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ABSTRACT

The 300 Area of the Hanford Nuclear Reservation,
located in south-central Washington, is the focus of a
contaminant migration investigation. The preliminary
objectives of the contaminant migration investigation
include an assessment of the hydrogeology of the site.
This study represents a part of the overall investigation
and includes:

1. Utilization of the existing geologic information

to define hydrologic stratigraphic units
(hydrofacies).

2. Evaluation of the existing hydrologic test data to
obtain values of hydraulic parameters for the
identified hydrofacies.

Existing geologic data includes field observations and
geologic descriptions of samples obtained from boreholes.
These data were utilized to develop a method of mapping
hydrologically similar units (hydrofacies) on the

basis of grain-size percentages. The resulting hydrofacies
maps represent three-~-dimensional distributions of sediment
that have similar hydraulic properties.

Application of the hydrofacies maps requires that

representative values of hydraulic parameters be assigned

to each hydrofacies. Hydraulic parameters were obtained

from aquifer-test data, time series analysis of
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river—-aquifer interactions, and grain-size distribution
data. These data sources were used to assign values of
hydraulic conductivity and specific yield to each
hydrofacies.

The hydrofacies mapping system developed in this study
represents a method of systematically defining geologic
heterogeneities for the purpose of designing and planning
future groundwater monitoring and testing. Additionally,
the hydrofacies are designed to be readily integrated into
a numerical model. Hydrofacies delineate three-dimensional
heterogeneities in a groundwater flow-system, and therefore
more accurately portray the geometry of subsurface

sediments.

iv



ER-3593

TABLE OF CONTENTS

ABSTRACT e e e . . . . . . e . .
LIST OF FIGURES . . ¢« ¢« ¢« o« o o o o o
LIST OF TABLES « . . . . . . . . . .
ACKNOWLEDGMENTS . . . . . . . . . . .

Chapter
1. INTRODUCTION . . . .« « « « o
Purpose and Scope . .

Project Location and Descrlptlon
Background Information and

Previous Work . . . . . .
Geologic Setting . . . .
Stratigraphy o e e e e

Ringold Formation . .

Glaciofluvial Sediments
Hydrology . . .
Previous Hydrologlc Work .

2. CHARACTERIZATION OF HYDROFACIES . .
Definition of Hydrologic Units

(Hydrofacies) . . . . .
Construction of Hydrofacies Maps

Interpretation of Hydrofacies Maps
Comparison of 300 Area Hydrofacies

to the Site Stratigraphy .« .
3. APPLICATIONS OF HYDROFACIES MAPS . .

Testing and Monitoring . . . .
Numerical Modeling . .

4. HYDRAULIC PARAMETER ESTIMATIONS .« e

Aquifer Test Results ..

Initial Assessment of Ex1st1ng

Aquifer Test Results . .

Reassessment of Aquifer Tests .

=W

11
13
17
20
26
28
28
29
40
43
49

49
50

53

53

54
el



ER-3593

Time-Series Analysis . . s .
Time-Series Analysis Method .
Methods of Estimating

Diffusivity . . . e .
Estimates of lefu51v1ty . .

Grain-Size Distribution Analyses .

Estimates of Hydraulic
Conductivity . . . . .
Estimates of Specific Yleld .
Hydrofacies Hydraulic Conductivities

5. SUMMARY AND CONCLUSIONS . . . . . .

Summary and Conclusions Regarding
Hydrofacies . . . . .
Summary and Conclusions Regardlng
Diffusivity Estimates . . . .

6. RECOMMENDATIONS . . . . . . . . .
Recommendations for Future

Field Work . . . .. .« .« . .
Recommendations for Future

Modeling Work . . .« .« .« .« .

REFERENCES CITED . . « & o o o o o o o

APPENDICES

1. GRAIN-SIZE PERCENTAGE MAPS OF THE

300 AREA . . . . . . . . . . .

2. SLICE MAPS OF THE 300 AREA . . . . . .

3. 300 AREA DIFFUSIVITY CALCULATIONS o e .

vi

67
72

79
88
94
94
98
98

102

102

104

107

107

110

112

118

143

152



ER-3593

Figure

Figure

Figure

Figure
Figure
Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

10.

11.

12.

13.

14.

15.

16.

17.

18.

LIST OF FIGURES

Location map showing the Hanford Nuclear
Reservation . . . . . . .+ . .

Schematic map of the structural geology
of the Hanford Nuclear Reservation .

Site map of the 300 Area . . . . .
Schematic stratigraphic column . . .
View of the glaciofluvial sediments .

Potentiometric surface of the Hanford
Nuclear Reservation . . . . . .

Potentiometric surface of the 300 Area
Main gravel hydrofacies map . . . .
Accessory #1 gravel hydrofacies map .
Accessory #2 gravel hydrofacies map .
Main sand hydrofacies map . . . . .
Accessory #1 sand hydrofacies map . .
Main mud/silt hydrofacies map « e
Accessory #1 mud/silt hydrofacies map .
Accessory #2 mud/silt hydrofacies map .
Comparison of cross-section constructed
using hydrofacies and geologic

borehole data . . . . . . . .

Hydrofacies cross-section showing the
effects of vertical exaggeration . .

Example of the well-bore storage using
Cooper-Jacob analysis e e e e

vii

14

19

22

25

32

33

34

35

36

37

38

39

46

48

55



ER-3593

Figure

Figure

Figure

Figure

Figure

Figure

Figure

19.

20.

21.

22.

23.

24.

25.

An example of time-series data from the

Columbia River « .« « « ¢ + &

An example of time-series data from well

399-1-10 . . . . . . . . .

An example of time-series data with an
anomalous high-frequency content .

Correlogram between well 399-1-10 and
the Columbia River e e e e

Graph demonstrating the distance/ratio
subcrop determination « e e .

Graph demonstrating the distance/time lag

subcrop determination e e e

Hydrofacies cross-sections utilized in
assessing the subcrop predictions

viii

68

69

73

74

82

83

87



ER-3593

Table

Table

Table

Table

Table

Table

Table

LIST OF TABLES

Transmissivity values obtained from aquifer
tests conducted in the 300 Area . . . .

Vertical time lines indicating the months
that water-level measurements are
available for time-series analysis . . .

Correlation coefficients obtained by
time-domain cross correlation o e e

Computed time lags based on the maximum
correlation coefficient . . . . . .

Comparison of the influence of gradient,
head difference, stage, and correlation
coefficient on the computed diffusivity
values . . ¢ ¢ e e e e e e e

Comparison of transmissivity values obtained
from aquifer tests and time-series
analysis e e e e e e e e e e

Hydraulic conductivity values estimated
from grain-size analysis . . . . . .

Specific yield values estimated from
grain-size analysis . . . . . . . .

Hydraulic conductivity values for the
hydrofacies e e e e e e e e e

ix

71

76

77

90

92

95

99

100



ER-3593

ACRKNOWLEDGMENTS

Financial support for this investigation was provided
by Battelle Pacific Northwest Laboratories (BPNL). The
assistance of BPNL was instrumental in the completion of
this investigation.

I wish to thank the members of my thesis committee for
their assistance during my graduate studies. Dr. Eileen
Poeter patiently advised me throughout this study, and her
guidance was greatly appreciated. Dr. Karl Nelson’s
scientific and engineering insight benefited me throughout
my undergraduate and graduate studies. Dr. Jerry Higgins
was influential throughout my graduate career and has
contributed to my professional development.

Several people made significant contributions to this
investigation. Dr. Kevin Lindsey (Washington State
University) provided invaluable assistance in interpreting
the stratigraphy of the 300 Area. The grain-size
distribution analyses for the 300 Area were provided by Ken
Lane (Washington State University). Peter Sinton made
available the nonlinear regression program for cbtaining
Theis curve matches. The assistance of Wendy Milne in
editing this document was appreciated. I would also like
to thank my co-worker Wayne Belcher for his help throughout

this investigation.



ER-3593 1

INTRODUCTION

In the past few decades the focus of most ground-water
investigations has shifted. Traditionally, ground-water
investigations were primarily directed toward investigating
water-supply problems. The majority of ground-water
investigations are currently concerned with the detailed
investigation of contaminant transport. In the evaluation
of water-supply problems, bulk hydraulic properties are
often sufficient to adequately characterize an aquifer.
However, in the investigation and modeling of aquifer
contamination, the bulk hydraulic properties of the aquifer
often do not characterize the aquifer in esnough detail to
predict contaminant migration. For this reason, new
approaches of describing subsurface heterogeneities are
needed to cope with contaminant transport problemns,

The influence of geologic heterogeneities in
controlling ground-water flow paths, and consequently the
velocity and degree of dispersion of contaminants is widely
recognized (Skibitzke and Robinson, 1963; Gelhar et al.,
1979; Gillham and Cherry, 1982; Gelhar and Axness, 1983).
However, methods for incorporating geologic heterogeneities
into the characterization of ground-water flow and
transport models has only recently become a research topic

(Anderson, 1987).



ER-3593 2

The 300 Area of the Hanford Nuclear Reservation,
located in south-central Washington along the western bank
of the Columbia River, overlies a heterogeneous aquifer and
has become the focus of a ground-water contaminant
migration study. Nuclear fuel is produced at the 300 Area,
and significant quantities of waste water are produced
(Lindberg and Bond, 1979). This waste water is disposed of
in trenches and ponds at various locations in the 300 Area.
This practice has contaminated the groundwater, and
therefore studies have been initiated to assess the
hydrogeology of the site.

Previous work indicates that Columbia River stages
have a pronounced influence on the distribution of head,
temperature, and contaminant concentrations within the
heterogeneous aquifer of the 300 Area (Lindberg and Bond,
1979). High river stages increase the bank storage to the
point where hydraulic gradients are reversed and the local
flow system is altered. This local alteration of the flow
system induces a flux of fresh water into the unconfined
aquifer, that in turn causes changes in contaminant
concentrations and transport rates (Lindberg and Bond,
1979). Due to the proximity of the 300 Area to the

Columbia River, and the nature of the heterogeneous
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aquifer, contaminant transport is difficult to monitor and
model. Hence, the 300 Area is a suitable site to use in
developing techniques for characterizing heterogeneous
aquifers.

Purpose and Scope

The objectives of this investigation was to develop a
hydrologic-stratigraphic mapping system that accounts for
aquifer heterogeneities. This objective was accomplished
by: 1) utilizing field and borehole geological data to
develop a system of hydrogeologic-stratigraphic units
(hydrofacies) for the 300 Area, and 2) assess the hydraulic
properties of the identified hydrofacies using data from
existing aquifer tests, grain-size distributions, analyses
of simultaneous recordings of aquifer water levels and
river-stage elevation data. Eventually the results of this
study, and related studies, will be utilized to develop
remedial actions for the clean up of contaminated
groundwater.

The development of the hydrofacies produces a mapping
system that provides a methodology for delineating the
geometry of hydrologic units that will assist a
hydrologist, creating a ground-water flow model or
developing a field investigation plan, to identify

hydrogeologically equivalent units. The process of
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estimating the hydraulic properties of the hydrofacies
provides the hydraulic parameters for establishing
hydrofacies that respond similarly to a given hydraulic
stress (e.g. pumping, evapotranspiration, river-stage
changes, waste-water disposal).

Project Location and Description

The Hanford Reservation is located in Benton County in
south-central Washington and is bounded on the north and
east by the Columbia River, to the south by the Rattlesnake
.Hills and to the west by the Umtanum and Yakima Ridges
(Figure 1). The entire areal extent of the Hanford
Reservation encompassas approximately 335 square miles, and
occupies the central and southern portion of the Pasco
Basin (Figure 2). The topography is a diverse combination
of small mountain ranges and low plateaus, flood plains and
terraces with occasional bluffs and cliffs.

Three subregions at the Hanford site are of particular
interest with regard to waste management: the 100, 200 and
300 Areas (Figure 1). The 300 Area is the focus of this
investigation. The 300 Area is located within the Richland
and Wooded Island Quadrangles (Figure 3), along the
Columbia River, on the southeastern edge of the Hanford

Reservation. The 200 Area is approximately two miles north
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Figure 1. Location map showing the Hanford Nuclear
Reservation, and the prominent physiographic
features of the region.
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Figure 3. Site map showing the the location of wells and
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and are defined by the following wells:
1-10, 1-1, 1-16C, 2-2 (Figure 16),

1-3, 2-3, 2-1, 3-1, 3-9, 3-10, 4-3,
4-9, 4 -10, (Figure 17),

1-13, 1-17A, (Figure 25),

1-13, 1-10 (Figure 25), and

1-17A, 1-10 (Figure 25).
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of the town of Richland, Washington, and encompasses
approximately three square miles.

The climate of the site is arid to semi-arid with six
to ten inches of precipitation per year. The region
experiences large diurnal and seasonal temperature
fluctuations. The average annual evaporation of the Pasco
Basin, as gauged with a United States Weather Bureau Class
A pan ranges from 50 to 70 inches per year (Grollier and
Bingham, 1978). Surface runoff is uncommon and usually
only occurs following occasional periods of intense
rainfall (Grollier and Bingham, 1978). Perennial streams
and rivers, including the Columbia River, flow within flat-
bottomed scabland channels (coulees) and are fed by

extensive watersheds (Grollier and Bingham, 1978).

Background Information and Previous Work
Geologic Setting

The geologic history of the region included a number
of events that occurred during the Cenozoic. Little is
known about the earlier geologic history due to the
presence of the Columbia River Basalts that mask the
earlier stratigraphy. During the Miocene and late Pliocene
voluminous basalt flows erupted intermittently. Deposition

of the basalt flows was followed by a period of tectonic
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deformation that occurred during the Pliocene and early
Pleistocene. Following the tectonic deformation, a largely
atectonic period occurred during which lacustrine, fluvial,
and eolian sediments were deposited (Grollier and Bingham,
1978). The most recent, major geologic event included
extensive glaciofluvial erosion and deposition during the
late Pleistocene epoch.

During the early Miocene large basalt flows were
deposited that are inclusively referred to as the Columbia
River Basalt Group (Grollier and Bingham, 1978). These
basalt flows are typically thickest (a minimum of 4800
feet) along the southern margin of the Pasco basin and are
thinner towards the northern margin (Lindberg and Bond,
1979; Myers and Price, 1979). During the deposition of the
basalt flows, the Pasco Basin experienced a significant
amount of subsidence (Myers and Price, 1979).

The Columbia River Basalt Group was tectonically
deformed during the late Miocene near the end of the
deposition of the basalts (Myers and Price, 1979). As a
result of this deformation, the Rattlesnake Hills, Yakima
Ridge, Umtanum Ridge, and Saddle Mountains were produced
forming the south, east, and west boundaries of the Pasco
Basin. This deformation also produced the Cold Creek and

Pasco synclines, as well as the Gable Mountain Anticline,
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all of which are present within the Hanford Reservation
(Figure 1). The Pasco Syncline is located north of Gable
Mountain (Gable Mountain Anticline) and the Cold Creek
Syncline is located south of Gable Mountain. These
structural features influenced the post-basaltic deposition
within the Pasco Basin by altering the local fluvial
systems (Grollier and Bingham, 1978).

