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INTRODUCTION

This project, begun in March 1991, was originally structured as two separate research
efforts: an investigation of the recharge phenomenon and surface water-ground water
interactions at the INEL; and a study of water and contaminant movement through the
unsaturated zone, including a review of computer models used to described this process.
During the initial months of work, it became obvious to those involved in these studies that
the two topic areas were intimately related, and work since that time has proceeded with no
firm boundaries between the two efforts. Graduate students and faculty members associated
with the project have therefore been cognizant of most of the separate individual efforts being
conducted throughout the project’s duration.

Much of the Phase I work (March 1991-March 1992) consisted of a detailed review of
available literature pertinent to the two research topics and to the INEL site. These literature
reviews continued through Phase II (March 1992-March 993), culminating in a Technical
Report, "Abstracts and Parameter Index Database For Reports Addressing the Unsaturated
Zone and Surface Water-Ground Water Interactions at the INEL" (State of Idaho INEL
Oversight Program Technical Report 93-xx, March, 1993), published separately.

This Annual Report summarizes the other project activities during Phase II, and is
organized into three sections:

1. Section I - an overview of the ongoing efforts related to computer model algorithms
and data requirements for modeling the transport process in the unsaturated zone (Dr.

Jim Liou).



2. Section II - a review of ongoing work to predict the growth and decay of the ground
water mound beneath the INEL spreading basins, using the computer model UNSAT-
2 (Dr. John Finnie).

3. Section III - a final report of the completed study effort examining the recharge rates
associated with stream flow in the Big Lost River, and the effects of this recharge on

ground water levels at the INEL site (Dr. Dennis Horn).

Phase III of the project has now begun, and will conclude in December 1993 with two
final reports documenting the work that has been briefly described in Sections I and II of this

report.
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ANNUAL PROGRESS REPORT
MARCH 1993

MODELING TRANSPORT PROCESS IN THE UNSATURATED ZONE

Jim Liou
Department of Civil Engineering
University of Idaho

This progress report will discuss the research and computer
modeling efforts which I have performed for the Idaho Oversight
Program at the INEL since the beginning of the Fall semester. The
work which has been performed consists of researching literature
from the INEL and using numerical models to simulate specific
problems relating to the transport process in the unsaturated zone.
A majority of the work performed has been on verification and
benchmarking the USGS developed computer code VS2D, and developing
data sets required for simulating specific problems from available
site data. The modeling efforts have been based on previous
modeling efforts at the RWMC area.

The review of literature performed since the beginning of the
Fall semester has been focused into four areas which include: 1)
reviewing program documentation for PORFLOW-3, TRACR3D, VS2D,
FLASH, and UNSAT-H, 2) reviewing INEL documents focused primarily
on the numerical modeling efforts performed at the site, including
independent verification and benchmarking of computer codes, 3)
reviewing INEL documents focused on the site characterization and
acquire representative data files for our modeling efforts, and 4)

reviewing documents which deal with sensitivity analysis procedures




and probabilistic estimate methods. The literature review on the
modeling efforts at the INEL site are primarily focused on the work
done by R. G. Baca, S. 0. Magnuson, and the Geosciences Unit on the
unsaturated zone. Our primary focus has been on a modeling study
of water flow in the vadose zone beneath the Radioactive Waste
Management complex, performed by the above mentioned.

The modeling efforts performed in this time period have been
the primarily focus of our work. A majority of the time was spent
on the verification and benchmarking of the US Geological Survey
computer code VS2DT and determining the computer requirements
needed to run the program. Simulations of the verification
problems given in the program’s documentation were performed on a
PC with a 386 cpu and math coprocessor. However, when we tried to
benchmark the program against previous modeling efforts done at the
INEL site, the hydrostratigraphic complexity and high grid density
of the simulations made the 386 PC ineffective and inefficient in
producing results within an adequate time frame. Our efforts were
then directed to running the program on a PC with a 486 cpu, and we
have recently acquired such a unit. We also made the code to run
on a scientific workstation and our benchmarking of the program
progressed using this computer. In this process, our modeling
efforts used the modeling results from Baca and Magnuson on the
past flooding events at the RWMC. Although the actual data set
used by Baca and Magnuson was not available, sufficient information
was available in their report to perform a similar modeling
simulation. The results of the simulaticns provided adequate

results to assure the validity of the program VS2DT.



Presently, our modeling efforts are concentrated on collecting
representative data from available literature and determining the
probability distribution functions for the input variables in order
to incorporate this information into a sensitivity studies of water
travel times. Previous studies which accommodate uncertainties in
the data have used the Monte Carlo method. We are preparing to
perform a simulation using another method developed by Milton E.
Harr. This method requires much less simulation and makes it
feasible to investigate the consistenty of the numerous data items
required in simulating the transport process in the vadoce zone.
In the process of doing so, we will provide a check to the results
by the Monte Carlo method. Presently, work is being concentrated

on establishing probabilistic estimates of various data items.
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GROUND WATER -- SURFACE WATER INTERACTIONS AT INEL

John Finnie
Department of Civil Engineering
University of Idaho

This report summarizes the activities of John Finnie and Damon

McAlister under the research grant for the second full year of

funding.

Our activities during the second year of the research grant

included the following.

1.

John and Damon continued efforts to gather and review
literature about ground water and surface water at INEL.
During the summer of 1992, John Finnie assisted Erik Coats in
gathering and interpreting information about flood routing
within the spreading basins.

In June, John and Damon attended a meeting to discuss issues
pertaining to unsaturated zone and surface water-ground water
information and activities at the INEL. John presented an
outline of the proposed research activities during the second
year. He also presented a possible research project involving
the use of wetlands to remove radionuclides and heavy metals
from waste streams.

During the summer, John and Brad King prepared a research
proposal to model unsaturated flows at the Central Facilities

Area and Radioactive Waste Management Complex. John prepared



a pre-proposal to use wetlands to remove hazardous wastes from
INEL waste streams

5. In February, John and Damon attended the Groundwater Quality
Technical Workshop in Boise Idaho. They presented research
results from the work of Dennis Horn and Erik Coats and

preliminary results of their research.

In addition to the above summary of activities, the following
report was prepared by Damon McAlister and John Finnie about

ongoing activities on our research project.



PROJECT STATUS REPORT

Project Goal: To predict the growth and decay of the ground water
mound beneath the Spreading Basins with the variably saturated flow
computer model UNSAT-2.

During the summer months, we became familiar with the program
UNSAT-2 for use in solving unsteady seepage problems. The program
was tested on example problems for both time step and grid size
independence by varying these parameters in a given soil column.
Since the same results were obtained when these parameters were
varied, we knew we had achieved time step and grid independence for
these example problems.

Since the results of these problems were deemed satisfactory,
UNSAT-2 was then tested against the results of other existing
computer programs, i.e. UNSAT-H, FLASH, & FEMWATER. Output results
were compared to those published in Baca and Magnuson'’s
"Independent Verification and Benchmark Testing of the UNSAT-H
Computer Code, Version 2.0." The test results indicated that
UNSAT-2 can be used with confidence in attempting to model surface
water - ground water interactions in settings similar to the
spreading basins.

Many difficulties were experienced during the program testing.
For large array sizes, personal computers could not be used and, in
the past, the program had to be run on the university main-frame
computer, an IBM 4300. In order to adopt the program to the
available computers, miror changes and modifications had to be made

to the FORTRAN code to handle large array sizes, to read data input



files, and produce output files that could be more easily used.
Another draw-back we found was the CPU-time consumed during
computer simulations. Large problems with large arrays often took
days to complete. It has become obvious that it would be more
efficient to use a Cray X-MP model 2/16 supercomputer, like BACA
and Magnuson, but we feel that our results are acceptable.

Currently we are working on a one-dimensional flow simulation
model of the surface water - ground water interaction at the
spreading basins. We are simplifying the stratification in the
vadose zone to three soil zones: massive basalt, vesicular basalt,
and interbed sediment. Van Genutchen parameters for these soils
were obtained from reports on the hydraulic characteristics of
soils at the RWMC. We are assuming that 90% of the vadose layer is
made up of basalt-flow groups (Anderson and Lewis, 1989). From the
normalized distribution of the basalt-flow characteristics, we are
assuming the basalt to be 49% massive and 51% vesicular. Average
depth to ground water under the spreading basins is 600 ft.

To aid in one~-dimensional flow simulations, an analytical
("hand") method using Brooks and Corey equations calculated
capillary pressures in the vadose zone and time to steady state
flow for a given flux. The analytical results are now being used
to verify those produced by UNSAT-2. These analytical methods
could be very valuable for determining the sensitivity of the
results to changes in the soil parameters. Once reasonable results
are established, a two-dimensional model will be created to
simulate flow interactions beneath the basins. This model will

include more realistic stratification and the effect of sloping of



the interfaces between layers.

