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Introduction
Summary of Findings
Kahlotus wells are pumping two sources of groundwater. The deep well (Well #3) pumps old
groundwater with little or no modern influence. However, unlike other GWMA wells pumping old
water, the water from Well #3 appears to be significantly younger than that which is more typical of
GWMA’s old water wells. Well #1, on the other hand, is pumping water with a geochemical signature
indicated o younger, mixed water sources. The lack of water level data in the immediate area of the City
makes it difficult to review historical trends, and potential future trends. However, GWMA modeling
results, which are built on data from across the broader region, suggests future declines are likely.
Comparing estimated water demand data and growth predictions through the year 2060 with the
current reported production capacity of City wells, and assuming the water production capacity of
current or replacement wells stays at or near the reported current capacity, the current pumping
capacity of City wells will likely have difficulty meeting these projected needs. However, accelerated or
increased groundwater pumping in eastern Franklin County, and the surrounding region, could
accelerate future groundwater level changes which might expose the City to groundwater supply
shortfalls before 2060.
When these data, observations, and predictions are taken together - water level declines suggested by
the existing data, predictions from the GWMA groundwater model, groundwater geochemical data
suggesting little modern recharge - GWMA anticipates there is a potential for groundwater supply
shortfalls during maximum periods of dynamic drawdown (pumping) in the next several decades. Based
on that, GWMA recommends that the City begin an active real-time groundwater level monitoring and
pumping program so that it can better track these potential conditions, adjust water system operation
to possibly mitigate some of these predicted impacts, and potentially begin to explore water supply and
source alternatives.

Purpose
The purpose of this report is to summarize basic information and issues associated with current
groundwater supply conditions, including demand, supply, water levels, and sources for the City of
Kahlotus. This summary for the City of Kahlotus, lying in eastern Franklin County, Washington (Figure 1)
is based on GWMA data and information developed during previous projects, information collected
from the public works and/or other municipal personal, data available from the Washington
Department of Health (WDOH), and data and information published or compiled by others, including the
Washington Department of Ecology (ECOLOGY). This report also looks at predictions about future
groundwater conditions developed using GWMA’s groundwater flow model for the Columbia River
basalt aquifer system. Based on these summaries this report also includes a general review of some
basic potential future water supply alternatives.
This report is not meant to be a comprehensive look at current and future groundwater supply
conditions. It is meant to provide a general review of current and potential future conditions. This
report does not look at water rights, or other legal issues that would need to be resolved to gain access
to potential future alternative water supplies.
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GWMA prepared this report for City of Kahlotus under a funding authorization from the Washington
Legislature directed through the Office of the Columbia River. Topics covered in this review include
summaries of:
1.
2.
3.
4.
5.

Water Demand.
Water Supplies sources, including aquifer identification.
Water levels in municipal supply wells.
Groundwater geochemistry and age.
Potential future water supply options.

In addition to the summary report, supporting materials are included in attached appendices. These
appendices include:
1. Appendix A – Wells logs, geologic interpretations, and related hydrogeologic information for the
municipalities wells.
2. Appendix B – Water level data, including hydrographs.
3. Appendix C – A discussion of how the GWMA groundwater model was used to predict future
water level trends.
4. Appendix D – A discussion of how groundwater geochemical data was used to identify potential
groundwater sources, and data specific to the municipality.

Water Demand and Sources
Average daily water demand for the City of Kahlotus is approximately 0.57 acre-feet/day (191,485
gallons/day; 133 gpm) based on reported annual volume of water produced (based on WDOH records
for 2010). Daily peak demand for the City is reported as approximately 1.6 acre-feet (514,950
gallons/day; 358 gpm). Table 1 summarizes basic population and water demand data for Kahlotus.
Table 1. Kahlotus Population and Water Demand Data.
POPULATION DATA
2010
2030
2060
Est. Population
193
209
236
Est. Population Growth, %
-1.0 (2000-2010)
0.4
0.4
Assumed population of 0.4% to be conservative. Highest City population was 308 (1970). The City's lack of a
centralized sewer system (City is on septic tanks) and finite water sources are limited factors for growth.
WATER DEMANDS
2010
2030
2060
Average Daily Demand (ADD), gpd
191,485
208,230
235,661
Max. Day Demand (MDD), gpd
514,950
559,981
633,750
Average Daily Demand, gpm
133
145
164
Max. Day Demand, gpm
358
389
440
City has relatively high demand compared to other communities. Although there are water meters installed on
individual services, the City charges flat rate for water consumption. One reason for the City not implementing a
consumption rate charge is due to issues with its radio-read meter system. The City is fully metered but has had
problems with the radio-read system and frequent turnover of the public works staff. Largest water users in
City are the School and City parks.
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The City of Kahlotus public water supply system currently utilizes one (1) water supply well (Well #3) as
the primary water source and it has one (1) seasonal-use well (Well #1) based on WDOH records (Table
2). Well #3 has a reported pumping capacity of 250 gpm based on WDOH records. The seasonal use
well (Well #1) has a reported pumping capacity of 300 gpm (based on WDOH records). A third well,
Well #2 is no longer in operation and is thought to be close to Well #1. Table 2 summarizes well
operation information while Table 3 lists basic well construction information. Well logs, geologic
interpretations, and related information for City wells are found in Appendix A.
Table 2. Well Source Operational Data.
Name
Well No. 1 (SO1)
Well No. 3 (SO2)

Usage
Backup
Primary

Flow, gpm
300
(1)
350

Comments
Nitrate observed up to 4.92 mg/l, hardness around 300 mg/l
Trace nitrate at present; historically up to 3.59 mg/l, softer
than Well No.1
Total Primary Capacity
350
Well No. 3
Total Backup Capacity
300
Well No. 1
(1)
Observations on Source Water: Well No. 3 is reported to have a pumping capacity of 250 gpm. However from a
review of the water production data and staff observations, the pumps are more likely to have a capacity of 350
gpm. To be consistent with the 2011 flow data, the capacity of Well No. 3 is shown to be 350 gpm.

Reviewing reported water demand data and growth predictions through the year 2060 (Figure 1) the
City of Kahlotus has a predicted average daily demand and predicted peak demand of approximately 164
gpm and 440 gpm in 2060, respectively. Assuming the water production capacity of current or
replacement wells stays at or near the reported current capacity, and based on reported well pumping
capacity (Table 2) the current pumping capacity of City wells will likely have difficulty meeting these
projected needs. However, accelerated or increased groundwater pumping in eastern Franklin County,
and the surrounding region, could accelerate future groundwater level changes which might expose the
City to groundwater supply shortfalls before 2060.
Table 3. Well Identification and Construction.
Town
well ID
#1
#2
#3

GWMA
ID
F4147
G0916

ERO #

Date
drilled

Date use
ended

Total depth
(feet)

Casing depth
(feet)

Seal depth
(feet)

1928
1961
1982

1970

350
680

39
680

602
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Groundwater Conditions
Aquifer Sources
Given the layered nature of the Columbia River basalt aquifer system, the majority of the water
produced from any water well comes from the bottoms and tops (also referred to as interflow zones) of
geologic unit(s) a well is open too. As a consequence, wells open to the same interflow zone(s) will be
pumping groundwater potentially having a high degree of hydraulic connection. Conversely, wells that
are not open to different interflow zone(s) will pump groundwater displaying little, to potentially no
hydraulic connection. Given these relationships knowing which unit interflow zone(s) a set of wells is
open too provides information useful in optimizing well use, groundwater pumping, water delivery, and
identifying the portion of the aquifer system being pumped.
Based on the reported construction of City of Kahlotus wells summarized in Table 3, and GWMA
geologic and hydrogeologic models, basic hydrogeologic conditions in City wells are summarized below
and in Table 4.



Well #3 is open to and pumping groundwater from Sentinel Bluffs Member of the Grande Ronde
Basalt.
Well #1 (seasonal-use), if constructed similar to Well #2, is pumping groundwater from the
Frenchman Springs Member of the Wanapum Basalt and potential from the overlying Missoula
(Cataclysmic) Flood sediments.
Table 4. Well Hydrogeology.

Town
well ID
#1
#2
#3

GWMA
ID
F4147
G0916

Sed

SMB

Tpr,Tr

Tf

Tgsb

x

Deeper
GRB

Test pumping
rate (gpm)

DD
(ft)

SC (gpm/ftDD)

300

140

2.1

x

Explanation:
x – unit well is interpreted to be open too, as follows: Sed – suprabasalt sediment, SMB – Saddle Mountains
Basalt, Tpr – Priest Rapids Member Wanapum Basalt, Tr – Roza Member Wanapum Basalt, Tf – Frenchman
Springs Member Wanapum Basalt, Tgsb – Sentinel Bluffs Member Grande Ronde Basalt, Deeper GRB – Grande
Ronde units deeper than the Tgsb.
Test pumping rate (gpm) – Reported pumping test pump rate in gallons per minute.
DD (ft) – Feet of water level drawdown in the well during the pumping test, equivalent to dynamic drawdown.
Adding DD to the static depth to water gives the dynamic, or pumping, depth to water.
SC (gpm/ft-DD) – Specific capacity, which equals the gallons pumped during the test per foot of drawdown.
The larger the number, the more productive a given well is.

Water Levels
Water level data, especially coupled with pumping data, provides information useful in determining well
performance and aquifer conditions, including the presence or absence of hydrologic connection
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between different wells. When referring to water level data one should look at both static and dynamic
(pumping) levels.



Static water level refers to the water level in a well when it is not being pumped.
Dynamic water level refers to the water level in a well when it is being pumped.

The difference between static and dynamic (pumping) water levels is referred to as drawdown.
Understanding drawdown is important in well use because when pumping (dynamic) results in
drawdown that brings the dynamic water level to depths near the pump the well will lose the ability to
produce water. This is commonly coupled with damage to the pump.
The remainder of this section summarizes what GWMA has learned about City well water levels. This
section also summarizes some basic predictions about future water levels in City wells predicted by
GWMA’s groundwater model. Additional water level data is provided in Appendix B while a discussion
of how the GWMA groundwater model was used for this project is provided in Appendix C.
Static water levels in City wells are reported to be dropping. However, measurements are not taken or
recorded by City staff on a regular basis. The GWMA hydrogeologic model does predict that water
levels in Wells #1 and #3 will continue to decline. These predictions and potential future water levels
are provided in Table 5.
Table 5. Observed and Predicted Changes in Groundwater Level in Kahlotus Wells.
Town
well ID

GWMA
ID

Initial
DTW (ft)

Date

#1
#2
#3

F4147
G0916

56
417

1961
1982

Most
recent
DTW (ft)

Date

Obs av static
rate of
change (ft/yr)

Projected rate
of change
(ft/yr)
-0.37

Predicted
static DTW
in 2060

-3.47

687

Explanation:
DTW – depth to water.
Date – year water level to left was measured.
Obs av static rate of change (ft/yr) – average water level decline rate, in feet per year, based on initial and
most recent DTW.
Projected rate of change (ft/yr) – rate of water level decline, in feet per year, predicted by the GWMA
groundwater model in the next 30 years.

