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EXECUTIVE SUMMARY

The U.S. Bureau of Reclamation (Reclamation) and the Washington State Department of
Ecology (Ecology) are preparing a Draft Planning Report/Environmental Impact Statement
(Draft PR/EIS) to evaluate the viability of storage alternatives in the Yakima River Basin,
and to determine the extent to which these alternatives can provide additional water storage.
The current water supply and storage capacity within the Yakima River Basin does not meet
the water supply demands in all years and affects the Yakima River Basin’s economy, which
is agriculture-based. Water resources are also vital to the basin’s aquatic resources—
specifically those resources supporting anadromous fish. Reclamation and Ecology seek to
identify a means of increasing water supplies available for purposes of improving
anadromous fish habitat and meeting irrigation and municipal needs. This report supports
this effort and evaluates the feasibility of groundwater storage alternatives as part of the
state’s alternatives analysis.

The groundwater storage alternatives include surface recharge with passive recovery,
municipal aquifer storage and recovery, and direct injection with passive recovery. These
alternatives include placing water in the aquifer system and storing it to realize benefits in the
form of increased streamflow from increased groundwater discharge, recovery of the stored
water for out-of-stream uses, and/or replenishing depleted groundwater storage. The
groundwater storage alternatives are conjunctive use tools in which the use of surface water
and groundwater can be coordinated to minimize impacts to the hydrologic system and
provide environmental benefits.

Surface Recharge

Surface recharge with passive recovery involves diverting and infiltrating surface water into
a recharge basin during periods of high streamflow and allowing it to naturally discharge
back to a stream. The objectives for applying the surface recharge (passive recovery) method
to locations in the Yakima River Basin include:

1. Offset impacts of current irrigation surface water withdrawals on streamflows

2. Improve reliability for certain agricultural water demands during water short
years by increasing Total Water Supply Available (TWSA)

3. Provide capability for surface application and storage of reclaimed water

The volume and timing of water diverted to an infiltration pond and the subsequent timing
and volume of return flow to the stream were evaluated using two approaches: 1) target
return flow profile; and 2) excess surface storage. The target return flow profile approach
identified a desired condition for groundwater return flows, and examined the amount of
infiltration and total area of infiltration ponds required to achieve the target infiltration
profile. The excess surface storage approach evaluated the amount of infiltration and total
area required when the availability of water for infiltration is constrained by the historical
storage volumes in reservoirs in excess of entitlements and flow requirements.
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The results of the first approach, the target return flow approach, indicate that to “normalize”
groundwater return flows to a level that would be consistent from year-to-year requires
delivery of significant amounts of water during July and August. While there will be some
flexibility in optimizing the system by choosing areas with differing stream depletion factors
(SDF) values, it is not likely that surface recharge alone will offset the effects of drought
conditions on streamflows or TWSA for downstream water right holders.

The excess surface storage approach used the historical monthly availability of reservoir
storage for the period from 1978 to 2000 to determine which months there was “excess”
reservoir storage that could be diverted into infiltration ponds. It was assumed that between
10,000 and 20,000 acre-feet (AF) of water could be released when excess storage exceeded
25,000 AF. In many months, there is no excess storage, and no infiltration is assumed during
that month. The annual delivery volume, on average, is expected to be 33,000 AF. The
expected delivery volume in drought years is expected to range from 10,000 to 20,000 AF for
the year.

The surface recharge analysis used the SDF view program, version 2.0.11 to estimate the
monthly return flow (or accretion) to the river based on monthly infiltration volumes and a
range of stream depletion factors (SDF). The stream depletion factor is a function of the
distance between the site and a stream, the transmissivity of the aquifer, and the specific
yield of the aquifer. The SDF program generates a stream depletion function that shows how
the return flow peaks and decays over time. Smaller SDF values result in a more rapid peak
and decay in return flow which means that more of the infiltrated volume of water reaches
the stream within a few months of the infiltration event. SDF values of 30, 40, 50, and 60
days were used in the analysis because they would result in larger volumes of same-season
return flow.

The streamflow improvements from surface recharge as a percent of the historical monthly
flows at Umtanum gauge were estimated. In terms of streamflow improvements, the return
flow estimates suggest that infiltration of 10,000 AF/month during months when there is
excess TWSA will result in average and maximum August streamflow improvements of 2.3
to 5.2 percent at Umtanum gauge. The average streamflow improvement in August is
expected to range from 4,903 to 5,244 AF (80 to 85 cfs), depending on the SDF value at the
site. Streamflow improvements of up to 12 and 15 percent are predicted for drought years
(1993) in October. This represents approximately 4,900 to 6,200 AF (80 to 100 cfs) of return
flow from surface recharge. If 20,000 AF/month were infiltrated during months when there
is excess TWSA, August streamflow improvements of 4.7 to 9.6 percent are predicted. This
represents approximately 10,100 to 14,400 AF (170 to 240 cfs) of return flow from surface
recharge. Under a 20,000 AF scenario, streamflow improvements of 6 to 28 percent are
predicted for drought years (1993) in September and October, depending on the relative
proportion of areas with a SDF value of 30 or 60. This represents approximately 5,700 to
11,000 AF (95 to 185 cfs) of return flow from surface recharge.

There were not enough data available to identify specific sites and SDF properties for surface
recharge. However, a screening of potential areas was conducted based on surficial geology,
land cover, estimated aquifer properties, and distance buffers around the Yakima River and
main tributaries. The distance buffers are based on conditions within each basin that would
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result in a SDF of 30, 40, 50, or 60. Site identification will require a site investigation,
including drilling and aquifer testing to obtain estimates of hydrogeologic properties.

For the Yakima River Basin, total land area could range between 166 and 500 acres for
similar infiltration capacities, with an expected area of about 300 acres. Total construction
costs could range from $54M to $164M, with an expected cost of $98M. Assuming that
surface recharge would return an average of about 33,000 AF annually from groundwater
storage, the annual cost per AF for groundwater storage is estimated to be in the range of
$1,646 to $4,958 per AF, with an expected value of $2,975 per AF. Annual O&M costs are
estimated to be about $2.1M per year.

Injection Recharge

Injection recharge is a method that injects water via wells into a deep subsurface geologic
formation. The injected water may or may not be recovered depending on the objective of
the recharge. Municipal ASR is the term used when the stored groundwater is actively
recovered for potable uses. When the storage is allowed to discharge naturally, it is called
injection with passive recovery.

The objectives of direct injection within the Yakima Basin are to:

1. Replace direct surface water diversions and groundwater withdrawals that have
direct or seasonally significant impacts on streamflows

2. Replace groundwater withdrawals that may otherwise have a longer-term impact
on streamflows

3. Provide for future water demands with minimal or no impact to streamflows
4. Mitigate impacts from future water demand by augmenting streamflow

The objectives for applying the direct injection with passive recovery method to locations in
the Yakima River Basin include:

1. Offset current irrigation surface water withdrawals to improve streamflows
and overall water supply reliability

2. Mitigation offset for future water municipal rights

3. Maintain and/or restore depleted aquifer storage to extend the sustainable
yield of the aquifer

4. Increase groundwater storage that may be used during emergency drought
conditions

5. Create local salmonid refugia
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Identified candidates that may benefit from direct injection include the cities of Yakima
(Ahtanum Valley), Ellensburg (Kittitas Valley), Kennewick (Lower Valley), the Blackrock-
Moxee Valley and in the Lower Yakima Valley immediately downstream of Union Gap.
The analysis focused on the Ahtanum, Kittitas, and Blackrock-Moxee areas because the sites
are upstream of the Parker gauge where the TWSA is established.

A three-dimensional groundwater flow model was used for the Ahtanum-Moxee Sub-basin in
the Yakima Valley to evaluate the potential for using Aquifer Storage and Recovery (ASR) as a
groundwater management option. The goal of the model was to estimate the quantity of
recharged water to three injection wells that would (a) return to the Yakima River, (b)
discharge at other hydrologic sinks, and (c) remain in the subsurface in the form of increased
groundwater storage. The focus of the model was on seepage return flows to the Yakima
River that result from direct injection to the deeper portions of the Ellensburg Formation. An
analysis of active recovery was based on the increased aquifer storage. The model results
were used to evaluate the Ahtanum, Kittitas, and Blackrock-Moxee sites.

Direct injection was simulated in the model to estimate the quantity of recharged water that
discharged from the aquifer system to the Yakima River (thereby increasing flows) and to
determine how much water remained in storage. The direct injection simulation included
recharging water into the three wells for six months (i.e., October to March) at a constant rate
of 2,000 gpm (4.46 cfs) each. Recharge ceased for the subsequent six months, and the cycle
was repeated for nine years. The numerical computer simulation considered recharge at three
wells, each at a rate of 2,000 gpm (total of 6,000 gpm) for six months (e.g., October through
March) for an annual recharged volume of 4,800 acre feet. Application of the numerical
computer simulation to specific sites extrapolates the simulation results to four wells, each at
a rate of 2,000 gpm. The hydraulic responses are assumed to be linear, and are increased by
a factor of 4:3 (1.33). Therefore, the total rate at each site is 8,000 gpm over six months to
result in a recharge volume of 6,400 acre feet at each site.

The benefits of direct injection may be realized in several ways. Four end member scenarios
are described, followed by one hybrid scenario:

1. Replacement of Current Surface Water Diversions: Replacing current
municipal summer surface water diversions with ASR would result in a direct
increase to streamflow during the 6-months from April to September.
Recovery of 6,000 AF of ASR would improve TWSA initially by 6,000 AF.
Yakima River flows would be additionally by augmented by between 0 to 1.2
cfs of seepage of injected water from the aquifer.

2. Pump and Dump: Direct discharge of ASR water to the Yakima River (i.e.
“pump & dump”) would increase Yakima River flows by 6,000 AF in the 6
months from April to September. This would also provide additional water
quality benefits of clean clear cold water to the Yakima River, which is water
quality impaired with respect to turbidity, temperature, and other parameters.

3. Satisfying Future Demand: Satisfying future demands with ASR would reduce
demand pressure on the Yakima River by 6,000 AF. It would also increase
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Yakima River streamflows over current levels by the nonconsumptive portion
withdrawal (i.e. return flows from wastewater treatment would essentially put
a portion of the ASR storage directly back to the river). This would be on the
order of 2,700 AF if used for city of Yakima municipal water supply (e.g., 45
percent nonconsumptive use from April through September).

4. Passive Recovery: Allowing injected water to seep back to the Yakima River
would increase TWSA by a maximum of 50 percent of the annual injection
rate. This would augment Yakima River flows by approximately 3,200 AF,
assuming an annual inject rate of 6,400 AF. Only 50 percent of the injected
volume contributes to TWSA because seepage is constant year-round,
including 50 percent of the seepage volume during the irrigation season (April
through September) and 50 percent of the seepage volume during the
irrigation off-season (October through March).

5. Intermittent Active Recovery: One approach to using groundwater storage is
to only access or use stored groundwater during water short years. Water
stored during non water short years may be saved or banked for later use.
Intermittent use would maximize the quantity of stored water for water short
years because the recoverable amount of water is more than just what was
stored in the most recent recharge season, and seepage rates to the Yakima
River will be higher than if the injected water were recovered annually. For
instance, direct injection during winter months for 10 years at a rate of 8,000
gpm (four wells at 2,000 gpm each) results in an increased aquifer storage of
approximately 38,000 acre feet and an estimated seepage rate of 5.2 cfs to the
Yakima River (which presents a recharge scenario at rate of 6,000 gpm
through three wells). Recovery of the additional stored water may require
additional recovery wells.

The costs associated with a direct injection program include infrastructure associated with
obtaining recharge water (e.g., surface water treatment facilities or river bank filtration
wells), transmission pipelines, injection wells, and additional costs (permitting, operations
and maintenance, land acquisitions for facilities). The total cost for the direct injection sites
with active recovery ranges from $18.2M to $26M for 6,000 AF of streamflow benefit from
each site during April to September.
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1.0 INTRODUCTION

1.1 PURPOSE AND OBJECTIVE

The U.S. Bureau of Reclamation (Reclamation) and the Washington State Department of
Ecology (Ecology) are preparing a Draft Planning Report/Environmental Impact Statement
(Draft PR/EIS) to evaluate the viability of storage alternatives in the Yakima River Basin,
and to determine the extent to which these alternatives can provide additional water storage.
The current water supply and storage capacity within the Yakima River Basin does not meet
the water supply demands in all years and affects the Yakima River Basin’s economy, which
is agriculture-based. Water resources are also vital to the basin’s aquatic resources—
specifically those resources supporting anadromous fish. Reclamation and Ecology seek to
identify a means of increasing water supplies available for purposes of improving
anadromous fish habitat and meeting irrigation and municipal needs. This report supports
this effort and evaluates the feasibility of groundwater storage alternatives as part of the
state’s alternatives analysis.

The groundwater storage alternatives include municipal aquifer storage and recovery, direct
injection with passive recovery, and surface recharge with passive recovery. These
alternatives include placing water in the aquifer system and storing it to realize benefits in the
form of increased streamflow from increased groundwater discharge, recovery of the stored
water for out-of-stream uses, and/or replenishing depleted groundwater storage. The
groundwater storage alternatives are conjunctive use tools in which the use of surface water
and groundwater can be coordinated to minimize impacts to the hydrologic system and
provide environmental benefits.

Aquifer Storage and Recovery (ASR) is a specific application of artificial recharge in which
water is recharged to an aquifer and stored for later recovery and use. Typically, ASR
involves diverting water during times of higher availability, usually surface water during the
winter and spring runoff season, and recharging it into aquifers that act as storage reservoirs.
The stored water is then withdrawn during times of higher demand and lower availability.
Conventional ASR projects operate on an annual cycle and withdraw during dry summer
seasons. However, longer multiyear cycles may also be considered, such as recharging every
year and only withdrawing during drought years.

Direct injection can also be used to store water in the aquifer with passive recovery. Potable
water would still be injected into an aquifer during periods of excess capacity but the water
would become part of the natural groundwater system and remain in the aquifer and flow to
its natural discharge areas (i.e., streams or springs). The water would be passively recovered
when it reaches the stream and is available for instream or out-of-stream uses.

Surface recharge with passive recovery involves diverting and infiltrating surface water into
a recharge basin during periods of high streamflow and allowing it to discharge naturally
back to a stream. The recharge basins are located so that the timing of return flow to a
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stream corresponds to periods of low flow. The water would be available for instream or
out-of-stream uses when it reaches the stream.

1.2 BACKGROUND

The Yakima Basin is located in eastern Washington (Figure 1-1). The following description
of the Yakima Basin is from the Bureau of Reclamation’s Interim Comprehensive Basin
Operating Plan for the Yakima project (Reclamation, 2002). Elevations range from 8,184
feet in the Cascades to 340 feet at the mouth of the Yakima River. The Yakima River flows
for about 215 miles. Its major tributaries include the Naches, Kachess, Cle Elum, and
Teanaway Rivers in the upper basin (above Yakima), and Toppenish and Satus Creeks in the
lower basin. Timber, cattle, fish and wildlife habitat, and recreation are the major uses of the
northern and western areas of the basin, while irrigated agriculture is the main economy of
the lower basin. Climate ranges from alpine to arid, with precipitation varying from 140
inches annually in the Cascades to less than 10 inches in the Kennewick area (Reclamation,
2002).

The Yakima Project was authorized by Congress in 1905 to increase the storage capacity
within the basin. Development of the Yakima Project progressed with the construction of
Bumping Dam (1910), Kachess Dam (1912), Clear Creek Dam (1914), Keechelus Dam
(1917), Tieton Dam (Rimrock Lake, 1925), and Cle Elum Dam (1933). These six federal
reservoirs have a total storage capacity of 1,070,000 acre-feet and provide the water supply
necessary to help meet the irrigation and instream flow needs by storing and regulating a
portion of the flow of the Yakima River and its tributaries. Other principal features of the
Yakima Project include several diversion dams, two hydroelectric generating plants, and
numerous canals, laterals, and pumping plants (Reclamation, 2002).

During years of low runoff, disputes began over water use in the basin. In 1945, the District
Court of Eastern Washington issued the 1945 Consent Decree (Decree), which established
the rules under which the U.S. Bureau of Reclamation should operate the Yakima Project.
The Decree determined the quantities of water to which all project users are entitled, and
defines a prioritization for water-short years. Users were divided into two classes,
nonproratable (those with the most senior rights) and proratable. Nonproratable users are
served first from the total water supply available (TWSA) and proratable users share equally
in the balance of available supply (Reclamation, 2002).

Since 1945, the courts have issued numerous other decisions in the Yakima Basin
Adjudication related to protection of fish resources, the rights of the Yakama Nation, return
flows, groundwater, abandonment of claims, and flood water use.
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1.3

DOCUMENT ORGANIZATION

This technical report is divided into the following sections:

Section 1.0: Introduction

Section 2.0: Description of the Groundwater Storage Alternatives
Section 3.0: Background

Section 4.0: Surface Recharge with Passive Recovery

Section 5.0: Direct Injection

Section 6.0: References

Section 2 describes the groundwater storage alternatives and is related to the project
description in the Draft PR/EIS. Section 3 provides background information on the project
areas, water demands and water management within the Yakima River Basin, and
hydrogeologic characteristics of the basin. Section 4 contains the methods, analysis, and
results of the surface recharge alternative. Section 5 contains the methods, analysis, and
results of the direct injection alternative. The information in Sections 4 and 5 can be used to
describe the affected environment and can be used to identify potential impacts from
groundwater storage for the Draft PR/EIS.
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2.0 DESCRIPTION OF GROUNDWATER STORAGE
ALTERNATIVES

The groundwater storage alternative includes using the natural storage capacity of geological
formations in both the confined (i.e., deep) and unconfined (i.e., water table) portions of the
aquifer system. The approach includes recharging water (placing water in) the aquifer
system and storing it to realize benefits in the form of increased streamflow from increased
groundwater discharge, recovery of the stored water for out-of-stream uses, and/or
replenishing depleted groundwater storage.

Aquifers provide a natural storage reservoir that can be used to store the water available
under an existing water right. Water available during off-peak times can be stored in an
aquifer and recovered to supply peak demands. Aquifer storage can also augment
streamflows during peak demand periods through increased groundwater discharge of the
water stored during off-peak periods. Thus, groundwater storage can provide a more reliable
water source or increase stream baseflow during critical times. The geological formations
targeted for groundwater storage include the following:

e Shallow alluvium and unconsolidated sediments
e Basin fill sedimentary rock (e.g., Ellensburg Formation)
e Basalts

Groundwater storage is achieved by recharging water to the deep and shallow portions of the
aquifer system (i.e., confined and unconfined). There are two distinct methods of recharge:

e Direct Injection. This method injects water via wells and targets deeper confined
aquifers.

e Surface Infiltration. This method distributes water at the ground surface, which
then infiltrates to a shallow, unconfined aquifer.

The two recharge methods are sufficiently different in terms of technology, impacts, and
costs; therefore, they are considered as separate groundwater storage alternatives in the EIS.

The source water is expected to be surface water from either the Yakima River or one of its
tributaries. New or existing infrastructure (canals or pipelines) would be used to convey this
water to the recharge site. The availability of water will be a function of seasonal timing and
location within the Yakima River Basin.

2.1 INJECTION RECHARGE

Injection recharge is a method that injects water via wells into a deep subsurface geologic
formation. The injected water may or may not be recovered, depending on the objective of
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the recharge. Municipal ASR is the term used when the stored groundwater is actively
recovered for potable uses. When the storage is allowed to discharge naturally, it is called
injection with passive recovery.

2.1.1 Municipal Aquifer Storage and Recovery

Municipal ASR systems inject potable water via wells into aquifers during periods of excess
capacity and withdraw the water for municipal supply during periods of peak demand or
limited supply. In Washington State, ASR systems are regulated under Washington
Administrative Code (WAC) 173-157. Figure 2-1 shows a typical configuration of an ASR
system. The source water must be of high quality (i.e., near-potable quality) for operational
purposes (i.e., to prevent well clogging by sediment and biological growth) to meet state
regulations that protect groundwater quality, and to better ensure potable quality when
recovered. Water of such quality may be obtained from conventional drinking water
treatment plants, or from groundwater wells (e.g., shallow alluvial wells in close hydraulic
continuity with surface water — this configuration is also referred to as river bank filtration
[RBF)).

The water is injected directly into an aquifer (usually confined), and the stored water is
actively recovered for potable supply using the same or other wells. ASR systems require
recharge/recovery wells and conveyance infrastructure to transport the water from the source
to the recharge well and from the recovery well to the municipal supply. ASR systems are an
established and well-regulated management technique for water systems with appropriate
source water and infrastructure configurations.