By December 1993, a final project report will be submitted
about the results of the research presently being conducted by John
Finnie and Damon McAlister. The results of this research will
include a study of: 1) the time required for water to seep from
the spreading basins to the ground water, and 2) the effect of
sloping basalt flows upon the growth of the ground water mound.
The first part of the study will include results of one-dimensional
calculations using both analytical and computer techniques, with an
analysis of the sensitivity of the results to changes in the
relationships between hydraulic conductivity, head, and moisture
content. The second part of the study will include results of the
two-dimensional computer calculation of flow from the seepage
oasins through sloping basalt layers to determine travel time, and
whether lateral displacement of the ground water mound is being
caused by the sloping layers. An additional result of this
research will be the completion of Damon McAlister’s Masters degree

thesis.
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CHAPTER I

Introduction

The Idaho MNational Engineering Laboratory (INEL) encompasses
about 890 square miles of the eastern Snake River Plain in
southeastern Idaho (fiqure 1.1). Established in 1949 to build,
test, and operate nuclear reactors, INEL's primary activities now
include testing of various types of nuclear reactors and reactor
fuel cells, the processing, consolidation, and temporary storage
of nuclear wastes, and various environmental research projects.
As a consequence of these operations, tritium, strontium-98@,
iodine~129, nitrate, sodium, and chloride have beenldisposed to
or have migrated downward to the Snake River Plain aquifer, which
is the major aquifer underlying the Snake River Plain (Bennett,
1990). Seepage from the Big Lost River, which flows onto the
INEL, can greatly affect the concentration and distribution of
these contaminants in the aquifer.

The Big Lost River flows through the INEL. It hegins in the
Pioneer Mountains and the Lost River Range and flows southeast
towards the site, past Arco, and to its terminus (known as the
playas) in the northern portion of the site. Flow becomes
intermittent past Arco; intermittent because, depending on the
magnitude of the flow in the river, sometimes water will reach
the playas and other times it will infiltrate well in advance of
them. Two causes can be attributed to this phenomenom. First,
the channel is lined wit! highly permeable alluvial deposits,

which allows for high seepage rates. Second, the Snake River
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Plain aquifer is at great depths (greater than 200 feet below
land). Therefors, seepage from the river feeds the groundwater,
but there is no return flow to the river. Since the Big Lost
River is highly prone to lose vast quantities of water through
seepage, and since seepage can have such a large impact on the
groundwater, it is important to identify high seepage areas and
quantify the amount of seepage that can be expected. To complete
the study, the correlation between seepage and groundwater should

be examined because of its potential impact on contaminant

migration.

Purpose

There are two primary objectives of this thesis. First is
to study seepage rates along the Big Lost River basin from Arco
through the INEL to the playas, determine seepage functions for
select r-aches based on daily flows, and develop a daily seepage
record for these reaches. Second is to study the effects of
seepage on the regional groundwater system and develop
relationships between seepage and groundwater levels. The years
included in the study are 1969-1976 and 1983-1987.

Two similar studies have been performed on the Big Lost
River and Snake River Plain aquifer beneath the INEL, but they
both had limitations. Bennett (1990) used monthly streamflow
data to obtain seepage functions, and did not attempt to develop
equations relating seepage to groundwater levels. Nace and
Barraclough (1952) did not develop any equations for seepage or

seepage—groundwater correlation, and because substantial ground-



water data were not available, only stated some general

conclusions regarding flow in the river and corresponding

groundwater levels. This study has substantially more data than

available to Nace and Barraclough, and uses daily rather than

monthly flows.

Objectives

The specific objectives of this thesis are as follows:

1. Collect streamflow data for the Big Lost River and
groundwater level data for the INEL.

2. Determine daily seepage rates for the Big Lost River and
seepage equations for river reaches using regression analyses.
Develop a daily seepage record. '

3. Correlate seepage with groundwate- levels.




CHAPTER II

Big Lost River Basin

The Big Lost Riwver flows out of the Pioneer Mountains and
the Lost River Range onto the eastern Snake River Plain near
Arco, Idaho, draining about 1500 square miles (see figure 1.1).
Flow in the river is controlled by Mackay Dam, an irrigation
reservoir 3@ miles upstream of Arco near the town of Mackay,
Idaho. Between Mackay Dam and Arco there are numerous irrigation
diversions that operate between April and September. Much of the
flow in the river is diverted for irrigation upstream of Arco,
and therefore water reaches the Snake Riwver Plain only during
higher water years or large flood events.

During higher water years, water will flow past Arco and
eventually across the western boundary of the INEL. Here the
river flows out of a narrow canyon and into a channel that is
200~ to 3080-feet wide and cut into the plain less than 20 feet

deep. This is in contrast To the 6@ foot cut ,.st downstream of

the Arco gage. Approximately 6.5 miles dowr.tream from the

boundary the river is split by the INEL flood diversion system,
which was constructed in 1858 and enlarged in 1984 (Bennett,
1990). Here an earth dam diverts flow from the river into four
spreading areas, A, B, C, and D (figure 2.1), where water is
allowed to both seep into the ground and evaporate. Gates in the
dam permit undiverted flow to continue onto the site.

As the river flow~ northward, the channel continues to be

less incised into the plain. Near highway 20, 6 miles downstream
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of the diversion dam, it cuts in less than 1@ feet, and
downstream of highway 20 the river settles into a floodplain 1 to
4 miles wide.

Finally, as the river nears the playas, flow splits into a
number of small channels that lead to the terminus. The playas
(figure 2.1), named simply 1, 2, 3, and 4, have areas of 350,
110, 1000, and 1350 acres, respectively. Only during extremely
high water years does flow reach the playas.

Spreading Areas

In the early 195@s there was some flooding both at the TRA
and ICPP (McKinney., 1585)u These incidences, along with other
research and investigation, prompted the need for flood
nrotection for the INEL site.

The original flood detention system was built in 1858. It
was designed to divert 1200 cfs out of the main river channel
into the spreading areas (McKinney, 1985). As already stated,
there are four cells to the system: spreading areas A, B, C, and
D. Water first flows into A, then progressively passes through
the next three as each basin fills up.

A large ruéoff event in the spring of 1965 was approximately
double the flood diversion design event (55 years, as later
determined). All four basins nearly filled up, and it took about
a month to subside. This event both proved the need for the
diversion areas, as well as the need to expand them. It also
showed there*was the need to detain the water for several months,

rather than a few days as the system was designed for. 1In 1966



some minor work was performed to the system to ensure it could
detain flows for longer periods of time.

Much research has been performed on the system. In 1969,
Lamke determined stage-discharge relationships for both the flood
diversion system and the Big Lost River. A report in 1972
summarized P.H. Carrigan's results for a study on the probability
of exceeding the flood diversion system. He determined that it
would be exceeded once every 55 years, ani that if the capacity
of the diversion channels were doubled the system would take a
3092 year storm event.

In late 1983 and early 1984 there was another flood threat
on the site, and again the flood diversion system was tested.
Details of the even" are very lengthy, but in summary, air
temperatures dropped well below 9°F and ice formation in the
diversion channel nearly caused overtopping of the dike. An
extensive work force eventually got the problem under control
without too much damage to the system. Due to this near
catastrophe the detention system was upgraded in 1984 to handle a

peak flow of 5300 cfs.

Snake River Plain Aquifer and Geology

General
The eastern Snake River Plain is a structural basin 200
miles long and 58 to 7% miles wide. The INEL lies in the west-
central portion of the plain, and is underlain by Tertiary and
Quaternary volcanic rocks interbedded with sediment deposits that

include clay, silt, sand and gravel. The sequences of rock and



sediments are greater than 10,000 feet thick (Rightmire and
others, 1987).

The Snake River Plain aquifer is a groundwater reserwvoir
that may contain more than 1 billion acre-feet of water
(Barraclough and others, 1981). The aquifer can be very
productive, producing several thousand gallons per minute from
the basalt-sediment sequences with little drawdown. It is
comprised of fractured basalt flows interbedded with sediment
deposits. Transmissivities range from 134,000 to 13,400,000 ft?
per day (Robertson and others, 1974, p. 12). Depth to water isv
200 feet in the north and 908 feet in the south, with a
groundwater flow direction from northeast to southwest. The
effective base of the aquifer likely coincides with the top of a
thick and widespread sequence of clay, silt, sand and basalt
(Anderson, 199@). For well INEL-1, a very deep observation well
on the site, this sequence is found to begin at 1220 feet below
the land surface (Mann, 1986). In other wells on site it ranges
from depths of 800 to 1500 feet. This suggests the effective
aquifer thickness varies from 600 to 800 feet in most places,
based on the fact that the assumed base of the aquifer slopes
from northeast to southwest, nearly parallel with the slope of
the water table (Anderson, 1991).

ICPP, TRA, and RWMC

The Radioactive Waste Management Complex (RWMC) is a

facility for the storage of radioactive and chemical wastes.

Low-level and transuranic waste is buried in shallow pits and



trenches. The Idaho Chemical Processing Plant (ICPP) is used for
reprocessing of spent nuclear fuel rods, and the Test Reactor
Area (TRA) for nuclear research.

All three sites and their immediate surroundings are
underlain by many hasalt flows, basalt-flow groups, and basalt-
flow units. A basalt flow is a solidified body of rock that was
formed by a lateral, surficial outpouring of molten ilava from a
vent or fissure (Bates and Jackson, 1980). A basalt-flow unit is
a separate, distinct lobe of lava that issues from the main body
of a lava flow (Baces and Jackson, 1988). A basalt—-flow group is
a sequence of one oir more petrographically similar flows or flow
units that are extruded from the same vent or magma source within
the course of a single eruption or multiple eruptions during a
relatively short interval of time (Kuntz and others, 1988).

