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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 discharge 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 primarily 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 Tocal 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 several
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 lTow 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



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
Hanford 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 10° 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)“) 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. 1In 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 PURPOSE AND OBJECTIVES

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

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

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

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

e 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 Tocation 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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1.2 BACKGROUND

The U.S. Department of Energy’s operations on the Hanford Site have
resulted in large volumes of waste water that were discharged to the ground
(and the soil column) through cribs, ditches, and ponds. These discharges
contaminated the ground water and influenced ground-water flow ‘and contaminant
movement in the unconfined aquifer beneath the Site. Discharge of waste water
to the ground at Hanford began in the mid-1940s and reached a peak in 1955.
After 1955, discharge to cribs declined because of improved treatment of waste
streams and deactivation of various facilities.

Approximately 23.7 billion liters of liquid effluent, primarily cooling
water, was disposed to the ground in the 200 Areas (see Figure 1.1) during
1988. This value is indicative of the magnitude of previous years’ dischi; . is
to ground. Data on the volume and radionuclide inventory of waste water
released to various discharge facilities are documented in annual reports pre-
pared by the operating contractor, currently Westinghouse Hanford Company
(WHC) (e.g., Cooney and Thomas 1989).

Some mobile constituents such as tritium percolate through the soil
column to eventually enter the ground water. They then move downgradient in
the same direction and at a rate nearly equal to ground-water flow, althouch
their concentrations are reduced by dispersion and radioactive decay (Jaquish
and Bryce 1990).

Each year, ground-water samples are collected from wells within the
Hanford Site for monitoring and surveillance programs. Samples are analyzed
for radiological and chemical constituents to determine the level and extent
of contamination. Results of sample collection and analysis are reported
annually by both PNL and WHC (e.g., Serkowski and Jordan 1989; Evans et al.
1990). The distribution of tritium in the unconfined aquifer during 1990 is
shown in Figure 1.2.

Figure 1.2 shows that tritium concentrations as high as 200,000 pico-
curies per liter (pCi/L) may discharge to the Columbia River in the vicinity

1.3
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of the Hanford Townsite study area. This concentration exceeds the current
Environmental Protection Agency (EPA) National Interim Drinking Water Standard
(DWS) of 20,000 pCi/L (EPA 1976).
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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 REGIONAL SETTING

This section primarily discusses the regional geographic, geologic, and
hydrologic setting of the Hanford Site primarily. Most of this discussion
comes from Jaquish and Bryce (1990).

2.1 GEOGRAPHY AND CLIMATE

The Hanford Site is located in a sparsely populated region of south-
central Washington State and occupies an area of about 1500 km? (570 miz).
The population in the area surrounding the Site is rural, with the exception
of the area near the Site’s southeast boundary where the major cities of
Kennewick, Pasco, and Richland are located (see Figure 1.1).

The climate is dry and mild; the area receives approximately 16 cm of
precipitation annually. About 40% of the total precipitation occurs during
November, December, and January; only 10% falls in July, August, and Septem-
ber. The average minimum and maximum temperatures in July are 16°C and 32°C.
The average minimum and maximum temperatures for January are -6°C and 3°C.
Monthly average wind speeds range from about 15 km/h in summer to 10 km/h in
winter. The prevailing regional winds are from the northwest.

The semiarid Tand on which the Hanford Site is located has a sparse
covering of desert shrubs and drought-resistant grasses. The type of vegeta-
tion most broadly distributed on the Site is the sagebrush/cheatgrass/
bluegrass community.

2.2 GEOLOGY

The Hanford Site lies within the Pasco Basin, one of many topographic
and structural basins within the Columbia Plateau. Principal geologic units
beneath the Hanford Site include, in ascending order, the Columbia River
Basalt Group, the Ringold Formation, and a series of deposits informally
referred to as the Hanford formation. These units are covered locally by a
few meters or less of recent alluvial or wind-blown deposits. Older geologic
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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 Ringold
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 overiies 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 Dam to the head of Lake Wallula near Richland
and is the last stretch of the Columbia River above Bonneville Dam that
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 tompatib1e 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 cperational 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 (ms/s), with peak spring runoff flows of up to 12,600 m’/s.

2.2
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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 maximum recharge (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 1iquid-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-WATER MONITORING

Radiological and chemical constituents in ground water are monitored by
the Ground-Water Surveillance Project to 1) 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 11 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 EPA DWS for 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 PREVIOUS INVESTIGATIONS

A Targe 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 (Newcomb et 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 Tevel
of bank-stored water causes a ground-water gradient inland away from the river
in some areas. Newcomb and Brown (1961) gave 10° m’ (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. It 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 maximum extent 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 by-the 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
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 m/s
(6 ft*/s). The authors further maintained that ground water flows from the
200-East Area to the Columbia River primarily through 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 aguifer on
the Hanford Site (USGS 1987). In particular, the USGS reviewed the results
presented by Search. The USGS authors 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, localized ground-water discharge and
longer travel times between the 200-East Area and the river than proposed by
Search. The USGS concluded that such travel time is probably on the order of
10 to 20 years.

The USGS recommended further studies to characterize movement of radio-
nuclides. The suggestions offered by the USGS include 1) 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-
dimensional ground-water flow and contaminant transport modeling, based on
reliable water-level and water-chemistry data.

Estimates of ground-water travel 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. A1l of these factors may interact over the length of the flow path.
Recent applications of ground-water flow and contaminant transport models have
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; DOE 1987).

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 H;nford Townsite study area; however, a much more
comprehensive Tist 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 DWS of
20,000 pCi/L. River samples collected near some spring discharge zones also
exceeded the DWS for 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 PREVIOUS WORK

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 1ithofacies 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 Tithofacies 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 1ithofacies 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 Univercity (WSU)
in 1990 and 1991 examined drill logs, geophysical logs, and core samples;
constructed cross sections; and performed grain size analyses and Timited
petrographic analyses. They also described analog lithofacies via measured
sections along the White Bluffs (along the east side of the Columbia River).

4.1



ool

They used this information as input for a multiple indicator conditional sto-
chastic simulation along a 3.7-km-long two-dimensional cross section. This
simulation is a geostatistical technique that estimates aquifer heterogeneity
and the spatial distribution of lithofacies. This technique is discussed in
more detail in Sections 4.2.1 and 5.7.

4.2 SUPRABASALT SEDIMENTS IN THE HANFORD TOWNSITE STUDY AREA

The following brief description of the suprabasalt sediments summarizes
the previous work mentioned in Section 4.1, with additional examination of
geologic logs from the many boreholes and wells in the study area. Figure 4.1
is a map showing the locations of all wells within the study area. Table 4.1
summarizes the available well construction information for these wells. Con-
struction details are sketchy at 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 geophysically logged by PNL.

A summary of geophysical logging performed by PNL to date (including camera
surveys) is provided in Appendix A.

Three geologic cross sections were constructed to illustrate the strati-
graphy of the study area (see Figure 4.1). These cross sections are shown in
Figures 4.2 through 4.4.

4.2.1 Ringold Formation

The Ringold Formation consists of a variety of lithologies that include
1) clast-supported, pebble-cobble gravels with a sand matrix that includes
varying degrees of 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 Formation ranges from 0 to 104 m thick in the study area. This
variable thickness is a result of a combination of erosion by post-Ringold
Pleistocene catastrophic flood events and bedrock topegraphy. It ranges from
unconsolidated to consolidated and can be locally cemented. The age of the
Ringold Formation is Miocene-Pliocene and ranges from about 8.5 to 3.4 million
years ago (Fecht et al. 1987).
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TABLE 4.1. Hanford Townsite Well Table

Hanford Golder Drill Depth to Casing Casing Monitored Casing
Well wWell Depth Bottom Date Diameter Type of Interval Interval Elevation

_Number  Number (m) (m) Completed {cm) = (Casing {m) (m) (m)

699-55-6 52 180.1 54.9 6/88 15.2 CS%E; +8.5 - 54.2 Bottom of Casing 153.41
19.2 PVC g - 180.1 .

699-33-14 3@ 174.7 36.6 5/88 15.2 (o g - 36.6 Bottom of Casing 144.24
18.2 PVC g - 174.3

699-34-8 119 175.3 28 1/81 15.2 CS g - 90.8 Bottom of Casing 148.21
18.2 PVC B~ 175

699-35-3 53 146.3 ] 5/80 15.2 None Abandoned

699-35-3A ? ? 1/81 ? ? ? ? 146,35

699-35-6 118 161.5 8 1/81 15.2 s +1 - 68.1  Bottom of Casing 153.28
18.2 PvC @ - 161.5

699-35-9 53.6 53.6 18/580 20.3 CS 33.5 - 41.1 152.35

699-36-E3 100 114.3 114.3 12/80 15.2 CS @ - 78.6 Bottom of Casing 141.94
18.2 PVC g - 114.3

699-36-1 54 91.9 34.7 5/88 15.2 CS +0.2 - 44.5 Bottom of Casing 148.08
18.2 PVC g -90.8

699-36-2 111 93.9 86.9 11/80 15.2 CS +8.8 - 66.1 Bottom of Casing 147.50
18.2 PVC +0.8 - 88.4

699-36-10 115 183.8 43.0 12/80 28.3 CS +8.7 - 73.1 Bottom of Casing 160.63
15.2 Cs 4.3 - 136.5
18.2 PVC g - 183.8

699-37-E1 94 94.3 58.6 8/8@ 15.2 Cs +1.6 - 30.9 Bottom of Casing 140.34
18.2 PVvC 9.1 - 49

699-37-E4 29.9 9.1 7/82 15.2 CsS +0.3 - 25 25.8 - 29.9 117.99

699-37-4 181 84.9 35.8 10/808 15.2 (o} +0.4 - 32.6 Bottom of Casing 149.01

699-38-E0 55 82.3 33.5 6/80 15.2 cs g - 41.8 Bottom of Casing 143.14
18.2 PVC 9 - 82.3

699-38-3 182 8l.4 3.8 11/80 15.2 CS +1 -7 Bottom of Casing 152.22

699-38-8  122A 141.7 ? 2/81 15.2 Cs g - 42.1 Bottom of Casing 146.33
16.2 PVC g - 140

699-38-9 113 166.1 28.3 12/80 15.2 Cs g -70.1 Bottom of Casing 153.51
10.2 PVC 8 - 166.1

699-38-15 4 149.4 38.1 12/79 15.2 CS 9 - 38.1 Bottom of Casing 138.61

699-39-E2 68 74.7 19.5 6/88 15.2 Cs g - 25.9 Bottom of Casing 123.41
18.2 PVC 8- 74.7

