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ABSTRACT 

 
A CONCEPTUAL FRAMEWORK FOR MANAGED AQUIFER RECHARGE IN THE 

COLUMBIA RIVER BASALTS OF THE LOWER YAKIMA RIVER BASIN  

 
by 
 

Bethany Kharrazi 
 

May 2023 

 

In the Yakima River Basin in south-central Washington, increasing demands for water, 

overallocation of surface water, and a changing climate are leading to a loss of water storage and 

increasing water deficits in drought years. A warming climate has reduced snowpack in the 

Cascade Range, a vital reservoir for the irrigated agricultural industry which supports the basin’s 

economy. Managed aquifer recharge (MAR) is a sustainable and cost-effective approach for 

securing water supply by storing water underground for recovery during drought. Diminishing 

groundwater levels in regional basalt aquifers over the last several decades suggest there is 

significant storage available for intentional recharge of these aquifers.  

This study focuses on the areas around Rattlesnake Ridge east of Yakima, Washington. 

The region consists of east-west trending folds and faults of the Yakima Fold Belt with bedrock 

composed of the Grande Ronde, Wanapum, and Saddle Mountain formations of the Columbia 

River Basalt Group, and sedimentary interbeds of the Ellensburg Formation. The basalt aquifers 

are targets for MAR due to the immense thicknesses and vast spatial extent of the formations, the 

water-bearing vesicular flow tops and interbeds, and the structural controls of the Yakima Fold 

Belt. 
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Informed by the 2011 study of the Columbia Plateau Regional Aquifer System by the 

U.S. Geological Survey, this research quantifies the groundwater storage available for MAR in 

the Wanapum and Saddle Mountain Basalt aquifers through reconstructions of subsurface 

stratigraphy and analysis of historical groundwater level changes. This research finds that there 

has been nearly 100,000 acre-feet of groundwater storage lost annually in the basalt aquifers of 

the study area in the last fifty years. Because the Wanapum aquifer is thickest (typically over 

1,000 ft thick) and experienced the most groundwater storage loss, it is the best candidate for 

MAR in the study area, although all basalt aquifers are suitable for a successful MAR program. 
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CHAPTER I 

INTRODUCTION 

For nearly 200 years, agriculture has played a prominent role in modifying cultural 

landscapes and increasing pressures on water supplies in the Yakima River Basin. This chapter 

outlines a brief history of water use in the basin to show the significance and purpose of this 

thesis research and contextualize how this study informs water security efforts at the local and 

watershed scale. 

The Yakima River Basin 

The Yakima River Basin is a 6,155 mi2 subbasin in south-central Washington.1 The 

watershed is located within the greater Columbia River Basin which spans 258,000 mi2 of North 

America including two Canadian provinces and seven U.S. states. The Yakima River flows for 

about 215 miles from the headwaters in the Cascade Range (8,184 ft above mean sea level) to the 

confluence with the Columbia River (340 ft above mean sea level). The geology includes the 

Columbia River Basalt Group with interbedded sediments of the Ellensburg Formation. 

Tectonically driven compression forms the Yakima Fold Belt which controls the topography and 

groundwater movement in the southern part of the basin. 

The northern section of the watershed is called the upper basin and is mainly used for 

timber, cattle, recreation, hay cultivation, and fish and wildlife habitat, while the lower basin to 

the south is mostly used for agriculture (Anderson et al., 2009). The lower basin supports the 

watershed’s $4.5 billion irrigated agricultural economy and about 45,000 jobs. The Yakima 

 
1 Imperial units are used in this thesis to be consistent with local and national water resources data. 
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River Basin is not only the nation’s leader in hops production, but also harvests other high-value 

crops like wine grapes, grains, vegetables, orchard crops, and dairy products. Other notable crops 

are apples, alfalfa, and corn, which in combination with hops demand the most from irrigation 

(McKinley and Sandison, 2012).  

Mean annual precipitation in the alpine upper basin is about 140 in, while the arid lower 

basin receives only 6 to 9 in of precipitation every year (Figure 1). The uneven distribution of 

precipitation results in a prominent upstream-downstream hierarchy (Gibson and Campana, 

2018) where the lower basin is dependent on water supplied from the upper basin. Very little 

precipitation is available to naturally recharge the groundwater aquifers of the lower basin which 

are exploited annually, mainly for irrigation (Vaccaro and Olsen, 2007). 
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Figure 1. Mean annual precipitation (in) in the Yakima River Basin. Figure from Vaccaro and 
Olsen (2007).  

 

Development of Agriculture 

The Yakima River Basin had not always been an agriculturally productive region. Before 

white settlement, the native peoples of the Columbia Plateau, including the Yakama people, 

inhabited the area for about 11,500 years. Their subsistence involved hunting, fishing, and 

foraging, as well as trading between tribes. Before Euro-Americans physically arrived in the 

basin, their foreign diseases spread west, causing high rates of Native American mortality. By 
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the early 19th century, white explorers, militaries, missionaries, and later, cattlemen and miners 

(Vaccaro and Olsen, 2007) settled in the basin. With their prospects for homesteading, they 

brought new ideas that conflicted with the existing ideologies of the native peoples. Where the 

native inhabitants viewed their surroundings as nature, white settlers viewed their surroundings 

(including the native people) as a series of resources that could be exploited for capital gain. By 

the mid-1800s, agriculture became the foundation upon which white settlers established and 

maintained control over the Native Plateau peoples. Encompassing the ideals of private property, 

cultivation, and market economies (Wester, 2014), farming was consistently used in assimilation 

efforts and transformed the ecology of the Yakima River Basin. 

As Federal Indian policy toward native peoples shifted from coexistence to removal and 

assimilation (Wrone, 1986), a treaty was necessary to establish and protect native rights. The 

Yakama Nation Treaty of 1855 established reservation and territory land for fourteen bands and 

tribes of Native Plateau peoples, as well as fishing, hunting, and gathering rights which are still 

recognized today. 

For non-Indians, displacing native people to the Yakima Indian Reservation was not 

enough. With the authorization of the Dawes Act in the 1880s, federal control over reservation 

lands strengthened and farming became the cornerstone of civilization and assimilation efforts. 

School farms were developed to promote agriculture by separating children from their families 

and turning them against their culture, field matrons patrolled reservation lands to assimilate 

native women into farming lifestyles, forced farming made Yakama people into laborers, and 

federal allotments of reservation land bound them to the Euro-American ideology of private 

property (Wester, 2014; Shellenberger, 2023). These techniques worked to strip the land and 

identity from the Yakama and annihilated their ability to control their own resources. However, 
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with little water to support cultivation on arid reservation lands, these federal efforts failed to 

transform large numbers of Yakama people into farmers, although few developed successful 

ranches (Wester, 2014). 