There are many basalt groups, with thicknesses up to 114 feet,
that either lie directly over older groups or are separated by a
sediment bed, which may have been deposited during volcanic
inactivity. There are some major sediment beds, ranging up to 50
feet in thickness and containing poorly to well sorted layers of
clay, silt, sand and gravel. Depth to water at the TRA and ICPP
sites ranges from 430 to 480 feet, whereas it is approximately
600 feet at the RWMC. Zones of perched water are found at all
sites. At the TRA and ICPP sites they are a result of seepage
from percolation ponds and at the RWMC they are caused by seepage

from the diversion ponds, vhich are south of the RWMC.



Hydrologic Implications

The many basalt flows all are fractured to some degree and
depth, which allows water to move vertically and horizontally,
and which also can create zones of perched water. Sediment beds
facilitate or retard the movement of water, depending on the
sorting and grain sizes. When water becomes perched, it may move
horizontally until finding either a more permeable zone, a
vertical fracture or a well open to deeper depths.

The area just north and east of the TRA and ICPP has
experienced significant uplift, which caused fracturing of the
sediments and basalts. Because of this, the hydrauiic
conductivity has increased and groundwater responds more rapidly
to recharge. Also, many of the older flow groups throughout the
site have experienced tilting, folding and thus fracturing. All
of this complicates the mechanisms of unsaturated flow, and makes
it difficult to predict the flow of water from the ground surface
o the groundwater,

Climate

In general, the climate at the INEL is considered semiarid,
with annual precipitation very light. Average annual
precipitation is 9.7 inches, with maximum 24-hour and l-hour
values of 2 inches and 1 inch, respectively. Snow does fall on
the site from mid-November to mid-April, and the average annual
snowfall is 26 inches. The largest depth ever measured at the

site is 27 inches. Average monthly maximum temperatures range



from 87°F in July to 28°F in January, and average minimums range

from 49°F in July to 4°F in January.



CHAPTER III

Groundwater Recharge

Many models have been developed to determine groundwater
recharge. A basic approach is presented by Freeze and Cherry
(1979). They state that if we limit ourselves to watersheds in
which the surface-water divides and groundwater divides coincide,
and for which there are no external inflows or outflows of
groundwater, the water-balance equation for an annual period

would take the form:

P = Q + E + 85S¢ + &S

where:
p = precipitation,
Q = runoff,
E = evapotranspiration,
§S¢ = change in storage of the surface-water reservoir,
§S; = change in storage of the groundwater reservoir

(both saturated and unsaturated).

This is a very simple approach to the interactions between
groundwater and surface water. Other, more complex n1odels have
been developed based on this equation. Most primarily examine
recharge from agriculture activities, although some include canal
and stream losses. Also, some models consider just the saturated
zone while others integrate both the unsaturated and saturated
zone. Most significant and reliable models include both
processes.

Freeze (1969) developed a one-dimensional, vertical,
unsteady, unsaturated flow model for groundwater recharge. The
model calculates runoff and the amount of infiltrated water after
irrigation and precipitation. It then relates the unsaturated

1



zone processes of infiltration and evaporation to the saturated
zone processes of recharge and dischrurge. Freeze defines these
processes as follows. Infiltration is the entry into the soil of
water made available at the ground surface, together with the
associated downward flow. Evaporation is the removal of water
from the so0il at the ground surface, together with the associated
upward flow. Recharge is the entry into the saturated zone of
water made available at the water table surface, together with
the associated flow away from the water table within the
saturated zone. Oischarge is the removal of watwr from the
saturated zone across the water—table surface, togsther with the
associated flow Loward the water table within the saturated zone.

As stated, water table fluctuations occur when a change in
recharge or discharge is not compensated by a change in
infiltration or evaporation. Controlling parameters in the model
include: rate of rainfall or evaporation, duration of rainfall
or evaporation, soil type, antecedent soil moisture conditions,
groundwater recharge or discharge rate, depth to the watesr table,
and depth of ponding. This model requires exta:nsive data and
time to set up and run.

Burrell (1987) developed a computer model for the Oakley Fan
area of southern Idaho. The goal was to determine the amount of
recharge to the groundwater system from deep percolation and
canal seepage in the irrigated portions of the study area
(Burrell, 1987). Recharge was calculated for grids of one-half

mile square. The model included the effects of



evapotranspiration, change in soil moisture, deep percolation,
and canal and stream seepage losses, and was based on a monthly
timestep. Deep percolation is calculated using the net
irrigation application plus precipitation minus
evapotranspiration, and requires that hydraulic conductivity be
calculated if flow is unsaturated. The Brooks-Corey relationship
is used to calculate the unsaturated conductivity, and it
requires the di«<lacement pressure and the capillary pressure in
each soil layer.

Only two examples of unsaturated-saturated recharge models
are discussed here, but they demonstrate the complexity involved
when including the unsaturated zone. Hydraulic conductivity must
be calculated, and since it varies with capillary pressure,
measurement probes need to be installed at different locations
within the unsaturated zone. Soil moisture is also needed and
must be measured similarl s to capillary pressure. These are only
a few of the parameters required for the unsaturated zone, but
they demonstrate how extensive the unsaturated zone must be
monitored to run an unsaturated - saturated recharge model.

Seepage Estimation Methods

Three primary methods are used to measure seepage from a
river or canal. They are the ponding method, the inflow-outflow
water balance method, and the seepage meter method. There are
advantages and disadwvantages to each method depending on the .area

of study and the type of information available.



The ponding method requires construction of temporary
bulkheads across each and of a channel to impound water for
measurement. Once they are in place, the experimenter then
monitors the change in water depth in the impoundment. Seepage
is calculated by determining the total volume of water that
leaked out during the monitoring period.

This method can only be used under special circumstances
because impoundment of a stream or canal cannot easily be done,
and bulkheads are very expensive and take time to install. Also,
results from this method have some drawbacks. If the reach
impounded is too long, the measured seepage rate is only aa
average, and any high rate seepage areas are not located. Also,
impoundments allow for greater sedimentation, which can seal, to
a degree, the wetted perimeter. Therefore the seepage rates
measured could be lower than if influenced by currents. Seepage
is also controlled by the wetted surface area and hydraulic head.
Ponding can increase water depth and the wetted area, so
calculated seepage rates could be skewed higher than exist
naturally. 1Increased head forces more water into the soil, which
speeds up and increases the depth of soil saturation. When a
soil becomes saturated, water flows more readily through the
strata because the soil-water tension has been decreased and
voids have been filled. Increased wetted arca prcs/ides more
surface area for the water to escape through.

Despite the problems associated with the results from this

method, it does yield the most reliable results for average reach



seepage, compared to other methods, because all inputs and
outputs can be accurately measured.

A simpler approach to seepage estimation is the inflow-
outflow method, which measures seepage using a water balance
approach. All inflows and outflows from the experimental reach
are recorded, and seepage becomes inflow minus outflow. In-
stream flow must be measured as well as any diversions, return
flows, leaks, and spills from the watercourse. Accuracy for this
method relies entirely on the accuracy of the flow measurements.
To minimize any inaccuracies in measurements, long reaches should
be used. Seepage from the watercourse then outweighs the errors
in measurement.

The inflow-outflow method is best applied when only average
reach seepage rates are needed, because it is the easiest to use.
The data, inflows and outflows, are generally available, provided
most inflows and outflows are already gaged, so little extra
setup of measuring equipment is required. However, it cannot be
used to determine high or low loss areas in a reach because
measurements are not that accurate in short reaches.

A third seepage estimation method is seepage metering, which
consists of monitoring seepage meters installed in the bed of a
watercourse. With such meters, seepage can be measured for small
areas. An advantage is that seepage can be measured throughout
the year because the meters require no special operating
conditions, as does the ponding method. This technique cannot be

used in rocky areas because the bed material must seal around the



cup. MAlso, to obtain a reliable average value of loss for a
river reach, measurements must bz made at many locations. This
method is considered to provide good quantitative results when
applied correctly, but is used primarily to locate high and low
seepage areas rather than average reach seepage rates.

Netz (1980) applisd the inflow-outflow method to determine
seepage from canals in southeastern Idaho. Flow measurements
were broken into two groups. Either they met all specified
criteria set by the author, and were "prime time measurements"
(Netz, 1987, or they violated one or more criteria. These
criteria were adopted to eliminate some of the errors of seepage
measurements, and they were as follows (Netz, 19880):

1. Water measurement conditions are such that no more than
+%5 percent error in flow rates can be expected.

2. The canal stage is low and fluctuating no more than

.02 feet during the time the measurements are
being made.

3. The reach of the canal is long enough to assure that the

accumulated error due to water measurement will not

be over =75 percent of the measured outflow due

to seepage.
All collected flow data were separated into their respective
groups and analyzed statistically to determine the reliability of
the measurements. Statistics were calculated using a computer
program called Statistical Analysis System. In this program a
general linear model was applied to the data, with seepage

dependent on canal bottrm type, soil type, and season of

measurement.