The hydrogeology of an area is an important factor in locating recharge sites. The aquifer
must have suitable hydraulic properties and, in some cases, favorable hydraulic boundaries to
ensure that the stored water can be efficiently recovered and not lost to streams or captured
by other water users. This is why the ASR alternative in the Yakima River Basin targets
deeper aquifers in the Ellensburg Formation or basalts. Water that is not actively recovered
may remain in the aquifer or seep back to streams. This can improve groundwater levels
locally and may improve baseflow to surface waters in hydraulic connection with deeper
geologic formations. The objectives for applying the municipal ASR method include the
following:

1. Offset current and future municipal surface water withdrawals to seasonally
improve streamflows and overall water supply efficiency

2. Improve reliability of peak and long-term water supply
3. Recover deeper groundwater levels and baseflow discharge over the long term

4. Provide the potential capability for storage of reclaimed water
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The first objective, offsetting municipal surface water withdrawals, would be achieved by
diverting water under a municipal water right during off-peak demand periods and injecting
it into an aquifer. The water would then be actively recovered during peak demand periods
and thereby reduce the surface water demand during that period. Peak municipal demands
are generally during the summer months when streamflows are lower, so this method would
improve surface water supply by decreasing the impacts to streams during the summer.
Storing water in aquifers would also reduce evaporation losses compared to losses that would
be expected if the water were stored in a surface reservoir.

The second objective, improving the reliability of the peak and long-term supply, would be
achieved in the same way as the first objective; however, the recovery of the water would be
postponed until the municipal demand exceeds the current supply. The long-term storage
and recovery of the water will also enable the municipality to meet future peak demands.

The third objective, improving groundwater conditions over the long-term, would be
achieved based on the long-term annual ratio between injection storage and recovery. Water
that is left in the aquifer and not actively recovered would, over the long term, become part
of the natural groundwater system.

The fourth objective, storing reclaimed water, would be achieved by injecting reclaimed
water (treated to the necessary standards) into an aquifer and allowing direct recovery of the
water for future municipal use. This approach would make efficient use of the municipal
water use under an existing water right because it would put the water into a reclaim and
reuse cycle that would offset a portion of future municipal demands from the stream.

2.1.1.1 General Requirements

The feasibility of ASR for municipal purposes depends on water quality, infrastructure, costs,
permitting, hydrogeology, a suitable recharge water source, and customer acceptance
(aesthetic parameters associated with water quality). A summary of these considerations is
presented below.

Water Quality: Water quality concerns for an ASR project relate to human health and
operational considerations. An ASR project used to supply municipal drinking water must
meet federal (Safe Drinking Water Act [SDWA]) and Washington State Department of
Health [WSDOH], WAC 246-290) drinking water standards. Any reactions between the
recharged water and the native groundwater and aquifer mass must result in concentrations of
regulated parameters that meet drinking water standards, if used for drinking water purposes.

Operational water quality concerns include biological growth, mineral precipitation and
dissolution, and corrosion of the well screen. Bacterial growth and mineral precipitation
(which is often catalyzed by bacteria) can cause clogging of the well screen. Problems
related to mineral dissolution are more likely associated with meeting drinking water
standards (e.g., dissolution of sulfide minerals may release heavy metals). In extreme, but
unlikely, cases, dissolution of minerals may cause aquifer stability formation problems
around the well screen.
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Infrastructure: Suitable infrastructure for ASR must be available or constructed, possibly
including facilities for the treatment of surface water used for direct injection, a distribution
system from the source of recharge water (e.g., streams) to recharge sites, and wells suitable
for ASR (i.e., recharge and recovery wells). Treatment of surface water is needed for two
reasons: 1) to ensure low total suspended sediments (TSS) that may otherwise clog an ASR
well, and 2) to reduce pathogens that may be present in surface water for the protection of
human health.

The cost of obtaining water of the desired quality for direct injection can be reduced relative
to surface water treatment plants by using river bank filtration (RBF) methods. RBF
methods include withdrawing groundwater from wells in close hydraulic continuity with
surface water. This method uses the natural filtration capacity of sediments to filter TSS and
pathogens that may be present.

Costs: The cost of ASR must be favorable in comparison to other water management
strategies. A higher cost for ASR relative to other water management or storage strategies
may be acceptable if there is a net environmental benefit or other enhancement. Generally,
the costs of an ASR program benefit from scales of economy (i.e., the larger the project, the
lower the unit cost of providing the water). Under certain conditions, cost is a minimal
concern if no other feasible alternative is available (e.g., water rights are not available
because of the seasonal impacts of water use on stream flows or limited groundwater
availability).

Permitting: ASR is a water resource management tool that is explicitly endorsed by
Washington State. Numerous regulations must be complied with and permits obtained for an
ASR project. These regulations are intended to ensure the protection of human and
environmental health. A valid ASR project should be able to adequately comply with these
regulations and permitting requirements without significant effort. The following is a list of
the primary applicable regulations:

e Water Rights (RCW 90.03 and 90.44)

e ASR (WAC 173-157)

e Well Construction (WAC 173-160)

e Water Quality (WAC 173-200)

e Underground Injection Control Program (WAC 173-218)

e Washington State Department of Health (WAC 246-290)
The water recovered in an ASR program for potable use has to meet drinking water
standards. Water rights also have to be available. Water may be more available for ASR
permits than for conventional water right permits that involve year-round uses because the

diversion of water for storage in an ASR program typically occurs during the off-season or
rainy season.
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Hydrogeology: A favorable hydrogeological setting for ASR is one that retains the
recharged water for later recovery (e.g., a well-confined system that limits the loss of water
from the system), and an aquifer that is sufficiently permeable to avoid excessive build-up of
head at the injection well.

Recharge Water Source: A source of high-quality recharge water is required. The water
must effectively meet drinking water standards in order to meet the regulatory standards of
WAC 173-200 (Protection of Groundwater Quality). It should also be chemically compatible
with the native groundwater and aquifer mass; otherwise, the aquifer may need conditioning
by multiple flushing cycles.

Customer Acceptance: The water that is recovered and furnished to drinking water
customers has to be acceptable from aesthetic standpoints (e.g., taste and odor). Customers
are usually accustomed to a particular “flavor” of water. Changes of any kind typically elicit
questions of concern from customers. Although these changes may be of no health concern
(e.g., temperature) or of variable health concern (e.g., increased calcium concentrations
although not regulated for drinking water may contribute to gall stone formation or mitigate
osteoporosis), such changes must be satisfactorily addressed in order to ensure public
acceptance.

2.1.2 Injection with Passive Recovery

Direct injection can also be used to store water in the aquifer with passive recovery (Figure
2-1). Potable water would still be injected into an aquifer during periods of excess capacity
but the water would become part of the natural groundwater system and flow to its natural
discharge areas (i.e., streams or springs). The water would be passively recovered when it
reaches the stream and is available for instream or out-of-stream uses. Injection into a deep
aquifer results in a longer lag time between injection and when the water reaches its natural
discharge areas (i.e., streams or springs). This interannual retention time provides a more
constant discharge of recharged water to streams and other discharge areas. Injection to
shallower portions of the aquifer system will provide shorter lag times between the time of
recharge and the time of peak return flows.

Direct injection with passive recovery requires a high-quality water source (as described in
Section 2.1.1.1 for municipal ASR), recharge wells, and conveyance infrastructure to
transport the water from the source to the well. The system would still be subject to WAC
173-157 because water is being injected into an aquifer.

The siting of this type of injection system is different than a typical ASR system. Areas
would be targeted that have hydraulic continuity between the aquifer and natural discharge
areas that would benefit from increased baseflow. Areas where groundwater has been
depleted or mined through heavy use could also be targeted to restore water levels. For both
purposes, the benefits would be realized over a long period of time and distributed over a
relatively large area.

The objectives for applying the direct injection with passive recovery method to locations in
the Yakima River Basin include the following:
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1. Offset current irrigation surface water withdrawals to improve streamflows
and overall water supply reliability

2. Mitigation offset for future municipal water rights

3. Maintain or restore depleted aquifer storage to extend the sustainable yield of
the aquifer

4. Increase groundwater storage that may be used during emergency drought
conditions

5. Create local salmonid refugia

The first objective, offsetting current irrigation surface water withdrawals, is targeted for
areas that have experienced, or may experience, significant groundwater level declines due to
a large groundwater demand. If an aquifer is in hydraulic continuity with a stream, then it is
possible that the groundwater level decline may be currently impacting surface discharges,
such as streams or springs. Injection recharge could reduce current impacts of groundwater
use on the stream over the long term. Maintaining or raising groundwater levels could
reduce pumping costs and extend the life of existing wells.

The second objective, mitigating future water rights, is intended to provide an option for one
or more municipalities to inject water into an aquifer to mitigate for the impacts of a future
surface or groundwater withdrawal needed to support growth. This form of mitigation would
require a system designed to recharge the same body of water (aquifer) from which the
withdrawal is occurring, and would need to raise or maintain groundwater levels so that other
groundwater users are not impaired. The source water would still be obtained during times
of off-peak demand. It may be appropriate for groups of two or more entities requiring water
to jointly develop the mitigation near their proposed withdrawals.

The third objective, restoring depleted aquifer storage to extend the sustainable yield of the
aquifer, is intended to replenish groundwater storage where it has been depleted by historical
pumping of groundwater. In such areas, groundwater withdrawals are greater than natural
recharge rates and groundwater levels have dropped by up to several hundred feet. This has
resulted in groundwater users having to deepen wells and pay greater pumping costs as
greater head lifts are needed. Increasing the recharge of the aquifer may slow or arrest the
rate of decrease of groundwater levels, and possibly replenish depleted groundwater storage.

The fourth objective, increasing groundwater storage that may be used during emergency
drought conditions, is similar to the third objective. Temporary emergency drought wells are
often permitted during drought years. However, issuance of such permits still requires
nonimpairment on other groundwater users. Therefore, increasing the available groundwater
storage will provide additional storage to supply temporary drought permits for groundwater
withdrawal.

The fifth objective, creating local salmonid refugia, is intended to facilitate salmonid
migration and improve spawning grounds. Cold groundwater seeps to streams often provide
refugia for migrating salmon and are the locations of spawning. Groundwater seeps are often
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associated with geological structures, such as faults or fold structures. Recharge of cold
surface water during the winter at certain geologic structures may increase the flux of cold
water to streams at existing areas of groundwater discharge and salmonid refugia.

2.1.2.1 General Requirements

The general requirements for injection with passive recovery are the same as those required
for municipal ASR with the exception of the hydrogeology. The general requirements for
municipal ASR are discussed in Section 2.1.1.1. The hydrogeology requirements for
injection with passive recovery are different from municipal ASR because the objective is to
have the injected water naturally discharge back to a stream over time. This requires a
hydraulic connection between the hydrogeologic unit targeted for injection and a stream.
The aquifer still needs to be moderately to highly permeable to accept the recharge water
within excessive build-up of head. The native groundwater and aquifer mass should also be
chemically compatible with the recharge water to prevent changes in the stored water quality
or precipitation of minerals that could clog the well or aquifer.

2.2 SURFACE RECHARGE WITH PASSIVE RECOVERY

Surface recharge with passive recovery involves diverting and infiltrating surface water into
a recharge basin during periods of high streamflow and allowing it to discharge naturally
back to a stream (Figure 2-2). The natural discharge back to the stream is termed passive
recovery because the water is available for instream and out-of-stream uses when it reaches
the stream. The infiltration sites are located so that the timing of return flow to a stream
corresponds to periods of low flow. The source of the infiltration water would be a direct
surface diversion from a river or irrigation canal, or suitably high-quality reclaimed water.
The infiltration system recharges water before lower streamflow conditions occur. Pumping
or other infrastructure may be required to move water from the source to the infiltration
basin.

Using surface recharge to augment streamflows requires a good understanding of stream-
aquifer interaction to effectively manipulate the timing of return flows to benefit the stream.
The effectiveness of surface recharge is dependent on the properties of the aquifer system
(e.g., storativity and transmissivity), and is targeted for shallow alluvium and unconsolidated
sediments in the Yakima River Basin.

The objectives for applying the surface recharge (passive recovery) method to locations in
the Yakima River Basin include the following:

1. Offset impacts of current irrigation surface water withdrawals on streamflows

2. Improve reliability for certain agricultural water demands during water short
years by increasing TWSA

3. Provide capability for surface application and storage of reclaimed water
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The first objective, offsetting current irrigation surface water withdrawals, would be achieved
by increasing the magnitude of return flows during the irrigation season.

The second objective, improving reliability for certain agricultural water demands, would
also be achieved by increasing the magnitude of return flows during the irrigation season.
Higher streamflows could improve the reliability of supply to junior water right holders
because irrigation deliveries are managed by streamflow levels at various control points
along the Yakima River. In addition, surface recharge could return to irrigation canals.

The third objective, storing reclaimed water, is a longer term objective that would infiltrate
municipal reclaimed water if and when suitable infrastructure is developed to handle a
reclaimed water system.

2.2.1 General Requirements

The feasibility of surface infiltration depends on infrastructure, costs, permitting,
hydrogeology, a suitable recharge water source, and the timing of return flows to the river.

Infrastructure: Suitable infrastructure for surface infiltration must be available, including a
distribution system from the source of recharge water to the infiltration facility sites.

Costs: The cost of surface infiltration must be favorable in comparison to other water
management strategies. A higher cost for surface infiltration relative to other water
management of storage strategies may be acceptable if there is a net environmental benefit or
other enhancement. The costs for surface infiltration include infrastructure and leasing or
purchase costs for the land needed to site infiltration facilities. Close proximity to sources of
water from infrastructure such as canals and ditches will reduce infrastructure costs.

Permitting: Water rights have to be available for a supply of recharge water. There are
other water right and permitting issues that are currently ambiguous in the state of
Washington, but these are currently being addressed in the rulemaking process for ASR.

Surficial Geology/Hydrogeology: Surface infiltration requires geologic units that provide
sufficient infiltration and permeability capabilities. Areas with alluvium or unconsolidated
sediments at the ground surface are favorable for surface infiltration. The hydrogeology of
the aquifer system should be favorable for surface infiltration and passive recovery, including
a shallow unconfined aquifer system that is hydraulically connected to a stream.

Recharge Water Source: A source of recharge water is required. Surface infiltration also
requires close proximity to sources of water from infrastructure such as canals and ditches.
The native groundwater and aquifer mass should be chemically compatible with the recharge
water to prevent changes in the groundwater quality. Source water is typically surface water.
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3.0 BACKGROUND

This section describes the project areas, surface water management control points, water
demand, and hydrogeology of the Yakima River Basin. Groundwater storage projects must
fit within the existing structure of water management within the basin. Projects are also
limited to areas with suitable hydrogeology. A brief overview of the physical and legal
framework within the Yakima River Basin is provided in this section.

3.1 PROJECT AREAS AND CONTROL POINTS

The suitability of project locations within the Yakima River Basin is influenced by the
geology/hydrogeology, surface water control points, and the location of the existing canal
network.

3.1.1 Sub-Basins

The Yakima River Basin is a 6,200 square mile (mi?) area in south-central Washington. The
basin contains three ecoregions: Cascades, Eastern Cascades, and Columbia Basin (Jones, et
al., 2006). Tributaries to the Yakima River include eight major rivers and numerous smaller
streams. The largest tributary to the Yakima River is the Naches River.

Six smaller structural basins, created by large east-west anticlinal ridges, were identified
within the Yakima River Basin as part of a U.S. Geological Survey (USGS) study (Jones, et
al., 2006). The sub-basins consist of broad, flat-bottomed valleys that slope gently towards
the Yakima River. From the headwaters of the Yakima River, the basins are Roslyn, Kittitas,
Selah, Yakima, Toppenish, and Benton (Figure 3-1). Figure 3-2 shows the geology of the
Yakima River Basin, highlighting four of the six sub-basins which contain unconsolidated
hydrogeologic materials.

3.1.2 USGS Streamflow Gauge Control Points

The USGS records streamflow of the Yakima and Naches rivers (Figure 3-2). The average
yearly runoff at key locations with the basin is provided in Table 3-1. The average annual
flow volume at the Parker gauge is 1,563,216 acre-feet. The Yakima River at Cle Elum,
Naches River near Naches, and Yakima River at Parker gauges are used as TWSA control
points. The TWSA, as interpreted by Reclamation, is “...the total water supply available for
the Yakima River basin above [the Parker gauge] PARW, for the period April through
September” (Reclamation, 2002). Therefore, the Parker gauge is the primary control point
that influences the amount of water available for water right holders in the Yakima River
Basin.

3.1.3 lIrrigation Canal System

There are over 50 irrigation districts that have an entitlement to divert water above the Parker
gauge; the Kennewick Irrigation District diverts water below the Parker gauge (Reclamation,
2002). Irrigation water is delivered to land within an irrigation district via irrigation canals
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and ditches. The Yakima Basin Project supplies water to 465,000 irrigated acres of land.
The water is delivered to seven divisions according to supplemental water supply contracts:
Kittitas (59,123 acres), Tieton (27,271 acres), Sunnyside (103,562 acres), Roza (72,511
acres), Kennewick (19,171 acres), Wapato (136,000), and supplemental water supply
contracts (over 45,000 acres) (Reclamation, 2002). The water is delivered using an extensive
canal system. The locations of canals in the Yakima River Basin are displayed on Figure 3-
3.

TABLE 3-1

Average Yearly Runoff at Key Locations

Average Yearly Runoff (Acre-Feet per Year)
) 1961-1990 estimated
Site unregulated flow’ 1961 - 1990 measured flow®

Yakima River near Easton 651,000 342,215

Yakima River at Cle Elum? 1,478,000 1,183,648
Yakima River at Umtanum 2,007,000 1,750,128
Naches River near Naches® 1,234,000 838,606*
Yakima River at Parker! 3,410,000 1,563,216
Yakima River at Kiona 3,970,000 2,475,950

Notes:

1. Total Water Supply Available (TWSA) control point.

2. Reclamation Surface Water Hydrology Model.

3. Reclamation records.

*Wapatox Power Plant diverts 257, 350 acre-feet per year up-stream of gauge.

Source: Reclamation (2002)
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3.2 WATER DEMAND

The existing demand for water in the basin includes instream flows, irrigation demand, and
municipal demand. Water available to supply the demand is limited by the total water supply
available at the Parker gauge.

3.2.1 Instream Flow Demand

The following discussion on instream flow requirements is from the 2003 Yakima Basin
Watershed Plan (EES, et al., 2003). Instream flow requirements are based on court orders and
federal legislation related to the Yakima Irrigation Project. The requirements include target
flows mandated by Congress and Reclamation’s instream target flows at various reaches in the
river system. The state of Washington has not established minimum instream flows in the
Yakima River Basin (EES, et al., 2003).

Target instream flows have been defined at two points in the Yakima River Basin, as mandated
by Congress through the Yakima River Basin Water Enhancement Project (YRBWEP) (Title XII
of the Act of October 31, 1994, U.S. Congress [Public Law 103-434]). The legislation states that
the Yakima project superintendent shall estimate the water supply which is anticipated to be
available to meet water entitlements, and provide instream flows in accordance with the criteria
in Table 3-2. This new operational regime was institutionalized in 1995 but initiated by the
Yakima project superintendent in 1992 before passage of the Title XII legislation. The target
flows cover the months of April through September (irrigation season), but do not define flows
for the remaining months of the year. Operational target flows for other times of year and
locations are set by Reclamation in consultation with the Systems Operating Advisory
Committee. Those operational target flows are negotiated annually and are based on biological
needs of fisheries (EES, et al., 2003).

Target flows are defined in a way that requires they be increased as water conservation elements
of YRBWEP are implemented over time. Table 3-2 displays the target flows at this time,
without implementation of conservation elements; and what they would be if the conservation
goals of YRBWEP were fully met (EES, et al., 2003).

3.2.2 Proratable Irrigation Demand

The following description of water delivery entitlements is from Reclamation’s Interim
Comprehensive Basin Operating Plan for the Yakima project (Reclamation, 2002). Water
delivery entitlements for all major irrigation systems in the Yakima River Basin, except for the
lower reaches of the Yakima River near the confluence with the Columbia River, were
determined in the 1945 Consent Decree (Decree). The Decree states the quantities of water to
which all project water users are entitled (maximum monthly and annual diversion limits) and
defines a method of prioritization to be placed into effect during water-deficient years. The
water entitlements are divided into two classes: nonproratable and proratable. Nonproratable
entitlements are held by those water users with the earliest filed water rights, and these
entitlements are to be served first from the TWSA. All other project water rights are proratable.
They are of equal priority to each other, but second in line to the nonproratables. Any shortages
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that may occur are shared equally by the proratable water users (Reclamation, 2002). Flows at
the Parker gauge control the amount of water available for nonproratable and proratable water
rights (see Section 3.1.2). Historical estimates of TWSA from 1977 to 2000 are provided in

Table 3-3.

