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Abstract 

The Columbia Basin Groundwater Management Area (GWMA) covers approximately 
8,300 square miles (21,500 square kilometers) of agricultural region in south-central Washington 
State in the US. The region is characterized by a complex sequence of continental flood basalts 
that comprise the Columbia River Basalt Group (CRBG). Most of the water supply within 
GWMA is obtained from the CRBG. The CRBG comprises hundreds of flood basalt flows 
reaching over 10,000 feet thick and hosts a series of laterally extensive, vertically stratified 
confined aquifers within basalt interflows that are separated by very low permeability basalt flow 
interiors. Aquifers are in places laterally compartmentalized by faulting and folding. 
Commingling wells – which connect two or more vertically separated water-bearing zones – 
cause interflow between otherwise discrete hydrostratigraphic units. Water supplies are in 
dramatic decline due to increasing consumptive use that places unsustainable demands on the thin 
and stratiform water-bearing zones. Today, high-yielding wells can be over 2,000 feet deep, and it 
is not uncommon for well owners to be forced to deepen wells with declining productivity to 
depths exceeding 3,000 feet.  

A groundwater model was constructed to better understand the groundwater system and 
subsequently support water resources decisions. This presentation highlights challenges 
encountered while translating the complex conceptual model into a realistic numerical model, 
including the development of codes to generate native MODFLOW files from dozens of 
interpretive input sources, and visualize the developing model structure in three-dimensions; the 
development of lateral boundary conditions through the development and calibration of a larger 
but simplified watershed scale model; and the implementation of simulation techniques to achieve 
a stable solution for the variably-saturated groundwater flow equation. 
 
1. Introduction 

Groundwater is an important source of water to meet agricultural, industrial, and 
municipal water demands in GWMA, which encompasses an agricultural region of approximately 
8,300 square miles in south-central Washington (Figure 1). Groundwater is currently the only 
water supply source in the eastern half of GWMA. Most of the water supply inside the GWMA’s 
four-county jurisdiction comprising Adams, Franklin, Grant and Lincoln Counties, is 
groundwater obtained from the Columbia River Basalt Group (CRBG). The CRBG is a sequence 
of more than 300 continental flood basalt flows that are as much as 10,000 feet thick, and which 
host a series of laterally extensive, vertically stratified confined aquifers. 

Groundwater supplies are declining dramatically because of the thin and stratiform nature 
of the water-bearing zones and the extensive pumping in certain areas since the mid-1970s. 
Commingling wells are common, and some well owners have been forced to deepen wells with 
declining productivity, in some cases to depths exceeding 3,000 feet. 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. 
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Fig.1. GWMA site location 
 
GWMA has developed a numerical groundwater model for the immediate purpose of 
understanding the water budget in deep CRBG aquifers on a GWMA-wide basis and in local 
subareas 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. 
 
2. Model Development 

MODFLOW-2000 (Harbaugh et al. 2000) was used to construct the GWMA numerical 
model. 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. Details on these modifications 
are provided by Bedekar et al. (2011) and GWMA (2011). 

The lateral extents of the four-county GWMA model are defined on the basis of major 
intra-basin hydrologic features together with important geo-political boundaries. 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 was used to provide constraints on the lateral inflows to and outflows from the GWMA 
model. More detail is provided in GWMA (2010a, b; 2011). 

Significant permeability contrast exists between the basalt flow interiors that are non-
water-bearing and the interflow zones that reside at the top and bottom of each basalt flow and 
commonly contain water. The model uses 26 layers to represent separate, vertically 
compartmentalized interflow zones. Large differences in potentiometric head with depth have 
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been measured in clusters of observation wells. Model calibration to these water level data 
indicates that the dense flow interiors likely have a vertical permeability that is 1/10,000th to 
1/100,000th or less of the horizontal permeability of interflow zones. Observations suggest that 
hydraulic connection between interflow zones arises from structural influences, rather than the 
internal fabric of the basalt flows themselves. Other structural influences such as folds and their 
associated faults limit the horizontal groundwater movement. Dike swarms are yet another 
example of geological features which can greatly limit the lateral movement of groundwater. The 
model calibration process uses the Horizontal Flow Barrier (HFB) package of MODFLOW to 
simulate the low horizontal permeability. 