699-39-9 32.8 38.8 8/90 15.2 CS +0.9 ~ 32 25.9 - 29.90 137.82

699-39-1 99 183.6 38.5 18/88 15.2 CS g - 66.4 Bottom of Casing 145,26

£99-39-2A 1083 93.6 30.8 11/80 15.2 CS g - 30 Bottom of Casing 142.52

699-39-7A 108 79.2 37.2 11/88 15.2 CS 41 - 59.7 Bottom of Casing 150.07
19.2 PVC 52.2 - 7

699-39-78 125 137.6 46.3 6/81 15.2 Cs D - 42.2 Bottom of Casing 149.23

£99-39-12 2 46.9 8? 2/88 ? ? Abandoned? 161.96

699-40-0 120 114.3 30.5 1/81 15.2 Cs +0.7 - 677 Bottom of Casing 128.27
16.2 PVC 20 - 1147

699-48-1 128.0 38.5 11/61 20.3 Cs +0.6 - 96.3 19.8 - 30.4 133.72

699-48-2 98 123.4 121.9 10/81 15.2 c +@.7 - 90.8 Bottom of Casing
10.2 PVC +8.7 - 123.4

699-48-6 189 86.3 32.8 11/88 15.2 cs +8.8 - 47.8 Bottom of Casing 148.69
18.2 PVC 31 - 86

699-40-128 3 148.1 148.1 2/80 15.2 CS 8 - 45 Bottom of Casing 157.59
18.2 CS g -95

699-40-13 1 153.6 24.9 2/80 15.2 Cs ? ?

699-41-1 26.7 25.9 8/79 15.2 CS +0.4 - 27 28.1 - 25.9 131.85

699-41-4 123 116.4 115.8 2/81 15.2 CS g - 41.7 Bottom of Casing
19.2 PVC # - 116.6

699-41-5 110 83.2 79.9 11/88 15.2 Cs +8.7 - 54.8 Bottom of Casing 147.46
19.2 PVC g - 82.3

699-41-10 5 £9.3 ? 11/79 25.4 Cs 8 - 6.1 Bottom of Casing 153.82
28.3 (09 9 - 82.5
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TABLE 4.1. (contd)
Hanford Golder Drill Depth to Casing Casing Monitored Casing
Well Well Depth  Bottom Date Diameter Type of Interval Interval £levaticn
Number Number (m) (m) Completed (cm) Casing (m) {(m) (m)
699-41-11 104 131.1 7 10/806 15.2 Cs +8.4 - 85.1 Bottom of Casing 156.20
. 18.2 pPvC g - 131
699-42-2 30.5 297 8/79 15.2 CS +0.7 - 297 22.6 - 27.4 132.13
699-42-3 116 128.0 45.1 12/88 15.2 CS 0 - 82 Bottom of Casing 135.41
10.2 pPVC 8- 127.4
699-42-10 112 67.1 67.1 11/88 15.2 Cs g - 53.8 Bottom of Casing 151.03
7.6 PVC g - 67.0
699-42-12A 186.7 54.9 12/57 20.3 CS(C) +9.37 - 97.5 36.6 - 54.9 156.75
15.2 KAI 30.8 - 55.8 55.2 - 55.8
699-42-128 79.2 4/76 30.5 cs +0.37 - 79.2 42.7 - 73.2 156.67
699-42-12C 47.2 27.1 5/76 15.2 cs +0.37 - 47.2 ? 141.41
699-43-1 19.8 ) 9/86 None Abandoned
699-43-2 117 118.9 118.9 12/80 15.2 Cs g - 85.3 Bottom of Casing 123.66
19.2 PVC g -118.9
699-43-3 26.7 23.8 7/79 20.3 cs +0.6 - 26.5 19.8 - 25.8 127.91
699-43-8 7 86.3 [’ 11/79 Abandoned 144.24
699-43-9 185 67.1 66.5 19/80 15.2 (o +0.4 - 49.4 Bottom of Casing 149,58
7.6 pVvC g -67.0
699-44-2 21.3 ] 9/88 None Abandoned 132.13
693-44-4 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 - 183.6 Bottom of Casing 133.44
7.6 pVC +1.0 - 144.8
698-45-2 14.6 13.7 9/80 15.2 Cs +9.5 - 14.8 7.9 -11.6 115.78
699-45-6A ? ? 12/79 15.2 CS 2 - 36 Bottom of Casing 125.5
19.2 PVC g - 40
699-46-3 11 98.5 15.5 12/79 15.2 CS +1.2 - 26.5 Bottom of Casing 116.29
7.6 pVvC g - 99
699-46-4 14.6 13.7 7/79 15.2 CS +0.3 - 14.1 7.8 - 14.0 116.57
699-46-5 114 115.8 116.7 12/80 15.2 CS +8.79 - 92 Bottom of Casing 117.13
. 18.2 PVvC 9 - 116.7
699-46-15 34 18.3 9.1 3/80 15.2 CS +0.7 - 8.8 Bottom of Casing 135.35
19.2 pVvC g - 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 9/437 308.5 CS +0.37 - 157 3.7 - 9.8 117.26
699-49-7A 16.8 2 6/43 35.6 (o ? Abandoned 117.1
699-~49-1¢ 13.7 8 1/44 15.2 CS ? Abandoned? 120.75
699-49-12A 31.1 ? 3/44 15.2 CS +0.4 - 28.9 Abandoned? 125.29
699-49-128 29.6 ? 2/44 15.2 CS +3.4 - 28.9 Abandoned? 125.34
699-49-13C 21.6 ? 2/44 15.2 CS +0.3 - 208.7 Abandoned? 126.15
699-49-13D 28.2 ? 3/44 59.8 CS +0.6 - 27.4 Abandoned? 125.69
699-49-13E 25.6 24.4 3/44 58.8 CS 8 - 24.4 16.8 - 22.9 125.80
Boring #1 20.4 7/82 None Abandoned
Boring #2 44.5 7/82 None Abandoned
(a) CS = carbon steel.
(b) PVC = polyvinyl chloride.
(c) KAI = KAl well casing.



Vertical Sequence

On the Hanford Site, the Ringold Formation has been subdivided in seve-
ral different ways. For many years, the dominant scheme was that of Tallman
et al. (1979) which divided the Ringold into basal, Tower, middle, and upper
units. Other schemes include that of Webster and Crosby (1982), who defined
four units based on fining-upward cycles. Recently, Lindsey (1991) proposed a
new subdivision based on sediment facies associations. Because of the incon-
sistency among the types of data available for the Hanford Townsite study area
(Golder well logs versus drillers logs from a variety of drilling companies),
and the fact that the sediments in the study area do not necessarily fit
easily into defined subdivisions, a detailed subdivision of the Ringold Forma-
tion will not be attempted for this report. The emphasis will be placed on
lateral major 1ithology changes within the unit. However, the established
subdivisions will be referred to when appropriate.

The Ringold Formation unconformably overlies the Elephant Mountain
Member of the Columbia River Basalt Group (Webster and Crosby 1982). Immedi-
ately overlying the Elephant Mountain Member is generally a clay/silty-clay/
clayey-silt unit; however, sand or silty sands may occur locally. This unit
probably was deposited under either overbank or lacustrine conditions (Lindsey
1991). Overlying this unit are interfingering gravel-, sand-, and silt-
dominated units. Gravel-dominated units probably represent stream-channel
deposits, sand-dominated units are probably stream deposits or near-overbank
deposits, and silt-dominated units probably were deposited as overbank
deposits (Lindsey 1991). The Ringold Formation is capped frequently by silts,
silty sands, and/or sandy silts with varying amounts of clay. This uppermost
unit corresponds to the upper Ringold unit of Tallman et al. (1979) and the
upper mud unit of Lindsey (1991). Fining-upward sequences are common in the
middle and upper portions of the Ringold Formation (Webster and Crosby 1982).

Based on boreholes installed by PNL from 1979 to 1982, Eddy et al.
(1983) described a clay deposit in the Ringold Formation (upper mud unit?)
that intersects the water table and appears to act as a partial barrier to
ground-water flow. Logs of these borings have been examined; this clay
deposit appears to be present in wells 699-43-1 and 699-43-2, and borings #1
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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 Topography

The topography of the surface-underliying 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 Umtanum Ridge-Gabie 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 WSU observed that
deposits north and east of the Umtanum Ridge—Gable Mountain structural trend
are 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 Tength of section B-B’. All
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 maximum thickness 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

4.13



BaJy Apn3}S ajlsumo] paojuey 3ayj ut j|eseg jo doj ay3y jo dey anojuo) 3unidnuls 5§y JANII

Aamng [B2101099) 'S'N
ay1 Ag paysiand (uop3 gg6t) sdew
000'v2: 1 'uoibutysepy, ‘pueis| abeaes

pue uolbuiysepn ‘piojueH 3yl JO
suonuod ase sdew aseq ciydesbodoy

yeseq jo doj 8y} 8ACqB

PeIs|WICD Sliam jO UOITESDT] @

(19A8| 8BS UEBW BAOGE SJBlew)
Jeseq jo UOIBABS PUB UOHEJO! IPM @ LT

uofjeueidx3y

4.14



,9-9 uo1323S ssou) Buoly uoLjeZL|[BSY DL3SBYD01S © 40

(w) sixy X
0001- 00S+- N00g— 00S2-

005-

9| dwex]

"9y JNIIS

Aepu ¢ 0Lxg =¥ ‘Weseq

Aep/wi 20 =M 'Ae|D pue jjiS

Aep/w 09 =) ‘pues

Aepjw 000€ = M ‘loAeID Apues

Aep/w 000’21 =) ‘[8ABID

Sixy Z

)

w

(

1

4



eaJdy Aphis
+NOJU0) 34ndnA]S .\..m FHN9I 4

931SUMO] PJOJUBH 3y} UL UOijeWIO0{ PUAOSiHeH Y] 40 woijog ayy o dejy

‘Aeaing jedto1009 'S'N
ayy 4q paysignd (uoip3 9g6L) sdew
000'v2:1 'uoibulysep ‘puers| abeaeg
pue ‘uoibuiysep) ‘pIojuBH 3yl JO
suotpod ase sdew aseq aydesSodoy

7

v

oy
Smsexeman

)
:
0 0 . v — -l
sialswoiy Q'L S0 0 1 / M
ajess A
uoISS8Idep |0 SBAIE {0 BUIIND /«NU.\% > f %
. u
|enej ves \_ .. HEE
4POW BAOGE SJ0JBW Ul UOHBA®)T %:; RN MR A
b O oS
uoew.oy O VA S M
PIOJURH 8y} JO WOLOQ 8Yy] BAOQE Tl P A
POISIL UOD S|BM |O UOHEDOT @ : R N o
< N\ 1 e
uoewWIOj - NS y
piojueH 8y} jO WOUOq 8y} jO m N@m LR »h SR
uCHEAB|® PUEB UDIEDO! oM @ 9700t ,Lafw” ~n
uoneueidxy " ..,W,J,, -

.16



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
13,000 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
facies also are commonly found within this unit: sand dominated and silt
dominated. The sand-dominated facies includes sands and gravelly sunds that
are cowmonly bedded subhorizontally. The silt-dominated facies includes silts
with varying amounts of sand and minor clay to gravelly-clay units. These
three facies are generally uncemented and unconsolidated, except for the silt-
dominated facies, which may be semiconsolidated. Lateral distributions of
these facies were shown on Figures 4.2 through 4.4.