Results of the study showed that the "prime time
measurements' gave the best results, and that the inflow-outflow
method was best applied during very low flow periods when the
"prime time measurement" criteria could be met. Also, Netz
determined that the factors used did not show a high enough
significance to be predictive parameters of seepage, and that the
study did not suggest that a mathematical model could be applied
to the study area to predict seepage. Netz noted that
groundwater was high in some areas of study and cculd have had a
large impact on canal flow.

Previous Site Research

In 19906, C.M. Bennett, then employed by the USGS, researched
streamflow losses for this section of the river and wrote a
report detailing his results. The period of time he examined was
July 1972 to July 1978 and July 1981 to July 1985. Sewpage
losses in acre-feet per month were calculated for river reaches
between streamflow gages using the inflow-outflow method and
monthly flow data from the river gages. Seepage was defined
simply as the monthly flow at the upstream gage minus monthly
flow at the downstream gage. Four reaches, or areas, were
examined: the Arco gage to the INEL diversion dam, the diversion
spreading areas, below the diversion dam to Lincoln boulevard,
and Lincoln boulevard to the playas. Equations to predict flow
at downstream gages based on flow at the next upstream gage wer~
also developed for the reaches from the Arco gage to INEL

diversion dam, and the INEL diversion dam to Lincoln Boulevard.



Monthly flows were plotted with the upstream gage on the x-axis
and the downstream gage on the y-axis. A regression analysis was
run on these data with the upstream gage as the independent
variable, and regression equations developed. The resulting
equations were nearly linea:, with r-squared values of 0.990 and
©.987, respectively. Regression analyses were not run on the
other two reaches because there either was not enough data
available or regression analysis did not apply.

Four wells were used to examiine the relationship between
flow in the river and groundwater level changes. Well
hydrographs were presented and compared to high and low river
flow periods. No attempt was made to correlate the relationship
between flow in the river and groundwater levels ''ith equations;
only general discussion was made.

Nace and Barraclough (1952) also studied recharge from the
Big Lost River. During the second half of 1951 thera was very
high runoff in the Big Lost River, which permitted study on
seepage from the Big Lost River. At that time only one gage was
permanent (the Arco gage), so ten temporary measuring sites
downstream of Arco were established. Daily flow measurements
were taken at Arco and periodic meac<rements (3 to 5 times
between the months of August and November) were taken at the
other sites during the periods of high flow. River reaches were
defined a< reaches between measuring stations, and seepage rates
for each reach were calculated on days when measurements were

made at all stations. Units of seepage were in cubic feet per



day per square foot, using river cross sections and stadia
measurements to obtain cross sec-ional area. Groundwater levels
were monitored, but since the event was so short-lived no direct
conclusions could be drawn. Based on the streamflow at the Arco
gage, the total daily and annual amounts of recharge, minus an
assumed two percent loss for evapotranspiration, were estimated

by assuming all flow past Arco either sank into the ground or

evaporated.



CHAPTER IV ~ SEEPAGE ESTIMATION

Introduction

The selection of appropriate seepage cstimation methods for
the Big Lost River was a critical step in meeting the objectives
of this study. Although different methods were reviewed for
application, factors such as data availability and accuracy
limited the potential methods to those which would yield
"lumped", or average daily, seepage rates for the different
reaches along the river. A traditional technique, the inflow-
outflow method (previously described), was selected for each
river reach where flow rates were available at both ~nds. For
the spreading areas, where the inflow was known but the time-rate
of outflow (seepage and evaporation) was not measured, other,
less accurate methods were explored, and will be explained in
further detail later.

Results from this portion of the study included the
development of seepage equations and the calculation of daily
seepage values for the entire period of study for all the defined
river reaches and spreading area. These da'ly seepage values
were then later used to compare seepage and groundwater levels,
as determined from selected well data.

To estimate seepage from the river, reaches had to be
defined and corresponding streamflow data obtained. All
available streamflow gage data for the Big Lost River were
collected and reviewed. Time was spent studying Bennett's report

(1990) since his work was recent and similar to the research in



this study. It seemed reasonable to consider using similar study
reaches. Primary requirements in the delineation of reaches were
that all flow into or out of each reach must have been measured,
and records of these flows are available for extended periods of
time. Extensive prior records were necessary for two reasons.
First, there was no time to perform field flow measurements, and
most important, due to extended drought conditions, there had
been little or rno flow in the Big Lc:k River below Arco in recent
history. Also, to develop justifiable equations and results, a
long period of record was necessary because hydrology is very
probabilistic, and short periods of time do not fully.demonstrate
the possible variations in hydrologic conditions.

Study reaches were apparent after a study of gage locations
and Bennett's report. Gages with extended periods of record were
located at Arco, just below the entrance into the diversion
areas, just below the dive: sion dam, and at Lincoln Boulevard.

In addition, a gage record could be synthesized upstream of the
diversion dam by summing flows from the gages below the dam and
into the diversion areas. Since these were the only gages
available below Arco, their location defined study reaches, and
they were the same as those used by Bennett. This permits the
results of this study to be compared with those obtained
previously.

In summary, the reaches used in this study were as follows:
reach 1 was from Arco to upstream of the d/ersion dam, reach 2

was from below the diversion dam to Lincoln Boulevard bridge, and



reach 3 was from Lincoln Boulevard bridge tc the playas. Figure

4.1 shows a schematic of the study area, including the river gage
locations, reaches, spreading areas and the approximate locations
of the wells used to study seepage/groundwater relationships.

For each river reach defined, inflow and outflow data were
availab!a, with the exception of some irrigation return flow just
below Arco and any surface runoff. However, irrigation return
flow is apparently minimal. Bennett stated (1990) that
miscellaneous measurements indicete that return flow during the
irrigation season probably is less than 1 cfs. There were times
during the period of study when return flow and/or surface runoff
caused flow to increase in a teach, but it was not often (13.8%
of the time in reach 1 and 11.2% of the time in reach 2), and as
will b explained later, seepage for these days was determined
differently than for other days.

Seegpage Estimates for River Reaches

Using the inflow-outflow method, seepage in a reach can be

defined as:
S = 0Q, - Q + Iq

where S is the average daily seepage, Q, and Q, are the mean
daily upstream and downstream flow rates, respectively, and Iq
represents the sum of all other inflow (runoff, return flow) and
outflows (evaporation, water withdrawals). With no data
available to estimate Iq (termed "local inflow") with any
accuracy, and with the results of other studies indicating that

most of the time local inflow is probably small, it was therefore
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assumed that as long as Q, ~-ceeded Q,, Iq could be considered
equal to zero. However, for those days when Q. was greater than
Qy, this seepage equation could not be applied without resulting
in a negative seepage rate (outflow from groundwater), which is
unrealistic, given the depth to groundwater. It therefore became
necessary to use another method of estimating seepage for these
days, since an entire set of daily seepage val:zs was necessary
for the second portion of the study, comparing seepage and
groundwater levels.

After examining various alternatives, it was eventually
decided to use regression analysis to develop, for each reach, an
equation that would estimate the daily seepage rate that might be
expected if the Iq term in the seepage equation was indeed equal
to zero. This equation could then be used in lieu of the inflow-
outflow method for those 10-15% of th:. days with apparent
negative seepage.

As an initial attempt to develop these seepage equations,
the relationship between Q, and Q, for each reach was closely
examined. Previously, Bennett had ascertained there was a linear
relationship between monthly upstream and downstream flows, both
in reaches 1 and 2. Scatter plots of daily flows for the same
reaches, upstream gage against downstream gage, demonctrated a
similar linear relationship. It was therefore postulated that a
linear regression in the form of Q, = f(Q;) could be used to

estimate downstream flow, given the upstream flow, and this



estimated value then used in the previous seepage equation in
place of the measured Q,.

Initially, it was assumed that all daily flows should be
used in developing these regression equations, including those
days when downstream flow exceeded upstream flow. As
hypothesized, if all flows were included, then the equations
would be more accurate. A linear regression was therefore
performed using the data for each reach, with downstream flow
dependent on upstream flow. Linear regression, rather than
nonlinear, was selected because only two variables were involwved
in the analysis, and a linear relationship had already been
suggested by bcth the scatter plots of the data and by OGennett's
study. To evaluate the results of these regressions, the r-
squared (r?) value was used to indicate the fraction of the total
variation in the dependent variable that is explained by the
independent variable. The closer r? is to one (r? can be any
number between @ and 1), the more successful the linear
regression model is in predicting values of the dependent
variable. 1In other words, the higher the r? the more linear
correlation between the two variables. As might be expected, the
regressions for both reach 1 and 2 indicated strong linear
correlation between upstream and downstream flows, with r2 values
of 2.98 and ©.98, respectively. Scatter plots of the data for
bot:h reaches 1 and 2 are shown in figures 4.2 and 4.3.

After evaluating the results of the regression, and

examining the application of the equations to estimate seepage,
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it was concluded that there were at le <t two problems with the
selected approach. The use of all data values in the regression
analysis, including those days when downstream flows exceeded
upstream flows, introduced two separate populations of the
independent variable: one in which there was no local inflow
into the reach, and one which included local inflow. Since the
objective eventually was to estimate seepage for days with Q
greater than Q, by predict’ng Q, without local inflow, it was
decided to eliminate all daily data with Q, greater than Q, from
subsequent regression analyses.