Target Flows at Sunnyside and Prosser Diversion Dams

TABLE 3-2

Target Flow (cfs) from date of estimate
through October downstream of
Water Supply Estimate®” for Period (million acre feet) Sunnyside and Prosser Diversion Dams
April May June July Without Basin With Basin
through through through through Conservation Conservation
September | September | September | September Program Program
3.2 2.9 2.4 1.9 600 900
2.9 2.65 2.2 1.7 500 800
2.65 2.4 2 1.5 400 700
<2.65 <2.4 <2.0 <1.5 300 300
Notes:

(1) “Estimate” refers to the Project Superintendent’s water supply estimate.
(2) Only increased with reduced diversions below Sunnyside.

Source: EES, et al. (2003)

Historically, (except Water Year (WY) 1993) the prorationing period has not started until the
date of storage control. This means that water has been available for all entitlements until May.
The amount of proration is determined monthly, biweekly, or as needed by project operations
and this information is provided to water using entities at manager meetings. The nonproratable
users can divert their full irrigation entitlements. This amount is deducted from the water supply
available for irrigation entitlements with the remainder available for the proratable irrigation
entitlements. The recognized quantities of nonproratable and proratable irrigation entitlements
are summarized in Table 3-4. Proratable water users did not receive all of their proratable
entitlement in 1992, 1993, 1994, 2001, and 2005 (Reclamation, 2002). One of the goals of
increased storage in the Yakima River Basin is to provide a more reliable water source for the
proratable water rights by increasing the total water supply available.
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Historical TWSA Estimates by Month in KAF, Commencing WY 1977 & YRBWEP Title XII Target flows in cfs, Commencing WY 1995.

TABLE 3-3

Month Mar’s Apr Xl Apr Xl May Xl Jun Xl Jul Xl Aug Sep
YEAR | KAF | Notes cfs | KAF | Notes cfs | KAF | Notes cfs | KAF | Notes cfs | Notes | KAF | Notes cfs | Notes | KAF | Notes | KAF | Notes
1977 - - | 2,037 - - - - - - - - -
1978 | 3,088 - | 2,678 - | 2,341 - - - 1,433 - 920 -
1979 | 2,770 - | 2,657 - | 2,460 - | 1,964 - - - - -
1980 | 3,268 - | 3,147 - | 2,705 - 2121 - - - - -
1981 | 2,690 - | 2,367 - | 2,296 - 11,979 - - - - -
1982 | 3,433 - | 3,256 - | 3,005 - - - - - - -
1983 | 3,453 - | 3,392 - | 2,941 - 127271 - - - - -
1984 | 2,956 - | 2,786 - | 2,501 - | 2,200 - - - - -
1985 | 3,106 - | 3,111 - | 2,868 - 12,395 - 1,529 - 899 -
1986 | 3,061 - | 2,668 - | 2,284 - | 1,800 - 1,367 - - -
1987 | 2,558 - | 2,559 - | 2,297 - | 1,661 - 1,301 - - -
1988 | 2,377 - | 2,253 - | 2,065 - 11,710 - 1,349 - - -
1989 | 2,946 - | 3,071 - | 2,666 - 12,192 - - - - -
1990 | 3,446 - | 3,268 - 12824 - | 2,417 - 1,717 - - -
1991 | 2,938 - | 2,962 - | 2,742 - 12,261 - 1,854 - - -
1992 | 2,853 - 12,422 - | 2,268 - | 1,497 4 - 1,155 1 - 788 1| 324 1
1993 | 2,062 - 11,974 5 - 11,842 2 - | 1,405 1,2 - 1,126 1,2 - 774 1,2 | 415 1,2
1994 | 2,169 2 - | 2,016 2 - | 1,691 2 - 11,191 1,2 - 934 1,2 - 593 1,2 | 283 1,2
1995 | 3,284 2| 600 | 3,044 2| 500 | 2,666 2 500 | 2,088 2| 400 1,572 2| 400 - -
1996 | 3,268 2| 600 | 2,872 2| 400 | 2,530 2 400 | 2,003 2| 400 1,463 2 | 400 - -
1997 | 4,055 2| 600 | 4,542 2| 600 | 3,836 2 600 | 2,670 2 | 600 1,935 2 | 600 - -
1998 | 3,193 2| 500 | 2,982 2| 500 | 2,548 2 400 | 2,017 1,2 | 400 1,536 1,2 | 400 - -
1999 | 4,179 2| 600 | 4,198 2| 600 | 3,649 2 600 | 3,017 2| 600 1,913 1,2 | 600 - -
2000 | 3,319 2| 604 | 3,305 2| 604 | 2,691 2| 5,046 | 2,175 2| 404 311,615 2| 404 3 - -
Average | 3,064 -500 | 2,899 -500 | 2,596 -400 | 2,049 -400 1,487 -300 795 341
Notes:

XII = YRBWEP Title XII Target Flows — April (or current month) through October. KAF = thousand acre-feet
1. Based upon adopted forecast.
2. Does not include October’s entitlements, runoff, or return flows.
3. Includes YRBWEP lease and acquisition (L&A) water.
Source: Reclamation (2002)
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3.2.3 Municipal Demand Centers

There are fifteen municipalities within the Yakima River Basin. Seven of the municipalities use
water above Parker gauge, and the other eight use water from below the Parker gauge (Figure 3-
4). Figure 3-4 shows the location of each municipal diversion and return flow in relation to the
Yakima River, its tributaries, and gauge locations. Figure 3-5 is a simplified version of Figure 3-
4 that does not include the tributaries. The population of the Yakima River Basin was
approximately 288,000 people in the year 2000. Based on projections developed for the 2003
Yakima Basin Watershed Plan, the basin’s population is projected to increase to over 418,000
people by the year 2020, and 531,000 people by the year 2050 (EES, et al., 2003). Population
growth will increase municipal water demand within the basin.

Water users obtain their water from municipal systems, small public water systems, individual
household wells, and wells owned by self-supplied industrial users. Table 3-5 presents current
(year 2000) and projected demands through year 2020 for municipal water systems (EES, et al.,
2003). Municipal demands have been grouped by USGS streamflow gauge control point. The
city of Yakima diverts the largest quantity of surface water for municipal use (>10 cfs), followed
by the community of Cle Elum (approximately 1 cubic feet per second [cfs]), and other smaller
diversions.

The estimated total additional volume of water needed to meet future municipal demand by the
year 2020 for all of the municipalities listed in Table 3-5 is 25,438 acre-feet per year. This
volume of water represents demand for additional potable water in the Yakima Basin. Some
portion of the additional water needed by each municipality to support growth through 2020
represents the potential demand for municipal aquifer storage and recovery, which is discussed
further in Section 5 for select municipalities.

Current and future rural residential water demand (not including municipal water demand) was
also estimated for four subareas within the Yakima Basin as part of the watershed plan (EES, et
al., 2003). Each of the subareas has been associated with the USGS streamflow gauge nearest to
the mouth of the subarea. The Upper Yakima Subarea is associated with the Umtanum gauge,
the Middle Yakima Subarea and Naches Subarea are associated with the Parker gauge, and the
Lower Yakima Subarea is associated with the mouth of the Yakima Basin. The additional
volume of water needed to meet future residential demand by the year 2020 for the users listed in
Table 3-6 is 19,860 acre-feet per year. This volume of water represents demand for additional
nonmunicipal potable water in the Yakima Basin.

Monthly shaping factors were used to distribute the annual volume of new municipal and
residential water on a monthly basis (Tables 3-7 and 3-8). The shaping factors are based on
monthly water production by the city of Yakima from 2004 to 2006 (Brown, personal
communication, 2007). The monthly factors were assumed to be representative of municipal
water use throughout the Yakima Basin; however, water demand from irrigation and permit-
exempt wells may vary within the basin.
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TABLE 3-4

TWSA Irrigation Entitlements (af) recognized by 1945 Consent Decree
April 1st through September 30th, and October 1st through 30th

Accumulated

Accumulated Accumulated | Monthly | Remaining

Month Nonproratable | Nonproratable | Proratable | Proratable Total Entitlement
April 160,973 1,070,271 93,857 1,239,199 | 254,830 2,309,470
May 186,637 909,298 228,463 1,145,342 | 415,100 2,054,640
June 182,240 722,661 258,150 916,879 | 440,390 1,639,540
July 189,640 540,421 268,236 658,729 | 457,840 1,199,150
August 186,058 350,817 257,822 390,493 | 443,880 741,310
September 164,759 164,759 132,671 132,671 | 297,430 297,430
October 115,115 115,115 44,025 44,025 | 159,140 159,140

Notes:

1. Accumulated refers to the sum of all the remaining entitlements.

For example the accumulated

nonproratable amount for the month of April includes the nonproratable amounts for the months of April
though September.

Source: Reclamation (2002)
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TABLE 3-5

Current and Future Municipal Water Demand in the Yakima Basin

Estimated
Year 2000 Additional Water
Water Projected 2020 | Needed to Support
Use (acre- | Future Water Growth through
feet per Use (acre-feet | 2020 (acre-feet per

Municipality year)' per year)" year)
Above Parker Gauge
Ellensburg 4,820 7,062 2,242
Cle Elum 897 1,121 224
City of Yakima 17,151 19,393 2,242
Nob Hill Water Association 3,811 5,717 1,906
Selah 2,915 3,699 784
Union Gap 1,211 1,586 375
Terrace Heights (Yakima County) 673 1,233 560
Total Above Parker Gauge 31,478 39,811 8,333
Below Parker Gauge
Sunnyside 3,251 4,260 1,009
Grandview 3,139 5,381 2,242
Toppenish 2,018 2,643 625
Wapato 1,345 3,139 1,794
Benton City 224 1,345 1,121
Prosser 3,139 3,924 785
Richland 9,192 15,358 6,166
West Richland 2,915 6,278 3,363
Total Below Parker Gauge 25,223 42,328 17,105

Notes:

1. Year 2000 water use estimate and projected 2020 water use from the 2003 Watershed Management
Plan, Yakima River Basin (EES, et al., 2003). Water use estimates are based on average day demand.
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TABLE 3-6

Current and Future Residential Water Demand in the Yakima Basin®

Additional
Water
Needed to
Annual Demand (afy) Support
Growth
through
Location 2000 2020 2020
Upper Yakima Subarea
Other Community and Class B PWS (16) 3,139 4,551 1,412
Non-Community PWS (19) 988 1,432 444
Yakima Training Center (17) 90 90 0
Households with own well (18) 5,652 8,195 2,543
Upper Yakima Total (Above Umtanum Gauge) 9,869 14,268 4,399
Middle Yakima Subarea
Other Community and Class B PWS (16) 3,520 4611 1,091
Non-community PWS (19) 173 226 53
Yakima Training Center (17) 90 90 0
Households with own well (18) 18,887 24,741 5,854
Naches Subarea (No systems with 1,000 connections)
Community and Class B PWS (16) 1,487 2,022 535
Non-Community PWS (19) 680 925 245
Households with own well (18) 2,598 3,533 935
Naches and Middle Yakima Subtotal (Above Parker Gauge) 27,435 36,148 8,713
Lower Yakima Subarea
Other Community and Class B PWS (16) 6,837 8,957 2,120
Non-Community PWS (19) 305 399 94
Households with own well (18) 14,627 19,161 4,534
Lower Yakima Subarea Subtotal (Above Mouth of Yakima Basin) 21,769 28,517 6,748
Total 59,073 78,933 19,860

Notes:

1. Year 2000 water use estimate and projected 2020 water use from the 2003 Watershed Management Plan,

Yakima River Basin (EES, et al., 2003).
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TABLE 3-7

Seasonal Demand of Additional Water Needed to Support Municipal Growth through 2020 in the Yakima Basin

Annual Seasonal Demand of Additional Water Needed to Support Growth through 2020 (acre-
(acre- feet per month)?
feet per
Municipality year)! Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Above Umtanum Gauge 1abh
Ellensburg 2,2402‘4 ' 99.6| 93.8]110.1152.3 | 224.4 | 273.4 | 313.6 | 296.9 | 241.4 | 184.7 | 138.8 | 112.9
Cle Elum 224 9.9 94| 110| 152 | 224 | 273 | 313| 29.7| 241 | 185| 139 | 113
Above Parker Gauge
City of Yakima 2,242 | 99.6 | 93.8|110.1|152.3|224.4|273.4 | 313.6 | 296.9 | 241.4| 184.7 | 138.8 | 112.9
Nob Hill Water Association 1906 | 84.7| 79.7| 93.6 |129.5|190.8 | 232.4 | 266.6 | 252.4 | 205.2 | 157.0 | 118.0 | 96.0
Selah 784 | 348 | 328| 385| 533 | 785 | 95.6|109.6|1038| 844 | 64.6 | 485 | 39.5
Union Gap 375 | 16.7| 157| 184 | 255 | 375| 457 | 524 | 49.7| 404 | 30.9| 232 189
Terrace Heights (YYakima County) 560 | 249 | 234 | 275| 380 | 56.1| 683 | 783 | 742 | 603 | 46.1| 34.7| 28.2
Above Prosser Gauge
Sunnyside 1009 | 448 | 422 | 49.6| 685]101.0)123.0|141.1|133.6|108.7| 83.1| 625| 50.8
Grandview 2,242 | 99.6 | 93.8|110.1|152.3|224.4|273.4 | 313.6 | 296.9 | 241.4 | 184.7 | 138.8 | 112.9
Toppenish 625 | 278 | 26.2| 30.7| 425| 626 | 76.2| 874 | 828 | 67.3| 515 | 38.7| 315
Wapato 1,794 | 79.7| 751 | 88.1|121.9|179.6 | 218.7 | 250.9 | 237.6 | 193.2 | 147.8 | 111.1 | 90.4
Above Kiona Gauge
Benton City 1121 | 49.8| 469 | 55.1| 76.2|112.2| 136.7 | 156.8 | 1485 | 120.7 | 92.3| 69.4| 56.5
Prosser 785 | 349 | 328| 386 | 533 | 78.6| 95.7|109.8|1040| 845 | 64.7| 48.6 | 39.5
Above Mouth of Yakima Basin
Richland 6,166 | 273.9 | 258.0 | 302.9 | 418.9 | 617.3 | 751.8 | 862.4 | 816.6 | 664.0 | 508.0 | 381.8 | 310.6
West Richland 3,363 | 149.4 | 140.7 | 165.2 | 228.5 | 336.7 | 410.1 | 470.3 | 445.4 | 362.1 | 277.0 | 208.2 | 169.4
TOTAL 25,438 | 1,130 | 1,064 | 1,250 | 1,728 | 2,547 | 3,102 | 3,558 | 3,369 | 2,739 | 2,096 | 1,575 | 1,281
Notes:

1. Annual municipal water demand from Table 4-2. Represents additional water needed to support growth through 2020.
2. Seasonal municipal water demand approximated using domestic water use shaping factors from city of Yakima monthly average water

production (2004-2006).
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TABLE 3-8
Seasonal Demand of Additional Water Needed to Support Residential Growth through 2020 in the Yakima Basin

Notes:

(Q:?Q_l;zét Seasonal Demand of Additional Water Needed to Support Growth through 2020 (acre-feet per
per month)®
Location year)" Jan Feb Mar | Apr | May Jun Jul Aug Sep Oct Nov | Dec
Upper Yakima Subarea
Other Community and Class B PWS (16) 1412 | 627 | 59.1| 694 | 959 | 1414 | 1722 1975 | 187.0| 1521 | 1163 | 874 | 711
Non-Community PWS (19) 444 | 19.7| 186 | 218 302 | 444 54.1 62.1 588 | 478 | 36.6 | 275 | 224
Yakima Training Center (17) 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Households with own well (18) 2,543 | 113.0 | 1064 | 1249 | 1728 | 2546 | 310.1 | 355.7| 336.8 | 273.8 | 209.5 | 1575 | 128.1
Upper Yakima Total (Above Umtanum Gauge) 4,399 | 1954 | 184.1 | 216.1 | 298.8 | 440.4 536.4 615.2 582.6 | 473.7 | 362.4 | 272.4 | 221.6
Middle Yakima Subarea
Other Community and Class B PWS (16) 1091 | 485| 456 | 536 | 741 | 109.2| 1330 | 1526 | 1445| 1175| 89.9| 67.6 | 55.0
Non-community PWS (19) 53 2.4 2.2 2.6 3.6 53 6.5 7.4 7.0 5.7 4.4 3.3 2.7
Yakima Training Center (17) 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Households with own well (18) 5,854 | 260.0 | 2449 | 287.6 | 397.7 | 586.0 | 713.8| 818.7| 7753 | 630.4 | 482.3 | 3625 | 294.9
Naches Subarea (No systems with 1,000 connections)
Community and Class B PWS (16) 536 | 238 | 224 | 263 | 36.3| 536 65.2 74.8 709 | 576 441 331| 269
Non-Community PWS (19) 245 109 | 103| 12.0| 166 | 245 29.9 34.3 324 | 264 | 202| 152 | 123
Households with own well (18) 935| 415| 391| 459| 635| 93.6 114.0 130.8 | 123.8 | 100.7 | 77.0| 57.9| 47.1
Naches and Middle Yakima Subtotal (Above
Parker Gauge) 8,713 | 387.0 | 364.6 | 428.0 | 591.9 | 872.3 | 1062.4 | 1218.6 | 1153.9 | 938.3 | 717.8 | 539.5 | 438.9
Lower Yakima Subarea
Other Community and Class B PWS (16) 2,120 | 942 | 88.7| 104.1| 144.0| 2122 | 2585 | 2965 | 280.8| 228.3 | 174.6 | 131.3 | 106.8
Non-Community PWS (19) 94 4.2 3.9 4.6 6.4 9.4 115 13.1 124 | 10.1 7.7 5.8 4.7
Households with own well (18) 4534 | 201.4 | 189.7 | 222.7 | 308.0 | 4539 | 5528 | 634.1| 6004 | 488.2 | 373.5 | 280.7 | 228.4
Lower Yakima Subarea Subtotal (Above
mouth of Yakima Basin) 6,748 | 299.7 | 282.3 | 3315 | 4584 | 6755 | 8228 | 943.8 | 893.7 | 726.7 | 555.9 | 417.8 | 339.9
1. Annual water demand from Table 4-3. Represents additional water needed to support growth through 2020.
2. Seasonal municipal water demand approximated using domestic water use shaping factors from city of Yakima monthly average water production (2004-2006).
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3.3 HYDROGEOLOGY

This section describes the hydrogeologic units, aquifer properties, groundwater levels, and
recharge to groundwater. These characteristics provide the basis for the groundwater storage
feasibility assessment.

3.3.1 Hydrogeologic Units

A hydrogeologic unit can be characterized as either an aquifer or an aquitard (also referred to as
a confining unit). An aquifer comprises saturated, permeable geologic units that are capable of
transmitting useable quantities of water. Aquifers are classified as unconfined and confined. An
aquitard is a unit that restricts the movement of groundwater.

Studies to quantify groundwater resources of the Yakima region normally define two to three
aquifers based on lithological differences. Biggane (1982) considers two regional hydrogeologic
units: a sedimentary aquifer and a basalt aquifer. Cearlock, et al. (1975) and Foxworthy (1962)
refer to 1) a surficial gravel aquifer; 2) the Ellensburg Aquifer; and 3) the basalt aquifer. Both
the sedimentary and basalt aquifers comprise a number of water-bearing and aquitard strata that
possess different hydraulic properties.