Irrigation and Surface Water Allocation 

Irrigation was necessary for agricultural success in the lower basin. Starting on a small 

scale in 1848, white missionaries diverted surface water for wheat, hay, and vegetable crop 

production (Wester, 2014). It didn’t take long for irrigation to be widely adopted. By the 1880s, 

the first canal systems were built, and the city of Yakima was established and then moved 

several miles north for access to the Northern Pacific Railway, enabling the transportation of 

agricultural goods. As canals were constructed, farmers and land began to organize into 

irrigation companies and districts (Pfaff, 2001). By the turn of the century, Yakima County had 

the largest canal system in Washington, tripling the acreage of irrigated land in just 10 years 

(Pfaff, 2001) to about 120,000 total acres (Parker and Storey, 1913; Bureau of Reclamation, 

1999). 

As irrigation became more widespread, colonial interventions on indigenous landscapes 

and culture persisted. To make capital out of uncultivated reservation lands, allotment 

regulations intensified. If land allotments were not used “productively,” regulations allowed 

them to be leased or sold to non-Indians (Wester, 2014). This resulted in another cycle of non-

Indian homesteading on Yakama lands, as well as the overexploitation of natural resources for 

the capital benefit of colonizers. 

 To keep up with the growing acreage of irrigable lands over the second half of the 19th 

century, the federal government began funding large projects to secure water supply for 
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agriculture. The Yakima Project, authorized in 1905, vastly increased water storage volume in 

the Yakima Basin. This was achieved by constructing dams to form five surface reservoirs 

(Keechelus, Kachess, Cle Elum, Bumping, and Rimrock water storage facilities). With a total 

capacity of about 1.07 million acre-feet of water (McKinley and Sandison, 2012), these 

reservoirs still serve the basin today. The Yakima Project is responsible for making the arid 

lower basin one of the most agriculturally productive regions in the state (Office of Columbia 

River, 2018) and the country (Pfaff, 2001), supporting the irrigation of 465,000 acres (Anderson 

et al., 2009). 

Despite the enhancement in surface water storage and flow regulation of the Yakima 

River and its tributaries, the lower basin remains dependent on snowpack accumulated in the 

headwaters in the winters to melt in the spring, releasing large amounts of water from storage in 

time for the irrigation season from April to October. Thus, snowpack is considered the “sixth 

reservoir” (McKinley and Sandison, 2012), and undoubtedly the most important for the water 

demands in the basin. 

Climate changes in the Yakima Basin suggest that water crises are right around the 

corner, if not occurring already. Increased air temperatures cause precipitation to fall as rain 

rather than snow in the upper basin (McKinley and Sandison, 2012), and drought conditions have 

become more frequent in the lower basin (Office of Columbia River, 2018). The Yakima Basin 

is expected to experience a 12% decrease in snowpack for a 1˚C rise in air temperature, and a 

27% decrease in snowpack for a 2˚C rise in air temperature (Vano et al., 2010). As snowpack 

volume decreases and snowmelt occurs earlier in the season, spring and summer runoff will not 

be sufficient for growing municipal and agricultural water demands.  
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Like with many western states, water rights in Washington were issued on a first-come-

first-served basis. Water rights holders before 1905 were deemed senior water rights holders, 

while water rights allotted after 1905 were issued to junior water rights holders. The 1945 

Consent Decree, ratified by the District Court of Eastern Washington under Civil Action No. 21, 

determined water quantity entitlements by specifying water users as proratable and 

nonproratable. Nonproratable users are those with senior water rights who are given priority over 

proratable junior water rights holders who receive reduced water supplies (Bureau of 

Reclamation, 2012), particularly during drought years (Anderson et al., 2009). From 1992 to 

2012, water supply reduction occurred about every four years (McKinley and Sandison, 2012) 

and with intensified climate changes to come, prorationing is expected to occur more frequently 

and at more extreme measures.  

Groundwater Use 

Despite costly large-scale efforts like the Yakima Project to secure surface water 

supplies, groundwater storage enhancements have been minimal even though groundwater is 

being consumed at growing rates and cannot be naturally restored from year to year (Casanova et 

al., 2016). Groundwater represents over 90% of Earth’s available freshwater and in many regions 

of the world, groundwater use is greater than surface water use (Jakeman et al., 2016). About 

3.7x109 acre-feet of groundwater had been extracted globally between 1900 and 2008 (Konikow, 

2011) and in climatically dry regions, like the lower Yakima Basin, groundwater is especially 

exploited (Dillon et al., 2019). 

Annual groundwater pumping in the Yakima Basin has increased by about 270% between 

1960 and 2000 (Vaccaro and Sumioka, 2006), partly due to the post-World War II advancements 

in well drilling technology (Vaccaro and Olsen, 2007). Most groundwater is used for irrigation 
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(Figure 2), but other agricultural uses include pre-irrigation, frost and heat protection, and 

fertilizer and pesticide application (Vaccaro and Sumioka, 2006).  

  
Figure 2. Estimated annual groundwater pumpage (acre-feet) in the Yakima Basin, categorized 
by water use from 1960 to 2000. Figure from Vaccaro and Sumioka (2006).  

 

Unlike surface water, groundwater issues can go unrecognized because groundwater 

processes and storage are hard to observe directly. As a result, they can be difficult to 

conceptualize (Jakeman et al., 2016). Compared to surface water resources, groundwater is more 

reliable (Fienen and Arshad, 2016), especially for watersheds that rely on snowpack, like the 

Yakima River Basin. This is because groundwater is less responsive to short-term climate 

fluctuations, like decreased snowpack and drought conditions, since it is buffered from surface 

interactions (Fienen and Arshad, 2016). With the growing reliance on groundwater, managing 

this resource will require prioritization (Jakeman et al., 2016) and studies like this to investigate 

alternative water storage solutions. 
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The Yakima Basin Integrated Plan 

During water shortages, the hardship is not felt equally among water users. To solve this 

issue, as well as other water-related concerns in the watershed, the Yakima Basin Integrated Plan 

(YBIP) was developed by a variety of basin stakeholders including the Yakama Nation, 

irrigators, state and federal government agencies, and fisheries (McKinley and Sandison, 2012). 