Given these predicted water level trends, GWMA expects static water levels in the area of the City, in
the portions of the aquifer system currently being pumped, to be approximately 650 to 700 feet bgs in
2060. GWMA did not find any well pumping data, including draw-down data for the City’s wells.
Consequently, we cannot predict potential future dynamic water levels during the high demand season.
However, based on regional trends, we would expect these dynamic levels to be 100 to 200 feet deeper
than predicted static water levels.
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Groundwater Geochemistry
Groundwater geochemical data can be useful in determining the recharge source, age of recharge, and
mixing of different sources of water. Examples of how GWMA’s groundwater geochemical data are
used include the following:






C-14 age and percent modern carbon (PMC) provides a measure of the average age of when
groundwater samples entered the groundwater system as recharge, and an indication of the
preponderance of older or younger waters in the sample.
Stable isotopes of oxygen (18O/16O) and hydrogen (D/H) can be used to identify the presence of
specific end members that may comprise mixed groundwater samples. End member isotopic
signatures are consistent and therefore, if a mixed groundwater is known to contain certain end
members, the contributory percentages of each end member can be back calculated for a given
mixed groundwater sample. Basic isotopic signatures are:
o For modern water delta D is generally between greater than -140/ml and -80/ml, and
delta 18O is between -17/ml and -9/ml.
o For ancient, or fossil, groundwater, delta D is between -130/ml and -160/ml, and delta
18
O is between -16/ml and -19/ml.
TU is a measure of tritium, with those samples having TU over 0.5 generally having some
modern component. Generally, the higher the TU the more abundant modern water is in the
sample. TU less than 0.1 indicates essentially no modern water is present.
Molar equivalent values (meq/l) provide additional information about the presence of modern
water versus older water.
o High meq/l values for sodium and potassium (Na+K) and silica dioxide (SiO2), coupled
with low values for sulfate (SO4), calcium (Ca), and Magnesium (Mg) generally suggest
very old groundwater.
o Opposite trends generally indicate younger to modern groundwater.

Using these different geochemical data sets GWMA evaluates the potential age of the source(s) of
groundwater being pumped from sampled wells. Recharge ages of these groundwater sources include
ancient (or fossil), modern, or geologically young but pre-modern. In addition, the evaluation looks at
potential mixing of different aged sources, including which of the sources may dominate the sampled
water. Generally, the ranges of ages identified in this evaluation include:





Modern, this is groundwater that was recharged in approximately the last 60 to 65 years.
Ancient, which is groundwater recharged during the Pleistocene, or early Holocene, essentially
prior to approximately 10,000 years ago.
Geologically young, or pre-modern, which is groundwater recharged prior to the 1940’s, but
could be hundreds to several thousand years old.
Mixed, which includes mixes of different aged sources, both modern and ancient. Where
GWMA interprets groundwater sources to be mixed, we attempt to identify which aged source
predominates, if possible.

Additional information about the use of groundwater geochemistry in evaluating groundwater age and
recharge source is provided in Appendix D.
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A limited set of geochemical data collected from Kahlotus wells (Table 6) suggests the following:




In Well #3 (an upper Grande Ronde well) C-14 dating and TU values indicate the water being
pumped is old (>6,900 years old) water with little to no connection to modern surface water
sources (TU of 0.03). This groundwater is not as old as is seen in other GWMA wells pumping
old water with no modern recharge. The low hydrogen (-112.6) and oxygen (-13.66) isotope
values paint a different picture though. These show a young component in the groundwater.
Given the low TU, we interpret this mixed groundwater to contain a significant component of
geologically young, but not modern, groundwater.
Water collected from Well #1 has elevated Ca and Mg. This is interpreted to show a modern, or
very young, recharge imprint, although, the lack of TU and C-14 data precludes further analysis.

The water quality data reported to the WADOH for the City of Kahlotus indicates that Well #3 has low
fluoride (typically <1.5 mg/l) and variable nitrate-N (ranging from 0.60 to 3.59 mg/l) concentrations.
Water quality data reported to the WADOH for Well #1 indicates it typically has low fluoride (<0.6 mg/l)
and variable nitrate-N (ranging from 0.50 to 4.90 mg/l) concentrations.
Table 6. Basic Geochemical Data.
Town
well
ID
#1
#2
#3

GWMA
ID
F4147
G0916

C-14
age
(yrs)

6980

PMC
TU

0.03

Delta
D

Delta
O18

-127.4

-15.51

1.64

12

3.5

2.76

1.56

0.94

-112.6

-13.66

1.3

6.5

1.2

0.72

0.22

1.88

Na+K HCO3+CO3
Ca
Mg
SO4
(meq/l)
(meq/l)
(meq/l) (meq/l) (meq/l)

SiO2
(meq/l)

Explanation:
C-14 age (years) – average age of groundwater bearing the carbon 14 isotope.
PMC – percent modern carbon
TU – tritium units calculated to be present in water.

Supply Summary
Kahlotus wells are pumping two sources of groundwater. The deep well (Well #3) pumps old
groundwater with little or no modern influence. However, unlike other GWMA wells pumping old
water, the water from Well #3 appears to be significantly younger than that which is more typical of
GWMA’s old water wells. Well #1, on the other hand, is pumping water with a geochemical signature
indicated o younger, mixed water sources. The lack of water level data in the immediate area of the City
makes it difficult to review historical trends, and potential future trends. However, GWMA modeling
results, which are built on data from across the broader region, suggests future declines are likely.
When these data, observations, and predictions are taken together - water level declines suggested by
the existing data, predictions form the GWMA groundwater model, groundwater geochemical data
suggesting little modern recharge - GWMA anticipates the very real potential for groundwater supply
shortfalls during maximum periods of dynamic drawdown (pumping) in the next 10 to 20 years. Based
on that, GWMA recommends that the City begin an active real-time groundwater level monitoring and
pumping program so that it can better track these potential conditions, adjust water system operation
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to possibly mitigate some of these predicted impacts, and potentially begin to explore water supply and
source alternatives.

Future Sources
The purpose of this section is to outline the potential for alternative water sources, including: (1)
continued development of deep, primarily Grande Ronde Basalt hosted portions of the aquifer system,
(2) development of a suprabasalt aquifer and/or shallow basalt groundwater source(s), (3) use of surface
water, which might include ASR, and (4) water reuse.

Deep Grande Ronde Basalt Groundwater Source
With respect to the deeper groundwater source this summary looks at two primary issues. One is with
drilling and operations. The other is related to the increased potential need for additional water
treatment.
In the vicinity of the City the top of the Grande Ronde Basalt lies at depths of approximately 350 to 400
feet, with Well #3 penetrating into it. If this unit is targeted in the future the following basic constraints
should be considered when looking to drill such a well:




Grande Ronde units will be present below the bottom of the City’s deepest well (680 feet deep),
and they likely would produce groundwater.
Drilling to these depths, the City would be looking to build a well approximately 1000 feet deep,
with approximately 600 to 700 feet of casing, necessary to avoid interference between such a
hypothetical new well and existing City wells.
At this time GWMA does not know what the recharge rates to these deeper units are, and
whether or not a sustainable pumping level could be found that gives the City sufficient water
for its needs. Based on water level trends in this portion of the GWMA though, we speculate
that recharge will be small, and pumping in excess of recharge is easily possible.

As is the case in most deep basalt wells in the GWMA, an additional concern is decreasing natural water
quality at greater depths, typically increasing fluoride, iron, manganese, and hydrogen sulfide. As the
concentrations of these constituents reach certain thresholds, this will necessitate installation of
treatment systems to meet regulatory requirements and aesthetic guidance. While GWMA does not
currently think these would be a major issue in the vicinity of the City, one should be aware of their
potential occurrence and have contingency plan in place to deal with them in the event a deeper well is
drilled.

Shallow Suprabasalt Sediment and shallow basalt Groundwater Source
Given the City’s daily and total water demands, a water supply system solely reliant on the suprabasalt
sediment aquifer system and immediately underlying shallow basalt groundwater system is possible,
especially given the presence of reasonably productive irrigation wells in the vicinity and given the City’s
history with such wells. However, there are constraints on such a system as follows:


If sufficient shallow groundwater could be found near the City, a new well system tapping into it
likely would need several wells tied together via pipelines and associated interties. This shallow
10



system may also see interference from irrigation wells in the area, as has been reported to
GWMA already occurs.
Productive nearby irrigation wells offer an alternative to the City, if these wells could be
purchased from willing land owners and either connected to the City water system, or taken
offline to reduce interference with new or existing shallow City wells.

As with all shallow groundwater pumping in GWMA, care should be taken in understanding
groundwater quality, and potential treatment needs associated with nutrient loading, which include
nitrate-N. In some case the treatment requirements associated with using shallow groundwater
outweigh the benefits of using such water. In addition, the trend suggested by the gold course well does
indicate that over pumping of the shallow system is possible as that is what that well appears to be
doing.

Surface Water Source
The nearest extensive body of natural surface water is the Lake Roosevelt pool. This potential source is
many miles away, and the viability of accessing it is not explored further in this review. Without a
surface source ASR does not appear to be a viable alternative either.

Water Reuse
Water reuse, e.g., utilization of treated waste water for irrigation or similar needs, to reduce demand on
potable aquifer sources is a possibility. However, given the small size of the City of Kahlotus and lack of
large industrial waste water sources, the resulting waste water stream would be small. Given this it is
unlikely that developing a waste water reuse system would be economically viable.
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Figure 1. Map of Kahlotus and surrounding area, showing location of wells and major geologic
structures (to the extent they are known).
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Kahlotus
Water Level Data, Including Hydrographs
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Purpose and Objectives
This Appendix describes the application of the previously developed groundwater flow
model to help evaluate historic and likely future water resource availability at selected
municipalities throughout the four-county Groundwater Management Area (GWMA).
Specifically, the GWMA model is used herein to help understand:
Historic patterns in resource demands and actual yields at selected municipalities.
Project likely future yields in response to projected increasing demands at the same
municipalities.
This Appendix describes how the GWMA groundwater model was used to make these
assessments, emphasizing the data sets used to prepare inputs to the predictive (i.e., future
condition) simulations; the simulation methods used; and the post-processing of the simulation
results to obtain useful graphical and tabular summaries of projected resource availability.
This Appendix commences by providing an overview of the GWMA groundwater flow
model, and previous applications of the model for water resource evaluations. Recent updates to
the GWMA model are then summarized. The calculation approach to evaluating municipal
supplies is then described; and the methods and assumptions used to develop future municipal
demand projections summarized. Results of the analyses are then summarized. This Appendix
does not present detailed results from the simulations: rather, selected results of the modeling
analyses are tabulated and presented in the main report, and contribute to the individual
municipal reports that are included as an Attachment to this report.

1

Overview of the GWMA Groundwater Flow Model
GWMA Model Development
The GWMA began development of the GWMA Hydrologic Groundwater Modeling
project in 2009 with the objective of creating a groundwater model encompassing Adams,
Franklin, Grant and Lincoln Counties to identify the mechanisms and magnitudes of
groundwater recharge and discharge on a four-county scale and within certain local subareas, or
groundwater sub-regions, where groundwater availability is of particular concern. The goal of
the model development effort is to enable the GWMA to evaluate current and future groundwater
needs, and support future decision-making about water resource issues.
Data sets that support the GWMA model development are described in numerous reports
that are cited in the main body of this report. Development of the numerical implementation of
the GWMA groundwater flow model is principally described in the following reports:
“Groundwater Model Development Process for the Columbia Basin Ground Water
Management Area of Adams, Franklin, Grant, and Lincoln Counties, Washington:
Progress Report of the Groundwater Hydrologic Modeling Project” (GWMA, 2010a)
“Columbia Basin Ground Water Management Area Hydrologic Groundwater Modeling
Project: Interim Report” (GWMA, 2010b)
“Groundwater flow model of the Columbia Basin Ground Water Management Area of
Adams, Franklin, Grant, and Lincoln Counties: Model Development, Calibration, and
Application to Evaluate Groundwater Supplies in Four Sub-Regions” (GWMA, 2011)
These reports provide detailed information on the development and previous applications
of the GWMA groundwater flow model. Here, an overview of the GWMA model is provided to
familiarize the reader with the general geographic extents and design of the model.