A structure contour map of the bottom of the Hanford formation is shown
in Figure 4.7. The higher-elevation area in the northwest quadrant of the map
is due to a subcrop of basalt that occurs above the water table. The 108-m
contour near boring #2 corresponds to the general area of the clay unit in the
Ringold Formation that may restrict discharge to the river.

The cataclysmic floodwaters that deposited the Hanford formation scoured
the surfaces of both the Culumbia River basalt and the Ringold Formation.
Brown (1960) was one of the earliest workers to suggest that the surface of
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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. Some of the speci-

fic data are presented in appendixes.

5.1 DATA COLLECTION AND ANALYSIS

A11 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 1imiting 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 MWater-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 Monitored Type of Hydrologic
Number Interval Depth (m) _Geologic Unit Data Collected

699-35-9 34 - 41 Hanford wo L) orape

699-37-E4 25 - 30 Ringold W. L. - Tape, Trans.

699-38-15 38.1 Ringold W. L. - Tape

699-39-8 25 - 28 Hanford W. L. - Tape

699-40-1 28 - 38 Hanford W. L. - Tape, Trans.

699-41-1 28 - 27 Hanford W. L. - Tape

699-41-11 ? Elephant Mt.? W. L. - Tape

699-42-2 23 - fé) Hanford W. L. - Tape

699-42-19 67.1 Elephant Mt. W. L. - Tape

698-42-12A 37 - 55 Ringold/Hanford W. L. - Tape, Rec.; W. Chem.(C)

699-42-128 43 - 73 Ringold/Hanford W. L. - Tape

699-43-3 28 - 25 Hanford W. L. - Tape, Trans.; W. Chem.

699-44-4 19 - {E) Hanford W. L. - Tape

699-44-7 144.8 Elephant Mt. W. L. - Tape, Rec.

699-45-2 8 - 12 Hanford W. L. - Tape

699-46-4 7 - %g) Hanford W. L. - Tape; W. Chem.

699-46-5 116.7 Elephant Mt. W. L. - Tape, Rec.

699-47-5 6 - 13 Ringold/Hanford W. L. - Tape; W. Chem.

699-48-7 4 -10 Hanford W. L. - Tape, Rec.

(a) W. L. = water-level measurements were made using standardized steel
tapes (Tape), chart-type recorders (Rec.), or pressure transducers
(Trans.).

(b) No screen; open at bottom of casing.

(c) W. Chem. = water-chemistry samples were 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 reconnaissance water-level measurements were made in
several wells, especially those 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 measured from an established measuring point with
standardized steel tapes according to procedures developed by PNL (1989). The
depth to water was subtracted from the elevation of the measuring point to
obtain the water-level elevation. The depth-to-water measurements and water-
level elevations for the wells are presented in Appendix C. These water-level
elevation data were used to plot hydrographs and construct water-level contour
maps.
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Chart-type recorders that continuously measure the depth to water were
placed on three wells (699-44-7, 699-46-5, and 699-48-7) for the period July
1990 through mid-January 1992, and on one well (699-42-12A) for the period
. April 1990 through early January 1991. These wells are listed in Table 5.1
and shown in Figure 5.1. Depth-to-water measurements were taken with stand-
ardized steel tapes at a minimum of the start and end of each chart period,
which is approximately 28 days. The continuous chart recorder data from well
699-48-7 were used to plot hydrographs and for quantitative analysis of river/
aquifer relationships.

Pressure transducers were placed in three wells (699-37-E4, 699-40-1,
and 699-43-3) from late January through mid-March 1992 (late March for 699-37-
E4). These wells are included in Table 5.1 and are shown on Figure 5.1. The
transducers were connected to data loggers that recorded pressure measurements
at 2-hour intervals (wells 699-40-1 and 699-43-3) or 30-minute intervals (well
699-37-E4). The recording frequency was based on the response to river fluc-
tuations; wells farther from the river had a dampened frequency and amplitude
response to river fluctuations, while well 699-37-E4 had frequency responses
similar to the river fluctuations. Functional, calibrated transducers and
data loggers were not available much before the time they were actually placed
in the wells, resulting in the short period of record beginning late in the
study. These data were used for quantitative analysis of river/aquifer rela-
tionships and to estimate hydrologic properties.

5.1.2 River-Stage Measurements in the Columbia River

A pressure transducer was placed in the Columbia River near the upstream
side of the Hanford Townsite study area (see Figure 5.1) from April 1991
through March 1992. The transducer was weighted and placed on the river bot-
tom in a small natural embayment. The transducer cable, protected by plastic
pipe, led to a data logger located on the riverbank. Pressure measurements
were recorded at 30-minute intervals. A series of staff gauges, each approx-
imately 1 m (3.3 ft) in Tength, was placed in the sediment adjacent to and in
the river to accommodate the anticipated maximum river stage. Sta’f gauges
were not set in the bank to accommodate anticipated minimum river stage until
September 1991 because of access Timitations. Also in September 1991, 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
699-48-7 to 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 MWater-Chemistry Sampling 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 well) 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 Hydrograph 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 fluc-
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 corre]at1on
function Rx of two real time series x and y:

y(rat) = ——E XY e

where ny ny(r) = the correlation function at lags 7 = 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 -1 to +1, as

where o  and o, are the sample standard deviations of time series x and vy,
respectively.

The covariance function Covxy of a pair of series x and y is defined as
the correlation function ny of those series after the mean of each series has
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
time series x-x and y-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 = 2", where n'is an integer.
Covariances were then calculated by shifting one of the time series relative
to the other time series in d.screte steps of length *N/4 via circular convo-
Tution 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 7 and usually has a maximum at some lag Toaxs 1f the two series
are identical, then Corxy(O) = 1 at lag zero, and Corxy(r) typically decreases
symmetrically for increasing positive and negative lags 7. If the two time
series are mirror images, Corxy(O) = -1. If the two time series are identical
but one lags the other in time, Corxy will be 1 at time 7 . In this case,

Corxy(O) is a measure of the overall similarity, and Corxy(r is a measure

)
max
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-

Tevel responses to river-stage fluctuations. Also, for these data, 7
vided an indication of the lag of the pressure-wave responses between the

river and the well.

max pro-

The correlation function also was used to calculate the attenuation fac-
tor, Qs which quantifies the reduction (or amplification) in series y, com-

pared to series x at lag 7 (Bendat and Piersol 1986). The attenuation

max
factor is calculated as

a,. = Cor (5.3)

Xy xy(T

g
Y
max)
Ox

In this study, the attenuation factor was used to measure the reduction
in water-level changes observed in wells, identified as time series y, com-
pared with river-stage fluctuations, 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
well.

Estimates of Aquifer Properties from River-Stage Fluctuations

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 well, 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 <in
support estimates from pumping tests, offer the following advantages: 1) 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 Timited 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
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(Bear 1979). From Bear (1979), the continuity equation for flow in a one-
dimensional, homogenous, unconfined aquifer can be written as

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 because the h(dh/dx) term is nonlinear. Linearization can be per-
formed with a further simplification that replaces h in the nonlinear term
with an average height h:

3%h

ox 2

oh
ot

+N=§
7

where T = Kh is the time- and space-averaged aquifer transmissivity.
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Equation 5.5 is valid only when changes oh/dx and oh/dt are small rela-
tive to the total height h. After linearization, Equaticn 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(oh/dx), 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

PURAR B |
S (&x)°

_Kh At it + 1+2ﬁ‘. A h_j+1 -—K_h At hi‘j:ll =hij (5.6)
S ()? S (&)?

where At is the constant time step, Ax is the constant grid rpacing, and hg is
the water-table height at the i-th spatial node and the j-th time step.

Dirichlet boundary conditions were imposed ét the boundaries by forcing
constant h at x, and h?” = hf + dh at x,. The i coefficients for the set of
Tinear equations formed at each time step j in Equation 5.6 form a tridiagonal
matrix that can be solved efficiently using-the Thomas algorithm (Anderson
et al. 1984).

The initial value of transmissivity was determined from an analytical
solution to Equation 5.5, cited by Pinder et al. (1969), for an instantaneous
change Ah_in the water table at the river. This equation is analogous to the
one-dimensional heat diffusion problem presented by Carslaw and Jaeger (1959)
and is expressed as follows:

5.10



X

(5.7)
2y(T/$)t .

h, = Ahoerfc[

where Ah_ is the impulse change in river stage at time t = 0, and erfc is the
complementary error function. The nonlinear effect of changing aquifer thick-
ness was approximated by using h from the previous time step.

5.2 GENERAL HYDROGEOLOGIC CHARACTERISTICS

The general hydrogeologic characteristics of the aquifer in the Hanford
Townsite study area are discussed here. These include aquifer materials,
thickness and geometry of the aquifer, water-level information, aquifer prop-
erties, and recharge/discharge.

5.2.1 Aquifer Materials and Geometry

The aquifer of primary interest for this study is contained within the
sediments of the Hanford formation and the Ringold Formation. The aquifer
within the Hanford formation generally has hydraulic conductivity values more
than an order-of-magnitude greater than within the Ringold Formation (Graham
et al. 1981). For this reason, the configuration of the Hanford formation is
most important in terms of ground-water flow and contaminant migration and
discharge to the Columbia River.