The second problem with the completed analyses was disclosed
after examining numerous instances where the upstream flow was
fairly constant, but the downstream flow fluctuated
significantly. With the proposed approach, a constant value of
Q, would always yield the same value of seepage, since Q, is
based only on the value of Q,. Therefore, attempting to
correlate only downstream flow with upstream flow provided useful
insight for the study, but not necessarily useful results. It
should be noted here that with this much data and river
conditions such as these, with no significant inflow from
tributries or groundwater, a regression of this sort performed
on most river reaches should produce similar results because the
flow would always decreases downstream due to seepage.

Since the first approach was an indirect attempt to develop
a seepage equation, it was decided, after further study, that a

more direct approach was necessary. Seepage was obviously a



function of flow in the river reach, but not necessarily only

upstream flow. It was concluded that a more reasonable choice

might be the average flow in the reach. Larger average flows

mean increased depths throughout the reach, and increased depth

means more wetted area, so seepage would increase with flow.

When small local inflows create increased flows downstream

(although still less than upstream flow), seepage would be

greater than if overland flow was zero because the average flow

in the reach would be greater. Therefore, a new model of the

seepage process '':i3 adopted:

s = f(Q")

where Q' represents the average daily flow in the reach,

calculated by averaging each day's flow at the upstream and

downstream gages (excluding those days when downstream exceeded

upstream), and S represents the difference between the upstream

and downstream flows. Using this model, a linear regression of S

on Q' results in the following equation:

S = By + By * Q'

where:
S = seepage in the reach, cfs
Q'= average flow in the reach, cfs
Bes By = regression coefficients, unitless

The drawback to this approach is that both the

independent variables (5, Q') are a function of the

dependent and

two other

variables (Qy, Q;), which are in turn strongly correclated. This

results in a regression analysis that does not meet all

statistical regression criteria, and may intro:'uce spurious



correlation. However, the model was nevertheless believed to be
a valid representation of the seepage process, defined by the
inflow-outflow method. Since the ultimate use of the equation
was to estimate seepage for less than 14% of all the daily
values, the overall validity of the total seepage data set should

not be significantly impacted by errors from this approach.

Results: Reach 1

Using the previous regression equation applied to the data

for reach 1 resulted in the following regression coefficients:

r = .63
re = 0.40
By = 10.201
P, = 0.080

A scatter plot of the data, S versus Q', is presented in figure
4.4, indicating that although there is some observable linearity,
it is significan*ly less than the observed relationship between
Q, and Q, (figure 4.2). Out of the total of 4,089 plotted points
in figure 4.4, there are a few dozen obviously apparent outliers,
which deserve a brief discussion.

The Big Lost River is aptly named because flow sinks and
returns quite often as it approaches Arco. Below Arco the
groundwater reservoir drops to much greater depths, depths to
v'"ich it can no longer feed the river. Because of this, and
depending on the amount of flow in the river, there are times
when all the water passing Arco sinks before it reaches the INEL
diversion dam. As a result of this situation, in the plot of
average daily flow versus daily seepage, it can be noticed that
seepage at times exceeds average daily flow. The explanation of

8
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this phenomenon is obwvious. If 400 cfs passes Arco but
completely sinks completely soon after, average daily flow is 200
cfs but seepage is 400 cfs. This is the cause of most of the
extreme outliers seen in figure 4.4. To perhaps resolve this
problem, another approach considered for the study was to perform
the same analysis on only those days when flow was registered at
both upstream and downstream gages. However, it was decided that
seepage 1s seepage, whether all the flow or some of the flow
seeps into the ground, and it is debatable whether this other
approach would have given a more linear plot, or a more
representative mod:l of the system.

It must also be kept in mind that thebdata in figure 4.4,
and the associated regression equation, do not include those days
when downstream flow exceeded upstream flow. The equation was
applied, however, to those days to calculate the daily seepage.
This resulted in a complete data set of seepage values for reach
1, enabling the seepage~groundwater correlation analyses to then
be performed (described in Chapter V). Despite this approach not
being entirely accuratv, the equation generated was only appli-.d
to 13.8% of the days in reach 1.

Results: Reach 2

For reach 2, seepage versus average daily flow is plotted in
figure 4.5. As with reach 1, the linearity in the plot is
obvious, especially if the few dozen outlier points are

eliminated (4,212 points are plotted here). The cause of these
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outliers has been previously ex.lained. Regression coefficients

for this reach were:

r =0.62
r? = 0.38
By = 11.310
Bl = .106

using the same form of regression equation previously discussed.
With this equation applied to the 11.2% of the days in which
downstream flow exceeded upstream flow, a complete set of daily
seepadge values was again obtained.

Results: Reach 3

No analysis was appropriate for this reach, since all the
water seeped into the ground between Lincoln boulevard and the
playas, and no streamflow gage data was available for the playas
prior to 1985. This made it impossible to perform an analysis
similar to reaches one and two. Therefore, for the seepage-
groundwater analyses, seepage was equal to the flow recorded at
Lincoln boulevard. This was not the most accurate method to
estimate scepage, since at time- in the past large volumes of
water have ponded in the playas, making the situation would be
similar to that of the spreading basins, but it was the best that

could be offered.

Seepaqe Estimation for the Spreading Areas

A schematic of the spreading areas, including the storage
volumes estimated for each basin, is provided in figure 4.6. The
seepage beneath these spreading areas is important to an overall
understanding of the groundwater recharg. at INEL. Because large
volumes of water may be diverted from the Big Lost River and

19



€V
i 4

agedaog o8edoog o8edaog

1 1

ag8edaog

L e

AV 00€°S=A AV 0V0'S=A AV 006 ¥=A AV 00T T=A
a 9) d A\

‘SYJUOW 7 J9)je poulelp SWIN[OA T
‘gpuowr |
1o)je paureip puod yoes Jo SWN[OA

:suonjenuig 93edass ¢



permitted to enter the ground in & limited geographic area, the
potential to affect critical sites such as the RWMC (in close
proximity to the spreading areas) is significant. During periods
of high flows on the river, much of the seepage within the INEL
boundaries may take place in these basins, and correlation
studies between seepage and groundwater should reflect this.
Therefore, seepage equations for the spreading areas are
necessary 1f these seepage quantities are to be estimated.

Unfortunately, dxtermining seepage in the spreading arczs is
a more difficult task compared to that for the river reaches. A
simple inflow-outflow approach could not be applied to this area
since water ponds as storage volumes, rather than flowing
continuously through. Instead, daily flows were routed through
each basin, seepage equations were used to calculate daily
seepage per basin, and total daily seepage was then estimated as
the sum from all the basins. To accomplish this procedure of
flow routing throughout the system of spreading basirs, several
prior studies were carefully sxamined to develop routing and
seepage parameters.

P.H. Carrigan (1972) developed a computer program to route
flows down the Big Lost River to the diversion dam, through the
spreading areas, and also on down to the playas. His report
studied the probability of exceeding the capacity of the
spreading area flood-control system. To properly route flows
through the spreading area he developed seepage equations for

cach of the four basins. These equations were extracted from his

11



computer code and an attempt was made to apply them to this
study. In his equations, seepage was a function of both a unit
seepage-evaporation loss rate determined by Carrigan and depth in
the basins. For some unknown reason his equations produced
questionable results when applied to the data in this study.
After further review of Carrigan's report, it was noticed that
once flow into a basin stopped, water in each basin appeared to
seep instantly, signifying no lag time for seepage. This
indicated that possibly these equations were developed primarily
for the purpose of his flood-evaluation study, and in this
application seepage was not important once flow into a basin
ceased.

Since Carrigan's equations did not seem to work, another
INEL report, a study of the 1983-1984 flood threat by J.D.
McKinney (1985), was examined. In it McKinney stated that, by
observation, it took one month for the spreading areas to drain
once they were completely filled (McKinney, 1985, p. 6). Using
this estimated time lag and the approximate volumes of the
spreading areas from McKinney's report (McKinney, 1985, p B-3),
seepage rates in acre-feet per month were calculated by dividing
the volume of each pond by one month (31 days). Rates were then
converted to cubic feet per second (cfs) per day. The seepage
rates calculate- for each basin were applied with the flow
routing, and a set of daily seepage values for the entire period
of study was then determined. It should be noted that the one

month time for the basins to empty was during the summer, and
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therefore could have been overestimated. Because of this
possibility, a sensitivity anc.,sis on the seepage time was
performed by doubling it to two months. These results will b2
discussed later.

Results: Spreading Areas

To perform the routing and seepage analyses for the
spreading areas, a spreadsheet, QUATTRO 4.0, was used to handle
all of the data. Daily inflows were obtained from the gage
located near the di{g%%ion dam, at the inlet to the spreading
basin system. Water was routed into the first basin until it
filled, and ti. n sequentially routed into the remaining basins.
For each basin, the daily storage changes were calculated by
subtracting a seepage rate from the daily inflow rate, and these
storage changes then used to determine the new storage volume for
that basin. This procedure was performed continuously for both
periods of record (1969-76, 1983-87), with a daily seepage record
tallied at the end for all the basins.