Model Structure, Simulation Code and Boundary Conditions
Simulations undertaken by the GWMA actually comprise two separate but linked
groundwater models. The lateral extents of the GWMA area – which are defined on the basis of
major intra-basin hydrologic features together with important geo-political boundaries – lie
within this regional setting (Figure 1). This provides for a manageable model size, but can
present a challenge for the assignment of lateral boundary conditions. Within the upper aquifer
units the GWMA is bounded laterally in many areas by intra-basin hydrologic boundaries:
however, at increasing depths the influence of these hydrologic boundaries diminishes, and at
some depth they no longer form viable lateral hydrologic boundaries to the GWMA region. To
overcome this, a simplified groundwater flow model of the entire Columbia Plateau Regional
Aquifer System (CPRAS) was constructed, referred to as the Watershed Model. The Watershed
model encompasses and extends beyond the four-county GWMA model, and is used to provide
constraints on the lateral inflows to and outflows from the GWMA model. More detail is
provided in GWMA (2010a, b; 2011). All subsequent analyses and discussions that are presented
in the current report refer only to the four-county GWMA model unless noted otherwise.
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The groundwater flow simulation code used to execute the Watershed and GWMA
models is based upon the United States Geological Survey (USGS) three-dimensional (3D)
modular groundwater flow model (MODFLOW) (Harbaugh et al., 2000). Version 1.18 of the
MODFLOW-2000 release of the MODFLOW code was selected since it has the principal
simulation capabilities required to meet the modeling objectives set forth above, yet is relatively
simple to use and can be executed on a variety of computers and operating systems without
modification.
The following widely-used MODFLOW processes and packages are used in both the
Watershed and GWMA models:
Basic (BAS) Package – providing information about the simulation that does not vary
with time, such as a-priori areas of active and inactive cells, and the initial conditions
(initial heads).
Layer-Property Flow (LPF) Process – representing information about the aquifer that
does not vary with time, including the properties of hydraulic conductivities and storage.
Discretization (DIS) Package – providing information on the spatial and temporal
discretization of the model.
Recharge (RCH) Package – representing net deep percolation that accrues at the water
table where it is accessible.
Drain (DRN) Package – representing topographic depressions and upland tributary areas
that can act as areas of groundwater discharge when they intercept the water table.
River (RIV) Package – representing water bodies for which routing of water is not
simulated.
Horizontal Flow Barrier (HFB) Package – representing the influence of internal
boundaries on groundwater movement. Internal boundaries include the limited areal
extent of individual basalt flows; the presence of faults, folds, and buried sills and dikes.
The following MODFLOW processes and packages are used only in the GWMA model,
to represent certain system characteristics in more realistic detail:
Lake (LAK2) Package (Council, 1999) – representing major water bodies, some of which
possess controlled release structures (i.e., dams).
Multi-Node Well (MNW2) Package – representing pumped, and possibly un-pumped but
improperly or incompletely abandoned, wells.
Streamflow-Routing (SFR) Package – representing water bodies for which routing of
water is considered in the simulations, such as rivers that directly interact with water
bodies that are represented using the LAK2 package.
The Watershed and GWMA model representations of the complex hydrostratigraphy of
the CPRAS is detailed in GWMA (2010a, b; 2011).

3

Modifications to the Standard MODFLOW Code
Programming modifications were implemented within the standard MODFLOW-2000
code to mitigate “dry cells”, achieve desirable solution convergence, and stabilize and accelerate
the simulations undertaken with the GWMA model in the presence of highly non-linear internal
boundary conditions and strongly-contrasting aquifer properties. These modifications comprise:
A saturation factor applied to partially saturated cells to reduce water transmissibility
A Newton-Raphson linearization scheme to provide stable and locally rapid convergence
A backtracking scheme to control the head change each solution iteration
Adaptive time-stepping to limit the size of the time step in numerically difficult
conditions
An orthomin solver capable of managing the asymmetric implicit equations that result
from the use of the above numerical techniques
Details on these modifications are provided by Bedekar et al. (2011) and GWMA (2011).

Previous GWMA Model Applications
Until fairly recently the development and application of the four-county GWMA
groundwater model has focused on gaining region-wide understanding of past conditions, and of
the impacts to groundwater of increasing development and demands on the resource over time.
In the most recent report (GWMA, 2011), however, the groundwater model was specifically used
to evaluate groundwater conditions on a subregional basis, with emphasis on four particular
subregions referred to as the Odessa Sub-region; Moses Lake Sub-region; Royal Slope Subregion; and Connell Sub-region. These evaluations emphasized sub-regional water budget
calculations undertaken using the GWMA model, depicting likely rates of vertical groundwater
exchange between major hydrostratigraphic units and horizontal exchange between subregions,
in response to growing historic demands. These subregional budget analyses provide a
framework of understanding for undertaking the municipal assessments described here.
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Recent Updates to the GWMA Model
Development of the GWMA model has continued since the publication of the most recent
GWMA groundwater modeling report (GWMA, 2011), as new data and information have
become available that have refined the conceptual model and provided more accurate
information for use in defining inputs to the groundwater model. These refinements of the
numerical representation of groundwater conditions within the four counties of the GWMA focus
on the following subject areas:
Groundwater pumping
Model stress periods
Re-calibration
These refinements are detailed in the following subsections.

Groundwater Pumping
Groundwater pumping specified in the GWMA comprises pumping at agricultural wells
for irrigation purposes; and pumping at municipal wells for supply purposes. Groundwater
pumping for high-capacity agricultural wells was estimated with a 3-step process which included
i) using space-borne images to define crop extent and historical growth, ii) using a surface
energy balance approach to estimate crop-type irrigation demands, and iii) developing a
mechanism to distribute computed water requirements to nearby wells. The use of space-borne
spectral signatures to determine crop type and crop coverage is based on a method that has seen
advances in resolution and accuracy in the last 25 years (Mulla, 2012), while the surface energy
balance approach is similar to other regional-scale studies (Kahle et al., 2011; Senay et al., 2007)
and field-based studies (Hunsaker and Royer, 2012). These steps are described in detail in the
following sections.

Crop Classification
Landsat data were used to classify the study area by crop type (Figure 2) for
summer crops for the period 2000 to 2003 in order to capture the general long-term crop mixture
for the study area. This is a critical step - not often accounted for in other regional studies because of the crop type, soil heterogeneity, and high water-vapor deficit in the area. For
example, alfalfa may require up to 2.5-times the water that wheat does, even within the same
general region. Landsat-ETM+, 30-meter resolution images were acquired for dates ranging
between May 16, 2000 and June 10, 2003. For each crop season between two and five images
were selected per season. Supervised classification techniques using areas of interest (AOI) were
developed using ERDAS (ERDAS Inc., Atlanta, GA, USA.) with spectral bands 1-5, and 7 (blue:
450-520 nm, green: 520-600 nm, red: 630-690 nm, Near Infrared: 770-900 nm, Short-wave Red:
1,500-1750 nm, and shortwave Infrared 2,090-2350 nm). Classes generated from AOIs were
evaluated using plots of the mean pixel values per spectral band, and histograms of band data
values. Classification was completed for each region of the image using the signature file created
for that region using a Maximum Likelihood decision rule.
Satellite data were also used to reconstruct historical crop expansion, and distinguish
groundwater irrigated fields from non-irrigated fields for years between 1974 and 2010 for which
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suitable data and images were available. It was assumed that 2000-2003 crop types obtained with
the 6-band spectral signature was representative of the historical crop mix and general year-toyear crop rotation. Records of crop type dating back to the 1970's are not available publically,
and the historical mix of crop types we obtained, based on 2000-2003 crop distribution, is
believed to be a satisfactory based on independent understanding of the region’s development,
and personal interviews (Paul Stoker, pers. comm). Historical crop expansion and irrigated
versus non-irrigated fractions were estimated using a ratio of the Normalized Difference
Vegetation Index (NDVI) to precipitation (PPT) – i.e., NDVI/PPT. This process was repeated
for each year from 1974 (when the necessary satellites were first launched) through 2010.

Simplified Surface Energy Balance
Calculations for crop irrigation and consumptive water use were made each season for
each crop type using an energy balance approach that employed GIS thematic layers, together
with the Food and Agriculture Organization (FAO) Penman-Montieth evapotranspiration rates
derived using data from a series of agrometeorology stations, and irrigation estimates from the
Washington State Irrigation Guide. The equation used to compute the monthly surface energy
balance is as follows:
IR = ETa - PPT - SM
where
IR
ETa
PPT
SM

- the amount of groundwater required
- the estimated crop evapotranspiration demand
- the precipitation
- the antecedent soil moisture

The source and quality of input data is discussed in following sections. The approach
used is not as detailed as smaller-scale studies (Hunsaker and Royer, 2012), and is not currently
corroborated by eddy covariance data. The approach also rests upon several assumptions - most
notably, the monthly mass-balance does not include deep percolation (groundwater recharge) or
direct runoff. It is also assumed that irrigation efficiencies are 100%. These simplifying
assumptions were used in the knowledge that it is unlikely that sufficient information will
become available to refine these estimates for historic periods. Although some studies in the area
have suggested that ground water recharge from irrigation may be significant in some areas
(Kahle et al., 2011) evidence from water shortages and irrigation management-conservation
practices - which have been widely employed to mitigate nitrate seepage into groundwater –
suggest that recharge throughout most areas, particularly in those areas not supplied by surface
water irrigation, is negligible.
Actual evapotranspiration estimates were made using a series of agro-meteorological
stations
available
throughout
the
area
(http://www.usbr.gov/pn/agrimet/etsummary.html?station=odsw&year=2009).
AgriMet
evapotranspiration summaries provide historical daily ET data for each crop grown in the
vicinity of each AgriMet station using the FAO Penman-Monteith equation (Figure 3).
Estimated ETa is available together with a reference ET (ETr) with either alfalfa or short-grass.
Crop coefficients are available on a daily basis for most crops. Because field-based data for ETa
are not always available at the spatio-temporal resolution required to interpolate values to a fine
grid, this information was supplemented with irrigation estimates from the Washington Irrigation
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Guide (WAIG; http://www.wa.nrcs.usda.gov/technical/ENG/irrigation_guide). Irrigation
estimates using the WAIG are available in 13 separate micro-climates within the GWMA study
area, which range in area from 497 km2 to 4,398 km2. Estimates from the WAIG include average
long-term climate factors but importantly also include best management and best irrigation
management practices, which may vary substantially from a water balance / irrigation-demand
approach. The centroid of each microclimate zone was used for calculation of point-value ETa's
based on a long term fractional relationship of crop ETa to climate data obtained from the field
stations. The point-based ETa estimates were then interpolated to provide grid-based estimates of
ETa.
Grids of precipitation and antecedent soil moisture (i.e., the PPT and SM portions of the
monthly equations presented above) were constructed with available GIS thematic layers.
Monthly precipitation was obtained from the Parameter-elevation Regressions on Independent
Slopes Model (PRISM) climate group (http://www.prism.oregonstate.edu). Soil water holding
capacity in the first 100 cm was obtained from a multilayer soil characteristic dataset for the
conterminous United States (CONUS-SOIL; http://www.soilinfo.psu.edu). It was assumed that
annual winter precipitation was sufficient to recharge upper soil layers to field capacity; the
contribution of soil moisture to the seasonal water requirement was estimated as soil water (cm)
at field capacity multiplied by maximum allowable depletion (MAD) for the specific crop type.
For example, if MAD for potatoes is 30% before additional irritation is required, and the amount
of water held in the soil is 12 cm at field capacity, then the annual contribution to that crop is
0.30 X 12 cm (3.6 cm). Importantly, however, the monthly change in soil moisture during the
irrigation season was not computed: it was assumed that there is a single contribution of soil
moisture at the beginning of the season. Although monthly precipitation input is factored in, it is
historically low during the crop season while, conversely, the water vapor deficit is high. As a
result, for the purposes of this assessment, it is assumed that crop acquisition of water held in the
soil, beyond that provided by monthly precipitation and seasonal antecedent soil moisture, is
negligible.
The aforementioned data and grid-based calculations were imported into ArcMAP and
converted to GIS grids on a 30m resolution. Monthly budgets were computed using ArcGIS
Model Builder extension together with custom Python scripts. Figure 4 depicts the resulting
Evapotranspiration-based seasonal water requirement thematic map.

