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SUMMARY

In 1990, the U.S. Department of Energy, Richland Field Office, author-

ized Pacific Northwest Laboratory to begin a study to describe ground-water

and contaminant d0ischarge to the Columbia River in the Hanford Townsite

vicinity. Ground-water and contaminant discharge from the unconfined aquifer

• is the emphasis of this study, which focuses primari.ly on the period from June

1990 through March 1992.

" Results demonstrate that ground-water movement, contaminant distribu-

tion, and discharge to the Columbia River in the Hanford Townsite study area

are influenced by the local geology, by regional ground-water conditions, and

significantly by river-stage fluctuations. These results led to the following

major conclusions.

Ground water containing tritium concentrations greater than the Drinking

Water Standard of 20,000 pCi/L discharges to the Columbia River via sew.:ral

springs within the study area. The concentration of tritium in these springs

is less than the concentration of tritium in ground water from wells because

of dilution from bank storage from the Columbia River.

Regional ground-water velocity and tritium migration rate appear to be

greater in the east-central part of the study area than in the southeast part

of the study area. This region of higher hydraulic conductivity appears to be
continuous to the river.

Fluctuations in Columbia River discharge (and stage) affect ground-water

elevations and tritium concentrations in wells located as far as 800 m from

the river. Statistical analyses indicate a high correlation between the

river-stage fluctuations and well water-level fluctuations, with an increase

in ground-water elevations during high river stage and a decrease in ground-

. water elevations during low river stage. The magnitude of the average

horizontal hydraulic gradient across the study area also is affected by

. fluctuations in river stage. Fluctuations in Columbia River discharge and

associated bank storage affect concentrations of tritium in wells. As the

river stage rises, water from the river moves inland, resulting in dilution of
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tritium concentrations in wells near the river. The water-level responses in

wells are observed farther from the river than are the dilution effects of the

river.

The majority of ground-water discharge to the Columbia River is from the

Han'ford formation aquifer. This formation has higher transmissivity and

higher contaminant concentrations than the underlying Ringold Formation. The

aquifer is not present in the northwest portion of the study area where the

Elephant Mountain basalt subcrops above the water table, and in two locations

adjacent to the Columbia River in the east portion of the study area where

clay- and silt-dominated facies of the Ringold Formation subcrop above the

water table. Ground-water flow and the areas of greatest discharge to the

river very likely are controlled by these areas. Ground water is diverted

around these areas where the Hanford formation aquifer is not present and

discharges to the river in one (and quite possibly a second) restricted

region.

The total ground-water discharge to the Columbia River was calculated to

be approximately 6.6 x 108 m3/year. The total tritium mass discharge to the

Columbia River was calculated to be approximately 1400 Ci/year. The total

uncertainty factor assigned to the calculated contaminant mass discharge

calculations is plus or minus five. Although ground-water and contaminant

discharge fluctuates in relation to changes in the Columbia River stage, no

estimates of the time-variant nature of contaminant discharge were made.
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1.0 INTRODUCTION

Pacific Northwest Laboratory (PNL)(a) has conducted studies to evaluate

ground-water/surface-water relationships and contaminant discharge to the

Columbia River in the vicinity of the abandoned Hanford Townsite. In 1990,

the U.S. Department of Energy, Richland Field Office, authorized PNL to begin

. the present study, which continued through March 1992. Earlier studies were

conducted in this vicinity from 1981 through 1983.

1.1 PURPOSEANDOBJECTIVES

The purpose of this study is to quantify ground-water and contaminant

discharge to the Columbia River in the Hanford Townsite vicinity. The loca-

tion of the Hanford Townsite study area within the regional setting is shown

in Figure 1.1.

The primary objectives of the work are to

• describe the hydrogeologic setting and controls on ground-water
movement and contaminant discharge to the Columbia River

• understand the river/aquifer relationship and its effects on
contaminant discharge to the Columbia River

• quantify the ground-water and contaminant mass discharge to the
Columbia River

• provide data that may be useful for a three-dimensional model of
ground-water flow and contaminant transport in the Hanford Townsite
study area.

The location of the Hanford Townsite study area (see Figure 1.1) corresponds

with the region of highest tritium concentration and one of the regions of

highest nitrate concentration in ground water discharging directly to the

Columbia River. The majority of ground-water contamination occurs within the

unconfined aquifer; therefore, ground-water and contaminant discharge from the

unconfined aquifer is the emphasis of this study. The period of study is

• primarily from June 1990 through March 1992.

(a) PNL is operated for the U.S. Department of Energy by Battelle Memorial
Institute.
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FIGURE 1.1. Hanford Site Location Map Showing the Location of the Hanford
Townsite Study Area
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1.2 BACKGROUND

The U.S. Departmentof Energy'soperationson the HanfordSite have

resultedin large volumesof waste water that were dischargedto the ground

(andthe soil column)throughcribs, ditches, and ponds. These discharges

contaminatedthe ground water and influencedground-waterflow'andcontaminant

movementin the unconfinedaquiferbeneath the Site. Dischargeof waste water

• to the ground at Hanfordbegan in the mid-1940sand reacheda peak in 1955.

After 1955, dischargeto cribs declined becauseof improvedtreatmentof wast(

streamsand deactivationof variousfacilities.

Approximately23.7 billionliters of liquid effluent,primarilycooling

water, was disposedto the ground in the 200 Areas (see Figure 1.1) during

1988. This value is indicativeof the magnitudeof previousyears' disch(_!_jas

to ground. Data on the volume and radionuclideinventoryof waste water

releasedto variousdischargefacilitiesare documentedin annual reportspre-

pared by the operatingcontractor,currentlyWestinghouseHanfordCompany

(WHC) (e.g.,Cooney and Thomas 1989).

Some mobile constituentssuch as tritium percolatethrough the soil

column to eventuallyenter the ground water. They then move downgradientirl

the same directionand at a rate nearly equal to ground-waterflow, although

their concentrationsare reducedby dispersionand radioactivedecay (Jaquish

and Bryce 1990).

Each year, ground-watersamplesare collectedfrom wells within the

HanfordSite for monitoringand surveillanceprograms. Samples are analyzed

for radiologicaland chemicalconstituentsto determinethe level and extent

of contamination. Resultsof sample collectionand analysis are reported

annuallyby both PNL and _HC (e.g.,Serkowskiand Jordan 1989; Evans et al.

1990). The distributio1_of tritiumin the unconfinedaquiferduring 1990 is

• shown in Figure 1.2.

Figure 1.2 shows that tritiumconcentrationsas high as 200,000pico-

' curiesper liter (pCi/L)may dischargeto the ColumbiaRiver in the vicinity
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FIGURE 1.2. Distribution of Tritium in the Hanford Site Unconfined Aquifer,
1990

lD

of the Hanford Townsite study area. This concentration exceeds the current

Environmental Protection Agency (EPA) National Interim Drinking Water Standard

(BWS) of 20,000 pCi/L (EPA ].976).
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Ground-water discharge is known to occur via springs, many located near

the Hanford Townsite. The accessibility of these springs to the public (e.g.,

recreational users of the river) has prompted close inquiry and review by

special-interest groups and other government agencies, including the U.S.

Geological Survey.

This report contains eight sections. In Section 2.0, the regional

' geographic, geologic, and hydrologic setting of the Hanford Site is discussed.

Previous investigations pertaining to aquifer/river relationships and con-

• taminant movement near the Hanford Townsite study area are summarized in

Section 3.0. The geology of the area is detailed in Section 4.0. Section 5.0

discusses the methods and results of data collection and analysis. In Sec-

tion 6.0, a conceptual model of the Hanford Townsite study area is provided,

along with mechanisms and estimates of discharge to the river. The research

conclusions are provided in Section 7.0, and the references cited in the

report are listed in Section 8.0.
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2.0 REGIONALSETTING

This sectionprimarilydiscussesthe regionalgeographic,geologic,and

hydrologicsettingof the HanfordSite primarily. Most of this discussion

comes from Jaquish and Bryce (1990).

• 2.1 GEOGRAPHYAND CLIMATE

The Hanford Site is located in a sparselypopulatedregion of south-

. centralWashingtonState and occupiesan area of about 1500 km2 (570mi2).

The populationin the area surroundingthe Site is rural,with the exception

of the area near the Site'ssoutheastboundarywhere the major cities of

Kennewick,Pasco, and Richlandare located (see Figure1.1).

The climate is dry and mild; the area receivesapproximately16 cm of

precipitationannually. About 40% of the total precipitationoccurs during

November,December,and January;only 10% falls in July, August, and Septem-

ber. The averageminimum and maximum temperaturesin July are 16°C and 32°C.

The averageminimum and maximumtemperaturesfor Januaryare -6°C and 3°C.

Monthly averagewind speedsrange fro_ about 15 km/h in summer to 10 km/h in

winter. The prevailingregionalwinds are from the northwest.

The semiarid land on which the Hanford Site is locatedhas a sparse

coveringof desert shrubs and drought-resistantgrasses. The type of vegeta-

tion most broadly distributedon the Site is the sagebrush/cheatgrass/

bluegrasscommunity.

2.2 GEOLOGY

The Hanford Site lieswithin the Pasco Basin,one of many topographic

and structuralbasins within the Columbia Plateau. Principalgeologicunits

, beneaththe Hanford Site include,in ascendingorder,the ColumbiaRiver

Basalt Group, the RingoldFormation,and a seriesof deposits informally

o referredto as the Hanfordformation. These units are covered locallyby a

few meters or less of recentalluvialor wind-blowndeposits. Older geologic

2.1



units have been deformed into a series of roughly east-west trending folds.

The stratigraphic and structural relationships between these units are

displayed conceptually in Figure 2.1.

Emplacement of Columbia River basalt flows was followed by a period of

river and lake sedimentation. These deposits, which belong to the Ringo_d

Formation, contain a wide range of sediment types, with beds ranging from

weakly cemented coarse sandy gravel to compacted silt and clay. The Hanford

formation was deposited later as a result of giant floods associated with the

sudden draining of glacier-dammed lakes located northeast of the Columbia

Plateau• Within the Pasco Basin, the Hanford formation consists of mostly

coarse gravel and sand, and overlies the eroded surface of the Ringold Forma-

tion, but in places the Hanford formation directly overlies basalt• Deposits

associated with these two formations show considerable lateral and vertical

variability as a result of changing river courses over time.

2.3 HYDROLOGY

The Columbia River flows through the northern part of the Hanford Site

and forms part of the Site's eastern boundary (see Figure 1.1). Priest Rapids

is the nearest dam upstream of the Site and controls flow rate in the Columbia

River at the Hanford Townsite study area. The Hanford Reach of the Columbia

River extends from Priest Rapids Damto the head of Lake Wallula near Richland

and is the last stretch of the Columbia River above Bonneville Damthat

remains unimpounded. The State of Washington Department of Ecology has

designated a stretch of the river that includes the Hanford Reach as Class A

(Excellent). This designation requires that all industrial uses of this water

be compatible with other uses, including drinking, wildlife habitat, and
recreation.

Flows in the Hanford Reach fluctuate significantly because of the

relatively small storage capacities and the operational practices of upstream

dams. Flow rate of the Columbia River through the Site is regulated primarily

by Priest Rapids Dam. Typical daily flows range from 1000 to 7000 cubic

meters per second (m3/s), with peak spring runoff flows of up to 12,600 m3/s.
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Dry Creek to the west. The Columbia River recharges the unconfined aquifer,

if only temporarily, during high stages when river water is transferred to the

aquifer along the riverbank (bank storage). Gee (1987) reviewed available

information and concluded that minimum recharge (<0.1 cm/year) occurs where

soils are fine textured and surfaces are vegetated with deep-rooted plants,

while maximumrecharge (10 cm/year) occurs where there are coarse soils or

gravel and no vegetation is present at the surface.

Large-scale artificial recharge occurs from off-site agricultural

irrigation and from on-site liquid-waste disposal in the operating areas.

Recharge from irrigation in the Cold Creek Valley enters the Hanford Site as

ground-water flow across the western boundary. Artificial recharge from

waste-water disposal occurs principally in the 200 Areas (see Figure 1.1).

The operational discharge of water has created ground-water mounds and altered

the aquifer's local flow pattern, which is generally from the recharge areas

in the west to the discharge areas (primarily the Columbia River) in the east.

Ground-water levels have continued to change during Site operations, and the

movement of ground water and associated constituents also has changed with
time.

2.4 GROUND-WATERMONITORING

Radiological and chemical constituents in ground water are monitored by

the Ground-Water Surveillance Project to I) determine the distribution of

mobile radionuclides and selected chemicals, 2) relate the distribution of

these constituents to Site operations, and 3) identify chemicals present in

ground water as a result of Site operations. The distribution oF tritium and

nitrate in ground water within the Hanford Site is shown in Figures 1.2 and

2.3, respectively. Separate tritium pulses associated with two episodes of

operations within the 200-East Area can be distinguished. The lobe that

encompasses a portion of the Hanford Townsite study area is a result of °

discharges to ground from 1956 to 1972 (Evans et al. 1990).

Approximately II wells in the Hanford Townsite study area have been sam-

pled several times for the Ground-Water Surveillance Project. Ground water

with tritium concentrations greater than 200,000 pCi/L exists within the
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Hanford Townsite study area and in fact appears to discharge to the river.

Nitrate concentration in ground water within the Hanford Townsite study area

is near 45 mg/L, which is the EPADWSfor nitrate. The northern edge of the

tritium contamination plume is distinctly defined near the north side of the

, Hanford Townsite study area; however, the southern portion of the plume

extends south to the 300 Area, and the concentration appears to decrease grad-

ually toward the south.
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3.0 PREVIOUSINVESTIGATIONS

A large number of reports have been prepared concerning Hanford Site

geology, hydrogeology, and contaminant source, movement, and distribution.

This discussion pertains primarily to those reports that have a particular

bearing on aquifer/river relationships and contaminant distribution and

, movement near the Hanford Townsite study area.

The U.S. Geological Survey discussed the geology and ground-water char-

• acteristics of the Hanford Site (Newcombet al. 1972). The discussion on

effects of the Columbia River on ground-water levels in wells near the river

is of particular interest to the present study. The authors concluded that

within a 3-km (2-mi)-wide belt in which the ground water rises during flood

stage in the river, a great deal of water is recharged to bank storage and

then discharged back to the river during its declining stages. The high level

of bank-stored water causes a ground-water gradient inland away from the river

in some areas. Newcomband Brown (1961) gave 108 m3 (84,000 acre-feet) of

water as the probable volume of the annual bank storage along the west bank of

the Columbia River beneath the Hanford Site, and determined that about 99% is

infiltrated from the river, lt is apparent that bank storage will affect both

contaminant distribution and ground-water and contaminant discharge to the
river.

Evaluation of bank storage in the vicinity of the Hanford Townsite study

area began in October 1981 in support of the Ground-Water Surveillance Project

to obtain information about interactions of the Columbia River and the uncon-

fined aquifer (Eddy et al. 1982, 1983; Prater et al. 1984). The authors found

a strong direct relationship between the Columbia River flow rate and ground-

water levels in wells near the river. The influence of the river on ground-

water levels was found to decrease with increasing distance from the river.

• The authors indicated that the maximumextent of the influence is approxi-

mately 1.2 km (0.75 mi). They also found a strong inverse relationship

' between the Columbia River flow rate and tritium concentrations in one well

approximately 200 m (700 ft) from the river; tritium concentrations were

reduced bythe influence of bank storage. The authors concluded that
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contaminant concentrations in samples from wells near the river will be

influenced by bank storage, and that this should be taken into consideration

when determining sampling schedules and interpreting analytical results from

these wells.

Search Technical Services (Search) collected water-chemistry data from

springs in the Hanford Townsite study area vicinity to estimate ground-water

discharge to the river (Buske and Josephson 1986). The authors, using data
6

collected in 1986, asserted that the average ground-water discharge to the

river from 260 m (852 ft) of Columbia River shoreline is greater than 0.2 m3/s
J

(6 ft3/s). The authors further maintained that ground water flows from the

200-East Area to the Columbia River primarily tilrough a boulder-filled channel

connecting the 200-East Area to the river and that the travel time for ground

water to move from the 200-East Area to the river is less than 3 years.

The U.S. Geological Survey (USGS) reviewed selected work and suggested

further study related to transport of radionuclides in the upper aquifer on

the Hanford Site (USGS1987). In particular, the USGSreviewed the results

presented by Search. The USGSauthors concluded that available data did not

confirm or refute the existence of a narrow, boulder-filled channel as pro-

posed by Search. They did, however, state that the data suggest an alter-

native hypothesis allowing for large, localize_ ground-water discharge and

longer travel times between the 200-East Area and the river than proposed by

Search. The USGSconcluded that such travel time is probably on the order of

I0 to 20 years.

The USGSrecommended further studies to characterize movement of radio-

nuclides. The suggestions offered by the USGSinclude I) installing add_-

tional wells for geologic and hydrologic characterization and mapping the

extent and thickness of the saturated Hanford formation deposits; 2) using an

improved mass-balance method (improved over the method used by Search) to

estimate ground-water discharge to the river; and 3) conducting three-

dimensionalground-waterflow and contaminanttransportmodeling, based on

reliablewater-leveland water-chemistrydata.

Estimatesof ground-watertravel time from waste-water source areas to

discharge areas within the Hanford Site have been calculated by several
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researchers. These estimates were reviewed by Freshley and Graham (1988).

These authors indicate that contaminant movement and travel times in the

unconfined aquifer are influenced by the pattern of natural recharge, the

locations and volumes of artificial recharge in the operating areas, the

distribution of hydraulic properties within the aquifer, the starting and

ending locations for flow paths, and the chemical composition of liquid

. contaminants and geochemical behavior of contaminants in Hanford Site ground

water. Ali of these factors may interact over the length of the flow path.

Recent applications of ground-water flow and contaminant transport models haveb

considered the distribution of arrival times as well as the distribution of

outflow quantities. These distributions have been used to estimate the dose

to individuals at outflow locations such as the Columbia River (Murthy et al.

1983; DOE1987).

Pacific Northwest Laboratory has evaluated, on two different occasions,

the discharge of ground water to the Columbia River along the Hanford Reach

via springs. Both of these studies included investigation of spring dis-

charges in the Hanford Townsite study area. The first, conducted in fall 1982

and fall 1983, provided qual_tative descriptions of physical characteristics

and relative magnitudes of the spring discharges, and tritium, iodine-129, and

nitrate analysis results from spring samples (McCormack and Carlile 1984).

One significant conclusion of this study was that monitoring the unconfined

aquifer is the most effective method of monitoring ground-water discharges to

the Columbia River, primarily because river water can mix with ground water

and produce diluted concentrations in spring discharges.

The second study, conducted primarily in fall 1988, sampled a smaller

number of springs in the Hanford Townsite study area; however, a much more

comprehensive list of constituents was analyzed for (Dirkes 1990). The

results of this work confirmed that the type and concentrations of contami-

" nants in the riverbank springs along the Hanford shoreline are within the

range known to exist in ground water near the river. Tritium concentration

' from some springs in the Hanford Townsite study area was above the DWSof

20,000 pCi/L. River samples collected near some spring discharge zones also
exceeded the DWSfor tritium.
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4.0 GEOLOGY

This section discusses the geology of the Hanford Townsite study area,

including a discussion of previous work and a description of the suprabasalt
sediments.

. 4.1 PREVIOUSWORK

Investigations of the geology of the Hanford Townsite study area include

• those of Puget Sound Power and Light Company (PSPL 1982) and Poeter and

Gaylord (1990). PSPL (1982) included the results of an extensive study con-

nected with the siting of a proposed nuclear power plant. Numerous boreholes

were drilled in the Hanford Townsite vicinity for this study. Golder Associ-

ates supervised the installation of these wells, which are informally referred
to as "Golder wells."