The seepage rates used in each basin were initially based on
the 3l1-day emptying time observed by McKinney, and held constant
regardless of the depth of water, or storage volume, in the
basin. To test the sensitivity of the resulting total daily
seepage amounts to this 31-day assumption, a second simulation
was performed using a 62-day time for calculating the seepage
rates for each basin. The results showed that, although the
daily seepage volume was halved, the time to drain was still one

month for flow events that spilled into the basins.
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Concluding R 'narks:

The accomplishments of the seepage estimation process
included: determination of study reaches, which were a basis for
the entire study; seepage equations for reaches 1 and 2 and the
spreading areas (with limited applicability for those pertaining
to reaches 1 and 2); and, most importantly, a daily seepage
record for the entire period of study. As a final comparison for
the seepage analysis, the average seepage in reaches 1 and 2 and
the spreading areas for the entire study period are listed below

for comparison.

Average seepage in reach 1 = 782.3 cfs
Average seepage in reach 2 = 574.7 cfs
Average seepage in spreading areas = 3688.5 cfs

The importance of these differences in seepage will be seen in

the impact on the groundwater, and therefore the next analysis,

seepage versus groundwater levels.
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CHAPTER V

Seepage-Groundwater Correlation

OVERVIEW

Seepage or recharge from the Big Lost River does not
directly affect all facilities on the INEL si*> because some are
located too far from the river. However, areas near the river
channel or spreading basins may experience temporary saturation
of the underlying porous media, including localized groundwater
mounding. As has already been discussed, radioactive and other
wastes have been allowed to infiltrate into the Snake Riwver Plain
aquifer through percolation ponds at the TRA and other sites.
Also, some very high leval waste is buried at the RWMC. If any
of these contaminants are migrati-g through the unsaturated zone
and into the aquifer, any significant changes in groundwater
levels or The saturated zones could alter the concentration,
path, and timing of the transport process. For this reason, a
clear understanding of the relationship between seepage and
groundwater response is essential.

Therefore, the ultimate objective of this study was to
examine the time series of both seepage and groundwater levels
near *he river, and to determine whether a consistent
relationship exists between the two time series. It was
hypothesized that if groundwater levels directly responded to
changes in seepage rates, there would be a time lag evident in

this response. Such a lag, if it could be identified and



quantified, would provide a clue to the migration time of surface
water through the unsaturated zone and into the aquifer
APPROACH

To initiate this part of the study, wells and their
locations on the site first had to be identified and researched
to determine which to use in examining the seepage~groundwater
relationship. Maps of well locations on the INEL site were
obtained, and from a review of these maps a number of potential
candidate wells were selected. Although the maps indicated both
private and USGS wells, it was decided, for several reasons, to
work only with USGS well data. The data from most of the priate
wells are proprietary, and therefore may have been difficult to
obtain without a lengthy permission process. 0On the other hand,
the USGS well data are in the public domain, the wells are in
excellent locations near the study reaches, and their
descriptions and behavior have been well-documented in a variety
of U3GS site-hydrology reports.

This prior hydrologic research performed by the USGS was
carefully reviewed. Many reports included brief sections that
discussed various USGS3 wells and thelir response to flows in the
river, with an identification of those wells that appeared to
respond most dramatically to changes in flow. Bennett (1998)
included in his report a discussion about USGS wells and compared
hydrographs with flow in the river. Earlier USGS hydrology
reports did the same. An inventory of wells used in these

reports was compiled and compared against the initial, more



comprehensive list of wells. Many of the wells initially chosen
were geographically grouped together and at most only one per
group was necessary for the study. Wells located in close
proximity to the river and spreading areas were considered most
important because of their prime location.

From all of these evaluations, a list of the most responsive
wells was assembled, and it was then finally narrowed down to the
choices of USGS wells 8, 9 and 18. USGS 8 is located just
outside the western boundary of the site and near the Arco river
gage. It provided a good location for correlation with seepage
in reach one. USGS 9 is located near the spreading areas and
provided information for groundwater beneath the RWMC. USGS 18
is located in the northern portion of the site and was compared
againet seepage from reach three. All water level data available
from these wells were entered into a QUATTRO spreadsheet for use
in the correlation analysis.

Flow and Water Levels

To begin the correlation analysis, a broad approach was
initially taken by simply comparing flows in the river with
groundwater levels in the selected wells. This exercise was
performed to determine if any correlation appeared to exist with
these wells before too much time was spen®t in detailed
comparisons of seepage and groundwater levels.

A consistent time basis was necessary to compare well
hydrographs with gage hydrographs. All the river gages were

monitored on a continuous basis, but the szame was not true for



the wells. Watar levels were checked sporadically, most often
once or twice a month. Therefore, average monthly water levels
were compared to average monthly flows. To obtain averages for
the wells, all measurements taken each month were averaged to
obtained monthly water levels. Average monthly flows were simply
the means of the daily flows feo~ the entire month.

In the analysis, well hydrographs were first graphically,
then mathematically, compared against flow hydrographs in
different reaches, depending on the well locations with respect
to reaches. USGS 8 records were compared against both the gages
at Arco (gage 13132500) and above the diversion dam (synthesized
gage 1313251@); USGS 9 was compared against the flows above the
diversion dam and at Lincoln boulevard (gage 1313253%5), and USGS
18 was compared against the gage at Lincoln boulevard. These
graphs are presented in figures 5.1 through 5.10. As ig
illustrated with these graphs, the most notable fact is that a
time lag appears to exist, with groundwater levels responding
consistently after significant flow events.

To study this apparent time lag phenomenon further, the
hydrographs were first smoothed to be more readable and easier to
compare. One statistical procedure to do this is termed "moving
average", and is often used to reduce short-term variability of
data to more easily detect underlying locnger—-term trends. A
moving average 1s established by first taking an average over a
sequential set of numbers, X, of a total data set, Y, beginning

with the first number, 1. Then another average is taken over the
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Synthesized Gage (13132510) vs USGS 8
monthly values (1969-1976)
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Synthesized Gage (13132510) vs USGS 9
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Lincoln Bivd Gage (13132535) vs USGS 9
monthly values (1983—-1987)
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Lincoln Blvd Gage (13132535) vs USGS 9
monthly values (1983-1987)
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Lincoln Blvd Gage (13132535) vs USGS 18
monthly values (1983-1987)

400 4545.0

350 | -4544.0

A ;. 4543.0

cfs

[
(@]
o
e ——
,-1

*, F4542.0

N
wn
o

N
o
o

L4540.0

\ [ IA | H\\ 4539,

TN LA
) VLT

AN
OTTII_Yl|lIlllllllIIlIllfllllllllllllIlllllllrllllllllllll 4536.0

1983 1984 1985 1986 1987
years

—y
(8} ]
o

average monthly flow,

—
o
o

(@, ]
o

— flow e water lavel

-ll}? 510

ft msl

average monthiy water level,



same amount of numbers, X, but beginning at i+1. It ends when
the moving average includes the last number of the total data
set, Y. Tn this case the moving average was over a period of
time (ie: months, years).

A number of different time period moving averages, starting
at two months, were examined and it was eventually concluded that
a moving average based on a 12-month period provided the best
smoothed representation of the data sets. This was obtained by
taking the average of water levels and flows from January to
December, then February to January, March to February, etc.,
until the entire periods of record (1969-76 and 1983-87) had been
averaged.

Obviously, this averaging process causes significant
distortion to the time series by including future as well as
prior values in the calculation of each point. However, since
the two time series (flow and groundwater levels) are both
averaged in the same way, these distortions do not adversely
affect the comparisons that can be made between them. At this
point in the study, the primary objective was simply to determine
whether, visually, there appeared to be a consistent rela*ionship
between streamflow and groundwater levels. If so, a more
detailed evaluation of the seepage-groundwater relationship is
indicated.

After performing the necessary calculations, the 12-month
moving averages of flow and groundwater levels were plotted, and

can be seen in figures 5.11 through 5.20. An examination of



tha-=> graphs demonstratas that tharae is an obvious Tima lag
ralatiaonship betwaen flowsz in the river and groundwatar lavels in

<2 salactad wells. B8y wisual inmspectian of thesa figuras, LT

[

appaars that this time lag is between four and saven manths.
This first approach therefore confirms that the wells chosan waere
hydrologically connactad to the rivar and that a time-lagged

correlation did exist betwaen flow rates and groundwatar lavels.