The bottom of the Hanford formatinn is shown in Figure 4.7 in Sec-
tion 4.2. The aquifer is unconfined ard is underlain primarily by lower-
permeability sediments of the Ringold formation. The Hanford formation is not
present below the water table in some locations; in these locations, the
aquifer is present only in the Ringold Formation. The aquifer within the
Hanford formation ranges in thickness from zero to approximately 25 m. The
saturated Hanford formation is not present at two locations adjacent to the
Columbia River and in the northwest portion of the study area.

Some corfined aquifers exist within the Ringold Formation, exhibited vy
more permeable sand and gravel facies overlain by silt and/or clay facies.



5.2.2 Hydrologic 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
0.1. 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, 699-40-1, and 659-42-12A within the Hanford Townsite
study area (see Figure 5.1). The data for wells 699-35-9 and 699-40-1 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 1000 mz/day (6300 to 11,000 ftz/day). The
revised analyses resulted in transmissivity values ranging from approximately
650 to 1300 m’/day (7000 to 14,000 ft?%/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 699-40-1 indicated transmissivity values
ranging from approximately 1560 to 3000 mz/day (16,800 to 32,300 ftz/day).
The revised analysis yielded a transmissivity value of approximately
2800 m’/day (30,000 ft?/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 m’/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 well.

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 10, 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 107%; for December 6, 1990, is approximately
2.7 x 10'3; for May 24, 1991, is approximately 2.4 x 10'3; and for Septem-
ber 13, 1991, is approximately 3.0 x 1073.

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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FIGURE 5.6. Long-Term Water-Level Elevation Trend in Well 699-35-9
(influenced by operational discharge volume)
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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-Tevel elevations fluctuated more than 6 m

(20 ft) within a single year before Priest Rapids Dam was 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 Recharge and Discharge

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 COLUMBIA RIVER

River flow through the Hanford Reach is highly controlled. Operations
at Priest Rapids Dam exert immediate control over the flow in the Hanford
Townsite study area. In turn, operation of Priest Rapids Dam is connected
closely with operations of other mid-Columbia dams and with power demands.
C. R. Sherwood and D. R. Newcomer at PNL recently have studied the operation
of the mid-Columbia dams. The findings of this section are based largely on
their work.



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 Long-Term Changes

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 Tikely on a given day of the year.

5.3.2 Seasonal Changes

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 m*/s (120,000 to 140,000 ft®/s).

5.3.3 MWeekly 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 0.9-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 Stage 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 MSL to more than 111 m
(367 ft) above MSL for the entire period of record.

5.4 TEMPORAL GROUND-WATER LEVEL 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 fluctuations 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 Targe changes of varying
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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
699-41-1). The continuous record of water-level elevations in well 699-48-7
recorded with a continuous chart recorder is shown in Figure 5.11. The hydro-
graph for well 699-48-7 shows clearly the strong relationship with the
Columbia River stage; dailv fluctuations as large as 0.6 m (2 ft) occur at
times. The water-level hydrographs presented in Figure 5.10 must be regarded
in view of the large daily fluctuations in water levels affected by the
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 months, 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 the data for well 699-41-1. 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 Tocated 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 QUANTITATIVE HYDROGRAPH ANALYSIS

5.5.1 Statistical Analysis Results

This section presents the results of the statistical analyses of river-
stage and well water-level 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
Tength of time series available. The largest numbers of data points possible
for N for the analyses were 2° = 512 and 2!! = 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-Tevel changes in the wells lag behind river-stage changes.
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Among the three time series, the water-level changes in well 699-37-E4
had the highest correlation with river stage and responded within 0.5 hour
(the time interval of measurement) of river-stage fluctuations. The water-
Tevel changes in well 699-48-7, located approximately the same distance from
the river as well 699-37-E4, correlated highly with the river stage, but less
than those of well 699-37-E4. Also, a lower attenuation factor for well 699-
48-7 indicates that water-level changes in well 699-48-7 were dampened more
than in well 699-37-E4. This difference in response at each of these wells
may be caused by a difference in mean river-stage elevation between each of
the periods (see Table 5.2). Time-series data for various mean river-stage
elevations are lacking. The quick water-level responses in well 699-37-E4 to
river-stage fluctuations also may reflect locally semi-confining aquifer
conditions at this well. This would imply pressure waves caused, in part, by
loading effects. Pressure waves felt at well 699-48-7 are not caused by load-
ing effects because the aquifer is unconfined at this well.

For correlation and covariance statistics of water-level data at well
699-43-3, 1-day and 7-day running averages were applied to the river-stage
data to smooth over variations of less than 1 day and 1 week, respectively.
The values for correlation in Table 5.3 show that water-level fluctuations in
well 699-43-3 correlate better with the averaged river-stage data. A hydro-
graph of well 699-43-3 and river stage in Figure 5.14 visually shows that
short-term cycles of 1 day or less in river stage do not have the same shape
as the well data, but that the well data and 7-day averaged river data do have
a similar shape. This indicates that high-frequency river-stage changes do
not propagate to well 699-43-3; such a result is expected because of the
well’s distance from the river.

5.5.4 Numerical Solution Results

Estimates of aquifer properties using the numerical solution described
in Section 5.1 are presented below. The numerical solution was applied to
water-level data from wells 699-43-3 and 699-48-7, along with their corre-
sponding periods of river-stage data. The umerical solution was not applied
to data from well 699-37-E4 because of semi-confining conditions at this well;
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such conditions introduce the possibility of the water-level data being masked
by Toading 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 KF/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 well,
which are plotted in Figure 5.15.

Values of hydraulic conductivity ranged between 940 and 2800 m/day
(3100 and 9200 ft/day), using estimates of 0.1 and 0.3, respectively, for
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specific yield. Transmissivity was estimated to be between 11,000 and
34,000 m’/day (120,000 and 370,000 ft%/day).

Well 699-48-7

The numerical solution was applied to the same time series as that used
to perform the statistical analyses discussed earlier, September 13 to
October 26, 1991. The solutions were calculated with grid spacing Ax = 3 m
(10 ft); time step At = 1800 s; and a range of values for Kh/S = T/S, for S
between 0.1 and 0.3. The aquifer thickness, bounded by the water table above
and the top of a clayey unit below, between well 699-48-7 and the Columbia
River is estimated to be 15 m (50 ft). With these parameters, the inverse
modeling produced predicted time-series values for water-level elevation at
the well, which are plotted in Figure 5.16.

Values of hydraulic conductivity ranged between 82 and 240 m/day
(270 and 800 ft/day), using estimates of 0.1 and 0.3, respectively, for spe-
cific yield. Transmissivity was estimated to be between 1200 and 3700 nF/day
(13,000 and 40,000 ft?/day).
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5.6 GROUND-WATER AND 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 1987 (Evans et al. 1988). The diagrams are plotted in
milliequivalents per Titer of the major anions and cations in water, modified
slightiy from the method given by Hem (1970). These patterns provide a rela-
tively distinctive method of showing water-composition differences or simi-
Tarities. The width of the pattern provides an approximate indication of
total ionic content.

5.32



s9|dueg udjeM a0

L861 Lle4 ul paldaj|o)

4 sweaberq 34115 se pajuasaud sask|euy A41siway) uoj Jofey 7775 JINOII

“Aaang jesioj0sn) ‘g
ay; Aq paysignd (uotip3 9g61) sdew
000°'v2: L 'uoibuiysep, ‘puels) abeaeg

pue ‘uoiBuiyseps ‘piojuet ay} jo
suotpod ase sdew aseq aiydesbodo

13| Jad
suoluy siuajeanbanw

c eqmﬂqpcqw 0z
ON*ID

08
‘ocH

\\‘Towummm

uonjeue|dxy

13QWINN [[3m

m o : z ey
i - ,

hd A"4
voe @
senm®l Y
Ve Y

we

5.33



Although the dominant water-chemistry type is calcium bicarbonate, the
stiff diagrams on Figure 5.17 indicate some subtle dissimilarity between water
chemistry in some of the wells. Well 699-37-E4 has proportionally lower cal-
cium than other wells. Well 699-47-5 has proportionally higher sodium plus
potassium, lower magnesium, and lower nitrate than other wells. Well 699-48-7
has lower concentrations of all ijons. Differences in ion water chemistry may
be caused by geochemical differences in the sediment/water interaction. The
ion chemistry differences in well 699-37-E4 may be a result of that well being
open to sediments of the Ringold Formation rather than the Hanford formation,
to which all the other wells are open. The Tower concentration of all fons in
well 699-48-7 is probably a result of dilution from the Columbia River.

In general, the major ion chemistry of ground water in the area does not
vary by a Targe degree. The data used for constructing these stiff diagrams
are provided in Appendix C.

Stiff diagrams for several times of sample collection, spanning more
than 5 years, were constructed and evaluated. These diagrams did not reveal
any obvious changes in ion chemistry between the different sampling times;
therefore, these diagrams are not presented or discussed.

5.6.2 Distribution of Tritium and Nitrate

The distribution of tritium and nitrate concentrations from wells (Evans
et al. 1989) and springs (Dirkes 1990) within the Hanford Townsite study area
for fall 1988 is shown »n Figure 5.18. Some data from spring sampling in 1983
(McCormack and Carlile 1984) also are presented. The general Site-wide dis-
tribution of tritium and nitrate was referred to earlier (see Figures 1.2 and
2.3, respectively). Tritium concentrations in ground water ranged from
approximately 149,000 to 297,000 pCi/L. Tritium data for this time period
were not available for well 699-48-7, located near the north end of the study
area; however, the tritium concentrations in this well in fall 1987 and in
fall 1989 were below the detection level of 500 pCi/L (Evans et al. 1990).
The tritium concentration in well 699-49-13E was below the detection Tevel of
500 pCi/L for the two samples collected in 1989 (Evans et al. 1990). Ground
water in the vicinity of this well must be derived from a different source
than the contaminated ground water entering the 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 699-40-1. 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
7420 pCi/L (near the north end of the study area) to 155,000 pCi/L (near the
center of the study area). McCormack and 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 (1 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
the north and discharge to the river within the region where spring discharges
have high tritium concentrations (Eddy et al. 1983). The springs with Tow
tritium concentrations may be a result of the overwhelming influence of bank
storage over the ground water residing in Tower-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 the time distribution of tritium concen-
trations in springs discharging to the river.