Poeter and Gaylord (1990) constructed lithofacics percentage maps and

geologic cross sections of the upper 25 m of the saturated zone and compared

these with contour maps of tritium concentrations at various times. Two types

of lithofacies maps were constructed, gravel dominated and mud dominated. The

mud-dominated map appeared to be more effective than the gravel-dominated map

at predicting potential paths of contaminant migration, thereby suggesting

that mud-dominant areas are significant in controlling contaminant migration.

Areas where mud-dominated lithofacies intersect the water table may be

especially important. The cross sections constructed by these authors showed

the lateral correlation of mud-dominated lithofacies. However, some of the

wells used in the cross sections of Poeter and Gaylord were spaced at dis-

tances of up to 7.5 km; correlation of thin, mud-dominated lithofacies over

such distances can be speculative. Nevertheless, the study suggests that

lithofacies trends can be helpful in predicting contaminant migration paths.

In addition, Gaylord and coworkers at Washington State University (WSU)

in 1990 and 1991 examined drill logs, geophysical logs, and core samples;
t

constructed cross sections; and performed grain size analyses and limited

petrographic analyses. They also described enalog lithofacies via measured

sections along the White Bluffs (along the east side of the Columbia River).
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They used this informationas input for a multiple indicatorconditionalsto-

chastic simulationalong a 3.7-km-longtwo-dimensionalcross section. This

simulationis a geostatisticaltechniquethat estimatesaquifer heterogeneity

and the spatialdistributionof lithofacies. This techni_ideis discussedin

more detail in Sections4.2.1 and 5.7.

4.2 SUPRABASALTSEDIMENTSIN THE HANFORD TOWNSITESTUDY AREA

The followingbrief descriptionof the suprabasaltsedimentssummarizes

the previouswork mentionedin Section4.1, with addition_Llexaminationof

geologic logs from the many boreholesand wells in the study area. Figure 4.1

is a map showingthe locationsof all wells within the study area. Table 4.1

summarizesthe availablewell constructioninformationfor these wells. Con-

structiondetailsare sketchyat best for many of the Golder wells because

these wells often were used as shotholes(i.e.,blasting)for geophysical

investigations. Some of these wells have been geophysicallylogged by PNL.

A summaryof geophysicalloggingperformedby PNL to date (includingcamera

surveys) is provided in AppendixA.

Three geologiccross sectionswere constructedto illustratethe strati-

graphy of the study area (see Figure4.1). These cross sectionsare shown in

Figures4.2 through4.4.

4.2.1 Rinqold Formation

The RingoldFormationconsistsof a varietyof lithologiesthat include

I) clast-supported,pebble-cobblegravels with a sand matrix that includes

varyingdegreesof mud (silt and clay); 2) sands to gravelly sands; 3) silt to

silty sands;and 4) clay to silty clay with minor sand and gravel. The

Ringold Formationranges from 0 to 104 m thick in the study area. This

variablethicknessis a resultof a combinationof erosion by post-Ringold

Pleistocenecatastrophicflood events and bedrocktopography, lt ranges from

unconsolidatedto consolidatedand can be locallycemented. The age of the

RingoldFormationis Miocene-Plioceneand ranges from about 8.5 to 3.4 million
t

years ago (Fechtet al. 1987).
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TABLE 4.1. HanfordTownsiteWeil Table

Hanford Golder Drill Depth to Casing Casing Monitored Casing
Well Well Depth Bottom Date Diameter Type of Interval Interval Elevation
Number Number (m) (m) Completed (cm) Casinq (m) (m) (m)

699-_J-6 52 180.1 54.9 6180 15.2 CS!_! +0.5-54.2 Bottomof Casing 153.41

@ L

10.2 PVClbl 0 - 180.1 J

699-33-14 30 174.7 36.6 5/80 15.2 CS 0 - 36.6 Bottomof Casing 144.24
10.2 PVC 0 - 174.3

699-34-8 119 175.3 28 1/81 15.2 CS 0 - 90.8 Bottomof Casing 148.21
10.2 PVC 0 - 175

699-35-3 53 146.3 0 5/80 15.2 None Abandoned
699-35-3A ? ? 1/81 ? ? ? ? 146.35
699-35-6 118 161.5 0 1/81 15.2 CS +I - 60.1 Bottomof Casing 153.28

10.2 PVC 0 - 161.5
699-35-9 53.6 53.6 10/50 20.3 CS 33.5 - 41.1 152.35

699-36-E3 100 114.3 114.3 12/80 15.2 CS 0 - 78.6 Bottomof Casing 141.94
10.2 PVC 0 - 114.3

699-36-I 54 91.0 34.7 5/80 15.2 CS +0.2 - 44.5 Bottomof Casing 148.08
10.2 PVC 0 - 90.8

699-36-2 111 93.9 86.9 11/80 15.2 CS +0.8 - 66.1 Bottomof Casing 147.50
10.2 PVC +0.8 - 88.4

699-36-10 115 183.8 43.0 12/80 20.3 CS +0.7 - 73.1 Bottomof Casing 160.63
15.2 CS 4.3 - 136.5
10.2 PVC 0 - 183.8

699-37-E1 94 94.3 50.6 8/80 15.2 CS +1.0 - 30.0 Bottomof Casing 140.34
10.2 PVC 9.1 - 49

699-37-E4 29.9 9.1 7/82 15.2 CS +0.3 - 25 25.0 - 29.9 117.99

699-37-4 101 84.9 35.8 10/80 15.2 CS +0.4 - 32.6 Bottomof Casing 149.01
699-38-E0 55 82.3 33.5 6/80 15.2 CS 0 - 41.8 Bottomof Casing 143.14

10.2 PVC 0 - 82.3

699-38-3 102 81.4 3.8 11/80 15.2 CS +i - ? Bottomof Casing 152.22
699-38-8 122A 141.7 ? 2/81 15 2 CS 0 - 42.1 Bottomof Casing 146.33

10 2 PVC 0 - 140

699-38-9 113 166.1 28.3 12/80 15 2 CS 0 - 70.1 Bottomof Casing 153.51
10 2 PVC 0 - 166.1

699-38-15 4 149.4 38.1 12/79 15 2 CS 0 - 38.1 Bottomof Casing 138.61
699-39-E2 68 74.7 19.5 6/80 15 2 CS 0 - 25.9 Bottomof Casing 123.41

10 2 PVC 0 - 74.7
699-39-0 32.0 30.8 8/90 15 2 CS +0.9 - 32 25.9 - 29.0 137.02

699-39-i 99 103.6 30.5 10/80 15 2 CS 0 - 66.4 Bottomof Casing 145.26
699-39-2A 103 93.6 30.8 11/80 15 2 CS 0 - 30 Bottomof Casing 142.52
699-39-7A 108 79.2 37.2 11/80 15 2 CS 41 - 59.7 Bottomof Casing 150.07

10 2 PVC 52.2 -

699-39-7B 125 137.6 46.3 6/81 15 2 CS 0 - 42.2 Bottomof Casing 149.23
699-39-12 2 46.9 0? 2/80 _ _ Abandoned? 161.96

699-40-0 120 114.3 30.5 1/81 15.2 CS +0.7 - 67? Bottomof Casing 128.27
10.2 PVC 20 - 114?

699-40-1 128.0 30.5 11/61 20.3 CS +0.6 - 96.3 19.8 - 30.4 133.72
699-40-2 98 123.4 121.9 10/81 15.2 CS +0.7 - 90.8 Bottomof Casing

10 2 PVC +0.7 - 123.4
699-40-6 109 86.3 32.0 11/80 15 2 CS +0.8 - 47.8 Bottomof Casing 148.69

10 2 PVC 31 - 86
699-40-126 3 148.1 148.1 2/80 15 2 CS 0 - 45 Bottomof Casing 157.59 "

10 2 CS 0 - 95
699-40-13 i 153.6 24.0 2/80 15 2 CS ? ?
699-41-i 26.7 25.9 8/79 15 2 CS +0.4 - 27 20.1 - 25.9 131.85

699-41-4 123 116.4 115.8 2/81 15 2 CS 0 - 41.7 Bottomof Casing
10 2 PVC 0 - 116.6

699-41-5 110 83.2 79.9 11/80 15 2 CS +0.7 - 54.0 Bottomof Casing 147.46
10 2 PVC 0 - 82.3

699-41-10 5 89.3 _ 11/79 25 4 CS 0 - 6.1 Bottomof Casing 153.02
20 3 CS 0 - 82.5
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TABLE4.1. (contd)

Hanford Golder Drill Depth to Casing Casing Monitored Casing
Well Well Depth Bottom Date Diameter Type of Interval Interval Elevaticn
Number Number (m) (m) Completed (cm) Casinq (m) (m) (m)

699-41-11 104 131.1 _ 10/80 15.2 CS +0.4 - 85.1 Bottomof Casing 156.3_
, 10,2 PVC 0 - 131

699-42-2 30.5 29? 8/79 15.2 CS +0.7 - 29? 22.6 - 27.4 132.13

699-42-3 116 128.0 45.1 12/80 15 2 CS 0 - 82 Bottomof Casing 135.41
10 2 PVC 0 - 127.4

699-42-10 112 87.1 67.1 11/80 15 2 CS 0 - 53.8 Bottomof Casing 151.03
" 7 6 PVC 0 - 67.0

699-42-12A 106.7 54,9 12/57 20 3 CS +0.3? - 97.5 36.6 - 54.9 156.75
15 2 KAI(c) 30.8 - 55.8 55.2 - 55.8

699-42-12B 79.2 4/76 30 5 CS +0.3? - 79.2 42.7 - 73.2 156.67
. 699-42-12C 47.2 27.1 5/76 15 2 CS +0.3? - 47.2 ? 141.41

699-43-1 19.8 0 9/80 None Abandoned
699-43-2 117 118.9 118.9 12/80 15.2 CS 0 - 85.3 Bottomof Casing 123.66

10.2 PVC 0 - 118.9
699-43-3 26.7 23.8 7/79 20.3 CS +0.6 - 26.5 19.8 - 25.0 127.91
699-43-8 7 86.3 0 11/79 Abandoned 144.24
699-43-9 105 67.1 66.5 10/80 15.2 CS +0.4 - 49.4 Bottomof Casing 149.58

7.6 PVC 0 - 67.0
699-44-2 21.3 0 9/80 None Abandoned 132.13
699-44-4 16.8 7/79 15 2 CS +0.7 - 16.8 9.8 - 16.5 119.26
699-44-7 106 144.8 144.2 11/80 15 2 CS +1.0 - 103.6 Bottomof Casing 133.44

7 6 PVC +1.0 - 144.8
699-45-2 14.6 13.7 9/80 15 2 CS +0.5 - 14.8 7.9 - 11.6 115.79

699-45-6A ? ? 12/79 15 2 CS 0 - 36 Bottomof Casing 125.59
10 2 PVC 0 - 40

699-46-3 11 98.5 15.5 12/79 15 2 CS +1.2 - 26.5 Bottomof Casing 116.29
7 6 PVC 0 - 99

699-46-4 14.6 13.7 7/79 15 2 CS +0.3 - 14.1 7.0 - 14.0 116.57

699-46-5 114 115.8 116.7 12/80 15 2 CS +0.79 - 92 Bottomof Casing 117.13
10 2 PVC 0 - 116.7

699-46-15 34 18.3 9.1 3/80 15 2 CS +0.7 - 8.8 Bottomof Casing 135.35
10 2 PVC 0 - 18.0

699-47-5 13.7 12.8 7/79 15 2 CS +0.3 - 13.4 6.4 - 13.4 116.51
699-48-7 16 5 14.6 9/43? 30 5 CS +0.3? - 15? 3.7 - 9.8 117.26
699-49-7A 16 8 0 6/43 35 6 CS ? Abandoned 117.1
699-49-10 13 7 0 1/44 15 2 CS ? Abandoned? 120.75
699-49-12A 31 1 ? 3/44 15 2 CS +0.4 - 28.0 Abandoned? 125.29
699-49-12B 29 6 ? 2/44 15 2 CS +0.4 - 28.0 Abandoned? 125.34
699-49-13C 21 6 ? 2/44 15 2 CS +0.3 - 20.7 Abandoned? 126.15
699-49-13D 28 2 _ 3/44 50 8 CS +0.6 - 27.4 Abandoned? 125.69
699-49-13E 25 6 24.4 3/44 50 8 CS 0 - 24.4 16.8 - 22.9 125.80
Boring#I 20 4 7/82 None Abandoned
Boring#2 44 5 7/82 None Abandoned

(a) CS = carbon steel.
(b) PVC = polyvinylchloride.
(c) KAI = KAI well casing.

b
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Vertical Sequence

On the Hanford Site, the RingoldFormationhas been subdividedin seve-

ral differentways. For many years, the dominantschemewas that of Tallman

et al. (1979)which divided the Ringold into basal, lower,middle, and upper

units. Other schemesincludethat of Webster and Crosby (1982),who defined

four units based on fining-upwardcycles. Recently,Lindsey (1991)proposeda

new subdivisionbased on sedimentfacies associations. Because of the incon-

sistency among the types of data availablefor the HanfordTownsite study area

(Golderwell logs versus drillers logs from a varietyof drilling companies),

and the fact that the sedimentsin the study area do not necessarilyfit

easily into defined subdivisions,a detailed subdivisionof the RingoldEorma-

tion will not be attemptedfor this report. The emphasiswill be placed on

lateralmajor lithologychangeswithin the unit. However,the established

subdivisionswill be referredto when appropriate.

The RingoldFormationunconformablyoverliesthe ElephantMountain

Member of the ColumbiaRiver BasaltGroup (Websterand Crosby 1982). Immedi-

ately overlyingthe ElephantMountainMember is generallya clay/silty-clay/

clayey-siltunit; however,sand or silty sands may occur locally. This unit

probablywas depositedunder either overbankor lacustrineconditions(Lindsey

1991).Overlyingthis unit are interfingeringgravel-,sand-, and silt-

dominatedunits. Gravel-dominatedunits probablyrepresentstream-channel

deposits,sand-dominatedunits are probably streamdepositsor near-overbank

deposits,and silt-dominatedunits probablywere depositedas overbank

deposits (Lindsey1991). The RingoldFormationis capped frequentlyby silts,

silty sands,and/or sandy silts with varyingamountsof clay. This uppermost

unit correspondsto the upper Ringoldunit of Tallmanet al. (1979) and the

upper mud unit of Lindsey (1991). Fining-upwardsequencesare common in the

middle and upper portions of the Ringold Formation(Websterand Crosby 1982).

Based on boreholes installedby PNL from 1979 to 1982, Eddy et al.

(1983)describeda clay deposit in the RingoldFormation(uppermud unit?)

that intersectsthe water table and appearsto act as a pari:ialbarrierto

ground-waterflow. Logs of these boringshave been examined;this clay

deposit appearsto be present in wells 699-43-Iand 699-43-2,and borings#I
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and #2. A similar clay deposit is also present in well 699-37-E4 (see

Figure 4.4). These two clay lenses appear to represent uneroded portions of

the upper part of the Ringold Formation and appear to be separated by a

paleochannel (see discussion on paleochannels in Section 4.2.2).

Influence of Bedrock Topoqraphy

The topography of the surface-underlying basalt units may have been very

important in influencing the nature of the sediments deposited during Ringold

time. A structure contour map of the top of basalt is shown in Figure 4.5

(the elevations observed in the wells used to construct this map are provided

in Appendix B). The most obvious feature on this map is the large basalt high

that trends northwest-southeast across the center of the study area. This

feature is the Southeast Anticline segment of the UmtanumRidge-Gable Mountain

structural trend (PSPL 1982) and is thought to have developed concurrently

with Ringold Formation deposition (Bjornstad 1985).

In 1990 and 1991, D. R. Gaylord and coworkers at WSUobserved that

deposits north and east of the UmtanumRidge-_able Mountain structural trend

ar'e dominated by finer-grained (overbank) materials while deposits south of

the trend are dominated by gravel, sandy gravel, and sand (channel deposits),

although both types of deposits can be found on either side of the structure.

This is illustrated in cross sections B-B' (Figure 4.3) and C-C' (Figure 4.4)

and in stochastic simulation #99 (Figure 4.6). Figure 4.6 is a cross section

of a stochastic simulation along most of the length of section B-B'. Ali

three of the above cross sections cross the crest of the Southeast Anticline.

A structure contour map of the bottom of the Hanford formation is shown

in Figure 4.7 (the elevations observed in the wells used to construct this map

are provided in Appendix B). Comparison of this figure with Figure 4.5 indi-

cates that the Ringold Formation reaches a maximumthickness of approximately

104 m near well 699-38-9, just to the south of the anticlinal crest. The

Ringold thins to 0 to 10 m at the crest of the structure.

4.2.2 Hanford Formation

The Hanford formation commonly is divided into two subunits: the Pasco

gravels and the Touchet Beds (Myers/Price et al. 1979). Within the study
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area, the Hanford formation consists of the Pasco gravels facies. Webster and

Crosby (1982) divided the post-Ringold sediments into "Pre-Missoula Flood

Gravels" and "Missoula Flood Gravels." The Missoula Flood Gravels are equiv-

alent to the upper portion of the Pasco gravels; the Pre-Missoula Flood

Gravels were deposited during a previous flood event' and are equivalent to the

basal portion of the Pasco gravels. Missoula Flood Gravels and Pre-Missoula

. Flood Gravels can be distinguished using Golder well log data; however, well

logs from other sources do not permit such differentiation. For this report,

therefore, the "Pasco gravels" terminology will be used. The Hanford forma-

tion is distinguished from the underlying Ringold Formation by its higher per-

centage of basalt Tragments; unconsolidated, commonly open-work texture; and

color• Bjornstad et al. (1991) provided more detailed information about

regional Hanford formation stratigraphy.

The Pasco gravels were deposited from intermittent cataclysmic floods

that occurred between 800,000 years ago (Bjornstad and Fecht 1989) and

13,J00 years ago (Mullineaux et al. 1978). This unit is dominated by a gravel

to sandy-gravel facies that commonly shows open-work fabric, large-scale fore-

set bedding, and a high concentration of basalt clasts. However, two other

facie_ also are commonly found within this unit: sand dominated and silt

dominated. The sand-dominatedfacies includessands and gravelly s_nds that

are coi,_monlybeaded subhorizontally. The silt-dominatedfacies includes silts

with varying amo_ntsof sand and minor clay to gravelly-clayunits. These

three facies are generallyuncementedand unconsolidated,except for the silt-

dominatedfacies,which may be semiconsolidated.Lateraldistributionsof

these facieswere shown on Figures4.2 through4.4.

A structurecontourmap of the bottom of the Hanfordformationis shown

in Figure4.7. The higher-elevationarea in the northwestquadrantof the map

is due to a subcropof basalt that occurs above the water table. The I08-m

contour near boring #2 correspondsto the generalarea of the clay unit in the

Ringold Formationthat may restrictdischargeto the river.
o

The cataclysmicfloodwatersthat depositedthe Hanford formationscoured

the surfacesof both the CvlumbiaRiver basalt and the RingoldFormation.

Brown (1960)was one of the earliestworkersto suggestthat the surfaceof
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the Ringold Formation consisted of an "extensively channelled, highly irregu-

lar erosion surface." Possible paleoflow directions and locations of paleo-

flow channels associated with cataclysmic flooding on the Hanford Site are

shown in Figure 4.8. The noticeable depressed areas in the structure contour

map of the bottom of the Hanford, formation (see Figure 4.7) may correspond to

scouring by such paleoflow channels.

Overlying the Hanford formation are thin, discontinuous, Recent-age
deposits of loess, dune sand, and alluvial sand.
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5.0 HYDROLOGY

This section discusses methods of data collection and analysis, presents

results of the data collected, and discusses the results. Someof the speci-

fic data are presented in appendixes.