During the late Pliocene, the Cascade Orogeny occurred
west of the study area and the resulting uplift produced a
rain shadow over most of eastern Washington. The resulting
change in climate decreased precipitation, producing a
noticeable effect in the depositional pattern of local
watersheds. However, the course of the Columbia River is
relatively unaffected since the bulk of its watershed lies
outside east-central Washington (Grollier and Binghanm,
1978). The formation of local uplifts within the Pasco
Basin caused backwater to develop, and produced the
sporadic lacustrine deposition of the Ringold formation.
The lacustrine deposits are interfingered with the alluvial
fan sediments that were deposited on the flanks of the
anticlines. This interfingering indicates that uplift was
continuous throughout this period (Grollier and Bingham,

1978).
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Stratigraphy

The post-basaltic sediments of the Pasco Basin have
been divided into two principal stratigraphic units. The
lower unit is the formally recognized Ringold Formation,
and the upper unit is the informally defined glaciofluvial
deposits (Pasco gravels). These two stratigraphic units
are overlain by a variety of eolian deposits and surface
alluvium.

In the Pasco Basin, the Ringold Formation consists of
approximately 1000 feet of unconsolidated to cemented
interstratified clay, silt, sand, and granule and pebble
conglomerate (Newcomb, 1958; Grollier and Bingham, 1978;
Newcomb et al., 1972; Myers and Price, 1979; Tallman et
al., 1979; Webster and Crosby, 1981:; Fecht and Lillie,
1982). The majority of the sediments, particularly the
basal members, are discontinuous, pinch-out laterally, and
are of variable thickness (Kevin Lindsey, 1987, pers.
comm.). The variable thickness of the lower and middle
units of the Ringold Formation is attributed to
syndepositional deformation of the Columbia River Basalts
(Myers and Price, 1979). The upper units of the Ringold
Formation are unconformably overlair by the glaciofluvial
sediments.

The glaciofluvial deposits of the Hanford Reservation
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consist of up to 240 feet of interbedded and
interstratified, uncemented silt, sand, and granule to
cobble and boulder conglomerate. The glaciofluvial
deposits are generally considered to be Pleistocene-aged
due to their relationship with the Missoula flood events
(Newcomb et al., 1972; Myers and Price, 1979; Webster and
Crosby, 1981). The glaciofluvial deposits are also
referred to as the Missoula flood deposits and informally
as the Hanford formation (Myers and Price, 1979; Fecht and
Lillie, 1982). The glaciofluvial deposits and Ringold
Formation are similar texturally, but differ in the degree
of cement and number of caliche-rich horizons. The
glaciofluvial deposits tend to lack significant cementation
(Newcomb, 1958; Newcomb et al., 1972; Tallman et al., 1979)

The majority of the recent deposition is a result of
eolian processes associated with the recession of
continental ice sheets and the cessation of glaciofluvial
deposition (Lindberg and Bond, 1979). Pleistocene and
Holocene eolian sediments, up to 35 feet thick, form the
bulk of the surface deposits at the Hanford Reservation.
Most of the dunes present in the area have been stabilized
by vegetation, but local fluvial reworking is common

(Lindberg and Bond, 1979). The eolian deposits are almost
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exclusively silt with some silty, fine-grained sands
deposited along lag surfaces. Minor air-fall ash deposits
have also been identified (Lindberg and Bond, 1979). These
eolian sediments unconformably overlie all the older
stratigraphic units.

Ringold Formation

The Miocene to Pliocene-aged (Grollier and Bingham,
1978) Ringold Formation is informally divided into six
lithostratigraphic units (Figure 4). The basal Ringold
consists of cobble and boulder conglomerate with thin
interbeds of fine- to coarse-grained sand units. Silt and
clay lenses are found locally throughout the unit.
Generally, where thicknesses are sufficient, fining-upward
sequences of ten to twenty feet can be found, and
occasionally two or three fining-upward sequences can be
identified (Kevin Lindsey, 1987, pers. comm.). The basal
unit was deposited unconformably on the Columbia River
Basalt Group.

The lower clay, often referred to as the blue clay in
driller’s logs, consists of brown and blue clay, silt,
sandy silt, and fine to medium coarse grained sands.
Pebble conglomerates occur locally, as well as fining-
upward sequences of sand, silt and clay. Where the basal

unit is absent, the lower clay discordantly overlies the
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Figure 4. Generalized stratigraphic column showing the
major units found at the study area. To
portray the discontinuous nature of the
sediments the upper Ringold Formation is
missiang.
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Columbia River Basalt Group (Newcomb, 1958).

The lower Ringold sands and gravels are medium- to
coarse-grained sands and pebble conglomerate that
unconformably overlie the lower clay. Occasional interbeds
of clay and silt occur throughout the unit. Fining-upward
sequences of ten to twenty feet of gravel, sand, silt and
clay can also be identified. This particular unit is
differentiated from the remainder of the lower unit because
it contains coarse detritus that is not characteristic of
the basal Ringold unit (Newcomb, 1958).

The upper clay unit is comprised of brown and blue
clay, silt and silty sand. Thin, discontinuous beds of
fine- to medium-grained sands are locally present
throughout the unit (Newcomb, 1958). The upper clay unit
is similar to the lower clay unit, and differentiating
between the two is difficult when the intermediate sand and
gravel unit is absent. In most localities, the upper clay
lies conformably on the lower units. The upper clay is
thickest within the synclines and thinnest updip along the
basalts and the borders of the basin. Along the margins of
the Pasco Basin and in areas where the underlying units are
absent, the upper clay unit lies unconformably on the
basalts.

The middle Ringold formation unconformably overlies
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the older units, and consists mainly of matrix- and clast-
supported pebble to boulder conglomerate. The pebble to
boulder conglomerate will often contain fine- to medium-
grained sand interbeds, as well as silty to sandy
conglomerate. Clasts within these conglomerates are
dominantly of basalt, but quartzite cobbles are common
(Myers and Price, 1979). Sedimentary features contained
within the middle Ringold Formation include broad, and
occasionally deep, channelized surfaces and poorly
developed fining-upward sequences. Cementation within the
middle unit is discontinuous and grades from uncemented to
well cemented. Depositional thickness of the middle
Ringold unit was influenced by the structural control
exerted by the anticlines present in the basin.
Correspondingly, the thickest sections of the middle
Ringold are within the Cold Creek syncline. Higher in the
section, instead of pinching out, the unit appears to drape
over a number of structural highs in the basalt (Myers and
Price, 1979).

The upper Ringold is approximately 200 feet thick, as
measured in outcrops north of the Hanford Reservation
(Kevin Lindsey, 1987, pers. comm.). Subsurface data f.-om

the northwest portion of the Hanford Reservation indicates



ER-3593 17

that the upper Ringold is sporadic and only occurs locally.
The upper Ringold consists of alternating sequences of
massive- to faintly-laminated silt and clay, thinly
laminated to cross-laminated silts and fine-grained sands.
Ash-rich interbeds and cross laminations are also present
throughout the unit. The upper Ringold represents a
combination of fluvial sediments, and coarse grained flood
deposits (Grollier and Bingham, 1978). Locally, within the
upper Ringold, thin (less than six inches) caliche horizons
can be found. The upper contact is marked by a caliche
horizon approximately fifteen feet thick. The upper
Ringold forms a sharp but conformable contact with the
middle Ringold throughout the Hanford Reservation.
Glaciofluvial Sediments

The glaciofluvial sediments are dominantly uncemented
pebble to boulder conglomerates with a smaller fraction of
sand, silt and clay. These sediments are interpreted as
resulting from pre-Missoula flood and Missoula flood
episodes (Webster and Crosby, 1981). Within the Pasco
basin, local grading ranging from boulder- to sand-size
material reflects flood surges associated with catastrophic
flood events (Lindberg and Bond, 1979). The glaciofluvial
sediments have been informally referred to as the Hanford

formation. The Hanford formation is further divided into
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the Pasco gravels and the Touchet beds. Touchet beds are
alternating deposits of silts and fine-sands, that are
commonly located at the periphery of the Pasco Basin and
are postulated to have been deposited during slack-water
events of the Missoula floods (Webster and Crosby, 1981).
Touchet beds have not been described within the Hanford
Reservation, but the glaciofluvial Pasco gravels are common
throughout the reservation and have been informally divided
into three units (Figure 5).

The basal glaciofluvial Pasco gravel consists of the
pebble to boulder conglomerate and conglomeratic sands with
occasional silt interbeds. These conglomeratic sediments
are dominantly clast supported and generally lack any type
of cementation. The thickness of the basal glaciofluvial
gravels ranges from 0 to 180 feet, and is mainly restricted
to the Hanford Reservation as a result of a Pleistocene
floodway located south and east of the Saddle Mountains
(Webster and Crosby, 1981). Throughout the Hanford
Reservation these sediments are found to lie discordantly
on the middle and upper Ringold sediments, and
lithostratigraphically grade into the middle unit of the
glaciofluvial Pasco gravels.

The middle unit of the glaciofluvial Pasco gravels
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consists of 0 to 270 feet of silts, silty sands, and fine-
to medium-grained sands. The thickest portions of this
unit are found near the axis of the Cold Creek syncline.
Lateral variations are attributed to post-depositional
erosion. The middle unit grades laterally into the basal
unit, but at some locations the middle unit lies
unconformably on the Ringold Formation (Myers and Price,
1979).

The upper glaciofluvial Pasco gravel is dominantly a
pebble to boulder conglomerate with occasional occurrences
of sand and silt. Megascopically the upper unit is very
similar to the basal unit and, in areas where the middle
unit is absent, differentiation between the basal and upper
units is difficult. The upper glaciofluvial Pasco gravel
has a restricted lateral extent, and unconformably overlies
the older units. The discontinuous nature of this unit is
primarily a result of post-depositional erosional
processes.

Hydrology

The potentiometric surface of the unconfined aquifer
at the Hanford Reservation is a subdued reflection of the
surface topography. Deviations from this general shape are

the result of artificial recharge resulting from waste-
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water disposal at various processing points on the
Reservation, and Columbia River stage fluctuations (Newcomb
et al., 1972). Ground-water flow is dominantly from west
to the east and southeast indicating that natural recharge
occurs along the western margins of the Pasco Basin (Figure
6). Discharge occurs at the local base level defined by
the Yakima and Columbia Rivers.

Ground-water flow occurs predominantly within the
Ringold Formation and glaciofluvial sediments. Flow
gradients vary from ten feet per mile at the mouth of Cold
Creek to approximately five feet per mile near the Columbia
River (Newcomb, et al., 1972). The hydraulic conductivity
of the Ringold Formation is variable due to differences in
cementation and induration, as well as the syndepositional
sedimentary structures. Conversely, the glaciofluvial
sediments exhibit a more uniform nature, and the reported
hydraulic conductivity is less variable (Gephart et al.,
1979).

Natural recharge sources for the unconfined aquifer
include precipitation, surface runoff, and the Columbia and
Yakima Rivers during flood stage. Case (1981) points out
that in arid climates, a small percentage of direct
precipitation contributes to recharge. Infiltration of one

millimeter of direct precipitation would represent
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Figure 6. The potentiometric surface of the Hanford
Nuclear Reservation as measured in July of 1972.
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approximately 7 million gallons of recharge (Gaylord and
Poeter, 1987). Thus, despite the arid climate,
precipitation represents a potentially significant input to
the regional hydrologic system. The most significant
recharge source is the Columbia and Yakima Rivers during
flood stage. During high stages of the average annual
flood, an estimated 0.9 billion gallons of water recharges
the unconfined aquifer as bank storage (Newcomb and Brown,
1961). The majority of this recharge is short term; once
the flood pulse has passed, significant volumes of water
are discharged back into the rivers (Newcomb and Brown,
1961).

Artificial recharge of the unconfined aquifer
initially began in the early 1940’s in the form of waste-
water disposal from Hanford nuclear processing plants.
Waste-water disposal practices have produced large ground-
water mounds in the 200 and 300 Areas of the Hanford
Reservation. In some areas of the Reservation, the
potentiometric surface of the unconfined aquifer has risen
in excess of 80 feet from pre-1944 levels (USGS, 1987). 1In
the 300 Area these ground-water mounds have been recorded
within one-half foot of the ground surface.

The majority of the ground-water flux is contained
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within the middle Ringold gravel and the glaciofluvial
sediments. The ground-water flow within the unconfined
aquifer beneath the 300 Area (Figure 7) is from the
northwest, west and southwest. The flow directions result
from two sources: ground-water flowing from the central
portion of the Hanford Reservation and ground-water
originating from the Yakima River (Lindberg and Bond,
1979). This observation is supported by ground-water
quality analyses that indicates the Yakima River as the
source of the northeasterly flowing water (Lindberg and
Bond, 1979). As a result, the 300 Area is located at the
confluence of two unconfined ground-water systems. Ground-
water flow within the 300 Area is predominately to the east
and southeast toward the Columbia River.

The geometry and shape of the potentiometric surface
of the unconfined aquifer is influenced by the level of the
Columbia River (Raymond and Brown, 1963). Ground-water
level monitoring in the 300 Area has indicated that several
reversals of flow gradients occur in response to flood
stages of the Columbia River (Haney, 1957). These flow
reversals are a result of bank storage that varies with the
difference in head between the unconfined aquifer and the
Columbia River (Cooper and Rorabaugh, 1963). Lindberg and

Bond (1979) have identified one area, and suggested several
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Figure 7. The potentiometric surface of the 300 Area as
measured in May of 1987.
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others, along the Columbia River where ground-water levels
respond rapidly to change in the surface-water levels. As
a result, the potentiometric surface of the unconfined
aquifer can be rapidly affected by the stage of the
Columbia River.
Previous Hydrologic Work

Hydrogeologic studies of the unconfined aquifer began
in the 1940’s when the Hanford area was selected as the
uranium and plutonium production site for the first atomic
weapons. Since the early 1940’s numerous wells within the
unconfined aquifer have been constructed, and many have
since been destroyed or abandoned. These wells have
provided a vast amount of information concerning the nature
of the unconfined aquifer, especially in the 200 and 300
Areas where waste-water disposal occurred (Battelle, 1986).

Prior to the 1950’s, most groundwater studies focused
on water-level measurements and specific capacity testing.
Hydraulic properties testing of formations within the
unconfined aquifer began in the 1950’s (Newcomb et al.,
1953; Biershenk, 1957, 1959). These aquifer test results
are summarized by Kipp and Mudd (1973); Deju and Summers
(1975) ; and Gephart et al. (1879). A study to determine

the vertical head distribution was initiated in the late
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1970’s (Gephart et al., 1979). The focus of studies
performed in the 1980’s has been on the detailed
characterization of the unconfined aquifer, expansion of
the conceptual model to three dimensions, and determination
of the lateral and vertical variations in hydraulic
conductivity and transmissivity (Battelle, 1986).

