sequential solution process, wherein the results or7~ large-region 
simulation are used as boundary conditions for a smaller region. J 
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The SEMTRA Model( 8 ) is a finite element model for use in the analysis 
of transport processes in arid site vadose (unsaturated) zones. The 
numerical model is designed to provide detailed simulations of the inter­
actions between climatic conditions and natural moisture movement in a dry 
soil system. The theoretical framework of the models considers processes 
of coupled heat and moisture transport, soil-atmosphere interactions, and 
spatially varying soil properties. 

The mathematical formulation of the non-isothermal model consists 
of the coupled form of the pressure-based flow equation and the conduction 
equation. The flow equation models moisture flow as a function of the 
capillary, gravity, and· thermal· driving forces. The heat equation considers 
conduction and surface fluxes arising from atmospheric heating and cooling. 

A Galerkin finite element approach is used to solve·the set of 
governing equations. The non-linear, £oupled equations are solved simulta­
neously using a Newton-Raphson iteration scheme. _Quadratic basis functions 
are used to form the subdomain approximations for the principal variables 
and th~ spatially varying parameters. The soil hydraulic relationships 
are represented by cubic spline functions. A log transform approach is 
introduced to alter the form of the pressure-based flow equation. 

Results of numerical experiments including comparisons with: (1) an 
analytical solution for linearized-coupled heat and moisture flow; (2) a 
numerical solution for isothermal imbibition; and, (3) actual field data 
demonstrate that the combined use of the cubic ~plines and the log transform 
approach significantly improve the solution convergences at low saturations. 

The PATHS Model(9) is a two-dimensional analysis tool for determining 
saturated ground water arrival times at a river-type outflow boundary. The 
code was purposely designed to provide a realistic balance between model 
complexity and the limited input data usually available. Accordingly, the 
basis of the code is an idealized, two-dimensional analytical solution for 
the ground water potential 'distribution. From the potential distribution, 
the path line differential equations are numerically solved by the code to 
give the paths of the fluid particles and their advance with time along the 
paths toward the outflow boundary. The program uses an interactive BASIC 
front end which leads the user through the program input, requesting the 
data needed, and helpi~g the user to select the necessary control parameters. 
After the input is completed, the BASIC part of the program automatically 
submits a "batch" job, thereby capitalizing on the economy available 
during heavy computing while solving the simultaneous equations. The results 
are available as: (1) summary tables obtained interactively· (2) detailed 
computer printouts when desired; or (3) as Calcomp plots, if.that option is 
selected. 

Three-dimensional ground water models based upon the DAVIS FE Model, 
developed by S. K. Gupta, e~ al., while with the Water Science and(Engineer­
ing Section, University of California at Davis, are being appl1ed. 10 J .The 
model considers saturated confined flow in three dimensions with both the 
fluid and porous material considered compressible. The time dependence 
arising from compressibilities is considered through a backward difference 
and the spatial discretization is through finite element. 
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Three-dimensional isoparametric elements are used that can be deformed 
in any of the three coordinate directions. The spatial basis functions for 
the isopa~ametric shapes along any element edge may be either linear, quadratic, 
or cubic in functional form. Such functional forms are incorporated by 
inserting additional node points along the element edge; i.e., the two end 
points are used for the linear form, adding a node at the center provides 
the quadratic variation, and the cubic is obtained through adding internal 
nodes at the one-third points along the element side. This procedure allows 
flexibility, particularly in satisfying irregular boundary conditions, yet 
maintains the advantages of using the simpler Chapeau basis functions for 
the potential or head representation. 

Amonq the transport codes available ~r~ MMT and GETOUT. The GETOUT 
Code assumes that, at some arbitrary time after the waste is emplaced, the 
contents of the site are dissolved at a specified constan~ rate into an under­
ground water body. The ground water flnws at constant velocity through a 
homogeneous, one-dimensional column of the geologic medium and discharges 
to a surface water body. The dissolved radionuclides are assumed to be in 
sorption equilibrium at all points in the geologic medium. Radioactive 
decay (including chain decay of the actinides) is modeled both ~t)the 
disposal site and during migration through the geologic medium.t 9 

The MMT Code is based on the two-dimensional form of the diffusion­
convection equation. The model considers variable dispersion coefficients, 
variable media thickness, and sink and/or source terms. The model has two 
major components: (1) the macroion segment handles dissolved minerals that 
are typically present in ground water systems; and (2) 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 simul­
taneous 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. 
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