5.1 DATACOLLECTIONANDANALYSIS

Ali wells available for use in this study were shown on Figure 4.1 and

listed in Table 4.1. Most of these wells have intervals open to the uncon-

fined aquifer within the Hanford formation, and a very few wells have inter-

vals open to upper portions of the Ringold Formation. Several boreholes

installed for the Skagit/Hanford Nuclear Project by Golder Associates were

drilled into basalt and are open to the basalt either as uncased boreholes or

as cased, open-ended boreholes. The wells used in this study are those with

open intervals within the Hanford formation and Ringold Formation. Water-

level data were collected from several wells open to the basalt; and some of

these data are presented; however, these data are not used in the evaluation

of ground-water and contaminant discharge to the river.

Hydrologic data collection and analysis centered around measuring water-

level elevations in wells, measuring river-level elevations in the Columbia

River, collecting and analyzing samples from wells for tritium analysis, and

analyzing and interpreting these data. Several limiting factors resulted in

intermittent periods of data collection, as discussed later.

The data were interpreted to describe ground-water flow directions,

river/aquifer relationships, hydrologic properties, and a general conceptual

hydrogeologic model of the Hanford Townsite study area. An attempt also was

made to model ground-water flow with a numerical model.

5.1.1 Water-Level Measurements in Wells

Depth-to-water measurements were made in a number of wells for the

period from July 1990 to January 1992. The wells are listed in Table 5.1,

along with the types of measurement made in each well and the formation
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TABLE 5.1. Wells Used for Hydrologic Data Collection

Hanford Well Screened M_nitored Type of Hydrologic
Number Interval Depth (m) Geoloqic Unit Data Collected

699-35-9 34 - 41 Hanford W L (a) _ Tape
699-37-E4 25 - 30 Ringold W L - Ta)e, Trans.
699-38-15 38.1 Ringold W L - Ta)e
699-39-0 25 - 28 Hanford W L - Ta)e
699-40-i 20 - 30 Hanford W L - Ta_e, Trans.
699-41-i 20 - 27 Hanford W L - Ta)e

699-41-11 ? ElephantMt.? W L - Ta}e

699-42-2 23 - I_ Hanford W L - Ta)e699-42-10 67.1 ) ElephantMt. W L - ia)e

699-42-12A 37 - 55 Ringold/Hanford W L -Ta)e, Rec.; W. Chem.(c)
699-42-12B 43 - 73 Ringold/HanfordW .. - Ta:)e
699-43-3 20 - 25 Hanford W .. - Ta_)e,Trans.;W. Chem.

699-44-4 10 - I_ Hanford W... - Ta)e
699-44-7 144.8 ) ElephantMt. W... - Tal)e,Rec.
699-45-2 8 - 12 Hanford W... - Ta)e

699-46-4 7 - _ ..116.7} Hanford W. - Ta)e;W. Chem.) ElephantMt. W... - Ta)e,Rec.699-46-5

699-47-5 6 - 13 Ringold/HanfordW... - Ta)e;W. Chem.
699-48-7 4 - 10 Hanford W... - Ta)e,Rec.

(a) W. L. : water-levelmeasurementswere made using standardizedsteel
tapes (Tape),chart-typerecorders(Rec.),or pressuretransducers
(Trans.).

(b) No screen;open at bottomof casing.
(c) W. Chem. = water-chemistrysampleswere collected.

to which each well is open. The wells are shown in Figure 5.1. Measurements

were made monthly or twice a month in 14 of these and were made intermittently

in some. One or two reconnaissancewater-levelmeasurementswere made in

severalwells, especiallythose open to the basalt. Data from these wells are

provided in Appendix C, but they are not listed in Table 5.1 or shown on

Figure 5.1.

The depth to water was measuredfrom an establishedmeasuringpoint with

standardizedsteel tapes accordingto proceduresdevelopedby PNL (1989). The

depth to water was subtractedfrom the elevationof the measuringpoint to

obtain the water-levelelevation. The depth-to-watermeasurementsand water-

level elevationsfor the wells are presentedin AppendixC. These water-level

elevationdata were used to plot hydrographsand constructwater-levelcontour

maps.
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Chart-typerecordersthat continuouslymeasurethe depth to water were

placed on three wells (699-44-7,699-46-5,and 699-48-7)for the period July

1990 throughmid-January1992, and on one well (699-42-12A)for the period

April 1990 throughearly January 1991. These wells are listed in Table 5.1

and shown in Figure 5.1. Depth-to-watermeasurementswere taken with stand-

ardized steel tapes at a minimum of the start and end of each chart period,

which is approximately28 days. The continuouschart recorderdata from well

699-48-7were used to plot hydrographsand for quantitativeanalysis Jf river/

aquiferrelationships.

Pressuretransducerswere placed in three wells (699-37-E4,699-40-I,

and 699-43-3)from late Januarythroughmid-March1992 (late March for 699-37-

E4). These wells are includedin Table 5.1 and are shown on Figure 5.1. The

transducerswere connectedto data loggersthat recordedpressuremeasurements

at 2-hour intervals(wells699-40-I and 699-43-3)or 30-minuteintervals(well

699-37-E4). The recordingfrequencywas based on the responseto river fluc-

tuations;wells fartherfrom the river had a dampenedfrequencyand amplitude

responseto river fluctuations,while well 699-37-E4had frequencyresponses

similarto the river fluctuations. Functional,calibratedtransducersand

data loggerswere not availablemuch before the time they were actuallyplaced

in the wells, resultingin the short period of record beginninglate in the

study. These data were used for quantitativeanalysisof river/aquiferrela-

tionshipsand to estimate hydrologicproperties.

5.1.2 River-StageMeasurementsin the ColumbiaRiver

A pressuretransducerwas placed in the Columbia River near the upstream

side of the HanfordTownsite study area (see Figure5.1) from April 1991

throughMarch 1992. The transducerwas weighted and placed on the river bot-

tom in a small naturalembayment. The transducercable, protectedby plastic

pipe, led to a data logger locatedon the riverbank. Pressuremeasurements

were recordedat 30-minuteintervals. A seriesof staff gauges, each approx-

imatelyI m (3.3 ft) in length,was placed in the sedimentadjacentto and in

the river to accommodatethe anticipatedmaximum river stage. Staff gauges

were not set in the bank to accommodateanticipatedminimum river stage until

September1991 becauseof access limitations. Also in September1991, the
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transducer was moved farther out into the river to measure the lower river

stages. One staff gauge was surveyed relative to the casing elevation of well

699-45-7 te establish the river elevations• Staff gauges were read each time

data were retrieved from the data logger. These readings were related to the

elevation of the surveyed staff gauge to obtain elevations for each reading.

The river elevation data were used for quantitative analysis of river/aquifer

• relationships.

5.1.3 Water-Chemistry Samplinq and Analysis

Water samples were collected periodically from wells 699-42-12A,

699-43-3, 699-46-4, and 699-47-5 from late July 1990 through March 1991. The

sample collection was as often as weekly (depending on the specific weil) for

the first 4 months and was every 2 weeks for the next 4 months. Selected

samples (not all samples collected) were analyzed for tritium concentration•

The sample analysis results are provided in Appendix C. The results were used

to evaluate aquifer/river relationships.

5.1.4 Quantitative Hydroqraph Analysis

This section summarizes the statistical methods used to analyze river-.

stage and well water-level data. The purpose of the statistical analysis was

to correlate aquifer pressure-wave responses, observed from water-level flue-

tuations in wells, with river-stage fluctuations• Differences in elevation

and timing of pressure waves between the river gauge and points on the river

that form a perpendicular transect between the wells and the river are con-

sidered negligible for the statistical analyses•

Standard Statistics

Standard statistics were used to summarize well water-level data and

river-stage data for specified periods. These statistics, which included

• arithmetic mean, variance, and sample standard deviation, described the dis-

tribution of well water-level and river-stage data.

• Correlation and Covariance Statistics

Correlation and covariance statistics define the degree of similarity

between two (or more) sets of time-series data. In this study, these
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statistical analyses were used to quantify the timing and amplitude of changes

in water levels observed in wells to the timing and amplitude of changes in

river stage.

Bendat and Piersol (1986) used an unbiased estimator for the correlation

function Rxy of two real time series x and y"

N-r (5.1) '
- I _ XnYn_

Rxy( r At ) N-r n=I

where Rxy = Rxy(T) = the correlation function at lags T = rat

r = lag number, integers with range -N < r < N

At = time interval between samples (constant for both series)

N = number of samples.

An unbiased estimator is one that has an expected value equal to the

parameter being estimated. Because y is dependent on x, time series y is the

well water-level data set and time series x is the river-stage data set for

this study. Bendat and Piersol (1986) presented a normalized correlation

coefficient Corxy, with values ranging from -I to +I, as

Rxy
Corxy _ (5.2)

OxOy

where ox and oy are the sample standard deviations of time series x and y,
respectively.

The covariance function COVxyof a pair of series x and y is defined as
the correlation function R of those series after the mean of each series hasxy

been de-meaned (that is, the mean of each series subtracted from its respec-

tive data series). Covariance can be calculated by substituting the de-meaned
e

time series x-_ and y-_ for x and y, respectively, in Equation 5.1.
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For computational efficiency, covariance was calculated using a fast

Fourier transform procedure recommended by Press et al. (1986). This proce-

dure applies a transformation to the data series by separating the waveforms

into a sum of sinusoids of different frequencies• For computational conven-

ience, the length of each time series was N = 2n where n' is an integer

Covariances were then calculated by shifting one of the time series relative

• to the other time series in a_crete steps of length +N/4 via circular convo-

lution in the frequency domain, and correlations were calculated by Equa-

. tion 5.2.

Correlation of two similar time series is a function of shifting the

data at lag T and usually has a maximumat some lag Tma x . If the two series

are identical, then Corxy(O) : I at lag zero, and COrxy(T) typically decreases
sTmmetrically for increasing positive and negative lags T. If the two time

series are mirror images, COrxy(O) : -I. If the two time series are identical

but one lags the other in time, Corxy will be I at time Tmax. In this case,

COrxy(O) is a measure of the overall similarity, and COrxy(Tmax)is a measure
of the similarity of the two time-series when they are aligned to produce the

best match• Correlation and covariance statistics were applied to river-stage

and well water-level time-series data to estimate the degree of well water-

level responses to river-stage fluctuations. Also, for these data, TmaX pro-

vided an indication of the lag of the pressure-wave responses between the
river and the weil.

The correlation function also was used to calculate the attenuation fac-

tor, exy, which quantifies the reduction (or amplification) in series y, com-

pared to series x at lag Tmax (Bendat and Piersol 1986). The attenuation
factor is calculated as

Oy
" _xy : COrxy(Tmax)-- (5 3)

O x

p

In this study, the attenuationfactor was used to measure the reduction

in water-levelchanges observed in wells, identifiedas time seriesy, com-

pared with river-stagefluctuations,time series x. In this study, the
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attenuation factor is a measure of the dampening effect that the aquifer

matrix exerts on the pressure wave as it propagates from the river to the
weil.

Estimates of Aquifer Properties from River-Staqe Fluctuations
e

Comparison of fluctuations in river stage and corresponding pressure-

wave responses in wells provides an opportunity to estimate hydraulic proper-

ties of the unconfined aquifer adjacent to the river. Estimation of aquifer

properties from water-level time-series data is an inverse problem that is

based on the same principles of ground-water flow used for analyses of pump .

test data. In these "river-well tests," changes in river stage, rather than

pumping at the weil, is the stress mechanism.

The aquifer properties are estimated as model parameters by fitting

model results of water-level changes to observed water-level changes. As

noted by Bear (1979), models of aquifer behavior never completely represent

reality, and simplifications in the model or unknown boundary conditions may

add uncertainty to the results.

Both conventional pumping tests and river-well tests have advantages and

disadvantages. A significant disadvantage of river-well tests is that no

discharge information is available. However, river-well tests, which _n

support estimates from pumping tests, offer the following advantages: I) they

provide estimates of aquifer properties at natural flow rates; 2) they take

place over longer periods, encompassing a wider range of water-level ele-

vations; 3) the results are not biased by undersampling or by limited sampling

under unique conditions; 4) they measure aquifer properties over a greater

area; and 5) they are relatively inexpensive to perform.

Flow in the Unconfined Aquifer. An empirical coefficient of propor-

tionality, the hydraulic conductivity K, relates specific discharge (discharge

per unit area) to hydraulic gradient according to Darcy's law. Darcy's law

states that q = KJ, where q is specific discharge, K is hydraulic conductivity

(also called coefficient of permeability), and J is the hydraulic gradient o
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(Bear 1979). From Bear (1979),the continuityequationfor flow in a one-

dimensional,homogenous,unconfinedaquifercan be written as

a[hah] N - Sah (5.4)-_ _ +K Kat

• where h : h(x,t) = height of the water table

N : N(x,t) = an external source/sink term (positive downward)

K : hydraulic conductivity of the aquifer

S : storativity (specific yield) of the aquifer.

Equation 5.4 makes use of the Dupuit assumption, which requires small

hydraulic gradients and assumes that all flow is horizontal. The equation

also assumes that the base of the unconfined aquifer is horizontal and imper-

meable. The storativity S is the specific yield of the water-table aquifer

and is defined as yield of the aquifer per unit height for a unit drop in

water-table height (Bear 1979). The relatively small elastic storativity

arising from expansion and contraction of pore spaces caused by pressure

changes is neglected.

Despite the simplifications made in Equation 5.4, it is still difficult

to solve becausethe h(ah/ax)term is nonlinear. Linearizationcan be per-

formedwith a furthersimplificationthat replacesh in the nonlinearterm

with an averageheight h"

a2h S ah
+N - (5.5)

ax2 T at

N

where T = Kh is the time- and space-averagedaquifertransmissivity.
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Equation 5•5 is valid only when changes ah/ax and ah/at are small rela-

tive to the total height h. After linearization, Equation 5.5 is equivalent

to the equation for continuity in a homogenous, one-dimensional confined

aquifer.

Numerical Solution. Numerical solution of Equation 5.4 or the linear-

ized version, Equation 5.5, provides a reasonable technique for estimating

diffusivity, T/S, from river-well interactions• Numerical solutions can

incorporate the nonlinear variation h(ah/ax), can specify more realistic

initial and boundary conditions, can include spatial and temporal variability,

and are computationally efficient. Equations 5.4 and 5.5 were solved using a

one-dimensional, fully implicit finite-difference technique (Fletcher 1988).

In finite-difference form, Equation 5.5 becomes

_ _ ] -- S (_X) 2 - S (_)2 hiJ -S-(Z_X)2''i+I =hiJ (5.6)

where At is the constanttime step, Ax is the constantgrid spacing,and h_ is

the water-tableheight at the i-th spatialnode and the j-th time step.

Dirichletboundaryconditionswere imposedat the boundariesby forcing

constanth at xi and h_.t= hj + Ah at x The i coefficientsfor the set of• i I"

linear equationsformed at each time step j in Equation5.6 form a tridiagonal

matrix that can be solved efficientlyusingthe Thomas algorithm(Anderson

et al. 1984).

The initialvalue of transmissivitywas determinedfrom an analytical

solutionto Equation5.5, cited by Pinder et al. (1969),for an instantaneous

change Ahr in the water table at the river. This equation is analogousto the

one-dimensionalheat diffusionproblempresentedby Carslawand Jaeger (1959)

and is expressedas follows"
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hw : _oerfc x 1 (5.7)2_/(T/S)t ,

where ,lho is the impulsechange in river stage at time t : O, and erfc is the

complementaryerror function. The nonlineareffect of changingaquifer thick-

ness was approximatedby using h from the previoustime step.

5.2 GENERALHYDROGEOLOGICCHARACTERISTICS

The generalhydrogeologiccharacteristicsof the aquifer in the Hanford

Townsite study area are discussedhere. These includeaquifermaterials,

thicknessand geometryof the aquifer,water-levelinformation,aquiferprop-

erties,and recharge/discharge.

5.2.1 AquiferMaterialsand Geometry

The aquiferof primary interestfor this study is containedwithin the

sedimentsof the Hanford formationand the RingoldFormation. The aquifer

within the Hanfordformationgenerallyhas hydraulicconductivityvalues more

than an order-of-magnitudegreaterthan within the RingoldFormation (Graham

et al. 1981). For this reason,the configurationof the Hanfordformation is

most importantin terms of ground-waterflow and contaminantmigrationand

dischargeto the ColumbiaRiver.

The bottomof the Hanford formatir)nis shown in Figure 4.7 in Sec-

tion 4.2. The aquifer is unconfinedaridis underlainprimarilyby lower-

permeabilitysedimentsof the RingoldFormation. The Hanford formationis not

presentbelow the water table in some locations;in these locations,the

aquiferis presentonly in the RingoldFormation. The aquiferwithin the

Hanfordformationranges in thicknessfrom zero 1:oapproximately25 m. The

saturatedHanfordformation is not present at two locationsadjacentto the

ColumbiaRiver and in the northwestportionof the study area.

• Some copfinedaquifersexist within the RingoldFormation,exhibiteduy

more permeablesand and gravel facies overlainby silt and/or clay facies.
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5.2.2 Hydroloqic Properties

General hydrologic properties of the Ringold and Hanford formations have

been documented by several sources, including Gephart et al. (1979) and Graham

et al. (1981). Hydraulic conductivity for the Hanford formation ranges from

150 to 6100 m/day (500 to 20,000 ft/day), hydraulic conductivity for the

Middle Ringold unit of the Ringold Formation ranges from 6 to 180 m/day (20 to

600 ft/day), and hydraulic conductivity for the undifferentiated Hanford and

Middle Ringold unit ranges from 30 to 2100 m/day (100 to 7000 ft/day). The

storativity of the unconfined aquifer is documented to range from 0.002 to

0.I. Hydrologic properties for specific wells have been documented by Kipp

and Mudd (1973), as well as in other reports.

Transmissivity and, in some cases, hydraulic conductivity values are

available from Kipp and Mudd (1973) or from PNL files for aquifer tests con-

ducted in wells 699-35-9, 699-40-I, and 699-42-12A within the Hanford Townsite

study area (see Figure 5.1). The data for wells 699-35-9 and 699-40-I have

been reanalyzed using data derivatives to evaluate time periods when radial

flow dominates the responses. Data from well 699-42-12A were not reanalyzed.

The original analyses from well 699-35-9 indicate transmissivity values

ranging from approximately 590 to I000 m2/day (6300 to 11,000 ft2/day). The

revised analyses resulted in transmissivity values ranging from approximately

650 to 1300 m2/day (7000 to 14,000 ft2/day). Based on an estimated aquifer

thickness of approximately 15 m (50 ft), the hydraulic conductivity ranges

from approximately 43 to 87 m/day (150 to 280 ft/day). These values lie

within the range of hydraulic conductivity for the Middle Ringold or undif-

ferentiated Hanford and Middle Ringold units.

The original analyses from well 699-40-I indicated transmissivity values

ranging from approximately 1560 to 3000 m2/day (16,800 to 32,300 ft2/day).

The revised analysis yielded a transmissivity value of approximately

2800 m2/day (30,000 ft2/day). Based on an estimated aquifer thickness of

approximately 15 m (50 ft), the hydraulic conductivity is approximately

190 m/day (600 ft/day). This value lies within the range of hydraulic conduc- °
tivity for the Hanford formation.
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The original analyses from well 699-42-12A indicated a transmissivity of

approximately 6000 m2/day (60,000 ft2/day). Based on an estimated aquifer

thickness of approximately 20 m (70 ft), the hydraulic conductivity is

approximately 300 m/day (900 ft/day). This value lies within the range of

hydraulic conductivity for the Hanford formation. These data are of generally

poor quality; therefore, these results provide only an indication of the

transmissivity for this weil.