The focus of the majority of recent work has been on
large contaminant plumes emanating from the 200 area.
Radionuclide and ground-water contamination on the Hanford
Reservation has been well documented since the 1950’s
(Gephart, 1979). Routine analysis indicated that the
ground water beneath the 300 Area is also contaminated.
Recently, the Department of Energy has implemented a
monitoring program for the 200 and 300 Areas to comply with
the Resource Conservation and Recovery Act (RCRA)
guidelines for ground-water monitoring of contaminants
(Battelle, 1987). As part of this program, Battelle
Northwest Laboratories (BPNL) has begun a long-term
research program to develop a conceptual model of the flow
and transport processes within the post-basalt unconfined
aquifer. One objective of the long term research of BPNL
is to further evaluate the hydrogeology of the 300 Area.
This engineering report represents a portion of the

preliminary studies initiated by BPNL.
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CHARACTERIZATION OF HYDROFACIES

A procedure for mapping the geometry of heterogeneous
aquifers has been developed and applied to the 300 Area.
This mapping procedure utilizes the available geologic data
and allows the hydrologist to integrate that data into the
planning of future field activities. The results of this
mapping procedure are alsoc useful in the interpretation of
concentration data, and in the development of numerical
models.

Definition of Hydrologic Units (Hydrofacies)

Early workers have described the post-basalt sediments
using rigidly defined, horizontally-layered stratigraphy
(Newcomb, 1958; Newcomb et al., 1972; Myers and Price,
1979; Webster and Crosby, 1981). However, as pointed out
by Grollier and Bingham (1978), the stratigraphy of both
the Ringold Formation and the glaciofluvial sediments are
most accurately described as a complex sequence of
interstratified lithofacies. Thus, use of a horizontally-
layered stratigraphy to describe the post-basalt sediments
is deemed inappropriate.

Hydrofacies are three-dimensional sediment bodies
displaying distinct hydrologic properties. As currently
delineated, the hydrofacies correspond to lithofacies

having a distinct range of grain size. Hydrofacies differ
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from lithofacies in that they do not account for any

petrological differences. Hydrofacies are subdivided into:

Gravel Zones (G) ; consist of greater than 80%
gravel, boulders, and cobbles,

Sand Zones (S) ; consist of 75% or greater sand,

Mud and Silt Zones (MZ); consist of greater than 25% mud
and silt,

Sandy Gravel Zones (SG):; consist of any zone not defined by
hydrofacies G, S, MZ.

Since grain size is not the only factor influencing
the hydraulic properties of sediments the definition of
hydrofacies should also include information on the degree
of cementation and the nature of sediment packing. These
factors are indirectly reflected in the testing of the
hydraulic properties. However, at present, the data
required to directly incorporate these factors into the
hydrofacies definition are not available. Until additiocnal
data and methods become available, hydrofacies in the 300
Area are defined only on the basis of grain size.
Construction of Hydrofacies Maps

The 300 Area contains approximately 53 wells and
boreholes. Forty-two borehole logs were utilized to
delineate the hydrofacies. The remainder of the lithologic
logs are either unavailable, or inadequately describe the
sediments. Of these 42 boreholes, the total depth of ten

of the boreholes exceeded 290 feet-mean-sea-level (ft-MSL).
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Seven of the boreholes were shallower than 330 ft-MSL.
From the geologic logs, geologic sections illustrating the
distribution of gravel, sand, silt, and clay were
constructed. From these geologic sections the total
percentage of each sediment size were calculated for the
following intervals:

350 to 340 ft-MSL,

340 to 330 ft-MSL,

330 to 320 ft-MSL,

320 to 310 ft-MSL,

310 to 290 ft-MSL,

290 to 270 ft-MSL,

270 to 250 ft-MSL, and

250 to 200 ft-MSL.
These sediment percentages were then used to define three-
dimensional hydrofacies by: 1) constructing maps
illustrating the percentage of each grain size (i.e. G, S,
MZ) for each of the above intervals (Appendix 1); 2)
constructing slice maps (horizontal cross-sections) that
incorporate the hydrofacies definition and illustrate the
lateral distribution for each elevation interval (Appendix
2); and 3) successively overlaying slice maps to define the
hydrofacies vertically. The final product, referred to as
a hydrofacies map, depicts the spatial distribution of
hydrofacies (Figures 8-15). Hydrofacies maps combine the

information presented by structure-contour maps and isopach

maps into a single map that provides elevations and
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Explanation of hydrofacies maps.

Solid lines represent elevation contours of the top of
the hydrofacies reported as ft-MSL.

Dashed lines are elevation contours of the bottom of
the hydrofacies (unlabeled).

Hydrofacies thickness are indicated within the
contours in feet.

Stippled ares represent regions that are vertically
continuous with overlying hydrofacies.

A detailed discussion is given in the text.
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Figure 8. Main hydrofacies map of the gravel
hydrofacies at the 300 Area.

Explanation of symbols on page 31.
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Explanation of symbols on page 31.
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Explanation of symbols on page 31.
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Explanation of symbols on page 31.
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Explanation of symbols on page 31.
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thicknesses simultaneously. Regions that are not
identified as one of the principle hydrofacies (G, S, MZ)
are considered to be sandy-gravel facies (SG).
Interpretation of Hydrofacies Maps

Hydrofacies maps more realistically portray hydrologic
units than typical geologic maps. Hydrofacies maps portray
the hydrologic units in three-dimensions, whereas geologic
maps are two-dimensional representations of the
stratigraphy. Typical geologic maps are based on the
concept of time-stratigraphic relationships and fail to
account for vertical and lateral hydraulic continuity. For
example, two similar sediment types of different age may
possess similar hydraulic properties and respond
identically to a given hydraulic stress. Hydrofacies maps
alleviate such problems by utilizing sediment size as the
primary distinguishing feature of a hydrologic unit.
Hydrofacies maps can also be directly incorporated into a
numerical ground-water model.

An example, using figure 8, illustrates how the
hydrofacies maps are read. Starting at the point marked
A’ on figure 8, and working northward the thickness of the
gravel is ten feet (350 to 340 ft-MSL). Further north the
thickness increases to twenty feet (350 to 330 ft-MSL) and

finally a thirty-foot thick section (350 to 320 ft-MSL).
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Essentially, the 350-foot contour describes a horizontal
surface (an elevation plateau) that represents a datum for
the thickness of the gravel hydrofacies. Changes in
thickness are defined by dashed lines that are elevation
contours of the bottom of the hydrofacies body. These
elevation contours on the bottom of the hydrofacies body
are not labeled since the thickness and the upper-most
elevation contour (elevation plateau) establishes the
reference frame for defining this elevation. Thus, the
dashed contours represent the changes in thickness of the
hydrofacies with depth.

Contours are labeled such that the top of the label is
oriented in the direction of the plateau for the indicated
elevation. This convention prevents confusion concerning
which label is associated with a given elevation plateau.
The vertical stacking of hydrofacies occasionally results
in either the dashed elevation contours, or the elevation
contours defining the top of the hydrofacies to merge. For
example, in the case described above, at the twenty foot
thick region, the contour defining the 340-foot elevation
overlies the 330-foot elevation defining the thirty foot
thick zone, except in the small region where a thickness of

twenty feet is present.
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In cases where tongues or splays within the
hydrofacies bodies are vertically disconnected from the
main body by intervening hydrofacies, an accessory map 1is
required. The thickness of the tongues and interbeds, not
vertically connected to the main body, cannot be presented
on the main hydrofacies maps. Accessory hydrofacies maps
were constructed in the same manner as the main maps, and
vertical continuity with the main map is indicated with a
stipple pattern.

For example, on the gravel-accessory #1 hydrofacies
map (Figure 9), the northern-most gravel body is vertically
connected to the main gravel in the regions that are
stippled. The eastern-most portion of that gravel depicts
a tongue that is overlain by a sandy-gravel hydrofacies,
that in turn is overlain by the main gravel hydrofacies
body. Note that the stippled portion represents an
additional ten feet of gravel that is connected to the
overlying thirty foot thick main gravel body, producing a
total thickness of main gravel of forty feet. This
additional ten feet (stippled) is not portrayed on the main
gravel hydrofacies map. By containing information
pertaining to the main hydrofacies bodies on the accessory
hydrofacies maps, interpretation of the three-dimensional

nature of the hydrofacies bodies is enhanced. When the
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accessory hydrofacies maps contain only splays and tongues,
the true three-dimensional geometry of the hydrofacies is
difficult to visualize. Additionally, this convention
simplifies input to a numerical ground-water model since
the main map can be used prior to beginning the input of
the accessory maps.

During construction of all of the hydrofacies maps,
checks for internal consistency were conducted. These
checks consisted of overlaying the separate hydrofacies
maps to verify that a particular zone had not been defined
as two different hydrofacies. The entire sequence of main
hydrofacies maps and the accessory hydrofacies maps depicts
a number of convoluted interconnected bodies of similar
sediment sizes. These maps predict which hydrofacies will
be found in zones that boreholes do not penetrate. This
type of information can then be used to plan future field
studies. Additionally, these maps portray the vertical and
lateral distribution of hydraulic properties that can be
utilized as input to a numerical model.

Comparison of 300 Area Hydrofacies to the Site Stratigraphy

By design, the hydrofacies maps involve the
discretization of continuous space. Since the definition

of hydrofacies involves dividing the observed stratigraphy
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into vertical segments, problems may develop when two very
dissimilar sediments are contained in one hydrofacies
"building block". For example, consider an area that is
dominantly gravel with sporadic clay lenses. If a
particular borehole intercepted one clay lens that was not
completely contained by one of the vertical segments used
in developing the hydrofacies maps, then the segments that
contained the clay lens would reflect a grain-size
distribution that was intermediate between clay and gravel.
In these cases, the resultinérhydrofacies will not truly
reflect the actual sediment distribution. These
occurrences can be minimized by maintaining as small a
vertical segment as possible on the hydrofacies
development. The size of the vertical segment, and the
resulting detail of the hydrofacies, should be determined
by evaluating the complexity of the sedimentary deposits
and the objective of the investigation.

Since the hydrofacies for the site being investigated
are derived from individual boreholes, the lateral
extrapolation of sediment distributions, and ultimately the
hydrofacies, is dependent on the complexity of the
sedimentary deposits. 1In cases dealing with complex

deposits, the nature of the depositional contacts are known

only in the immediate vicinity of the borehole. For
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complex sedimentary deposits derived from fluvial
depositional systems, similar to those found at the 300
Area, contacts between sedimentary units are transitional.
In these cases, the utilization of hydrofacies that are
based on a vertical segment that contains two zones of
dissimilar sediment sizes, may be a more realistic
representation of the physical system than a precisely
located contact.

To assess how well the hydrofacies represent
subsurface hydrologic units, cross-sections constructed
from the hydrofacies maps were compared with geologic
cross-sections (Figure 16). The detail that is evident in
the hydrofacies cross-section indicates that the selected
vertical segments used to define the hydrofacies provide
sufficient detail. Note on both cross-sections that at the
deeper depths both the geology and hydrofacies lack detail.
This lack of detail is due to the limited number of wells
and boreholes that were drilled to deeper elevations.

Hydrofacies do not represent individual blocks of
material with a well-defined contact. Rather, a
hydrofacies represents a package of sediment that can be
assigned average hydraulic parameter values. These

parameter values may vary at a small scale within the
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Comparison of cross-sections constructed using
hydrofacies and geologic borehole data. View
is toward the east.

List of symbols: mfg = middle glaciofluvial
unit, bgf = basal glaciofluvial unit, uRF =
upper Ringold Formation, mRF = middle Ringold
Formation, uc = upper clay member of the
Ringold Formation, 1RF = lower Ringold
Formation, lc = lower clay member of the
Ringold Formation, G = gravel hydrofacies,

SG = sandy gravel hydrofacies, S = sand
hydrofacies, and MZ = mud/silt hydrofacies.
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hydrofacies. The process of establishing bulk properties
for hydrologic units is a common procedure for defining
units for mathematical analyses. However, the hydrofacies
concept differs from this common procedure in the detail of
the defined unit. Hydrofacies maps are well suited for
defining finite-difference grids and finite-element meshes.
The plateaus and vertical faces delineated on the
hydrofacies maps are more detailed than units traditionally
defined for modeling purposes. The hydrofacies maps
contain enough detail that the definition of units is
actually quite smooth at the scale that most modeling takes

place (Figure 17).
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APPLICATIONS OF HYDROFACIES MAPS
Testing and Monitoring
Once the subsurface investigations of a particular
site allow for the development of hydrofacies, the
hydrofacies maps can be used in the siting and completing
of future wells. Monitoring and testing should be designed
such that only one hydrofacies is sampled or tested through
an open interval. Otherwise, average, bulk, or integrated
hydraulic parameter values are obtained, complicating
interpretation. Additionally, these bulk hydraulic
parameters may not be applicable for additional analytical
or numerical studies. For example, consider an open
interval that spans gravel, sandy gravel, and mud/silt with
gravel stringers. The calculated transmissivity from an
aquifer test conducted in this interval would be of
marginal utility for contaminant transport investigations,
because the transmissivity value would represent an average
value for the entire open interval. To evaluate a problem
where the contaminants are migrating primarily through the
upper gravel zones, the most valuable information to obtain
would be the horizontal and vertical hydraulic
conductivities of each hydrofacies and the effective
porosity of the upper gravel facies. Limiting open

intervals to specific hydrofacies allows for the testing of
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discrete hydraulic parameters important to solute transport
studies.

Once the open intervals are established and water
quality data are collected, knowledge of the hydrofacies
assists interpretation of the concentration data and
contaminant plumes. When an open interval spans one
hydrofacies, it is easier to determine the nature of plume
migration. For example, if the areal distribution of
concentrations is not a typical plume shape, knowledge of
hydrofacies can be utilized to determine if a high
concentration reading is due to a stagnation zone behind a
fine-grained lens, or to the convergence of flow into a
high-conductivity zone. When open intervals span a variety
of hydrofacies, anomalously low concentration values may be
due to dilution caused by fresh water from some deeper,
uncontaminated, highly-conductive zone.

Numerical Modeling

In order to utilize the hydrofacies maps for numerical
model input, a general concept of the required detail of
the model mesh or grid must be known. First, the maximum
number of layers that the numerical model will contain must
be established. The number of layers will depend on the

objectives of the investigation, the capabilities of the



ER-3593 51

available computer, and the three-dimensional geometry of
the hydrofacies. Visual inspection of the hydrofacies maps
is essential in selecting the number of layers.

Next, the hydrofacies maps are used to define elements
(or grid blocks) of reasonable size to represent the flow
system. Factors that must be considered in defining the
elements include; the hydraulic gradients within the flow
system, the location of aquifer stresses, and the objective
of the numerical modeling study. In regions where the
hydrofacies are thick and uniform, but there are a number
of aquifer stresses, many elements of a similar facies
would be defined. In remote regions that lack hydraulic
stresses, only a few elements would be required, both
laterally and vertically, despite the complexity of the
hydrofacies. When complex hydrofacies are near the zone of
interest, numerous elements may be defined, in order to
depict the influence of the heterogeneities on the flow
field. Such situations are quite common in an area where
contaminant transport is to be simulated. Finally, if the
hydrofacies are complex in a zone where stresses are to be
applied, a very detailed mesh would be required.

The hydrofacies map can be utilized to define the
variable thickness and character of a complex package of

sediments throughout the modeled area. Elevations, needed
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for the mesh definition, are readily available from the
hydrofacies maps. In order to employ the hydrofacies as a
numerical-modeling tool, realistic ranges of material
properties should also be readily available from focused

characterization of the hydrofacies in the field.
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HYDRAULIC PARAMETER ESTIMATIONS

Identifying the appropriate values of hydraulic
parameters for the grain-size defined hydrofacies is a
necessary prerequisite in establishing a valid conceptual
model. Three sources of data: aquifer tests, diffusivity,
and grain-size distribution analyses, have been utilized to
obtain hydraulic parameter values for the hydrofacies. The
process of cbtaining hydraulic parameters from each data
source is discussed in detail in the following sections.
These values are the best available estimates of hydraulic
parameters for the 300 Area at this time.