The YBIP is a watershed-scale water plan to accomplish goals in seven elements (Figure 3): 

reservoir fish passage, structural and operational changes to existing facilities, surface water 

storage, groundwater storage, habitat and watershed protection enhancement, improved water 

conservation, and market reallocation. 

This research is funded through the groundwater storage subcommittee of the YBIP as 

part of the Rattlesnake Ridge Managed Aquifer Recharge Investigation study. The goal of the 

study is to evaluate groundwater storage enhancement in the basalt aquifers within the vicinity of 

the Roza Irrigation District (RID) and specifically the Rattlesnake Ridge area (Figure 4) to 

supplement water supply for proratable water users in the lower basin. The research presented in 

this thesis provides the study with a hydrogeologic framework for assessing the potential for 

managed groundwater recharge and storage.  
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Figure 3. The seven elements of the Yakima Basin Integrated Plan. This study is a part of the groundwater storage element, boxed in 
black. Figure modified from McKinley and Sandison (2012).
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Figure 4. Map of irrigation districts in the Yakima River Basin. The Roza Irrigation District is 
highlighted in dark blue and outlined in black. Rattlesnake Ridge is labeled. Figure modified 
from Vaccaro et al. (2009).  
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CHAPTER II 

BACKGROUND 

This chapter presents geologic and hydrogeologic context for this study by providing a 

thorough background on managed aquifer recharge, the geologic units, and the structural controls 

on groundwater movement in the study area. 

Managed Aquifer Recharge 

Surface water naturally recharges groundwater aquifers through infiltration. In the lower 

Yakima River Basin, water infiltrates into basalt aquifers from the ground surface, usually where 

basalt is exposed at ridges or reaches of losing streams. Basalt aquifers can also be recharged by 

groundwater leaking from overlying sedimentary units. In the valleys on the eastern side of the 

Yakima Basin, recharge often occurs through the irrigation of fields (Vaccaro and Olsen, 2007) 

replenishing sedimentary aquifers and eventually contributing small amounts of water to the 

underlying basalt aquifers (Sleeper, 2020). With little annual precipitation in the lower basin, 

these ‘natural’ recharge methods are slow, especially for replenishing deeper basalt units, which 

can be storing water that is thousands of years old (Vlassopoulos et al., 2009). 

Managed aquifer recharge (MAR) refers to intentionally storing surface water in aquifers 

to develop underground reservoirs or provide other environmental benefits like enhancing stream 

baseflow (Dillon, 2005; Anderson et al., 2009) and supporting groundwater-dependent aquatic 

ecosystems (Sprenger et al., 2017). This study refers to MAR as an “engineering tool” (Gibson 

and Campana, 2018) to restore groundwater levels in naturally occurring aquifers that experience 

greater rates of groundwater withdrawal than natural recharge.  
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British hydrologist Ian Gale coined the term “managed aquifer recharge” in the early 

2000s (Dillon et al., 2019). MAR has also been called enhanced recharge, water banking, 

suitable underground storage (Dillon, 2005), intentional recharge (Sprenger et al., 2017; Dillon et 

al., 2019), injection recharge (Anderson et al., 2009), subsurface injection (Price et al., 1965), 

and artificial recharge (Price et al., 1965; Dillon et al., 2019), depending on the methods used. In 

MAR, both water quantity (the amount of available storage) and water quality (the chemical 

characteristics of combining surface water with existing groundwater) are important (Dillon et 

al., 2019) since MAR can be used for drinking water sources and can negatively affect the health 

of soils and groundwater supplies if not managed appropriately. 

MAR is growing in popularity because it has had positive impacts on communities large 

and small. Global MAR capacity has increased from 8.1x105 to 8.1x106 acre-feet/year from 1965 

to 2015 (Dillon et al., 2019), but it is not necessarily a new phenomenon. Over 1,000 years ago, 

MAR was used in South India, where rainwater was captured in ponds and then percolated into 

shallow aquifers used for drinking water (Sakthivadivel, 2007). Today, India still leads the world 

in MAR programs (Figure 5), averaging about 2.4x106 acre-feet/year of recharge through 

infiltration, with the majority used for agriculture and urban water consumption (Fienen and 

Arshad, 2016). In 1955, groundwater recharge wells were used in Israel and because of their 

success, 135 wells were recharging 8.1x103 acre-feet/year by 1967 (Harpaz, 1971). The first 

wells used for MAR in the U.S. were in the 1950s in southern California where they were used to 

mitigate seawater intrusion (Dillon et al., 2019). The first U.S. well field for MAR was in New 

Jersey in 1969 and it is still in use today (Dillon et al., 2019). Since then, MAR applications have 

rapidly increased. In the U.S., 500 wells and 175 wellfields were in operation in 2016 (Dillon et 

al., 2019), with most of the wells used to store and later recover drinking water.  
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Figure 5. Global managed aquifer recharge capacity categorized by country from 1965 to 2015. 
Figure from Dillon et al. (2019). 

 

Since the 1950s, MAR programs have become more common in Oregon and Washington, 

and by 1965 there were MAR systems in many large and small cities including Portland, Oregon, 

and Tacoma and Richland in Washington (Price et al., 1965), with many targeting similar basalt 

aquifers to this study (Germiat and Flynn, 2005). In 2000, Washington State Legislature 

established a new definition of “reservoir” under water rights code RCW 90.03.370 to describe 

not only surface water reservoirs but also “any naturally occurring underground geological 

formation where water is collected and stored for subsequent use as part of an underground 

artificial storage and recovery project” which has given more opportunities for MAR programs 

in Washington. Five years later, Chapter 173-157 WAC established water rights and permitting 
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guidelines for injection projects (Germiat and Flynn, 2005), putting MAR efforts into large-scale 

applications. 

Compared to other water storage strategies, like constructing surface water reservoirs, a 

MAR program can be more cost-effective and sustainable. Dams built to store surface water can 

be vulnerable to water loss through evaporation and are highly influenced by climatic shifts from 

year to year, like fluxes in annual precipitation in a watershed (Dillon, 2005). MAR can be used 

as a buffer (Dillon et al., 2019) to secure water supplies amidst climate fluctuations in the 

Yakima Basin because groundwater storage reservoirs are not as vulnerable to drought 

conditions.  

Although MAR can be a more suitable water storage option, there can be some 

challenges with this type of water storage, like waterlogging and slope instability (Dillon, 2005). 