Hydrologic properties calculated from the numerical solutions also are

discussed in Section 5.5.

5.2.3 Water-Level Conditions

The depth to water in the Hanford Townsite study area ranges from

approximately 6 m (20 ft) near the Columbia River to more than 41 m (137 ft)

in the western portion of the study area. The water-table elevation ranges

from approximately 108 to 118 m (354 to 386 ft) above mean sea level (MSL);

however, the water-table elevation near the Columbia River is highly dependent

on river stage and fluctuates between approximately 108 and 111 m (354 and

363 ft) above MSL. The regional water-table map, which indicates general

water-table and ground-water flow conditions, was shown in Figure 2.2. Water-

table elevation maps within the study area for four time periods are shown in

Figures 5.2 through 5.5. Each of these figures shows the same general con-

figuration of the water table and the same general flow direction. Ground-

water flow is toward the river, where it discharges. The average horizontal

hydraulic gradient is greater during periods when the water-level elevations

near the river are lower (e.g., October I0, 1990, shown on Figure 5.2) than

when water-level elevations near the river are higher (e.g., May 24, 1991).

The magnitude of the average horizontal hydraulic gradient for October 10,

1990, is approximately 3.1 x I0-3; for December 6, 1990, is approximately

2.7 x 10-3; for May 24, 1991, is approximately 2.4 x I0-3; and for Septem-

ber 13, 1991, is approximately 3.0 x 10 -3.

Hydrographs indicating long-term changes in water levels influenced by

both the magnitude of waste-water discharges and changes in the Columbia River

stage are shown in Figures 5.6 and 5.7, respectively. The hydrograph for
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well 699-35-9 illustrates the response of water-level elevations in the south-

west portion of the study area to waste-water discharges; water-level eleva-

tions have increased nearly 5 m (15 ft) since 1952. The hydrograph for

well 699-48-7 illustrates the response to the Columbia River of water-level

elevations near the river; water-level elevations fluctuated more than 6 m

(20 ft) within a single year before Priest Rapids Damwas constructed. Since

. that time, water-level elevations have fluctuated more than 3 m (10 ft) within

a single year. No long-term increase in water-level elevation is apparent

. since the beginning of record (1957) in well 699-48-7. Water-level

fluctuations and relationships are discussed in more detail in Sections 5.4
and 5.5.

Data are not available on the vertical distribution of hydraulic head

within the aquifer in the sediments because wells have not been installed to

monitor the hydraulic head deep within the aquifer or below confining units

(an exception is well 699-37-E4; however, the Hanford formation is not present

at this location). Near the river, the hydraulic head is expected to increase

with depth because the Columbia River is a discharge area for the aquifer.

5.2.4 Recharqe and Discharqe

Significant ground-water recharge within the Hanford Townsite study area

does not occur directly from infiltration and percolation; however, ground-

water underflow occurs from water originating west of the study area. The

primary source of this water is waste water from operations in the 200 Areas.

Ground-water discharge is directly to the Columbia River via springs and

seepage to the bed and banks of the river.

5.3 COLUMBIARIVER

River flow through the Hanford Reach is highly controlled. Operations

at Priest Rapids Damexert immediate control over the flow in the Hanford

Townsite study area. In turn, operation of Priest Rapids Damis connected

. closely with operations of other mid-Columbia dams and with power demands.

C. R. Sherwood and D. R. Newcomerat PNL recently have studied the operation

of the mid-Columbia dams. The findings of this section are based largely on
their work.
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The average daily discharge from Priest Rapids Dam for the period of

record from June 1990 through March 1992 is shown in Figure 5.8. These data

were obtained from the Grant County Public Utility District.

5.3.1 Lonq-Term Chanqes

Daily river flow records are available beginning in 1959. These data

indicate that maximum river flows decreased markedly between 1960 and 1978.

Flow is now more evenly distributed throughout the year, and a wider range of

flow is likely on a given day of the year.

5.3.2 Seasonal Chanqes

The average daily discharge record in Figure 5.8 shows peak river flow

occurring during early to mid summer; however, a hydrograph for a typical year

would show the peak flow occurring earlier, during spring runoff. The lowest

flow occurs in late summer and fall. Over the last 30 years, flows during

summer, fall, and winter have increased and flows during the normal runoff
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FIGURE 5.8. Average Daily Discharge in the Columbia River
at Priest Rapids Dam
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season have decreased. Spring runoff is now typically a 45- to 60-day period

when discharges are increased to 3600 to 4200 m3/s (120,000 to 140,000 ft3/s).

5.3.3 Weekly and Daily Variations

Flow variations occur during the week as the mid-Columbia dams upstream

of the Hanford Reach generate power to meet changing demands. Flows are

lowest on Sundays, peak on Mondays, remain high during the weekdays, and drop

again on Saturdays. A spectral power analysis of flow data indicates peaks of

flow at periods of 7, 3.5, and 1.75 days. Daily variations in the river flow

in the Hanford Reach typically produce 0.6- to O.9-m (2- to 3-ft) changes in

river stage in a 24-hour period; however, data collected by Sherwood and

Newcomer indicate daily variations in river stage up to 2 m (8 ft). The

actual shape of the daily variations changes with power demand and is somewhat

irregular, but river stage typically peaks after midday when power demand is

high and is low at night when power demand is low.

5.3.4 River Staqe at the Hanford Townsite Study Area

River-stage gauges and a transducer were installed in the river near the

north end of the Hanford Townsite study area (discussed in Section 5.1); how-

ever, difficulties in operation of the transducer/data logger system prevented

collection of a full period of record (approximately 30% of the period of

record is missing). In addition, perceived large uncertainties in staff gauge

readings or large amounts of drift in the transducer prevented accurate repre-

sentation of true river-stage elevation for approximately 30% of the period of

record that is available. The record of data collected is provided in Appen-

dix B. Portions of the data that have a low uncertainty associated with them

are used for quantitative hydrograph analyses and are shown in Section 5.5.

Daily river-stage fluctuations of up to 2 m (8 ft) were noted. The river

stage fluctuates from less than 106 m (348 ft) above MSLto more than 111 m

• (367 ft) above MSL for the entire period of record.

• 5.4 TEMPORALGROUND-WATERLEVEL CHANGES

Water-level fluctuations in wells within the Hanford Townsite study area

are primarily a result of regional flow entering the area from the east,
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Columbia River stage, or a combination of these effects. As discussed ear-

lier, waste-water discharges associated with Hanford Site operations affect

the regional ground-water system, and the Columbia River influences ground-

water levels in wells near the river by inducing bank storage within the

aquifer near the river. Water-level fluct'uations in confined aquifers also

may be influenced by tidal loading.

Hydrographs illustrating the transient character of water levels in a

number of wells in the study area are shown in Figures 5.9 through 5.13. The

locations of these wells were shown on Figure 5.1. Water levels from wells

affected primarily by the regional flow system exhibit small changes and a

slight downward trend for the period of record (see Figure 5.9). Water levels

from wells affected by the Columbia River exhibit large changes of varying
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FIGURE 5.9. Water-Level Elevations in Wells Completed in the Unconfined
Aquifer and Affected by Regional Ground-Water Flow
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magnitude in direct response to the river (see Figure 5.10). The wells

nearest the river (e.g., well 699-48-7) display much larger responses to

Columbia River stage than do wells farther from the river (e.g., well

699-41-I). The continuous record of water-level elevations inwell 699-48-7

recorded with a continuous chart recorder is shown ii Figure 5.11. The hydro-

graph for well 699-48-7 shows clearly the stron_j relationship with the

. Columbia River stage; dail_ fluctuations as large as 0.6 m (2 ft) occur at

times• The water-level hyJrographs presented irl Figure 5.10 must be regarded

in view of the large daily fluctuations in water levels affected by the
6

Columbia River. Measurements in all the wells were made within approximately

a 2-hour period; therefore, for any given measurement period, the water-level

differences between wells as a result of the river fluctuations is small.

The hydrographs shown in Figure 5.10 provide insight into the magnitude

and frequency of bank storage influences and the direction of ground-water

movement near the river. During several periods, the water-level elevations

in wells near the river appear to be higher than those farther from the river.

This is especially true on May 24, 1991, when the water-level elevation in

well 699-48-7 was higher than the water-level elevation in all other wells

shown in the hydrograph. The water-level elevation in well 699-48-7 was

higher than the water-level elevation in well 699-43-3 during much of the

period of high river stage. Well 699-43-3 is "located more than 600 m

(2000 ft) farther inland than well 699-48-7. This indicates that river stage

affects ground-water movement up to 600 m (2000 ft) from the river during much

of the high river stage. During this time, which may apparently range from a

few days up to a few month3, the river contributes to bank storage. The

relationships discussed above are depicted on Figure 6.3 in Section 6.1. A

time lag and reduced magnitude of hydrograph responses to the river fluctua-

tions can be seen in Lhe data for well 699-41-i. This may be due to distance

• from the river, as well as hydrologic properties of the materials (such as the

low permeability of the clay unit located between this well and the river).

River/aquifer relationships are evaluated quantitatively in Section 5.5.

Water levels from boreholes open to the basalt show dampened and time-

lagged responses to the river (see Figure 5.12). These wells may be open to
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different interflow units or flow interior units within the Elephant Mountain

Member. Further, the condition of these boreholes, which were drilled by

Golder Associates in support of nuclear power plant siting, is uncertain.

Water levels from several wells representing each of the conditions

discussed above (regional flow, river influence, and confined basalt) are

presented together on Figure 5.13 to provide a visual comparison of the influ-

ence of various factors on water levels in the study area.

5.5 QUANTITATIVEHYDROGRAPHANALYSIS

5.5.1 Statistical Analysis Results

This section presents the results of the statistical analyses of river-

stage and well water-le,tel data from the Hanford Townsite study area. The

periods of data selected were based on these criteria" continuity of simul-

taneous data for both river stage and well water levels, data quality, and

length of time series available. The largest numbers of data points possible

for N for the analyses were 29 = 512 and 211 : 2048. Strip-chart data from

well 699-48-7 were digitized in unequal time increments. The digitized data

were then used to interpolate between adjacent data points to estimate the

water level at equal time increments of 0.5 hour.

5.5.2 Standard Statistics

Results of the standard statistics are presented in Table 5.2. Standard

statistics were applied to water-level data from well 699-48-7 for the period

September 13 to October 26, 1991; from well 699-37-E4 for the period March 18

to March 29, 1992; and from well 699-43-3 for the period January 30 to

March 12, 1992. Results for river stage also are shown for each period. The

largest variability in river stage for the three periods was 2.56 m (8.39 ft).

5.5.3 Correlation and Covariance Statistics

The correlation and covariance statistics are presented in Table 5.3.

These analysis results quantify similarities between the river stage and

water-level changes observed in wells 699-48-7, 699-37-E4, and 699-43-3 for

the same periods selected for the standard statistics. Negative lag indicates

that water-level changes in the wells lag behind river-stage changes.
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Among the three time series,the water-levelchangesin well 699-37-E4

had the highestcorrelationwith river stage and respondedwithin 0.5 hour

(thetime intervalof measurement)of river-stagefluctuations. The water-

level changes in well 699-48-7,locatedapproximatelythe same distancefrom

the river as well 699-37-E4,correlatedhighly with the river stage, but less

than those of well 699-37-E4. Also, a lower attenuationfactor for well 699-

• 48-7 indicatesthat water-levelchangesin well 699-48-7were dampenedmore

than in well 699-37-E4. This differencein responseat each of these wells

. may be caused by a differencein mean river-stageelevationbetweeneach of

the periods (see Table 5.2). Time-seriesdata for variousmean river-stage

elevationsare lacking. The quick water-levelresponsesin well 699-37-E4to

river-stagefluctuationsalso may reflect locallysemi-confiningaquifer

conditionsat this weil. This would imply pressurewaves caused, in part, by

loadingeffects. Pressurewaves felt at well 699-48-7are not caused by load-

ing effectsbecause the aquiferis unconfinedat this weil.

For correlationand covariancestatisticsof water-leveldata at well

699-43-3,l-day and 7-day runningaverageswere appliedto the river-stage

data to smooth over variationsof less than I day and I week, respectively.

The values for correlationin Table 5.3 show that water-levelfluctuationsin

well 699-43-3correlatebetterwith the averagedriver-stagedata. A hydro-

graph of well 699-43-3 and river stage in Figure 5.14 visuallyshows that

short-termcycles of I day or less in river stage do not have the same shape

as the well data, but that the well data and 7-day averagedriver data do have

a similarshape. This indicatesthat high-frequencyriver-stagechangesdo

not propagateto well 699-43-3;such a result is expectedbecauseof the

well'sdistance from the river.

5.5.4 NumericalSolution Results

Estimatesof aquiferpropertiesusing the numericalsolutiondescribed

in Section5.1 are presentedbelow. The numericalsolutionwas appliedto

water-leveldata from wells 699-43-3and 699-48-7,along with their corre-

spondingperiodsof river-stagedata. The umerical solutionwas not applied

to data from well 699-37-E4becauseof semi-confiningconditionsat this weil;
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such conditions introduce the possibility of the water-level data being masked

by loading effects from changes in river discharge.

Well 699-43-3

The numerical solution was applied to the same time series as that used

to perform the statistical analyses discussed earlier, January 30 to March 12,

1992. The solutions were calculated with grid spacing Ax : 30 m (100 ft);

time step At = 7200 s; and a range of values for Kh/S : T/S, for S between 0.1

and 0.3. The average aquifer thickness, bounded by the water table above and

the top of a clayey unit below, between well 699-43-3 and the Columbia River

is estimated to be 12 m (40 ft). With these parameters, the inverse modeling

produced predicted time-series values for water-level elevation at the weil,

which are plotted in Figure 5.15.

Values of hydraulic conductivity ranged between 940 and 2800 m/day w

(3100 and 9200 ft/day), using estimates of 0.1 and 0.3, respectively, for
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specificyield. Transmissivitywas estimatedto be between 11,000 and

34,000m2/day (120,000and 370,000 ft2/day).

WelI 699-48-7

The numericalsolutionwas appliedto the same time series as that used

to performthe statisticalanalysesdiscussedearlier,September13 to

October26, 1991. The solutionswere calculatedwith grid spacingAx = 3 m

(10 ft); time step At = 1800 s; and a range of values for Kh/S = T/S, for S

between0.1 and 0.3. The aquifer'thickness,boundedby the water table above

and the top of a clayey unit below, betweenwell 699-48-7and the Columbia

River is estimatedto be 15 m (50 ft). With these parameters,the inverse

modelingproducedpredictedtime-seriesvalues for water-levelelevationat

the weil, which are plotted in Figure 5.16.

Values of hydraulicconductivityranged between82 and 240 m/day

. (270 and 800 ft/day),using estimatesof 0.1 and 0.3, respectively,for spe-

cific yield. Transmissivitywas estimatedto be between 1200 and 3700 m2/day

(13,000and 40,000 ft2/day).
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5.6 GROUND-WATERAND SPRING CHEMISTRY

This section discusses general ground-water chemistry; distribution of

major contaminants, including spatial and temporal effects; and river/aquifer

relationships based on chemistry data.

5.6.1 Major lon Chemistry

The chemistry of ground water in the Hanford Townsite study area is

primarily of the calcium-bicarbonate type. Stiff diagrams for major ion

chemistry of a number of wells are shown in Figure 5.17. These diagrams were

constructed from water-chemistry analyses of samples collected in August,

September, and October ]987 (Evans et al. 1988). The diagrams are plotted in

milliequivalents per liter of the major anions and cations in water, modified

slightly from the method given by Hem (1970). These patterns provide a rela-

tively distinctive method of showing water-composition differences or simi-

larities. The width of the pattern provides an approximate indication of
total ionic content.
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Althoughthe dominantwater-chemistrytype is calcium bicarbonate,the

stiff diagramson Figure 5.17 indicatesome subtledissimilaritybetweenwater

chemistryin some of the wells. Well 699-37-E4has proportionallylower cal-

cium than other wells. Well 699-47-5has proportionallyhigher sodium plus

potBssium,lower magnesium,and lower nitrate than other wells. Well 699-48-7

has lower concentrationsof all ions. Differencesin ion water chemistrymay

be caused by geochemicaldifferencesin the sediment/waterinteraction. The

ion chemistrydifferencesin well 699-37-E4may be a result of that well being

open to sedimentsof the RingoldFormationrather than the Hanfordformation,

to which all the other wells are open. The lower concentrationof all ions in

well 699-48-7 is probablya result of dilution from the Columbia River.

In general, the major ion chemistryof groundwater in the area does not

vary by a large degree. The data used for constructingthese stiff diagrams

are provided in Appendix C.

Stiff diagrams for severaltimes of sample collection,spanningmore

than 5 years, were constructedand evaluated. These diagramsdid not reveal

any obvious changes in ion chemistrybetweenthe differentsamplingtimes;

therefore,these diagramsare not presentedor discussed.

5.6.2 Distributionof Tritiumand Nitrate

The distributionof tritiumand nitrateconcentrationsfrom wells (Evans
.,f

. et al. 1989) and sp_i_gs (Dirkes1990)within the HanfordTownsite study area

for fall 1988 is shown _ Figure5.18. Some data from spring sampling in 1983

(McCormackand Carlile 1984) also are presented. The generalSite-widedis-

tributionof tritiumand nitratewas referredto earlier (see Figures 1.2 and

2.3, respectively). Tritiumconcentrationsin ground water ranged from

approximately149,000to 297,000pCi/L. Tritiumdata for this time period

were not availablefor well 699-48-7,locatednear the north end of the study

area; however,the tritiumconcentrationsin this well in fall 1987 and in

fall 1989 were below the detectionlevel of 500 pCi/L (Evanset al. 1990).

The tritium concentrationin well 699-49-13Ewas below the detectionlevel of

500 pCi/L for the two samplescollectedin 1989 (Evanset al. 1990). Ground

water in the vicinityof this well must be derivedfrom a differentsource

than the contaminatedground water enteringthe study area from the west.
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This clearly indicates the distinct northern boundary of the tritium plume.

Nitrate concentrations ranged from approximately 5.1 parts per million (ppm)

in well 699-48-7 to 43 ppm in well 699-40-I. Note that tritium and nitrate

concentrations vary with river stage in many of these wells; this variance is

discussed later in detail.

Tritium concentrations in the springs ranged from approximately
i

7420 pCi/L (near the north end of the study area) to 155,000 pCi/L (near the

center of the study area). McCormackand Carlile (1984) reported concentra-

tions of tritium and also nitrate in spring samples collected in January and

September 1983. They sampled three springs that were not sampled by Dirkes

(1990), south along the river to a location near well 699-37-E4. These sample

locations and results of samples collected in January and September 1983 also

were shown on Figure 5.18. These results indicate that spring discharges

characterized by elevated tritium concentrations (greater than 20,000 pCi/L)

were confined primarily to a region beginning near well 699-47-5 and extending

downstream a distance of approximately 1.6 km (I mi), below which the tritium

concentration of springs is less than 2000 pCi/L.

The tritium concentration of wells inland from these downstream springs

is more than 200,000 pCi/L. The lower tritium concentrations in springs may

be a result of the influence of a clay unit that runs parallel to the river in

this vicinity (see Section 4.0). This clay unit, which has an elevation above

the water table in some locations, apparently acts as a partial barrier to

ground-water flow between the river and the unconfined aquifer (Eddy et al.