Aquifer Test Results

Analyses by BPNL of fourteen aquifer tests conducted
in the 300 Area were utilized to obtain transmissivity
values for the hydrofacies. Only two tests with
observation wells reported measurable drawdown. The
remaining tests with observation wells reported that
drawdown was not observed or that drawdown measurements
were inaccurate and could not be analyzed. Therefore, the
majority of the test results are based on the drawdown
recorded in the pumping well. A number of factors were
considered in the original interpretation of the aquifer
tests. These factors include the influence of well-bore

storage, well efficiency, water-level measurement errors,
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recharge boundaries and the extent of drawdown, on the
aquifer test results.

Initial Assessment of Existing Aquifer Test Results

The influence of well-bore storage on the drawdown
recorded in the pumping well was consistently accounted for
in the analyses of the aquifer tests. 1In all the analyses,
except two, well-bore storage was reported to impact the
observed drawdown. In the calculation of well-bore storage
two methods were utilized: Hargis (1979) and Schafer
(1978). In most cases, the more conservative Hargis method
was utilized. However, the Hargis method is based on a
priori knowledge of transmissivity. Apparently, once
transmissivity was calculated, the result was not
reiterated to obtain internal consistency between the
assumed transmissivity for the well-bore storage
calculation and the reported transmissivity for the
aquifer, as is required by the Hargis method.

The influence of well-bore storage on the estimation
of transmissivity is demonstrated using the Cooper-Jacob
method (Figure 18). For example, case A presents the data
interpretation under the assumption that well-bore storage
is negligible, and the transmissivity is computed from the

graphical best-fit line of the early-time data. From the
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Figure 18.

An example of Cooper-Jacob
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storage. For all three ca

pumping rate (Q)
well casing radius (r.)
pump column radius (rp)

55

analysis
e of well-bore
ses the:

4.2 gallons per minute,
3 inches, and
2.16 inches.

= 9.9 £t2/day
= 9.3 min
= 2,300 min
= 8.2 ftz/day
= 9.9 min
= 2,800 min
= 31.2 ft?/day
= 10.3 min
= 720 min

the time to deplete well-bore

storage based on the Schafer

For Case A) Transmissivity
tes
tch

For Case B) Transmissivity
tes
teh

For Case C) Transmissivity
t
.cs
“ch

Where teg =

method.
teh =

the time to deplete well-bore

storage based on the Hargis

method.



56

ER-3593

Jacob Analysis - Well 399-1-18B

(33) umopmeaq

(1) umopmeaq

(1) umopmeaq

< A &)
"
o e T T T 1T » mows ¢ T = (@]
Nn -4
Y T LN \~
¥ % t /
/ / 2/ b
} = H e
— : s -
-4 i v K
« /7 - 7 Fi
. . b y
s Jhp\\ = o
= = 7 —
—r’- 7~ . —7
7
vz pd /
N \. - \
- -
g
ya
yi
/
0
£ o)
NN l
r
7
rA
/
\ 5
L.t : 1 | W U O O T O | 111 | | 1 1 1 i 11 § N S IO S N N T R |
) o) o ) () o) oo (=) =] [
- A\ N - oN 3] - o ()

Time (min)



ER-3593 57

transmissivity determined in case A, the time required to
deplete well-bore storage is computed to be 9.3 minutes for
the Schafer method and 2,300 minutes for the Hargis method.
Since the predicted time to deplete well-bore storage using
the Hargis method greatly exceeds the time when a recharge
boundary appears to impact the test data, additional
calculations disregard Hargis values. Assuming the Schafer
method is correct, another line is drawn through the data
collected after 9.3 minutes (Case B), and transmissivity is
again calculated. The time required to deplete well-bore
storage is again computed, and the Schafer method predicts
a time of 9.9 minutes. A line is then constructed through
all the data points that were collected after 9.9 minutes
(Case C). From this line a transmissivity value is
obtained, and well-bore storage is recalculated. In case
C, the time to deplete well-bore storage is 10.3 minutes,
and therefore the corresponding transmissivity value is
considered to be appropriate, since only data after 10.3
minutes were utilized to obtain this value of
transmissivity. This final value of transmissivity was
obtained utilizing the earliest data after well-bore
storage was depleted, and is least affected by the
influence of the recharge boundary.

In the majority of the existing analyses, the Hargis



ER-3593 58

method was used to determine the time when well-bore
storage was depleted. This results in late-time data being
used to estimate transmissivity. For example, in the above
case (Figure 18) the transmissivity was reported as 140
ftz/day. This value of transmissivity may be overestimated
due to the influence of the Columbia River impacting the
measured drawdown.

To assess the validity of accounting for well-bore
storage in the aquifer test analyses, additional methods of
assessing well-bore storage were investigated. A
comparison of the aquifer test data and type curves
developed for well-bore storage by Papadopulos and Cooper
(1967) indicated that well-bore storage did not influence
the observed drawdown. Papadopulos and Cooper report that
well-bore storage should be considered when the diameter of
the well casing is large or the transmissivity is low.
Similar observations concerning well-bore storage are
reported by Schafer (1978). Since the majority of the
aquifer tests were conducted in coarse-grained hydrofacies,
the assumption that the transmissivity would be large is
not unreasonable. Therefore, well-bore storage probably
only impacts those tests that were conducted within the

mud/silt hydrofacies.
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The BPNL report that presented the aquifer test
results did not adequately report the procedures of well
completion. Detailed well-completion information is
important for assessing well efficiency. For example, the
screened interval for well 399-1-18B spans a sandy-gravel
and a mud/silt hydrofacies, but the observed response on
the drawdown curve is more representative of a fine-grained
material. A pumping rate of 4.2 gallons-per-minute
producing drawdown in excess of twenty-five feet is not
indicative of sandy-gravel sediments. Therefore, this
transmissivity value may be more representative of the
mud/silt hydrofacies.

Since the majority of the aquifer tests were based on
pumping-well drawdown data, the influence of well
efficiency is important to consider in the analysis of the
aquifer test. Well efficiency represents head losses that
are a result of well construction, completion, and
converging radial flow toward the well. An estimate of
well efficiency is an important aspect in assessing the
validity of transmissivity values obtained from aquifer
testing, since the head losses in the vicinity of the well
can be accounted for (Driscoll, 1987; Schafer, 1978). 1If
at least two observation wells are included in an aquifer

test, well efficiency can be estimated. A rapid estimate
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of well efficiency can be conducted utilizing Cooper-Jacob
analysis (Driscoll, 1987). Well efficiency computations
can be utilized to evaluate head losses in the pumped well
(Schafer, 1978).

In the aquifer test analyses, reference was made to a
stilling pipe that prevented the electric sounding tape
from hanging up. However, it is unclear whether the
stilling pipe was placed within the gravel pack to minimize
the influence of head losses in the pumped well, or if the
stilling pipe was placed within the well casing. This
problem remains despite efforts to obtain the necessary
information regarding the stilling pipe.

The majority of the aquifer test results were
influenced by the Columbia River. This influence was
usually noted during recovery tests when water levels
recovered to a level greater than their pre-test static
water level. Assuming that this influence also occurred
during the pumping phase of the test, transmissivity values
based on tests conducted during a declining river stage
have been underestimated and values based on tests
conducted during a rising river stage have been
overestimated.

In several of the aquifer tests, drawdown exceeded



ER-3593 61

twenty percent of the saturated thickness. Jacob (1963),
states that in order to obtain representative hydraulic
conductivity values for unconfined aquifers the drawdown
should be no greater than twenty percent of the saturated
thickness. Kruseman and DeRidder (1970) restrict the
allowable drawdown to less than five percent of the
saturated thickness. Drawdown values that are within
twenty percent of the saturated thickness must be corrected
for unconfined flow conditions (Jacob, 1963). Such
corrections were made by BPNL, but the aquifer tests that
reported drawdown values in excess of twenty percent of the
saturated thickness were not reassessed to obtain
transmissivity estimates.

Finally, in a few of the aquifer tests, poor drawdown
data was obtained due to either head measurement errors or
fluctuations in the pumping rate.

Reassessment of Aquifer Tests

In an attempt to obtain as much information as
possible from the available aquifer tests, six aquifer
tests were reanalyzed. The remainder of the tests involved
problems that could not be rectified. The methods employed
to reassess the aquifer tests included Theis (1935), Cooper
and Jacob (1946), Chow (1952), and Boulton (1963). Studies

that assessed the Theis, Cooper-Jacob, and Chow methods,
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reported that the methods all produce similar results, and
the greatest impact on aquifer test results is well
completion and local recharge conditions (Broadhead, 1981;
Nawrocki, 1971). For the Theis analysis a best-fit curve
was obtained with nonlinear regression (McElwee, 1977).
For the Cooper-Jacob method, log-linear regression was
used. The Chow method is based on graphically derived
curve tangents. Boulton analysis, used to account for the
influence of delayed-yield, was conducted by the method of
curve matching. Of the six aquifer tests that were
reevaluated, five were analyzed with the Theis, Cooper-
Jacob, and Chow methods, and the remaining test was
assessed using Boulton’s method. The results of the
aquifer test reassessment are presented in Table 1.
Transmissivity values ranged from approximately 1 x 106
ftz/day for gravel hydrofacies, to 45 ftz/day for mud/silt
hydrofacies. Table 1 also contains two aquifer tests
results that were not reanalyzed. These two aquifer tests
were not reanalyzed because the original drawdown data
could not be obtained. However, the values reported for
these two tests were considered to be reasonably accurate.
Prior to analyzing the aquifer tests with the Theis

method, well-bore storage influences were assessed using
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Table 1. Transmissivity values obtained from aquifer tests
conducted in the 300 Area. All values are in
ftz/day.

Well ID HF Theis T cC=-J T Chow T Boult T Recov T

1-18A G N/A 1.1x10% 1.6x10° N/A N/A

1-18B SG/MZ N/A 3.1x101 1.sx10l N/A N/A

1-17C MZ N/A N/A N/A  4.e6x101 N/A

1-16D (1) SG/MZ 1.9x102 N/A  2.0x102 N/A N/A

1-16D (2) SG/MZ 2.2x10°2 N/A  2.0x10°2 N/A N/A

1-13 SG 1.5x10°  1.2x10° 9.9x10% N/A N/A

1-16A S 6.0x10° 1.5x10% N/A N/A 7.0x10°

1-16C MZ 1.5x10%  1.6x10% N/A N/A  9.0x10°

Note: For the well identification (Well ID) the 399- prefix
The HF column represents the hydrofacies
screened by the well, with the abbreviations G, SG, S, and

has been omitted.

MZ corresponding to the gravel,

mud/silt hydrofacies, respectively.
hydrofacies were screened, both hydrofacies are listed and

separated with a slash.

sandy-gravel,
In cases when two

sand,

and

Transmissivity values determined

by the Theis, Cooper-Jacob, Chow, and Boulton methods are
listed under the columns; Theis T, C-J T, Chow T, and Boult
T, respectively.
values were not
two wells that were not reanalyzed are listed in the last
two rows, and the transmissivity values that were reported
for the recovery tests are listed in the Recov T column.

A N/A indicates that transmissivity
obtained with the indicated method.

The
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the type curves developed by Papadopulos and Cooper (1967).
This review indicated that well-bore storage did not
influence the recorded drawdowns. Following the well-bore
storage evaluation, a nonlinear regression was utilized to
obtain a Theis curve match. The nonlinear regression
involved a sensitivity analysis of the estimated
transmissivity and storage coefficients, in order to
minimize the residuals between the predicted (theoretical)
drawdown and the field recorded drawdown. The sensitivity
analysis involved an iterative process based on varying an
initial estimate of transmissivity and storage until a
small displacement of the match point produces a difference
in the predicted and field drawdown that is less than a
user specified amount.

Two problems developed during the Theis analyses.
Storage coefficient (specific yield) estimates resulted in
values that were greater than 100 percent. The problem is
due to the inverse relationship between the radius-squared
and storage coefficient in the Theis equation. Since
pumping wells provide the majority of the aquifer test
data, the radius of the well casing represents the distance
used in the storage coefficient calculation. The inverse-
squared relationship causes the computed storage

coefficient to become very large, producing physically
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impossible values. This problem can be avoided by
utilizing data from observation wells in the analyses.

This factor impacts all attempts to obtain storage
parameters from agquifer test data, since aquifer test
analyses are based on the theory developed by Theis.
Therefore, no specific yield values were obtained from the
aquifer tests. Secondly, the nonlinear regression computer
program (Sinton, 1988) requires that the initial estimates
of transmissivity and storage coefficients be of the same
order of magnitude as the final values. Failure to observe
this restriction produced a numerical instability that
caused the computer program to fail. To avoid this problem
the data was first manually curve matched to obtain a
reasonable estimate of transmissivity. Following the
manually curve match the drawdown data that was influenced
by the Columbia River was removed from the data file to
prevent the spurious regression lines through data known to
be affected by recharge.

Both the Cooper-Jacob and Chow methods are based on
log-linear relationships. The Cooper-Jacob method
approximates the Theis well function with a series
expansion, and due to numerical accuracy restrictions, is

not valid for values of u that are less than 0.01. Chow
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avoids this restriction by defining the function F(u), that
is related to the Theis well function. Both the Cooper-
Jacob and Chow methods produced similar transmissivity
results (Table 1).

To assess the validity of the Cooper-Jacob and Chow
results, the calculated transmissivity and an assumed
representative value of specific yield, obtained from
grain-size distribution results, were used to estimate the
radius of influence of the pumping. Knowledge of the
radius of influence was used to assess the type of recharge
boundary indicated by test results. For example, in the
case of well 399-1-17C, the computed radius of influence
was on the order of ten feet. Due to this fact, and
considering that well 399-1-17C was screened within a
mud/silt hydrofacies, the observed recharge was concluded
to be the result of delayed-yield rather than recharge from
the Columbia River. To assess the influence of delayed
yield, Boulton’s method was utilized. Boulton type curves
are based on two separate curve matches; one for the early-
time data, and one for the late-time data. According to
Kruseman and DeRidder (1970), the early- and late-time data
curve matches should be approximately equal. During the
Boulton analysis for well 399-1-17C, it was discovered that

pumping was stopped prior to the collection of the late-
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time data. Due to the cessation of pumping, late-time data
analysis could not be conducted, and the reported value
(Table 1), should be considered as an approximate
transmissivity value, since the lack of late-time data
prevents the comparison of early- and late-time data
transmissivity values. Additionally, the lack of late-time
data prevents any estimates of specific yield.
Time-Series Analysis

Time~-series analysis was conducted to establish the
effect of the Columbia River stage fluctuations on the 300
Area ground-water system. The principal objective of this
analysis was to estimate the hydraulic diffusivity of the
sediments in the 300 Area. Diffusivity is the ratio of
transmissivity to specific yield. The time-series analyses
involved cross correlating river-water levels (Figure 19)
with well-water levels (Figure 20). Cross correlation
identifies the lag time between a change in stage of the
river and the corresponding response observed in a well.
The difference in observed response time is a function of
the distance between the river and the well, the hydraulic
properties of the aquifer, and the efficiency of the well
completion.