In this study, a three aquifer classification is used (from surface down, youngest to oldest):
Quaternary unconsolidated sediments/alluvium, the Ellensburg Formation, and Miocene basalts.
These three classifications are discussed below.

e Quaternary unconsolidated sediments/alluvium range in thickness from a few feet to
several tens of feet. The sediment consists of recent fluvial deposits from river and creek
systems in the area, as well as scattered loess deposits associated with these fluvial
systems. The other unconsolidated deposits also contain alluvial deposits, as well as
fluvial, alluvial fan, colluvial, and other wind-blown deposits. Most wells in these units
are for residential use.

e The Upper Ellensburg Formation has its greatest thickness at the center of the synclinal
basins and thins against the slopes of the anticlinal basalt ridges. The sedimentary
aquifer ranges in thickness from about 300 feet to 2,000 feet and can be divided into three
units: upper, middle, and lower. The upper member of the Upper Ellensburg Formation
attains depths of 900 feet and contains wells used for domestic, irrigation, and
commercial/industrial purposes. The middle Ellensburg confining unit comprises
interbedded clays, silts, and fine sands between 100 to 400 feet thick. Some wells have
screened intervals that span more permeable zones within this layer. The lower
Ellensburg confining unit comprises a number of semiconnected water producing zones
with different confining pressures. The principal water producing zones occur in weakly
cemented permeable layers of gravel and well-sorted sand. Although yields can be high
if extensive coarse-grained layers are penetrated, the confined zone is generally not as
permeable as the unconfined aquifer and tends to have lower yields. A limited number of
wells are completed in this layer.
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e The basalt aquifer underlies the sedimentary aquifer and also comprises a number of
water-bearing and aquitard zones. Aquifer zones occur within joints, fractured and
brecciated units of the Columbia River Basalt Group (CRBG), as well as in interbedded
sedimentary layers (e.g., the Selah member of the Lower Ellensburg Formation).
Aquitard zones comprise competent basalt between the flow tops and bottoms and major
joints.

3.3.2 Groundwater Levels

The National Water Information System (NWIS) contains the well log database developed for
the Yakima River Basin Project by the USGS. Over 1,900 wells were identified in the project
area. The wells were then categorized according to total depth and depth to water. Wells were
broken into categories based on water depth and total well depth. Figure 3-6 shows the location
of selected wells that are less than 200 feet deep and the maximum depth to water measured from
2000 to 2001, where available. Hydrographs of water levels in unconsolidated and consolidated
sedimentary deposits for selected wells are provided in Appendix A. Hydrographs of the water
levels in wells completed in the confined basalt group are also provided in Appendix A.

3.3.3 Aquifer properties

Groundwater exists and is analyzed relative to its dynamic state (i.e., its ability to move through
the subsurface) and its static state (i.e., the volume of water that exists at a given point in time).
Groundwater moves through an aquifer in relation to hydraulic boundaries, such as rivers or
lakes, and moves from higher elevation to lower elevation. The transmissivity of an aquifer is
measured because it describes how easily water moves through the aquifer: its dynamic
component. Transmissivity is the best indicator of well production and is therefore frequently
reported in water supply studies. Many methods for determining transmissivity have been
developed over the years and they account for a variety of hydrogeologic settings. The storage
coefficient of an aquifer describes the static component of the aquifer: the volume of water
within the pore spaces of the aquifer formation. Storage coefficients are more difficult to
measure in an aquifer. Aquifer transmissivity and storage coefficient together are used to
describe the time-varying dynamics of an aquifer system and how it responds to recharge,
pumping, or other stresses.

When a well is initially pumped, water is withdrawn from the pore spaces in the aquifer. The
behavior of an aquifer during injection or controlled recharge is analogous (but inverse) to
pumping. During the early stages of pumping, the static storage volume in the aquifer is
providing a relatively large proportion of the water to the well. As pumping continues over time,
the influence of the well extends outward from the well to hydraulic boundaries of the aquifer
system, eventually establishing an equilibrium within the dynamics of the aquifer as a whole
(i.e., the recharge and discharge continuum). Therefore, during the later stages of pumping, the
dynamic flowing volume in the aquifer provides a relatively large proportion of the water to the
well. Accordingly, a long-term continuous groundwater withdrawal generally causes a
permanent change to the recharge-discharge equilibrium of an aquifer, which is often reflected as
a decrease in stream base flow.
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Estimates of the storativity and specific yield within the Yakima River Basin were obtained for
confined and unconfined aquifers. Storativity values are based on a literature review of
storativity values for basalt aquifers. Values for the Wanapum basalts (Deobald, et al., 1995)
and a generalized confined aquifer (Barnett, 2000) provide a reasonable range for storativity that
is between 0.00002 and 0.0005.

A reasonable range of the specific yield of alluvium and unconsolidated sediments that comprise
the unconfined aquifers, based on the range of glaciofluvial material, is 0.03 to 0.2 (Whiteman, et
al., 1994). The materials in the shallow Yakima River Basin are comprised of coarser materials
which would have a higher specific yield. Silts and fine sands tend to occur deeper in the
sedimentary sequence and correspond more to lacustrine deposits, which have a lower specific
yield.

The hydraulic conductivity of the alluvium and unconsolidated sediments ranges from 5.1 to 26
feet per day based on the median and 75" percentile of the hydraulic conductivity estimates of
overburden in the Columbia Basin (Hansen, et al., 1994). The median and 75" percentile are
representative of the coarse-grained character along many sections of the streams in the basin.
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3.3.4 Recharge

A USGS study of groundwater recharge under pre- and post-development conditions in the
Yakima River Basin provided the following summary of the groundwater recharge in the
Yakima River Basin (Vaccaro and Olsen, 2007). The USGS used two models to estimate
groundwater recharge to the Yakima River Basin aquifer system for predevelopment conditions
(estimate of natural conditions) and current conditions (a multiyear, 1995 to 2004, composite).
Daily values of recharge were estimated for water years 1950 to 1998 using Precipitation-Runoff
Modeling System (PRMS) watershed models for four mainly forested upland areas. Water years
1950 to 2003 were evaluated using the Deep Percolation Model applied to 17 semiarid to arid
areas in the basin (Vaccaro and Olsen, 2007). Figure 3-7 shows the annual recharge for water
year 2001 in the Yakima River Basin.

The mean annual recharge under predevelopment conditions was estimated to be about 11.9
inches or 5,450 cubic feet per second (cfs) (about 3.9 million acre-feet) for the 6,207 mi? in the
modeled area. Within the modeled area, recharge ranged from 0.08 inch (1.2 cfs) to 34 inches
(2,825 cfs). About 90 percent of the total recharge occurred in the upper Yakima and Naches
modeled areas (Vaccaro and Olsen, 2007).

The mean annual recharge to the aquifer system under current conditions was estimated to be
about 15.6 inches, or 7,149 cfs (about 5.2 million acre-feet). The increase in recharge is due to
the application of irrigation water to croplands. The annual quantity of irrigation was more than
five times the annual precipitation for some of the modeled areas. Mean annual actual
evapotranspiration was estimated to have increased from predevelopment conditions by more
than 1,700 cfs (about 1.2 million acre-feet) due to irrigation (Vaccaro and Olsen, 2007).

Groundwater in the basalt is recharged directly by infiltration along the anticlinal ridges and
along losing reaches of rivers where the basalt is exposed at the surface. The basalt aquifer is
also recharged by downward flow from the sedimentary aquifer in portions of the basin,
principally along the edge of basins. Groundwater in the alluvium is recharged by infiltration of
precipitation, seepage from streams, irrigation canals and irrigated land and upward leakage from
confined aquifers.
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4.0 SURFACE RECHARGE WITH PASSIVE RECOVERY

The surface recharge analysis considered the characteristics and volumes of water needed or
available for infiltration and subsequent return flow, focusing on the ability to increase
streamflows during July, August, and September. The analysis identified a range of total acres
of land needed based on a range of assumptions about the geology and aquifer properties.
Specific sites were not identified for surface recharge locations because of the lack of site-
specific hydrogeologic data. Instead a map of the possible locations for sites was developed that
could be used with more site-specific data.

41 METHODOLOGY

The approach for evaluating surface recharge includes several components outlined below and
shown on Table 4-1 and Figure 4-1. An infiltration pond would receive water from the irrigation
canal system and infiltrate to groundwater. The groundwater would discharge to an adjacent
stream and an “accretion” of flow would occur. The groundwater storage capacity for surface
recharge is reflected in the combined capability of the pond to store and infiltrate water and the
ability of the aquifer to transmit and discharge the water back to the river. The volume analyses
described in Sections 4.2 through 4.5 are based on a monthly time step. Details at a smaller time
step (e.g., days or weeks) are not evaluated.

The four components to the methodology are as follows:

1. Infiltration Capacity (Section 4.2). This describes a range of pond capacities that could
be expected in the Yakima River Basin. The analysis is based on standard analytical
equations and suggested approaches in the Washington Department of Transportation
Design Manual for infiltration facilities (WSDOT, 2006).

2. Return Flow Processes (Section 4.3). This describes the volume and timing of the
infiltration that reaches the groundwater table and moves from beneath the infiltration
pond to a discharge zone (i.e., a stream or river). The analysis is based on an analytical
model (SDF View), developed by Colorado State University (2005).

3. Potential Site Locations (Section 4.4). The aquifer properties, surficial geology, land
cover, range of infiltration areas, and return flow processes are considered to evaluate the
potential for infiltration in specific areas of the Yakima Valley. However, specific sites
are not identified.

4. Surface Recharge Return Flow Volumes (Section 4.5). This section combines the various
components into a month-by-month estimate of return flow volumes from surface
recharge using two approaches to determine delivery volumes to the infiltration ponds.
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4.2 INFILTRATION CAPACITY AND VOLUMES

The ability to infiltrate water from a pond is determined by a number of factors, including the
area and geometry of the pond, infiltration capacity of the soil, depth to groundwater, and
ponding depth. Two approaches were used to estimate infiltration capacity. The results of these
estimates suggest that an average infiltration capacity of 20 to 60 acre-feet (AF) per acre per
month would be reasonable to expect for the study area. Based on these infiltration capacities,
an area of 166 to 500 acres of land would be required to infiltrate 10,000 AF of water in one
month.

Details of the infiltration estimates are as follows:

A representative 20-acre infiltration pond with a ponding depth of 2 to 5 feet was assumed, and a
series of infiltration estimation equations were used to estimate the infiltration capacity (Washington
Department of Transportation Design Hydraulics Manual, 2006, Chapter 4-5 Infiltration Design
Guidance). Key parameters used in the equations are summarized on Table 4-2. Based on these
calculations, infiltration capacities of 30 to greater than 100 acre-feet/acre per month are estimated.

A corollary analysis was made using actual performance data for five large infiltration facilities in
Arizona. Since 1997, the Central Arizona Project (CAP) has designed and constructed five large
infiltration facilities to infiltrate surface water for groundwater recharge. Currently, these five
facilities encompass approximately 400 acres and have the capacity to infiltrate 12,650 acre-feet of
water per month. Table 4-3 summarizes some of the design information for these facilities, and
Appendix C contains more detailed information on each facility. The operational results at these
facilities indicate an infiltration capacity of greater than 50 AF/acre per month. Some facilities have
achieved much higher specific infiltration rates (e.g., greater than 100 AF/acre/month).

The time that it takes for infiltration to move from the ground surface to the water table is
expected to vary from days to weeks. An estimate of one month is assumed. The infiltration
profile used to evaluate return flow volume and timing is discussed in Section 4.5.

Details of the infiltration estimates are as follows:

A representative 20-acre infiltration pond with a ponding depth of 2 to 5 feet was assumed, and a
series of infiltration estimation equations were used to estimate the infiltration capacity (Washington
Department of Transportation Design Hydraulics Manual, 2006, Chapter 4-5 Infiltration Design
Guidance). Key parameters used in the equations are summarized on Table 4-2. Based on these
calculations, infiltration capacities of 30 to greater than 100 acre-feet/acre per month are estimated.

A corollary analysis was made using actual performance data for five large infiltration facilities in
Arizona. Since 1997, the Central Arizona Project (CAP) has designed and constructed five large
infiltration facilities to infiltrate surface water for groundwater recharge. Currently, these five
facilities encompass approximately 400 acres and have the capacity to infiltrate 12,650 acre-feet of
water per month. Table 4-3 summarizes some of the design information for these facilities, and
Appendix C contains more detailed information on each facility. The operational results at these
facilities indicate an infiltration capacity of greater than 50 AF/acre per month. Some facilities have
achieved much higher specific infiltration rates (e.g., greater than 100 AF/acre/month).

The time that it takes for infiltration to move from the ground surface to the water table is
expected to vary from days to weeks. An estimate of one month is assumed. The infiltration
profile used to evaluate return flow volume and timing is discussed in Section 4.5.
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TABLE 4-1

Timing of Delivery, Infiltration, and Beginning of Return Flows (Accretion) to River

Month

Jan
31

Feb
31

Mar
28

Apr
30

May
31

Jun
30

Jul
31

Aug
31

Sep
30

Oct
31

Nov
30

Dec
31

Delivery to
Infiltration Pond

X

May

Infiltration Pond
to Aquifer

Aquifer Discharge
to Stream

Delivery to
Infiltration Pond

Jun.

Infiltration Pond
to Aquifer

Aquifer Discharge
to Stream

Delivery to
Infiltration Pond

Jul.

Infiltration Pond
to Aquifer

Aquifer Discharge
to Stream

Delivery to
Infiltration Pond

Aug.

Infiltration Pond
to Aquifer

Aquifer to Stream

Delivery to
Infiltration Pond

Sept.

Infiltration Pond
to Aquifer

Aquifer Discharge
to Stream

Delivery to
Infiltration Pond

Oct.

Infiltration Pond
to Aquifer

Aquifer Discharge
to Stream

Notes:

Indicates time over which infiltration from pond to aquifer is occurring.

Indicates time over which the accretion to the river is occurring. Accretion to the river also extends into

the following year.
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4.3 RETURN FLOW ANALYSIS

The relationship between the pumping of a well and the resulting depletion of a nearby stream
has been derived by several investigators (Theis, 1941; Conover, 1954; Glover and Balmer,
1954; Glover, 1960; Theis and Conover, 1963; Hantush, 1964, 1965). The effects of recharge
are identical to the effects of pumping except the direction of flow is reversed (Jenkins, 1968).
The return flow to the stream from surface recharge is defined as the “accretion” to the river, as
opposed to depletion from the river. The terms stream depletion, or stream depletion factor
(SDF), are used in the literature, and for the analysis in this report the term SDF is used in the
context of return flow or accretion to the river.

A program called SDF View, version 2.0.11 (Colorado State University, 2005) was used to solve
the analytical equations that determine the rate and volume of return flow from a given rate and
volume of infiltration. The SDF approach assumes that the infiltration has reached the water
table and uses a SDF factor that is a function of the distance between a site and a stream, the
transmissivity of the aquifer, and the specific yield of the aquifer. A SDF value and time series
of infiltration volumes are input into the SDF program to generate a stream accretion function,
which estimates the timing and volume of accretion to a river from the recharge to an aquifer.
The equation used to calculate the SDF value is:

2

SDF :ﬁ, where
T

x = effective distance from the infiltration basin to the surface water source (ft)
S = specific yield (dimensionless)
T = transmissivity (ft*/day)

The SDF value has units of days. The SDF View analysis is based on the following
assumptions:

e The aquifer is unconfined, isotropic, homogeneous, and semi-infinite with a constant
transmissivity.

e The stream is of constant temperature, and can be represented by a linear boundary
that fully penetrates the aquifer.

e Water is added instantaneously to storage, and the infiltration rate is uniform over the
time-step of the analysis.

e There are no other losses or gains to streamflow from pumping or return flows. For
this study, the analysis therefore represents the additional accretion to a stream that
would result from surface infiltration.
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TABLE 4-2

Key Parameters Used in the Infiltration Pond Equations

Length of Pond Bottom (ft) 1,500
Width of Pond Bottom (ft) 600
Area of Bottom of Pond (acres) 20
Pond Side Slopes (3:1 typical) 3
Depth to . Area of . Size Performance
Depth of Hydraulic Hydraulic . .
Pond, \‘ll'vi:le r Conductivity, Pond Gradient, | CFsize® A}(.jIJUSt?d CFaspect® | CFsilt/bio® A}(.jIJUSt?d Infiltration Capacity
Dpond able, Kequiv* Bottom, i2 In |trat|§)n Infiltration
Dwt Apond Rate, f Rate, fcorr
(ft) (ft) ft/day acres ft/day ft/day Q/Cdr:;/ AF/mo AF/Acre/Mo
3 100 10 20 0.35 0.07 3.50 1.03 0.8 2.88 60 1,812 91
3 50 10 20 0.25 0.07 2.50 1.03 0.8 2.06 43 1,294 65
3 30 10 20 0.15 0.07 1.50 1.03 0.8 1.24 26 777 39
3 100 20 0.35 0.07 1.75 1.03 0.8 1.44 30 906 45
3 50 20 0.25 0.07 1.25 1.03 0.8 1.03 22 647 32
3 30 20 0.15 0.07 0.75 1.03 0.8 0.62 13 388 19
Notes:

1. Hydraulic conductivity is consistent with USBR groundwater modeling, which used an average K of 5.8E-4 ft/sec for sediments in the Black Rock area.
2. Hydraulic gradient is conservatively estimated to be less than 1.0 and increases slightly with D, (Massmann, 2003). Actual gradients could be higher which
would result in higher infiltration.

3. CFsize is a correction factor based on Eq. 4-15 in WSDOT Manual. Cfsize approaches 1.0 for small ponds and decreases for larger ponds.

4. Size Adjusted Infiltration Rate, f, is based on Darcy's Law (f = K*i).
5. Cfaspect is a correction factor based on Eqg.4-17 in WSDOT Manual and corrects for the ratio of length to width for the pond.

6. CFsilt/bio is a correction factor to account for siltation and biofouling (Table 4-11 in WSDOT Manual). A value of 0.9 indicates a low potential for biofouling
and an average to high degree of maintenance and performance monitoring.
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TABLE 4-3

Design Information for Infiltration Facilities Associated with the Central Arizona Project

Eacilit Basin Infiltration Infiltration Infiltration | Evaporation Cost
y Dimensions Rates Volumes Capacity Loss
AF per Acre o
Total Acres Ft/Day Peak (AF/Mo) per Month Yo

Agui Fria' 100 1.2-35 5,000 50 05-1.0 $10.5M

Avra Valley? 10.8 21-35 850 79 <1 $0.8M
Hieroglyph Mountains® 38 3.0-6.0 2,800 73 <1 $5.5M
Santa Cruz* 30 N/A 3,977 132 <1 $3.9M

Pima Mine Road’ 14 0.7-42 2,000 142 <1 $11M

Superstition Mountains® N/A 40-7.0 N/A N/A N/A

Tonapah’ 206 N/A N/A N/A N/A N/A

Notes

. Completed in 2003. Seven basins each about 6 feet deep. Depth to groundwater ranges from 30 to 100 ft.

. Completed in 1998. Four basins (1.8 to 3.5 acres), 12 cfs peak inflow.
. Completed in 2003. Seven basins, 50 cfs peak inflow.

. Completed in 2001. Two pilot basins (7 acres each), three expansion basins (7 to 15 acres)
. In pilot testing phase.
. In feasibility phase.

1
2
3
g- Completed in 2004. Three basins (7 to 11 acres), 60 cfs peak inflow.
6
7
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The SDF View program calculates return flow after the recharge stops. The decay curve of
return flow after recharge stops varies with the SDF value. A smaller SDF value results in a
rapid decay in return flow volume, while a larger SDF value results in a more uniform decay in
return flow volume. SDF values of 30, 40, 50, and 60 days were used in the analysis. These
values would result in larger volumes of same season return flow.

There were not enough data available to identify specific sites and SDF properties for surface
recharge. Site identification will require a site investigation, including drilling and aquifer
testing to obtain estimates of the hydrogeologic properties. However, a screening of potential
areas was conducted based on surficial geology, land cover, estimated aquifer properties, and
distance buffers around the Yakima River and main tributaries.

Areas shown to be alluvium or unconsolidated sediments at the ground surface were initially
identified as having potential for surface recharge. Refer to Figure 3-2 for the distribution of
geologic units. Aquifer transmissivity is the product of the thickness of the aquifer unit and the
hydraulic conductivity. The thickness of the aquifer unit was determined using Geographic
Information System (GIS) maps developed as part of the U.S. Geological Survey report on the
hydrogeology of the Yakima River Basin (Jones, et al., 2006). The range of thicknesses was
determined for the basins with unconsolidated sediments: Kittitas, Selah, Yakima, and Benton.
The maximum total thickness of the unconsolidated sediments in each basin is 790 feet for
Kittitas, 290 feet for Selah, 350 feet for Yakima, and 870 feet for Benton (Jones, et al., 2006).
The total thickness of saturated alluvium and unconsolidated sediments was based on an
assumed depth to water of 40 feet. A depth to water of 40 feet represents the average maximum
depth to water measured in the wells identified in Figure 3-6. Appendix A contains the USGS
(Jones, et al, 2006) isopach maps for the various units.

