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EXECUTIVE SUMMARY
This report summarizes the ongoing process of developing a highly detailed threedimensional numerical model of the groundwater flow system in the Columbia Basin
Ground Water Management Area (GWMA) of south-central Washington. The report
describes the model development process; key attributes of the aquifer system that are
simulated by the model; the data sets that support the model development effort and that
influence the model’s future uses; and details on how the data sets are used to provide a
model that simulates the salient features of the basalt aquifers at a regional scale and at
localized (groundwater sub-basin) scales.
The report presents and describes 14 examples of the relationship between system
knowledge, system data, and system representation in the groundwater model. Each
example identifies a salient geologic or hydrologic system feature; what is understood
about the feature; how the feature is represented in the model; and the types of data that
are required to understand and simulate the feature. The modeling project, and the data
and information upon which the model is based, are designed to provide GWMA
stakeholders with the tools and knowledge to:
1. Better evaluate changing aquifer conditions related to groundwater pumping and the
relationship of pumping to modern-day recharge.
2. Develop monitoring and mitigation measures that address areas of concern and can
be used to track how the aquifer responds to future changes in groundwater
resource management.
3. Prioritize resources to be used to address groundwater concerns in and around the
GWMA.
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INTRODUCTION
Declining groundwater levels are causing the loss of groundwater supplies in portions of
the four-county Columbia Basin Ground Water Management Area (GWMA) in southcentral Washington. Groundwater level declines are affecting municipal and agricultural
well owners, as well as businesses that rely on groundwater or are supported by
agricultural crop production. Leaders and decision-makers in the past have not had
sufficient information to deal with this problem; accordingly, leaders and decision-makers
at the business, local, state, and federal levels have asked the Columbia Basin GWMA to
expand its 10-year study of the Columbia Plateau Aquifer System to provide planning and
recharge information to deal with this declining groundwater resource. Additionally, under
Washington state law, a state-designated GWMA is required to identify and describe local
groundwater resources (including groundwater use and groundwater recharge); collect
data and conduct studies relating to hydrogeology, water quality, and water use; and have
an established program for managing water supply and water quality.
A key component of GWMA’s current efforts to inform decision-makers and meet state
requirements is the development of a digital hydrologic groundwater model of the entire
four-county area (which spans Adams, Franklin, Grant, and Lincoln Counties).

The

objective of this ongoing GWMA Groundwater Hydrologic Modeling Project is to create a
hydrologic model and water budget for as much of the Columbia Basin GWMA as possible,
both on a GWMA-wide basis and especially in local subareas (herein referred to as
groundwater sub-basins). The modeling effort and water budget evaluations are focused
on the multiple basalt aquifers that reside in the Columbia River Basalt Group (CRBG);
these aquifers are the predominant source of groundwater supplies throughout GWMA.
Emphasis is being placed on developing not just a GWMA-wide model, but models of
specific groundwater sub-basins that have sufficient spatial resolution to allow for localized
studies in a manner that a regional model alone cannot provide. The digital hydrologic
groundwater model therefore consists of both an over-arching regional model and a series
of relational local-scale sub-basin groundwater models. Each of these models simulates
the occurrence and movement of groundwater in three dimensions, including quantifying
the rates and locations of groundwater recharge and discharge within the modeled area.
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Initially, the regional-scale and multiple local-scale models are being used to address the
following questions:
1. What are the physical properties of the basalt aquifer system, how do those
properties vary spatially, and to what degree do those properties affect the
degree of groundwater connection between adjoining sub-basins? The model
provides three-dimensional representations of the permeability, thickness, and
shape of sedimentary aquifers, water-bearing basalt interflow zones, and basalt flow
interiors, in quantitative format. This representation includes the spatial variability in
the values of permeability and thickness, plus a quantitative (numerical)
representation of the hydraulic influence of structural features (coulees, faults, folds,
dikes, pinch-outs, steptoes) on groundwater movement and the subsequent degree
of hydraulic connection between groundwater sub-basins.
2. Where are the predominant locations for groundwater recharge and
discharge, and what are the present-day rates of recharge and discharge?
Defining groundwater recharge and discharge is critical to obtaining a functioning
groundwater model. The process of examining available data and constructing and
calibrating the model to those data provides significant insights into current
questions about how modern-day groundwater recharge compares with current
groundwater pumping demands. Modeling evaluations in groundwater sub-basins
provide further insights as to the degree of hydraulic connection between adjoining
sub-basins, and more importantly how much recharge is occurring in a given subbasin and how that compares with the amount of groundwater pumping.
3. What is the overall water balance for various types of land uses inside
GWMA? Pumping records and information on land uses, crop types, crop water
demands, canal deliveries, field drainage, and climate (precipitation, temperature,
and evaporation) are being used to estimate water use on an areal basis. These
estimates are then further evaluated as part of the process of calibrating the model,
and also provide important information for understanding how groundwater pumping
demands in a given groundwater sub-basin compare with the amount of recharge
into that sub-basin.
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4. What types of solutions are potentially viable in specific groundwater subbasins, and how much additional outside water might be needed to implement
the solution? Predictive simulations are conducted with the model to evaluate how
the basalt aquifers might respond to a continuation of current groundwater pumping
demands, both regionally and in sub-basins. Additionally, the model tests possible
changes in water use and subsequent groundwater pumping demands, and how the
groundwater system might respond to such changes. An example of one type of
change currently under consideration – which is being evaluated with the model – is
the Lincoln County Passive Rehydration Project, which is examining the possibility
of recharging near-surface basalt aquifers in coulees that lie in northern Lincoln
County, using available Columbia River water during the seasonal high-flow periods
that commonly occur in winter and spring. Model simulations of these and other
potential solutions are currently focused on the sub-basin scale.
GWMA anticipates that these are just the initial uses of the model, and that the model will
be applied to many more questions in ensuing years to support planning and
implementation of groundwater management activities, and to support the dissemination of
information to the public regarding the state of the groundwater resources in the Columbia
Plateau.
The remainder of this report discusses the model development process: key system
attributes that are simulated by the digital groundwater hydrologic model, the data sets that
support the model, and details on how the data sets are used.
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MODEL DEVELOPMENT
The first step in GWMA’s current modeling project is the model development process. This
process consists of constructing a map-based grid; specifying the geologic layers that
comprise aquifers and impermeable basalt zones at each point in the grid; specifying what
types of hydrologic boundaries are present at the top, bottom, and lateral margins of the
grid; and adjusting aquifer and hydrologic parameters in an effort to calibrate the model to
historically observed conditions. Following are discussions of the overall objectives and
approach of this process and some basic aspects of the model’s design.