1983). Data presented by Eddy et al. (1983) indicated that water levels in

wells west of the clay unit (e.g., well 699-39-0) were quite stable, while

water levels in wells the same distance from the river but located north of

the clay unit (e.g., well 699-44-4) showed marked fluctuations. These authors

concluded that this barrier may cause most ground-water flow to be diverted to
o

the north and discharge to the river within the region where spring discharges

have high tritium concentrations (Eddy et al. 1983). The springs with low

tritium concentrations may be a result of the overwhelming influence of bank

storage over the ground water residing in lower-permeability materials beneath

or intercalated with the clay unit.
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The investigations of springs discussed above did not evaluate the tran-

sient nature of spring discharges, which would consist of a large component of

ground water affected by bank storage for much of the year. Those springs

sampled by McCormack and Carlile (1984) in both January and September had

' higher tritium concentrations in September; however, these data are inadequate

to make any generalizations regarding tile time distribution of tritium concen-

, trations in springs discharging to the river.

5.6.3 Lonq-Term Trends
i

Long-term tritium concentration trend plots provide an indication of the

migration of tritium throughout the Hanford Townsite study area. These trend

plots are shown combined in Figure 5.19. The trend plot for well 699-42-12A,

located in the western portion of the study area, indicates that tritium con-

centration peaked some time in the late 1970s and has been decreasing steadily

for approximately the past 5 years. The data also indicate some annual fluc-

tuations (the cause for these is unknown). The trend plot for well 699-35-9,

located in the southwest portion of the study area, indicates that tritium has

not yet peaked in this vicinity and in fact shows a significantly delayed and
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dampened tritium trend as compared with that of well 699-42-12A. These data

suggest that the tritium plume from the 200-East Area arrived at well

699-42-12A much sooner, and was less dispersed, than at well 699-35-9 (the

effect of radioactive decay on these trends has not been evaluated). Ground-

water velocity between the 200-East Area and well 699-42-12A is therefore

assumed to be greater than the velocity between the 200-East Area and well

699-35-9. Hydrologic test data, which were presented in Section 5.2, indicate

that the transmissivity is approximately one order of magnitude greater in the

vicinity of well 699-42-12A than in the vicinity of well 699-35-9. These data

also are consistent with results provided by Poeter and Gaylord (1990) that

described the lithologic controls on migration of tritium. They suggested

that the percent of mud-dominated lithofacies, as well as the lateral con-

tinuity of the mud-dominated lithofacies, plays an important role in impeding

tritium migration in some regions (including the region in the vicinity of
well 699-35-9).

The trend plot for well 699-41-I indicates that tritium concentration

fluctuates within a given year. Data collected in 1981 (Eddy et al. 1983)

indicate that changes in tritium concentrations in this well are not largely

affected by changes in Columbia River flow. The long-term trend data also

indicate that tritium concentration may have peaked in the mid to late 1980s

and has been decreasing approximately since 1989. The plot for well 699-45-2

indicates that tritium concentration fluctuates largely within a given year

and that the trend appears to have leveled off in the past couple of years.

The large fluctuations are likely a direct result of bank storage effects from

the Columbia River. The peak tritium concentration may have reached well

699-41-I in the mid 1980s, lagging a few years behind the peak in well

699-42-12A. The trend of well 699-41-I more closely resembles the trend in

well 699-42-12A than does the trend of well 699-45-2, and tritium concentra-

tion in well 699-41-I appears to be less dispersed and thus is higher than in

well 699-45-2. This indicates that the ground-water flow path may be contin-

uous and velocity may be greatest between well 699-42-12A and well 699-41-I

(however, other influences also may affect tritium concentration trends in

well 699-41-I). If this is the case, a means of ground-water outflow must be

present between well 699-41-I and the river or some other discharge point.
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The tritiumconcentrationtrend in well 699-27-8,located south of the

study area (see Figure 1.2), was reviewed (this trend plot is not shown in

this report). The maximum tritiumconcentrationin this well was greaterthan

I x 106pCi/L, peaking in the early to mid _970s. These data indicatean

earlie_ arrivaland less dispersionof the tritium plume at this well than at

well 699-42-12A. The aquiferat this locationobviouslyis highly permeable,

and it is possiblethat these highly permeablematerialsextendnortheast

toward the river and into the HanfordTownsitestudy area and influence

tritiumconcentrationtrends and contaminantdischargein the study area.

This was also demonstratedin "thework by Poeter and Gaylord (1990). The

lower-permeabilityaquifermaterialsin the vicinityof well 699-35-9may

result in a restrictionof-ground-waterflow and contaminantmigrationin at

least a portionof the region betweenweTjls699-27-8and 699-42-12A.

The data trend for well 699-37-E4shows a much later and dampened

response in tritiumconcentrationthan for any other wells. This well is com-

pleted withir_the RingoldFormation;therefore,the transmissivityof the

sedimentsat this well is expectedto be less than the transmissivityin the

Hanfordformation. The lower transmissivityof the RingoldFormationand

associatedlower ground-watervelocityiinthis formationexplainwhy tritium

concentrationslag much behind in this weil. Note, however,that the tritium

concentrationin this well has increasedsteadilyover time. Becauseof the

lower transmissivityof the Ringold Formation,the contaminantflux to the

ColumbiaRiver from this formationwill be significantlyles_ than from the

Hanfordformation.

5.6.4 Bank StoraqeEffectson Ground-WaterChemistry

The effectsof the ColuiibiaRiver and associatedbank storageon ground-

water chemistrywere studiedby Eddy et al. (1982, 1983). They documented

that tritiumconcentrationsdecline as the river flow rate increasesin the

spring months and the river water ente,rs the bank; the trend is reversedwhen

the river flow rate decreaseslater irathe year. Tritiumconcentrationsin

well 699-47-5 fluctuatedfrom approximately25,000 pCi/L to approximately

185,000pCi/L in 1981 in responseto changesin the flow rate of the river.

This generaltrend (but not the magnitudeof changesin concentration)was
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true for three wells (C99-43-3,699-44-4,and 699-47-5)from which tritium

concentrationswere determinedapproximatelymonthly in 1980, 1981, and most

of 1982. This general trend did not hold true in well 699-46-4,in which

tritiumconcentrationsincreaseas the river flow rate increases,and tritium

concentrationsdecrease as the river fl_w rate decreases.

Ground-watertritiumconcentrationsanH ground-waterelevationswere

determinedin wells 699-42-12A,699-43-3,699-46-4,and 699-47-5between

August 1990 and early March 1991 as part of the current study (Figures5.20

through 5.23, respectively). Figure5.24 shows tritiumconcentrationplots

for all these wells combined. The same generalrelationshipsbetweentritium

concentrationsand ground-waterelevationswere observed as betweentritium

concentrationsand river flow rate discussedabove. The relationshipsbetween

river stage (flow rate) and ground-waterelevationshave been establishedand

were discussedin Sections5.4 and 5.5. Althoughtritiumdid not fluctuateas

much in 1991 as in 1981, tS_estrong inverserelationshipto the ColumbiaRiver

stage and ground-waterelevationsis obvious. The _me relationshipholds

true for well 699-43-3,although it is not affectedto the same extentas

well 699-47-5. A direct,rather than inverse,relationshipbetweenground-

water elevationsand tritiumconcentrationsoccurs in well 699-46-4. Tritium

concentrationsin weli 699-42-12Aare not affectedby ColumbiaRiver stage,

but rather are a result of the regional trend of tritiumconcentrations,which

was discussedin Section5.6.3.

The changes in tritiumconcentrationsas a result of changesin river

stage are a direct result of bank storage. When the ColumbiaRiver stage is

high, water migrates inland,mixing with ground water and causingan increase

in ground-waterelevations. When the river stage is low, the mixed water

reLurnsto the river, and ground-waterelevationsdecrease again. The cause

of the increasein tritiumconcentrationsas ground-waterelevationsincrease

in well 699-46-4 is unknown. One hypothesisis that well 699-46-4may be

separatedfrom ground water with higher tritiumconcentrationand somewhat

isolated (geologically)from direct mixing (and subsequentdilution)with

water from bank storage. As water levels increase,ground water containing

higher tritiumconcentrationmigrates towardwell 699-46-4.
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Two different transient effects occur as a result of the Columbia River

fluctuations and bank storage. One is the pressure wave that is transferred

inland and is observed as water-level fluctuations in wells. The other is the

actual movement of water from the river into bank storage, causing an inter-

change or mixing with ground water. The pressure wave is observed much

farther inland than the distance traveled in the aquifer by water derived from

the Columbia River. This is evidenced by water-level fluctuations and

associated tritium concentration changes in wells 699-43-3 and 699-47-5. The

tritium concentration change in well 699-43-3 is approximately 25% of the

change in well 699-47-5 when the magnitude of the water-level change in well

699-43-3 is approximately 75% of the change in well 699-47-5. lt cannot be

ascertained how far inland the dilution effects of bank storage occur because=

of the lack of appropriate data.
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5.7 GROUND-WATERMODELING

5.7.1 Modeling Objectives

The primary modeling objective in this study was to incorporate geologic

heterogeneity into a numeric model of flow and, ultimately, contaminant trans-

port. Utilizing alternate realizations of geologic heterogeneity will improve

our understanding of how much detail, with respect to heterogeneity, is

required to describe contaminant transport; this information will be valuable
to site characterization activities.

In 1990 and 1991, D. R. Gaylord and coworkers at WSUdeveloped multiple

geologic realizations using a geostatistical technique called multiple indi-

cator conditional stochastic simulation. Indicator simulations retain infor-

mation on extreme values of hydraulic conductivity and their connectivity

between known points. Because extreme values are very important in contami-

nant transport, it is not difficult to discern the advantages of indicator

analysis over kriged conductivity fields that smooth away much of this
information.

A second modeling objective was to address the transient nature of the

model's discharge boundary condition, the Columbia River. Currently, wells

completed in the unconfined aquifer near the Columbia River have annual water-

table variations of as muc_ as 2 m (7 ft). These variations should not affect

the regional flow of the Hanford formation unconfined aquifer. However, such

variations may affect the timing of contaminant delivery _o the river, with

high river stage impeding near-river transport. To model this bank storage

phenomenon in cross section, a code that can simulate variably saturated

conditions must be used. As wetting fronts advance and then recede from the

bank in response to river-stage fluctuations, nodes within the zone of water-

table fluctuation will move through various levels of saturation. Because

this zone consists of relatively coarse materials in the Hanford Townsite

study area, the capillary fringe will be small and wetting fronts will change

rapidly. These conditions require high-resolution spatial discretization in e

the zone of water-table fluctuation to ensure numeric stability.
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5.7.2 Code Selection

The above modeling objectives were considered in the selection of a code

that could be used to construct a two-dimensional, cross sectional model of

the Hanford Townsite study area. Several codes were considered, of which two

were selected for further investigations.

PORFLO-3is a three-dimensional, variably saturated, integrated finite-

difference code that meets all of the above objectives. Its ability to simu-

late the variably saturated conditions resulting from the bank storage

phenomenon provides marked advantages over other codes. However, the high-

resolution discretization required to generate a stable numeric solution in

this zone of variable saturation results in a model that requires substantial

computational resources. For example, discretizing the entire model domain,

while constraining the discretization in the zone of variable saturation to

0.76 m (2.5 ft) vertically and 1.5 m (5 ft) horizontally, resulted in a

31,000-node model.

The other code investigated was CFEST, a three-dimensional, saturated

finite-element code. CFESTis formulated to model confined aquifers; however,

through an iterative approach that adjusts the surface nodes to match the

water-table elevation at the previous time step, unconfined aquifers can be

simulated. To implement this methodology, all variations in water-table

elevation must be absorbed by the surface elements (i.e., if the water table

fluctuates 3 m, the surface elements must be positioned such that the surface

nodes of each surface element can be moved through the 3-m water-table

fluctuation). This limitation can cause problems if material propertie;._ _re

such that more than one element is needed to accurately represent the z_'lL- of
water-table fluctuation.

Each of the above codes has its advantages and disadvantages when con-

sidering ability to meet the modeling objectives. However, because the

PORFLO-3code was less restrictive, it was selected for thi': _L_JHv, P_vini-

• tially ignoring the river-stage fluctuations (ioe., using annu_! _'.:,_ge

river-stage as the model's downstream boundary condition) and c_)_Lse;',_rating

instead on simulating the effect of geologic heterogeneity, constraints placed

on discretization of the zone affected by bank storage can be relaxed. This
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approachresulted ina model of manageablesize able to adequatelyrepresent

geologicheterogeneity. In addition,by selectingPORFLO-3,the abilityto

simulatevariablysaturatedconditionsis re_ained;if warranted,a submodel

could be developednear the downstreamboundaryto study bank storageeffects.
s

5.7.3 ConceptualModel

As mentionedin Section5.7.1, D. R. Gaylord and coworkersat WSU

developedmultiplegeologic realizationsusing geostatisticaltechniques(see

Figure 4.6). The cross sectionruns perpendicularto the Columbia River near

the old Hanford Townsitealong most of the length of sectionB-B' (see Fig-

ure 4.1). The model domain extends horizontally3700 m (12,000ft) from the

ColumbiaRiver and verticallyfrom the top of basalt to the land surface.

Neutron-neutron,gamma-gamma,and descriptivegeologiclogs were supplemented

with grain size data to delineatethe followingfour hydrofacies: I) gravels,

2) sandy gravels,3) sands, and 4) clays and silts.

In 1988, D. R. Gaylordand E. P. Poeter at WSU assessedsome existing

aquifertest data to identifya representativehydraulicconductivityfor each

of the hydrofacies. Of the availableaquifertests, only one representative

test was identifiedfor each hydrofacies. Other test data exhibitedanomalies

or were from wells completedin more than one of the defined hydrofacies

(resultingin a compositeconductivity). Based on this limited data set,

hydraulicconductivitywas assignedto each of the hydrofaciesas follows:

I) 12,000m/day (40,000ft/day)for gravel, 2) 3000 m/day (10,000ft/day)for

sandy gravel,3) 60 m/day (200ft/day) for sand, and 4) 0.2 m/day (0.6 ft/day)

for clays and silts. Gaylord and Poeter noted that, becauseof the limited

informationavailableon the hydraulicconductivityof each of the defined

hydrofacies,these values should be used with caution.

Boundaryconditionswere specifiedas Dirichlet (held head) at the

model'supstreamand downstreamboundaries;alI other boundarieswere speci-

fied as no-flux boundaries. This designationassumesthat surficialrecharge

can be neglectedas well as rechargeof the unconfinedaquifer by the under-

lying basalts. Quantificationof these possible sourcesof aquiferrecharge,

and the solution'ssensitivityto recharge,was not v_ithinthe scope of this
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study; for purposes of erforming a preliminary modeling study of aquifer

heterogeneity, the ary conditions discussed above were deemed adequate.

The downstream b( ndary consisted of the Columbia River. As discussed

previously, for this reliminary modeling study of aquifer heterogeneity, bank

storage effects were lot considered; instead, the downstream boundary, from

the river surface the river bottom, was held at the annual average river

• stage. From the el vation of the river bottom to the top of basalt, the

boundary was speci led as no flux; this designation stems from the fact that

' regional ground-_ contour maps indicate that the Columbia River acts as a

sink for the unc _fined aquifer on both sides of the river. For the upstream

boundary, well h drographs were analyzed to identify the distance from the

river where riv r-stage fluctuations were no longer affecting the water table;

well hydrogra s indicated that at 3700 m (12,000 ft) from the river, river-
I

fluctua_/ions had no appreciable effect on the water table. Because nostage
/

information _as available on the hydraulic potential distribution at depth,
/

hydraulic po/tential was held constant at depth.

The i_{itial hydraulic potential distribution was specified linearly
between th'e downstream and upstream boundaries and was specified as constant

with deptlh. This designation was true everywhere except in the basalt forma-

tion. BJecauseof the formulation of PORFLO-3, a finite-difference code with

no implementation of interior no-flow nodes, the basalt formation had to be
/

included in the model domain. To ensure that the unconfined and confined flow

systems were simulated as having no intercommunication, the basalts were

assigned a conductivity of 3 x 10.9 m/day (i x 10.8 ft/day). Contour maps of

hydraulic potential in the confined and unconfined aquifers were compared for

the study area; in general, hydraulic potential in the confined aquifer was

3 m (10 ft) higher than in the unconfined aquifer. For clarity in delineating

the confined from the unconfined aquifer in the contour plots of hydraulic
i

potential distribution, initial conditions in the confined aquifer were set

3 m (10 ft) higher than those in the unconfined aquifer.

5.7.4 Model Development

The model domain was discretized into grid blocks measuring 30 m

(100 ft) in the horizontal direction (dx) and 3 m (10 ft) in the vertical
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direction (dy). This discretization resulted in a model requiring a solution

at approximately 4500 nodes. After some preliminary analysis, this discretiz-

ation was chosen for its ability to adequately represent the heterogeneity

simulated with the geostatistical technique while adhering to numerical sta-

bility criteria and keeping the model of manageable size; in a preliminary

study of heterogeneity, all of these factors are important and must be con-

sidered when discretizing the model domain.

The stochastic simulation results, in digital format, were supplied to

PNL along with a code used to interpolate results contained in the stochastic

simulation grid onto a user-defined grid. The stochastic simulation grid was

discretized into grid blocks of 30 m (I00 ft) in the horizontal direction (dx)

and of variable vertical thickness (dy); the variable vertical thickness was a

result of the stochastic simulation process. Several options were available

for the interpolation; in this study, the hydrofacies were assigned to each

grid block by determining the hydrofacies occupying the greatest percentage of

the user-specified grid block. A code was then developed to incorporate this

geologic heterogeneity into the PORFLO-3model.

5.7.5 Model inq Results and Discussion

For several of the geologic realizations, transient simulations were run

for a duration of 100 years. An example of a resulting hydraulic potential

distribution is shown in Figure 5.25. This figure indicates that flow would

be notably impeded where the potential lines a very closely spaced. This

area corresponds to a zone of low-permeability silt and clay facies down-

gradient of the basalt anticline• Although little information on hydraulic

potential distribution with depth exists in this area, the simulated hydraulic

potential distribution is not consistent with the current concept of the

hydrologic system. There are several possible explanations for this

discrepancy:

• The first and most probable explanation is that the conductivity
value of the silt and clay facies was set too low. Note that con-
ductivity values for each of the facies are based on the results of
one aquifer test_ and hence representativeness of these values is
suspect.
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° The realizations may be biased toward the silt and clay facies and
contain a higher percentage of this facies than actually is
present.

° In a two-dimensional, cross sectional model, the geology specified
at the cross section is assumed to be areally continuous. In real
three-dimensional space, this may be a poor assumption; the clay
and silt facies may extend laterally only a short distance, allow-
ing ground water to flow through surrounding, higher-permeability
materials.
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6.0 CONTAMINANTDISCHARGETO THE COLUMBIARIVER

This section summarizes much of the information presented in previous

sections and provides a conceptual model of the Hanford Townsite study area.

Mechanisms of discharge to the river and estimates of ground-water flux and

contaminant mass discharge to the river are provided.

6.1 CONCEPTUALMODELOF THE HANFORDTOWNSITESTUDYAREA

• A general conceptual model, or a framework from which to estimate

ground-water flux and contaminant mass discharge to the Columbia River, was

constructed based on hydrogeologic _nd hydrochemistry data presented in

Sections 4.0 and 5.0.

6.1.1 Aquifer Geometry

The saturated Hanford formation, which is unconfined throughout the

study area, makes up the total aquifer thickness for the purpose of con-

structing the conceptual model. This can be justified on the basis that the

transmissivity of the Hanford formation is more than an order of magnitude

greater than that of the Ringold Formation, which is reasonable based on the

previously documented hydraulic conductivity values of both the Ringold Forma-

tion and the Hanford formation and on the results oF hydrograph analyses pre-

sented in Section 5.5. Also, the tritium concentration in wells completed

within the Ringold Formation is much lower than in wells completed within the

Hanford formation, lt is also prudent to represent only the Hanford formation

as the total aquifer because data are available on the hydraulic head within

the Hanford formation but not within the Ringold Formation. Further, contami-

nant distribution data are available for only one well within the Ringold
Formation.