The hydraulic conductivity (K) of alluvium and/or unconsolidated sediments in the Yakima
River Basin ranges from 5.1 to 26 feet/day (Hansen, et al., 1994). Specific yield ranges from
0.03 to 0.2 (Whiteman, et al., 1994). Keeping the distance and the aquifer thickness constant, a
low SDF factor is obtained using the minimum S (0.03) and maximum K (26 feet/day), and
results in a rapid decay of return flow volumes after recharge stops. A high SDF factor is
obtained using the maximum S (0.2) and minimum K (5.1 feet/day), and results in a more
uniform decay of return flow volumes after recharge stops. Intermediate combinations
(maximum S/maximum K and minimum S/minimum K) result in intermediate SDF values.
These four combinations of aquifer properties were therefore used with the maximum aquifer
thickness in each basin to evaluate the distance needed between an infiltration pond and the
stream to achieve the four SDF values (Table 4-4).
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TABLE 4-4

Estimated Range in Maximum Distance from Stream for an Infiltration Site

Stream Range in Maximum Distance from Stream (feet)'

Depletion Above Parker Gauge Below Parker Gauge
Factor (days)’ Kittitas Selah Yakima Benton
30 760 - 4,430 | 437 - 2,550 | 517 - 2,839 797 - 4,645
40 875 - 5,100 | 505 - 2,944 | 562 - 3,278 920 - 5,364
50 980 - 5,705 | 565 - 3,291 | 629 - 3,665 | 1,029 - 5,997
60 1070 - 6,250 | 618 - 3,606 | 689 - 4,015 | 1,127 - 6,570
Notes:

1. The range is based on the different combinations of specific yield and hydraulic
conductivity using the maximum thickness of the unconsolidated materials in each
basin. Figure 4-2 maps the maximum distance buffer for each sub-basin. For example,
only land within 6,250 feet of a stream in the Kittitas Basin is shown on the map.

2. The stream depletion factor is used in the context of return flow or accretion to the
river. The equation used to calculate the SDF value is

2g , where
sDF = %>
T

x = effective distance from the infiltration basin to the surface water source (ft)
S = specific yield (dimensionless)
T = transmissivity (ft’/day)

A smaller SDF value results in a rapid decay in return flow volume, while a larger SDF
value results in a more uniform decay in return flow volume. SDF values of 30, 40, 50,
and 60 days were used in the analysis. These values would result in a larger volume of
same season return flow.
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4.4 POTENTIAL SURFACE RECHARGE AREAS

Areas suitable for surface infiltration will depend on surficial geology, SDF buffer distance, and
land cover characteristics. The general areas that are expected to be suitable for surface recharge
sites are shown on Figure 4-2. These locations were delineated based on the following:

o Surficial geology: The extent of the unconsolidated aquifers identified in the
hydrogeologic mapping by Jones et al. (2006).

e Optimum SDF buffer distance: The maximum distance from the stream that would
achieve an SDF value of between 30 and 60. Areas outside of this buffer will not
achieve a SDF value of between 30 and 60 under the range of potential aquifer
properties and thicknesses present in each basin. An SDF value of between 30 and 60
is optimum because it provides a larger same-season return flow to the stream.

Figure 4-2 shows that the largest areas with optimum recharge conditions are located in the
Kittitas and Yakima sub-basins.

Land cover was also considered in evaluating where suitable recharge sites could be located
using the National Land Cover Dataset (USGS, 1999). Land cover was grouped into general
categories of natural vegetation, barren, commercial/industrial/transportation, high intensity
residential, low intensity residential, nonirrigated agriculture, orchard/vineyard, other irrigated
agriculture, fallow, water, and wetland (Figure 4-3). Areas that are currently classified as natural
vegetation, nonirrigated agriculture, or fallow are considered more likely to be suitable for
conversion to infiltration ponds.

Figures 4-4, 4-5, and 4-6 show the surficial geology within the SDF buffer distance in the
Kittitas, Selah, Yakima, and Benton sub-basins. The locations of existing wells and the range in
depth to water are also provided on the maps. The areas along Taneum Creek, Manastash Creek,
Yakima River, Caribou Creek, Coleman Creek, Naneum Creek, and Swauk Creek have been
identified in the Kittitas sub-basin as potential surface recharge areas (Figure 4-4). The buffer
area contains a large amount of natural vegetation and other irrigated agriculture.

Areas along the Yakima River, Wenas Creek, Naches River, and Cowiche Creek have been
identified in the Selah sub-basin as potential surface recharge areas (Figure 4-5). The buffer area
contains a large amount of natural vegetation and orchard/vineyard land.

Areas along the Yakima River and Ahtanum Creek have been identified in the Yakima sub-basin
as potential surface recharge areas (Figure 4-5). The buffer area contains a large amount of
natural vegetation and orchard/vineyard land.
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Suitable locations in the Benton sub-basin (Figure 4-6) are located along the Yakima River,
Toppenish Creek, Satus Creek, Spring Creek, and Cold Creek. The large amount of land along
Cold Creek that is suitable for surface infiltration should not be considered for surface recharge
sites. The confluence of Cold Creek and the Yakima River is downstream of Benton City and
the Kiona gauge. There are also no existing canals within that area. The accretion from surface
infiltration in that area would have a limited benefit and would not significantly contribute to
improving water availability or instream flows of the Yakima River. The buffer area (without
the Cold Creek area) contains a large amount of natural vegetation and nonirrigated agriculture.

45 SURFACE RECHARGE RETURN FLOW VOLUMES

The volume and timing of water diverted to an infiltration pond and the subsequent timing and
volume of return flow to the stream was evaluated using the following two approaches:

1. Target Return Flow Profile (Section 4.5.1). This approach identified a desired condition
for groundwater return flows, and examined the volume of infiltration and total area of
infiltration ponds required to achieve the target infiltration profile. The monthly
infiltration profile was then run repeatedly through the SDF View analysis to evaluate
return flow volumes over an extended period of time.

2. Water Supply in Excess of Entitlements and Flow Requirements (Excess Surface
Storage) (Section 4.5.2). This approach used the historical monthly availability of
TWSA for the period from 1978 to 2000 to determine which months there was water
supply in reservoir storage in excess of entitlements and flow requirements that could be
diverted into infiltration ponds. This time series of monthly infiltration volumes was then
run through the SDF View analysis to evaluate return flow volumes from 1978 to 2000.

45.1 Target Return Flow Profile

The U.S. Bureau of Reclamation’s RiverWare model estimates the groundwater return flows to
the Yakima River above Parker gauge (Easton, Cle Elum, Umtanum, Naches) and below Parker
gauge (Parker, Kiona). Monthly groundwater return flows were provided by reach based on the
RiverWare model data from 1981 to 2004 (Sonnichson pers. comm., 2007). Figure 4-7 shows
the range in monthly groundwater return flows from the RiverWare model above and below the
Parker gauge. The target return flow volumes were estimated as the difference between the
minimum and average groundwater return flow above and below the Parker gauge (Table 4-5;
Figure 4-8). Achieving the target return profile would “normalize” the current groundwater
return flows to a level that would be more consistent from year-to-year and would be, on
average, higher than current levels. This would improve TWSA. The differences between
currently modeled minimum and average groundwater return flow range from 2,000 to 8,000 AF
per month, and the largest differences occur in September and October.
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TABLE 4-5

Target! Accretion Volumes Above and Below Parker Gauge

Above Parker

Below Parker Gauge

Month Gauge (acre-feet) (acre-feet)
Jan® 0 0
Feb? 0 0
Mar® 0 0
Apr? 0 0
May? 0 0
Jun 2,052 3,663

Jul 3,852 5,511
Aug 6,125 6,438
Sep 7,417 5,660
Oct 7,944 3,773
Nov 5,925 1,949
Dec? 0 0
Notes:

1. The "target" represents the difference between average and
minimum groundwater return flow in the RiverWare model from

1981 to 2004.

2. Although there is a difference between the minimum and average
groundwater return flow in the RiverWare model from December
through May, these months were not targeted for streamflow

augmentation.
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The delivery volume needed to achieve the target return flow volume consists of the water that
will infiltrate plus the water lost to evaporation while in the pond. The water lost to evaporation
was calculated using the average monthly potential evaporation recorded at the Yakima WSO
AP site from 1946 to 2005 multiplied by the acres of land that would be covered by ponds. The
range in acreages that would be covered by ponds is provided in Table 4-6. The acreages are
based on the infiltration rate, and maximum monthly volume of infiltration water needed to
achieve the target. A low infiltration capacity combined with a high SDF value would require
over 1,000 acres of land to achieve the target accretion volumes shown in Table 4-5. They
would also require that infiltration occur during July and August on a regular basis.

Table 4-7 displays the range in monthly infiltration volumes necessary to achieve the monthly
accretion target using a SDF of 30 and 60. The evaporation loss from the ponds ranges from one
to four percent of the total delivery volume. The return flow volume in any given month is the
sum of the accretion from all prior months of infiltration. For example, the return flow volume
in September is the sum of the accretion from infiltration in May, June, July, and August (in
addition to some year-to-year carry over). The decay of an individual month’s infiltration is
determined by the SDF factor, so the sum of the accretion from previous months is sensitive to
the SDF factor. A pond with a SDF of 30 can achieve the target return flow profile with a fairly
uniform delivery volume, while a pond with a SDF of 60 would have a more variable delivery
volume. For example, the monthly infiltration volumes needed above Parker with a SDF of 30
range from 4,900 AF to almost 12,000 AF. However, the monthly infiltration volumes range
from O AF to over 20,000 AF with a SDF of 60.

The monthly return flow volumes increase in response to year-after-year infiltration. This is
because of the interannual storage capacity of the aquifer. Cumulative accretion profiles were
developed using the same monthly infiltration volumes shown on Table 4-7 for five years. The
results of the five-year analysis are provided in Appendix B.

The results of the first approach, the target return flow approach, indicate that to “normalize”
groundwater return flows to a level that would be consistent from year-to-year requires delivery
of significant amounts of water from the reservoirs during July and August. In many years,
water needed for irrigation (both nonproratable and proratable) would have priority and there
would not be enough water available to fully “normalize” the current groundwater return flow
profile.

The second approach, the excess surface storage approach, evaluates the potential effects of
surface recharge return flow volumes when the availability of water for infiltration ponds is
constrained by the historical amount of excess surface storage.
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TABLE 4-6

Total Acres Needed to Infiltrate the Total Infiltration Volume and Achieve the Accretion Target!

. Total Acres of Land to Based on
Maximum Year 1 Different Pond Infiltration
Total Monthly Capacities’
SDF Infiltration Infiltration P
Location (days) Volume (AF) Volume (AF) High Medium Low
30 51,775 11,820 210 333 621
Above 54,750 13,980
Parker 40 248 393 734
Gauge 50 26,235 17410 | 309 490 914
60 63,960 23,435 416 660 1,231
30 37,582 11,545 205 325 606
Below 40 39,840 14,759 262 415 775
Parker
Gauge 50 43,419 18,622 331 524 978
60 46,813 23,288 414 655 1,222
Notes:

1. The "target" represents the difference between average and minimum groundwater return flow in the
RiverWare model from 1981 to 2004.
2. Refer to Table 4-2 for the pond infiltration capacity.
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TABLE 4-7

Range in Delivery Volumes Needed to Achieve a Target Accretion Volume

Stream Delivery Month
Depletion Total Year 1
Factor May June July August September October | Volume (acre-
(days) Component (acre-feet) (acre-feet) (acre-feet) (acre-feet) (acre-feet) (acre-feet) feet)
Above Parker Gauge
Infiltration
Volume® 6,470 6,700 11,820 11,785 10,095 4,905 51,775
30 Evaporation® 73-216 89 - 264 182 - 539 162 - 479 91 - 269 0 597 - 1,768
Delivery
Volume® 6,543 - 6,686 | 6,789 - 6,964 | 12,002 - 12,359 11,947 - 12,264 10,186 - 10,364 4,905 | 52,372 -53,543
Infiltration
Volume' 13,045 2,540 23,435 3,090 21,850 0 63,960
60 Evaporation® 147 - 435 34 - 100 361 - 1,069 43 - 125 197 - 583 0 782 - 2,313
Delivery
Volume® 13,192 - 13,480 | 2,574 - 2,640 | 23,796 - 24,504 3,133- 3,215 22,047 - 22,433 0| 64,742 -66,273
Range* 6,543 - 13,480 | 2,574- 6,964 | 12,002 - 24,504 | 3,133 - 12,264 10,186 - 22,433 0-4,905| 52,372 - 66,273
Below Parker Gauge
Infiltration
Volume' 11,545 7,862 10,535 6,094 1,514 32 37,582
30 Evaporation® 130 - 385 105 - 309 163 - 480 84 - 248 14 - 40 0 495 - 1,462
Delivery
Volume® 11,675-11,930 | 7,967 -8,171 | 10,698 - 11,015 6,178 - 6,342 1,528 - 1,554 32 | 38,077 - 39,044
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TABLE 4-7 (continued)

Range in Delivery Volumes Needed to Achieve a Target Accretion Volume

Stream Delivery Month
Dep|etion Total Year 1
Factor May June July August September October | Volume (acre-
(days) Component (acre-feet) (acre-feet) (acre-feet) (acre-feet) (acre-feet) (acre-feet) feet)
Infiltration
Volume® 23,288 0 22,250 0 1,275 0 46,813
60 Evaporation® 263 - 776 0 343-1,014 0 12,754 0 618 - 1,824
Delivery
Volume® 23,551 - 24,064 0| 22,593 - 23,264 0 1,287 - 1,309 0| 47,431 -48,637
Range* 11,675 - 24,064 0-8,171 | 10,698 - 23,264 0-6,342 1,287 - 1,554 0-32| 38,077 - 48,637
Notes:

1. The infiltration volume represents the volume of water that reaches the aquifer.
2. The evaporation was calculated using the average monthly potential evaporation recorded at the Yakima WSO AP site from 1946 to 2005 along with the acres
of land that would be covered by ponds (see Table 4-4) (Western Regional Climate Center, 2007). The average monthly potential evaporation is 7.62 inches in
May, 8.71 inches in June, 10.42 inches in July, 9.29 inches in August, and 5.90 inches in September. The site does not record evaporation in October, so 0 inches
was used for October. The range represents the variability associated with the different infiltration rates. A higher infiltration rate will result in the water
infiltrating faster, so less land area is needed (see Table 4-4). Less land area means that there is less water lost to evaporation.

3. The total delivery volume needed is the sum of the infiltration and evaporation volumes.

4. The range is based on the monthly volume of water needed using stream depletion factors of 30 and 60 days and a range in the infiltration rate at the site.
Smaller stream depletion factors produce more accretion in the first couple of months, with less water for future months from one month of infiltration. Larger
stream depletion factors produce less accretion in the first couple of months and more accretion in future months compared to smaller stream depletion factors

from one month of infiltration.
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4.5.2 Water Supply in Excess of Entitlements and Flow Requirements (Excess
Surface Storage) Approach

The Reclamation Interim Comprehensive Basin Operating Plan for the Yakima Project,
Washington contains a monthly historical summary of TWSA from 1978 to 2000 (see Table 3-
3). This summary was used to calculate monthly volumes of “excess” surface storage that
remained in reservoirs based on the TWSA operating protocol. Table 4-8 summarizes the
monthly volumes of “excess” surface storage. The volumes of water shown on Table 4-8 are
volumes in excess of the storage necessary to meet all entitlements (proratable and
nonproratable) for all subsequent months in the year. It was assumed that between 10,000 and
20,000 AF of water could be released for surface recharge when excess surface storage exceeded
25,000 AF. The resulting time series of excess surface storage available for surface recharge is
shown on Figure 4-9. In general, the release of 10,000 to 20,000 AF represents between one and
thirty-five percent of the excess surface storage for that month. In many months, there is no
excess surface storage, and no infiltration is assumed during that month (Table 4-9a).

The resulting return flow profiles are shown on Table 4-9b and Figure 4-10 (SDF = 30) and
Table 4-9c and Figure 4-11 (SDF = 60). Each figure shows the entire 1978 to 2000 time series
of monthly return flows from infiltration of 10,000 AF when it is available in excess of existing
entitlements (Figures 4-10 and 4-11). The plot of the entire time series shows how the return
flows decay and peak in relation to the monthly magnitude and timing of the infiltration. The
figures also show the time series for each July and August and are described as follows:

e July: In most years, there is sufficient excess surface storage to infiltrate 10,000
AF/month during the early summer. An increase in July groundwater return flow of
about 6,000 AF (100 cfs) is predicted for a SDF of 30 and 60. In five of those years
(1978, 1982, 1988, 1989, and 1992), there is less excess storage available, and an
increase in return flow of between 2,000 and 4,000 AF (33 to 67 cfs) is predicted. During
drought years (1993, 1994), there is no excess storage available, but return flows of 450
to 650 AF (7.5 to 11 cfs) are predicted as a result of carry-over from previous years
infiltration.

e August: The availability of excess storage to infiltrate 10,000 AF/month during July is a
significant determinant of the predicted increase in August return flow. When there is
sufficient excess storage to infiltrate 10,000 AF during all months leading up to July, an
increase in return flow of between 6,500 and 7,500 AF (109 to 126 cfs) is predicted for a
SDF of 30 and 60. In years where there is no excess storage to infiltrate during July
(1978, 1982, 1987, 1992) an increase in August return flow of 3,500 and 4,500 AF (59 to
75 cfs) is predicted. During drought years (1993, 1994), there is no storage available, but
return flows of 400 to 600 AF (6.7 to 10 cfs) are predicted as a result of carry-over from
previous years of infiltration.
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TABLE 4-8

Monthly Volumes of Water Supply in Excess of Entitlements and Flow Requirements'

Month
Year April May June July August September
1978 368,530 286,360 - 233,850 178,690
1979 347,530 405,360 324,460
1980 837,530 650,360 481,460
1981 57,530 241,360 339,460
1982 946,530 950,360
1983 | 1,082,530 886,360 631,460
1984 476,530 446,360 560,460
1985 801,530 813,360 755,460 329,850 157,690
1986 358,530 229,360 160,460 167,850
1987 249,530 242,360 21,460 101,850
1988 10,360 70,460 149,850
1989 761,530 611,360 552,460
1990 958,530 769,360 777,460 517,850
1991 652,530 687,360 621,460 654,850
1992 112,530 213,360 46,690
1993 32,690 26,570
1994 117,570
1995 704,778 581,608 424,658 349,048
1996 538,728 451,558 339,658 240,048
1997 2,196,828 1,745,658 994,758 700,148
1998 642,778 469,558 353,658 313,048
1999 | 1,852,828 1,558,658 1,341,758 678,148
2000 959,590 606,608 511,420 391,810
Notes:

1. Water supply in excess of entitlements and flow requirements represents the historical TWSA
(Table 3-3) in excess of the accumulated entitlements (Table 3-4) and Title XII instream flows needs

(Table 3-2).
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TABLE 4-9a

Assumed Delivery of Water for Surface Recharge under the Water Supply in Excess of Entitlements and Flow Requirements Approach

Total
January | February | March | April | May | June | July | August October December | Annual
(acre- (acre- (acre- | (acre- | (acre- | (acre- | (acre- | (acre- | September | (acre- | November (acre- (acre-

Year feet) feet) feet) | feet) | feet) feet) feet) feet) | (acre-feet) feet) (acre-feet) feet) feet)
1978 0 0 0 0 | 10,000 | 10,000 0| 10,000 10,000 0 0 0| 40,000
1979 0 0 0 0 | 10,000 | 10,000 | 10,000 0 0 0 0 0| 30,000
1980 0 0 0 0 | 10,000 | 10,000 | 10,000 0 0 0 0 0| 30,000
1981 0 0 0 0 | 10,000 | 10,000 | 10,000 0 0 0 0 0| 30,000
1982 0 0 0 0 | 10,000 | 10,000 0 0 0 0 0 0| 20,000
1983 0 0 0 0 | 10,000 | 10,000 | 10,000 0 0 0 0 0| 30,000
1984 0 0 0 0 | 10,000 | 10,000 | 10,000 0 0 0 0 0| 30,000
1985 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 10,000 0 0 0| 50,000
1986 0 0 0 0| 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
1987 0 0 0 0 | 10,000 | 10,000 0| 10,000 0 0 0 0| 30,000
1988 0 0 0 0 0 0 | 10,000 | 10,000 0 0 0 0| 20,000
1989 0 0 0 0 | 10,000 | 10,000 | 10,000 0 0 0 0 0| 30,000
1990 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
1991 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
1992 0 0 0 0 | 10,000 | 10,000 0 0 10,000 0 0 0| 30,000
1993 0 0 0 0 0 0 0 0 10,000 | 10,000 0 0| 20,000
1994 0 0 0 0 0 0 0 0 0| 10,000 0 0| 10,000
1995 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
1996 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
1997 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
1998 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
1999 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 0 0| 40,000
2000 0 0 0 0 | 10,000 | 10,000 | 10,000 | 10,000 0 0 - - | 40,000
Note:

1. Assumed 10,000 AF delivery of water for surface recharge when monthly excess (Table 4-8) is greater than 20,000 AF.
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TABLE 4-9b

SDF 30 Monthly Cumulative Accretion Profile under the Water Supply in Excess of Entitlements and Flow Requirements Approach

Total
March | April | May | June July | August October Annual
January (acre- | February | (acre- | (acre- | (acre- | (acre- | (acre- | (acre- | September (acre- November | December | (acre-
Year feet) (acre-feet) | feet) feet) feet) feet) feet) feet) (acre-feet) feet) (acre-feet) | (acre-feet) | feet)

1978 0 0 0 0] 3329 | 5524 | 3416 4,743 6,338 3,993 1,794 1,181 | 30,318
1979 845 592 530 424 | 3,700 | 5,832 | 7,024 4,052 1,894 1,278 909 738 | 27,817
1980 602 476 440 372 | 3,671 | 5,820 | 7,022 4,058 1,905 1,294 927 758 | 27,344
1981 624 481 465 397 | 3,695 | 5,843 | 7,047 4,082 1,928 1,317 949 780 | 27,608
1982 646 501 486 417 | 3,716 | 5,863 | 3,737 1,709 1,078 831 644 557 | 20,182
1983 479 382 380 333 | 3,643 | 5804 | 7,014 4,056 1,909 1,301 937 772 | 27,009
1984 640 514 482 415 | 3,715 | 5,864 | 7,068 4,104 1,951 1,340 971 804 | 27,868
1985 670 522 510 440 | 3,740 | 5,886 | 7,090 7,454 7,493 4,775 2,369 1,669 | 42,616
1986 1,262 925 863 718 | 3,980 | 6,084 | 7,268 7,610 4,454 2,393 1,589 1,260 | 38,408
1987 1,022 784 756 646 | 3,927 | 6,048 | 3,913 5,200 3,575 1,882 1,264 1,018 | 30,034
1988 839 675 636 550 515 457 | 3,765 6,126 3,585 1,770 1,139 895 | 20,952
1989 727 562 547 473 | 3,773 | 5917 | 7,122 4,157 2,001 1,391 1,020 854 | 28,544
1990 719 566 558 485 | 3,786 | 5930 | 7,135 7,498 4,362 2,312 1,521 1,198 | 36,070
1991 968 742 715 611 | 3,896 | 6,022 | 7,218 7,571 4,425 2,370 1,573 1,247 | 37,358
1992 1,013 805 750 644 | 3,928 | 6,061 | 3,917 1,877 4,404 3,487 1,670 1,205 | 29,749
1993 944 716 689 591 550 486 463 430 3,562 6,213 3,584 1,760 | 19,988
1994 1,161 802 729 600 543 471 442 406 365 3,682 2,672 1,224 | 13,098
1995 802 561 518 434 | 3,729 | 5,876 | 7,081 7,448 4,317 2,268 1,482 1,161 | 35,679
1996 935 737 683 583 | 3,870 | 5,999 | 7,196 7,551 4,407 2,354 1,558 1,233 | 37,105
1997 1,000 768 742 636 | 3,920 | 6,044 | 7,240 7,592 4,445 2,390 1,591 1,265 | 37,635
1998 1,031 795 770 662 | 3,946 | 6,067 | 7,263 7,614 4,465 2,410 1,610 1,284 | 37,917
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SDF 30 Monthly Cumulative Accretion Profile under the Water Su

TABLE 4-9b

ply in Excess of Entitlements and Flow Requirements Approach
Total
March | April | May | June July | August October Annual
January (acre- February | (acre- | (acre- | (acre- | (acre- | (acre- | (acre- | September (acre- November | December | (acre-
Year feet) (acre-feet) | feet) feet) feet) feet) feet) feet) (acre-feet) feet) (acre-feet) | (acre-feet) feet)
1999 1,049 810 787 678 | 3,961 | 6,082 | 7,277 7,628 4,479 2,423 1,622 1,297 | 38,094
2000 1,061 849 795 686 | 3,970 | 6,091 | 7,286 7,638 4,487 2,432 | - - 35,296
Average
(acre-feet) 828 633 601 513 | 3,370 | 5,220 | 5,826 5,244 3,558 2,431 1,518 1,098 | 30,726
Average (cfs) 13 11 10 9 55 88 95 85 60 40 26 18 43
Note:

SDF View cumulative accretion model results from the infiltration profile in Table 4-8 using a SDF of 30.
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TABLE 4-9c

SDF 60 Monthly Cumulative Accretion Profile under the Water Supply in Excess of Entitlements and Flow Requirements Approach

Total
January | February | March | April | May | June | July | August October December | Annual
(acre- (acre- (acre- | (acre- | (acre- | (acre- | (acre- | (acre- | September | (acre- | November (acre- (acre-
Year feet) feet) feet) feet) | feet) | feet) | feet) feet) | (acre-feet) feet) (acre-feet) feet) feet)

1978 0 0 0 0] 1,709 | 4,057 | 3,752 | 3,497 5,126 4,523 2,303 1,566 | 26,533
1979 1,138 804 724 582 | 2,219 | 4,483 | 5,847 | 4,663 2,444 1,701 1,228 1,006 | 26,840
1980 826 656 607 516 | 2,183 | 4,469 | 5846 | 4,673 2,461 1,724 1,254 1,035 | 26,248
1981 857 664 643 550 | 2,218 | 4,502 | 5,880 | 4,707 2,494 1,757 1,285 1,066 | 26,622
1982 888 691 673 578 | 2,246 | 4,530 | 4,199 | 2,200 1,437 1,126 880 766 | 20,214
1983 662 530 528 463 | 2,147 | 4,448 | 5836 | 4,672 2,467 1,736 1,269 1,054 | 25,813
1984 880 710 667 576 | 2,246 | 4,531 | 5911 | 4,739 2,525 1,790 1,317 1,100 | 26,992
1985 922 722 707 611 | 2,280 | 4,562 | 5,941 6,476 6,608 5,567 3,085 2,235 | 39,717
1986 1,715 1,267 | 1,188 992 | 2,611 | 4,836 | 6,188 | 6,693 5,222 3,121 2,133 1,713 | 37,678
1987 1,401 1,080 | 1,046 896 | 2,541 | 4,788 | 4,444 | 4,135 4,126 2,455 1,700 1,388 | 30,001
1988 1,154 933 881 765 718 637 | 2,318 | 4,809 4,079 2,287 1,523 1,216 | 21,320
1989 998 776 758 658 | 2,327 | 4,607 | 5987 | 4,813 2,596 1,862 1,386 1,170 | 27,937
1990 991 783 774 675 | 2,346 | 4,625 | 6,005 6,539 5,095 3,008 2,039 1,628 | 34,508
1991 1,327 1,022 989 848 | 2,497 | 4,751 | 6,120 | 6,640 5,183 3,090 2,110 1,696 | 36,274
1992 1,390 1,110 | 1,038 893 | 2,541 | 4,792 | 4450 | 2,434 3,224 3,956 2,178 1,623 | 29,631
1993 1,290 986 954 820 766 677 646 600 2,117 4,858 4,073 2,272 | 20,059
1994 1,553 1,090 | 1,000 828 753 655 616 567 511 2,203 2,935 1,572 | 14,283
1995 1,075 765 713 601 | 2,265 | 4,548 | 5930 | 6,469 5,032 2,948 1,985 1,577 | 33,908
1996 1,280 1,015 945 809 | 2,461 | 4,719 | 6,089 6,612 5,158 3,066 2,090 1,677 | 35,921
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TABLE 4-9c

SDF 60 Monthly Cumulative Accretion Profile under the Water Supply in Excess of Entitlements and Flow Requirements Approach

Total
January | February | March | April | May | June | July | August October December | Annual
(acre- (acre- (acre- | (acre- | (acre- | (acre- | (acre- | (acre- | September | (acre- | November (acre- (acre-
Year feet) feet) feet) | feet) | feet) | feet) | feet) feet) | (acre-feet) feet) (acre-feet) feet) feet)
1997 1,372 1,059 | 1,027 883 | 2,531 | 4,783 | 6,151 | 6,670 5,211 3,117 2,136 1,722 | 36,662
1998 1,415 1,096 | 1,066 919 | 2,567 | 4,815 | 6,183 | 6,701 5,239 3,146 2,163 1,748 | 37,058
1999 1,440 1,118 | 1,090 941 | 2,589 | 4836 | 6,204 | 6,721 5,258 3,165 2,180 1,766 | 37,308
2000 1,457 1,171 | 1,102 953 | 2,602 | 4848 | 6,216 | 6,734 5,270 3,177 | - - 33,531
Average (acre-feet) 1,132 872 831 711 | 2,146 | 4,109 | 5,077 | 4,903 3,865 2,843 1,966 1,482 | 29,785
Average (cfs) 18 16 14 12 35 69 83 80 65 46 33 24 41
Note:
SDF View cumulative accretion model results from the infiltration profile in Table 4-8 using a SDF of 60.
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The streamflow improvements from surface recharge as a percent of the historical monthly flows
at Umtanum gauge were estimated. Figure 4-12 shows observed flows at Umtanum gauge and
the estimated percent increase in streamflows from surface recharge. In terms of streamflow
improvements, the return flow estimates suggest that infiltration of 10,000 AF/month during
months when there is excess TWSA will result in average and maximum August streamflow
improvements of 2.3 to 5.2 percent at Umtanum gauge,. The average streamflow improvement
in August is expected to range from 4,903 to 5,244 acre-feet (80 to 85 cfs), depending on the
SDF value at the site. Streamflow improvements of up to 12 and 15 percent are predicted for
drought years (1993) in October. This represents approximately 4,900 to 6,200 AF (80 to 100
cfs) of return flow from surface recharge. If 20,000 AF/month were infiltrated during months
when there is excess TWSA, August streamflow improvements of 4.7 to 9.6 percent are
predicted. This represents approximately 10,100 to 14,400 AF (170 to 240 cfs) of return flow
from surface recharge. Under a 20,000 AF scenario, streamflow improvements of 6 to 28
percent are predicted for drought years (1993) in September and October, depending on the
relative proportion of areas with a SDF value of 30 or 60. This represents approximately 5,700
to 11,000 AF (95 to 185 cfs) of return flow from surface recharge.

4.6 WATER QUALITY

Surface recharge using canal water that is similar in water quality to the storage reservoirs will
tend to shift the alluvial groundwater geochemistry towards the canal water type. Water quality
data for seepage discharge at Moxee Drain are summarized on Table 4-10. This water quality is
assumed to be representative of shallow groundwater in the unconfined aquifer and has a slightly
alkaline pH and an average temperature of 15.8 degrees Celsius. Nitrate concentrations are
between 2 and 6 milligrams per liter (mg/L). Metal concentrations are low, ranging from several
to tens of parts per billion. Water quality of the Yakima River at Cle Elum is assumed to be
representative of water quality in the major canals, particularly in the upper reaches of the basin.
Dissolved ions and temperature are much lower compared to the Moxee Drain water quality.
Infiltration of this cool high quality water in controlled surface recharge basins is expected to
improve water quality in the groundwater return flow. Significant geochemical interactions
between applied surface recharge and the unconfined aquifer are not anticipated.

4.7 COSTS

The costs associated with surface recharge sites will be highly variable depending on the location
and design of the infiltration facilities. Rather than conduct a detailed engineering cost
breakdown, a corollary approach was used to estimate costs for surface recharge. Construction
cost data for the five CAP recharge facilities in Arizona were averaged and used to establish an
average unit cost (per acre of infiltration facility). The CAP facilities include a variety of
construction methods and designs, and the facilities are similar in size and capacity to the
facilities that might be applicable to the Yakima River Basin. Therefore, the average costs
should be representative. An inflation adjustment of 6 percent was added to account for the
variations in when the facilities were constructed (1998 to 2004).
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The average construction cost per acre for the CAP sites is $175,000. This average per acre cost
produced approximately 200 acres of infiltration area at the CAP facilities in Arizona with a
peak monthly infiltration capacity of 14,630 AF per month.

For the Yakima River Basin, total land area could range between 166 and 500 acres for similar
infiltration capacities, with an expected area of about 300 acres. Based on the assumptions
summarized on Table 4-11, total construction costs could range from $54M to $164M, with an
expected cost of $98M. Assuming that surface recharge would divert and deliver a total of about
33,000 AF annually for groundwater storage, the annual cost per AF for groundwater storage is
estimated to be in the range of between $1,646 to $4,958 per AF, with an expected value of
$2,975 per AF.

Operation and maintenance (O&M) costs are difficult to estimate without more detailed
estimates on facility designs. The CAP project in Arizona includes a fixed O&M cost of 73
$/AF (Cooke, 2004). These costs include about 62$/AF for pumping costs (2005 dollars).
Although pumping costs are likely to be lower in the Yakima system, an estimated fixed O&M
cost of 65 $/AF was assumed. Using these figures, annual O&M costs are estimated to be about
$2.1M per year.

Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 90



TABLE 4-10

General Surface Water and Groundwater Quality for Surface Recharge

EPA Drinking Water

Standards*
EPA-816-F-02-013 Surface Water Groundwater
Type (@)
Water Quality Drainage Water ? Yakima River? Unconfined Aquifer 2
Location Moxee Drain Cle Elum Moxee
Formation - - Alluvium
Parameter Units
pH S.u. 6.5-8.5 1 7.710 8.6 6.7t07.6 6.81108.16
average 15.8 varying 10.7 to 17.7 varying
Temperature °C seasonally 7.3 seasonally
TDS mg/L - - 200-690
TSS mg/L - - -
Major Anions/Cations
F mg/L 4.0/2.0 111 0.41t00.8 - -
Cl mg/L 250 1 10to 21 3 5t0 75
SO, mg/L 250 Il 27 to 60 2.6 -
Ca mg/L 28 t0 49 8.5 -
Na mg/L 46 to 104 2.9 -
K mg/L 3t05.4 0.8 -
Mg mg/L 12t0 24 1.3 -
Nutrients
usually non-detect but
occasionally spikes as
NO; mg/L-N 2.1t05.9 0.09 high as 18.2
DOC mg/L 3.7t0 38 - 1t0 4.4
TOC mg/L - - -
Metals
Total Al - - -
Dissolved Al mg/L 0.05t00.2 I 0.004 to 0.008 - -
Total Fe mg/L - - 0.05t0 1.3
Dissolved Fe mg/L 0.3 Il 0.016 - -
Total Mn - - 0.01t0 0.5
Dissolved Mn mg/L 0.05 I 0.009 to 0.017 - -
Redox
more reducing than
DO mg/L 9.7t012.2 - surface water
Disinfection Byproducts
THM mg/L 0.08 - - -
HAA mg/L 0.06 - - -
Notes:

(a) Primary (1) or secondary (I1) maximum contaminant level (MCL).
"-" indicates the parameter was not included in the analysis.

Source:

1 EPA, 2002. List of Drinking Water Contaminants and MCLs. EPA 816-F-02-013, July 2002.

2 U.S. Geological Survey (USGS): Water Quality Data. http://waterdata.usgs.gov/nwis
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TABLE 4-11

Estimated Costs of Surface Recharge Sites

Range in Costs

Component Low Expected High

$/acre Unit Construction Cost $ 175,000 $ 175,000 $ 175,000

$/acre Land Acquisition $ 12,000 $ 12,000 $ 12,000

Total Acres 166 300 500

Construction Costs $ 31,042,000 $56,100,000 $ 93,500,000

15% Permitting $ 4,656,300 $ 8,415,000 $ 14,025,000

30% Engineering Design $ 9,312,600 $ 16,830,000 $ 28,050,000

30% Contingency $9,312,600 $ 16,830,000 $ 28,050,000

TOTAL CONSTRUCTION $ 54,323,500 $ 98,175,000 $ 163,625,000

Water Delivered (AF)>? 33,000 33,000 33,000

Unit Costs ($/AF) $ 1,646 $2,975 $ 4,958

$ 65 Fixed O&M (Annual Cost) $ 2,145,000 $ 2,145,000 $ 2,145,000
Notes:

AF = acre-foot
1. Based on a maximum monthly infiltration volume of 10,000 AF.

2. The estimated water delivered is described in Table 4-9a.
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5.0 DIRECT INJECTION

One means of developing groundwater storage is to directly injecting water through wells into an
aquifer. When the recharged groundwater is subsequently recovered by pumping the water back
out (i.e., active recovery), the process is called Aquifer Storage and Recovery (ASR). The
purpose of ASR is to store water when it is available (e.g., during the rainy season or high stream
flow periods) using a natural underground storage reservoir (an aquifer), and then pump the
stored water back out of the aquifer during time of higher demand (e.g., during the summer).
The widest application of ASR is for municipal use, although it is used for other applications
such as industrial uses.

Other applications of direct injection can replenish depleted aquifers or increase the seepage of
groundwater back to streams. These applications are termed direct injection groundwater
recharge with passive recovery because the stored water is not recovered by actively pumping
the stored water back out of the aquifer.

5.1 CANDIDATE DIRECT INJECTION SITES
The objectives of direct injection within the Yakima Basin are to:

e Replace direct surface water diversions and groundwater withdrawals that have direct
or seasonally significant impacts on streamflows

e Replace groundwater withdrawals that may otherwise have a longer-term impact on
streamflows

e Provide for future water demands with minimal or no impact to streamflows
e Mitigate impacts from future water demand by augmenting streamflow

Identified candidates that may benefit from direct injection include the cities of Yakima
(Ahtanum Valley), Ellensburg (Kittitas Valley), Kennewick (Lower Valley), the Blackrock-
Moxee Valley and in the Lower Yakima Valley immediately downstream of Union Gap.
Because the Ahtanum, Kittitas, and Blackrock-Moxee areas are upstream of the Parker gauge
where the TWSA is established, the potential for the use of groundwater storage through direct
injection at these sites are developed in detail (Figure 5-1). The other sites are addressed in
lesser detail.

It is appropriate to focus efforts on population centers because the principal purpose of ASR is
for municipal use. The largest population center in the Yakima Valley is the city of Yakima,
located in the middle of the valley. The city of Yakima accounts for approximately 50 percent of
the valley population that is located in incorporated areas (OFM, 2007). The primary municipal
supply source for the city of Yakima is direct diversion of surface water from the Naches River
under contract from the Bureau of Reclamation and state-issued water rights. Most of this
diversion is subject to prorationing in water-short years. The city of Yakima has been
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prorationed during water-short years, and has had to issue water use restrictions to its customers.
An ASR system for the city of Yakima would provide TWSA benefits to the system for two
reasons:

e Although permitted under contract with the Bureau of Reclamation and associated
water rights, the diversion of surface water has a direct impact on streamflows.
Shifting to ASR during the summer would increase streamflows over what would
otherwise occur under normal system operations.

e The supply of municipal water supply from this source is vulnerable to interruption in
water-short years, thereby reducing the reliability of water supply for municipal use.
Shifting to ASR would improve the protection of public health and safety and lessen
the impacts of prorationing to all junior water right holders.

The city of Ellensburg is located in the Upper Valley and is the second largest population center
in the Yakima Valley (OFM, 2007). State-issued groundwater rights to the city of Ellensburg
have not been subject to interruption. The primary aquifer in this area is the Upper Ellensburg
Formation. The application of ASR could offset potential impacts that current and future
groundwater withdrawals may have on streamflows and thereby provide TWSA benefits to the
system.

Groundwater in the Blackrock-Moxee area has been used for irrigation use since the early 1900s.
Groundwater wells were “flowing artesian” initially, but groundwater levels have dropped in
some areas by several hundred feet since the mid-1900s as a result of pumping and very low
natural recharge. The primary aquifer in this area is basalt. Therefore, direct injection is being
considered in this area to replenish groundwater storage and to partially restore streamflow that
has resulted from decreased groundwater levels.