But proper investigations of the geology and hydrogeology to assess MAR feasibility, such as 

the research conducted in this project, can help prevent these problems. As it stands, there are 

some guidelines available for evaluating MAR feasibility but a universal standard for MAR 

investigation methodology does not yet exist (Dillon et al., 2019). This is due to the diverse sets 

of lithologies, structural boundaries, watershed sizes, and water qualities unique to various 

regions of the world. Dillon et al. (2022) provide five requirements for a successful MAR 

project: 

1. Sufficient demand for recovered water 

2. Adequate source water for recharge 

3. Suitable aquifer for storage and recovery 

4. Sufficient land area to treat and recover water 

5. Capability for effective management 
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The study area was chosen for investigating MAR potential because it contains these 

elements of a successful MAR program. In drought years, the RID receives junior proratable 

water supplies for over 72,000 acres. The district’s water users would benefit from alternative 

water supplies to meet their remaining needs in these years. Source water for MAR would be 

comprised of water diverted from the Yakima River at the Roza Dam, delivered using the Roza 

Irrigation Canal. Since the canal system is already in place, delivering surplus surface water to 

MAR recharge sites would be relatively simple. Groundwater level trends suggest that with 

decades of groundwater exploitation, there are large amounts of aquifer storage available for 

MAR and this thesis provides evidence for this understanding. The water quality of the source 

water is generally believed to be compatible with existing groundwater in recharged aquifers, but 

like most MAR projects, water will require treatment. Groundwater recovery would only occur 

during dry years or state-declared droughts to augment groundwater levels and aquifer 

conditions. Shallow aquifer recharge (SAR) and aquifer storage and recovery (ASR) are two 

types of MAR applications explored for the study area. 

Shallow Aquifer Recharge 

Shallow aquifer recharge (SAR) refers to infiltration into a shallow unconfined aquifer 

through a permeable ground surface (Sprenger et al., 2017; Gibson and Campana, 2018). 

Usually, SAR involves the construction of an infiltration pond or ditch where recharge water can 

percolate down into the target aquifer (Figure 6). This MAR technique is popular in Europe 

(Dillon, 2005). SAR has also been called enhanced infiltration and aerial recharge (Sprenger et 

al., 2017), or surface spreading (Price et al., 1965) in the past. 
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Figure 6. Shallow aquifer recharge with passive recovery through an infiltration pond. Figure 
from McKinley and Sandison (2012). 

 

Ideal SAR aquifers should be highly permeable, and any overlying sediments should be 

good conduits for infiltration into the target aquifer below (Anderson et al., 2009). Despite their 

shallow depth, SAR aquifers should be thick enough to store large quantities of water to make 

sufficient enhancements to aquifer conditions and water storage. Structural confinements within 

the aquifer are necessary if SAR methods are implemented for later recovery. Alternatively, SAR 

projects can be designed so that recharge water returns to a surface water body at a desirable 

time. 

SAR can result in mounding, where the addition of water into the aquifer concentrates in 

the subsurface around the infiltration pond area (Gibson and Campana, 2018). While mounding 

is to be expected to some degree, long-term mounding would be a major limitation in SAR 
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because the mounded groundwater can reach the surface and thus minimize the storage potential 

of the aquifer (Gibson and Campana, 2018). 

Aquifer Storage and Recovery 

Aquifer storage and recovery (ASR), involves injecting recharge water through a well 

into a confined aquifer (Gibson and Campana, 2018) and extracting it for later use (Anderson et 

al., 2009) (Figure 7). Depending on the recovery well or method of discharge, ASR can be 

specified further; ASR refers to injection and recovery from the same well, while aquifer storage 

transfer and recovery refers to injection into one well and recovery from a separate well (Dillon, 

2005).  

 
Figure 7. Aquifer storage and recovery through an injection well. Figure from McKinley and 
Sandison (2012).  
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While ASR is less costly than building surface reservoirs, this method of MAR remains a 

big investment and is more expensive than SAR. Because of this, ASR has only been practiced in 

developed countries (Casanova et al., 2016). Costs related to ASR include infrastructure for 

obtaining and treating surface water, drilling or retrofitting wells, land acquisition, and 

permitting (Anderson et al., 2009). Water rights are necessary for the diversion, storage, and 

consumption of recharge water, as modified in water rights code RCW 90.03.370 (McKinley and 

Sandison, 2012). With many wells in the study area already completed in target ASR aquifers, 

costs can be reduced with well modifications (Anderson et al., 2009), but many wells are nearly 

50 years old and may lack efficiency. Despite these costs, ASR is typically preferred as a MAR 

method for restoring aquifers in deeper geologic units like the Wanapum Basalts studied in this 

project. ASR is also ideal in dry climates where water availability varies seasonally, like in the 

Yakima River Basin, where there is excess water for storage during the wet seasons and high 

water demand in the dry seasons (Anderson et al., 2009; Sprenger et al., 2017). 

Stratigraphy and Hydrogeologic Properties 

Flood basalts erupted through fissures in eastern Washington, eastern Oregon, and 

western Idaho between 17 and 6 Ma, producing the Columbia River Basalt Group (CRGB) that 

covers over 80,000 mi2 of these Pacific Northwest states (Reidel et al., 2003, 2013; Vaccaro and 

Olsen, 2007; Burns et al., 2011). Volcanism was initiated in the back-arc between the volcanic 

Cascade Range and the Rocky Mountains (Camp et al., 2017). Although the fissures were active 

for about 10 million years, more than 90% of the basalt erupted in a one-million-year window at 

the beginning of flood basalt volcanism (Kasbohm and Schoene, 2018). From oldest to youngest, 

the CRBG in the study area consists of the Grande Ronde Basalt, Wanapum Basalt, and Saddle 

Mountain Basalt. Because of the large volume and storage capability, the CRBG units are 
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considered to be a major regional aquifer system in the U.S. called the Columbia Plateau 

Regional Aquifer System (CPRAS). The CPRAS contains productive basalt aquifers used for 

drinking water, irrigation, and city water supplies. 