Objectives and Approach
The desired outcome of these activities is to create a model that, in a broad sense, can
simulate groundwater conditions and thereby provide further understanding of the following
key physical characteristics of the CRBG basalt aquifers (both regionally and in subbasins):
1. Potential sources of modern groundwater recharge, the long-term average rate of
recharge, and the fate of modern recharge water as it moves through the basalt
aquifer system inside GWMA – to the extent this can be identified from geologic,
groundwater elevation, climatic, water use, and land use data
2. Probable sources of ancient groundwater recharge, and the fate of that water as it
has moved through the basalt aquifer system – to the extent this can be identified
from geological and geochemical data
3. Boundaries and barriers within the groundwater flow system, both vertical and
stratiform, and their effects on basalt groundwater flow – to the extent that geologic,
geochemical, and groundwater elevation data provide sufficient control to allow
identification of such features
4. Primary groundwater flow paths through the basalt aquifer system, on a regional
scale, including the locations and magnitudes of groundwater discharge from
different water-bearing zones in the CRBG – to the extent that geologic,
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geochemical, and groundwater elevation data are sufficient to allow for such
determination
To meet these objectives, GWMA has identified four hydrologic modeling issues that
require particularly careful consideration during the model development process:
1. The vertical resolution that is used in the model to represent the thin, tabular, and
compartmentalized nature of the water-bearing zones that exist between the lava
flows that comprise the CRBG basalt
2. The manner in which hydrologic boundaries are represented
3. The manner in which groundwater discharge is simulated, particularly from the
Grande Ronde Basalt
4. The amount of subsurface inflow into GWMA from the east and southeast
The approach to meeting the model development objectives is to (1) construct a
sufficiently detailed model grid that allows estimation of key aquifer properties (storage
coefficients, horizontal and vertical hydraulic conductivity, and interconnection with surface
water) from available field data and from hydrologic model calibration activities; and (2)
use numerical testing methods during model calibration to refine the current understanding
of groundwater sources, groundwater recharge rates, groundwater flow paths and
timescales, aquifer interconnection, and linkages between surface water and groundwater
within the stratiform aquifer system underlying the region. Embodied in this two-pronged
approach are assessments of the physical geologic controls on the groundwater system
(such as coulees, geologic structures, dike systems, and stratigraphy), the locations where
the water-bearing basalt interflow zones can access surface waters, and the dynamic
nature of the surface water/groundwater system.

Model Design
The model is grid-based, using rectangular cells to simulate groundwater elevations and
water budgets at each cell.

5



On a geographic basis, the cell sizes in the regional-scale model are 1,000 feet long
on a side, throughout the 8,300-square-mile area encompassing the Columbia
Basin GWMA. Future local-scale models that evaluate conditions in specific
groundwater sub-basins may have even finer spatial resolution.



Vertically, 26 layers are being used to simulate the aquifer systems in the Columbia
Basin GWMA. The uppermost layer simulates young surficial sediments that overlie
the CRBG. Each of the remaining 25 layers simulates either an individual basalt
layer or a group of field-mapped basalt flows that together are geologically classified
as, and grouped into, a “member” of the CRBG. In the upper and intermediatedepth CRBG formations (the Saddle Mountains Basalt and the Wanapum Basalt),
the model layers represent individual basalt flows in some cases (providing a very
fine vertical resolution) and members in other cases (a coarser vertical resolution).
In the deepest CRBG formation (the Grande Ronde Basalt), each model layer
represents a member rather than an individual basalt flow, because of the great
thickness and depth of the Grande Ronde, which limits the ability to map individual
basalt flows across large areas within a given member.