Time-series analysis between the water levels of the
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Columbia River Stage Elevations - July 1988
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Figure 19. An example of time-series data from the
Columbia River. Data was collected in July
1988 and was used to obtain the correlogram in
Figure 22.
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Well 399-1-10 Water Level — July 1988
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Figure 20. An example of time-series data from the
well 399-1-10. Data was collected in July
1988 and was used to obtain the correlogram in
Figure 22.
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Columbia River and seven 300 Area wells was performed on
data collected during 1987 and 1988. The seven wells from
which water level data are available include; 399-1-10,
399-1-13, 399-1-14, 399-1-15, 399-1-16A, 399-1-17A, and
399-1-18A. The time periods over which data were collected
for these wells and the Columbia River are presented in
Table 2.

Data were received in a simultaneous log format and
were converted into spreadsheet files. Each file spans
approximately four weeks of time, and includes water-level
elevations recorded at half-hour time intervals. The data
were examined to identify anomalous values, poor data-
quality, and clock drift, and were corrected when
appropriate. Anomalous values generally consisted of an
individual water-level measurement that departed
significantly from previous water-level readings, often by
five or more feet. 1In these cases, the anomalous value was
corrected by manually interpolating between adjacent water-
level readings. Poor-data quality was a result of either
an inoperative pressure transducer, or missing intervals of
data. Such files were abandoned. Clock drift was not
significant between individual measurements, and was on the
order of a few seconds. However, the clock drift did

produce an accumulative effect that impacted the entire
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Table 2. Vertical time lines indicating the months that
water-level measurements are available for time-

series analysis.

1-10 1-13 1-14 1-15 1-16A 1-17A 1-18A Col. R.

2/87
*
3/87 *
* * *
4/87 * * * *
* * * * *
5/87 * * * * *
* * * *
6/87 * * * *
* * * *
7/87 * * * * *
* * *
8/87 * * * * *
* * * * * *
9/87 * * * * * * *
* * * * * * *
10/87 * * * * * * *
* * * * * * * *
11/87 * * * * * * * *
* * * * * * * *
12/87 * * * * * * *
* * * * *
1/88
2/88 * * * * * * *
* * * * * * *
3/88 * * * * * *
* * * * * *
4/88 * * * * * * *
* * * * * * *
5/88 * * * * * * *
* * * * * * *
7/88 * * * % * * *
* * * * * * *

Note: The vertical columns of asterisks represent the
approximate time periods that water-level records are available.
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data file. For example, a difference of one second between
individual water-level readings produces a discrepancy
exceeding 22 minutes over a four week period. Since the
time difference between successive water-level measurements
was small, linear interpolation was used to correct for
clock drift.

For a number of the 1987 simultaneous logs, and in
particular all of the logs from October and November, the
water-level records contain an anomalous high frequency
content (Figure 21). This high frequency content was
attributed to problems with the pressure transducers. This
data could not be corrected without specific information
about the conditions that existed during operation of the
loggers; such information is unavailable.

Time-Series Analysis Method

Time-domain cross correlation compares the variance
between two time series at successive lags. This process
is mathematically described by (Davis, 1986):

Rp = COV]_,2 / Sq1S4

where Rm
COVll2

correlation coefficient at lag m,
covariance between the two overlapped
portions of the data sequences, and
standard deviations of the respective
data sequences.

Sq and S,

This operation produces a correlogram, or a plot of the

lag position versus the correlation coefficient (Figure 22).
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Well 399-1-14 Water Level — November 1987
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Figure 21. An example of time-series data with an
anomalous high frequency content. Data was
collected in well 399-1-14 during November of
1987.
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Time-Domain Correlogram for Well 399-1-10
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Note that the correlation coefficients are normalized and a
value of 1.0 represents a perfect match between the two data
sequences, whereas a value of -1.0 represents a perfect
inverse relationship. The significance of the time-domain
cross correlations can be assessed with a student-T test.
The significance is approximated by (Davis, 1986):

t = Ry [(n-2)/(1-Ry%)1%-3,
the student-T statistic, and

the number of data readings that are
overlapped in the computation of R.

where t
n

This test has (n-2) degrees of freedom. The null
hypothesis states that for a correlation coefficient of
zero the two sequences of data are independent, random
series (Davis, 1986).

Results of the time domain cross-correlation analysis
are presented in Table 3. A number of the wells have
extremely poor correlation coefficients, with values less
than 0.65. Poor correlation coefficients are attributed to
the influence of artificial recharge from the North Process
ponds on the water levels in the adjacent wells, and to the
anomalous high frequency content of the original data. The
1988 data were of superior quality, with fewer incidences
of missing data, anomalous values, or clock drift. Time-
series analyses identified 50 time lags, for six wells,

over several months in 1987 and 1988 (Table 4). The time
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Table 3. Correlation coefficients obtained by time-domain

cross correlation.

1-10 1-13 1-15 1-16 1-17 1-18
4/87 0.77 N/A N/A 0.75 0.60 N/A
5/87 0.82 0.84 N/A 0.79 0.82 N/A
6/87 0.92 0.79 N/A 0.88 N/A N/A
7/87 0.88 N/A N/A 0.85 N/A N/A
8/87 0.99 N/A N/A 0.82 0.65 N/A
9/87 0.90 0.58 N/A 0.60 N/A N/A
10/87 0.83 0.40 0.54 N/A N/A 0.54
3/88 0.91 0.64 0.62 0.82 N/A N/A
4/88 0.90 0.56 0.52 0.83 0.67 0.39
5/88 0.87 0.71 0.65 0.79 0.69 0.67
6/88 0.91 0.57 0.73 0.82 0.74 0.69
7/88 0.89 0.28 0.55 0.79 0.52 0.51

Note: Values that are annotated with a N/A indicate that
data was either unavailable of unsuitable for time-series
analysis.
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Table 4. Computed time lags based on the maximum
correlation coefficient. All values are reported
in hours.

1-10 1-13 1-15 1-16 1-17 1-18

4/87 1.98 N/A N/A 4.00 27.48 N/A
5/87 4.55 55.55 N/A 51.57 77.54 N/A
6/87 3.81 54.58 N/A 3.64 N/A N/A
7/87 5.08 N/A N/A 5.09 N/A N/A
8/87 2.81 N/A N/A 4.22 30.15 N/A
9/87 4.15 30.16 N/A 4.14 N/A N/A
10/87 3.72 32.12 34.08 N/A N/A 31.53
3/88 3.89 29.47 34.52 2.81 N/A N/A
4/88 2.99 26.99 26.52 4.46 12.52 30.02
5/88 4.01 31.99 22.56 6.48 20.08 18.54
6/88 3.53 33.56 32.03 5.26 29.06 27.58
7/88 2.00 31.03 32.53 3.50 29.56 31.06

Note: Values that are annotated with a N/A indicate that a
lag time could not be computed due to the lack of suitable

time-series results (i.e the original data was either
unavailable of unsuitable for time-series analysis).
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lags were selected based on the highest correlation
coefficient. The lag, used in conjunction with the initial
time recorded for the log, is used to compute the time lag.
Analyses of longer time periods indicated that one month
time intervals were sufficient to define the time lag.

In several cases, specifically; well 399-1-17A in
April 1988, well 399-1-18 in May 1988, well 399-1-16A and
well 399-1-17A in May 1987, the time lag corresponding to
the maximum correlation coefficient in one or two months
differed considerably from time lags for the remaining
months. In these cases, the average time lag from months
that predicted similar results was utilized to determine
the corresponding correlation coefficient for months with
anomalous time lags. The correlation coefficient for this
average time lag was determined from the correlogram of the
anomalous month. In most cases, the anomalous and average
time lag correlation coefficients differed by less than
twelve percent, indicating that the correlogram had a
broad peak. Thus, the ability to accurately determine the
time lag was inhibited for these anomalous months. The
occurrence of the anomalous time lags did not exhibit an
observable trend.

Theoretically, the Columbia River should produce
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similar responses in two 300 Area wells, and therefore the
relative change of one well should be reflected by a
similar change in the other well. However, inconsistencies
occurred between the time lags for consecutive months. For
example, both wells 399-1-13 and 399-1-17A are screened in
sandy-gravel, but the time lag for well 399-1-13 decreases
between June 1988 and July 1988, and the time lag for well
399-1-17A increases. One factor that may be responsible
for the observed discrepancies is bank storage along the
Columbia River. If the Columbia River experiences a net
increase in stage during a month, and is followed by a
large net decrease in stage, a well further from the river
may not respond until bank storage decreases to some
critical amount. Thus, the response of a well may be
delayed due to bank storage. Other factors that may
contribute to the discrepancy in the predicted time lag
include hydraulic stresses (waste-water disposal, pumping),
natural stresses (evapotranspiration, precipitation), as
well as measurement errors.
Methods of Estimating Diffusivity

Ferris’s (1951) methods were employed to estimate
hydraulic diffusivity from the time-series data. Ferris
developed two methods of estimating aquifer diffusivity:;

one based on the amplitude-ratio of the water level in a
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well to the water level in a nearby river (distance/ratio
method), and the other based on the time lag observed in a
number of wells at different distances from a river
(distance/time lag method). Ferris assumed a unifornm,
homogeneous aquifer intercepting a river with sinusoidal
stage fluctuations. Ferris also assumed that: the aquifer
is homogeneous and isotropic, the river is in perfect
communication with the aquifer, the interface between the
aquifer and the river is vertical, the river fully
penetrates the aquifer, and both the river and the aquifer
rest on an impermeable boundary. By approximating a
fluctuating river stage with a sinusoidal curve based on
average amplitudes and periods, and approximating the well
water-level with average amplitudes, Ferris’s analytical
solution can be applied to field conditions.
Simplifications of field conditions also requires an
approximation of the subcrop value, or the distance from
the shoreline to the location in the river where the
aquifer outcrops.

The distance/ratio method of calculating diffusivity
in units of gallons-per-day-per-foot is defined by the
equation:

D =T/S = [(2.1 X)/-1logyg(S,/So) 1% / tg
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where; D = diffusivity (gpd/ft),

T = transmissivity (gpd/ft),

S = specific yield,

X = distance between the well and the sub-
crop of the formation in the river (ft),

s,. = average amplitude of the water-level
response in the well (ft),

s, = average amplitude of the driving water-
level in the river (ft), and

t, = average period of river fluctuations

(days) .
The distance/time lag method of calculating diffusivity in
gallons-per-day-per-foot is given by:
D=T/S = [0.60 X% t ] / t;°

where t, = time lag between the river and the
well (days).

The value of X, for both methods, is equal to the
fixed distance between the well and the river plus the
subcrop distance. Ideally, the subcrop distance represents
the distance between the river shoreline and the location
where the ratio s, /s, is unity (i.e. the lag time is zero).
Subcrop distances are constrained by the width of the
Columbia River, or approximately 2,500 feet. The subcrop
distance is estimated by constructing plots of the distance
between the well and the river versus either the log of the
ratio s./sy or, the time lag observed in the well (Figures
23 and 24). Subcrop distances are determined by the
intercept point where the ratio s,/s, is equal to unity

(distance/ratio method), or the lag time is zero
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Distance/Ratio Subcrop Determination
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Figure 24. Graph demonstrating the distance/lag time
subcrop determination. The presented data was
collected in June 1988 and predicts a subcrop
distance of 76.9 feet.
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(distance/time lag method). If all of Ferris’s assumptions
are met, then the subcrop would be at the shoreline and the
subcrop distance would be zero.

Theoretically, both the distance/ratio and
distance/time lag methods should produce similar results.
However, in Ferris’s field study a discrepancy of
approximately forty percent between the calculated subcrop
values was attributed to pumping influences, and to
deviations from the assumptions made in undertaking the
analysis. The two subcrop determination methods (Figures
23 and 24) are based on linear relationships, but the
distance/ratio method produces a negative slope, and the
distance/lag time method produces a positive slope. As the
assumptions that Ferris made are violated, small variations
are produced in the slope of the linear relationship of the
subcrop determination methods. Since the two siopes differ
in direction, these variations in slope have a profound
influence on the similarity of the predicted subcrop
distances, since the slope dictates the computed intercept
for the linear relationship.

Diffusivity calculations for the 300 Area utilized
both the distance/ratio and distance/time lag methods.

Well 399-1-14 was omitted from the estimates of

diffusivity, due to the poor quality, and lack of time-



ER-3593 85

series data. Time lags, determined by time-series analysis
were used to determine the correlated interval (i.e. the
time interval, for both the well and river time-series
sequences, defined by the maximum correlation coefficient)
for the Columbia River and the corresponding well. Once
the correlated interval was determined, the average water-
level amplitude for the well and river, and the average
water-level period of the river, were determined for each
month of data. The wells were grouped according to the
hydrofacies of the screened interval. Since sand
hydrofacies were only present in well 399-1-16A, and a
minimum of two wells are necessary to compute subcrop
distances; subcrop distances are based on gravel (wells
399-1-18A and 399-1-15) and sandy-gravel hydrofacies (wells
399-1-10, 399-1-13, 399-1-17A).

Subcrop distances determined with the distance/time
lag method varied from 580 feet west to 10,000 feet east of
the Columbia River, as measured from the western shore.
Predictions that were west of the Columbia River resulted
from inconsistent patterns exhibited by the time-lag data.
Such, predictions occurred when the time lag for a well
further from the river was less than the time lag of the

well closer to the river. Cross-sections, based on
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hydrofacies (Figure 25), indicated that the subcrop
distance determined from wells 399-1-10 and 399-1-17A were
probably inappropriate due to the influence of an
intervening sand hydrofacies body. The cross-section
between wells 399-1-17A and 399-1-13 indicates that both
wells are screened within the same sandy-gravel
hydrofacies. However, the greatest variation in predicted
subcrop was obtained with these two wells. Examination of
the predicted subcrop values indicated that forty percent
of the predicted subcrops for wells 399-1-13 and 399-1-17A
were due to the time lag of the furthest well being less
than that of the closest well. Additionally, sixty percent
of the predicted subcrop distances were greater than the
width of the Columbia River. Subcrop estimates for wells
399-1-18A and 399-1-15 (gravel hydrofacies) exhibited
problems similar to wells 399-1-13 and 399-1-17A. For
these reasons, the subcrop distance predicted by wells 399-
1-10 and 399-1-13 were selected as the best available
distance/time lag subcrop estimates. The subcrop distances
estimated for wells 399-1-10 and 399-1-13 were the most
consistent and averaged 78 feet.