The stratigraphic relationship of basalt units and sedimentary interbeds is presented in 

Table 1. Sedimentary units interbedded between basalt flows are collectively referred to as the 

Lower Ellensburg Formation. These sedimentary units were deposited during times of 

quiescence between flood basalt flows (Burns et al., 2011) and serve as stratigraphic marker beds 

to differentiate basalt units (Swanson and Wright, 1978). These sediments originated in the 

Cascade Range to the west of the study area during hiatuses in flood basalt volcanism. Sediments 

were often deposited as mud and debris flows or lahars (Kirk and Mackie, 1993) and 

accumulated into thick interbeds in structural depressions (Hansen et al., 1994). In general, 

interbeds are fine-grained, inefficient at transmitting water, and thin compared to the basalt flows 

(Schmidt et al., 2007). However, the sediment grain sizes, porosities, thicknesses, and lateral 

extents of the interbeds vary in the Columbia Plateau and study area due to the duration of 

pauses between flood basalt volcanism, Cascade volcanic events, and proximity to source rocks 

(Hansen et al., 1994). 
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Table 1. Simplified stratigraphy of the Columbia River Basalt Group and Lower Ellensburg 
Formation 

 

In some regions of the CPRAS and study area, the interbeds of the Lower Ellensburg 

Formation can store considerable quantities of groundwater (Schmidt et al., 2007; Burns et al., 

2011) and wells have been drilled to access the resource. However, compared to the CRBG 

Era Period Epoch Age (Ma) Formation Member Description
Holocene

Pleistocene
Pliocene

Upper Saddle 
Mountain

Elephant 
Mountain

Basalt flow

Lower 
Ellensburg

Rattlesnake 
Ridge

Sedimentary 
interbed

Lower Saddle 
Mountain

Pomona Basalt flow

Lower 
Ellensburg

Selah
Sedimentary 

interbed

Lower Saddle 
Mountain

Umatilla Basalt flow

Lower 
Ellensburg

Mabton
Sedimentary 

interbed

Priest Rapids Basalt flow

Roza Basalt flow
Lower 

Ellensburg
Squaw Creek

Sedimentary 
interbed

Wanapum
Frenchman 

Springs
Basalt flow

Lower 
Ellensburg

Vantage
Sedimentary 

interbed
16.1 – 16.5 Basalt flow

Note:  Stratigraphy after Kasbohm and Schoene (2018), Reidel et al. (2013), and Bentley et al. (1993). 
Units are color-coded with the maps, cross-sections, graphs, and tables in this thesis. 

Overburden
Landslide, 

flood, loess 
deposits

Miocene

Wanapum

Grande Ronde

5.6 – 15.8

15.8 – 16.1

Cenozoic

Quaternary
0-5.6

Neogene



 

 22 

aquifer units, these interbeds are only minor aquifers and can even be confining units, or 

aquitards, on a regional scale (Burns et al., 2011). Where interbeds are permeable or saturated, 

they are vertical extensions, or conduits (McKinley and Sandison, 2012), that transmit water to 

underlying basalt aquifers. This project focuses on the Vantage, Squaw Creek, Mabton, Selah, 

and Rattlesnake Ridge members of the Lower Ellensburg Formation, from oldest to youngest. 

The repeated sequences of basalt and sedimentary layers form a 'layered cake' pattern to 

the stratigraphy, with basalt units as thick segments of cake and sedimentary units as the thin 

filling to separate them (Figure 8). This allows for the stratigraphy of specific regions of the 

Columbia Plateau to be interpreted from well reports and other available information, as done in 

this project. 

 
Figure 8. Illustration of the stratigraphic “layered cake” sequence of basalt units as cake and 
interbedded sediments as filling between them. The icing represents the overburden, and the 
candle symbolizes a well that penetrates the subsurface. 
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Accounting for about 90% of the volume of the CRBG, the Grande Ronde Basalts (GRB) 

are the oldest flood basalt flows and cover about 42,000 mi2 (Swanson and Wright, 1978; 

Schmidt et al., 2007; Kahle et al., 2009; Burns et al., 2011). In the central region of the Columbia 

Plateau, the GRB is more than 15,000 ft thick (Burns et al., 2011). The GRB has a fine-grained 

and non-porphyritic texture (Swanson and Wright, 1978) which makes it easy to identify in the 

field, although exposures in the study area are infrequent. Because the GRB erupted consistently 

and massively in a relatively short window of time from 16.5 to 16.1 Ma (Kasbohm and 

Schoene, 2018), sedimentary interbeds are rare and thin where present (Burns et al., 2011). The 

GRB are not studied at length in this project because they are deep in the subsurface and there 

are only a select number of wells completed in the aquifer.  

The Vantage member of the Lower Ellensburg Formation separates the top of the GRB 

from the bottom of the Wanapum Basalt. The interbed consists primarily of clay and shale but 

can have small amounts of sand (Bingham and Grolier, 1966; Burns et al., 2011). Due to the high 

clay content, this interbed is considered a confining later separating the Grande Ronde Basalt 

aquifer from the Wanapum Basalt aquifer (Kirk and Mackie, 1993; Hansen et al., 1994). Wells 

completed in the GRB have higher head than wells in the Wanapum which indicates that the 

Vantage interbed is a confining layer (Kirk and Mackie, 1993).  

The Wanapum Basalts (WNB) erupted during a narrow window of time from 16.1 to 15.8 

Ma (Kasbohm and Schoene, 2018). While the WNB is less laterally extensive and voluminous 

than the GRB (Swanson and Wright, 1978), they comprise 6% of the CRBG. Compared to the 

GRB, the WNB are medium-grained (Swanson and Wright, 1978; Hansen et al., 1994) and more 

frequently exposed in the study area. The Wanapum aquifer is of particular interest for MAR 

through ASR in the study area because the aquifer is confined, productive, primarily used for 
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irrigation, and has experienced groundwater level declines (Kirk and Mackie, 1993; Schmidt et 

al., 2007). The three members of the WNB studied in this project are the Frenchman Springs, 

Roza, and Priest Rapids members, listed from oldest to youngest. The Squaw Creek member of 

the Ellensburg Formation is the major sedimentary interbed found within basalt flows of the 

WNB. 

The Squaw Creek interbed is located stratigraphically between the Frenchman Springs 

and Roza members of the Wanapum Basalt.1 This interbed consists almost entirely of diatomite, 

although there are clays, silts, sands, and fine conglomerates as well (Bingham and Grolier, 

1966). Highly permeable, the interbed can be considered a conduit of vertical groundwater flow 

between the underlying Frenchman Springs and overlying Roza members of the WNB, 

connecting these units into one massive aquifer. 

The Wanapum Basalt is separated from the younger Saddle Mountain Basalts by the 

Mabton member of the Lower Ellensburg Formation. This interbed consists of clay and shale, 

although some silt and sand are found (Myers and Price, 1981). Similar to the Vantage interbed, 

the Mabton contains enough clay to be considered a confining layer (Kirk and Mackie, 1993; 

Hansen et al., 1994; Germiat and Flynn, 2005), constraining vertical flow between the uppermost 

member of the Wanapum Basalt and lowermost member of the Saddle Mountain Basalt. 