5.6.3 Long-Term Trends

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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FIGURE 5.19. Long-Term Trends of Tritium Concentration in Five Wells
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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-Fast Area arrived at well
699-42-12A much sooner, and was less dispersed, than at wel] 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
aiso are consistent with results provided by Poeter and Gaylord (1990) that
descriped the Tithologic controls on migration of tritium. They suggested
that the percent of mud-dominated 1ithofacies, 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 699-41-1 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 Tate 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 Targe fluctuations are likely a direct result of bank storage effects from
the Columbia River. The peak tritium concentration may have reached well
699-41-1 in the mid 1980s, lagging a few years behind the peak in well
699-42-12A. The trend of well 699-41-1 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 699-41-1 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 699-41-1
(however, other influences also may affect tritium concentration trends in
well 699-41-1). If this is the case, a means of ground-water outflow must be
present between well 699-41-1 and the river or some other discharge point.
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The tritium concentration trend 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 tritium concentration in this well was greater than
1 x 10 pCi/L, peaking in the early to mid '970s. These data indicate an
earlie~ arrival and less dispersion of the tritium plume at this well than at
well 699-42-12A. The aquifer at this location obviously is highly permeable,
and it is possible that these highly permeable materials extend northeast
toward the river and into the Hanford Townsite study area and influence
tritium concentration trends and contaminant discharge in the study area.
This was also demonstrated in the work by Poeter and Gaylord (1990). The
lower-permeability aquifer materials in the vicinity of well 699-35-9 may
result in a restriction of ground-water flow and contaminant migration in at
least a portion of the region between wells 699-27-8 and 699-42-12A.

The data trend for well 699-37-E4 shows a much later and dampened
response in tritium concentration than for any other wells. This well is com-
pleted within the Ringold Formation; therefore, the transmissivity of the
sediments at this well is expected to be less than the transmissivity in the
Hanford formation. The Tower transmissivity of the Ringold Formation and
associated lower ground-water velocity in this formation explain why tritium
concentrations lag much behind in this well. Note, however, that the tritium
concentration in this well has increased steadily over time. Because of the
lower transmissivity of the Ringold Formation, the contaminant flux to the
Columbia River from this formation will be significantly les< than from the
Hanford formation.

5.6.4 Bank Storage Effects on Ground-Water Chemistry

The effects of the Colunbia River and associated bank storage on ground-
water chemistry were studied by Eddy et al. (1982, 1983). They documented
that tritium concentrations decline as the river flow rate increases in the
spring months and the river water enters the bank; the trend is reversed when
the river flow rate decreases later in the year. Tritium concentrations in
well 699-47-5 fluctuated from approximately 25,000 pCi/L to approximately
185,000 pCi/L in 1981 in response to changes in the flow rate of the river.
This general trend (but not the magnitude of changes in concentration) was
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true for three wells (799-43-3, 699-44-4, and 699-47-5) from which tritium
concentrations were determined approximately monthly in 1980, 1981, and most
of 1982. This general trend did not hold true in well 699-46-4, in which
tritium concentrations increase as the river flow rate increases, and tritium
concentrations decrease as the river flow rate decreases.

Ground-water tritium concentrations and ground-water elevations were
determined in wells 699-42-12A, 699-43-3, 699-46-4, and 699-47-5 between
August 1990 and early March 1991 as part of the current study (Figures 5.20
through 5.23, respectively). Figure 5.24 shows tritium concentration plots
for all these wells combined. The same general relationships between tritium
concentrations and ground-water elevations were observed as between tritium
concentrations and river flow rate discussed above. The relationships between
river stage (flow rate) and ground-water elevations have been established and
were discussed in Sections 5.4 and 5.5. Although tritium did not fluctuate as
much in 1991 as in 1981, the strong inverse relationship to the Columbia River
stage and ground-water elevations is obvious. The ~:me relationship holds
true for well 699-43-3, although it is not affected to the same extent -as
well 699-47-5. A direct, rather than inverse, relationship between ground-
water elevations and tritium concentrations occurs in well 699-46-4. Tritium
concentrations in weli 699-42-12A are not affected by Columbia River stage,
but rather are a result of the regional trend of tritium concentrations, which
was discussed in Section 5.6.3.

The changes in tritium concentrations as a result of changes in river
stage are a direct result of bank storage. When the Columbia River stage is
high, water migrates inland, mixing with ground water and causing an increase
in ground-water elevations. When the river stage is low, the mixed water
rewurns to the river, and ground-water elevations decrease again. The cause
of the i1ncrease in tritium concentrations as ground-water elevations increase
in well 699-46-4 is unknown. One hypothesis is that well 699-46-4 may be
separated from ground water with higher tritium concentration and somewhat
isolated (geologically) from direct mixing (and subsequent dilution) with
water from bank storage. As water levels increase, ground water containing
higher tritium concentration migrates toward well 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. It 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-WATER MODELING

5.7.1 Modeling Objectjves

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 WSU developed 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 mucn 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 varicus 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
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-3 is 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. CFEST is 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 Timitation can cause problems if material properties :ve
such that more than one element is needed to accurately represent the zcune 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-3 code was less restrictive, it was selected for thic -tudv. 8&v ini-
tially ignoring the river-stage fluctuations (i.e., using annué® avnrage
river-stage as the model’s downstream boundary condition) and contentrating
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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approach resulted in a model of manageable size able to adequately represent
geologic heterogeneity. In addition, by selecting PORFLO-3, the ability to
simulate variably saturated conditions is retained; if warranted, a submodel
could be developed near the downstream boundary to study bank storage effects.

5.7.3 Conceptual Model

As mentioned in Section 5.7.1, D. R. Gaylord and coworkers at WSU
developed multiple geologic realizations using geostatistical techniques (see
Figure 4.6). The cross section runs perpendicular to the Columbia River near
the old Hanford Townsite along most of the length of section B-B’ (see Fig-
ure 4.1). The model domain extends horizontally 3700 m (12,000 ft) from the
Columbia River and vertically from the top of basalt to the land surface.
Neutron-neutron, gamma-gamma, and descriptive geologic logs were supplemented
with grain size data to delineate the following four hydrofacies: 1) gravels,
2) sandy gravels, 3) sands, and 4) clays and silts.

In 1988, D. R. Gaylord and E. P. Poeter at WSU assessed some existing
aquifer test data to identify a representative hydraulic conductivity for each
of the hydrofacies. Of the available aquifer tests, only one representative
test was identified for each hydrofacies. Other test data exhibited anomalies
or were from wells completed in more than one of the defined hydrofacies
(resulting in a composite conductivity). Based on this Timited data set,
hydraulic conductivity was assigned to each of the hydrofacies as follows:

1) 12,000 m/day (40,000 ft/day) for gravel, 2) 3000 m/day (10,000 ft/day) for
sandy gravel, 3) 60 m/day (200 ft/day) for sand, and 4) 0.2 m/day (0.6 ft/day)
for clays and silts. Gaylord and Poeter noted that, because of the limited
information available on the hydraulic conductivity of each of the defined
hydrofacies, these values should be used with caution.

Boundary conditions were specified as Dirichlet (held head) at the
model’s upstream and downstream boundaries; al’ other boundaries were speci-
fied as no-flux boundaries. This designation assumes that surficial recharge
can be neglected as well as recharge of the unconfined aquifer by the under-
lying basalts. Quantification of these possible sources of aquifer recharge,
and the solution’s sensitivity to recharge, was not within the scope of this
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study; for purposes of performing a preliminary modeling study of aquifer
heterogeneity, the boundary conditions discussed above were deemed adequate.

The downstream boundary consisted of the Columbia River. As discussed
previously, for this preliminary modeling study of aquifer heterogeneity, bank
storage effects were /not considered; instead, the downstream bbundary, from
the river surface to/ the river bottom, was held at the annual average river
stage. From the elgvation of the river bottom to the top of basalt, the
boundary was specified as no flux; this designation stems from the fact that
regional ground-water contour maps indicate that the Columbia River acts as a
sink for the unconfined aquifer on both sides of the river. For the upstream
boundary, well hydrographs were analyzed to identify the distance from the
river where river-stage fluctuations were no lTonger affecting the water table;
well hydrographs indicated that at 3700 m (12,000 ft) from the river, river-
stage fluctuatiions had no appreciable effect on the water table. Because no
information was available on the hydraulic potential distribution at depth,
hydraulic pg‘entia] was held constant at depth.

The iqﬁtia] hydraulic potential distribution was specified linearly
between thé downstream and upstream boundaries and was specified as constant
with deppﬁ. This designation was true everywhere except in the basalt forma-
tion. Bécause of the formulation of PORFLO-3, a finite-difference code with
no imp}émentation 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°° m/day (1 x 1078 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
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 (100 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-3 model.

5.7.5 Modeling 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:

e The first and most probablc 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 CONTAMINANT DISCHARGE TO THE COLUMBIA RIVER

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 CONCEPTUAL MODEL OF THE HANFORD TOWNSITE STUDY AREA

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 and 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. It 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
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

6.1



eady ApniS 931iSumo] pJojuey ayj Joj dey ssaudLy] Jajinby uoljewio4 paojuey pazijedausy °T°0 Jun9id

-henng eaibojoes) " 1 eyl Aq peysiand
(uomp3 9g6 L) sdew QOQ'¥2: L ‘UCIBUIYSEM |=
‘puejs] ebeaeg pue ‘uoibuiysep ‘piojueH
ey} jo suoiuod ase sdew eseq aiydesbodoy

6.2

wessaid jou s1 3|1Gel -
181EM B18UM BBIY

{sJe1ew Ul) UONBWIO} +
PIOJUBH 8y} JO SSBUNDIUL
DOIRINIES PBZLRIBUED)  mmmmm [ o

uonjeuejdx3y




the study area where the Elephant Mountain basalt associated with the Gable
Mountain anticline rises above the water table.

Variations occur in the permeability of the saturated Hanford formation.
These heterogeneities, as discussed in some detail by Poeter and Gaylord
(1990), influence ground-water flow and tritium migration. The aquifer in the
vicinity of well 699-35-9 has relatively lower permeability than in the vicin-
ity of well 699-42-12A.

6.1.2 Ground-Water Flow

Flow nets depicting the conceptual water-table elevation and ground-
water flow lines are shown in Figure 6.2. These flow nets were constructed
considering hydrogeologic controls and boundaries. The flow lines indicate
that ground water flows south of the basalt anticline in the northeastern part
of the study area and is restricted somewhat in the southwest part of the
study area (where the hydraulic gradient is steeper). Ground water is
diverted around the clay unit that is adjacent to the Columbia River. Ground
water discharges to the river north and also south of the clay unit. It is
further concluded, based on geologic and water-chemistry data, that ground
water also flows from the north along the east edge of the basalt anticline
and converges with ground water flowing from the west. This former flow path
contains ground water with essentially background levels of tritium (see
Section 5.6.2). As the flow paths from the north and west converge, a very
sharp delineation of the north edge of the tritium plume is formed (see
Figure 1.2).