Validation of Crop Classification and Groundwater Withdrawal
Efforts were made to validate the crop classification process and results, and the demandbased computations of groundwater withdrawals. To evaluate the accuracy of remote sensingbased crop classification and overall groundwater requirements 3 analyses were completed:
First, remote sensing data were validated using a ground reference and training/cross
validation dataset. Training fields were used to develop the 6-band spectral signature,
and validation fields were used to assess the accuracy of classified crop types. Crops in
this dataset were identified in the same time period of a selected satellite image. The
number of fields required as ground reference for satellite classification varied somewhat
by crop, but included approximately 150 fields. Based on validation data, the crop
classification approach was over 85% accurate in identifying crop types in irrigated
fields, and over 90% accurate in identifying drylands.
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Second, to evaluate results in terms of the presence of general crop types, computed
percentages of crop type were compared to a geo-database available from Washington
State Department of Agriculture (WSDA). This information was available for 15,000
hectares subregion of the GWMA study area. Crop type is reported to WSDA on the
basis of legal description (town, range, section). Overall crop percentages compared
favorably with reported crop types from WSDA (Table 1). Table 1 includes dominant
crop types and the number of fields reported from the WSDA, equivalent acreage, and
percentages of estimated total crop type, and percentages reported by WSDA. Crop types
reported are for 2009, when a fully functional geo-database was available for comparison.
Across the 6 major crop types classified by remote sensing, the crop-type proportions
were within 95% ± SD 4% of those reported by WSDA.
Third, to validate irrigation estimates against observed field data, irrigation rate data were
obtained from a private agricultural consulting company, ProAg Ltd located in Pasco,
WA. This comprises data from irrigation gauges with data loggers representing 4,050 to
16,160 hectares for dominant crop types during 1987 to 2010. The computed average
applied water per field was compared to the recorded data. Derived estimates for
irrigation-based groundwater withdrawals compared well with ground-based data for
most years, suggesting that groundwater irrigation estimates generally comport with field
measurements, although there was a marginal difference between estimates for the years
with very high precipitation.

Allocation to Nearby Agricultural Wells
To allocate groundwater requirements to wells in the nearby vicinity, a mechanism was
required to spatially relate wells to fields. This was accomplished by associating each
agricultural well with the acreage around it using Thiessen polygons. Thiessen (Voronoi)
polygons - whose boundaries define the area that is closest to each point relative to all other
points - define individual areas of influence around a set of points. The computed Thiessen
polygons were grouped into larger clusters until a total area was obtained that had a meaningful
climatic distinction. At that point, the total water requirement at each cluster was distributed
across the wells in that area. The computed water requirement was then distributed
proportionally to each well based on the total length of the open interval and well diameter,
where this information was available. Figure 5 shows the location of the pumping wells and the
range of annual pumping volume attributed.

Municipal Wells
Quantification of groundwater withdrawals from municipal wells was based on personal
interviews with every major city in the GWMA area, and did not require an indirect method of
estimation similar to that used to calculate withdrawal from agricultural wells. Interviews were
conducted in 2011 and information relevant to total pumping, performance, well efficiency, and
well construction was obtained for each well. Importantly, information on well abandonment and
well deepenings, which is rarely recorded or reconciled in public record, was accounted for in
the construction of the well pumping file for the GWMA groundwater model.
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At the conclusion of these pumping data revisions 2,352 large diameter agricultural wells
and 70 municipal supply wells were described in sufficient detail to be simulated in the GWMA
model. Figure 6 presents in graphical form the groundwater demands that are calculated using
the methods described above: these demands comprise the specified demands used as input to the
GWMA groundwater model for the simulations described herein. Figure 7 presents an aerial
depiction of the locations of groundwater pumping specified as input to the GWMA groundwater
model, distinguishing agricultural (irrigation) and municipal extraction. It is evident from
Figures 6 and 7 that pumping for agricultural uses outweighs pumping for municipal purposes.
As described below in the section “Municipal Supply Projections - Calculation
Approach”, post-processing of the groundwater model simulations is used to verify whether
these specified demands are met in the GWMA model, and where any shortfalls (specified
demands minus simulated yields) occur. This post-processing evaluation of gross versus net
pumping provides an indication of the reliability of the GWMA model in simulating
groundwater response to pumping and providing reliable future projections.

Model Stress Periods and Seasonal Pumping Distribution
In prior GWMA groundwater modeling assessments, the GWMA model has been used to
simulate two periods: first, pre-development conditions, as required to obtain suitable initial
conditions for simulating historic (development) conditions; and, second, historic (development)
conditions, which span the period from about 1960 to 2010. No future (predictive) simulations
have previously been made using the GWMA model.
For the municipal analyses described here, the GWMA model is used to simulate three
periods: the first and second comprising pre-development and development conditions, as
described above; and the third comprising “future” conditions spanning the period from 20112050. Assumptions used to project municipal and agricultural groundwater demands for the
future simulations are detailed in the section “Municipal Supply Projections - Calculation
Approach”, below.
In pervious simulations using the GWMA groundwater model, rates input to the model –
such as groundwater pumping, and recharge – were specified on an annual-average basis, and the
model executed using annual stress periods. This approach is suitable when evaluating long-term
patterns and trends in regional or subregional groundwater budgets. However, when evaluating
water budgets in more detail – and particularly when evaluating the likely future sustainability of
pumping in small areas and/or from small numbers of wells – it becomes critical to acknowledge
and explicitly simulate within-year time-varying (seasonal) patterns of groundwater pumping
since these dynamics in groundwater usage can be the determinant as to whether peak demands
are likely to be met by the declining resources.
To represent seasonality in groundwater usage, each simulated calendar year – from 1960
through to 2050 – was divided into 3 stress periods as follows:
1. The first stress period, spanning January 1st through May 31st.
2. The second stress period, spanning June 1st through August 30th.
3. The third stress period, spanning September 1st through December 31st.
For municipal wells, one quarter (25%) of the estimated annual pumpage is allocated to
the first and third stress periods (i.e., 12.5% in each stress period), and three quarters (75%) is
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allocated to the second stress period; whereas, for agricultural wells 5% of the estimated annual
pumpage is allocated to the first and third stress periods (i.e., 2.5% in each stress period), and
95% is allocated to the second stress period – the latter reflecting the timing of peak irrigation
demands. Although this allocation of pumping between the three stress periods is approximate, it
broadly reflects the relative demand patterns for municipal and agricultural wells throughout a
calendar year. Refinements to the demand patterns for both municipal and agricultural wells will
be made in future analyses.

Re-Calibration
The updates to groundwater pumping and to the discretization of stress periods in the
GWMA groundwater model necessitate a re-assessment of the calibration of the model, and of
the values of the input parameters. As discussed in GWMA (2011), calibration is an iterative
process where early efforts provide inference on the model assumptions, structure and inputs as
well as the likely values of parameters. Quantitative (objective function based) calibration may
occur following several qualitative iterations. Calibration of the Watershed and GWMA models
combines qualitative and quantitative measures, and is corroborated using measured data and
qualitative independent information. Measured data used to calibrate the Watershed and GWMA
models comprise the following:
Pre-development conditions: groundwater levels measured prior to, or soon after,
extensive groundwater development occurred provide a quasi-steady-state “snap-shot” of
the water levels and gradients before major development occurred. These data are used to
construct a simple scatter plot depicting the correspondence of simulated and measured
values.
Development conditions: groundwater levels measured since commencement of extensive
groundwater development reflect the impacts of large-scale groundwater development.
These data are used to construct well-specific hydrographs representing transient
conditions with which the simulated values are compared.
Relatively limited changes to the model parameterization were made as a result of the
changes in model inputs. Specifically, changes in the specified groundwater pumping described
earlier, resulted in changes in the simulated groundwater response over time to increased
development. This, together with review of the previous subregional budget analyses described
in GWMA (2011) resulted in the following revisions to model parameters:
Horizontal hydraulic conductivity in selected units – changes in parameter values from
previous simulations were relatively small, and focused on those units representing the
base of the Wannapum / top of Grande Ronde units (Table 2).
Increased vertical anisotropy in selected units – principally, those units representing the
base of the Wannapum / top of Grande Ronde units. This reflects qualitative information
regarding the vertical compartmentalization of deep, discrete, aquifer units and the
evidence for very limited communication between these units.
Increased recharge – net deep percolation from precipitation was increased by a factor of
1.5. This increase principally reflects qualitative understanding that groundwater recharge
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rates were greater in times past than currently, and greater than expected in the future.
Groundwater elevations simulated using the pre-development model are sensitive to
recharge rates; however, historic and future rates of change in response to groundwater
demands are relatively insensitive to recharge rates within reasonable limits.
Increased storativity – values for water table storage (specific yield) and specific storage
were increased. These increases were invoked to provide reasonable correspondence
between measured and simulated groundwater level declines throughout the development
period, in response to the revised groundwater pumpage data.
Horizontal barrier resistance – values for the resistance of some horizontal barriers,
representing the presence and effect of faults and other lineaments on groundwater flow,
were changed to bring closer agreement between measured and simulated head
differences across those features.
Current values for hydraulic parameters of the GWMA groundwater model are listed in
Table 2. Figure 8 presents a scatter plot comparing measured and simulated groundwater
elevations as calculated using data considered to reasonably represent pre-development
conditions. Although the scatter plot is reasonably encouraging, suggesting that the general
pattern of pre-development groundwater levels is well matched, of most interest to the future
projections that are the subject of this report is the correspondence between simulated and
observed rates of decline over time since the predictive model is being used to project likely rates
of decline over time.
Figure 9 presents simulated and measured hydrographs for four example wells within the
GWMA model domain. Though not comprehensive, these representative example hydrographs
indicate that the model reasonably matches the rates of decline in groundwater levels in
unpumped wells. There are some notable exceptions to this pattern which result from known
structural shortcomings in the GWMA model that are as a result the subject of further planned
model refinements.
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Municipal Supply Projections - Calculation Approach
Supply projections were made for thirty-five (35) municipalities throughout the GWMA
area. These are listed in Table 3, and illustrated in Figure 10. In each case, groundwater pumping
and corresponding groundwater elevation changes were evaluated within a radius of about 6
miles from the center of the municipality, providing information proximal to the municipality.
Reliable simulation of the likely declines in groundwater levels and corresponding well
yields in response to future demands rests upon the following:
Realistic representation of the effects of pumping: This includes regional effects of
pumping – principally, declining regional groundwater levels and the effect these
declines have on resource availability over broad areas; plus, the effects of pumping that
manifest within the pumped well itself and that lead to well-specific capacity constraints,
particularly during periods of intensive pumping. The method employed to realistically
represent the effects of groundwater pumping both regionally and locally is described in
this subsection.
Validation of the simulation approach: This comprises comparing model outputs with
available data over a period of historic record that depicts conditions similar to those
expected during the predictive period. This is described in the later subsection
“Validation to Historic Field Data”.
Reasonable projections of likely future demands: The source(s) of the future demand
rates used in the predictive GWMA model simulations, and any assumptions used in
developing these projected demand rates, are described in the later subsection “Future
Demand Projections”.