The Saddle Mountain Basalt (SDMB), the youngest and least extensive formation of the 

CRBG, erupted during a time of waning flood basalt volcanism and accelerating folding in the 

study area (Swanson and Wright, 1978; Schmidt et al., 2007; Burns et al., 2011) about 15.8 to 

 
1 The Squaw Creek interbed of the Ellensburg Formation is named after an offensive, racist, and sexual slur for 
indigenous Native American women. The occurrence of this term in geological sciences represents the legacy of 
colonialism and the scientific discipline. Yale University provides a catalog of literature on colonialism and the 
geosciences and is available at: https://guides.library.yale.edu/earthplanetarysci/colonialism. 
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5.6 Ma (Kasbohm and Schoene, 2018). The SDMB accounts for about 1% of the total volume of 

the CRBG (Swanson and Wright, 1978; Schmidt et al., 2007). The SDMB is the target for MAR 

through SAR in the study area because the aquifer is shallow and has experienced storage loss 

from groundwater withdrawal. The three members of the SDMB in the study area include the 

Umatilla, Pomona, and Elephant Mountain members, listed from oldest to youngest. The Selah 

and Rattlesnake Ridge sedimentary interbeds of the Lower Ellensburg Formation are found 

within the basalt flows of the SDMB. 

The Selah interbed of the Lower Ellensburg Formation is positioned between the 

Umatilla and Pomona members of the SDMB and is composed of silt, sand, and gravel-sized 

conglomerates (Kent, 1978). As a saturated interbed (Anderson et al., 2009), the Selah member 

is a minor aquifer and therefore transmits water between the Umatilla and Pomona members, 

forming a thick aquifer unit of the Lower SDMB. The Rattlesnake Ridge interbed separates the 

Pomona member from the Elephant Mountain member in SDMB. The top two-thirds of the 

Rattlesnake Ridge interbed is a sandy and coarse layer that is highly permeable, but the lower 

third is clay-rich and reduces vertical flow to the underlying Pomona basalt member, serving as a 

confining layer (Kirk and Mackie, 1993) that divides the SDMB aquifer into two distinct units: 

the Lower Saddle Mountain, containing the Umatilla and Pomona basalt members and the Selah 

interbed, and the Upper Saddle Mountain, comprised of the Elephant Mountain basalt member 

with water stored in the upper two-thirds of the Rattlesnake Ridge interbed. 

The flood basalt flows of the Columbia River Basalt Group have a recognizable structure 

that has been heavily studied for nearly fifty years (Swanson and Wright, 1978; Kirk and 

Mackie, 1993; Hansen et al., 1994; Reidel et al., 2003; Camp et al., 2017). Formed from cooling, 
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the internal structure of a typical basalt flow includes a flow base, an interior of entablature and 

colonnade, and a flow top (Figure 9).  

 
Figure 9. The simplified structure of a typical Columbia River Basalt Group flood basalt flow. 
The interflow zone is highlighted in yellow. Figure modified from Reidel et al. (2003). 

 

The physical characteristics of a basalt flow determine the hydrogeologic properties of 

the basalt aquifers. Water-bearing zones occur in vesicles and brecciated sections, and within 

joints and fractures of a basalt flow, while zones of low transmissivity occur in denser interiors 
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of the flow (Anderson et al., 2009). Interflow zones describe the combination and contact 

between the flow top of one basalt flow and the flow base of an overriding basalt flow (Kirk and 

Mackie, 1993; Hansen et al., 1994). Water can move efficiently in all directions in the interflow 

zones but flow interiors are dominated by vertical hydraulic movement (Figure 10). 

 
Figure 10. Relative hydraulic conductivity of basalt flows and interbeds of the Columbia River 
Basalt Group. Interflow zones are highlighted in yellow. Figure modified from Kirk and Mackie 
(1993). 

 

The flow base makes up a thin section of a typical basalt flow (Camp et al., 2017) and 

represents the contact between a flood basalt lava flow and the substrate it is flowing over. 

Identifiable for its glassy and vesicular textures formed from rapid cooling, the flow base is fine-
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grained and sometimes includes pillow-palagonite basalts (Hansen et al., 1994) if the flow 

cooled in contact with water. 

The flow interior is the densest and thickest section of a basalt flow and is comprised of 

entablature and colonnade (Figure 9). As the lava flow cooled and contracted at the surface, 

jointing and fracturing occurred, developing the structures of the flow interior. Just above the 

flow base, coarse pseudo-hexagonal basalt columns are typically found, comprising the 

colonnade section of the flow interior. The columns formed from slow internal bottom-up 

cooling (Reidel et al., 2003) and are oriented vertically. Basalt columns are typically about 3 ft in 

diameter and 25 ft long on average and can have secondary jointing cutting across them (Hansen 

et al., 1994). 

Despite the length of the columns, the entablature section of the flow interior makes up 

about 70% of the thickness of a basalt flow (Swanson and Wright, 1978) and is located above the 

colonnade. The contact between the colonnade and entablature is sharp (Swanson and Wright, 

1978) and represents a shift in cooling rates and patterns within a basalt flow. Compared to the 

colonnade, entablature forms from rapid internal top-down cooling (Reidel et al., 2003) and 

consists of fractured fine-grained basalt in smaller fan-shaped columns (Swanson and Wright, 

1978; Hansen et al., 1994). The messy columns in entablature are usually about 2 ft in diameter 

and cross-jointing is less consistent than in the colonnade (Swanson and Wright, 1978; Hansen et 

al., 1994). The uppermost part of the entablature can be more scoriaceous and vesicular 

compared to the rest of the flow interior (Swanson and Wright, 1978; Hansen et al., 1994) and 

can even contain an upper colonnade (Camp et al., 2017) that allows for vertical groundwater 

movement from the flow top to the flow interior. 
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While the massive flow interior is less porous than the flow top and base, the vertical 

fractures create permeable zones (Hansen et al., 1994) that allow for groundwater to move 

efficiently throughout the entire basalt flow structure. The high vertical hydraulic conductivity of 

the flow interior ultimately connects flows for continuous groundwater movement and storage 

(Kirk and Mackie, 1993), serving as an important basalt aquifer function. Additionally, flow 

interiors can contain one or even a series of vesicular zones that can be several feet thick (Reidel 

et al., 2003), where large quantities of water can be stored. These vesicles are not formed during 

lava cooling, but rather represent gas bubbles trapped in lava flows (McMillan et al., 1989). 