The fiﬁal stan in "ha study was To compars Total monthly
sespage With average monthly groundwataer lavels, since it is che
saspage, not flow, thatT impacts tha groundwatar in a causa-eFfactT
ralationship. 1In these analysass, seepage from reach one was
caomparaed against watar lavels in USGS 8, sa2enage From the
spreading areas and reach two were campared against USGS 9,
saspage from raach three was caompared against USGS 18, and the
combined seepage from reach one and the spraeading areas uwas
comparad againstT USGS 9. Again LT was analyzed §n a monthly
basis, using total monthly seepage and average monthly water
lavels. Hy;rographs‘uere graphed together ¥aor comparison, with
seepage and water leQéls on the y—axis and time on the x-axis.
REACH 1 ANDR USGS 8

Figures S5.21 and $.22 show the plots of tetal moncthly
seepage and average maonthly water levels against time, for the
tWa separatCa Cime pariceds (1569-76 and 1983-87). It was nated
that the graphs displayed considerable short-term variability,

indicating that a2 moving zavera2ge may he henmeficial in camparing

o
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Synthesized Gage(13132510) vs USGS 8
moving averages (1969-1976)
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Synthesized Gage(13132510) vs USGS 9
moving averages(1969-1976)
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Synthesized Gage(13132510) vs USGS 9
moving averages(1983-1987)
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Lincoln Blvd Gage (13132535) vs USGS 9
moving averages (1983-1987)
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Lincoln Blvd Gage (13132535) vs USGS 18
moving averages (1969-1976)
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Lincoln Blvd Gage (13132535) vs USGS 18
moving averages (1983—1987)
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Seepage and Water Levels—Monthly Values
Reach 1 and USGS 8
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Seepage and Water Levels—Monthly Values

Reach 1 and USGS 8
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the time series. However, as with the previous analysis, there
was some obvious similarity between graphs, with water levels
lagging after seepage. A 12-month moving average was then
applied to the data, and the resulting graphs are shown in
figures 5.23 and 5.24. The time lag is more noticeable in these
plots, with the average monthly water levels following
consistently in time the total monthly seepage, increasing or
decreasing in the same manner, but later in time. Peaks and
valleys do not precisely match, but this was not unexpected since
there are many other unexplained factors involved in the seepage-
groundwater interaction, including time of year, amount of flow
in the river, and position of the groundwater table. In the
original hypothesis, time lag was assumed independent of these
other factors, simply because insufficient data were available to
adequately evaluate their effects.

To determine if a significant time-lagged correlation
existed between the monthly seepage and average monthly water
levels, regression analyses were performed on the data. With
groundwater levels as the independent wvariable, the monthly
seepage values were lagged by time periods ranging from two to
seven months, and these lagged values used as the independent
variable, according to the relationship:

Gy = By + B{*Sj.,
Gi represents the average groundwater level at time i, Sij., is the
total monthly seepage n months prior to i, and By and B, are

regression coefficients.
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Initially, these regressions used the 12-month mowving
averages of the data to obtain a preliminary a-sessment of the
time lag behavior. Since these moving averages have had much of
the original data variability removed by the averaging process,
it was anticipated that the regressions should display a stronger
correlation between the variables than the raw monthly data would
yield. It was also anticipated that if a consistent time lag, n,
existed, the r? value for that value of n would be larger than
for any other n. For the values of n tested, the following table
presents the r? wvalues obtainéd by the regression analysés:

TABLE I: time lag vs r?2,
Mowving Averaged Data

TIME LAG, n, DETERMINATION
MONTHS COEFFICIENT, r2

2 0.795

3 ©.839

4 0.868

5 0.882

& ©.884

7 ©.873

The highest resulting determination coefficient, r?, was
2.884 at an n of six months, demonstrating very strong
correlation between the two time series. However, the r2 at five
months was 0.882. There is negligible difference between the
two, but it shows that the lag peaks near vix months. A
regression using more frequent measurements (weekly, daily) would
better identify the lag. Figure 5.25 shows a scatter plot of the

moving averages of total monthly seepage against average monthly
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water level for the six month time lag. It illustrates the
linearity and correlation between the two variables that the
regressicrn analyses suggested.

Following these preliminary assessments, regression analyses
were then applied to the raw monthly data, using the same time
lag sequence, beginning at n equal to two months. Table II
presents the values of r2? for these regressions.

This approach yielded a seven month time lag as the best
correlation, with an r2 of 0.359. For the same analysis at six
months the r? was 0.327. Although it was known that the r?
v-lues for the raw data would be lower, since the data had not
been averaged statistically, a different time lag had not been
expected. However, a review of Table II indicates that there
originally had been very little difference between the r2 values
for n=6 (r2=0.884) and n=7 (r2=0.873). Figure 5.26 presents a
scatter plot of the moving averaged data with n=7, for comparison
with figure 5.25.

TABLE II: time lag vs r2,
Raw Monthly Data

TIME LAG, n, DETERMINATION
MONTHS COEFFICIENT, r?2

2 @.344

3 ®.312

4 9.294

5 0.294

6 0.327

7 0.359




ft msi

1§

Seepage vs Water Levels—Scatter Plot
Reach 1 and USGS 8-7 month lag
4441

4440 m

A4TQ e = et st st e

4438 PP

H]

4437 ............. . s NP

4436 .......... D eeteenesvarasesresaseraes

average monthly water level,

2
=3

_
400 600 800 1000 1200 1400 1600 1800 2000 2200
total monthly seepage, cfs

jefq S/ b



The results from these analyses indicate that although the
use of moving averaged data makes the graphical presentation of
the time series easier to read and compare, there is time lag
sensitivity lost in the process. However, the regression on both
the moving averadged and raw data showed good correlation at both
a six-month and seven—-month time lag with reasonably consistent
results. From this it was assumed that during some intervals of
the study period six months was a dominant lag time, and at
others a seven month lag dominated.

SPREADING AREAS AND USGS S

The sgepage process In the spreading areas is more direct
than in the river reaches, since almost all of the water entering
the basins is lost through infiltration and percolation. 1In
addition, the seepage is confined to a relatively small area,
with the selected well located in very close proximity.
Therefore, the correlation between the two was anticipated to be
high.

The plots of monthly values of seepage and water level
against time can be seen in figures 5.27 and 5.28. Again, the
time lag and similarity between graphs is quite noticeable.
Figures 5.29 and 5.30 show the 12-month moving averages of the
data. Regressions on the moving averaged data yielded an r2 of
@ 237 at five months as the best correlation. A regression on
the monthly data gave an +? of ©8.683 at five months. For both
analyses, the five month correlation was the highest. Again, for

the moving averaged data, the loss in sensitivity is demonstrated
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with the small difference between time lags of four and five
months. Table III presents the r? values versus n for the moving
averaged and the raw data.

Scatter plots of the two regressions with n=5 months can be
seen in figures 5.31 and 5.32. The relationship in figure 5-31
is very nearly linear and visually demonstrates why the r? for
the moving averaged data was so high. Since the raw data has

TABLE III: Time Lags vs r?,
Moving Average and Raw Data

TIME LAG, n, MOVING AVERAGE 2 RAW DATA r2
MONTH"™
2 ®.873 2.611
3 ©.915 2.635
4 0.936 2.666
5 ®.937 @.683
6 0.917 2.679
7 ©.883 ®.644

considerably greater vari-"ility, its scatter plot, figure 5-12,
deces not demonstrate this degree of linearity. Compared to the
previous reach 1 analysis, the correlation coefficients for the
spreading areas were considerably higher, especially for the raw
data. It was concluded that the results were better than those
for reach 1, for the reason previously stated.
REACH 1, SPREADING AREAS, AND USGS 9

Plots for this comparison can be seen in figures 5.33
through 5.38. Seepage here was defined as the sum of the seepage
from reach 1 and the spreading areaz, and was correlated again to

the water levels in USGS 9. This analysis was done to determine

11
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if seepage from reach 1 would have any additional impact on the
time lag calculated between seepage from the spreading areas and

USGS 9. Regression analyses using the combined data sets yielded

-

an r? of ©.94 at a five-month time lag for moving averages, and

an r2z of @ 58 at five months for the raw monthly data. These
numbers did not differ from the comparison of the spreading areas
alone and USGS 9, primarily because the volume of seepage from
the spreading areas far outweighed that from reach one. (For the
periods of time in the study, the average seepage rate from the
ponds was 3699.5 cfs, and 782.3 cfs from reach 1.)
REACH 2 AND USGS 9

Reach 2 is located north and east of USGS 9, and it was
believed that a good correlation would exist between seepage from
reach 2 and water levels in the well since regional groundwater
flow is to the southwest. Again, the same correlation procedures
used previously were applied, and the 12-month moving averages
were plotted (see figures 5.39 and 5.40). As is demonstrated in
the plots, there was little correlation, especially in the period
from 1983-1987. There appeared to be some correlation during the
first period, but a regression on the data yielded a maximum r2
of .77 at n=2 months. For the second period of study, the
strongest correlation was r2=0.05 at n=6 months. Both of these
determination coefficients are meaningless since they are nearly
zero.

Only one thgory was speculated as to why no correlation

existed between seepage from reach 2 and water levels in USGS 9.
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The original hypothesis, suggesting that there would be a
correlation because the reach was northeast of the well and
groundwater flow is southwest, was wrong. It is possible that
seepage does impact the well, but not in any measurable manner
using the methods in this study.

This attempted correlation was the only one performed in the
study for reach 2. USGS 9 was the closest well to reach 2 of
those chosen, and the obvious choice for study. Given the
distance to the other two wells and the flow direction of
groundwater, there were no other feasible choices for comparison.
There are many wells located ruch closer to reach 2, and further
study might reveal a strong correlation exists with some of them.
REACH 3 AND USGS 18

When the study wells were selected for these analyses, it
was believed that the comparison of reach 3 and USGS 18 would
adequately represent the system in the northern portion of the
site. Using the same procedures previously described, the
seepage and well data were averaged, with a 12-month moving
average, and these movinc average graphs are shown in figures
§.41 and 6.42. Although figure 5.41 depicts some peak-to-peak
correlation during the first period of study, 1968-76, the
regression analyses for this period yielded only a maximum r2z of
.61 for n=7. There was no significant correlation at all during

the second period of study, 1983-87 (the maximum r? was @.14 for

n=8).
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One theor:, was postulated as to why there was at least a
weak correlation during the first period but not the second.
Regional groundwater flow is naturally to the southwest, but it
has been documented as altering to the northeast under higher
river flow conditions. USGS 18 is located at the far northeast
end of reach three. The first period of time, 1269-76, was a
high flow period, and thus seepage could have impacted the well
by changing the groundwater flow direction. The second period,
1983-87, was a -“2low average period, so groundwater flow most
likely continued to the southwest and seepage had no impact, with
correspondingly low correlation. From this analysis, it was
presumed that seepage only affects the northern portion of the
site during high flow conditions.