The groundwater model is run using the MODFLOW-2000 software developed by the U.S.
Geological Survey (USGS). The MODFLOW-2000 software is designed to simulate timevarying groundwater elevations and groundwater budgets in three dimensions. Using
MODFLOW-2000 output, a companion USGS software tool, MODPATH, allows
groundwater flow paths to be traced in three dimensions where such flow paths and
groundwater travel times are of interest to the modeler. The MODFLOW-2000/MODPATH
software package is the most widely used groundwater model in the United States, having
first been published by the USGS in 1988. This software is well-supported by the USGS
and by commercial vendors who have developed graphical user interfaces (GUIs) that
enhance data processing tasks and greatly facilitate model output post-processing
activities that often vary from one study to the next. The MODFLOW-2000/MODPATH
software suite and commercial GUIs are well-supported and are continuing to undergo
enhancements as the needs of water resource studies evolve over time. Additionally, the
increasingly used PEST suite of open-source software programs is being used to test and
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refine the values of parameters that describe and quantify critical aquifer characteristics
and surface processes in the model.

KEY ATTRIBUTES OF THE BASALT AQUIFER SYSTEM
The key physical processes simulated by the groundwater model are:


Groundwater recharge mechanisms:
o Infiltration of rainfall and stormwater runoff
o Infiltration of snowfall and snowmelt runoff
o Infiltration from surface water bodies (rivers, streams, lakes)
o Infiltration of irrigation water applied on agricultural lands
o Infiltration of irrigation water leaking from canals and wasteways
o Subsurface inflow from adjoining areas



Groundwater discharge mechanisms:
o Pumping wells
o Springs
o Natural subsurface outflow to adjoining areas



Temporal changes in the volume of groundwater in storage in the basalt aquifers
and the overlying sediments



Three-dimensional groundwater flow patterns in the multi-layered basalt aquifer
system, in all locations situated between groundwater recharge areas and
groundwater discharge locations (wells, springs, or natural discharge boundaries)
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DATA TYPES, NEEDS, AND SOURCES
Data and information needs for model construction and calibration are:


A detailed understanding of the spatial distribution of individual basalt flows and
groups of basalt flows (members) that are present anywhere within GWMA



A digital representation of the elevation, thickness, and spatial extent of these basalt
units throughout GWMA



An understanding of conditions at the outer boundaries of GWMA (surface and
subsurface hydrology and geologic structures)



An understanding of the locations, depths, and nature of surficial and buried
geologic structures that may act as internal groundwater-flow-limiting features within
GWMA itself – particularly those structures that may divide GWMA into hydraulically
compartmentalized groundwater sub-basins (dikes, coulees, faults, folds, and lateral
variations in the type of rock that hosts a given basalt aquifer)



A quantification of surface boundary conditions in terms of water presence and
surface water elevations (for streams, lakes, and springs)



An estimate or record of pumping well locations, pumping depths, and pumping
rates throughout the historical period to which the model is being calibrated



A compilation of relevant and meaningful groundwater elevation and stream flow
data for setting initial aquifer water levels in the model and for use as “target data”
that are the primary data against which the model is calibrated

The modeling effort thus relies on GWMA’s large physical and electronic library, which
contains detailed information and field-measured data pertaining to the local-scale and
GWMA-wide groundwater system. The types of data and information in the library are
geology, hydrology, climate, well construction, surface water and groundwater use, land
use, groundwater quality, and groundwater age. This library has been compiled for both
current and historical conditions and exists as databases, a geographic information system
(GIS), previously published studies and reports by GWMA and other agencies, and
numerous paper records that support the database and GIS. This library provides crucial
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input to not only the development of the digital hydrologic groundwater model, but also to
detailed studies of the geometry and geology of the basalt aquifers and the pathways by
which water moves into and through the aquifers. Legislative appropriations from 2006
through 2009 funded GWMA’s detailed geologic mapping efforts and other data collection
activities, and also resulted in the development of the first comprehensive conceptual
model of GWMA; this conceptual model was a qualitative to semi-quantitative assessment
of regional-scale and local-scale groundwater conditions. Under its current legislative
funding (for the 2009-2011 biennium), GWMA is now collecting more field data and
compiling and analyzing more historical data, all in an effort to support the further
refinement of the conceptual model and the development and use of the digital hydrologic
groundwater model.

HOW THE MODEL USES DATA
Figures 1 through 14 provide examples of the relationship between system knowledge,
system data, and the representation of surface and subsurface conditions in the
groundwater model. Each figure identifies a salient geologic or hydrologic system feature;
what is understood about the feature; how the feature is represented in the model; and the
types of data that are required to understand and simulate the feature. Brief descriptions of
each of the 14 features illustrated in the figures are as follows:


Figure 1: The occurrence of groundwater as it relates to the physical layering
and internal fabric of basalt flows and the rocks or sediments (interflow
zones) that lie between individual basalt flows. Groundwater occurs almost
exclusively in discrete interflow zones that are sandwiched between individual
basalt flows. The basalt aquifers are vertically compartmentalized by the dense,
nearly-impermeable basalt flow interiors that lie between each aquifer zone.
Geologic data and water level data together provide indications of how these
physical characteristics affect groundwater occurrence and movement in basalt.
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Figures 2 through 6: The influence of internal boundaries on groundwater
movement and the compartmentalization of the regional aquifer into localscale groundwater sub-basins. Internal boundaries include the limited areal
extent of individual basalt flows; the presence of faults, folds, and buried dikes; and
the truncation of basalt units by coulees.
o Figure 2: Limited areal extent of individual basalt flows and interflow
zones. Many basalt layers do not extend to the outer margins of GWMA.
Consequently, the separate basalt aquifers immediately above and below a
dense basalt flow interior may be hydraulically connected at the point where
the flow interior pinches out. These features are identified primarily through
subsurface geologic mapping.
o Figure 3: The presence of faults. Faults can act as either barriers to, or
pathways for, groundwater flow, though they are thought to primarily act as
partial or nearly-complete barriers to flow in the areas inside GWMA where
they are located. Faults commonly play a role in defining groundwater subbasin boundaries. Faults are identified primarily through surface and
subsurface geologic mapping. Groundwater elevation data can help evaluate
the degree to which a fault facilitates or limits groundwater flow.
o Figure 4: The presence of folds. Folds also play a role in defining the limits
of a groundwater sub-basin. However, a fold can facilitate groundwater
recharge by exposing interflow zones at the ground surface on the upper
limb of the fold, whereas the same interflow zone may be buried at great
depths on the lower limb of the fold. Geologic mapping is the primary tool for
identifying folds and evaluating their influence on hydrologic processes.
o Figure 5: The presence of buried dikes (old, dense lava vents). Dike
swarms are extremely dense basalt rock structures that are thought to play
an influential role as groundwater flow barriers that separate adjoining
groundwater sub-basins. Dikes are difficult to map in the subsurface.
Consequently, they are often inferred by identifying differences in
groundwater level trends and well yields across small areas. Sometimes the
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suspected presence of a dike can be better identified by correlating its
inferred location with nearby surface exposures of dikes in road or coulee
outcrops.

Significant differences in the age of groundwater across small

areas can provide further evidence of the presence of a buried dike that is
acting as a flow-limiting feature.
o Figure 6: Truncation of basalt units by coulees (historic erosional
features). Coulees can connect groundwaters that are present in basalt
aquifers situated at different depths. Springs are commonly seen on the
canyon sidewalls of deep coulees; these springs discharge groundwater from
interflow zones that are buried beneath the adjoining uplands but exposed on
the canyon sidewalls. Spring water and surface water on the coulee floor can
then interact with groundwater in basalt zones that are in contact with the
coulee floor, creating a complex three-dimensional flow system in and near
the coulee. Geologic mapping and an inventory of coulee surface water
presence or absence are the primary data that provide an understanding of
these processes.


Figure 7: The geologic control that prevents subsurface water movement into
GWMA from the north and northeast. Surface and subsurface geologic mapping
indicate that no surface water from Lake Roosevelt (on the Columbia River)
migrates through the subsurface into GWMA. Non-water-bearing granitic rocks are
present all along the shore of the lake, with the minor exception of Hawk Creek,
where a limited basalt outcrop lies too low to be a source of recharge to basalt
zones inside GWMA (based on the lake level being much lower than basalt
groundwater levels in the northern portion of GWMA).



Figure 8: The role of subsurface groundwater inflow into GWMA from the east
and southeast. Granitic rocks are present near the ground surface along the
eastern boundary of Lincoln County, but lie at much greater depths along the
eastern boundary of Adams County. Consequently, the basalt aquifers extend
across the Adams/Whitman County line, allowing for some ambient east-to-west
groundwater inflow to occur into Adams County from Whitman County. In contrast,
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no such subsurface inflow is thought to occur into Lincoln County from the east.
Geologic mapping and water level data are the primary sources of information for
identifying and quantifying this process.


Figure 9: Groundwater connection to surface waters within GWMA. The long
coulee drainages in the portions of Lincoln County lying along and north of Crab
Creek are thought to be highly connected to underlying basalt interflow zones in the
limited areas where the interflow zones are present close to ground surface. The
presence today of perennial lakes in some stream reaches and the known historical
drying of former perennial lakes in other stream reaches correlates well with surface
and subsurface geologic mapping of dense basalt flow interiors (which underlie
perennial lakes) and high-permeability interflow zones (which underlie some of the
now-dry lake beds).



Figure 10: Potential sources of modern recharge outside of streams and
lakes. Recharge can occur from natural processes and from human sources of
water use (agricultural irrigation in the form of applied water and canal leakage).
The arid climate creates limited opportunities for natural recharge. Also, it is
suspected that in recent years, canal lining projects and improvements in irrigation
technology may have reduced the amount of irrigation water reaching the upper
sedimentary system, compared with the early years of agricultural irrigation.



Figure 11: Ambient (natural) groundwater discharge mechanisms near the
Columbia River (along the southwestern limits of GWMA). The reach of the
Columbia River lying along the southwestern boundary of GWMA is roughly
coincident with the thickest and deepest portion of the CRBG basalt system in and
near GWMA. Groundwater elevation data suggest that groundwater inside GWMA
moves toward this boundary and toward the river. Some prior studies have
concluded that all basalt groundwater in this area must be discharging to the river;
however, this concept is questionable when considering the physical characteristics
of the many basalt flow interiors that lie between the deepest basalt aquifers and
the river. Unfortunately, wells have not been drilled in this area within GWMA,
making it difficult to evaluate either interpretation. However, geologic logs and
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groundwater level data from deep boreholes at the Hanford Site, just west of
GWMA, provide clues as to the degree of potential groundwater connection to the
river. These data are being input to the groundwater model to test possible
scenarios and magnitudes for such connection.


Figure 12: How open-borehole wells affect conditions in the aquifer, water
levels in the well, and well yields. The number of separate basalt aquifers to
which a well is open has a significant effect on its pumping and non-pumping water
levels. In the groundwater model, a well is treated as a cylindrical open tube that
has a water level reflecting the composite influences of the water levels adjacent to
the well in each aquifer to which the well is open. Data needs for simulating openborehole wells include geologic mapping, water level data, well construction data,
geophysical or video logs of the well, and the well owner’s knowledge of the
historical performance and maintenance of the well.