Direct injection of water at the headwaters of the Lower Yakima Valley (i.e., immediately below
the Parker gage) is being considered to offset the small municipal users throughout the Lower
Valley. Water recharged to the Upper Ellensburg Formation by direct injection could be
passively recovered by seepage back to streams. Such seepage could be used to mitigate impacts
from junior water users by increasing streamflows.

The city of Kennewick is partially located in the Lower Valley at the confluence of the Yakima
River with the Columbia River and has a population of approximately 62,520 people (OFM,
2007). The city primarily obtains all of its water from the Columbia River. The geological
setting being considered for ASR for the city of Kennewick is uniquely different from that for
the cities of Ellensburg and Yakima. The target aquifers for ASR in the Ahtanum and Kittitas
valleys are units of the Upper Ellensburg Formation with groundwater temperatures between 60°
F and 70°F, and are moderately oxidizing. The target aquifer for ASR being considered by the
city of Kennewick is basalt that is geothermally-influenced (groundwater temperatures on the
order of 85°F) and is highly reducing (i.e., the groundwater contains significant concentrations
iron, manganese, and hydrogen sulfide).
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Geochemical considerations were evaluated for the application of ASR in geothermally-
influenced reducing basalts for potable purposes because an ASR program in such a setting is
being considered by the city of Kennewick, and may be implemented in similar settings (i.e.,
geothermally-influenced basalt aquifers) elsewhere in the Yakima Valley.

Groundwater storage by direct injection was quantitatively analyzed using a numerical
simulation model of direct injection in the Ahtanum Valley. This numerical evaluation was then
applied by extrapolation to the Kittitas and Lower valleys. Aquifer hydraulic properties were
used to estimate the potential for groundwater storage in the Blackrock-Moxee area (i.e.,
piezometric head differences combined with aquifer storativity and aquifer area, or specific
storage and aquifer volume).

5.2 MODELING DIRECT INJECTION - AHTANUM MOXEE SUB-
BASIN

A three-dimensional groundwater flow model was used for the Ahtanum-Moxee Sub-basin in the
Yakima Valley to evaluate the potential for using Aquifer Storage and Recovery (ASR) as a
groundwater management option. The goal of the model was to estimate the quantity of
recharged water to three injection wells that would (a) return to the Yakima River, (b) discharge
at other hydrologic sinks, and (c) remain in the subsurface in the form of increased groundwater
storage. The focus of the model was on seepage return flows to the Yakima River that result
from direct injection to the deeper portions of the Ellensburg Formation. An analysis of active
recovery was based on the increased aquifer storage.

The model was based on an earlier model (Golder, 2002) and uses essentially the same domain,
hydrostratigraphic sequence, boundary conditions and hydraulic properties as the earlier model.
This earlier model was developed for the Yakima Basin Watershed Planning Unit, and the model
development, calibration, and application was documented in a report prepared by Golder for the
planning unit (Golder, 2002). The original model used the US Geological Survey code
MODFLOW-2000 (Harbargh et al, 2000) to simulate flow conditions, and the software program
Groundwater Vistas (Rumbaugh and Rumbaugh, 1999) to facilitate operating the model.

Some problems existed with the model. The most notable problem was that several areas
towards the south and east of the model exhibited anomalously high water levels long after the
recharge phase of the ASR simulation had been completed.

To overcome the difficulties associated with the MODFLOW model, the model was converted to
the finite-element code FEFLOW (WASY, 1991). FEFLOW uses the finite-element method to
solve the complex flow equations, and allows more flexibility in defining the model mesh than
that offered by MODFLOW. FEFLOW also has a more robust approach to representing steeply-
dipping layers and partially-saturated elements that exist in the Ahtanum sub-basin and are
necessary for adequately representing the local groundwater flow regime.
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5.2.1 Model Set-Up and Calibration

Model Layering: The FEFLOW model was constructed by developing a mesh of elements with
a high concentration of small elements (with a minimum size of 50 feet) at the three recharge
wells and the Yakima River and a largest element size (1,500 feet) near the model perimeter
(Figure 5-2). Seven model layers were assigned (and eight slices, which represent the layer
surfaces) for the model (Figures 5-3 and 5-4). The main structural matrix file sets were then
exported from the original MODFLOW model and reinterpreting these to a new mesh. A new
surface file was created for land surface using a 30-meter DEM file provided by the USGS.

Modeled Hydraulic Properties: The distribution of layer properties was generally the same as
in the MODFLOW model. The major exception was the revision of the properties in model
layers 1 through 6 outside the central area to be basalt (rather than weathered basalt). The
simulated aquifer properties are presented in Table 5-1.
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TABLE 5-1
Simulated Aquifer Properties for ASR Evaluation

Model Hydrostratigraphic Thickness Kn Ky Specific
Layer Unit (ft) (ft/d) (ft/d) Storativity Yield
1 Alluvium 1-80 284 28.4 0.1 0.2

Transition Zone —
2 Alluvium/Upper 1-200 75 7.5 0.007 0.06

Ellensburg (upper)

3 3-2800 7.5 0.75 0.0007 0.06
Upper Ellensburg (upper)
4 | Upper Ellensburg 5 — 500 0.05 | 0.0005 0.0001 0.06
(middle)
7.5 0.75 0.0007 0.06
5 5-800 0.1 0.01 0.0007 0.06
Upper Ellensburg (lower) 0.03 0.003 0.0007 0.06
6 Weathered basalt 20 0.003 | 0.0003 0.0001 0.02
7 Basalt 1,000 5 0.5 0.0001 0.06
Notes

K} — horizontal hydraulic conductivity;

Ky — vertical hydraulic conductivity.

Model Boundary Conditions: The assigned FEFLOW model boundary conditions are the same
as in the MODFLOW model, and are as follows:

1. Subsurface Inflow — was represented using fixed fluxes:

a. Eastern Boundary — 6,700 ac-ft/yr (average seepage rate of 12 gallons per minute
(gpm) per 100 linear feet).

b. Western Boundary — 1,675 ac-ft/yr (average seepage rate of 3 gpm per 100 linear
feet).

These inflow fluxes were simulated using a line of constant flux (Type 1) conditions in
model layer 7 only, with a uniform distribution along each line.

2. Yakima River — was represented using a constant head condition in model layer 1
(Alluvium), with the river heads ranging from 1,080 feet mean sea level (msl) at the
northern edge of the model to 950 feet msl at the southern boundary. These heads were
assigned based on approximate average river stage levels from the USGS topographic
map.
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3. Direct Aerial Recharge — was assumed to equal to recharge derived from precipitation
and was calculated on an average annual basis. The rates and geographic distribution
was the same as in the MODFLOW model, and ranged from 0.2 inches per year (in/yr) in
the central part of the sub-basin to 9.5 in/yr near the northwestern boundary.

Model Calibration:

The purpose of calibration was to ensure that the model reproduces observed conditions as
closely as possible. A steady-state calibration was performed primarily using a set of 177 water-
level measurements made in wells located throughout the domain and screened in the Upper
Ellensburg Formation (layer 3; 45 wells), the Lower Ellensburg formation (layer 5; 17 wells) and
the basalt (layer 7; 115 wells). The water levels, well locations, and well elevations were based
on the driller’s logs produced at the time of well construction for more than 30 years. For the
purposes of a comparative evaluation of water balances under ASR scenarios, the dataset is
considered reasonable, though there are accuracy limitations with this dataset.

Observed and simulated groundwater levels in layer 3 (the upper member of the Upper
Ellensburg Formation) are shown in Figure 5-5. The calibration results are summarized in
Figure 5-6, which shows the graphical distribution of modeled versus observed water levels for
the three layers (3, 5 and 7), and the overall statistical results. The root-mean square error is 6.2
percent for 177 wells. These results are reasonable because of the relatively large range in
observed values in the model (1,631 feet). The modeled discharge to the Yakima River was 37.7
cfs. The northern river reach is simulated as a losing reach (that is, water discharges from the
river to the shallow alluvium), whereas the central and southern reaches are gaining reaches
(shallow groundwater discharges to the river). The overall model water budget is shown in
Table 5-2.

TABLE 5-2
Calibrated Model Water Budget
(cfs)

Component Inflow Outflow Net
Precipitation-derived Recharge +18.9 0 +18.9
Wells 0 0 0
Subsurface Flow +18.8 0 +18.8
Rivers +4.9 -42.6 -37.7
Totals +42.6 -42.6 0
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5.2.2 Direct Injection Model Simulation Results — Passive Recovery

The direct injection simulation included recharging water into the three wells for six months (i.e.,
October to March) at a constant rate of 2,000 gpm (4.46 cfs) each. Recharge ceased for the
subsequent six months, and the cycle was repeated for nine years. Total recharge to the aquifer
for the model simulation was approximately 4,800 acre feet. The average annual injection rate
was 6.7 cfs (4.46 cfs x 3 wells x 0.5 year). The purpose of the direct injection simulation was to
estimate the quantity of recharged water that discharged from the aquifer system to the Yakima
River (thereby increasing flows) and to determine how much water remained in storage. The
model used 20 stress periods, each of six months duration, and model results were generated at
monthly time intervals.

Direct injection resulted in an immediate increase of aquifer storage and a delayed seepage of
water to the Yakima River. After the first six-month injection cycle, the seepage rate to the
Yakima River was 0.6 cfs, or approximately 200 acre feet from April through September. Direct
injection during winter months for 10 years produced a seepage rate of approximately 4 cfs to the
Yakima River at the end of the 10-year period with approximately 60 percent return flow
efficiency, or approximately 1,400 acre feet from April through September (Table 5-3).
Although the model was run for only 10 years, the trend of seepage to the river during the time
of the simulation was asymptotically approaching the average annual direct injection rate of 6.7
cfs (Figure 5-7). This would deliver approximately 2,400 acre feet to the Yakima River from
April through September. Therefore, if injection occurs over an extended period of time, the
discharge to the Yakima River from injection is assumed to approach the average injection rate.
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TABLE 5-3

Recharge VVolumes, Increased Aquifer Storage, Storage Efficiency (i.e., recoverable volumes) and Streamflow
Augmentation

(based on injection of 6,000 gpm for six of the year)

Cumulative Increased Aquifer
Recharged Water Storage VVolume
Volume Above Baseline Storage Efficiency’ | Streamflow Augmentation
Year (af) (af) (%) (cfs)? (acre-feet) ®
1 5,175 4,800 92% 0.9 298
2 9,975 8,550 86% 1.6 585
3 14,700 11,850 81% 2.1 792
4 19,500 14,850 76% 2.5 946
5 24,225 17,625 73% 2.9 1,070
6 29,025 20,100 69% 3.1 1,173
7 33,825 22,425 66% 3.4 1,260
8 38,550 24,600 64% 3.6 1,335
9 43,350 26,700 62% 3.7 1,400
10 48,150 28,575 59% 3.9 1,442
Notes:

1. Recoverable Volume = [Increased Aquifer Storage] / [Recharged Volume] * 100
2. Rate at end of 6 months following a recharge period; cumulative volume of the period April through
September.
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During the initial injection periods, aquifer storage continued to increase, though at a decreasing
rate, as seepage to the Yakima River increased (Figure 5-8). This is described as a decrease in
storage efficiency. When the storage efficiency drops to zero, seepage out of the aquifer will
equal the average annual direct injection rate. An exponential trend line fit to a semilog plot of
the storage efficiency output indicates that equilibrium between injection and seepage rates
would be reached in several decades (Figure 5-9).

The significant lag time to achieve full steady state is due to the deep and the well-confined
nature of the portion of the aquifer to which water is being directly injected. However, the
significant lag time also causes the seepage rate to be relatively constant year-round and from
year-to-year as it develops, and does not strongly reflect the seasonal (six-month) character of
the recharge cycle.

Streamflow augmentation as a result of direct injection with passive recovery is assumed to be
equal to the 60 percent average annual recharge rate after 10 years of seasonal injection. Using
the modeling example, injection at an average rate of 6.7 cfs (13.4 cfs for six months) for 10
years produces 4 cfs of constant discharge to the Yakima River. Similarly injection at an
average annual rate of 9 cfs (18 cfs for six months) would produce 5.2 cfs of constant discharge
after 10 years of seasonal injection.

5.2.3 Extrapolation of Model Results to Active Recovery

Active recovery involves the recovery of increased aquifer storage resulting from direct
injection. After the first annual cycle, 4,800 acre feet of the recharged water remained in the
aquifer (i.e., 92 percent of the recharged water; Table 5-3, Figure 5-8). The increased aquifer
storage is reflected by increased groundwater levels. Groundwater levels rise at the recharge
points during the winter injection months and dissipate during the summer months when surface
water is not used for direct injection. At an injection rate of 6.7 cfs (2,000 gpm at 3 wells), there
is approximately 9 feet of residual water level rise at the injection points six months after
injection stops, and before the next injection cycle starts (Figure 5-10). This is consistent with
previous modeling results (Golder, 2002).

Active recovery will still result in seepage to the Yakima River, but will be less than would occur
under passive recovery.

With continued injection without recovery, aquifer storage continued to increase, though at a
decreasing rate, as seepage to the Yakima River increased. Direct injection during winter
months for 10 years resulted in an increased aquifer storage of approximately 30,000 acre feet
and a recovery efficiency of approximately 60 percent.

If injected water is recovered annually, recovery efficiency is high and most of the water can be
recovered (e.g., 92 percent) with minor increases in Yakima River flows. If recovery is not
conducted every year but is deferred, a smaller portion of the total injected water may be
recovered without decreasing Yakima River flows, but the total recoverable amount of water will
be larger than in a single year of annual recovery.
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5.2.4 Well & Distribution System Limitations of Direct Injection

Individual well recharge rates are a function of aquifer properties and well efficiencies. A well
should be able to receive (recharge) as much water as it can withdraw. Individual city of Yakima
wells in the Ahtanum Valley yield between 2,000 gpm and 3,000 gpm. A pilot direct injection
test has been operated at a rate of 1,200 gpm, and indicated that higher recharge rates were
feasible. Well efficiencies typically decrease during injection cycles due to clogging by
distribution system scale, sediment, or biofouling.

Where chlorinated water is used, biofouling is not considered a serious contributor to decreased
well efficiency. Well efficiency decreased by approximately 25% during one month of recharge,
but was fully restored during the recovery phase. Distribution system scale was identified as the
principal contributor to decreased well efficiency in the Yakima pilot test (Golder, 2001).

Pressure builds up in an injection well as a result of increased water levels in the aquifer, and any
decreases in well efficiency. Increased pressure may result in decreased injection rates if
required injection pressures exceed distribution system pressures. Typical municipal distribution
system pressures are on the order of 50-100 pounds per square inch (psi; ~115-230 feet of head
of water). This can be increased in distribution systems dedicated to direct injection, or partially
isolated from municipal distribution systems. Additionally, distribution system pressures locally
decrease in the immediate vicinity of an injection well in response to the demand created by the
injection well.

Theoretical simulated water levels in the injection wells show an increase of approximately 140-
280 feet relative to static water levels (Figure 5-11). These water levels are a function of aquifer
pressures only, and do not account for well efficiency losses (i.e., ideal well response — actual
pressures at the wellheads during injection will likely be higher). Such head buildups are
feasible if current static aquifer water levels are significantly below ground surface (e.g., in the
Blackrock-Moxee area). Alternatively, these head buildups may present practical constraints on
recharge rates if aquifer water levels are near ground surface or are flowing artesian under static
conditions (e.g., possibly in the Kittitas and Ahtanum Valleys).

Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 116



Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 117



Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 118



Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 119



Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 120



5.2.5 Model Limitations

Simulation of the groundwater flow system was calibrated to presumed original static water
conditions, and was not calibrated to transient conditions (e.g., seasonally variable recharge or
groundwater withdrawals).

The influence of seasonal recharge on the deep aquifer to which water was directly injected is
expected to be significantly less than the influences of direct injection, and less than the
numerical accuracy of the model.

Groundwater levels vary significantly in response to drought conditions. This response to
drought conditions is speculated to be primarily caused by aggressive pumping of the aquifer, as
opposed to changes in climatic conditions. The evaluation of the effects of direct injection is
conducted without consideration of pumping from other sources because the purpose of the
assessment is to evaluate the impacts of direct injection as an independent action. It is
acknowledged that pumping from the same aquifer by other activities may alter the actual
impacts from direct injection recharge of groundwater. However, under the influence of other
pumping, the quantified benefits of direct injection will offset potential impacts from such
pumping and result in the same net benefit to available water.

The computer simulation of direct injection considered only the year-over-year injection to
groundwater during the winter (i.e., annual injection and recovery cycles). This includes
increase in aquifer storage (i.e., recoverable water in a groundwater balance neutral context) and
resulting augmentation of streamflow. Withdrawal of that water under active recovery scenarios
was not simulated with the model. However, analysis of the data provides a reasonable
qualification of the interpretation.

The numerical computer simulation considered recharge at three wells, each at a rate of 2,000
gpm (total of 6,000 gpm) for six months (e.g., October through March) for an annual recharged
volume of 4,800 acre feet. Application of the numerical computer simulation to specific sites
extrapolates the simulation results to four wells, each at a rate of 2,000 gpm. The hydraulic
responses are assumed to be linear, and are increased by a factor of 4:3 (1.33). Therefore, the
total rate at each site is 8,000 gpm over six months to result in a recharge volume of 6,400 acre
feet at each site.

Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 121



Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 122



5.3 CITY OF YAKIMA ASR (AHTANUM VALLEY)

ASR concepts for the city of Yakima are well-developed. A site has been established in the
Ahtanum Sub-basin. Previous work that has been completed includes a technical compilation for
the application of ASR (Golder, 2000a), an ASR pilot test plan (Golder, 2000b), an ASR pilot
test (Golder, 2001) and a computer modeling simulation of the application of ASR (Golder,
2002).

5.3.1 Recharge Water Source & Delivery

The proposed source of recharge water for ASR for the city of Yakima ASR program is the
Naches River. A surface water treatment plant with a nominal capacity of 25 million gallons per
day (mgd) owned by the city of Yakima exists at approximately river mile 10 (Figure 5-12). The
plant operates at less than 50 percent capacity during the winter months. A 48-inch transmission
line delivers water to the service area of the city of Yakima, and is connected by a distribution
system to three large municipal drinking water wells (i.e., ranging in depth of approximately 800
to 1,200 feet, and individual capacities of 2,300 to 3,000 gpm). Additional wells are planned for
installation. Use of the existing surface water treatment plant and distribution system for an ASR
program can be arranged through an agreement with the city of Yakima. Existing infrastructure
capacity can provide the availability of up to approximately 12 mgd during the winter
(approximately 8,000 gpm or 18 cfs). It is assumed that this amount of water from the Naches
River is available for ASR injection.

The delivery of water from the drinking water treatment plant to wells could be limited by two
factors: transmission capacity and minimum system pressure requirements for fire protection
(i.e., 30 psi). These constraints could be addressed by increasing the size of transmission
components and/or configuring the direct injection recharge system to be interruptible. The
recharge system could be controlled by distribution system pressure gages that would shut off
direct injection if the system pressure drops below a predetermined threshold (e.g., 45 psi).

5.3.2 Water Quality Considerations

Water quality was analyzed during a pilot ASR test (Golder, 2001). The pilot test included
storage of recharged Naches River surface water in the Upper Ellensburg Formation aquifer for
55 days. The primary reactions between the recharged water and both aquifer water and aquifer
materials were documented to be linear mixing between recharged water and aquifer water, as
indicated by environmental tracers, and no significant chemical reactions were identified. A
high degree of compatibility among the various components was observed. No parameters of
concern for drinking water quality were identified, and water quality remained potable
throughout the pilot test, including during the recovery stage.
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5.3.3 Evaluation of Benefits

The effects of direct injection on TWSA, for both passive and active recovery, are based on
extrapolations of the computer simulation (see Section 5.2). For both passive and active
recovery, an injection rate of 8,000 gallons per minute or 17.9 cfs (which is the capacity of the
transmission line from the Naches Water treatment plant) is assumed, and approximately 6,400
acre feet would be injected for six months, for an average annual recharge rate of 9 cfs.

For passive recovery, seepage would increase with continued seasonal injection recharge, and a
long-term year-round equilibrium seepage rate of 9 cfs to the Yakima River will result. This
provides approximately 3,200 acre feet of TWSA to the Yakima River above the Parker gauge
during the 6-month period of April to September when equilibrium between recharge and
seepage is reached.

With active recovery, seepage to the Yakima River will be less than under passive recovery but
still provides a net increase of seepage to the river. The transient effects of seasonal pumping to
recover the injected water and the cumulative effects on seepage to the Yakima River from year-
after-year injection are complex. During the first injection cycle, recharge of ~6,400 acre feet
(i.e., 18 cfs at the expected available treatment plant capacity) has a high recovery efficiency (92
percent) and results in a recoverable volume of ~5,900 AF, with the remaining volume
discharging to the Yakima River over time at a rate of about 1.2 cfs. This will deliver
approximately 200 AF to the Yakima River over a six-month period.