The subcrop distances predicted by the distance/ratio
method were considerably greater than those predicted by

the distance/time lag method. The subcrop distances
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Figure 25. Hydrofacies cross-section utilized in
assessing the subcrop predictions. The
Columbia River varies in stage elevation
between approximately 340 and 342 ft-MSL. The
view for the cross-sections, from top to
bottom is, to the north, northwest, and
northwest.
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predicted by the distance/ratio method varied from 750 feet
to 2,500 feet, or approximately the width of the Columbia
River. As was observed with the distance/time lag subcrop
estimates, wells 399-1-13 and 399-1-10, produced the most
consistent results.
Estimates of Diffusivity

Diffusivity values, based on a number of predicted
subcrop values, were calculated for the 300 Area sediments
(Appendix 3). The distance/time lag method utilized
subcrop distances of 0 and 78 feet, whereas the
distance/ratio method utilized subcrop distances of 752,
1,275, and 2,542 feet. When similar subcrop distances were
utilized, diffusivity values calculated by the two methods
were generally of the same order of magnitude, but could
differ by a factor of between two and ten. Both methods of
calculating diffusivity are proportional to the square of
the distance X. Since, X is dependent on both the subcrop
distance and the fixed distance between the river and a
particular well, the subcrop distance produces the greatest
impact on diffusivity values.

To assess the validity of the predicted subcrops, the
geometry of the Columbia River channel along the 300 Area

was investigated. 1In the vicinity of the 300 Area, the
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average elevation of the bottom of the Columbia River is
approximately 310 ft-MSL (Haney, 1957), and the river bed
consists of large rocks and cobbles with small amounts of
sand and cohesive material (Whelan et al., 1987). Due to
the nature of the river channel geometry it was assumed
that the most appropriate subcrop value was 78 feet,
predicted by the distance/time lag method.

Diffusivity values for individual hydrofacies, based
on a subcrop distance of 78 feet, differed by as much as a
factor of ten. This inconsistency was investigated by
examining if the gradient, the head difference between the
river and well, the stage (gaining or losing) of the
Columbia River, and the correlation coefficient, produced
any observable pattern in the estimated diffusivity (Table
5). None of the above factors appear to significantly
affect the calculated diffusivity.

Other influences could affect the calculated
diffusivity values. Heterogeneities in the river bed
materials and in the aquifer between the river and the well
could affect the diffusivity estimates. Also, differences
in calculated diffusivity are influenced by the spatial
variatioiul of the hydraulic properties of the hydrofacies
bodies. The efficiency of the wells, aquifer pumping, or

other external hydraulic stresses on the hydrogeologic
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Table 5. A comparison of the influence of gradient, head
difference, stage, and correlation coefficient on
the computed diffusivity values. Only 1988
results are shown. Diffusivity values are based
on a subcrop distance of 78 feet.
Well Mon CCof Del H Stg Grad Diff HF T
1-10 Mar 0.91 0.20 G 1.8x10 ° 1.6x10° SG 7.5x10%
1-10 Apr 0.90 0.01 G 5.7x10"° 8.5x10° SG 3.9x10%
1-10 May 0.87 -0.08 L -7.2x10"% 1.0x10% sG 4.7x10%
1-10 Jun 0.91 0.26 G 2.4x1073 2.0x10° sc 9.3x10%
1-10 Jul 0.89  0.29 G 2.6x107° 5.7x10° SG 2.6x10%
1-13 Mar 0.64 0.62 G 3.6x10"% 3.2x107 sG 1.5x10°
1-13 Apr 0.56 0.57 G 3.4x107% s5.9x10’ sG 2.7x10°
1-13 May 0.71 -0.09 L -5.3x10"2 5.2x10’/ SG 2.4x10°
1-13 Jun 0.57 =-0.98 L -5.8x10"% 7.1x10’ sG 3.3x10°
1-13 Jul 0.28 -1.88 L -1.1x10"3 9.7x10’ SG 4.5x10°
1-15 Mar 0.62 0.03 G 2.8x10~° 1.4x10’ G 6.5x10°
1-15 Apr 0.52 0.16 ¢ 1.3x107% 1.6x10’ G 7.5x10°
1-15 May 0.65 =0.30 L -2.5x10"% 2.3x107 G 1.1x10°
1-15 Jun 0.73 0.31 G 2.6x10"% 2.0x10’ G 9.3x10°
1-15 Jul 0.55 0.50 G 4.2x10"% 7.7x10° G 3.6x10°
1-16A Mar 0.82 =-0.36 L -9.1x10"% 5.3%x10% s 2.2x10°
1-16A Apr 0.83 -0.44 L -1.1x10"3 4.0x10®% s 1.6x10°
1-16A May 0.79 =-0.78 L -1.9x1073 3.8x10% s 1.e6x10°
1-16A Jun 0.82 =-0.47 L -1.2x10"3 4.9x10° s 2.0x10°
1-16A Jul 0.79 -0.43 L -1.1x10"3 2.3x10° g 9.6x10%
1-17A Apr 0.67 -2.01 L -1.8x10"3 1.3x10/ SG 6.1x10°
1-17A May 0.69 =-2.92 L =-2.7x10"3 1.0x10’ SG 4.8x10°
1-17A Jun 0.74 =-2.73 L -2.5x10"3 1.1x10’ SG 5.0x10°
1-17A Jul 0.52 =-0.35 L -3.2x10"% 6.9%10° sG 3.2x10°
1-18A Apr 0.39 2.34 G 1.7x1073 1.7x10/ G 8.1x10°
1-18A May 0.67 1.37 ¢ 9.8x10"% 1.9x107 G 8.8x10°
1-18A Jun 0.69 1.72 G 1.2x1073 2.4x10’ G 1.1x10°
1-18A Jul 0.51 2.07 G 1.5x1073 7.9x10° G 3.7x10°
Note: The column headings: Well, Mon, CCof, Del H, Grad,

HF,

and T represent the well number,

with the 399-

prefix ommited, month, correlation coefficient, difference
in head between the well and the river, gradient between

the well and the river, diffusivity in gpd/ft, hydrofacies
that was screened by_the well, and the resulting estimate
transmissivity in ftz/day.
whether the the average river stage was gaining (G) or

losing (L) over the correlated interval.

The stage column reports
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system could also produce discrepancies in the calculated
diffusivity values.

Diffusivity derived transmissivities, obtained using
specific yield estimates from grain-size analyses, are not
consistent with the transmissivity values obtained from the
aquifer tests. Differences between the transmissivities
derived from aquifer tests and from diffusivity estimates
were as large as four orders of magnitude (Table 6). For
the gravel hydrofacies, the differences between
transmissivity values derived from the aquifer tests and
from diffusivity calculations were considerably less than
the difference for other hydrofacies. For the gravel
hydrofacies, diffusivity derived transmissivities were on
the order of three times greater than the aquifer test
transmissivities. The transmissivity value for sandy-
gravel hydrofacies from aquifer tests were an order of
magnitude lower than from diffusivity analyses. The
transmissivity values for sand hydrofacies exhibited the
highest variability with slightly less than two orders of
magnitude difference between values.

In most cases, the diffusivity derived transmissivity
values decrease with decreasing sediment size (Table 6).

This decrease in transmissivity values, as a function of
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Table 6. A comparison of transmissivity values obtained
from aquifer test and time-series analysis.

All values are ftz/day.

Hydrofacies Avg Aquifer Test Well Diff Avg Diff
Gravel 1.4x10° 7.9%x10° 7.8%x10°
Sandy-Gravel 1.2x10° 2.9x10° 1.2x10%
Sandy-gravel+mud/silt 2.1x102
Sandy-gravel+mud/silt 1.9%102
Sandy-gravel+mud/silt 2.3x101
sand 9.3x103 1.7x10° 1.7x10°
Mud/silt 1.3x101
Mud/silt 4.6x101

Note: Sandy-gravel and mud/silt hydrofacies were screened in
three of the wells utilized for aquifer testing. The first
column reports the average transmissivity, estimated by
several methods, for the individual wells. The second column
reports the transmissivity value obtained from diffusivity
estimates for the same well that the aquifer test was
conducted in. The last column reports the average
diffusivity-derived transmissivity value obtained from all
available wells in that hydrofacies. Specific yield
estimates obtained from grain-size analyses, were utilized to
compute transmissivity from the diffusivity estimates.
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grain size, was also exhibited by the aquifer tests
results. The overall difference in the two sets of
transmissivity values may reflect the volume of sediment
tested by the two methods. Diffusivity values are
representative of a much larger volume of material, and the
influence of the coarser-grained materials may be the cause
of the higher transmissivity values. Therefore, it is
possible that transmissivity values from both the aquifer
tests and the diffusivity calculations are correct because
they are derived from tests of different volumes of aquifer
that may contain different types of sediments. Aquifer
tests reflect hydraulic properties of materials that are
radially distributed in the immediate vicinity of the well,
while diffusivity estimates reflect the hydraulic
properties of the sediments at a much larger distance (at
least a distance as large as the distance between the well
and the river).

Given the limited amount of available data it is not
possible to establish which transmissivity values are most
representative of the effective transmissivity in the
field. Transmissivity values determined by aquifer test
analyses cannot be assumed to be the most accurate because
the influence of the Columbia River, artificial recharge,

heterogeneity, and aquifer geometry are not included in the
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Theis equation that was utilized to analyze the aquifer
tests. Transmissivity values derived from the diffusivity
estimates also cannot be considered the most accurate due
to the difficulties in identifying the appropriate subcrop
distance.
Grain-Size Distribution Analyses

Grain-size analyses were conducted on samples from
several stratigraphic horizons in boreholes 399-1-16C, 399~
1-17C, and 399-1-18C. Grain-size distributions were then
compared to several empirical relationships in order to
estimate hydraulic conductivity (Hazen, 1910; Masch and
Denny, 1966; Mckee,1979) and specific yield (Eckis, 1934;
Piper et al., 1939; California Water Rights Board, 1957).
The results of these investigations were then correlated to
the 300 Area hydrofacies.
Estimates of Hydraulic Conductivity

Hydraulic conductivity values were estimated from
grain-size analysis based on methods developed by Hazen,
Denny, and Mckee (Johnson, 1967). These values have been
correlated with the identified hydrofacies and the
geometric mean of the hydraulic conductivity values for
each hydrofacies was calculated (Table 7). From tests

conducted in heterogeneous porous media (Warren and Price,
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1961) it has been determined that the geometric mean of the
hydraulic conductivities is the most appropriate value for
representing the bulk hydraulic conductivity of a
heterogeneous flow system.

Comparison of the hydraulic conductivities estimated
from grain-size data with expected ranges of hydraulic
conductivity for individual grain-size classes reported by
Freeze and Cherry (1979) demonstrates that: 1) estimated
values for gravel are well below the expected range, 2)
estimated values for sandy gravel are in the lower to
intermediate part of the expected range, 3) values for sand
are on the low end of the expected range, and 4) values for
mud and silt are on the high end of the expected range.

The values of hydraulic conductivity estimated from grain-
size analysis differs from the values determined from
aquifer tests. Estimated values for gravel, sandy dgravel,
and sand hydrofacies are lower than those from aquifer
tests; whereas the estimated values for mud/silt
hydrofacies are higher.

The discrepancy between hydraulic conductivities
estimated from grain-size data, and those from aquifer
tests or expected ranges, are due to differences in the
nature and scale of the sampling. The grain-size estimates

are based on small, disturbed samples, whereas the aquifer
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test values and published ranges represent field-scale
values. The sediment sampling process is likely to be
biased to smaller-grain sizes and may explain why hydraulic
conductivities for the coarser-grained hydrofacies (G, SG,
S) are lower than the field values. For example, during
drilling, an unknown portion of larger-sized clasts are: 1)
broken into smaller fragments, 2) lost in the recovery
process, or 3) not sampled due to their size.

As mentioned previously, the values of hydraulic
conductivity estimated from grain-size data for gravels and
sands tend to be low, while the values of hydraulic
conductivity for the mud/silt hydrofacies tend to be higher
than those predicted from aquifer testing and the expected
range. The higher values for the mud/silt hydrofacies are
most likely due to the presence of coarser-grained
material.

Additionally, estimates of hydraulic conductivity
based on grain-size data do not account for variations in
cementation or the nature of packing. At field scales
these factors are incorporated into the measurement because
the materials are tested in situ and a much larger volume

of sediment is tested.
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Estimates of Specific Yield

Specific yield estimates based on methods developed by
Eckis, Piper et al., and the California Water Rights Board
(Johnson, 1967) were also correlated to the 300 Area
hydrofacies, and the results are presented in Table 8. At
present, no particular method of estimating specific yield
is preferred, since the lack of corroborating field values
prevents a comparison. At present the only specific yield
values available for the 300 Area are derived from grain-
size analysis.

Hydrofacies Hydraulic Conductivities

The transmissivity values obtained from the aquifer
tests analyses and the diffusivity calculations were
utilized to estimate values of hydraulic conductivity for
the hydrofacies. These values of hydraulic conductivity
are presented in Table 9, with the hydraulic conductivities
that were obtained from the grain-size analyses.

Saturated thickness must be accurately identified
before hydraulic conductivity can be calculated from
transmissivity values. For the hydraulic conductivity
values presented in Table 9, the saturated thickness was
based on the thickness of the hydrofacies (includes the
thickness of all adjacent hydrofacies that have hydraulic

conductivities equal to or greater than the hydrofacies
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Table 9. Hydraulic conductivities from various sources for

the hydrofacies. All values in ft/day.

Hydrofacies Avg Aquifer Test G-S K Avg Diff
Gravel 4.7x10 4 7.3x10% 2.6x10%
sandy-Gravel 6.0x10 3 9.2x10% 6.0x10%
sand 4.6x10 2 1.7x101 8.5x10°3
Mud/silt 8.7x10™2 1.2x1071

Mud/silt 3.1x1071 1.2x101

Note: The hydraulic conductivity values tabulated under the
Avg Aquifer Test column are the average hydraulic
conductivity values obtained from eight aquifer tests
conducted in the 300 Area. The G-S K column tabulates the
maximum geometric mean of the hydraulic conductivity wvalues
obtained from grain-size distributions. The Avg Diff column
tabulates the average hydraulic conductivity determined from
estimates of diffusivity.
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being tested). The pre-test static water level and the
average water-table height of the correlated interval were
used to define the upper limit of the saturated thickness
for the aquifer test and the diffusivity transmissivities,
respectively.

The hydraulic conductivity values (Table 9) are within
the expected range of values reported by Freeze and Cheery
(1979). The expected ranges for the sediment sizes overlap
and it is possible that, for example, sand may have a
higher conductivity than gravel. This overlap occurs
because in addition to grain size; sorting, packing, and
the degree of cementation influence the hydraulic
conductivity of a sediment deposit. Considering: 1) each
hydrofacies was only tested once, 2) sorting, packing, and
degree of lithification all affect hydraulic conductivity,
and 3) a large variability is likely to occur within each
hydrofacies; these hydraulic conductivity values should be
thought of as the first and, currently, the only
measurement of hydraulic conductivity for each hydrofacies.
Therefore, it is not possible to know if the value for each
hydrofacies represents a low, high, or intermediate

hydraulic conductivity for a given hydrofacies.
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SUMMARY AND CONCLUSIONS
Summary and Conclusions Regarding Hydrofacies

Hydrofacies are a means of describing geologic data in
a manner that is applicable to hydrologic investigations.
Hydrofacies portray the heterogeneous nature of a
hydrologic system in three-dimensions. The three-
dimensional representation of hydrofacies based on
hydraulic properties is unique because traditional methods
of defining subsurface units are based on time-
stratigraphic geologic principals. The process of mapping
hydrofacies herein provides a method of estimating the
nature of hydrologic units in areas that are not penetrated
by boreholes. Additionally, by combining the the
information provided by conventional structure-contour and
isopach maps into one hydrofacies map the three-dimensional
nature of the hydrofacies is easily visualized.