Representation of Pumping
Version 2 of the MODFLOW Multi-Node Well (MNW2) package was used (Konikow et
al., 2009) to represent the regional and local effects of pumping. Previous reports describing the
GWMA groundwater flow model (e.g., GWMA, 2011) describe the benefit of using the MNW2
package to represent pumping to automatically allocate withdrawals from multiple water-bearing
units for wells with long open intervals. However, for the purpose of evaluating the sustainability
of pumping at individual wells or small groups of wells, the MNW2 package also has the
capability of representing (a) the efficiency of a pumped well in terms of the head losses that
occur between the aquifer immediately adjacent to the well, and the head within the annulus of
the well; and, (b) reductions in well capacity and ultimately net well yield, due to a combination
of well-specific inefficiency and declines in the transmissive capacity of the aquifer.
With regard to well efficiency – pumped wells are not perfectly efficient. Well efficiency
is described by Rorabaugh (1953) as “the ratio of (1) the theoretical drawdown computed by
assuming that a logarithmic distribution of head is applicable all the way to the well face (in
other words, no turbulence is present) to (2) the drawdown in the well.” Hence, well losses are
caused by the effects of laminar flow within the aquifer, plus turbulent head losses across the
face of the well and within the well casing (see for example, Jacob 1946; 1947 and Rorabaugh,
1953). Put simply, the drawdown within the well annulus is greater than the drawdown in the
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aquifer adjacent to the well open interval, and the magnitude of this difference is an indicator of
the efficiency of the well. Specific causes of well inefficiency can include:
Overall well design – factors that contribute to under-sizing of a well for its intended
yield include use of too short an open interval; too narrow a diameter; too fine a filter
pack; and/or too small of a screen open area; partial penetration of the aquifer by the
open interval.
Poor open-interval design – such as the use of an uncased well in the presence of
sanding; or the use of a filter pack and/or screen section(s) incompatible with targeted
well yields.
Incomplete or ineffective well development – for example, incomplete recovery of
invaded mud during mud-rotary drilling.
Other sources of physical, chemical, and/or biological fouling.
The head calculated by the basic MODFLOW program for the center of each finitedifferent cell is actually a cell-averaged value. This simulated head does not accurately represent
the head within the formation immediately adjacent to the well, because of the approximately
logarithmic cone of depression that is centered on the pumped well; furthermore, it does not
accurately represent the head within the well itself, because causes of well inefficiency are
neglected. To overcome this limitation and compute a more representative head for a pumped
well within a finite-difference cell, the MODFLOW MNW2 package implements a general wellloss equation of the form:

where hwell is the composite head (or water level) within the well itself; n is the index of
the cells (or, more accurately the nodes) that are intercepted by the multi-node well; hn is the
computed head in the nth cell associated with the well;, Qn is the flow between the nth model cell
and the well; A is a linear aquifer-loss coefficient; B is a linear well-loss coefficient; C is a
nonlinear well-loss coefficient, and P is the power (exponent) of the nonlinear well-loss
component. Coefficient B can be used directly to represent well efficiency and in MNW2 is
calculated using the “Skin” coefficient as follows:

where B is the saturated thickness of the cell; bw is the saturated length of the well open
interval in the cell; Kh is the effective horizontal hydraulic conductivity of the cell; rSKIN is the
radius to the outer limit of the skin; and, KSKIN is the hydraulic conductivity of the skin.
Without detailed well-specific assessment, it is not possible to determine the exact
magnitude or the causes of well-specific inefficiencies. Unfortunately, the information necessary
to make such a detailed evaluation is likely unavailable for the majority of municipalities
evaluated. As a result, for the evaluations presented in this report, a generic approach was taken
to constructing the MNW2 package based upon trial-and-error variations in the value of the
KSKIN parameter until correspondence was reached between simulated well efficiencies, limited
field data available for verification, and qualitative information on both long-term and seasonal
well performance. At the conclusion of these iterations, the value of the C coefficient (i.e.,

13

nonlinear loses) was assumed negligible for simplicity; the value of KSKIN was set equal to 20%
of the transmissivity-weighted average horizontal conductivity of the cells each well intercepts;
and rSKIN was set equal to twice the well radius.
With regard to declines in well yield over time – there are many factors that can lead to
such declines. These range from changes in regional conditions, such as declining groundwater
levels, which result in a less transmissive formation; to declines in well-specific efficiency,
which result in reduced specific capacity and hence greater in-well drawdown for equivalent
yields; to the encroachment upon, or exceedance of, practical limitations on groundwater
recovery. Foremost among the practical limitations is the lift that can be practically sustained
and/or economically justified. The total lift includes the pumping lift (i.e., depth from the pump
head to the pumped water level in the well), and sources of back-pressure downstream of the
pump head. Factors that determine what lift is economically justifiable include the capitol cost of
well replacement or obtaining other water sources, and the profit margin and viability of the
intended water use (e.g., irrigated crop in the case of agriculture). For purposes of this report, the
focus is on the practical maximum pumping lift, and this value is equal to 900 feet. Put simply,
when the water level within a pumped well reaches a depth of 900 feet below the pump head, the
rate of extraction is reduced until this rate can be maintained, or pumping ceases until the well
recovers sufficiently to draw water again. (For simplicity, the pump head elevation is assumed to
equal ground surface elevation.)
The MODFLOW MNW2 is capable of reducing the discharge from a pumped well when
the water level within the pumped well drops below a specified depth. This is accomplished by
setting the value of the “Qlimit” term in the MNW2 package input file to a value greater than
zero, and setting the value of the “Hlim” term to desired depth. For purposes of this report, the
value of Hlim was set to 900 feet below ground surface.
Hence, use of the MODFLOW MNW2 package enables the GWMA model to represent
several features that combine to limit the sustainable yield of pumped wells over time –
including declining regional groundwater levels, declining well capacities, and encroachment on
practical groundwater recovery limitations. The schematic of a pumped well that is depicted in
Figure 11 illustrates several important features and events in the life-cycle of a well that is
pumping in an area of declining resource availability. Not all features depicted are directly
relevant to every municipal well simulated in the GWMA model.
The hypothetical well depicted in Figure 11 is constructed within an aquifer that exhibits
a total thickness exceeding 900 feet. Prior to pumping, the static groundwater elevation is found
at position zero (identified by the “0” on Figure 11), and the open interval of the well is a
considerable distance below the water table. The following stages in the lifecycle of the well are
then depicted:
1. Early pumping results in drawdown that remains above the open-interval of the well, and
a considerable distance above the pump intake, even during periods of high demand.
After some time, the regional water table exhibits noticeable but not large declines
(Position “1”). Limitations on well efficiency and capacity are primarily a result of the
design of the well open interval (i.e., screen, filter pack, well development, etc.).
2. Continued pumping regionally and at the hypothetical well, specifically, result in
declining regional groundwater levels, and increased drawdown at the hypothetical well,

14

to the extent that the pumped water level in the hypothetical well may occasionally fall
below the top of the open interval (Position “2”). Limitations on well efficiency and
capacity are a result of the design of the well open interval; the result of cascading water
within the well; and the result of reductions in the aquifer transmissive capacity.
3. Continued pumping regionally and at the hypothetical well, specifically, continue to
increase regional water level declines and drawdown at the hypothetical well, to the
extent that the pumped water level in the hypothetical well is always below the top of the
open interval (Position “3”) and occasionally approaches the elevation of the pump
intake. Limitations on well efficiency and capacity are similar to those for Position “2”:
however, the well operator may consider dropping the pump intake as a mitigating action.
4. Continued pumping regionally and at the hypothetical well, specifically, have reduced the
regional and pumped water levels to such an extent that the pumped water level in the
hypothetical well is always within the open interval (Position “4”) and at peak demand
times always reaches the elevation of the pump intake, resulting in damage to the pump
and loss of the well for periods of time. Since the pump intake has been dropped close to
its maximum depth, the only option is to deepen the well, or replace the well with an
entirely new and deeper well. However, if the pump intake is already at a depth
approaching the practical pumping lift limit (in this case, 900 feet) this may not be a
viable option and the resource may be considered to be – for practical purposes –
exhausted in the immediate area.
An important complication to this simplified schematic is that within the stratified and
vertically compartmentalized basalt aquifer system encountered within the GWMA, well
deepening may encounter a new basalt interflow zone containing an aquifer that possesses a
higher head than the overlying inflow zone aquifer from which the well was previously pumping.
Thus, the life of the well may be extended until such time as the pumped head in the well again
reaches an unsustainable depth, and the cycle is repeated. Although this benefit of well
deepening is not depicted in Figure 11, this feature can be simulated using the GWMA
groundwater flow model, and has been exploited in the GWMA for many years to continue the
development of groundwater resources.
Although the MNW2 package is not capable of explicitly simulating all of the features
described above, empirical parameterization of the MNW2 package can pumped-well
hydrographs that reflect these features in the life-cycle of a pumped well. Hence, when
simulating the life-cycle of a pumped well in the current GWMA model, a “demand” pumping
rate is specified as input to the MODFLOW MNW2 package, together with parameters that
define the empirical effect of well efficiency and a practical pumping lift depth. The simulation
using the MNW2 package then produces outputs that include the head calculated within the
pumped well, and the net groundwater extraction rate from the well. The difference between the
net groundwater extraction rate at the well, and the demand specified as input, comprises the
projected shortfall. This information can be plotted to verify the historic period of simulation
using field data, and evaluate the likely future performance of the well. One such plot is depicted
in Figure 12.
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Figure 12 is a demonstrative graphic of projected supply for municipal well: the figure is
annotated with certain key features in the hydraulic response and projected yield of the well that
correspond with the life-cycle narrative provided above and depicted in Figure 11. This graphic
portrayal is based on an actual simulated projection from the model: though it is only one of
many such projections, it represents the major features and concepts.
The surface elevation at the location of the well (approximately corresponding to the
pump head) is at an elevation of a little over 1,300 feet: as a result, the dashed line corresponding
with a maximum pumping lift of 900 feet lies at an elevation of a little over 400 feet above sea
level. The blue oscillating line represents the average water level calculated by the GWMA
model for the model cell(s) intercepted by the well: given the size of the model cells, this can be
broadly interpreted as representing the regional groundwater at some distance from the pumped
well. The oscillations in this line are the result of pumping at this well and also other wells; and
the long-term gradual decline reflects the declining regional groundwater levels. The high peaks
in this line represent the regional static groundwater level in the aquifer: for this reason, this line
is referred to as the static water level (this line also shows troughs that correspond with peak
pumping season). Note that even though the peak groundwater pumping occurs during the
summer, the regional static level continues to decline in to the future as a result of the sustained
effects of pumping from which the aquifer never fully recovers.
The orange oscillating line represents the water level calculated by the GWMA model for
the well itself. While acknowledging the approximate empirical approach used to specifying well
efficiency in the GWMA model, this line can be interpreted as a best-estimate of the likely water
level in the annulus of the well whether or not it is pumping. The oscillations in this line are
overwhelmingly the result of pumping at this well; and the long-term gradual decline reflects the
declining regional groundwater levels in addition to the inability of this well to recover to prepumping levels. The low troughs in this line represent the water level in the well during the peak
pumping season: for this reason, this line is referred to as the dynamic water level (this line also
shows peaks corresponding with periods of much lower pumping). The following features can be
seen in this graphic:
The rate of demand from the time of the well construction through to the current time
(2011) is assumed constant at about 800 acre-feet per year (AFY) (purple dots). The in-well
water level “trough” during peak pumping (or, dynamic level) is nearly 600 feet lower than the
in-well water level peak that occurs during the off-season: however, the water level in the well
recovers in the off-season to a level close to regional groundwater levels. Until 2017 the demand
(purple dots) is met by the well (yellow line), despite large peak-season drawdowns in the well.
Current (Period 1) rates of decline of the regional “static” water level and of the off-season water
level in the well are fairly steady and not very dissimilar.
From the year 2011 onward, the rate of demand is assumed to increase steadily each year
by a small but constant factor. This increase results in a steadily increasing difference between
peak-season and off-season in-well water levels. On or about the year 2017, the peak-season inwell water level reaches the elevation corresponding with the maximum practical pumping lift of
900 feet. This marks a point of departure from which point forward:
The steadily increasing demand (purple dots) cannot be met by the well (yellow line),
causing a shortfall, because the well is either occasionally inoperative or must be
operated at reduced rates due to the very large drawdown.
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Because the well can no longer recover fully, the rate of decline of water levels in the
well accelerates to such an extent that this rate is substantially greater than the rate of
decline in the regional water levels.
As a result, the shortfall increases with time as a combined result of continued regional
water level declines, and the limitations imposed on pumping by the maximum pumping
lift.
Figure 12 illustrates how a pumping well can fail during peak demand periods because of
the dynamic drawdown when the pump is turned on; and how a well can have a substantial water
column in the well annulus when the pump is not running, but is unable to sustain the required
demand when the pump is turned on.