Figure 13: The influence of well deepening over time. Some well owners have
had to deepen wells in an effort to increase their yield and/or raise the static and
pumping levels inside the well casing. Extending wells into deeper basalt aquifer
zones sometimes raises water levels, but not always, and often temporarily. As
wells are deepened over time, and as they become open to a greater number of
basalt aquifers, they induce more artificial cross-connection of the otherwise
stratified basalt aquifer zones. Key data for understanding and simulating the
interaction between wells and groundwater conditions are geologic mapping, well
construction, operating schedules and production volumes, and a history illustrating
trends in pumping and non-pumping water levels.



Figure 14: The importance of having a long-term record of groundwater level
trends, as recorded by non-pumping observation wells. These wells illustrate
the non-uniformity of groundwater conditions in the multiple basalt aquifers that lie
at various depth intervals. Observation wells provide valuable data on how the rates
of water level declines can differ from one depth zone to another. Observation wells
monitor discrete aquifers, whereas water level data from production wells reflect the
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combined influence of different water levels from multiple aquifer zones to which the
production wells are open.
As illustrated by these 14 examples of the physical processes that influence groundwater
occurrence, recharge, and movement, the current data collection, analysis, and modeling
effort has been designed to carefully consider these processes at regional and local scales
so as to continue improving the understanding of the current state of the groundwater
resource, to meet the information needs of the local community. In particular, the activities
currently being undertaken by GWMA are designed to provide GWMA stakeholders with
the tools and knowledge to:
1. Better evaluate changing aquifer conditions related to groundwater pumping and the
relationship of pumping to modern-day recharge.
2. Develop monitoring and mitigation measures that address areas of concern and can
be used to track how the aquifer responds to future changes in groundwater
resource management.
3. Prioritize resources to be used to address groundwater concerns in and around
GWMA.
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Figures

Figure 1:
Basalt Flows versus Aquifers
(How Groundwater Zones are
Vertically Compartmentalized)
Description:
CRBG basalt flows display a layer morphology, with the tops
and bottoms of each flow typically containing permeable rocks
(mainly flow top breccias and pillow lavas) and the flow
interiors exhibiting a blocky‐columnar structure (the
colonnade) and, in some locations, an overlying hackly
structure (the entablature). The flow interiors exhibit jointing,
but the joints are healed and closed and make the rock nearly
impermeable. Additionally, the small vesicles that are
commonly observed in the hard rock mass at the top and
bottom of the flow interiors does not host aquifers because the
vesicles are not interconnected with one another. Hence,
groundwater is found only between the dense flow interiors –
commonly in pillow lavas or flow‐top breccias. These zones
commonly form highly productive aquifers in the Columbia
Plateau, while the flow interiors do not host aquifers. Water
levels in an aquifer overlying a dense flow interior can be
markedly different than in the aquifer beneath that same flow
interior.

How This is Modeled:
The dense nature of basalt flow interiors and the highly
permeable zones containing the regional aquifers are each
represented in the model, using subsurface stratigraphic
mapping data and variations in the vertical permeability of an
interflow zone. Each model layer represents only the interflow
portion of a basalt unit. The dense interiors are barriers to
vertical flow that limit the flow of water from one basalt unit
to another. The dense interiors are modeled by specifying very
small vertical permeabilities in every model layer thereby
limiting the vertical movement of water in the same way a
dense interior does. Where a given flow interior is absent, it is
assigned a very small thickness and high vertical permeability
in the model so as to allow cross‐connection and mixing
between the overlying and underlying aquifers.

Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
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Figure 2: Edge of
Basalt Flow

Basalt Flow Pinchouts

(How Groundwater Can
Move Vertically)
Description:
Regional geologic mapping of the
subsurface indicates that the many
distinct and dense layers of basalt in the
Columbia Plateau do not extend to the
edges of the plateau. Instead, many
flows have limited extent. Where a given
basalt flow is present, groundwater on
top of the flow is often separated from
groundwater at the bottom of the flow.
This occurs because the flow is very
dense and is generally devoid of open
fractures, creating highly
compartmentalized aquifers in a vertical
sense. At the edge of the flow, where it
pinches out laterally, groundwater zones
above and below the basalt layer can be
connected, allowing for mixing.
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How This is Modeled:
The highly permeable zones containing
the regional aquifers are modeled using
subsurface stratigraphic mapping data
and a contrast in horizontal and vertical
permeability between model layers to
simulate the effect that dense flow
interiors have on the vertical movement
of water between interflow zones.
Where a given flow interior is absent, it
is assigned a very small thickness and
high vertical permeability in the model
so as to allow cross‐connection and
mixing between the overlying and
underlying aquifers.

Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
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Figure 3: Faults and
Aquifer Sub‐Basins

as barriers
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Fault zone largely impermeable,
little or no water leaks through it.