Contaminant transport problems have become the most
common type of hydrologic investigation. However, the
ability to accurately model and predict contaminant plume
migration has been impeded by the inability to account for
geologic heterogeneities. Since hydrofacies represent the
heterogeneities of a hydrologic system, they can be
utilized in field investigation planning, in design of

future field testing, and in numerical modeling of ground-
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water flow and solute transport. Thus, by incorporating
the hydrofacies concept in all aspects of hydrologic
investigation, the heterogeneous nature of the hydrologic
system can be objectively considered and more realistically
modeled.

Presently, for the 300 Area, the hydrofacies are based
on the following definitions:
Gravel Zones (G) ; consist of greater than 80%
gravel, boulders, and cobbles,
consist of 75% or greater sand,
consist of greater than 25% mud
and silt,

Sandy Gravel Zones (SG); consist of any zone not defined by
hydrofacies G, S, MZ.

Sand Zones (S)
Mud and Silt Zones (MZ)

~e

~e

This definition assumes that these grain-size divisions
produce hydrofacies that respond similarly to a given
hydraulic stress. However, at present the range of
hydraulic parameters for the hydrofacies is inadequately
constrained. For this reason additional field testing
should be conducted to assess the present hydrofacies
definition. If additional field testing indicates that
these hydrofacies definitions are invalid, then the
hydrofacies definitions will need to be revised, and
additional hydrofacies maps constructed based on the new

definition.
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Summary and Conclusions Regarding Diffusivity Estimates

The application of Ferris’s methods for calculating
diffusivity to the 300 Area sediments yielded results that
were difficult to interpret. The heterogeneous nature of
the 300 Area sediments is one reason for this difficulty.
Ferris’s field study was conducted in sediments that were
more homogeneous than the 300 Area sediments. The
analytical solution that Ferris developed does not account
for heterogeneous sediments.

Additionally, the discrepancy in computed time-lags
for the time-domain cross-correlations contributed to
problems with the diffusivity calculations. On several
occasions the computed lag-time for an anomalous month
differed from the remaining months by approximately 100
percent. In these cases, the correlation coefficients for
the anomalous month and other months were higher than 0.65,
indicating that both were valid results. Discrimination
between valid results was difficult when the computed
correlation coefficients are greater than 0.65. The
ability of the time=-series analysis to identify a
physically meaningful result was inhibited due to the
complex nature of the aquifer and the Columbia River stage
variations. For example, bank storage may prevent or delay

the response of a well to a given change in river stage
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until bank storage has dissipated below some threshold
value. If time series analysis and diffusivity estimates
are to be used to define hydraulic properties, then either
higher quality data or application to a less complex
geologic system are required. Considering that the second
requirement is not applicable to the 300 Area, the only
possibility of obtaining better estimates of diffusivity in
the 300 Area is through higher quality data.

Data quality could be improved in a number of ways.
The problem of anomalous time lags may be alleviated by
collecting data at more frequent intervals (e.g. 15
minutes). Additionally, if several months of continuous
data were collected for several wells, seasonal variations
could be investigated. Seasonal variations and other
influences, excluding the Columbia River, that affect the
300 Area unconfined aquifer could be investigated by time
series analysis between two 300 Area wells. By examining
longer sequences of time-series data such factors could be
accounted for and removed prior to assessing the influence
of the Columbia River. Quality control of data obtained
with the simultaneous recorders could be improved.
Periodic field checks (biweekly or weekly) to insure that

the simultaneous recorders were properly calibrated to
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record water-levels, temperature, and electrical
conductivity would improve the time-series data by
minimizing the amount of poor-quality data and preventing
large losses of data. Finally, if the number of wells with
continuous monitoring were substantially increased, the
confidence associated with the diffusivity estimates would
be increased, since there would be more data available for
individual hydrofacies. If higher quality data cannot be
obtained, then time-series data analyses of continuous
water-level data in the 300 Area for the purpose of

estimating hydraulic parameters should be discontinued.
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RECOMMENDATIONS

The objective of this investigation was to develop a
method of mapping heterogeneous aquifers by defining
hydraulic equivalents from existing geologic and
stratigraphic data. This was accomplished by: 1) utilizing
existing field and borehole geologic data to develop a
system of hydrogeologic stratigraphic units for the 300
Area, and 2) assess the hydraulic properties of the
resulting hydrogeologic units. The first part of the
investigation resulted in the development a system of
mapping hydrofacies that incorporates both structure-
contours and thicknesses to portray the three-dimensional
distribution of aquifer heterogeneities. This method of
mapping was then applied to the the 300 Area. The second
part of this investigation included the analyses of
aquifer-test data, grain-size distribution data, and time
series analysis of river-aquifer interactions, and resulted
in a few values that were considered applicable to the
hydrofacies. As a result of these investigations several
recommendations for future field work and modeling are
proposed.

Recommendations for Future Field Work
One purpose of BPNL’s long-term investigation plan is

to model contaminant transport within the 300 Area. This
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investigation, representing one of the preliminary studies
of the long-term investigations, has proposed a method of
delineating hydrogeologic units (hydrofacies) that are
readily applicable to the modeling of heterogeneous aquifer
systems.

There are no estimates of dispersivity for the
hydrofacies in the 300 Area. Prior to using the
hydrofacies in a contaminant model, estimates of
dispersivity need to be obtained. The best estimates of
dispersivity are obtained from field tests (Freeze and
Cheery, 1979). Future field investigations should include
tracer tests to obtain in situ dispersivity values. The
existing hydrofacies can be utilized to plan the location
of the proposed tracer tests. By incorporating the
hydrofacies in the planning of future field investigations,
potential problems resulting from the heterogeneous nature
of the 300 Area sediments can be reduced.

Hydrofacies can also be used for planning additional
aquifer tests. Additional aquifer tests are deemed
necessary because several hydrofacies were only tested
once. Future aquifer tests should be conducted in specific
hydrofacies. Wells screened in the same hydrofacies would

be appropriate observation wells. A minimum of two
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observations wells should be utilized in future aquifer
tests, since the additional data can be used to estimate
well efficiency and storage parameters. If existing wells
are not appropriate for use as observation wells, then
piezometers should be constructed to meet the aquifer test
objectives. Piezometers need not be completed as future
wells, in fact, small diameter piezometers produce more
representative drawdown results (Kruseman and DeRidder,
1970) . In addition to using observation wells, well
efficiency can be estimated using a step-drawdown test
(Walton, 1987). Step-drawdown tests can also be utilized
to estimate transmissivity and storage parameters
(Stallman, 1962).

Future field investigations should incorporate the
hydrofacies as a tool to identify areas of data deficiency.
For example, if anomalous concentration readings are
obtained in a region with very few wells, then the
knowledge of hydrofacies could assist in determining if the
concentration reading was due to a stagnation zone behind a
fine-grained lens or to convergence of flow into a high
hydraulic conductivity zone. On the other hand, if the
hydrofacies are not sufficiently defined for that region,
additional drilling may be required to refine the

identified hydrofacies of that region. The hydrofacies can
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be refined as additional estimates of hydraulic parameters
are obtained. Additional hydraulic parameter information
may indicate that a different definition of the hydrofacies
is required. For example, if the values of hydraulic
conductivity for a sandy-gravel hydrofacies exhibit a large
variation, the sandy-gravel hydrofacies may have to be
divided into more than one hydrofacies to account for the
variation. Hence, as future field investigations improve
estimates of the hydraulic properties of the hydrofacies,
the hydrofacies definitions improve.
Recommendations for Future Modeling Work

Hydrofacies were designed as a hydrogeologic
stratigraphic equivalent unit that are easily integrated
into a numerical modeling. Future modeling that
incorporates the hydrofacies concept can also be utilized
to improve the hydrofacies definition. Numerical model
calibration can identify problems with the hydrofacies
definition. If during calibration a large difference is
observed between the actual and predicted head values for a
particular region, then additional investigation of the
hydrofacies for that region may be required. If the
hydrofacies in that region were developed with numerous

wells, then the discrepancy in the modeled results may be
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due to the lack of accurate hydraulic parameters. However,
if the hydrofacies in that region were developed with very
few wells, then the discrepancy may be due to the lack of
information needed in constructing the hydrofacies. 1In
these cases, additional drilling or sampling may be
required to resolve the problem. Thus, modeling not only
provides a representation of the hydrologic system, but can

also be utilized as an exploration tool.
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Appendix 1.

Grain-Size Percentage Maps of the 300 Area

The grain-size percentage maps were based on the percentage
of the three major grain-size divisions: gravel, sand, and
mud/silt. The percentages were computed based on the

difference between the vertical distance noted on the maps.
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Appendix 2.

Slice Maps of the 300 Area

Slice maps are horizontal hydrofacies cross-sections at the

noted elevation.
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Appendix 3.

300 Area Diffusivity Calculations

In all of the calculations, the distance between the
Columbia River and the following wells was:

399-1-10 = 110 feet,
399-1-13 = 1700 feet,
399-1-15 = 1200 feet,
399-1-16A = 400 feet,
399-1-17A = 1100 feet,
399-1-18A = 1400 feet.

In all of the calculations the specific-yield values,
obtained from grain-size analysis, were:

Gravel hydrofacies specific yield = 0.35
(wells 399-1-15,399-1-18A)

Sandy-Gravel hydrofacies specific yield = 0.34
(wells 399-1-10, 399-1-13, 399-1-17A) -

Sand hydrofacies specific yield = 0.31
(well 399-1-16A).
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Diffusivity Calculations - Distance/ratio method
Subcrop distance (ft) = 0
Sw = average water-level amplitude of well
Sr = average water-level amplitude of river
Tr = Average Period of river
D = computed diffusivity
Avg T = the average transmissivity value
computed from diffusivity (gpd/ft)
T = Avg T value in feet-squared/day
Well ID 1988 Data
399-1-10 March April May June July Avg T
Sw (ft) 0.42 0.19 0.52 0.66 0.55
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 5.6E5 2.9E5 3.5E5 6.9E5 2.0E5  1.4ES
T = 1.9E4
399-1-13 March April May June July
sw (ft) 0.17 0.17 0.37 0.44 0.77
Sr (ft) 0.95 0.61 1.42 1.35 1.85
Tr (hr) 18.66 18.11 18.97 19.74 23.88
D (gpd/ft) 2.9E7 5.4E7 4.8E7 6.5E7 8.9E7 2.0E7
T = 2.6E6
399-1-15 March April May June July
Sw (ft) 0.15 0.10 0.34 0.29 0.20
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 1.2E7 1.4E7 2.1E7 1.8E7 6.8E6 5.0E6
T = 6.7E5
399-1-16A March April May June July
Sw (ft) 0.30 0.16 0.37 0.42 0.40
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 3.7E6 2.8E6 2.7E6 3.4E6 1.6E6 8.8E5
T = 1.2E5
399-1-17A March April May June July
Sw (ft) No Data 0.10 0.19 0.20 0.19
Sr (ft) No Data 0.61 1.42 1.35 1.74
Tr (hr) No Data 18.11 18.97 19.74 23.4€
D (gpd/ft) 1.2E7 9.0E6 9.4E6 6.0E6 3.1Eé6
T = 4.1E5
399-1-18A March April May June July
Sw (ft) No Data 0.08 0.22 0.27 0.13
Sr (ft) No Data 0.61 1.42 1.35 1.74
Tr (hr) No Data 18.11 18.97 19.74  23.46
D (gpd/ft) 1.6E7 1.7E7 2.1E7 7.1E6 5.3E6

T = 7.1E5
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Diffusivity Calculations - Distance/ratio method
Subcrop distance (ft) = 78
Sw = average water-level amplitude of well
Sr = average water-level amplitude of river
Tr = Average Period of river
D = computed diffusivity
Avg T = the average transmissivity value
computed from diffusivity (gpd/ft)
T = Avg T value in feet-squared/day
Well ID 1988 Data
399-1-10 March April May June July Avg T
Sw (ft) 0.42 0.19 0.52 0.66 0.55
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74  23.86
D (gpd/ft) 1.6E6 8.5E5 1.0E6 2.0E6 5.7E5 4.2E5
T = 5.6E4
399-1-13 March April May June July
Sw (ft) 0.17 0.17 0.37 0.44 0.77
Sr (ft) 0.95 0.61 1.42 1.35 1.85
Tr (hr) 18.66 18.11 18.97 19.74 23.88
D (gpd/ft) 3.2E7 5.9E7 5.2E7 7.1E7 9.7E7 2.1E7
T = 2.9Eé6
399-1-15 March April May June July
Sw (ft) 0.15 0.10 0.34 0.29 0.20
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 1.4E7 1.6E7 2.3E7 2.0E7 7.7E6 5.7E6
T = 7.6E5
399-1-16A March April May June July
Sw (ft) 0.30 0.16 0.37 0.42 0.40
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 5.3k6 4.0E6 3.8E6 4.9E6 2.3E6 1.3Eé6
T = 1.7E5
399-1-17A March  April May June July
Sw (ft) No Data 0.10 0.19 0.20 0.19
Sr (ft) No Data 0.61 1.42 1.35 1.74
Tr (hr) No Data 18.11 18.97 i9.74 23.46
D (gpd/ft) 1.3E7 1.0E7 1.1E7 6.9E6  3.6E6
T = 4.8E5
399-1-18A March April May June July
Sw (ft) No Data 0.08 0.22 0.27 0.13
Sr (ft) No Data 0.61 1.42 1.35 1.74
Tr (hr) No Data 18.11 18.97 19.74 23.46
D (gpd/ft) 1.7E7 1.9E7 2.4E7 7.9E6 5.9E6

T = 7.9E5
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Diffusivity
Subcrop
Sw
Sr
Tr
D
Avg T
T
Well ID
399-1-10
Sw (ft)
Sr (ft)
Tr (hr)
D (gpd/ft)
T = 1.2E6
399-1-13
Sw (ft)
Sr (ft)
Tr (hr)
D (gpd/ft)
T = 5.5E6
399-1-15
sSw (ft)
Sr (ft)
Tr (hr)
D (gpd/ft)
T = 1.8E6
399-1-16A
Sw (ft)
Sr (ft)
Tr (hr)
D (gpd/ft)
T = 9.7E5
399-1-17A
Sw (ft)
Sr (ft)
Tr (hr)
D (gpd/ft)
T = 1.2E6
399-1-18A
Sw (ft)
Sr (ft)
Tr (hr)
D (gpd/ft)

T = 1.7E6
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Calculations - Distance/ratio method
distance (ft) = 752

= average water-level amplitude of well
= average water-level amplitude of river
= Average Period of river
= computed diffusivity
= the average transmissivity value
computed from diffusivity (gpd/ft)
= Avg T value in feet-squared/day
1988 Data
March April May June July Avg T
0.42 0.19 0.52 0.66 0.55
0.95 0.61 1.42 1.35 1.83
18.66 18.11 18.97 19.74 23.86
3.4E7 1.8E7 2.2E7 4.2E7 1.2E7 8.8E6
March April May June July
0.17 0.17 0.37 0.44 0.77
0.95 0.61 1.42 1.35 1.85
18.66 18.11 18.97 19.74 23.88
6.0E7 1.1E8 9.9E7 1.4E8 1.9E8 4.1E7
March April May June July
0.15 0.10 0.34 0.29 0.20
0.95 0.61 1.42 1.35 1.83
18.66 18.11 18.97 19.74 23.86
3.3E7 3.7E7 5.4E7 4.7E7 1.8E7 1.3E7
March April May June July
0.30 0.16 0.37 0.42 0.40
0.95 0.61 1.42 1.35 1.83
18.66 18.11 18.97 19.74 23.86
3.1E7 2.3E7 2.2E7 2.8E7 1.4E7 7.3E6
March April May June July
No Data 0.10 0.19 0.20 0.19
No Data 0.61 1.42 1.35 1.74