Validation to Historic Field Data
Although the best available simulation methods have been used to represent the
combined regional and well-specific effects of pumping on the long-term sustainability of
pumping, it is appropriate to verify that the simulations can reproduce historic field data where
such are available. Of the 35 municipalities evaluated, a large database of water level data is
available to verify model calculations at one municipality (Moses Lake), and some water level
data are available to verify model calculations at six municipalities (Connell, Davenport, Lind,
Odessa, Othello, and Ritzville). At the present time, no water level data are available to verify
model calculations at the remaining municipalities.
Figure 13 depicts two examples from the Moses Lake municipal supply system, wells
GR1938 and GR6141, respectively. In each example, a suite of simulation inputs and outputs
analogous to that described above for Figure 12 is depicted. However, also shown on the top
graph of each figure are water levels historically measured in each corresponding well. Review
of each graphic suggests the following:
The model reproduces the general pattern of water level changes in each well reasonably
well, reflecting the change in water levels between the high and low pumping seasons,
and the general decline in water levels throughout the historic record.
There is a tendency for the model to over-predict the off-season (low pumping) water
level and under-predict the drop in water levels during the high pumping season. The
first issue can be remedied via refinements in the local model calibration, whereas the
second issue can be remedied using well-specific efficiency calculations that reflect
individual well performance.
The model projections suggest that the difference between high-pumping and lowpumping water levels will steadily increase in the future, particularly as the pumped
water level is drawn down in to the open interval of the well, impacting the well
efficiency.
The differences between the simulated drawdown in the pumped well itself, and the
historic data, is expected to differ between individual wells since the efficiency of the
wells is expected to vary, whereas the GWMA model currently uses a “typical”
efficiency to represent all wells.
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Overall, while the model reflects the general patterns, as presently constructed (i.e.,
without explicit calibration to historic data such as depicted in Figure 13) the model provides
rather optimistic projections of the likely future sustainability of pumping, since the actual
measured data suggest water levels are already lower than the modeled values. It can therefore be
reasonably surmised that the actual future well performance will be worse than that which is
currently projected by the GWMA model. For this reason, until such time as more information is
available to calibrate the GWMA model to historic municipal data, the GWMA model
simulations are used in this report to indicate the expected relative increases in the rate-ofdecline of water levels in each municipality rather than the absolute values of groundwater and
in-well elevation: this is combined with the historic elevation data (where available) to infer the
likely sustainability of the municipal supply.

Future Demand Projections
As described earlier, for the municipal analyses the GWMA model simulates three
periods: the first and second comprising pre-development and development conditions,
respectively; and the third comprising future conditions spanning the period from 2011-2050.
Pumping rates for the historical period were estimated using methods explained in previous
paragraphs, while for future conditions, an estimate of likely future demands is required.
Figure 14 depicts the historic demands used in the GWMA model, together with the
projected demands calculated using a 2% escalation for municipal demands and zero escalation
for agricultural demands. Note that because the agricultural pumping overwhelms the municipal
pumping currently, the 2% escalation for the municipal demand represents a much smaller
fraction of the total demand – however, the effect of agricultural pumping on regional
groundwater level declines and hence that contribution to the long term sustainability of
municipal supplies is represented by the GWMA model.
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Results
A brief overview of the simulation results is provided here: detailed assessments are
provided in the municipality-specific report sections. When reviewing the results of the
simulations, it is important to remember that each well operates within a regional context, and
that the performance of each well is a function of regional conditions as well as local and wellspecific conditions. For this reason the results of the simulations are described in terms of regionwide projected shortfalls – i.e., the projected inability of the regional aquifer system as a whole
to meet the increasing demands for resources; plus, more location- and well-specific controls on
municipal resource availability.

Projected Water Level Declines
For each of the municipalities evaluated, a suite of graphics similar to those presented as
Figures 12 and 13 was produced that depicts simulated aquifer and in-well water levels, and
actual yields, based on historical demands. As indicated above, of the 35 municipalities
evaluated, data were only available for seven to verify model calculations. Therefore, as
described earlier, at this point in time the GWMA model simulations are used in this report to
indicate the expected relative increases in the rate-of-decline of water levels in each
municipality, and this is combined with the historic data (where available) and independent
information to infer the likely sustainability of the municipal supply.
The results of the simulations are condensed in to the following summary statistics,
which are used in the main body of this report and in the individual municipal summaries to
support projections of the likely future reliability of each municipality’s resources:
Current Time, and Late Time, simulated rate of decline in the aquifer (regional)
unpumped groundwater levels – referred to as the “Static Decline”.
Current Time, and Late Time, simulated rate of decline in the in-well water levels –
referred to as the “Dynamic Decline”.
The average, median, and ninetieth percentile (90th%tile) summary statistics for each of
the Current Time and Late Time Static and Dynamic declines.
Note that the “Dynamic” declines are actually calculated using the peaks of the in-well
water levels rather than the troughs: while the troughs are more representative of the actual
dynamic declines, at late time for the majority of wells the troughs exceed the depth of either the
900 foot maximum pumping lift and/or the bottom of the open interval of the well, which
artificially flattens the slope of the troughs. This renders those trends meaningless. Therefore, the
peaks of the in-well hydrographs are used as the best approximation to the dynamic declines
throughout the period of the simulations.
Table 4 lists the Current Time and Late Time static and dynamic water level declines for
each well evaluated in this study, and the corresponding time period for which the calculations
apply. Figure 16 plots these tabulated values as two separate data series on a single scatter
diagram: the first series representing simulated Recent Time and Late Time static water level
declines, and the second series representing simulated Recent Time and Late Time dynamic
water level declines. Also shown is a line of equal correspondence: points falling on this line
show similar Current Time and Late Time rates of decline; points falling above this line show
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smaller Late Time rates of decline than Current Time rates of decline; and points falling below
this line show larger Late Time rates of decline than Current Time rates of decline.
The following features are evident from review of Figure 16:
Current Time and Late Time static rates of decline broadly cluster about the line of equal
correspondence. This suggests that some static rates of decline may increase, while others
may decrease. Since regional groundwater extraction is dominated by agricultural
pumping, this indicates that if current rates of agricultural pumping are not increased, the
rates of decline in regional groundwater levels will remain fairly steady – although
continuing to irreversibly decline due to the lack of aquifer replenishment.
The majority of Current Time and Late Time dynamic rates of decline lie below the line
of equal correspondence. This suggests that the majority of municipal wells will
experience accelerated rates of decline in their in-well water levels over time, in response
to (a) the continued regional declines that are dominated by agricultural pumping, and (b)
the increased demands made for municipal supplies. Some municipal wells are projected
to experience future rates of decline that are more than three times greater than current
rates of decline.
Table 5 condenses the individual water-level declines listed in Table 4 and plotted in
Figure 16 into model-wide summary statistics. When considered together with Figure 15, which
depicts the projected shortfall (i.e., demand minus yield), the summary statistics provided in
Table 5 corroborate the depiction presented in Figure 16. That is, Current Time and Late Time
rates of decline in static (regional) water levels may not change dramatically, due to (a) the
assumption of constant rather than increasing municipal supplies plus (b) the increasing failure
over time of wells to meet their demands (i.e., increasing shortfalls over time). While this alone
is disconcerting, the Current Time and Late Time rates of decline in the in-well water levels is
expected to nearly double (on average), as pumped water levels enter the well open interval and
approach or occasionally equal the maximum pumping lift depth and/or the bottom of the well
open interval. Hence, an increasing number of municipal wells can be expected to reach their
maximum sustainable yields in the foreseeable future, and to require either deepening, well
replacement, or an alternative source of supply.
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Figures

Figure 1

GWMA Model Extents and Boundaries

Note: Remote sensing evaluation by crop type for 6 spectral band signature showing mean pixel values and variation (y-axis) and
the corresponding Landsat band number on the x-axis for May (B1 to B6, and B7) and June for corn (B2-1 to B2-6, and B2-7).
Mean (open circles) and SD (error bars) shown for corn illustrate seasonal variance and compare the range of data observed in May
and June (a). Histogram for pixel values from Landsat spectral band characterize data distribution for band 4 (770-900 nm; b). Mean
values for spectral means for all crop types that were classified and mapped throughout the study area (c).

Figure 2

Landsat-based spectral reflectance delineation by crop type

Source: http://www.usbr.gov/pn/agrimet/etsummary.html?station=odsw&year=2009.
Note: This figure depicts crop reference ET, precipitation, and actual irrigation for wheat using as estimated using a
wheat crop coefficient. Seasonal precipitation for this year contributed a substantial amount of water for the irrigation
in terms of both antecedent soil moisture, and seasonal water requirement.

Figure 3 Agro-meteorological data for the Odessa area flux station

Note: Estimated water requirements for groundwater-based acreage per field shown with microclimate boarders,
extent of surface water contracts, location of Eta field based data, which includes both Agriment weather stations,
and microclimate centroids (where necessary).

Figure 4 Evapotranspiration - Based Seasonal Water Requirement Thematic Map

Figure 5 Groundwater Pumping by Well (2000) Thematic Map
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Estimated Total Groundwater Pumping within the GWMA
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Figure 7

Locations of Groundwater Pumping within the GWMA
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Figure 8

Calibration Scatter Plot for Pre-Development Conditions

Figure 9

Calibration Hydrographs during Development Conditions

Figure 10

Locations of the Simulated Municipalities
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Figure 11

Schematic Illustrating Various Stages in Well Operations and
Efficiency
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Annotated Example of the Life-Cycle of a Municipal Supply Well

Figure 13

Examples of Simulated and Observed Municipal Well Water Level
Declines

Figure 14

Historic and Projected Demand using a 2% Escalation for Municipal
Demands and Zero Escalation for Agricultural Demands

Figure 15

Projected Supply Shortfalls (Demand minus Yield) using a 2% Escalation
for Municipal Demands and Zero Escalation for Agricultural Demands
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Simulated Recent-Time and Projected Late-Time “Static”
and“Dynamic” Water Level Changes

Tables

Table 1

Estimated Crop Types Using Landsat-Based

Classification versus Reported Crop Types from the Washington State Department of
Agriculture (WSDA) for an Area of Approximately 15,000 Hectares (3029 fields).