(Effect of Faults on
Groundwater Movement)

Well 1

Basalt
Unit 3

Description:
One portion of an aquifer may or may
not be isolated from another portion of
the same aquifer because of the presence
of a fault. The movement of rock along
the fault plane can fracture the rock,
increasing its permeability and
connecting the aquifer on each side of
the fault. But this movement can also
grind up rock and create very low
permeability along the fault plane,
isolating the aquifers on each side.
Additionally, certain types of faults
vertically offset the interflow zones that
host the aquifers on each side of the
fault. The offset may be small, as occurs
in the central portions of the Columbia
Plateau, or it may be significant where
the oldest basalt rocks are present at the
ground surface (for example, in the
Frenchman Hills and Saddle Mountains).
Groundwater level data from wells on
each side of a fault can provide
significant insights as to whether the
fault limits or allows groundwater flow.

Amount of leakage depends on
physical properties of fault.
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Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
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How This is Modeled:
Wide fault planes can be modeled with
individual cells that have permeabilities
different than in adjoining areas.
Narrow fault planes can be simulated as
lines between adjacent model cells,
again with differing permeability than
the cells on each side of the fault.
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connected via open fault zone.
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Figure 4: Folds and
Aquifer Sub‐Basins
(Effect of Folds on
Groundwater Movement)
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Description:
As with faults, folds have been identified as
groundwater barriers or impediments in
basalt aquifers. Folds often occur near or on
fault planes. Some folds are easily visible
(Frenchman Hills, Saddle Mountains), while
others may be buried (for example, a
monoclonal flexure). Folds and their
associated faults can create barriers to
groundwater flow and define the limit of a
groundwater sub‐basin (e.g., Royal Basin).
However, they can also be important
features for groundwater recharge, where
high‐permeability interflow zones are
exposed in upland areas by upwards folding.

Interﬂow zones
largely destroyed
by ﬂexure-slippage

The tops and bottoms of the model layers
follow the fold geometry, as illustrated by
the available subsurface mapping of
stratigraphy and structures (faults).
Groundwater level data in and near major
regional folds can be useful for calibrating
recharge terms to interflow zone aquifers in
upland areas.

Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
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How This is Modeled:
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Figure 5: Dikes and
Aquifer Sub‐Basins
(Effect of Basalt Feeder
Vents [Dikes] on
Groundwater Movement)
Description:
Vertical dikes contain solidified basalt
that originated from the deep magma
chambers that fed the lava flows. Each
dike has very high density and low
permeability and cuts through the rocks
that pre‐dated the dike’s formation.
Hence, many of these dikes are buried
and form barriers to groundwater flow
in deep basalt aquifers. Because the
dikes commonly occur as a swarm
(grouping) of dikes over a larger area,
groundwater flow through a dike swarm
is thought to be limited. In the Columbia
Plateau, geologic mapping and
significant contrasts in well yields and
water levels are common indicators of
the presence of a buried dike swarm.
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Dike swarms are modeled as an area of
reduced permeability, with the
permeability value estimated by
comparing differences in well yields and
water level trends on each side of the
suspected dike swarm.
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Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
(4) Age Dating and Geochemistry

NE

Basalt Unit 4 Dike

How This is Modeled:
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Over the many tens of miles
of any dike, it commonly will be
segmented. There could be some
movement of groundwater past the
ends of these segments.

Cutaway looks
down on
this surface

Model View

Groundwater ﬂow likely “dammed”
by dike. Results: water level in Well 2
higher than in Well 1. Wells 3 and 4,
which are in basalt units not
cut by the dike, have
similar water levels.
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Figure 6: Coulees

Coulees

(Springs, Layered
Basalt Flows, Water
in Coulee Bottoms)
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Description:
Spring lines are commonly visible
on the canyon side walls of coulees.
Spring lines occur at the level
where a water‐bearing basalt
interflow zone is present. Coulees in
the canyon floor have ephemeral or
perennial streams. Coulee floors are
commonly filled with alluvial
sediments left behind by the floods
that carved the coulees out of the
originally undisturbed basalt rock.
Hence, there is a complex
interaction between surface water
and groundwater in both the visible
and buried portions of the coulee.
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Interﬂow Zone 5 — Contains little or no groundwater unless abundant surface water is present.
Interﬂow Zone 4 — Discharges water to, and gets water from, gravel aquifer in coulee 2. Water level very similar to
Coulee 2 aquifer. Discharges to Coulee 1 as spring, receives little or no recharge from Coulee 1.
Interﬂow Zone 3 — Discharges to, and gets recharge from, both coulees. Water level in Interﬂow Zone 3 transitions
between Coulee 2 and Coulee 1 levels.
Interﬂow Zone 2 — Discharges to, and gets recharge from Coulee 2. Interconnection with Coulee 1 may be limited,
depends on depth of erosion into Flow Interior 3.
Interﬂow Zone 1 — May not have any connection with gravel aquifers in coulees. It is part of a larger, more
extensive groundwater ﬂow system. Water level could be very diferent from coulees, higher or
lower depending on recharge area for Flow Interior 1.

Basalt Unit 1

How This is Modeled:

Model View

Drains are used to remove water
seeping out of the interflow zones
in the coulee side walls.
The surface water in the coulee
floor is modeled as a river or lake to
capture how a flowing or
stationary surface water body
interacts with the groundwater
that is present in the alluvial
sediments on the coulee floor.
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Key Data:
(1) Stratigraphic Mapping
(2) Surface Water Inventories
(3) Mapping of Ephemeral vs.
Perennial Reaches
(4) Elevation Control
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Figure 7: Aquifer
`
Separation
from
Lake Roosevelt

Basalt (Dark Rock) Overlying Granite Basement Bedrock
(Light Rock) Along East Shore of Banks Lake Near Electric City

(Basalt vs. Granite)
Description:
Lake Roosevelt is not a recharge source
regionally for the basalt aquifers.
Regional geologic mapping of the
subsurface and of rock outcrops at the
ground surface indicates that Lake
Roosevelt sits on granitic rocks, rather
than on basalt. The granitic rocks are
very dense and yield little water, and
hence are not a source of water to the
basalt. Additionally, the pool level of
Lake Roosevelt (behind Grand Coulee
Dam) is 500 feet or more below the
groundwater elevations measured in the
basalt aquifers near Odessa, south of the
lake.