The flow top is usually 10-20% of a basalt flow (Reidel et al., 2003, 2013) and contains 

vesicular, rubbly, brecciated, and hummocky textures (Reidel et al., 2003; Camp et al., 2017) 

from when the surface of the lava flow cooled quickly in contact with the air. The basalt flow top 

is porous, permeable, and capable of storing significant amounts of groundwater, which is why 

groundwater extracted from basalt aquifers primarily comes from the flow tops and interflow 

zones. The porosity of a CRBG flow top is typically about 20% but can be as high as 45% (Kirk 

and Mackie, 1993; Whiteman et al., 1994; Zakharova et al., 2012). The interflow zone contains 

the highest storage potential due to the increased porosity and permeability from the laterally 

continuous vesicular structures from the flow top and the flow base (Kirk and Mackie, 1993). 

The Upper Ellensburg Formation, which overlies the uppermost unit of the CRBG, is 

referred to as “overburden” in this project, although this term also includes Quaternary deposits 

at the surface. Consisting of the Cascade-sourced sediments and erosion from glacial ice 

(Vaccaro and Olsen, 2007) ranging from clays to gravels, the Upper Ellensburg Formation is 

generally categorized as a semi-unconsolidated volcaniclastic sandstone. The Quaternary 

sediments that top the overburden unit consist of unconsolidated fluvial, colluvium, wind-blown 
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loess, and Missoula flood deposits. In general, these deposits transmit water effectively into 

underlying aquifers, however, there are touchet beds from flood deposits that are considered 

impermeable. 

Structural Controls on Groundwater Flow 

As the Pacific plate moves northwest and the Juan de Fuca plate subducts under the 

North American plate, shearing causes compression in the Yakima Basin (Atwater, 1970), 

deforming the CRBG into the series of narrow anticlinal ridges and broad synclinal basins 

(Hansen et al., 1994; Reidel et al., 2003) of the Yakima Fold Belt. Compression initiated about 5 

Ma toward the end of flood basalt volcanism and produced the east-west trending ridges and 

valleys that control the movement and connection of groundwater in the lower Yakima Basin.  

The Yakima Fold Belt covers an area of about 5,400 mi2 of the western Columbia Basin 

(Reidel et al., 2003). Anticlinal ridges are asymmetrical with steep north limbs and shallow south 

limbs (Hansen et al., 1994; Reidel et al., 2003; Schmidt et al., 2007). Synclines are wide valleys 

where most farming is concentrated in the lower basin. Folding-associated thrust faults (Swanson 

and Wright, 1978; Reidel et al., 2003) as well as northwest-southeast trending faults that crosscut 

the folds (Kirk and Mackie, 1993) introduce structural and hydraulic complexity to the study 

area. 

Rattlesnake Ridge is a fold anticline that prevents lateral groundwater movement from 

Moxee Valley to the north to the Lower Yakima Valley to the south (Germiat and Flynn, 2005), 

especially within the WNB aquifer (Kirk and Mackie, 1993). This is due to the presence of 

folded confining interbeds that block water from flowing between basalt aquifers across the 

folds. The Meyers Anticline and Hog-Ranch Naneum Anticline (Figure 11) are north-south 
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trending folds that cross Moxee Valley to the north of Rattlesnake Ridge. Kirk and Mackie (1993) have determined that these folds 

influence groundwater movement in the SDMB, but not the WNB.  

 
Figure 11. Map of notable faults and folds of the study area. Faults are marked in orange and folds are marked in yellow. The Roza 
Irrigation District is outlined in white, and the Roza Canal is in blue. Imagery from Google Earth.  
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Faults have varying effects on groundwater movement in the study area. Compressive 

faults like thrust and reverse faults are common and typically act as barriers to groundwater flow 

because they are filled with brecciated rock fragments. While thrust faults can complicate MAR 

efforts, high-angle reverse faults can be strategically utilized to create a groundwater cell for 

concentrating recharged water for future recovery via ASR. Thrust faults are usually located near 

fold axes (Reidel et al., 2003) and inhibit vertical groundwater flow. Steeper reverse faults can be 

found further from fold axes and reduce horizontal groundwater flow. The northeast-southwest 

trending Bird Canyon Fault (Figure 11) in Moxee Valley is a reverse fault that is deemed as a 

“buried” feature because it predates the SDMB (Kirk and Mackie, 1993). As a result, the Bird 

Canyon fault is most relevant for groundwater movement in the WNB aquifer for this project. 

Unmapped faults are likely within the study area, based on field observations. 

Compared with reverse faults, normal faults are rare and are understood to originate from 

rupture independent of folding (Swanson and Wright, 1978) and can enhance vertical 

groundwater movement. Strike-slip faults develop independent of folding and can be barriers to 

groundwater flow. The northwest-southeast trending Firewater Canyon Fault in Moxee Valley 

crosses the Bird Canyon Fault and Meyers Anticline (Figure 11). It was initially mapped as a 

right-lateral strike-slip fault (Drost and Whiteman, 1986), but is now considered a left-lateral 

strike-slip fault (Kirk and Mackie, 1993). The Firewater Canyon Fault is younger than the WNB  

and moderately affects groundwater movement in the SDMB (Kirk and Mackie, 1993). 

Fractures are important to groundwater flow and recharge, enhancing vertical hydraulic 

conductivity within aquifers (Kirk and Mackie, 1993), particularly at anticlinal ridges. Fractures 

can be associated with the original cooling and emplacement of basalt, folding, and faulting. 

Fractures within the basalt structure are found at the flow base and colonnade, enhancing vertical 



 

 33 

groundwater movement in those sections of a typical basalt lava flow (Hansen et al., 1994). At 

anticlinal ridges, where local extension deforms basalt rock, fractures can be conduits of natural 

recharge. Surface water can infiltrate down into aquifers, recharging deeper basalt units. 

Fracturing associated with faulting occurs as splays and secondary faults, augmenting local 

hydraulic conductivity within the rupture. 

Previous Investigations 

Investigations into the CPRAS began with the Regional Aquifer-System Analysis 

program by the U.S. Geological Survey in the 1980s (Sun and Johnston, 1994) which identified 

the stratigraphic units of basalt aquifers of the CPRAS from geologic mapping by Swanson and 

Wright (1978) and Drost and Whiteman (1986). Within the last forty years, there has been 

detailed research on the geology and hydrogeology of the Columbia Plateau (McMillan et al., 

1989; Drost et al., 1990; Kirk and Mackie, 1993; Hansen et al., 1994; Whiteman et al., 1994; 

Reidel et al., 2003, 2013; Kahle et al., 2009) including modeling completed by Burns et al. 