A simplified cross section of the aquifer and part of the west side of
the river channel north of the clay unit is shown in Figure 6.3 (the location
of the section is shown in Figure 6.2). The surface of the water table and
the river are shown for the two time periods depicting high and low ground-
water elevations. Three separate space intervals indicating the generalized
nature of the hydraulic gradient for the two time periods are shown. The
first interval (A) is between the upgradient edge of the study area and a
Tocation where bank storage has no influence on water levels. This interval
serves as essentially a "constant gradient” condition that is influenced only
by regional ground-water flow. The second interval (B) is between the
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FIGURE 6.3.

downgradient end of interval A and a location
minimally in response to river fluctuations.

tions that are affected by river fluctuations
the river, or the gradient is always positive.

where water levels fluctuate

This interval represents condi-

but where flow is always toward
The third interval (C) is

located between the downgradient edge of interval B and a location where water
Within this
interval, ground-water flow is toward the river for some periods and is away

Tevels fluctuate greatly in response to river fluctuations.

from the river for other periods; in other words, the gradient is positive for
some periods and negative for some periods. The gradient within interval A is
essentially constant at all times of the year. The gradient within intervals
B and C are greatest during low river stage, and the gradient within interval

C is negative during high river stage.

Figure 6.3 also clearly shows that the Columbia River does not penetrate
Ground-water
discharge to the river in this location will occur beneath the bed, or bottom,

the entire thickness of the Hanford formation in this location.

of the river as well as from springs and seeps along the riverbank. Discharge
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to the bed of the river will be controlled by the hydraulic head differential
between the aquifer and the river and by the hydraulic characteristics (i.e.,
Teakage) of the riverbed m.'erial. It 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
Tow, 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-WATER DISCHARGE TO THE COLUMBIA RIVER

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
Tocation. 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 iwo 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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thickness and width of the aquifer were multiplied by the unit discharge to
arrive at the total ground-water discharge for the interval of the aquifer
being considered.

6.2.1 Method of Calculation and Data Used

The calculations of ground-water flow volumes were made by using Darcy’s
law, which can be stated as

Q=KxIxA (6.1)
where Q = ground-water discharge in m’/s
K = hydraulic conductivity in m/day
I = hydraulic gradient in m/m
A = aquifer area in m2.

The hydraulic conductivity and the aquifer area can be combined to result in
the transmissivity T (hydraulic conductivity times thickness) multiplied by
the aquifer width W. This approach is reasonable given the large uncertain-
ties in many of the variables (Sections 6.2.2 and 6.2.3 discuss uncertainty).
The equation then becomes

Q=TxIxW (6.2)

The hydrologic property values used for the calculations of ground-water dis-
charge within each interval and for each time period are provided in

Table 6.1. Maximum and minimum hydraulic gradient, aquifer thickness, and
transmissivity values are provided. The hydraulic gradient data were taken
from the water-table elevation maps in Section 5.2, and water-level elevations
in wells were used to obtain the specific values. Much of the information was
not taken from wells along the flow path shown in Figure 6.3 because of the
lack of wells along the section. Rather, the information was derived from
wells assumed to be directly perpendicular to the flow path and also assumed
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TABLE 6.1. Hydrologic Values Used for Ground-Water Discharge Calculations

Hydraulic Aguifer Transgissivity
Gradient (1) Hydraulic Thickness (m) (m“/day)
Minimum Maximum  Conductivity Maximum Minimum  Maximum  Minimum
Interval Gradient Gradient (m/day) Gradient Gradient Gradient Gradient
A 0.683 ' 9.003 300 20 20 6000 6000
B 2.002 9.003 540 10 12 5400 6500
C -9.001 g.0802 548 10 12 5400 6500

to represent hydrologic conditions along the flow path. The hydraulic prop-
erties were taken from values provided in Sections 5.2 and 5.5. The most
quantitative hydraulic conductivify values, derived from aquifer test analy-
ses, that were assumed representative of the higher-permeability materials
were used for the analyses.

The gradient and thickness are constant within interval A. The maximum
gradient within intervals B and C occurs when the thickness is at the minimum;
therefore, the transmissivity is smallest when the gradient is greatest. The
minimum gradient in interval B corresponds to a period when the gradient is
negative in interval C. The transmissivity in these intervals is the largest
when the gradient is at its minimum.

6.2.2 Results of Ground-Water Discharge Calculations

The results of the ground-water discharge calculations for each interval
and for each gradient condition are provided in Table 6.2. The total width of
the discharge areal cross section was assumed to be 1000 m. This value for
the width assumes that the area of discharge would be of uniform thickness for
the entire width. This is the approximate width where the average thickness
is approximately 11 m. This value was multiplied by the unit width discharge
values to obtain the total estimated ground-water discharge for each gradient
condition. The total ground-water discharge passing the downgradient side of
interval A is approximately 6.6 x 10° ms/year (or 6.6 X 10° L/year) under the
assumed conditions. (For comparison, approximately 2.4 x 10'% L of liquid was
disposed in the 200 Areas during 1988.) The total discharge through inter-
val A should approximate the total discharge to the Columbia River, by the
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TABLE 6.2. Minimum and Maximum Calculated Unit Width Discharge and Total
Ground-Water Discharge for Each Space Interval

Unit Width Discharge Total Discharge
(m*/day/m) (m*/day)
Interval Minimum Maximum Minimum Maximum
A 18 18 18,000 18,000
B 13 16 13,000 16,000
C -6.5 11 -6,500 11,000

principle of conservation of mass. The total estimated discharge in interval
B should bracket the discharge in interval A if the total discharge passing
through A is equal to the total discharge passing through B. The results for
interval C do not bracket the results of either interval A or interval B.
These results for interval C indicate the large time-variant fluctuation in
ground-water discharge to the Columbia River. To accurately quantify the dis-
charge and these variations, the calculation would require integration of many
representative time periods.

The discharge in interval A may be larger than both the maximum and the
minimum discharge in intervals B and C for several reasons. The width of the
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
10° ft*/day) to the Columbia River between river miles 360 and 356 (U.S.
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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:

» 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
beTlieved 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 1ie directly in the flow path is not
known.

* It 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
Tikely not valid; however, no other data are available with which
to define the vertical gradients. The uncertainty associated with
this assumption is unknown.

e 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. It is unknown
~ how representative these periods are for "average" ground-water and
//" Columbia River discharge conditions.

6.10



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 m‘/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
m?/day; therefore, the range on either side of these values was considered for
assigning the total uncertainty.

6.3 CONTAMINANT MASS DISCHARGE TO THE COLUMBIA RIVER

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 maximum effects of bank storage are
conceived to occur at this time. When the river stage drops, the gradient
again becomes positive and the mixed ground water returns to the river. The
gradiert is expected to reach a maximum at the lowest river stage. The
tritium concentration in ground water discharging to the river and to springs
would be expected to reach a maximum during 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 Tow stage. This is Tikely
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the same phenomenon that maintains conservation of mass (in this case, trit-
ium) during contaminated ground-water discharge within the Hanford Townsite
study area.

6.3.1 Method of Calculation and Data Used

Estimates of tritium mass discharging to the river during high and low
river-stage periods were made based on the calculated discharge across inter-
vals A, B, and C. Tritium mass discharging from interval C was estimated
primarily to indicate the large changes that occur in tritium mass discharged
during the year. The tritium mass discharge was calculated for each period
from the equation

M=QxC (6.3)

where M is the tritium mass discharge rate (Ci/day), Q is the ground-water
discharge volume (m’/day), and C is the average tritium concentration for the
period (pCi/L).

The maximum ground-water discharge through interval B occurs at low
river stage and is associated with the lowest water-level elevation (largest
gradient) and the highest tritium concentration. The tritium concentration
values used for the period of maximum discharge were taken from measurements
made during the period of study. Tritium concentration values used for the
period of minimum discharge for interval A were taken from measured values;
however, values used for intervals B and C were assumed based on relative
trends from previous years’ measurements and extrapolation of the current
year’s measured values.

6.3.2 Results of Mass Discharge Calculations

Results of tritium mass discharge calculations are provided in
Table 6.3. The maximum and minimum mass discharge rates in curies per day are
provided for each interval. The total estimated tritium mass discharge for
1 year also is provided. The mass discharge through interval A does not
change because the gradient and tritium concentration are essentially constant
within this interval. The total annual tritium mass discharge to the Columbia
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TABLE 6.3. Calculated Tritium Mass Discharge to the Columbia River

Ground-Water Tritium Tritium Mass Total Annual
Discharge Concentration Discharge Tritium Mass
_(m°/day) (pCi/L) (Ci/day) Discharge
Interval Minimum Maximum Minimum Maximum Minimum Maximum _ (Ci/year)
A 18,000 18,000 2.2x10° 2.3x10° 4.0 4.0 1,400
B 13,000 16,000 2.1x10° 2.2x10° 2.7 3.5 1,100
C -6,500 11,000 1.0x10° 1.8x10° -0.65 2.0 Not determined

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 maximum and 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. (1984) 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 = CweH (ng/Qriver)

where C_. = the resulting radionuclide concentration in the river (pCi/L)
C,e1; = the average radionuclide (or maximum and minimum) concentration
in the ground water (pCi/L)
ng = the average ground-water discharge to the Columbia River (m3/s)
Q.. = the average (or maximum and minimum) flow rate of the river

(m?/s).
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An average ground-water discharge to the Columbia River of 18,000 m’/day
was assumed for the Hanford Townsite study area. The average flow rate of the
Columbia River at Priest Rapids Dam during 1991 was 4070 m’/s (3.52 x 10°
m3/day), with a maximum monthly flow of 5490 m3/s (4.74 x 10° mS/day) and a
minimum monthly flow of 2460 m®/s (2.12 x 108 m3/day). The concentration of
tritium measured in wells minimally affected by bank storage at the Hanford
Townsite study area and assumed to represent tritium concentrations in ground
water was approximately 200,000 pCi/L. Based on the average Columbia River
flow rates and average ground-water concentrations, tritium concentration in
the river from ground-water discharge in the Hanford Townsite study area was
estimated to be 10 pCi/L. A maximum concentration of approximately 17 pCi/L
in the river was calculated using the minimum river flow rate. A minimum con-
centration of approximately 8 pCi/L in the river was estimated with the maxi-
mum river flow rate. These results agree 7avcrably with those of Freshley and
Thorne (1992). These numbers provide an c¢sti.ate of the possible range of
concentrations in the river resulting from ground-water discharge.