How This is Modeled:
The granitic rocks define the outer
boundary of the model in northern
Lincoln County. They are represented in
the model as a “no‐flow” boundary
condition” that does not contribute
recharge water to the basalt aquifers.
The granitic rocks also form the lower
boundary of the aquifer within the
Columbia Plateau and are modeled as
not contributing water to, or receiving
water from, the overlying basalt
aquifers.

Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data

This granite rock extends below the
basalt, blocking recharge of the basalt
aquifer system by Lake Roosevelt

Water levels in
wells north of
Odessa, about
1800 feet

Model View

Franklin D. Roosevelt Lake

No-flow cells
used to represent
granitic bedrock

Lake Roosevelt water level,
about 1300 feet

These highs are the granitic basement rocks that extend
above basalt, and form barriers to groundwater movement
into the basalt aquifer from the east.

Figure 8: Aquifer
Recharge from the East
(Whitman, Spokane Counties)

EAST
Sprague

Description:
Stratigraphic mapping indicates that the basalt
aquifers in Adams County may extend east into
Whitman County. Groundwater may flow into
Adams County from Whitman County. Further
north, across the Lincoln County / Spokane County
line, such groundwater inflow does not occur, or is
very limited, because the basalt is thin and is
underlain at shallow depths by granitic basement
bedrock. Some precipitation infiltration may occur
to shallow basalt in this area, in the form of runoff
from the granitic knobs (steptoes) that protrude
through the shallow basalt.

Land Surface
WEST

Model View

Granitic Basement Bedrock
Beneath Basalt

Sediment Layer

No Granitic Basement Bedrock ‐
Groundwater Inflow From The East
May Occur

How This is Modeled:
A specific boundary condition is assigned to the
eastern‐most model grid cells to define subsurface
inflow from Whitman County. The amount of flow is
determined from groundwater elevation data on
each side of the county line and from the estimated
permeabilities of the basalt aquifer zones. Recharge
to shallow basalt aquifers at steptoes is modeled as
being the result of stormwater and snowmelt runoff
from the dense granitic rock and subsequent
percolation where the interflow zone comes in
contact with the granitic rock.

Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
(4) Precipitation and Temperature Data

Water can infiltrate into basalt flow tops that
butt up against steptoes projecting through
basalt, source of water would be infiltration
from precipitation and snowmelt.

Blue arrows depict
predominant
groundwater
movement.
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Figure 9: Subsurface
Controls on Water
Presence in Drainages

DOWNSTREAM
Pacific Lake

UPSTREAM
Coffeepot Lake

(Dry Lakes)
Description:
Many of the drainages in Lincoln County
show variable conditions along their length.
In the Lake Creek drainage, Coffee Pot Lake
contains water at most times, while Pacific
Lake has been dry almost continually since
the mid‐1980s (the only exception being
during an exceptional rainfall and snowmelt
event in early 1996). The presence or
absence of water in a given reach of a
particular drainage is partly related to
whether that reach lies on dense basalt rock
or whether a highly permeable interflow
zone is present on the streambed. Geologic
mapping indicates that an interflow zone
likely underlies the alluvial sediments that
form the bed of the now‐dry Pacific Lake.
Further upstream, the continued presence of
water in Coffee Pot Lake is currently
attributed to the presence of dense basalt
rock at the lake’s outlet, which likely acts as
a subsurface barrier to water movement and
may also directly underlie the lake bed.

Model Schematic
Coffeepot Lake

Pacific Lake

Aquifer

Aquifer

Weak connection,
limited flow between
lake and basalt unit
representing contact
with dense interior.

Strong connection,
possible flow between
lake and basalt unit
representing contact
with interflow zone.

How This is Modeled:
The interflow zone is modeled with high
permeability, whereas the dense basalt rock
has low permeability. Surface water is
modeled as a river or lake contact with any
lakebed sediments and the underlying basalt
rock or interflow.

Key Data:
(1) Stratigraphic Mapping
(2) Surface Water Inventories
(3) Mapping of Ephemeral vs. Perennial
Reaches
(4) Elevation Control

Recharge to ﬂow top dipping
away from surface water body.

Blue arows depict
predominant groundwater
movement.