' A map of the bottom of the Hanford formation was shown in Figure 4.7,

Section 4.2. Figure 6.1 shows the generalized saturated thickness of the

o aquifer. The map indicates that the aquifer thickness is variable. The

aquifer is not present adjacent to the Columbia River where the clay unit

rises to an elevation above the water table and in the northeastern part of
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the study area where the ElephantMountainbasalt associatedwith the Gable

Mountain anticlinerises above the water table.

Variationsoccur in the permeabilityof the saturatedHanford formation.

These heterogeneities,as discussedin some detail by Poeter and Gaylord

(1990), influenceground-waterflow and tritiummigration. The aquifer in the

vicinity of well 699-35-9 has relativelylower permeabilitythan in the vicin-

ity of well 699-42-12A.

6.1.2 Ground-WaterFlow

Flow nets depictingthe conceptualwater-tableelevationand ground-

water flow lines are shown in Figure6.2. These flow nets were constructed

consideringhydrogeologiccontrolsand boundaries. The flow lines indicate

that groundwater flows south of the basalt anticlinein the northeasternpart

of the study area and is restrictedsomewhat in the southwestpart of the

study area (wherethe hydraulicgradientis steeper). Ground water is

diverted around the clay unit that is adjacentto the ColumbiaRiver. Ground

water dischargesto the river north and also south of the clay unit. lt is

furtherconcluded,based on geologicand water-chemistrydata, that ground

water also flows from the north along the east edge of the basalt anticline

and convergeswith ground water flowingfrom the west. This former flow path

contains ground water with essentiallybackgroundlevels of tritium (see

Section 5.6.2). As the flow paths from the north and west converge,a very

sharp delineationof the north edge of the tritium plume is formed (see

Figure 1.2).

A simplifiedcross sectionof the aquiferand part of the west side of

the river channelnorth of the clay unit is shown in Figure 6.3 (the location

of the section is shown in Figure6.2). The surfaceof the water table and

the river are shown for the two time periodsdepictinghigh and low ground-

water elevations. Three separatespace intervalsindicatingthe generalized

nature of the hydraulicgradient for the two time periodsare shown. The

' first interval(A) is betweenthe upgradientedge of the study area and a

locationwhere bank storagehas no influenceon water levels. This interval

serves as essentiallya "constantgradient"conditionthat is influencedonly

by regionalground-waterflow. The second interval (B) is betweenthe
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downgradientend of intervalA and a locationwhere water levels fluctuate

minimallyin responseto river fluctuations. This intervalrepresentscondi-

tions that are affectedby river fluctuationsbut where flow is always toward

the river,or the gradientis always positive. The third interval (C) is

locatedbetweenthe downgradientedge of intervalB and a locationwhere water

levels fluctuategreatlyin responseto river fluctuations. Within this

interval,ground-waterflow is toward the river for some periodsand is away

from the river for other periods; in other words, the gradient is positivefor

some periodsand negativefor some periods. The gradientwithin intervalA is

essentiallyconstantat all times of the year. The gradientwithin intervals

B and C are greatestduring low river stage,and the gradientwithin interval

. C is negativeduring high river stage.

Figure6.3 also clearlyshows that the ColumbiaRiver does not penetrate

. the entirethicknessof the Hanfordformationin this location. Ground-water

dischargeto the river in this locationwill occur beneaththe bed, or bottom,

of the river as well as from springsand seeps along the riverbank. Discharge
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to the bed of the river will be cont_-olled by the hydraulic head differential

between the aquifer and the river and by the hydraulic characteristics (i.e.,

leakage) of the riverbed m_%erial, lt is assumed that the hydraulic head in

the aquifer materials below the river is, on the average, greater than the

elevation of the river stage (this condition is necessary for net ground-water

discharge to the river to occur). However, when the upward hydraulic head

differential is largest, which would occur when the Columbia River stage is

low, ground-water discharge to the bed of the river is greatest. When the

upward hydraulic head differential is small (when the Columbia River stage is

high), ground-water discharge to the bed of the river is small. If the

hydraulic head differential reverses, which may occur when the Columbia River

stage is high, leakage from the river into the aquifer materials underlying

the river would result. This is obviously a complex relationship, which would

require unavailable data to characterize, and further discussion is beyond the
scope of this report.

6.2 GROUND-WATERDISCHARGETO THE COLUMBIARIVER

Based on the conceptual model, ground-water flow is controlled by varia-

tions in hydraulic conductivity within the Hanford formation and by channels

incised into the Ringold Formation in which the Hanford formation was depos-

ited. Most ground water entering the Hanford Townsite study area from the

west appears to flow through the vicinity of well 699-42-12A. Therefore, the

discharge rate was estimated by assuming a flow path to the river from this

location. Hydraulic conductivity within this flow path was estimated from

available test data. The hydraulic gradient for each interval shown in Fig-

ure 6.3 was determined from water-level measurements in nearby wells.

Ground-water flow volumes were calculated for two periods corresponding

to high and low river stage (and associated ground-water levels) and for each

of the intervals shown in Figure 6.3. This allowed both an evaluation of the

effects of river-stage fluctuations on the time distribution of ground-water

discharge to the river and an evaluation of ground-water flow under a constant

gradient. The ground-water discharge for a unit width was calculated across

the boundaries corresponding to the downgradient edge of each interval. The
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thicknessand width of the aquiferwere multipliedby the unit dischargeto

arrive at the total ground-waterdischargefor the intervalof the aquifer

being considered.

6.2.1 Method of Calculationand Data Used
i

The calculationsof ground-waterflow volumeswere made by using Darcy's

law, which can be stated as
i

Q =K x I x A (6.1)

where Q = ground-waterdischarge in m3/s

K = hydraulicconductivityin m/day

I = hydraulicgradient in m/m

A = aquiferarea in m2.

The hydraulicconductivityand the aquiferarea can be combinedto result in

the transmissivityT (hydraulicconductivitytimes thickness)multipliedby

the aquiferwidth W. This approach is reasonablegiven the large uncertain-

ties in many of the variables (Sections6.2.2 and 6.2.3 discuss uncertainty).

The equationthen becomes

Q =T x I x W (6.2)

The hydrologicpropertyvalues used for the calculationsof ground-waterdis-

charge within each intervaland for each time period are provided in

Table 6.1. Maximumand minimum hydraulicgradient,aquiferthickness,and

transmissivityvalues are provided. The hydraulicgradientdata were taken

from the water-tableelevationmaps in Section5.2, and water-levelelevations

• in wells were used to obtain the specificvalues. Much of the informationwas

not taken from wells along the flow path shown in Figure 6.3 becauseof the

' lack of wells along the section• Rather,the informationwas derivedfrom

wells assumedto be directlyperpendicularto the flow path and also assumed
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TABLE6.1. Hydrologic Values Used for Ground-Water Discharge Calculations

Hydraulic Aquifer Trans_issivity
Gradient (I) Hydraulic Thickness(m) (m /day)

Minimum Maximum Conductivity Maximum Minimum Maximum Minimum
Interval Gradient Gradient (m/day) Gradient Gradient Gradient Gradient

J

A 0.003 0.003 300 20 20 6000 6000

B 0.002 0.003 540 10 12 5400 6500

C -0.001 0.002 540 10 12 5400 6500 o

to representhydrologicconditionsalong the flow path. The hydraulicprop-

erties were taken from values provided in Sections5.2 and 5.5. The most

quantitativehydraulicconductivityvalues,derivedfrom aquifertest analy-

ses, that were assumedrepresentativeof the higher-permeabilitymaterials

were used for the analyses•

The gradientand thicknessare constantwithin intervalA. The maximum

gradientwithin intervalsB and C occurswhen the thicknessis at the minimum;

therefore,the transmissivityis smallestwhen the gradient is greatest. The

minimumgradient in intervalB correspondsto a period when the gradient is

negative in intervalC. The transmissivityin these intervalsis the largest

when the gradientis at its minimum.

6.2.2 Resultsof Ground-WaterDischarqeCalculations

The resultsof the ground-waterdischargecalculationsfor each interval

and for each gradientconditionare providedin Table 6.2. The total width of

the dischargeareal cross sectionwas assumedto be 1000 m. This value for

the width assumesthat the area of dischargewould be of uniform thicknessfor

the entire width. This is the approximatewidth where the averagethickness

is approximately11 m. This value was multipliedby the unit width discharge

values to obtain the total estimatedground-waterdischargefor each gradient

condition. The total ground-waterdischargepassingthe downgradientside of

intervalA is approximately6.6 x 106 m3/year(or 6.6 x 109 L/year) under the

assumedconditions• (Forcomparison,approximately2.4 x i01° L of liquid was

disposed in the 200 Areas during 1988.) The total dischargethrough inter-

val A should approximatethe total dischargeto the Columbia River, by the
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TABLE 6.2. Minimum and MaximumCalculated Unit Width Discharge and Total
Ground-Water Discharge for Each Space Interval

Unit Width Discharge Total Discharge
(m3/day/m) ...... (m3/day) _

Interval Minimum Maximum Minimum Maximum
#

..

A 18 18 18,000 18,000

• B 13 16 13,000 16,000

C -6.5 II -6,500 11,000

principleof conservationof mass. The total estimateddischarge in interval

B should bracketthe dischargein intervalA if the total dischargepassing

throughA is equal to the total dischargepassingthroughB. The resultsfor

intervalC do not bracketthe results of either intervalA or intervalB.

These resultsfor intervalC indicatethe large time-variantfluctuationin

ground-waterdischargeto the Columbia River. To accuratelyquantifythe dis-

charge and these variations,the calculationwould require integrationof many

representative time periods.

The discharge in interval A may be larger than both the maximumand the

minimum discharge in intervals B and C for several reasons. The width of the.l

discharge regions may vary significantly, the hydraulic conductivity of the
-.

discharge regions may also vary, and/or ground water may be going into storage

as a result of a generally rising water level. The discharge calculation made

for interval A is considered to be the most representative because the water-

level data for this interval are nearest to the flow path through which calcu-

lations were made, and because dynamic water-level changes will not affect

these calculations significantly as they may for the other intervals.

These results provide a qualitative estimate of the magnitude of ground-

water flow and discharge in the vicinity where large ground-water discharge

via springs has been documented previously. Prater et al. (1984) provided

an estimated discharge rate of 0.085 m3/s (3 ft3/s) or 7300 m3/day (2.6 x

I05 ft3/day) to the Columbia River between river miles 360 and 356 (U.S.

6.9



Geological Survey river-mile system), which primarily encompasses the Hanford

Townsite study area. This ground-water discharge rate was based on results of

Site-wide numerical modeling.

6.2.3 Uncertainty and Limitations

The major limitations of the approach and uncertainty in results pro-

vided for ground-water discharge are the following"
u

• The hydraulic properties are not known with certainty for the sec-
tion through which ground-water discharge estimates were made. In
addition, the distribution and variability of hydraulic properties
are not known. These uncertainties have the largest impact on the
discharge calculations.

• The thickness and extent of the aquifer are not known with cer-
tainty throughout the region where most ground-water discharge is
believed to occur. Thickness variations will affect the transmis-
sivity estimates used for the calculations.

• The width of the region of ground-water discharge is not known with
certainty. The region where the Hanford formation may extend to
the river south of the "clay barrier" also may contribute ground
water to the Columbia River.

• The hydraulic gradient along the section through which the calcula-
tions were made is not known with certainty. The impact of using
data from wells that do not lie directly in the flow path is not
known.

• lt is assumed that the gradient through the entire saturated thick-
ness is horizontal and that the changes in water-table elevations
are propagated vertically essentially instantaneously. Because
this is a ground-water discharge region, this assumption is very
likely not valid; however, no other data are available with which
to define the vertical gradients. The uncertainty associated with
this assumption is unknown.

• The tritium concentration is assumed to be constant throughout the
full saturated thickness of the Hanford formation. This assumption
is reasonable given the amount of dispersion that would occur over
the distance from the source area to the study area.

• The ground-water discharge was calculated for only two periods
within the period of record for the current study, lt is unknown
_ow representative these periods are for "average" ground-water and

f Columbia River discharge conditions.
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The total uncertainty in the ground-water discharge estimates is a factor of

plus or minus approximately five times the calculated values. Transmissivity

within the more permeable portions of the Hanford formation calculated from

aquifer tests and from indirect numerical methods ranges from approximately

1200 to 34,000 m2/day. This is the only variable that was used to assign a

total uncertainty to the calculations, because it is by far the largest

• variable that will affect the calculation of ground-water discharge. The

transmissivity values used in the calculations ranged from 5400 to 6500

m2/day; therefore, the range on either side of these values was considered for

assigning the total uncertainty.

6.3 CONTAMINANTMASSDISCHARGETO THE COLUMBIARIVER

The contaminant mass discharge calculated in this section includes only

calculations for tritium. The same approach could be used for other constit-

uents if desired. The tritium mass discharge will vary as a function of both

ground-water discharge and tritium concentration in ground water. The concen-

tration of tritium in ground water adjacent to the river will be lowest when

the river stage and associated ground-water elevations are highest. The

hydraulic gradient is reversed and the maximumeffects of bank storage are

conceived to occur at this time. Whenthe river stage drops, the gradient

again becomes positive and the mixed ground water returns to the river. The

gradient is expected to reach a maximumat the lowest river stage. The

tritium concentration in ground water discharging to the river and to springs

would be expected to reach a maximumduring the later period of low river

stage, especially just prior to another large rise in river stage. However,

the fluctuations in tritium concentration shown very little lag time in

response to water-level fluctuations based on data collected during the

current study.

° A numerical modeling study by Yim and Mohsen (1992) established that

tidal fluctuation has a major effect on exit concentration of a contaminant

• plume discharging to the surface water body. The conservation of mass is

maintained by the increased ground-water velocity (and thus discharge) occur-

ring during periods when the surface water is at low stage. This is likely
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the same phenomenonthat maintainsconservationof mass (in this case, trit-

ium)during contaminatedground-waterdischargewithin the HanfordTownsite

study area.

6.3.1 Method of Calculationand Data Used
i

Estimatesof tritiummass dischargingto the river during high and low

river-stageperiodswere made based on the calculateddischargeacross inter-

vals A, B, and C. Tritiummass dischargingfrom intervalC was estimated

primarilyto indicatethe large changesthat occur in tritiummass discharged

during the year. The tritiummass dischargewas calculatedfor each period

from the equation

M = Q x C (6.3)

where M is the tritiummass dischargerate (Ci/day),Q is the ground-water

dischargevolume (m3/day),and C is the averagetritiumconcentrationfor the

period (pCi/L).

The maximumground-waterdischargethroughintervalB occurs at low

river stage and is associatedwith the lowestwater-levelelevation (largest

gradient)and the highesttritiumconcentration. The tritium concentration

values used for the period of maximumdischargewere taken from measurements

made during the period of study. Tritium concentrationvalues used for the

period of minimumdischargefor intervalA were taken from measured values;

however,values used for intervalsB and C were assumedbased on relative

trends from previousyears' measurementsand extrapolationof the current

year's measuredvalues.

6.3.2 Resultsof Mass DischarqeCalculations

Resultsof tritiummass dischargecalculationsare provided in
i

Table 6.3. The maximum and minimum mass dischargerates in curies per day are

providedfor each interval. The total estimatedtritiummass dischargefor

I year also is provided. The mass dischargethroughintervalA does not

change becausethe gradientand tritiumconcentrationare essentiallyconstant

withill this interval. The total annual tritium mass discharge to the Columbia
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TABLE 6.3. CalculatedTritiumMass Dischargeto the Columbia River

Ground-Water Tritium TritiumMass Total Annual

Discharge Concentration Discharge Tritium Mass
(m°/day) (pCi/L) ........ (Ci/dav) Discharge

Interval Minimum Maximum Minimum Maximum Minimum Maximum (Ci/year)
i

A 18,000 18,000 2.2xi0 s 2.3xi0 s 4.0 4.0 1,400

B 13,000 16,000 2.1xi0 s 2.2xi0 s 2.7 3.5 1,100

C -6,500 II,000 l.OxlO s 1.8xlO s -0.65 2.0 Not determined

s

River was estimated by assuming the daily mass discharge rate is constant for

the year. The total annual tritium mass discharge for interval B was calcu-

lated from an average of the maximumand minimum daily mass discharge rates.

Prater et al. (1984) calculated a ground-water discharge rate of

approximately 7300 m3/day for the Hanford Townsite vicinity. The annual

tritium mass discharge to the Columbia River from within the Hanford Townsite

study area was estimated to be approximately 540 Ci/year based on the ground-

water discharge rate calculated by Prater et al. (!984) and using an average

tritium concentration of 200,000 pCi/L. The value calculated for the current

study is approximately two to two and one-half times this estimate.

The tritium concentration in the river contributed from ground-water

discharge in the Hanford Townsite study area was calculated using the approach

previously used by Prater et al. (1984) and Freshley and Thorne (1992)"

Criver : Cwell (Qgw/Qriver)

where Crive r : the resulting radionuclide concentration in the river (pCi/L)

Cell = the average radionuclide (or maximumand minimum) concentration
. in the ground water (pCi/L)

Qgw= the average ground-water discharge to the Columbia River (m3/s)
I

= the average (or maximumand minimum) flow rate of the river
Qriver (m3/s) "
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An averageground-waterdischargeto the Columbia River of 18,000m3/day

was assumedfor the HanfordTownsitestudy area. The averageflow rate of the

ColumbiaRiver at Priest RapidsDam during 1991was 4070 m3/s (3.52 x 108

m3/day),with a maximum monthlyflow of 5490 m3/s (4.74 x 108m3/day)and a

minimummonthlyflow of 2460 m3/s (2.12 x 108ma/day). The concentrationof

tritiummeasuredin wells minimallyaffectedby bank storageat the Hanford

Townsite study area and assumedto representtritium concentrationsin ground

water was approximately200,000pCi/L. Based on the averageColumbiaRiver

flow rates and averageground-waterconcentrations,tritiumconcentrationin
I

the river from ground-waterdischargein the Hanford Townsitestudy area was

estimatedto be 10 pCi/L. A maximumconcentrationof approximately17 pCi/L

in the river was calculatedusing the minimumriver flow rate. A minimum con-

centrationof approximately8 pCi/L in the river was estimatedwith the maxi-

mum river flow rate. These resultsagree "ave;_ablywith those of Freshleyand

Thorne (1992). These numbersprovidean esti,_ateof the possiblerange of

concentrationsin the river resultingfrom ground-waterdischarge.

Contaminantmass dischargeto the ColumbiaRiver from the Ringold

Formationis consideredat this time to be insignificantin relationto the

dischargefrom the Hanford formation. This is because of the much lower

transmissivityand tritiumconcentrationin ground water within the Ringold

Formationthan within the Hanford formation.

6.3.3 Uncertaintyand Limitations

The same limitationsapply to the calculationof contaminantmass dis-

charge to the Columbia River that appliedto ground-waterdischargecalcu-

lations. These were discussedin Section6.2.3. !n addition,uncertainties

in tritium concentrationsapply to the contaminantmass dischargecalcula-

tions; however,the uncertaintieswithin this variable are very small in

comparisonto other uncertaintiesand limitationspreviouslydiscussed. The

total uncertaintyfactor assignedto the contaminantmass dischargecalcu-

lation is plus or minus five.
I
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7.0 CONCLUSIONS

Resultsprovidedin previousreportsand _tained from the currentstudy

demonstratethat ground-watermovement,contaminantdistribution,and dis-

charge to the ColumbiaRiver in the HanfordTownsitestudy area are influenced

I) by the local geology,2) by regionalground-waterconditions,and 3) sig-

• nificantlyby river-stagefluctuations. These resultsled to the following
major conclusions.

o Ground water containingtritiumconcentrationsgreater than the
DrinkingWater Standardof 20,000 pCi/L dischargesto the Columbia
River via severalspringswithin the study area. The concentration
of tritium in these springs,however,is lower than the concentra-
tion of tritiumin ground water from wells as a result of dilution
from bank storage. Tritium concentrationin springs was as high as
155,000pCi/L, and tritium concentrationin wells was as high as
246,000pCi/L for a similarsamplingperiod.