Coulees are large-scale erosional features that were carved from the basalt by 
catastrophic Pleistoceneage glacial floods. Coulee canyons commonly act as groundwater 
discharge features (for interflow zones that outcrop on canyon sidewalls) and groundwater 
recharge features (on canyon floors, where alluvial fill cross-connects interflow zones). This 
interaction of basalt interflow zones at different depths, and the presence of natural or artificial 
bodies of water on the ground surface, together require (1) the use of stream, lake, and drain cells 
in the model, and (2) careful attention to the rate of evaporation, which local irrigation specialists 
report to be more than one foot per day during the driest months – reports that are supported by 
model calibration tests. 
 
 

 
Fig.2. Basalt Flows, Interflow Zones, and Lateral Pinch-Outs 

 
Groundwater pumping specified in the GWMA comprises pumping at agricultural wells for 
irrigation purposes; and pumping at municipal wells for supply purposes. Historic groundwater 
pumping for agricultural purposes was estimated on an annual-average basis from data 
comprising irrigated crop acreages, crop type, annual water-application rates, and well location 
and construction information. Data compilation described 2,352 large diameter agricultural wells 
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and 70 municipal supply wells in sufficient detail to be simulated in the GWMA model. Figure 3 
shows a map of groundwater pumping well locations.  
 

 
Fig.3. Groundwater pumping well locations 

 
 
Model calibration was performed on measured data comprising: (1) pre-development conditions 
representing groundwater conditions 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; and (2) development conditions representing the impacts of large-scale 
groundwater development. Calibration parameters included horizontal hydraulic conductivity, 
vertical anisotropy, and groundwater recharge representing deep percolation, storativity, and 
horizontal barrier resistance.  
 
3. Results 

Figure 4 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 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 5 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 un 
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pumped 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. 
 

 
Fig.4. Scatter plot comparing measured and simulated hydraulic head 

 
Fig.5. Hydrographs comparing simulated and measured hydraulic heads 
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Figure 6 depicts two examples from the Moses Lake municipal supply system, wells GR1938 and 
GR6141 respectively. Also shown in each figure are water levels, historically measured in 
corresponding wells. It is noted that overall, while the model reflects the general patterns, as 
presently constructed, 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 further calibrate the GWMA model to 
historic municipal data, the GWMA model simulations are useful to indicate the expected relative 
increases in the rate-of-decline of water levels in each municipality rather than the absolute 
values of groundwater and in-well elevation. 

 

 

Fig.6. Example of simulated and measured decline in municipal wells 
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For predictive analysis, the rate of demand, i.e. extraction pumping rate is assumed to increase 
steadily each year by a small but constant factor. Figure 7 presents an example of a municipal 
supply well. The increase in pumping 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 in-well 
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. 

 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 7 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. 
 

 
 

Fig.7. Annotated example graphic of municipal supply highlighting key features 
 
4. Summary 

A numerical model was developed to simulate groundwater movement within the 
complex geology encompassed within the large extents of GWMA. Challenges in the 
representation of groundwater system complexities and imposing boundary conditions on the 
numerical model were addressed by carefully considering the physical processes essential for 
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meeting the objectives of the GWMA model. MODFLOW was used as the basis of model 
development and several enhancements were made to the code to improve its robustness and 
performance. The historic model that simulates pre-development and post-development 
conditions represents the groundwater system reasonably well, in particular declining water 
levels. Predictive model results identify several pumping wells that potentially are prone to 
becoming dry. As more data becomes available, the GWMA model is expected to be improved by 
calibrating the GWMA model further. The GWMA model provides a scientific basis to decision 
makers in testing various predictive scenarios that help assist water managers with water resource 
planning.  
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