Contaminant mass discharge to the Columbia River from the Ringold
Formation is considered at this time to be insignificant in relation to the
discharge from the Hanford formation. This is because of the much lower
transmissivity and tritium concentration in ground water within the Ringold
Formation than within the Hanford formation.

6.3.3 Uncertainty and Limitations

The same limitations apply to the calculation of contaminant mass dis-
charge to the Columbia River that applied to ground-water discharge calcu-
lations. These were discussed in Section 6.2.3. In addition, uncertainties
in tritium concentrations apply to the contaminant mass discharge calcula-
tions; however, the uncertainties within this variable are very small in
comparison to other uncertainties and limitations previously discussed. The
total uncertainty factor assigned to the contaminant mass discharge calcu-
lation is plus or minus five.



7.0 CONCLUSIONS

Results provided in previous reports and “tained from the current study
demonstrate that ground-water movement, contaminant distribution, and dis-
charge to the Columbia River in the Hanford Townsite study area are influenced
1) by the local geology, 2) by regional ground-water conditions, and 3) sig-
niticantly by river-stage fluctuations. These resuits led to the following
major conclusions.

o Ground water containing tritium concentrations greater than the
Drinking Water Standard of 20,000 pCi/L discharges to the Columbia
River via several springs within the study area. The concentration
of tritium in these springs, however, is lower than the concentra-
tion of tritium in ground water from wells as a result of dilution
from bank storage. Tritium concentration in springs was as high as
155,000 pCi/L, and tritium concentration in wells was as high as
246,000 pCi/L for a similar sampling period.

e Ground-water velocity and tritium migration rate appear to be
greater in the east-central part of the study area, just south of
the subcrop of the Gable Mountain anticline structure, than in the
southeast part of the study area. This region of higher hydraulic
.wnductivity appears to be continuous to the river. Tritium con-

“atration trends and aquifer test data support this conclusion.

* Fluctuations in Columbia River discharge (and stage) affect ground-
water elevations in wells located as far as 800 m from the river.
Wells near the river exhibit an increase in ground-water elevations
during high river stage and a decrease in ground-water elevations
during low river stage. Statistical analyses indicated a high
degree of correlation between the river-stage fluctuations and well
water-level fluctuations. The magnitude of river fluctuations was
approximately 6 m, and the maximum magnitude of water-level fluc-
tuations in wells affected by the river was approximately 3.5 m for
the period of study. By contrast, the maximum magnitude of water-
level fluctuations in wells influenced by regional ground-water
flow alone was Tess than 0.4 m. The magnitude of the average hori-
zontal hydraulic gradient across the length of the study area
varied from approximately 3.1 x 107> when the river stage was low in
October 1990 to approximately 2.4 x 10°3 when the river stage was
high in May 1991.

* 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 dilu-
tion of tritium concentrations in wells near the river. During a
period of approximately 5 months, tritium concentration fluctuated
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approximately 70,000 pCi/L in a well located approximately 200 m
from the river and fluctuated approximately 17,000 pCi/L in a well
located approximately 800 m from the river. The fluctuations in
tritium concentration were proportionally less than the fluctua-
tions in water-level elevation within the well located farther from
the river. This result indicates that water-level responses are
seen farther from the river than are the dilution effects of the
river.

By far the majority of ground-water discharge to the Columbia River
is from the Hanford formation aquifer. This formation has higher
transmissivity and higher contaminant concentrations than seen in
the underlying Ringold Formation. The saturated thickness of the
Hanford formation ranges from zero to approximately 25 m. 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
are very likely controlled by the areas where the Ringold Formation
or Elephant Mountain basalt subcrop above the water table. 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. One of these regions,
which is approximately 1500 m in width, coincides with the region
where spring discharges have the highest concentrations of tritium;
this region is located in the north-central portion of the river
reach passing through the study area.

Ground-water and contaminant discharge to the Columbia River was
calculated based on best estimates of the aquifer hydraulic proper-
ties, aquifer geometry, and hydraulic gradients. The total ground-
water discharge to the Columbia River was calculated to be
approximately 6.6 x 10° m’/year, which is about two and one-half
times greater than a previously reported estimate. The total trit-
ium mass discharge to the Columbia River was calculated to range
from approximately 1100 to 1400 Ci/year. The tritium concentration
in the river contributed from ground-water discharge was calculated
to be approximately 10 pCi/L. The total uncertainty factor
assigned to the calculated contaminant mass discharge calculations
is plus or minus five. Although ground-water and contaminant
discharge fluctuates based on the Columbia River stage, no esti-
mates of the time-variant nature of contaminant discharge were
made.
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GEOPHYSICAL LOGGING INFORMATION



952-66€ 28/L12
00}-€SE 06-¥SE /-ESE v-€SE -25e 28/52/1 £3-9€-669
2eL-0Lt 696t | v-89l G891 08/02/S
021-€91 v2/62/1
991-911 89/21/€E
891-911 “79/921v
991-021 T T vorerl
991-021 E9/EL/2L
991-0Z1 £9/52//
i o 0-991 €972y
0Z1-991 €9/6/1
021-991 29/v2/01
021-991 29/62/8
121-¥91 29/l
121-v91 29rzels
021-991 2avern
121-991 - 29/9212
S3A 121-991 29/6/2 6-GE-669
- INON 9-GE-669
- 3INON VE-SE-669
o 3NON | ©5E669
) 3NON 8-PE-669
0611 02l | w02t G611 28/EL/S vL-€€-669
0Z1-8Li oLi-8Z1 8-8/1 = G814 gerere 9-€€-669
VHIWVI | H3dNvo H%dS OILINOVA | OJINOS [3HnLvHd3IdW3L| NOHLN3N | ALISN3A [VWWVYD "1VN| 31va |U3sWnNN 1T13M
(1894 utL s3jtun ||®)
BadYy %U:pm 91LSUMO] pJdOjueH oyl 404 mmou_ rmu.nm%caomw %LOP@LOQN._ 1SaMYylUdoN DdLjtLded jo %LmEE:m T°V 319Vl

A.l



3INON 23-6£-669
09-9€} 6-LEL S-9¢i 9-9€1 28/0L/E G1-8€-669
S3A o T  esnen |
L6L ) G-28 | 28z | 686669
T D INON | 88669
i T | 3NON | es8e669
S3A o ) cesoent |
001011 g€t | vort | 9ott | ewirg | 0386669
] ) o | 3NON | v-Ze669
‘ o | 3NON | v3-Ze669
el - 06/22/6 |
851-¥91 o e |
06-G91 2-G91 591 G691 28/52/1
S3A , 28/02/} 13-2€-669
o1y | ) T | | oecezs | ol-9e-669
0-682 o ‘ 1 1 fosres | T T
022-582 011-982 06-/82 9-982 | 982 5-982 28/22 | 29E669
S3A - T T Yesnen | T

vril

S-vit

" 1-9E-669

YH3INVI

H3dITvD

H3ds

JILINOVN

JINOS

JHNLVYHIdWNIL

NOHIN3N

ALISN3A

YINWNVYO "LVYN

H3gGWNN 113m

(pju0d)

TV

318vl

A.2



9/-v8¢

89/¢1/E

9/-88¢€

19/921%

12-88€

voIve/L

8/-G8¢

£9/el/et

v/-G8E o o "g9/52/. T
0-€8€ £9/22/%
8/-88€ T Tewsn |
o //-88€ i - 2aweior |
11-88E N 29/62/8
v.-88€ | eoen
1/-88E ) T " | zones
8/-06€ 2orRes |
6/-06€ R | zamenw S
8.-0v2 o 2o9ze |
82-261 29/6/2 1-0p-669
069 |- R - | ezt | oove69
“| 3NoN Z1-6€-669
0-6€1L ) 77 777 | zewre | azecess
018t - geo8l | ‘ i . | eziel | aeser | T
8-661 v-061 L-€61 9-061 S061 | 28R | viec669
o | 3NON | ve-6e-669

_3NON_

—-mm-mmw

48-001

9-66

08/22/01

VH3INVD

H3dIvo

H2ds

OLLINOVYI

JINOS

JHNLVHIdWIL

NOHIN3IN

ALISN3a

VAWNVYO "LVYN

Jlva

HIEGWNN 713M

(p1u0d)

“T°V 39yl

A.3



_ INON £-2v-669
c-G6 ¥-G6 =66 18/12 2-2v-669
INON | Li-ip-669
INON 0L-Iv-669
0151 | I 6v092 | B T N v'2-192 26/Ee/ |
- 0-091 06/22/8
S3A ‘ 2
- 61-v92 /V1-€92 0L1-€92 1-692 ¥-€92 G-292 2812 S-1-669
¥91-v92
3NON | +-1¥-669
9-€8 v-€8 G-€8 18/Ley
zl-28 L8/ 1-17-669
04-00S 9-105 5-10S ¥-00S 28I £1-0v-669
L-19€ 2BI0L/E
G-99¢ G-¥9€ ze/6/c | 921-0v-669
SIA T ez |
L2hL 501 5-201 TNV 9-0v-669
’ N T T | 3INON 2-0v-669
S3A ¢ N
¥8-16 G-06 ¥-06 568 08/02/S | ]
9/-G8€ vieeL |
VHIWVD [ H34INVO HwdsS DILINDVW | OINOS  |3unNLvH3dW3Ll| NOHLNIN | ALISN3A [VWWVD 'LYN| 31va [HISWNN TIIM
(puod) TV 314Vl

A.4



S3aA ¥8/2/S
1-97 €9/ -9/ 18/i2/v €-Ev-669
3INON 2-Ev-669
S3A o 9//\Ms | D2i-2v-669
G-0G1 v-1G1 08/82/Y
G-0St 08/9/€ g21-2v-669
S3A 20549 |
6EL-G€2 v2/62/1
ovi-see 89/1 /€
6EL-9V1 ey |
ovi-25i vo/vell
21-eGt €9/EL2L )
IV1-€SI £9/G2/L
0-St1 €9/ee
ev1-2Si , £9/6/1 B
vy1-2S1 29/v2/01
Evi-gSl i eoees |
Zritsl 29/EiL
¥1-251 29/22/S i
EVi-€S1 zomew
EVI-ESH 29/€2r2
vyi-vGL ) 296 vZ1-27-669
o0-tee 06/22/8 T
gzl1-eze 9-222 g-¢ze v-22e 2emiis 01-2¥-669
VHINVD | H3dNVD H2dS OLLINOVA | OJINOS  [3HNLVHIAWIL]| NOHLIN3N | ALISN3A [VWWVO "LVN| 31vad |4U3gwnN 113m
(p3uod) -T°y 319V1