° Ground-watervelocityand tritiummigrationrate appear to be
greater in the east-centralpart of the study area, just south of
the subcropof the Gable Mountain anticlinestructure,than in the
_outheastpart of the study area. This region of higher hydraulic
_qductivity appearsto be continuousto the river. Tritiumcon-
__itrationtrends and aquifertest data supportthis conclusion.

° Fluctuationsin ColumbiaRiver discharge(and stage) affectground-
water elevationsin wells locatedas far as 800 m from the river.
Wells near the river exhibitan increasein ground-waterelevations
during high river stage and a decreasein ground-waterelevations
during low river stage. Statisticalanalysesindicateda high
degree of correlationbetweenthe river-stagefluctuationsand well
water-levelfluctuations. The magnitudeof river fluctuationswas
approximately6 m, and the maximummagnitudeof water-levelfluc-
tuations in wells affectedby the river was approximately3.!5m for
the periodof study. By contrast,the maximummagnitudeof water-
level fluctuationsin wells influencedby regionalground-water
flow alone was less than 0.4 m. The magnitudeof the averagehori-
zontal hydraulicgradient across the lengthof the study area
varied from approximately3.1 x I0-3 when the river stage was.low in
October1990 to approximately2.4 x 10.3 when the river stage was
high in May 1991.

• Fluctuationsin ColumbiaRiver dischargeand associatedbank
storageaffectconcentrationsof tritiumin wells. As the river
stage rises,water from the river moves inland,resultingin dilu-
tion of tritiumconcentrationsin wells near the river. During a
period of approximately 5 months, tritium concentration fluctuated

7.1



approximately70,000pCi/L in a well locatedapproximately200 m
from the river and fluctuatedapproximately17,000pCi/L in a well
locatedapproximately800 m from the river. The fluctuationsin
tritiumconcentrationwere proportionallyless than the fluctua-
tions in water-levelelevationwithin the well locatedfarther from
the river. This result indicatesthat water-levelresponses are
seen fartherfrom theriver than are the dilutioneffects of the
river.

• By far the majorityof ground-waterdischargeto the Columbia River
is from the Hanfordformationaquifer. This formationhas higher
transmissivityand higher contaminantconcentrationsthan seen in
the underlyingRingoldFormation. The saturatedthicknessof the
Hanfordformationrangesfrom zero to approximately25 m. The
aquifer is not presentin the northwestportionof the study area
where the ElephantMountainbasalt subcropsabove the water table,
and in two locationsadjacentto the ColumbiaRiver in the east
portionof the study area where clay- and silt-dominatedfacies of
the RingoldFormationsubcropabove the water table.

• Ground-waterflow and the areas of greatestdischargeto the river
are very likely controlledby the areas where the Ringold Formation
or ElephantMountainbasalt subcropabove the water table. Ground
water is divertedaroundthese areas where the Hanford formation
aquiferis not presentand dischargesto the river in one (and
quite possiblya second)restrictedregion. One of these regions,
which is approximately1500 m in width, coincideswith the region
where springdischargeshave the highestconcentrationsof tritium;
this region is locatedin the north-centralportionof the river
reach passingthroughthe study area.

• Ground-waterand contaminantdischargeto the Columbia River was
calculatedbased on best estimatesof the aquiferhydraulicproper-
ties, aquifergeometry,and hydraulicgradients. The total ground-
water dischargeto the ColumbiaRiver was calculatedto be
approximately6.6 x 106m3/year,which is about two and one-half
times greaterthan a previouslyreported estimate. The total trit-
ium mass dischargeto the Columbia River was calculatedto range
from approximately1100 to 1400 Ci/year. The tritium concentration
in the river contributedfrom ground-waterdischargewas calculated
to be approximately10 pCi/L. The total uncertaintyfactor
assigned to the calc_l_ted contaminant mass discharge calculations
is plus or minus five. Although ground-water and contaminant
discharge fluctuates l)ased on the Columbia River stage, no esti-
mates of the time-variant nature of contaminant discharge were
made.
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APPENDIXB

ELEVATIONSOF THE TOPOF BASALTANDTHE BOTTOMOF THE HANFORDFORMATION



TABLE B.I. Elevations of the Top of Basalt and the Bottom
of the Hanford Formation Observed in Wells
Within the Hanford Townsite Study Area

Bottom of Bottom of
Top of Hanford Top of Hanford
Basalt Formation Basalt Formation

Well (m) (m} (ft) (ft)

699-31-8 -20.1 105.8 -66 347
699-31-11 -24.4 97.5 -80 320
699-31-17 -36.0 93.0 -I18.1 305
699-33-6 -13.4 98.1 -44 322
699-33-14 -24.1 104.9 -79 344
699-33-21A -37.2 102.4 -122 336
699-34-8 -11.6 96.0 -38 315
699-34-20 -33.8 94.2 -111 309
699-35-3 7.3 100.9 24.0 331.0
699-35-03B 25.3 101.5 83 333
699-35-6 0.3 102.7 I 337
699-35-9 102.1 335
699-35-16 -19.5 100.6 -64 330
699-35-19A -25.3 100.6 -83 330
699-36-I 66.1 95.7 216.9 314
699-36-2 55.8 99.7 183 327
699-36-10 -7.6 101.8 -25 334
699-36-17 -12.8 100.0 -42 328
699-36-E3 42.4 104.5 139 343
699-37-4 77.7 101.2 255 332
699-37-EI 72.5 101.8 238 334
699-37-E4 110 361
699-38-3 87.5 100.9 287 331
599-38-8 21.3 103.3 70 339
699-38-9 2.1 107.6 7 353
699-38-15 -5.8 101.7 -19 333.7
699-38-19 -8.8 102.4 -29 336
699-38-E0 77.1 98.5 253 323
699-39-I 67.4 86.9 221.1 285
699-39-2 64.3 85.6 211.0 281

• 699-39-7A 103 107.0 337,9 351
699-39-7B 103 105.5 337.9 346
699-39-E2 66.4 85.0 217.8 279
699-40-0 29 106.4 95.1 349
699-40-I 38.4 95.1 126 312
699-40-2 32.0 104.5 105 343
699-40-6 78.0 101.8 256 334
699-40-12B 15.4 106.71 50.4 350.1

B.I



TABLEB.I. (contd)

Bottom of Bottom of
Top of Hanford Top of Hanford
Basalt Formation Basalt Formation

Well (m) (m) (ft) (ft) ,

699-40-13 5.8 105.9 19 347.4
699-40-20 -4.6 103.9 -15 341
699-41-4 41.1 103.9 135 341
699-41-5 79.6 100.9 261.2 331
699-41-10 66.4 92.4 217.8 303
699-41-11 39.9 102.4 130.9 336

P

699-41-20 4.6 94.8 15 311
699-42-3 14 99.7 45.9 327
699-42-10 86.6 100.3 284.1 329
699-42-12A 100.6 95.1? 330 312?
699-42-21 0.6 103.3 2 339
699-43-I 107 350
699-43-2 20 104.9 65.6 344
699-43-3 100.6 330.04
699-43-8 63.4 98.1 208 322
699-43-9 98.8 98.8 324.1 324
699-43-18 18.6 99.7 61 327
699-44-2 104 340
699-44-7 4.3 104.9 14.1 344.3
699-44-16 28 94.5 91.9 310
699-45-2 103.0 338
699-45-6A 13.4 93.0 44 305
699-46-3 21 89.9 68.9 295
699-46-5 17 93.6 55.8 307
699-46-15 126 126 413.4 413
699-47-5 104.5 343
699-48-7 102.0 334.7
699-49-7A 103.1 338.1
699-49-10 108.9 357.2
699-49-12B 98.5 323.2
699-49-13E 102.63 336.72
699-49-21 118 118 387.1 387
699-51-19 105 109.4 344.5 359
699-52-17 15 93.9 49.2 308
699-54-15 18 92.4 59.1 303
Boring #I 108 355
Boring #2 111 364
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TABLE C.I. Water-LevelMeasurementsand Elevationsfrom Wells

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-35-09 499.83 7/5/90 113.15 386.68 117.86

7/20/90 113.21 386.62 117.84

7/25/90 113.23 386.6 117.84

8/17/90 113.2 386.63 117.84

8/31/90 113.23 386.6 117.84

, 9/17/90 113.26 386.57 117.83

9/28/90 113.3 386.53 117.81

10/12/90 113.24 386.59 117.83

10/26/90 113.36 386.47 117.80

11/9/90 113.31 386.52 117.81

11/30/90 113.43 386.4 117.77

12/6/90 113.43 386.4 117.77

12/7/90 113.39 386.44 117.79

12/21/90 113.5 386.33 117.75

1/4/91 113.43 386.4 117.77

1/18/91 113.44 386.39 117.77

2/1/91 113.45 386.38 117.77

2/15/91 113.49 386.34 117.76

3/1/91 113.45 386.38 117.77

3/15/91 113.57 386.26 117.73

3/29/91 113.63 386.2 117.71

4/26/91 113.64 386.19 117.71

5/24/91 113.66 386.17 117.70

6/21/91 113.72 386.11 117.69

8/16/91 113.79 386.04 117.66

9/13/91 113.79 386.04 117.66

10/11/91 113.79 386.04 117.66

11/25/91 113.88 385.95 117.64

12/20/91 114.04 385.79 117.59

1/16/92 114.08 385.75 117.58

4/2/92 114.15 385.68 117.56

699-36-02 483.93 7/6/90 117.44 366.49 111.71

12/6/90 118 365.93 111.54

699-36-10 526.99 7/5/90 140.68 386.31 117.75

699-37-E04 387.09 7/5/90 24.87 362.22 110.40

12/6/90 27.24 359.85 109.68

1/15/92 29.07 358.02 109.12

1/16/92 28.84 358.25 109.19

2/25/92 30.04 357.05 108.83

4/2/92 29.41 357.68 109.02
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TABLE C.I. (contd)

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-37-04 488.87 1/16/92 111.89 376.98 114.90

699-38-15 454.75 7/5/90 59.54 395.21 120.46

7/20/90 59.58 395.17 120.45

7/25/90 59.59 395.16 120.44

8/17/90 59.61 395.14 120.44

8/30/90 59.64 395.11 120.43

9/17/90 59.67 395.08 120.42

9/28/90 59.68 395.07 120.42

10/12/90 59.79 394.96 120.38

10/26/90 59.73 395.02 120.40

11/9/90 59.72 395.03 120.41

11/30/90 59.78 394.97 120.39

12/6/90 59.8 394.95 120.38

12/7/90 59.79 394.96 i20.38

12/21/90 59.83 394.92 120.37

1/4/91 59.84 394.91 120.37

1/18/91 59.84 394.91 120.37

2/1/91 59.86 394.89 120.36

2/15/91 59.89 394.86 120.35

3/1/91 59.89 394.86 120.35

3/15/91 59.92 394.83 120.34

3/29/91 59.95 394.8 120.34

4/26/91 59.98 394.77 120.33

5/24/91 60.02 394.73 120.31

6/21/91 60.06 394.69 120.30

8/16/91 60.11 394.64 120.29

9/13/91 60.13 394.62 120.28

10/11/91 60.16 394.59 120.27

11/25/91 60.2 394.55 120.26

12/20/91 60.26 394.49 120.24

1/16/92 60.3 394.45 120.23

4/2/92 60.35 394.4 120.21

699-39-E02 404.89 1/16/92 46.13 358.76 109.35

699-39-00 449.54 7/5/90 84.51 365.03 111.26

12/6/90 85.39 364.15 110.99

]./16/92 85.56 363.98 110.94

2/25/92 85.62 363.92 110.92
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TABLE C.I. (contd)

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-39-07A 492.37 7/5/90 126.21 366.16 111.61

7/20/90 126.23 366.14 111.60

7/25/90 126.26 366.11 111.59

8/17/90 126.27 366.1 111.59

8/30/90 126.26 366.11 111.59

. 9/17/90 126.27 366.1 111.59

9/28/90 126.27 366.1 111.59

10/12/90 126.23 366.14 111.60

10/26/90 126.27 366.1 111.59

11/9/90 126.31 366.06 111.58

11/30/90 126.3 366.07 111.58

12/6/90 126.3 366.07 111.58

12/7/90 126.3 366.07 111.58

12/21/90 126.31 366.06 111.58

1/4/91 126.32 366.05 111.57

1/18/91 126.31 366.06 111.58

2/1/91 126.32 366.05 111.57

2/15/91 126.33 366.04 111.57

3/1/91 126.32 366.05 111.57

3/15/91 126.33 366.04 111.57

3/29/91 126.32 366.05 111.57

4/26/91 126.32 366.05 111.57

5/24/91 126.33 366.04 111.57

6/21/91 126.32 366.05 111.5;

8/16/91 126.32 366.05 111.57

9/13/91 126.33 366.04 111.57

10/11/91 126.31 366.06 111.58

11/25/91 126.31 366.06 111.58

12/20/91 126.33 366.04 111.57

1/16/92 126.34 366.03 111.57

2/25/92 126.34 366.03 111.57

4/2/92 126.38 365.99 111.55

699-40-01 438.71 6/18/90 74.31 364.4 111.07

7/5/90 74.03 364.68 111.15

1/15/92 75.29 363.42 110.77

1/16/92 75.29 363.42 110.77

2/25/92 75.38 363.33 110.74

4/2/92 75.38 363.33 110.74
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TABLE C.I. (contd)
Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-41-01 432.57 7/5/90 68.96 363.61 110.83

8/30/90 70.77 361.8 110.28

9/17/90 71.31 361.26 llO.11

9/28/90 71.51 361.06 ii0.05

10/12/90 71.63 360.94 110.01

10/26/90 71.77 360.8 109.97

11/9/90 71.8 360.77 109.96

11/30/90 71.04 361.53 110.19

12/6/90 70.73 361.84 110.29

12/7/90 70.7 361.87 110.30

12/21/90 70.62 361.95 110.32

1/4/91 70.28 362.29 110.43

1/18/91 70.52 362.05 110.35

2/1/91 69.98 362.59 110.52

2/15/91 70.09 362.48 110.48

3/1/91 70.25 362.32 110.44

3/15/91 69.99 362.58 Ii0.51

3/29/91 69.87 362.7 110.55

4/26/91 69.77 362.8 110.58

5/24/91 69.72 362.85 110.60

6/21/91 69.29 363.28 110.73

8/16/91 69.94 362.63 110.53

9/13/91 70.85 361.72 110.25

10/11/91 71.49 361.08 110.06

11/25/91 71.46 361.11 110.07

12/20/91 71.65 360.92 Ii0.01

1/16/92 71.48 361.09 110.06

2/25/92 71.88 360.69 i09._4

4/2/92 71.76 360.81 109.97

699-41-05 483.8 7/5/90 116.53 367.27 111.94

699-41-11 512.78 7/6/90 142.08 370.7 112.99

7/20/90 142.08 370.7 112.99

7/25/90 142.37 370.41 112.90

8/17/90 142.59 370.19 112.83

8/30/90 142.75 370.03 112.79

9/17/90 142.88 369.9 112.75

9/28/90 142.95 369.83 112.72

10/12/90 142.98 369.8 112.72

10/26/90 143.04 369.74 112.70

11/9/90 143.05 369.73 112.69

11/30/90 143.07 369.71 112.69

12/7/90 143 369.78 112.71

12/21/90 143 369.78 112.71

C4



TABLE C.I. (contd)
Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-41-11 512.78 1/4/91 142.85 369.93 112.75

1/18/91 142.84 369.94 112.76

2/1/91 142.79 369.99 112.77

2/15/91 142.75 370.03 112.79

3/1/91 142.75 370.03 112.79

3/15/91 142.72 370.06 112.79

3/29/91 142.62 370.16 112.82

' 4/26/91 142.44 370.34 112.88

5/24/91 142.37 370.41 112.90

6/21/91 141.78 371 113.08

8/16/91 142.32 370.46 112.92

9/13/91 142.53 370.25 112.85

10/11/91 142.74 370.04 112.79

11/25/91 142.83 369.95 112.76

12/20/91 142.93 369.85 112.73

1/16/92 142.93 369.85 112.73

4/2/92 142.98 369.8 112.72

699-42-02 433.5 7/5/90 70.35 363.15 110.69

1/16/92 75.45 358.05 109.13

2/25/92 76.36 357.14 108.86

699-42-10 495.5 7/5/90 128.43 367.07 Iii. 88

7/20/90 128.53 366.97 111.85

7/25/90 128.96 366.54 iii. 72

8/17/90 129.26 366.24 111.63

8/30/90 129.5 366 Iii. 56

9/17/90 129.63 365.87 Iii. 52

9/28/90 129.73 365.77 i!I. 49

10/12/90 129.76 365.74 iii. 48

10/26/90 129.86 365.64 iii. 45

11/9/90 129.88 365.62 iii. 44

11/30/90 129.92 365.58 iii. 43

12/6/90 129.83 365.67 111.46

12/7/90 129.81 365.69 111.46

12/21/90 129.8 365.7 iii. 47

1/4/91 129.66 365.84 Iii. 51

1/18/91 129.68 365.82 III. 50

, 2/1/91 129.61 365.89 111.52

2/15/91 129.59 365.91 iii. 53

3/1/91 129.67 365.83 iii. 50

3/15/91 129.6 365.9 iii. 53

3/29/91 129.5 366 iii. 56

4/26/91 129.31 366.19 iii. 61

5/24/91 129.26 366.24 iii. 63
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TABLE C.I. (contd)

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-42-10 495.5 6/21/91 128.49 367.01 111.86

8/16/91 129.3 366.2 111.62

9/13/91 129.57 365.93 111.54

10/11/91 129.82 365.68 111.46

11/25/91 129.97 365.53 111.41

12/20/91 130.09 365.41 111.38

1/16/92 130.14 365.36 111.36
e

4/2/92 130.27 365.23 111.32

699-42-12A 514.27 6/18/90 137.73 376.54 114.77

7/5/90 137.51 376.76 114.84

7/31/90 137.58 376.69 114.82

8/7/90 137.66 376.61 114.79

8/15/90 137.9 376.37 114.72

8/22/90 137.75 376.52 114.76

8'29/90 137.78 376.49 114.75

9/4/90 137.85 376.42 114.73

9/12/90 137.88 376.39 114.72

9/17/90 137.87 376.4 114.73

10/4/90 137.95 376.32 114.70

10/10/90 138.25 376.02 114.61

10/12/90 137.96 376.31 114.70

10/24/90 138.04 376.23 114.67

10/26/90 138.01 376.26 114.68

11/9/90 138.03 376.24 114.68

11/26/90 138.1 376.17 114.66

11/30/90 138.08 376.19 114.66

12/6/90 138.08 376.19 114.66

12/7/90 138.08 376.19 114.66

12/21/90 138.08 376.19 114.66

1/4/91 138.04 376.23 114.67

1/18/91 138.06 376.21 114.67

2/1/91 138.07 376.2 114.67

2/15/91 138.06 376.21 114.67

3/1/91 138.07 376.2 114.67

3/15/91 138.08 376.19 114.66

3/29/91 138.05 376.22 114.67

4/26/91 138.02 376.25 114.68

6/21/91 137.82 376.45 114.74 '