After 10 years of injection (without recovery), the cumulative recovery efficiency will be lower
than if it is recovered on an annual basis (60 percent of the cumulative volume recharged over 10
years, as opposed to 92% if it is recovered on an annual basis; Table 5-3). This is because more
water will have seeped out of aquifer storage to the river, achieving a seepage rate of about 5.2
cfs (~1,900 AF over a sixth month period). A possible active recovery scenario would be to
build up aquifer storage over a period of 5 to 10 years, and achieve a seepage discharge rate of 3
to 5 cfs. After 10 years of buildup, active recovery of the “in-year” injection volume could occur
at higher rate without immediate reduction in the seepage discharge rate of 3 to 5 cfs.

The benefits of direct injection may be realized in several ways. Four end member scenarios are
described, followed by one hybrid scenario:

1. Replacement of Current Surface Water Diversions: Replacing current municipal
summer surface water diversions with ASR would result in a direct increase to
streamflow during the 6-months from April to September. Recovery of 6,000 AF
of ASR would improve TWSA initially by 6,000 AF. Yakima river flows would
be additionally by augmented by between 0-1.2 cfs of seepage of injected water
from the aquifer.

2. Pump and Dump: Direct discharge of ASR water to the Yakima River (i.e. “pump
& dump”) would increase Yakima River flows by 6,000 AF in the 6 months from
April to September. This would also provide additional water quality benefits of
clean clear cold water to the Yakima River, which is water quality impaired with
respect to turbidity, temperature, and other parameters.
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3. Satisfying Future Demand: Satisfying future demands with ASR would reduce
demand pressure on the Yakima River by 6,000 AF. It would also increase
Yakima River streamflows over current levels by the nonconsumptive portion
withdrawal (i.e. return flows from wastewater treatment would essentially put a
portion of the ASR storage directly back to the river). This would be on the order
of 2,700 AF if used for city of Yakima municipal water supply (e.g., 45 percent
nonconsumptive use from April through September; Figure 5-13).

4. Passive Recovery: Allowing injected water to seep back to the Yakima River will
increase TWSA by a maximum of 50% of the annual injection rate. This would
augment Yakima River flows by approximately 3,200 AF, assuming an annual
inject rate of 6,400 AF. Only 50% of the injected volume contributes to TWSA
because seepage is constant year-round, including 50% of the seepage volume
during the irrigation season (April through September) and 50% of the seepage
volume during the irrigation off-season (October through March).

5. Intermittent Active Recovery: One approach to using groundwater storage is to
only access or use stored groundwater during water short years. Water stored
during non water short years may be saved or banked for later use. Intermittent
use would maximize the quantity of stored water for water short years because the
recoverable amount of water is more than just what was stored in the most recent
recharge season, and seepage rates to the Yakima River will be higher than if the
injected water were recovered annually. For instance, direct injection during
winter months for 10 years at a rate of 8,000 gpm (four wells at 2,000 gpm each)
results in an increased aquifer storage of approximately 38,000 acre feet and an
estimated seepage rate of 5.2 cfs to the Yakima River (see figure 5-8, which
presents a recharge scenario at rate of 6,000 gpm through three wells). Recovery
of the additional stored water may require additional recovery wells.

Active recovery can be more efficient than passive recovery in making water available during
the irrigation season because most of the stored water can be immediately pumped out and made
available during the irrigation season. Passive recovery may be on the order of 50% less
efficient because it delivers water to the stream year-round — not only in the irrigation season.
The availability of water during water-short years can be maximized by actively recovering
injected water only during water-short years. Not recovering water in non-water-short years will
increase the seepage rate to the Yakima River and increase the cumulative aquifer storage and
associated recoverable water. Additional wells beyond the direct injection wells may be needed
to recover the desired volume of water at an appropriate rate.

5.4 CITY OF ELLENSBURG (KITTITAS VALLEY)

From a hydrogeological standpoint, the Kittitas Valley is a close analogy of the Ahtanum-Moxee
Valley. Both are doubly-plunging synclinal structures (i.e., basins) filled with Ellensburg
Formation and underlain by basalts of the Columbia River Group. Both valleys are covered by a
shallow veneer of unconsolidated sands and gravels through which the Yakima River flows.
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Therefore, the modeling and injection recovery analyses for the City of Yakima ASR system
(Ahtanum Valley) are applied to the City of Ellensburg to the Kittitas Valley.

5.4.1 Recharge Water Source and Delivery

The principal difference between the Yakima and Ellensburg concepts is how recharge water is
obtained. An existing drinking water surface treatment plant on the Naches River is available for
injection in the Ahtanum Valley, but no such plant exists as a source of recharge water in the
Kittitas Valley. However, the city of Ellensburg has a shallow Ranney well, that withdraws
water from the alluvial aquifer that is in close hydraulic continuity with the Yakima River
(Figure 5-14). The well (called the “City Wells”) is located approximately 7 miles upstream of
the City. Withdrawing water from this Ranney well is equivalent to the direct diversion of water
from the Yakima River. Treatment of the water as if it is surface water is required because of the
close hydraulic continuity between the Yakima River and the Ranney well.

The capacity of the City Wells, as indicated by associated water rights, is approximately 7 mgd
(10.8 cfs). Capacity may be naturally higher in the winter, and may be enhanced by surface
flooding of the site. The City has boosted production in the past by flooding of the site (personal
communication, Mr. John Akers, Public Works Director, city of Ellensburg).

The transmission/distribution system from the City Wells is very similar to the City of Yakima.
A major transmission line with a nominal capacity of approximately 16 cfs extends from the City
Wells site to the city of Ellensburg city limits. The city is currently planning to replace the
supply from the City Wells with deep groundwater wells. Use of the City Wells and the
associated transmission system is a viable option for a direct injection ASR project.

The Washington Department of Health has determined that water withdrawn from the City Wells
needs to be treated according to the Surface Water Treatment Rule. Therefore, a surface water
treatment plant will be needed if the City Wells and the associated transmission system are used
for an ASR program. .

Recharge through a series of direct injection wells along the axis of the valley is proposed
(Figure 5-14). Well withdrawal capacities, used here as an indication of recharge capacities,
have typically been less than 2,000 gpm, but new well designs, which have not yet been
installed, may yield up to 2,000 gpm. The target injection rate is 2,000 gpm through each of four
wells for a total injection rate of 8,000 gpm (18 cfs). One of the injection wells could be located
at the treatment plant site so that the existing transmission system with a capacity of 16 cfs will
be sufficient to deliver the remaining 13.5 cfs to other injection sites.

Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 129



Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 130



Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 131



5.4.2 Water Quality Considerations

A surface water treatment plant will be necessary to produce potable quality water for injection.
A high degree of water quality compatibility between surface water from the Naches River and
groundwater from the Ellensburg Formation was shown in the city of Yakima ASR pilot test and
therefore, there are minimal water quality concerns.

The Kittitas Valley and Ahtanum Valley direct injection settings are very similar. Both use the
same water source (i.e., the Yakima River or groundwater in very close hydraulic continuity with
the Yakima River) and both use the same formation to store water (the Upper Ellensburg
Formation). Therefore, the water quality considerations of direct injection in the Kittitas Valley
is expected to be very similar to that of the Ahtanum Valley, in which no water quality concerns
were identified (Golder, 2001)

5.4.3 Evaluation of Benefits

The benefits for the Kittitas direct injection are similar to those for the Ahtanum Valley, with the
following differences:

The city of Ellensburg relies 100 percent on groundwater. Therefore, active recovery would
not replace any existing municipal surface water diversion. However, active recovery of
injected water could be delivered to the Town or Cascade Irrigation Canals, which pass
approximately 600 feet away from the City Wells site, and replace Yakima River surface
water diversions immediately upstream of the City Wells site that now supply irrigation
water to those canals.

Provide water for future increased out-of-stream demands. This would reduce demand
pressure on the Yakima River by 6,000 AF. It would also increase Yakima River
streamflows by the nonconsumptive portion of the application to which it is applied in the 6
months from April to September. This would be on the order of 2,400 AF if used for city of
Ellensburg municipal water supply (e.g., 40 percent nonconsumptive use from April through
September; Figure 5-15).

Direct discharge of ASR water to the Yakima River (i.e. “pump & dump”) would increase
Yakima River flows by 6,000 AF in the 6 months from April to September. Some “fine
tuning” of the ratio of direct discharge and use in the municipal system could provide
additional short-term (i.e. days or weeks) increases to streamflow by both replacing surface
diversions and directly augmenting streamflows from the ASR system. This would also
provide additional water quality benefits of clean clear cold water to the Yakima River,
which is water quality impaired with respect to turbidity, temperature and other parameters.

5.5 BLACKROCK-MOXEE VALLEY DIRECT INJECTION

Groundwater levels in the basalt aquifer system near Blackrock-Moxee have dropped
significantly during the past 100 years. This has raised concerns with respect to the
sustainability of this groundwater resource and the water supply that it provides (e.g., Moxee
City, agricultural, domestic and other uses) as well as possible impacts on streamflows. It is
assumed that there is hydraulic continuity between the basalt system and the Yakima River.
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Although there is likely a significant lag time between the timing of pumping and the timing of
potential impacts on streamflows (e.g., many decades), it is assumed that impacts will eventually
approximately equal the rate of pumping.

Quantitative analysis of direct injection was not conducted for the Blackrock-Moxee area.
However, the following combination of factors indicates that recovery efficiency of a direct
injection and recovery program would be high:

e The area has very low recharge rates.

e The basalt aquifer system had flowing artesian pressure before it was developed (see the
cover of the USGS Yakima River series of reports; Vaccaro and Olsen, 2007, Jones and
others, 2006).

e Water levels have decreased significantly from pumping of the aquifer.

The degree of hydraulic continuity between the basalt and the Yakima River is expected to be
less than between the Upper Ellensburg Formation as modeled in this report. Therefore, the lag
time between the time of injection and seepage back to the Yakima River is expected to be
longer than simulated for the Upper Ellensburg Formation.

5.5.1 Blackrock-Moxee Direct Injection Recharge Water Source & Delivery

Yakima River water is identified as a source of water for direct injection. Shallow alluvial wells
next to the river are proposed for acquiring water for direct injection (Figure 5-16). This will
avoid the construction of a direct surface water diversion to obtain water of quality acceptable
for direct injection. This method is called river bank filtration because it uses the natural
filtration capacity of river bank sediments to obtain sufficiently clean water.

The source water wells are located near the greatest thickness of shallow alluvial sediments
along the Yakima River in order to maximize the available drawdown and yield of wells (Figure
2-7 in Golder, 2002). The injection wells are sited in the general area east of the town of Moxee.
The injection sites may be relocated depending on more detailed mapping of diminished water
levels and/or of the distribution of actual pumping. The general alignment of the transmission
line between the source water wells and injection sites follows public rights-of-way along State
Route 24 for both ease of easement acquisition and access purposes.

Active recovery could deliver water directly the Roza irrigation canal that passes by the injection
site and allow the reduction of surface diversions by the amount of inject water that is recovered
(e.g., 6,000 AF). Hydraulic analysis of the irrigation canal operations with would have to be
conducted to ensure that operations are not disrupted.

Alternatively, active recovery could be used to augment Yakima River flows by delivering water
directly back to the Yakima River. Water recovered from the injection wells could be delivered
back to the Yakima River using the same transmission line constructed to delivery water from
the source wells next to the river to the injection site.
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Passive recovery would best extend the sustainability of the groundwater resource, and offset
impacts to streamflows. The time lag between injection and seepage back to the river has not
been analyzed; however it is expected to be significant (e.g., many decades). The groundwater
flow model currently under development by the United States Geological Survey may have the
ability to provide an estimate of the time lag.

It is expected that most of the pumping in the Blackrock-Moxee area is for seasonal irrigation.
Therefore, there may be existing wells that are available and may be retrofitted for direct
injection during the off-irrigation season. This could reduce the cost of construction.

5.5.2 Blackrock-Moxee Direct Injection Evaluation of Benefits

The benefits for the Blackrock-Moxee direct injection and passive recovery include off-setting
potential impacts to streamflows and extending the sustainability of the groundwater resource.
As described in Section 5.3.3 (Evaluation of Seepage to Streamflow), impacts to streamflow
(whether due to pumping or positive due to direct injection) are expected to be equal to the
average annual rate of injection or withdrawal. Therefore, injection of 6,400 AF (i.e., 8,000 gpm
through four wells for 6 months) will result in the augmentation of Yakima River flows by 9 cfs
year-round once equilibrium in the seepage rate to the Yakima River is established (e.g., many
decades), or 3,200 AF for 6 months (e.g., April through September). However, the significant
lag time that is expected between the time of injection and realization of quantitative seepage to
the Yakima River may not be considered feasible (e.g., greater than 100 years).

Active recovery of injected water could increase TWSA by 6,000 AF from April through
September under two scenarios:

e Deliver recovered water to the Rosa irrigation canal to replace the diversion of an
equivalent amount from the Yakima River for irrigation purposes.

e Deliver water directly back to the Yakima River.
Active recovery only in water short years would:
e Allow the replenishment of depleted groundwater storage.
e Provide a greater cumulative volume of stored water for withdrawal in one year than
would otherwise be available by annual recovery (e.g., 18,000 AF if the injected water

was recovered after five years of annual recharge, versus 6,000 AF that would only be
available under an annual active recovery program).

e Augment streamflows through seepage.
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5.6 WATER QUALITY

Understanding water quality dynamics is essential to evaluating the technical feasibility of an
ASR program as well as showing compliance with regulatory programs. In addition, assessment
of changes in water quality during ASR is useful for developing a greater understanding of the
processes that affect ASR and its effectiveness.

Water quality monitoring is necessary throughout an ASR program. Objectives may vary, but
they have included the following:

e Ensuring compliance of recovered water with federal and state drinking water
standards

e Assessing the fate of disinfection by-products (DBPs), which are receiving a
heightened level of attention under the Safe Drinking Water Act

e Evaluating the effect of geochemical reactions caused by interaction between
recharged water, groundwater, and an aquifer matrix on the quality of the recovered
water

e ldentifying relationships between water quality and well performance

e Estimating the degree of mixing between recharged water and groundwater to
evaluate the amount of recharged water recovered

5.6.1 Data Sources

A review of available literature was conducted to examine the resulting water qualities
throughout the aquifer storage and recovery process. ASR pilot studies (Golder 2001; Golder
2004a) have been conducted in Yakima and Walla Walla, Washington. ASR has also been
examined in Kennewick and the Palouse Basin (Aspect, 2004; Golder, 2005). These studies
were used as the basis for the geochemical analysis of ASR in the Yakima Basin.
Comprehensive surface water qualities for the Yakima River and drains at Moxee are available
through the USGS. Representative water qualities for basalt aquifers in Washington were also
obtained (Golder, 2004b).

5.6.2 Potential Concerns (including relevant chemical reactions)
5.6.2.1 Water Quality

Recharge water and groundwater mix in part by dispersion. During the period of recovery, the
fraction of native groundwater is expected to increase as recovery proceeds. Most major ion
concentrations are expected to increase during recovery because the TDS of groundwater is
higher than that of the recharge water. Eventually, recovered water quality should be equivalent
to that of the initial groundwater quality. In addition to dispersion, chemical reactions between
aquifer solids and recharge water will affect the chemistry of recovered water. These reactions
may include mineral precipitation/dissolution and cation exchange.

Technical Report on Groundwater Storage Alternatives
Yakima River Basin Storage Assessment
January 2008 137



5.6.2.2 Well Performance

Clogging of the well and the aquifer material is a common concern with ASR projects. Blockage
of the pore space is dependent on the total suspended solids (TSS) in recharge water,
groundwater and the resultant water quality. As little as 2 milligrams per liter (mg/L) of TSS can
reduce the rate of recharge into the aquifer.

Mineral precipitation can also affect the efficiency of a well and permeability of the surrounding
aquifer. When oxygen is introduced to the groundwater, oxide minerals may form if iron and
manganese are present they may from oxides. These oxides can clog pore space and well
screens, thus reducing the efficiency of the well.

Clay minerals can also affect well performance. Due to the flat platy structure of clay minerals,
clay minerals are likely to bridge pore space causing a blockage of the flow. Kaolinite in
particular is likely to cause this physical clogging of the aquifer. Changes in pH, cation
chemistry or TDS can mobilize clay particles. Because of the nature of these materials, the
reversal of the plugging once it has occurred is nearly impossible.

Biofouling is also considered as a potential concern. Differences in physiochemical conditions
between groundwater and the water being recharged can increase the ability of the bacteria to
thrive (e.g., differences in temperatures, pH, and dissolved constituent concentrations).
Disinfectant products can be used to reduce this concern. DBPs such as trihalomethanes (THM)
and Haloacetic Acids (HAA) may form from the disinfection process. Case study data
summarized in Pyne (1995) indicate that concentrations of THMs and HAAs decline relatively
quickly when source water containing them is stored in the subsurface. The data generally
suggest that THMs and HAAs are degraded biologically in a matter of weeks under anoxic
groundwater conditions. The USGS documented little biological degradation of THMs within an
aerobic shallow unconfined sand and gravel aquifer. One concern consistent in the studies is that
residual chlorine in the source water (required by state regulation for public water systems) can
react with organic matter in the aquifer with the potential to generate THMs. Whether the THMs
generated then degrade appears to be a consequence of the groundwater redox conditions in the
aquifer, with degradation occurring preferentially in anoxic aquifers.

5.6.3 Water Types

General water qualities are included in Table 5-4. Treated recharge water will likely be a
calcium-sodium to calcium-magnesium bicarbonate water (Walla Walla). It will be oxidizing
and slightly alkaline with a low TDS and parameters below drinking water standards.

5.6.4 Previous Examples
5.6.4.1 Yakima- Ellensburg Formation

A pilot test to examine the feasibility of ASR in the Ahtanum-Moxee sub-basin in the central
part of the Yakima basin was prepared for the City of Yakima in 2001 by Golder Associates
(Golder, 2001). This study occurred in the Upper Ellensburg Formation, which is underlain by a
clayey basalt. Water quality monitoring throughout the pilot test indicated compliance with
drinking water standards. Although DBP concentrations did increase temporarily during storage
before decreasing, DBP concentrations remained well below drinking water standards at all
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times. Based on the results of the tracer analyses, it is estimated that approximately 70 percent
of the water recharged to the aquifer was recovered.

Field pH ranged from 6.1 to 7.7 and turbidity was low (0.29 to 0.46 NTU). Conductivity was
also generally low. Over the period of storage, most major ion groundwater concentrations
remained stable. By the third and final storage sampling events, the mixing of recharge water
with native groundwater was evident for a number of constituents. Mixing during storage was
most obvious for silicon, sodium and alkalinity.

The city of Yakima’s ASR pilot testing using treated potable water documented initial increases
in THM and HAA concentrations in the storage aquifer, and a corresponding decrease in residual
chlorine, throughout the first half of the 55-day storage period between recharge and recovery.
The increases were attributed to reaction of residual chlorine with naturally occurring organic
matter in the groundwater. Concentrations of THMs and HAASs generally declined in the latter
part of the storage period, and then declined rapidly in the recovered water during the recovery
period. The declining concentrations were attributed to a combination of degradation and
dilution/dispersion. THM and HAA concentrations remained well below drinking water criteria
throughout the test (Golder, 2001).

5.6.4.2 Walla Walla - Basalt

The city of Walla Walla completed an ASR pilot test in 2002 in the confined basalt aquifer
(Golder, 2004a). This aquifer is confined, permeable and bounded by faults or other low
permeability structures in at least two directions. There are several areas of basalt (Grande
Ronde, Wanapum and Saddle Mountain) that have different flow systems running through them.
Each of these flows has the potential to have a different water quality.

In general the basalt water quality was found to be a calcium-sodium bicarbonate water (Table 5-
4). When stored water was analyzed over the storage period, increases in pH, conductivity,
redox potential, Ca, Mg, Si, Na, Mn, K SOy, F, alkalinity and TDS were measured. A decrease
in dissolved oxygen was observed. This is likely due to the recharge water trying to reach an
equilibrium state with the groundwater. None of these parameters exceeded drinking water
standards. Coliform bacterial was detected and exceeded the standard for the first two sampling
events during the storage period. Other disinfection products were not dete