Crop
Type

Number of
Fields

Area Sampled
(hectares)

Remote Sensing
(% of total)

Reported WSDA
(% of total)

Alfalfa

681

13830

0.25

0.36

Corn

137

3114

0.06

0.09

Orchard

507

3799

0.07

0.08

Other

895

14979

0.27

0.22

Potato

304

9127

0.17

0.16

Irrigated
Wheat

505

10170

0.18

0.09

Table 2

Current Parameterization of Hydraulic Properties in the GWMA
Model
HSU
QF
QL
PPL
TRF
TRWIE
TIH
TEL
TEM
TERR
TP
TES
TEQ
TA
TWC
TU
TEMB
TPR
TEQC
TR
TESC
TFSG
TFSH1
TFSH
TFSF1
TFSF
TFG17
TFG
TFG19
TFPF
TEV
TGSB
TGU
TGO
TGG
TGWR

HK
200
200
200
200
200
24
24
24
24
24
24
24
24
24
24
24
6.48
6.48
6.48
6.48
6.48
172.8
6.48
172.8
0.72
172.8
0.72
172.8
0.72
60
0.72
0.504
0.504
0.504
0.504

VK
20.0000
20.0000
20.0000
20.0000
20.0000
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0048
0.0011
0.0011
0.0011
0.0011
0.0011
1.4400
0.0011
1.4400
0.0011
1.4400
0.0009
1.4400
0.0009
0.0001
0.0011
0.0001
0.0002
0.0002
0.0002

S
Sy
0.0000144
0.0000144
0.0000144
0.0000144
0.0000144
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000216
0.0000144
0.0000144
0.0000144
0.0000144
0.0000144

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Table 3

No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Municipality
Almira
Benge
Connell
Coulee_City
Creston
Davenport
Edwall
Eltopia
Ephrata
George
Harrington
Hartline
Hatton
Hooper
Kahlotus
Lamona
Lind
Marlin

List of the Simulated Municipalities

No
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Municipality
Mattawa
Mesa
Moses_Lake
None
Odessa
Othello
Pasco
Quincy
Reardon
Ritzville
Royal_City
Soap_Lake
Sprague
Warden
Washtucna
Wilbur
Wilson_Creek

Table 4 Tabulation of Projected “Static” and “Dynamic” Water Level Declines

Well

Municipality

Period 1 – “Recent Time”
Decline Rate
Date
(ft/year)
S
Start
End
Static Dynamic

Period 2 – “Late Time”
Decline Rate
Date
(ft/year)
Start

End

Static

0.04

Dynamic
-

L0517

Almira

1/1/2001

1/1/2011

-0.09

12/31/2040

12/31/2050

L2034

Almira

1/1/2001

1/1/2011

-0.19

-0.18

12/31/2040

12/31/2050

-0.27

0.04

-0.69
-1.50

F0380

Connell

1/1/2001

1/1/2011

-2.26

-2.28

12/31/2040

12/31/2050

-2.59

-5.97

F0431

Connell

1/1/2001

1/1/2011

-0.14

-0.10

12/31/2040

12/31/2050

-0.35

-0.37

F0479

Connell

1/1/2001

1/1/2011

-2.29

-2.29

12/31/2040

12/31/2050

-1.22

-1.31

F0480

Connell

1/1/2001

1/1/2011

-2.38

-2.38

12/31/2040

12/31/2050

-1.32

-1.54

L0567

Creston

1/1/2001

1/1/2011

-0.03

-0.10

12/31/2040

12/31/2050

-0.14

-0.95

L0454

Davenport

1/1/2001

1/1/2011

0.06

0.07

12/31/2040

12/31/2050

-0.09

-0.26

L0461

Davenport

1/1/2001

1/1/2011

-0.11

-0.14

12/31/2040

12/31/2050

-0.33

-0.94

L0462

Davenport

1/1/2001

1/1/2011

-0.14

-0.17

12/31/2040

12/31/2050

-0.39

-1.05

L0465

Davenport

1/1/2001

1/1/2011

-0.16

-0.15

12/31/2040

12/31/2050

-1.52

-5.81

GR1074

Ephrata

1/1/2001

1/1/2011

-0.96

-0.96

12/31/2040

12/31/2050

-1.74

-3.52

GR8717

Ephrata

1/1/2001

1/1/2011

-0.97

-0.97

12/31/2040

12/31/2050

-2.11

-4.62

GR0281

George

1/1/2001

1/1/2011

-0.77

-0.77

5/31/1960

5/31/1970

-0.45

-0.45

GR4546

George

1/1/2001

1/1/2011

-0.77

-0.77

5/31/1961

5/31/1971

-0.48

-0.48

L1681

Harrington

1/1/2001

1/1/2011

0.01

0.01

12/31/2040

12/31/2050

-0.10

-1.07

A0016

Hatton

1/1/2001

1/1/2011

-2.82

-3.28

12/31/2040

12/31/2050

-1.08

-1.50

A0337

Hatton

1/1/2001

1/1/2011

-2.81

-3.28

12/31/2040

12/31/2050

-1.72

-1.30

F4147

Kahlotus

1/1/2001

1/1/2011

-0.29

-0.29

12/31/2040

12/31/2050

-0.30

-0.38

G0916

Kahlotus

1/1/2001

1/1/2011

-0.33

-0.32

12/31/2040

12/31/2050

-0.60

-3.48

A0135

Lind

1/1/2001

1/1/2011

-1.46

-1.60

12/31/2040

12/31/2050

-1.63

-2.41

A0136

Lind

1/1/2001

1/1/2011

-1.39

-1.37

12/31/2040

12/31/2050

-1.09

-1.12

A0148

Lind

1/1/2001

1/1/2011

-1.26

-1.25

12/31/2040

12/31/2050

-1.01

-1.01

A0149

Lind

1/1/2001

1/1/2011

-1.20

-1.39

12/31/2040

12/31/2050

-1.10

-1.29

GR3507

Mattawa

1/1/2001

1/1/2011

-0.08

-0.08

12/31/2040

12/31/2050

-0.11

-0.24

GR3508

Mattawa

1/1/2001

1/1/2011

-0.13

-0.12

12/31/2040

12/31/2050

-0.16

-0.19

GR3509

Mattawa

1/1/2001

1/1/2011

-0.10

-0.10

12/31/2040

12/31/2050

-0.18

-0.33

F4104

Mesa

5/31/2006

5/31/2016

-0.82

-1.24

12/31/2040

12/31/2050

-0.70

-2.10

GR0635

Moses_Lake

1/1/2001

1/1/2011

-1.68

-1.68

12/31/2040

12/31/2050

-1.63

-1.80

GR0837

Moses_Lake

1/1/2001

1/1/2011

-2.51

-2.45

12/31/2040

12/31/2050

-2.30

-3.41

GR0849_U

Moses_Lake

1/1/2001

1/1/2011

-2.83

-2.81

12/31/2040

12/31/2050

-3.40

-10.36

GR1692

Moses_Lake

1/1/2001

1/1/2011

-2.97

-3.01

12/31/2040

12/31/2050

-2.03

-2.66

GR1802_A

Moses_Lake

1/1/2001

1/1/2011

-1.56

-1.55

12/31/2040

12/31/2050

-1.54

-1.66

Table 4 Tabulation of Projected “Static” and “Dynamic” Water Level Declines (continued)

Well

Municipality

Period 1 – “Recent Time”
Decline Rate
Date
(ft/year)
S
Start
End
Static Dynamic

Period 2 – “Late Time”
Decline Rate
Date
(ft/year)
Start

End

Static

Dynamic

GR1922

Moses_Lake

5/31/2006

5/31/2016

-4.74

-9.14

5/31/2027

5/31/2037

-2.30

-14.13

GR1938

Moses_Lake

1/1/2001

1/1/2011

-1.92

-1.93

12/31/2040

12/31/2050

-1.79

-2.20

GR1942

Moses_Lake

1/1/2001

1/1/2011

-2.24

-2.24

12/31/2040

12/31/2050

-3.57

-7.34

GR1946

Moses_Lake

1/1/2001

1/1/2011

-2.32

-2.26

12/31/2040

12/31/2050

-1.88

-2.81

GR6141

Moses_Lake

1/1/2001

1/1/2011

-1.94

-1.97

12/31/2040

12/31/2050

-1.66

-1.82

GR6174

Moses_Lake

5/31/2008

5/31/2018

-5.59

-7.88

12/31/2040

12/31/2050

-3.19

-8.18

GR6175

Moses_Lake

5/31/2003

5/31/2013

-1.50

-1.60

12/31/2040

12/31/2050

-1.42

-1.80

GR6183

Moses_Lake

5/31/2009

5/31/2019

-3.23

-3.72

12/31/2040

12/31/2050

-2.44

-3.64

GR6186_B

Moses_Lake

1/1/2001

1/1/2011

-1.98

-2.10

12/31/2040

12/31/2050

-1.67

-1.97

GR8244

Moses_Lake

1/1/2001

1/1/2011

-0.53

-0.54

5/31/2036

5/31/2046

-0.80

-1.88

L0053

Odessa

1/1/2001

1/1/2011

-1.08

-1.19

12/31/2040

12/31/2050

-0.56

-0.84

L1455

Odessa

1/1/2001

1/1/2011

-1.27

-1.34

12/31/2040

12/31/2050

-0.52

-0.59

A0004

Othello

1/1/2001

1/1/2011

-1.79

-1.69

12/31/2040

12/31/2050

-1.15

-1.14

A0250

Othello

1/1/2001

1/1/2011

-0.46

-0.98

12/31/2040

12/31/2050

-0.60

-1.23

A1466

Othello

1/1/2001

1/1/2011

-1.48

-1.48

12/31/2040

12/31/2050

-1.26

-1.48

A1532

Othello

5/31/2002

5/31/2012

-1.91

-1.82

12/31/2040

12/31/2050

-1.28

-1.56

GR0553

Quincy

1/1/2001

1/1/2011

-0.82

-0.92

5/31/2014

5/31/2024

-0.59

-5.58

GR0556

Quincy

1/1/2001

1/1/2011

-0.73

-2.25

5/31/1996

5/31/2006

-0.60

-4.20

GR7651

Quincy

1/1/2001

1/1/2011

-0.81

-0.88

5/31/2005

5/31/2015

-0.63

-1.41

L0485

Reardon

1/1/2001

1/1/2011

0.14

0.14

12/31/2040

12/31/2050

0.03

-0.05

A0559

Ritzville

1/1/2001

1/1/2011

-0.92

-0.76

12/31/2040

12/31/2050

-0.61

-0.67

A0560

Ritzville

1/1/2001

1/1/2011

-0.95

-0.76

12/31/2040

12/31/2050

-0.61

-0.80

A0563

Ritzville

1/1/2001

1/1/2011

-0.87

-0.77

12/31/2040

12/31/2050

-0.59

-0.58

A2756

Ritzville

1/1/2001

1/1/2011

-1.04

-0.74

12/31/2040

12/31/2050

-0.64

-0.76

G1461

Royal_City

1/1/2001

1/1/2011

-1.14

-0.93

12/31/2040

12/31/2050

-0.78

-0.70

GR1644

Royal_City

1/1/2001

1/1/2011

-1.44

-1.35

12/31/2040

12/31/2050

-0.79

-0.80

GR1924

Royal_City

5/31/2005

5/31/2015

-1.48

-1.48

12/31/2040

12/31/2050

-0.88

-0.93

GR9309

Soap_Lake

1/1/2001

1/1/2011

-0.80

-0.79

12/31/2040

12/31/2050

-0.97

-2.35

L0216

Sprague

1/1/2001

1/1/2011

0.19

0.19

12/31/2040

12/31/2050

0.03

-0.11

G1616

Warden

1/1/2001

1/1/2011

-2.66

-2.67

12/31/2040

12/31/2050

-1.77

-1.94

A2071

Washtucna

1/1/2001

1/1/2011

-0.03

0.00

12/31/2040

12/31/2050

-0.30

-3.81

A2076

Washtucna

1/1/2001

1/1/2011

0.08

0.09

12/31/2040

12/31/2050

-0.09

-0.08

L0547

Wilbur

1/1/2001

1/1/2011

-0.13

-0.12

12/31/2040

12/31/2050

-0.25

-1.67

Table 4 Tabulation of Projected “Static” and “Dynamic” Water Level Declines (continued)