A.5



9-9¢ G-o G-9v 18/12/v G-/v-669
2EL-BEL 8-0S1 v-6pL G051 08/2/6 g12-9v-669
S3A “zeien GL-91-669
0-18¢ 06/v2/8
0V-2/€ o Terezz |
G28E- V'l GZ-6LE 16/2212
- 00€-08€ | 21-08E 6-08€ G-08¢ | &-08€ 968e | 28/82 | G9v-669
8-Gp v-G Yoy 18/\2M ¥-9v-669
0-15 “oeweie |0
2evel 9-v2t evel 9-v2t 28/8re €-9v-669
3NON V9-G¥-669
126 8-8v v-8p v-1b 08/12/01 2-G-669
0-€L¥ 06/€2/8
G-ELV (0] 5 4 4 ) o 16/G2/C
80- €LV 6L-ceLv | 16/€22
09-9/¥ 1Sl £-G/¥ zeels | zvv669
925 G-2S v-25 1812y v-¥v-669
0812 I 06/22/8
021-022 9612 612 £8ic 28IVLIS 6-€v-669
3INON 8-€V-669
VHIWVO | H3dNVD H®dS SIIINDVIN | OINOS  |3HNLVHIAWIL| NOHIN3N | ALISN3A |VWWVD LVN| 31va |U3aWnN 11aM
(p1u0od) T°V 319VL

A.6



vZl-6¥-669

T I | 3NON | oi-6v-669
S3A o R B | zasin | zz-ev-sss
S3A - eusis |
T vov8 9-28 " ves | si8 | osmsen T
N _ | ezs | ousae | )
£9-9/ I | vuezn | 8i-8v-669
- ~ | 3INON | Z1-8v°669
S3IA I sl | T
vZ-vy - Tl vueen |
ey T e T
- - 82-EV S T T T e | T
8l-Sp i - vowelL )
2e-Sy IR N - eweirr |
I o - eesy | ‘ ol | easeiz .
o sy | ‘ | ewen o
B T Y TTeesy T - | earveiol
o 82-Sv I 29628 |
T - 02-Sv N 7
61-GV - T eanens -
o ) I B - N I 29/22/S
ve-9v T e | T
2e-9v o T T eeker | i
9z-0v T N | 26 | z-ev-669

YH3INVYD

H3dIvd

H®dS

JILINOVH

JINOS

JHNLVHIdWNIL

NOHLNIN

ALISN3a

VNWVO "LYN

HIGWNN 173IM

(pjuod)

1TV 318v1

A.7



06-22} 8-/21 G-/2) 9-/21 28ILIY 12-6v-669
S3A LLISLE o
I: 15-28 v1/62/1
05-08 89/L1/E
R 15-18 19/92/
Gb-18 v2I€2iL
15-08 €9t | -
B 6¥-08 €9/G2/L
15-v8 £9/6/1
1G-18 zoweor | -
15-08 29628 |
6v-08 29/ElL T
15-08 29/22/S
2618 29/€2Iv
15-08 29ezrR ‘
2518 296/ | 3E1-6v-669
I "3INON | QElL-6¥-669
| 3NON | Oci-6v-669
) o INON | 8c1-6v-669
T T 7777 | 3NON | vEl-6v-663
3NON az1-6v-669
vHINvD [ H3dNVD H%dS DILINOVIN | DINOS  [3HNLVH3I4W3L| NOHININ | ALISN3A |vWWYD "LVyN| 3iva [HIGWNN TIIM

(p3uo0d)

1Y 318Vl

A.8



APPENDIX B

ELEVATIONS OF THE TOP OF BASALT AND THE BOTTOM OF THE HANFORD FORMATION




TABLE B.1. 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 -118.1 305
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 1 337
699-35-9 102.1 335
699-35-16 -19.5 100.6 -64 330
699-35-19A -25.3 100.6 -83 330
699-36-1 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-E1 72.5 101.8 238 334
699-37-E4 110 361
699-38-3 87.5 100.9 v87 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
699-39-1 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
699-39-78B 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
699-40-1 38.4 95.1 126 312
699-40-2 32.0 104.5 105 343
699-40-6 78.0 101.8 256 334

699-40-128B 15.4 106.71 50.4 350.1
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Top of
Basalt
Well {m)
699-40-13 5.8
699-40-20 -4.6
699-41-4 41.1
699-41-5 79.6
699-41-10 66.4
699-41-11 39.9
699-41-20 4.6
699-42-3 14
699-42-10 86.6
699-42-12A 100.6
699-42-21 0.6
699-43-1
699-43-2 20
699-43-3
699-43-8 63.4
699-43-9 98.8
699-43-18 18.6
699-44-2
699-44-7 4.3
699-44-16 28
699-45-2
699-45-6A 13.4
699-46-3 21
699-46-5 17
699-46-15 126
699-47-5
699-48-7
699-49-7A
699-49-10
699-49-128B
699-49-13E
699-49-21 118
699-51-19 105
699-52-17 15
699-54-15 18
Boring #1
Boring #2

TABLE B.1.

Bottom of
Hanford
Formation

(m)

105.
103.
103.
100.
92.
102.
94.
99.
100.
95.
103.
107
104.
100.
98.
98.
99.
104
104.
94.
103.
93.
89.
93.
126
104.
102.
103.
108.
98.
102.
118
109.4
93.
92.4
108
111
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(contd)
Bottom of
Top of Hanford
Basalt Formation
(ft) (ft)
19 347.4
-15 341
135 341
261.2 331
217.8 303
130.9 336
15 311
45.9 327
284.1 329
330 3127
2 339
350
65.6 344
330.04
208 322
324.1 324
61 327
340
14.1 344 .3
91.9 310
338
44 305
68.9 295
55.8 307
413.4 413
343
334.7
338.1
357.2
323.2
336.72
387.1 387
344.5 359
49.2 308
59.1 303
355
364



APPENDIX C

WATER-LEVEL AND WATER-CHEMISTRY DATA




TABLE C.1. Water-Level Measurements and Elevations from 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.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
699-37-04 488.87 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
2/28/90 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 59.79 394.96 120.38
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
1/16/92 85.56 363.98 110.94
2/25/92 85.62 363.92 110.92
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TABLE C.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
699-39-07A 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.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
699-41-01 432.57 7/5/90 68.96 363.61 110.83
8/30/90 70.77 361.8 110.28
9/17/90 71.31 361.26 110.11
9/28/90 71.51 361.06 110.05
10/12/90 71.63 360.94 110.01
10/26/90 71.717 360.8 109.97
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 69.99 362.58 110.51
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 71.65 360.92 110.01
1/16/92 71.48 361.09 110.06
2/25/92 71.88 360.69 109.¢%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
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TABLE C.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
699-41-11 512.78 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 7/5/90 128.43 367.07 111.88
7/20/90 128.53 366.97 111.85
7/25/90 128.96 366.54 111.72
8/17/90 129.26 366.24 111.63
8/30/90 129.5 366 111.56
9/17/90 129.63 365.87 111.52
9/28/90 129.73 365.77 111.49
10/12/90 129.76 365.74 111.48
10/26/90 129.86 365.64 111.45
11/9/90 129.88 365.62 111.44
11/30/90 129.92 365.58 111.43
12/6/90 129.83 365.67 111.46
12/7/90 129.81 365.69 111.46
12/21/90 129.8 365.7 111.47
1/4/91 129.66 365.84 111.51
1/18/91 129.68 365.82 111.50
2/1/91 129.61 365.89 111.52
2/15/91 129.59 365.91 111.53
3/1/91 129.67 365.83 111.50
3/15/91 129.6 365.9 111.53
3/29/91 129.5 366 111.56
4/26/91 129.31 366.19 111.61
5/24/91 129.26 366.24 111.63
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TABLE C.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
699-42-10 495.5 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
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
829/90 137.78 376.49 114.75
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/S0 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.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
699-42-12B 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
4/2/92 139.68 374.32 114.098
699-43-03 419.64 7/5/90 56.65 362.99 110.64
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
8/22/90 62.02 357.62 109.00
8/29/90 61.82 357.82 109.06
8/30/90 61.94 3587.7 109.03
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 C637.72 355.92 108.48



TABLE C.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
699-43-03 419.64 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
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. 3 108.55
4/2/92 62.89 356.75 108.74
699~43-09 450.74 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 7G.81 366.97 111.85
7/20/90 70.96 366.82 111.81
7/25/90 71.16 366.62 111.75
8/17/90 71.22 366.56 111.73
8/30/90 71.25 366.53 111.72
9/17/90 71.39 366.39 111.68
9/28/90 71.45 366.33 111.66
10/12/90 71.42 366.36 111.67
10/26/90 71.5 366.28 111.64
11/9/90 71.4 366.38 111.67
11/30/90 71.33 366.45 111.69
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JABLE C.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
699-44-07 437.78 12/6/90 71.4 366.38 111.67
12/7/90 71.36 366.42 1l1.68
12/21/90 71.35 366.43 111.69
1/4/91 71.24 366.54 111.72
1/18/91 71.23 366.55 111.72
2/1/91 71.04 366.74 1%1.78
2/15/91 71.12 366.66 111.78
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 70.6 367.18 111.92
7/19/91 70.63 367.15 111.91
8/16/91 70.84 366.94 111.494
9/13/91 71.06 366.72 111.78
10/11/91 71.19 366.59 111.74
11/25/91 71.1¢8 366.6 111.74
12/20/91 71.27 366.51 111.71
1/16/92 71.27 365.5) 111.7:2
4/2/92 71.42 366.3% 111.67
699-45-02 379.89 7/5/90 17.43 362.46 110.48
12/6/90 19.. 359.99 109.72
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
699-46-04 382.45 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 24.84 357.61 109.00
8/30/90 26.05 356.4 108.63
9/4/90 28.6 353.85 107.85
9/12/90 27.8 354.65 103.10
9/18/90 28.53 353.92 107.87
9/26/90 28.2 354.25 107.95
9/28/90 27.4 355.05 108.22
10/4/90 27.62 354.83 108.15
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TABLE C.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 28.08 354.37 108.01
11/9/%0 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