Figure 10: Modern
Recharge of
Groundwater
(Rainfall, Irrigation)
Description:
Potential sources of modern recharge are natural
(rainfall and associated storm water runoff;
snowfall and associated snowmelt runoff) and of
human origin (irrigation, canals). However, much
of the area is arid, limiting natural recharge
primarily to years of significant snowmelt runoff.
Canal lining and improvements in irrigation
practices are suspected to have decreased the
recharge from these potential sources in recent
years. Even if these natural and human recharge
terms are significant in a given year or at a given
location, there are only limited areas (coulee
floors and other outcrops) where permeable
basalt zones lie close enough to the ground
surface to receive this recharge.
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Recharge estimates are derived from data on
climate, land use, and canal systems. Best
estimates of these terms are specified in the
model, which is run during the calibration effort
to see if these terms can help the model replicate
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Key Data:
(1) Climate Data
(2) Crop Types and Water Demands
(3) Satellite Imagery
(4) Irrigation Practices
(5) Delivery Canals, Drainage Systems
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Figure 11: Discharge
of Groundwater
(To Columbia River?)
Description:
Subsurface stratigraphic mapping shows
that the basalt layers that host aquifers
generally dip from the north and northeast
to the south and southwest across the
Columbia Plateau. Groundwater elevation
data suggest that groundwater levels are
often higher in the northern and
northeastern limits of the plateau, and lower
to the south. While these data suggest that
groundwater flows towards the Columbia
River at the topographically lowest point on
the plateau, the compartmentalized nature
of the basalt is thought to greatly limit the
rate of groundwater discharge to the river,
to an extent that may be immeasurable. This
hypothesis, which is based on stratigraphic
data and water level data from deep non‐
pumping observation wells installed at the
nearby Hanford Site during the 1980s, can be
tested with the groundwater flow model.

How This is Modeled:

Saddle Mountains

Frenchman Hills

North

Columbia
River

South

Model View

The river is modeled as a potential receptacle
for groundwater discharge from underlying
basalt aquifers. Testing is conducted during
model calibration to evaluate the amount of
groundwater discharge from the multiple
stratified aquifers that can occur without
lowering groundwater levels below those
observed near the river and further north
and east.

Saddle Mountains

Frenchman Hills

Columbia River

U

Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
(4) River Stage Data
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Figure 12: Pumping
Well Construction

In this case, the well on the right connects all four
zones with diﬀerent water levels, lowering the water
level below that in interﬂows A, B and C. This
exposes interﬂow A to air, causing water to cascade
into the well. Also, water ﬂows from interﬂow C into
interﬂows B and D.

Before Alteration

After Alteration

Steel casing
Cement seal
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C
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(Straddling Multiple
Water‐Bearing Zones)
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B

D

A+B+C+D
200-
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A
Description:
The depth of a pumping well is not the
only variable affecting its yield and the
depth to water. The number of basalt
aquifers to which it is open is also a
significant factor. In the top diagram, four
wells that are each open to different
aquifers show dramatically different
water levels, while a fifth well open to all
the aquifers shows a different water level
than the four other wells and also has
significant vertical flow (cascading
water) inside the well casing. As shown in
the lower diagram, altering a well’s
construction (even without deepening it)
can alter its water level because of
changes in the number of aquifers which
it intercepts, and therefore changes in the
borehole‐driven vertical flow between
aquifers.
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Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
(4) Well Construction Details
(5) Geophysical or Video Logging
(6) Well Owner’s Knowledge of Historical
Well Performance and Maintenance
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How This is Modeled:
The model treats the well as a tube with a
water level that reflects the combined
effects of all aquifers to which the well is
open. This is the case both when the well
is pumping and when it is not. The model
calculates the water level in each aquifer
adjacent to the well, and also calculates
the water level inside the well itself.
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400-

Unit 2

Unit 1

Figure 13: Effect of
Well Deepening

Source:
USGS (Cline, 1984)

(Depth to Water)
Description:
Well owners historically have deepened
wells when the pumping levels drop too
much to sustain target well yields. The
depth of a pumping well is not the only
variable affecting its yield and the depth
to water. The charts show that well
deepening can actually further lower the
water level (top chart) or improve the
water level (bottom chart). However, even
if an improvement is observed during
deepening, it may be only temporary, as
shown in the bottom chart.

How This is Modeled:
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Irrigation Well Depth

Deepened From 800 ft to 1,100 ft
Effect:
•
Static WL rises 30 ft
•
Static WL 59 ft higher 2 yrs later
•
Then water levels decline again
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Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
(4) Well Construction Details
(5) Geophysical or Video Logging
(6) Well Owner’s Knowledge of Historical
Well Performance and Maintenance

1250

Groundwater Elevation (feet amsl)

The model is capable of shutting off or
reducing pumping once the water level
drops below a certain threshold level in a
given well. As the model progresses
through time, the effects of deepening can
be evaluated.

ERO 212

1995- Present
Irrigation Well Depth

Figure 14: Long‐
Term Records of
Aquifer Conditions

Groundwater Elevations Since 1973
Basalt
Member

1400

How This is Modeled:
Co‐located wells are placed in the model
as points at various depths (and in
various aquifer zones) where the model
calculates water level trends. This allows
the model to be calibrated to historically
observed trends.

Key Data:
(1) Stratigraphic Mapping
(2) Elevation Control
(3) Groundwater Depth/Elevation Data
(4) Well Construction Data
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Description:
A small number of co‐located non‐
pumping observation wells are
constructed in the basalt aquifers of the
Columbia Plateau. These wells monitor
seasonal and long‐term water level
trends and provide some of the most
reliable data for interpreting the
condition of the groundwater resource.
In this example, three co‐located wells
are present, tapping three different sets
of aquifer zones. The middle zone
(purple) has shown a prominent long‐
term decrease in water levels. The
deepest zone had the most modest
declines until about 2002, when the rate
of decline steepened (coincident with
wells being constructed and deepened to
depths of 2,000 feet or more.
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