Well

Municipality

Period 1 – “Recent Time”
Decline Rate
Date
(ft/year)
S
Start
End
Static Dynamic

Period 2 – “Late Time”
Decline Rate
Date
(ft/year)
Start

End

Static

Dynamic

L2075

Wilbur

1/1/2001

1/1/2011

-0.04

-0.08

12/31/2040

12/31/2050

-0.14

-1.03

GR1152

Wilson_Creek

1/1/2001

1/1/2011

-0.74

-0.75

12/31/2040

12/31/2050

-0.36

-0.35

GR1153

Wilson_Creek

1/1/2001

1/1/2011

-0.90

-0.89

12/31/2040

12/31/2050

-0.51

-3.39

Table 5

Summary Statistics for Projected “Static” and “Dynamic” Water Level
Declines

Decline Rate (ft/year):
Period 1 - "Recent Time"
Static
Dynamic
Average -1.22
-1.37
Median -0.96
-0.97
90th
-2.69
-2.698
%tile

Decline Rate (ft/year):
Period 2 - "Late Time"
Static
Dynamic
-1.03
-2.17
-0.78
-1.41
-2.148

-4.812

Appendix D
Kahlotus
Groundwater Geochemistry

Appendix D
Hydrochemical Characterization of Groundwater Produced by Municipal
Water Wells in the Columbia Basin GWMA, WA

Introduction
Hydrochemical data from 85 water supply wells from cities and towns located throughout the
Columbia Basin GWMA were analyzed in an effort to identify trends indicative of various
groundwater types and recharge sources. The data analyzed included major ion, percent modern
carbon, tritium, stable isotopes of oxygen and hydrogen and CFC’s. A thorough explanation of
analytical methods is given in GWMA 2009 A and B. Relationships to geological structures
(fold, faults, dykes, etc.) and well construction issues (casing and seal depths and open interval)
were also considered. Implications from this analysis in combination with long term water well
levels could be an indication of the sustainability of groundwater resources available for
municipalities within the study area.
Methodology
Carbon-14/Percent Modern Carbon – Used to give an absolute age date to groundwater and to
assess recharge by identifying the presence of fossil basalt groundwater. Carbon-14 is useful in
constraining the proportion of young water that comprises a mixed groundwater sample (i.e., the
fraction that may be considered to be renewable). Carbon-14 is used for age dating water as old
as approximately 50,000 years.
Tritium – Used to identify the presence of modern recharge (≤60 years old). Tritium, or 3H, is
useful as a groundwater age tracer because the tritium atom, being an isotope of hydrogen, is part
of the water molecule. This is the only age tracer for which this is true. Given this molecular
chemistry, tritium will be present in water entering the groundwater system as recharge. The
majority of tritium found in the modern environment results from the manufacture of nuclear
materials. This tritium, commonly referred to as bomb-peak tritium, is a robust indicator of a
young groundwater age. If tritium is not detected in a sample (<0.1 tritium units [TU]), it can be
concluded that the groundwater was recharged before 1950; if tritium is detected, then the water
sample contains at least a fraction that was recharged since the 1950s.
Stable Isotopes – Used to obtain the mixing ratio of modern water to FBG in mixed groundwater
samples. Ratios of stable isotopes of oxygen (18O/16O) and hydrogen (D/H) measured in
groundwater are useful in that they provide distinct isotopic signatures that can be used to
identify the presence of specific end members that may comprise mixed groundwater samples.
End member isotopic signatures are consistent and therefore, if a mixed groundwater is known to
contain certain end members, the contributory percentages of each end member can be back
calculated for a given mixed groundwater sample (Figures D1 and D2).
Major Ion, Dissolved Silica and Nitrate Chemistry – Cations to include Ca+2, Mg+2, Na+1, K+1;
anions to include Cl-1, SO4-2, HCO3-1 and SiO 2 were used to identify certain geochemical

signatures that result from the progressive evolution of groundwater chemistry due water-rock
reactions. End members express distinct geochemical signatures when major ions, dissolved
SiO 2 and NO 3 -1 concentrations are converted to molar equivalents and plotted on Stiff diagrams
(Figure D3). Mixed and young water groundwater samples display Stiff patterns that are
intermediated to the Stiff patterns of modern water and FBG.
Results and Discussion
Of the 85 water supply wells sampled in 2008 and 2010, 49% contained modern water, 18%
contained all FBG and 33% contained all young water (Table 1). However, it must be stated that
wells containing all young water may contain a component of FBG if construction information
indicates that the well may be open to multiple water bearing units including CRBG units and
supra-basalt sediments. Also, many wells indicated by TU ≥ 0.5 as having modern water,
appeared chemically to be a mixture of modern water and either FBG and/or young water. This
could be due to mixing of modern water and FBG or young water. Appendix A contains Piper
plots and other relevant information for each city in this study. Stable isotope data suggests that
most of the mixed wells in the study area produce groundwater that is a mixture of CBSW
(meteoric water from precipitation or water bodies mostly supplied by precipitation) and FBG.
On individual isotope plots, most municipal well data are shifted below the local meteoric water
line between values of FBG and CBSW. It is impossible to differentiate young water as an end
member in mixed wells producing tritiated water because young water is only distinguishable as
a single source in non-mixed wells that produce non-tritiated groundwaters having major ion and
stable isotope chemistries similar to mixing between CBSW and FBG. CFC data suggest that
modern water present in mixed wells has an average residence time of 34 years and constitutes,
on average, 49% of the mixture.
Slightly less than half (47%) of wells sampled in this study have various construction flaws to
include shallow or absent seals and/or casings. This most likely is a key factor in accounting for
the presence of modern water in many wells. In some areas, geologic structures could be
influencing modern water recharge to upper CRBG aquifers tapped by municipal wells. For
example, all 3 wells for the town of Warden produce modern water regardless of construction
and 2 major folds associated with the Frenchman Hills Anticline system are present in the
immediate vicinity of the town. These structures could be serving as preferential flow paths for
modern water infiltration. Large numbers of wells and boreholes in and around cities and towns
in the GWMA could also provide numerous preferential flow paths for modern water infiltration
into shallow aquifer units including supra-basalt sediments and CRBG aquifers.
Tritium was especially useful as an indicator for the presence of modern water recharged since
1950 and as a secondary check on CFC groundwater residence times. Chemically, modern water
is ≥80 PMC, tritium positive value of 0.5 TU or greater and ≤ 50 years old. Wells open to deeper
CRBG units producing groundwater lacking a modern or young water component produce either
fossil basalt groundwater (FBG) which dates to the Pleistocene (≤ 20% PMC, is non-tritiated and
>10,000 years old) or a mixture of FBG and young water (20 – 80 PMC, non-tritiated and
between <10,000 and >50 years old). The origins of the three above mentioned end members are
as follows:

•

•
•

Modern water – Water recharged from surface water sources including local bodies such
as Crab Creek, precipitation post 1950, leakage from irrigation canals or post 1950
infiltration of applied irrigation water. This water directly recharges the supra-basalt
sediments or is introduced to basalt aquifers through boreholes open to multiple aquiferhosting geologic units.
Young water – Water recharged to supra-basalt sediments through surface water,
precipitation or applied irrigation water prior to 1950.
Fossil basalt groundwater – Water recharged to the CRBG stratified aquifer system
during the Pleistocene through sub-glacial melt-water infiltration and from the Missoula
catastrophic glacial floods. This groundwater is assumed to be isolated from supra-basalt
sediment groundwater (young water) prior to aquifer comingling due to boreholes open to
multiple aquifer-hosting geologic units.

The hydrochemical signature of the modern water is represented by that of modern Columbia
Basin surface waters (CBSW) since this is the source of the water flowing in East Low Canal.
Major ion chemistry indicates that these waters are of the Ca-HCO 3 type with low concentrations
of sodium, potassium, magnesium and chloride. On Piper plots, these waters group far to the left
of center in the upper pyramid (Figure D4). Tritium is positive (≥ 0.5) and CFC data indicates
groundwater residence times of ≤60 years. PMC data for the surface water end members (≥80%)
are typical for waters that are currently in contact with the atmosphere. Oxygen and hydrogen
stable isotopes indicate that modern water as described here is representative of meteoric water
native to the Columbia Basin (Figure D1).
Young water is hydrochemically defined by major ion chemistry that is intermediate between
modern water and FBG and is non-triated. Previous hydrochemical analysis of groundwater from
the study area suggested that groundwater as it passes through overlying sediments and then
recharges CRBG aquifers over long periods of time, evolves from a Ca-Mg-HCO 3 type
(Columbia Basin surface waters are this type) to eventually a Na- HCO 3 type (GWMA, 2009). It
is difficult however to discern mixed wells containing young water and FBG because both end
members are non-tritiated. Small amounts of tritium (<0.5 TU) could be attributed to natural
background concentrations produced from cosmic ray spallation (Thatcher, 1962). Silica is
usually present in significant amounts in young waters and NO 3 was negative in all young water
samples from the study area.
Fossil basalt groundwater (FBG) is of the Na- HCO 3 type and is non-tritiated. PMC values are ≤
20% and contain no CFCs. This end member groups near the bottom on Piper plot pyramids
(Figure D4). Silica is high and NO 3 is negative. Unmixed FBG samples demonstrate very similar
hydrochemical characteristics throughout the GWMA.
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Figure D1. Stable isotope plot of modern water. Most modern water groundwater samples collected from the study area are shifted slightly below the
local meteoric water line (LMWL). This suggests that modern water is most likely derived from Columbia Basin meteoric water that has been
slightly isotopically altered by evaporation during infiltration through the vadose zone and/or water rock interaction.

Figure D2. Stable isotope plot of FBG. FBG samples collected from the study area are shifted clearly below the local meteoric water line (LMWL).
This suggests that meteoric water was isotopically different when CRBG aquifers were recharged than in modern times.

Figure D3. Stiff diagrams from end members
indicated in mixed groundwater samples
from the GWMA.

Figure D3. Stiff diagrams from end members
indicated in mixed groundwater samples
from the GWMA.

Figure D3. Stiff diagrams from end members
indicated in mixed groundwater samples
from the GWMA.

Figure D4. Piper plot of end members indicated in mixed groundwater samples from the GWMA.
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G0916: TU = -0.03,
PMC = 41.92. No
CFC data. Cased to
680 feet bgs and
sealed to 602 feet
bgs. open to
Grande Ronde
Basalt.
F4147: No TU, PMC
or CFC data. Cased
to 39 feet bgs. No
seal.
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