8/16/91 138.06 376.21 114.67

9/13/91 138.19 376.08 114.63

1/16/92 138.41 375.86 114.56

2/25/92 138.55 375.72 114.52

4/2/92 138.59 375.68 114.51
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TABLE C.I. (contd)

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-42-12B 514 8/30/90 138.77 375.23 114.37

9/17/90 138.85 375.15 114.35

9/28/90 138.89 375.11 114.33

10/12/90 138.95 375.05 114.32

10/26/90 138.99 375.01 114.30

11/9/90 139 375 114.30

11/30/90 139.06 374.94 114.28

• 12/7/90 139.05 374.95 114.28

12/21/90 139.05 374.95 114.28

1/4/91 139.04 374.96 114.29

1/18/91 139.05 374.95 114.28

2/1/91 139.06 374.94 114.28

2/15/91 139.05 374.95 114.28

3/1/91 139.07 374.93 114.28

3/15/91 139.07 374.93 114.28

3/29/91 139.04 374.96 114.29

4/26/91 139 375 114.30

5/24/91 139 375 114.30

8/16/91 139.05 374.95 114.28

9/13/91 139.18 374.82 114.25

10/11/91 139.22 374.78 114.23

11/25/91 139.38 374.62 114.18

12/20/91 139.43 374.57 114.17

2/25/92 139.54 374.46 114.14

4/2/92 139.68 374.32 114.09

699-43-03 419.64 7/5/90 56.65 362.99 ii0.64

7/20/90 58.94 360.7 109.94

7/25/90 60.89 358.75 109.35

7/31/90 61.16 358.48 109.26

8/7/90 60.66 358.98 109.42

8/15/90 61.5 358.14 109.16

8/17/90 61.54 358.1 109.15

S/22/90 62.02 357.62 109.00

8/29/90 61.82 357.82 109.06

8/30/90 61.94 357.7 109.03

9/4/90 62.9 356.74 108.73

9/12/90 63.92 355.72 108.42

' 9/17/90 63.7 355.94 108.49

9/18/90 63.76 355.88 108.47

9/26/90 63.93 355.71 108.42

9/28/90 63.7 355.94 108.49

10/4/90 63.72 355.92 108.48

10/10/90 63.8 355.84 108.46

10/12/90 63.72 355.92 108.48
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TABLE C.I. (contd)
Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-43-03 419.64 10/24/90 63.85 355.79 108.44

10/26/90 63.83 355.81 108.45

11/9/90 63.34 356.3 108.60

11/26/90 61.25 358.39 109.24

11/30/90 60.32 359.32 109.52

12/6/90 59.86 359.78 109.66

12/7/90 59.82 359.82 109.67

12/21/90 59.71 359.93 109.71 o

1/4/91 60.05 359.59 109.60

1/18/91 60.8 358.84 109.37

2/1/91 58.37 361.27 110.12

2/15/91 59.25 360.39 109.85

3/1/91 59.51 360.13 109.77

3/15/91 58.85 360.79 109.97

3/29/91 58.29 361.35 110.14

4/26/91 57.78 361.86 110.29

5/24/91 57.29 362.35 110.44

6/21/91 57.49 362.15 110.38

8/16/91 58.91 360.73 109.95

9/13/91 62.64 357 108.81

10/11/91 63.46 356.18 108.56

11/25/91 62.45 357.19 108.87

12/20/91 62.16 357.48 108.96

1/16/92 61.93 357.71 109.03

1/22/92 61.81 357.83 109.07

2/25/92 63.51 356. ] i08.55

4/2/92 62.89 356.75 108.74

699-43-09 490.74 7/5/90 127.28 363.46 110.78

699-44-04 391.27 7/5/90 28.54 362.73 110.56

1/16/92 33.9 357.37 108.93

2/25/92 36.36 354.91 108.18

699-44-07 437.78 7/6/90 70.81 366.97 iii. 85

7/20/90 70.96 366.82 iii. 81

7/25/90 71.16 366.62 IIi. 75

8/17/90 71.22 366.56 iii. 73

8/30/90 71.25 366.53 iii. 72

9/17/90 71.'39 366.39 111.68

9/28/90 71.45 366.33 iii. 66

10/12/90 71.42 366.36 111.67

10/26/90 71.5 366.28 iii. 64

11/9/90 71.4 366.38 iii. 67

11/30/90 71.33 366.45 Iii. 69
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TABLE C.I. (contd)

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-44-07 437.78 12/6/90 71.4 366.38 111.67

12/7/90 71.36 366.42 1_LI.68

12/21/90 71.35 366.43 i_1.69

1/4/91 71.24 366.54 IJLI.72

1/18/91 71.23 366.55 111.72

2/1/91 71.04 366.74 ili.78

• 2/15/91 71.12 366.66 111.76

3/1/91 71.02 366.76 111.79

3/15/91 71.07 366.71 111.77

3/29/91 71.05 366.73 111.78

4/26/91 70.9 366.88 111.83

5/24/91 70.83 366.95 111.85

6/21/91 70.6 367.18 1].1.92

7/19/91 70.63 367.15 111.9i

8/16/91 70.84 366.94 111.54

9/13/91 71.06 366.72 11.1.78

10/11/91 71.19 366._9 111.74

11/25/91 71.IC 366.6 111.74

12/20/91 71.27 366.51 111.71

1/16/92 71.27 36_.51 111.71

4/2/92 71.42 366.36 111.67

699-45-02 379.89 7/5/90 17.43 362.46 110.48

12/6/90 19. 359_9 109.72

1/16/92 22.85 357.04 108.83

699-46-03 381.53 7/5/90 20.84 360.69 109.94

12/6/90 22.85 358.68 109.33

1/16/92 24.98 356.55 108.68

699-46-04 3q2.45 7/5/90 19.81 362.64 110.53

7/31/90 24.53 357.92 109.09

8/7/90 24.62 357.83 109.07

8/15/90 24.98 357.47 108.96

• 8/22/90 25.6 356.85 108.77

8/29/90 24.84 357.61 10'9.00

8/30/90 26.05 356.4 108.63

. 9/4/90 28.6 353.85 107.85

9/12/90 27.8 354.65 108.10

9/18/90 28.53 353.92 i07._7

9/26/90 28.2 354._5 10'7.96

9/28/90 27.4 355.05 1013.22

10/4/90 27.62 354.83 108.15
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TABLEC.1. (contd)
Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-46-04 382.45 10/10/90 28.25 354.2 107.96

10/12/90 27.45 355 108.20

10/24/90 28.4 354.05 107.91

10/26/90 28.08 354.37 i08.01

11/9/90 26.64 355.81 108.45

11/26/90 23.25 359.2 109.48

11/30/90 23.02 359.43 109.55

12/6/90 22.36 360.09 109.76

12/7/90 22.59 359.86 109.69

12/21/90 21.67 360.78 109.97

1/4/91 23.25 359.2 109.48

1/18/91 24.25 358.2 109.18

2/1/91 21.07 361.38 110.15

2/15/91 22.27 360.18 109.78

3/1/91 21.83 360.62 109.92

3/15/91 21.74 360.71 109.94

3/29/91 21.02 361.43 110.16

4/26/91 20.45 362 110.34

5/24/91 19.53 362.92 110.62

6/21/91 21.4 361.05 110.05

8/16/91 21.47 360.98 110.03

9/13/91 26.77 355.68 108.41

10/11/91 27.26 355.19 108.26

11/25/91 26.52 355.93 108.49

12/20/91 25.32 357.13 108.85

1/16/92 25.23 357.22 108.88

2/25/92 27.83 354.62 108.09

4/2/92 26.39 356.06 108.53

699-46-05 384.3 7/5/90 6.92 377.38 115.03

7/20/90 7.78 376.52 114.76

7/25/90 8.07 376.23 114.67

8/17/90 8.3 376 114.60

8/30/90 8.59 375.71 114.52

9/28/90 9.06 375.24 114.37

10/12/90 9.03 375.27 114.38

10/26/90 9.21 375.09 114.33

11/9/90 8.78 375.52 114.46

11/30/90 8 376.3 114.70 °

3_/6/90 8.02 376.28 114.69

12/7/90 7.95 376.35 114.71

12/21/90 7.71 376.59 114.78

1/4/91 8.05 376.25 114.68

1/18/91 8.ii 376.19 114.66
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TABLE C.I. (contd)

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-46-05 384.3 2/1/91 7.28 377.02 114.92

2/15/91 7.54 376.76 114.84

3/1/91 7.12 377.18 114.96

Z/15/91 7.43 376.87 114.87

3/29/91 7.34 376.96 114.90

4/26/91 7.08 377.22 114.98

5/24/91 6.81 377.49 115.06

6/21/91 7.34 376.96 114.90

7/19/91 7.67 376.63 114.80

8/16/91 7.5 376.8 114.85

9/13/91 8.61 375.69 114.51

10/11/91 8.84 375.46 114.44

i1/25/91 8.63 375.67 114.50

12/20/91 8.54 375.76 114.53

1/16/92 8.4 375.9 114.57

2/25/92 9.06 375.24 114.37

4/2/92 8.67 375.63 114.49

699-47-05 382.25 7/5/90 19.54 362.71 110.55

7/31/90 24.07 358.18 109.17

8/7/90 24.2 358.05 109.13

8/15/90 24.75 357.5 108.97

8/22/90 25.26 356.99 108.81

8/29/90 24.41 357.84 109.07

9/4/90 28.6 353.65 107.79

9/12/90 27.5 354.75 108.13

9/18/90 28.17 354.08 107.92

9/26/90 27.74 354.51 108.05

10/4/90 27.14 355.11 108.24

10/10/90 2/.95 354.3 107.99

10/24/90 27.75 354.5 108.05

11/7/90 26.38 355.87 108.47

11/26/90 22.53 359.72 109.64

12/6/90 21.85 360.4 109.85

• 12/20/90 21.81 360.44 109.86

1/4/91 22.78 359.47 109.57

2/6/91 22.46 359.79 109.66

' 3/6/91 20.74 361.51 110.19

7/19/91 22.35 359.9 109.70

1/16/92 25.24 357.01 108.82
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TABLE C.I. (contd)

Casing Date of Water-Level Elevation

Well Elevation Measure- Depth to above Mean Sea Level

Number ft, MSL ment Water, ft feet meters

699-48-07 384.72 6/18/90 20.02 364.7 111.16

7/5/90 21.95 362.77 110.57

7/20/90 24.48 360.24 109.80

7/25/90 25.18 359.54 109.59

8/3/90 25.18 359.54 109.59

8/17/90 27.69 357.03 108.82

8/30/90 28.27 356.45 108.65

8/31/90 28.27 356.45 108.65

9/17/90 31.03 353.69 107.80

9/28/90 29.3 355.42 108.33

10/12/90 30.14 354.58 108.08

10/26/90 30.15 354.57 108.07

11/9/90 28.18 356.54 108.67

11/30/90 24.72 360 109.73
12/6/90 24.16 360.56 109.90

12/7/90 24.48 360.24 109.80

12/21/90 23.4 361.32 110.13

1/4/91 25.27 359.45 109.56

1/18/91 26.27 358.45 109.26

2/1/91 22.87 361.85 110.29

2/15/91 24.46 360.26 109.81

3/1/91 23.74 360.98 110.03

3/15/91 23.59 361.13 110.07

3/29/91 23.05 361.67 110.24

4/26/91 22.38 362.34 110.44

5/24/91 21.49 363.23 110.71

6/21/91 23.84 360.88 ii0.00

7/19/91 24.15 360.57 109.90

8/16/91 23.2 361.52 110.19

9/13/91 29.15 355.57 108.38

10/11/91 29.43 355.29 108.29

11/25/91 28.94 355.78 108.44

12/20/91 27.63 357.09 108.84

1/16/92 27.8 356.92 108.79

2/25/92 30.12 354.6 108.08

4/2/92 28.59 356.13 108.55
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TABLE C.2. TritiumConcentrationData CollectedDuring the Study Period

Sample Tritium SampIe Tritium
Well Collection Concentration Well Collection Concentration
Number Date (pCi/L) Number Date (pCi/L)

699-42-12A 7/31/90 239,000 699-47-5 7/31/90 123,000

8/22/90 234,000 8/7/90 144,000

8/29/90 230,000 8/15/90 148,000

10/4/90 230,000 8/29/90 176,000

11/26/90 224,000 9/4/90 184,000

12/6/90 222,000 9/12/90 182,000

I/4/91 224,000 9/18/90 187,000

2/6/91 223,000 9/26/90 182,000

3/6/91 223,000 10/4/90 180,000

699-43-3 8/22/90 211,000 10/10/90 183,000

8/29/90 207,000 11/7/90 169,000

9/12/90 220,000 11/26/90 135,000

10/10/90 224,000 12/6/90 128,000

11/7/90 220,000 12/20/90 130,000

11/26/90 223,000 I/4/91 139,000

12/20/90 218,000 2/6/91 125,000

2/6/91 210,000 3/6/91 120,000

3/6/91 213,000

699-46-4 8/22/90 163,000

8/29/90 157,000

I0/4/90 160,000

11/26/90 179,000

12/6/90 196,000

1/4/91 192,000

2/6/91 198,000

3/6/91 197,000
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TABLE C.3. Water-ChemistryData from Fall 1987 Used for
ConstructingStiff Diagrams

Well 699-35-9

Constituent Conversion mq/L meo/L Percent

Anions

HCO3 0.02 122 2.440 56.3

SO4 0.02082 44.1 0.918 21.2

Cl 0.02821 13.3 0.375 8.7

NO3 0.01613 37.3 0.602 13.9

Cl + NO3 0.977 22.5

Total Anions 4.335 100.0

Cations

Ca 0.0499 37 1.846 49.6

Mg 0.08226 11.3 0.930 25.0

Na 0.0435 18.6 0.809 21.7

K 0.02557 5.37 0.137 3.7

Na + K 0.946 25.4

Total Cations 3.722 100.0
Balance 16.5%

Well 699-37-E4

Constituent Conversion mg/L meq/L Percent
Anions

HCO3 0.02 117 2.340 65.8

SO4 0.02082 26.8 0.558 15.7

Cl 0.02821 7.73 0.218 6.1

NO3 0.01613 27.2 0.439 12.3

Cl + NO3 0.657 18.5

Total Anions 3.555 100.0

Cations

Ca 0.0499 31.6 1.577 46.9

, Mg 0.08226 11.7 0.962 28.6

Na 0.0435 15.8 0.687 20.5

K 0.02557 5.22 0.133 4.0

Na + K 0,821 24.4

Total Cations 3.360 i00.0
Balance 5.8%

C.17



TABLE C.3. (contd)

WelI 699-40-I

Constituent Conversion mq/L meq/L Percent

Anions

HCO3 0.02 120 2,400 61.0

SO4 0.02082 33.9 0.706 17.9
Cl 0.02821 9.3 0.262 6.7

NO3 0.01613 35.1 0.566 14,4

Cl + NO3 0,829 21.1
Total Anions 3.934 100.0

Cations

Ca 0.0499 38.2 1.906 49.4

Mg 0.08226 12.4 I.020 26.4

Na 0.0435 18.3 0.796 20.6

K 0.02557 5.36 0.137 3.6

Na + K 0.933 24.2

Total Cations 3.859 100.0
Balance 1.9%

Well 699-41-I

Constituent Conversion mq/L meq/L Percent

Anions

HCO3 0.02 124 2.480 58.1

SO4 0.02082 39.5 0.822 19.3

Cl 0.02821 11.1 0,313 7.3

NO3 0.01613 40.4 0.652 15.3

Cl + NO_ 0.965 22.6
Total Anions 4.267 100.0

Cations

Ca 0.0499 40.8 2.036 50.4

Mg 0.08226 12.7 1.045 25.9

Na 0.0435 18.8 0.818 20.2 ,

K 0.02557 5.58 0.143 3.5

Na + K 0.960 23.8

Total Cations 4,041 100.0
Balance 5.6%
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TABLE C.3. (contd)

Well 699-42-2

Constituent Conversion mq/L meq/L Percent

Anions

HCO3 O.02 125 2.500 58.6

SO4 0.02082 39.2 0.816 19.1

Cl 0.02821 10.9 0.307 7.2

NO3 0.01613 39.7 0.640 15.0

Cl + NO3 0.948 22.2
Total Anions 4.264 100.0

Cations

Ca 0.0499 40.1 2.001 49.5

Mg 0.08226 12.8 1.053 26.0

Na 0.0435 19.4 0.844 20.9

K 0.02557 5.66 0.145 3.6

Na + K 0.989 24.5

Total Cations 4.043 100.0
Balance 5.5%

Well 699-43-3

Constituent Conversion mg/L meq/L Percent

Anions

HCO3 0.02 125 2.500 58.1

SO4 0.02082 41.2 0.858 19.9
Cl 0.02821 11.8 0.333 7.7

NO3 0.01613 38 0.613 14.2

C1 + NO_ 0.946 22.0
Total Anions 4.304 I00.0

Cations

Ca 0.0499 42.8 2.136 50.0

Mg 0.08226 13.7 1.127 26.4

' Na 0.0435 20 0.870 20.4

K 0.02557 5.28 0.135 3.2

Na + K 1.005 23.5

Total Cations 4.268 100.0
Balance 0.8%
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TABLEC.3. (contd)

Well 699-45-2

Constituent Conversion mg/L meq/L Percent
Anions

HCO3 0.02 124 2.480 58.4

SO4 0.02082 40.3 0.839 19.8

Cl 0.02821 11.4 0.322 7.6

NO3 0.01613 37.4 0.603 14.2

Cl + NO3 0.925 21.8

Total Anions 4.244 100.0 .

Cations

Ca 0.0499 39.8 1.986 50.5

Mg 0.08226 12 1.987 25.1

Na 0.0435 19 0.826 21.0

K 0.02557 5.1 0.130 3.3

Na + K 0.957 24.3

Total Cations 3.930 I00.0
Balance 8.0%

Well 699-46-4

Constituent Conversion mq/L meq/L Pevcent
Anions

HCO_ 0.02 121 2.420 58.3

SO4 0.02082 45.3 0.943 22.7

C1 0.02821 11.8 0.333 8.0

NO3 0.01613 28.4 0.458 11.0

C1 + NO3 0.791 19.0

Total Anions 4.154 100.0

Cations

Ca 0.0499 39.1 1.951 47.6

Mg 0.08226 12.8 1.053 25.7

Na 0.0435 22.2 0.966 23.6 ,

K 0.02557 5.04 0.129 3.1

Na + K 1.095 26.7

Total Cations 4.099 100.0
Balance 1.4%
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TABLE C.3. (contd)

Well 699-47-5

Constituent Conversion mq/L meq/L Percent

Anions

HCO3 0.02 121 2.420 56.7

SO4 O.02082 50.7 I.056 24.7
Cl 0.02821 12.1 0.341 8.0

NO3 0.01613 28 0.452 10.6

Cl + NO3 0.793 18.6
Total Anions 4.269 100.0

Cations

Ca 0.0499 42.7 2.131 50.8

Mg 0.08226 10.5 0.864 20.6

Na 0.0435 24.3 1.057 25.2

K 0.02557 5.43 0.139 3.3

Na + K 1.196 28.5

Total Cations 4.190 100.0
Balance I.9%

Well 699-48-7

Constituent Conversion mq/L meq/L Percent

Anions

HCO3 0.02 104 2.080 76.0

SO4 0.02082 20.6 0.429 15.7
Cl 0.02821 4.49 0.127 4.6

NO3 0.01613 6.35 0.102 3.7

C1 + NO3 O.229 8.4
Total Anions 2.738 I00.0

Cations

Ca 0.0499 28 1.397 54.9

Mg O.08226 8.18 O.673 26.4

Na 0.0435 9.77 0.425 16.7

K 0.02557 1.93 0.049 1.9

Na + K 0.474 18.6

Total Cations 2.544 I00.0
Balance 7.6%
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