No Data 18.11 18.97 19.74 23.46
3.3E7 2.6E7 2.7E7 1.7E7 8.8E6

March April May June July
No Data 0.08 0.22 0.27 0.13
No Data 0.61 1.42 1.35 1.74

No Data 18.11 18.97 19.74 23.46
3.7E7 4.0E7 5.0E7 1.7E7 1.3E7
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Diffusivity Calculations - Distance/ratio method
Subcrop distance (ft) = 1275
Sw = average water-level amplitude of well
Sr = average water-level amplitude of river
Tr = Average Period of river
D = computed diffusivity
Avg T = the averadge transmissivity value
computed from diffusivity (gpd/ft)
T = Avg T value in feet-squared/day
Well ID 1988 Data
399-1-10 March April May June July Avg T
Sw (ft) 0.42 0.19 0.52 0.66 0.55
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 - 19.74 23.86
D (gpd/ft) 8.9E7 4.6E7 5.6E7 1.1E8 3.1E7  2.3E7
T = 3.0Eé6
399-1-13 March April May June July
Sw (ft) 0.17 0.17 0.37 0.44 0.77
Sr (ft) 0.95 0.61 1.42 1.35 1.85
Tr (hr) 18.66 18.11 18.97 19.74 23.88
D (gpd/ft) 8.9E7 1.7E8 1.5E8 2.0E8 2.7E8 6.0E7
T = 8.0Eé6
399-1-15 March April May June July
Sw (ft) 0.15 0.10 0.34 0.29 0.20
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 5.2E7 6.0E7 8.7E7 7.5E7 2.9E7 2.1E7
T = 2.8E6
399-1-16A March April May June July
Sw (ft) 0.30 0.16 0.37 0.42 0.40
Sr (ft) 0.95 0.61 1.42 1.35 1.83
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 6.5E7 4.9E7 4.7E7 6.0E7 2.9E7 1.5E7
T = 2.1E6
399-1-17A March April May June July
Sw (ft) No Data 0.10 0.19 0.20 0.19
Sr (ft) No Data 0.61 1.42 1.35 1.74
Tr (hr) No Data 18.11 18.97 19.74  23.46
D (gpd/ft) 5.4E7 4.2E7 4.4E7 2.8E7 1.4E7
T = 1.9E6
399-1-18A March  April May June July
Sw (ft) No Data 0.08 0.22 0.27 0.13
Sr (ft) No Data 0.61 1.42 1.35 1.74
Tr (hr) No Data 18.11 18.97 19.74 23.46
D (gpd/ft) 5.7E7 6.2E7 7.8E7 2.6E7 1.9E7

T = 2.6E6
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Diffusivity Calculations - Distance/ratio method
distance (ft)

Subcrop
Sw =
Sr =
Tr =
D =
Avg T =
T =
Well ID 1988 Data
399-1-10 March
Sw (ft) 0.42
Sr (ft) 0.95
Tr (hr) 18.66
D (gpd/ft) 3.2E8
T = 1.1E7
399-1-13 March
Sw (ft) 0.17
Sr (ft) 0.95
Tr (hr) 18.66
D (gpd/ft) 1.8ES8
T = 1.6E7
399-1-15 March
Sw (ft) 0.15
Sr (ft) 0.95
Tr (hr) 18.66
D (gpd/ft) 1.2E8
T = 6.5E6
399-1~-16A March
Sw (ft) 0.30
Sr (ft) 0.95
Tr (hr) 18.66
D (gpd/ft) 2.0E8
T = 6.3E6
399-1-17A March
Sw (ft) No Data
Sr (ft) No Data
Tr (hr) No Data
D (gpd/ft)
T = 4.5E6
399-1-18A March
Sw (ft) No Data
Sr (ft) No Data
Tr (hr) No Data
D (gpd/ft)

T = 5.6E6

2542

average water-level amplitude of well
average water-level amplitude of river
Average Period of river

computed diffusivity
the average transmissivity value

computed from diffusivity (gpd/ft)

April
0.19
0.61

18.11

1.7E8

April
0.17
0.61

18.11

3.4E8

April
0.10
0.61

18.11

1.4E8

April
0.16
0.61

18.11

1.5E8

April
0.10
0.61

18.11

1.3E8

April
0.08
0.61

18.11

1.2E8

May
0.52
1.42

18.97
2.0E8

May
0.37
1.42

18.97

3.0E8

May
0.34
1.42

18.97
2.0ES8

May
0.37
1.42

18.97
1.4E8

May
0.19
1.42

18.97
9.9E7

May
0.22
1.42

18.97
1.3ES8

Avg T value in feet-squared/day

June
0.66
1.35
19.74
4,0E8

June
0.44
1.35
19.74
4.1ES8

June
0.29
1.35
19.74
1.7E8

June
0.42
1.35
19.74
1.8E8

June
0.20
1.35
19.74
1.0E8

June
0.27
1.35
19.74
1.7E8

July
0.55
1.83
23.86
1.1E8

July
0.77
1.85
23.88
5.5E8

July
0.20
1.83
23.86
6.6E7

July
0.40
1.83
23.86
8.8E7

July
0.19
1.74
23.46
6.6E7

July
0.13
1.74
23.46
5.6E7

157

Avg T

8.4E7

1.2E8

4.8E7

4.7E7

3.4E7

4.2E7
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Diffusivity Calculations - Distance/time lag method

Subcrop
T1
Tr
D
Avg T
T
Well ID
399-1-10
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 1.9E4
399-1-13
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 1.7E2
399-1-15
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 2.0E2
399-1-16A
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 9.2E3
399-1-17A
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 4.3E2
399-1-18A
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 2.6E2

0

Average Period of river
computed diffusivity
the average transmissivity value

computed time lag between river

computed from diffusivity (gpd/ft)

distance (ft)
and well
1988 Data
March April
3.89 2.99
18.66 18.11
2.1E5 3.5E5
March April
29.47 26.99
18.66 18.11
8.9E5 1.0E6
March April
34.52 26.52
18.66 18.11
3.2E5 5.3E5
March  April
2.81 4.46
18.66 18.11
5.4E6 2.1E6
March April
No Data 12.52
No Data 18.11
2.0E6
March April
No Data 30.02
No Data 18.11
5.7E5

May
4.01
18.97
2.1E5

May
31.99
18.97
7.7E5

May
22.56
18.97
7.7E5

May
6.48
18.97
1.0E6

May
20.08
18.97
8.2E5

May
18.54
18.97
1.6E6

Avg T value in feet-squared/day

June
3.53
19.74
2.8E5

June
33.56
19.74
7.3E5

June
32.03
19.74
4.0E5

June
5.26
19.74
1.6E6

June
29.06
19.74
4.1E5

June
27.58
19.74
7.3E5

July
2.00
23.86
1.0E6

July
31.03
23.88
1.0E6

July
32.53
23.86
4.7ES

July
3.50
23.86
4.5E6

July
29.56
23.46
4.7E5

July
31.06
23.46
6.9E5
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Avg T

1.4E5

1.3E3

1.5E3

6.9E4

3.2E3

1.9E3
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Diffusivity Calculations - Distance/time lag method

Subcrop distance (ft) = 78
Tl = computed time lag between river
and well
Tr = Average Period of river
D = computed diffusivity
Avg T = the average transmissivity wvalue
computed from diffusivity (gpd/ft)
T = Avg T value in feet-squared/day
Well ID 1988 Data
399-1-10 March April May June July Avg T
Tl (hr) 3.89 2.99 4.01 3.53 2.00

Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 6.3E5 1.0E6 6.0E5 8.1E5 3.0E6 4.2E5
T = 5.6E4
399-1-13 March April May June July

Tl (hr) 29.47 26.99 31.99° 33.56 31.03

Tr (hr) 18.66 18.11 18.97 19.74  23.88
D (gpd/ft) 9.8E5 1.1E6 8.4E5 8.0E5 1.1E6  3.4ES5
T = 4.5E4
399-1-15 March April May June July

T1 (hr) 34.52 26.52 22.56 32.03 32.53

Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 3.7E5 6.1E5 8.8E5 4.5E5 5.3E5 2.0E5
T = 2.6E4
399-1-16A March April May June July

T1 (hr) 2.81 4.46 6.48 5.26 3.50

Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 7.8E6 3.0E6 1.5E6 2.3E6 6.4E6 1.3E6
T = 1.7E5
399-1-17A March April May June July

Tl (hr) No Data 12.52 20.08 29.06 29.56

Tr (hr) No Data 18.11 18.97 19.74 23.46

D (gpd/ft) 2.3E6 9.4E5 4.7E5 5.4E5 3.7ES5
T = 4.9E4
399-1-18A March April May June July

T1 (hr) No Data 30.02 18.54 27.58 31.06
Tr (hr) No Data 18.11 18.97 19.74  23.46
D (gpd/ft) 6.385 1.7E6 8.2E5 7.6E5  3.4E5
T = 4.6E4
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Diffusivity Calculations - Distance/time lag method

Subcrop distance (ft) = 752
Tl = computed time lag between river
and well
Tr = Average Period of river
D = computed diffusivity
Avg T = the average transmissivity value
computed from diffusivity (gpd/ft)
T = Avg T value in feet-squared/day
Well ID 1988 Data
399-1-10 March April May June July Avg T
Tl (hr) 3.89 2.99 4.01 3.53 2.00

Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 1.3E7 2.2E7 1.3E7 1.7E7 6.4E7 8.8E6
T = 1.2E6
399-1-13 March April May June July

T1 (hr) 29.47 26.99 31.99 33.56 31.03

‘Tr (hr) 18.66 18.11 18.97 19.74 23.88
D (gpd/ft) 1.9E6 2.2E6 1.6E6 1.5E6 2.1E6 6.4E5
T = 8.6E4
399-1-15 March April May June July

Tl (hr) 34.52 26.52 22.56 32.03 32.53

Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 8.6E5 1.4E6 2.0E6 1.1E6 1.2E6 4.6E5
T = 6.2E4
399~-1~-16A March April May June July

Tl (hr) 2.81 4.46 6.48 5.26 3.50

Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 4.5E7 1.7E7 8.6E6 1.4E7 3.7E7 7.5E6
T = 1.0Eé6
399-1-17A March April May June July

Tl (hr) No Data 12.52 20.08 29.06 29.56

Tr (hr) No Data 18.11 18.97 19.74 23.46

D (gpd/ft) 5.7E6 2.3E6 1.2E6 1.3E6 9.1E5
T = 1.2E5
399-1-18A March  April May June July

Tl (hr) No Data 30.02 18.54 27.58 31.06

Tr (hr) No Data 18.11 18.97 19.74 23.46
D (gpd/ft) 1.3E6 3.7E6 1.7E6 1.6E6 7.3E5
T = 9.8E4
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Diffusivity Calculations ~ Distance/time lag method

Subcrop distance (ft) = 1275
Tl = computed time lag between river
and well
Tr = Average Period of river
D = computed diffusivity
Avg T = the average transmissivity value
computed from diffusivity (gpd/ft)
T = Avg T value in feet-squared/day
Well ID 1988 Data
399-1-10 March  April May June July Avg T
Tl (hr) 3.89 2.99 4.01 3.53 2.00

Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 3.4E7 5.6E7 3.3E7 4.4E7 1.6E8 2.3E7
T = 3.1E6
399-1-13 March April May June July
Tl (hr) 29.47 26.99 31.99 33.56 31.03
Tr (hr) 18.66 18.11 18.97 19.74 23.88
D (gpd/ft) 2.7E6 3.2E6 2.4E6 2.2E6 3.2E6 9.4E5
T = 1.3E5
399-1-15 March April May June July
T1 (hr) 34.52 26.52 22.56 32.03 32.53
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 1.4E6 2.3E6 3.3E6 1.7E6 2.0E6 7.4E5
T = 9.9E4
399-1-16A March April May June July
T1 (hr) 2.81 4.46 6.48 5.26 3.50
Tr (hr) 18.66 18.11 18.97 19.74 23.86
D (gpd/ft) 9.5E7 3.7E7 1.8E7 2.9E7 7.9E7 1.6E7
T = 2.1E6
399-1-17A March April May June July
Tl (hr) No Data 12.52 20.08 29.06 29.56
Tr (hr) No Data 18.11 18.97 19.74 23.46

D (gpd/ft) 9.4E6 3.8E6 1.9E6 2.2E6 1.5E6
T = 2.0E5
399-1-18A March April May June July

T1 (hr) No Data 30.02 18.54 27.58 31.06
Tr (hr) No Data 18.11 18.97 19.74 23.46
D (gpd/ft) 2.1E6 5.7E6 2.7E6 2.5E6 1.1E6
T = 1.5E5



ER-3593
Diffusivity
Subcrop
T1
Tr
D
Avg T
T
Well ID
399-1-10
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 1.1E7
399-1-13
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 2.6ES
399-1-15
Tl (hr)
Tr (hr)
D (gpd/ft)
T = 2.3E5
399-1-16A
T1 (hr)
Tr (hr)
D (gpd/ft)
T = 6.6E6
399-1-17A
T1 (hr)
Tr (hr)
D (gpd/ft)
T = 4.7E5
399-1-18A
Tl (hr)
Tr (hr)
D (gpd/ft)

T = 3.3E5
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Calculations - Distance/time lag method

distance (ft) = 2542

= computed time lag between river
and well

= Average Period of river

= computed diffusivity

= the average transmissivity value
computed from diffusivity (gpd/ft)

= Avg T value in feet-squared/day

1988 Data

March April May June July Avg T

3.89 2.99 4.01 3.53 2.00

18.66 18.11 18.97 19.74 23.86
1.2E8 2.1E8 1.2E8 1.6E8 6.0E8 8.4E7

March April May June July
29.47 26.99 31.99 33.56 31.03
18.66 18.11 18.97 19.74 23.88
5.6E6 6.4E6 4.8E6 4.5E6 6.4E6 1.9E6

March April May June July
34.52 26.52 22.56 32.03 32.53
18.66 18.11 18.97 19.74 23.86
3.2E6 5.2E6 7.5E6 3.9E6 4.5E6 1.7E6

March  April May June July
2.81 4.46 6.48 5.26 3.50
18.66 18.11 18.97 19.74 23.86
2.9E8 1.1E8 5.6E7 8.9E7 2.4E8 4.9E7

March April May June July

No Data 12.52 20.08 29.06 29.56

No Data 18.11 18.97 19.74 23.46
2.2E7 9.0E6 4 .5E6 5.1E6 3.5E6

March April May June July

No Data 30.02 18.54 27.58 31.06

No Data 18.11 18.97 19.74 23.46
4.5E6 1.2E7 5.8E6 5.4E6 2.5E6