Comparison with Previous Work

No direct comparison between this study and others was
possible since this was the first study of its kind for the site.
However., results could be indirectly compared w’th Bennett's
(1990) to determine if the same conclusions were reached
regarding the connection between flow in the Big Lost River and
groundwater levels. Nace and Barraclough (1952) did not compare
seepage or flow to groundwater levels in any wells, as discussed
garlier, and therefore no comparison can be made with their
study.

Bennett (1990) noted that for his two study periods (July
1972 to July 1978 and July 1981 to July 1985), the first one

experienced a net decline in groundwater levels and the second
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[
one a net increase. Although this study used slightly diFferqnt
study periods, Bennett's respective decreases and increases can
be seen on any of the well hydrographs presented here. As has
already studied in this report, and was noted by Bennett also,
groundwater levels fluctuate consistently with changes in flow in
the river. B - nnett summarized his analysis of the correlation
between groundwater and surface water by stating that two areas
on the INEL site appeared to be most significantly affected by
recharge from the river: Jjust north of the Naval Reactors
Facility (NRF) and southwest of the RWMC.

This current study again researched the area near the RWMC
(USGS 9) and concluded that there is a strong seepage-~groundwater
level correlation for the area. The well selected for analysis
near the NR”™ (USGS 18) was different than the two Bennett used
(USGS 12 and 23), and more toc the northeast. Results of the
analyses showed some correlation during the first period of study
but not during the second, possibly due to the fact that flow was
practically nonexistent from 1983-1987 and thus would not affect
groundwater. Bennett's second period of study was earlier than
this study's and was during high river flow, which would affect
groundwater much more. Bennett also noted that prominent
ground ater peaks are seen in 1967, 1869, 1983 and 1984, years
when very high flows were found in the river. These peaks can

also be seen in the hydrographs presented in this report.
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Chapter VI

Summary and Conclusions

Seepage from the Big Lost River can cause large fluctuations
in both groundwater levels and the direction of groundwater flow
in the Sn.'": River Plain aquifer beneath the INEL. In turn, the
paths and concentiations of radioactive waste in the groundwater
can be altered. Some researchers have investigated seepage rates
along the Big Lost River, and others have spent considerable time
monitoring groundwater in the Snake River Plain aquifer. There
has also been some limited research into the relationship between
flow in the river and groundwater levels. However, no specific
research has examined the correlation between seepage from the
river and g: “undwater.

Research fur this thesis initiated the investigation into
the relationship between seepage and groundwater. Two parts were
involved in the study. Seepage losses for both the spreading
areas and reaches of the river were studied in part one, with a
compilation of daily seepage records as results. Part two, the
crux of the study, used the seepage records and compared them
against water levels in some USG5 wells. Results from the study
demonstrated - strong correlation between seepage and groundwater
levels.

To begin the study, daily seepage from the Big Lost River
was identified and quantified, and a daily seepage record
compiled for use in the second part of the study, comparing

seepage and groundwater levels. For the defined river reaches,



most of the duily seepage record was completed by applying the
inflow-outflow method using the upstream and downstream gage
records as data input. However, T''wre were days in the study
period when downstream flow exceeded upstream flow (13.8% of the
time in reach 1, 11.2% in reach 2), and application of the
inflow-outflow method was imappropriate. This required the use
of an alternative method to calculate seepage.

To complete the set of daily seepage values for the river
reaches, an equation that calculated seepage based on average
flow in the reach was developed. A regression analysis was
applied to derive this equation, v ing average reach flows as the
independent variable (excluding those days when downstream flow
exceeded upstream flow) and seepage as the dependent variable.
Correlation coefficients for this analysis were not very high
(r?=0.40 in reach 1, r2=0.38 in reach 2), and the approach did
not mezet all regression criteria, but it was nevertheless
applied, because, despite the inadequacies of the approach, its
use was required less than 14% of the time and therefore should
not have introduced significant error into the seepage record.

A daily seepage record was also compiled for the spreading
areas, because seepage from the spreading areas was very
important in this analysis. The basins are in close proximity to
the RWMC, and large volumes of water are allowed to flow in and
seep out, so seepage can have a large impact on the groundwater.
A simple inflow-outflow approach could not be applied in this

case because, although inflow was measured by a stream gage,




outflow was primarily sewpage, and therefore not gaged. Instead,
a routing analysis was applied, using the streamflow gage as
inflow and some estimated daily seepage values for each of the
four basins as the outflow. Estimated seepage values were based
on an assumed one month complete drain time for all four basins.
The study performed a sensitivity analysis on this assumption and
found that one month was a reasonable time for the basins to
drain, once they were cor-nletely full. From this routing
analysis a daily seepage record was compiled.

The second, and most important, part of the study was the
correlation between seepage and groundwater levels. Séepage and
groundwater level hydrographs were compared on a monthly basis,
since daily records of water levels were not kept for the wells
examined. Correlations were examined between seepage and
groundwater levels for the following areas: reach 1 and USGS 8;
the spreading area' and USGS 9; reach 1 plus the spreading areas
and USGS 8; reach 2 and USGS 9; and reach 3 and USGS 18.

The objective of this analysis was to identify a time lag
between seepage and groundwater, with groundwater levels
fluctuating some time after seepage occurred. High correlations
were found, using moving averages of total monthly seepage and
average monthly water levels, between reach 1 and USGS 8
(r2=0.884 at a time lag of 6 months), the spreading areas and
USGS 9 (r2z=".937 at 5 months), and the combined seepage from
reach 1 and the spreading areas and USGS 9 (r2=0.94 at 5 months).

Very little to no correlation was found in the latter two study



Cases. For the first two above comparisons, the determination
coefficients were both high for the moving averaged data, but the
same did not hold true when comparing the raw monthly data. For
reach 1 and USGS 8, the highest r2 was 0.359, whereas for the
spreading areas and USG"™ 9 the highest r? was 0.683. This
illustrates what the regression on the moving averaged data did
not: The seepage-groundwater level interaction is much stronger
for the spreading areas. This would be expected because of the
different seepage conditions (ponding versus flowing water), but
it was not illustrated using just the moving averaged data.
Although this study identifiad a single parameter called
time lag, and defined it as the time between a seepage event and
the point when t"= event had an impact on the groundwater, it
does not direcctly represent vertical travel time from ground
surface to the groundwater basin. It is a lumped parameter that
takes into account vertical and horizontal transmissivities
throughout the soil strata, hysterisis along the capillary
fringe, storativities, time of year, possible short circuiting
between the ground surface and groundwater table, and potential
pressure waves through the soil strata, among other parameters.
There ar . a number of parameters lumped into the time lag, too
many to examine for this study, which is why the time lag
parameter was studied instead. It was a parameter used in the

study to look for a correlation between seepage and groundwater

levels.



Recommendations

This research was the first of its kind to study the
correlation between seepage and groundwater levels. Future
research will hopefully find use of the results. At the end of
the study some thought was given to ways to improve the results.

Results from part one of the analysis were very acceptable
when the inflow-outflow method was applied, but less so when the
estimation techniques were required. A couple methods to improve
the applied swepage—average flow correlation were considered but
not explored. For the river reaches, the correlation between
seepage and average flow might have been stronger and more
representative if only those days whaen flow was found at both the
upstream and downstream gage had been used in the analysis (for
this research flow was not required downstream). Another
approach might have been to divide the average flows and the
respective seepage into percentile groups (for example, the lower
1% percent of average flows into one group, the second lowest 10
percent intoc another group, etc.), perform regressions on the
separate groups, and accumulate a number of regression equations
(12 in this example). Awverage flow could then be calculated for
a reach and a specific equation applied to calculate seepage.

No matter how much the seepage-average flow equations are
refined, they will never represent the real life seepage
conditions. Average flow does represent flow depth and velocity,
but not other factors including varying stream bank hydraulic

conductivities, changing degrees of saturation, and fluctuating



wetted perimeters. With time and equipment, seepage could be
monitored throughout the reaches and more exact estimates
determined. However, this would take large amounts of time and
money, resources that were not available for this research.

To improve the seepage-groundwater level analysis, the time
period could be shortened to a weekly or daily basis. This would
provide more accurate results rega;aing the timé”lag, but would
also require more frequent monitoring of select wells. A study
of this magnitude would require large amounts of time to build up
an acceptable well record to satisfy the hydrologic requirements.

Some valuable information was learned in this part of the
study, including the fact that there did appear to be a
relationship between seepage and average flow, and much more
could be learned if more monitoring of conditions was done. It
is hoped that the results of this study provide more of an
understanding about the hydrologic system on the INEL site and

furnished future researchers a base from which to continue study.
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