(2011) which is described as the U.S. Geological Survey CPRAS model in this thesis. 

Additionally, work by Vaccaro and others has yielded hydrogeologic frameworks for the Yakima 

Basin that have involved estimations of historical groundwater pumping, models of groundwater 

flow, and land use analyses relating to groundwater recharge (Vaccaro and Sumioka, 2006; 

Vaccaro and Olsen, 2007; Vaccaro et al., 2009; Ely et al., 2011). This work has provided the 

foundation for the research presented in this thesis and study. The following chapters outline the 

methodology and findings of this exploration, as well as comparisons to previous research and 

evaluations of aquifer storage availability. 
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CHAPTER III 

METHODS 

The Rattlesnake Ridge MAR project, funded by the Washington State Department of 

Ecology (ECY), is a joint effort between Central Washington University, Geosyntec Inc., and 

Coho Water Resources, LLC. Therefore, the information and methods presented in this thesis 

often reflect a degree of collaboration. Brian Webb (Geosyntec, Inc.) assisted in developing 

elevation profiles for the cross-sections and Sherry Wilhelm (Coho Water Resources, LLC) 

made the ArcGIS maps in this thesis. Bob Anderson (Geosyntec, Inc.) was responsible for 

initiating communication between well owners and the project team.  

Stratigraphic Interpretations of Well Reports 

 Well reports are publicly available through the Well Report Viewer database 

(Washington State Department of Ecology, 2023b) of the ECY Well Construction and Licensing 

website. Well reports include driller notes on the geologic material that is recovered during 

drilling and the depth of that material. These driller notes were interpreted to reconstruct the 

subsurface geology of the study area by superimposing the known stratigraphy of the region 

(Table 1) onto the driller notes. 

Interpreting driller notes is a similar process to extracting information from preexisting 

geologic field notes or core logs. To focus the stratigraphic reconstruction on only the Columbia 

River Basalt Group and sedimentary interbeds, every layer above the youngest basalt unit was 

described as “overburden” (OVB). The OVB encompasses the deposits after flood basalt 

volcanism like the Upper Ellensburg Formation and Quaternary sediments. Due to the relatively 

simple and repetitive geology (Figure 8), it was easy to interpret the layers described by drillers 
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as either basalt (sometimes described as “black rock”) or sediment (e.g., clay, shale, sand, or 

gravel). A sketch was made to visualize the stratigraphy of interest by consolidating subsequent 

basalt layers and marking sedimentary interbeds (Figure 12). The sketch offered a visualization 

of the driller notes which could then be more easily interpreted for member-specific stratigraphy. 

The interbedded sedimentary layers are assumed to be the Lower Ellensburg Formation and they 

served as marker beds to differentiate basalt units from one another (Figure 12). The Rattlesnake 

Ridge interbed, for example, is recognizable for its thickness and proximity to the ground 

surface. Identifying this layer in the driller notes means that the basalt layer above the interbed is 

the Elephant Mountain member of the Saddle Mountain Basalt and the basalt layer below the 

interbed is the Pomona member of the SDMB. This process is repeated for all the interbeds to 

assign basalt or sedimentary members to the stratigraphy. 
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Figure 12. The driller notes and stratigraphic interpretation of well 3349. Driller notes from the 
well report are displayed on the left, and the sketch of the stratigraphic layers and interpretation 
of Columbia River Basalt Group and Lower Ellensburg Formation members are on the right. 
Sedimentary layers are highlighted in yellow on the sketch. Where drillers describe basalt layers 
with “some clay” or other sediments, the sketch of that layer includes a notch on the right to 
indicate that the sediments are secondary in abundance to the basalt. The members are color-
coded with the stratigraphy and labeled with abbreviations (OVB = overburden, EM = Elephant 
Mountain basalt, RR = Rattlesnake Ridge interbed, PM = Pomona basalt, SEL = Selah interbed, 
UMA = Umatilla basalt, MBTN = Mabton interbed, PR = Priest Rapids basalt, and RZ = Roza 
basalt). All of the well reports and stratigraphic interpretations for wells used in this study are 
included in Appendix A. 
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Additional assumptions were made to reconstruct the most detailed subsurface 

stratigraphy. Where the boundary between the Priest Rapids and Roza members of the Wanapum 

was unclear in the driller notes, the thickness of both members was made equal since they have 

been observed to have similar thicknesses (Bingham and Grolier, 1966). Although interbeds can 

be difficult to map due to their limiting extents, these interpretations assumed stratigraphic 

depths and thicknesses of sedimentary interbeds when unclear. For example, a driller may write 

that one layer contains both basalt and clay. In this case, this layer could be interpreted as a 

sedimentary interbed if the depth is comparable to interbeds more clearly noted in neighboring 

well reports. This assumption suggests that sedimentary interbeds are continuous in the study 

area which is not completely accurate. The unit depths modeled by Burns et al. (2011) were 

consulted for identifying boundaries of basalt units and sedimentary interbeds when 

interpretations were especially obscure. Finally, many drillers noted specific geologic members 

as they drilled, which strengthened stratigraphic interpretations in this research. 

Cross-Section Development 

Three cross-sections were developed in the study area based on the stratigraphic 

reconstructions from driller notes. The deepest wells within a half mile from the cross-section 

lines were selected to capture the greatest stratigraphic information. Cross-section development 

followed a four-step cycle represented in Figure 13: (1) interpret driller notes, (2) illustrate cross-

sections digitally, (3) compare interpretations to one another and references, and (4) modify 

interpretations.  
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Figure 13. Simplified methodology for cross-section development: (1) interpret driller notes, (2) 
illustrate cross-sections based on interpretations, (3) compare stratigraphic interpretations to one 
another and available geologic maps, and (4) modify to make geologic sense of the stratigraphy. 
This process is repeated until interpretations are solidified. 

 

Once initial interpretations of driller notes were completed, the contacts between units 

were plotted onto the corresponding cross-section digitally with knowledge of surface geology 

and faults and folds mapped by Bentley et al. (1993) and Kirk and Mackie (1993). Surface 

elevation profiles for each cross-section were constructed by Brian Webb (Geosyntec, Inc.) using 

the 3D Analyst tool in ArcMap, then extracted as an x-y plot for cross-section illustration in 

Inkscape, a scalable vector graphics editor. Wells were plotted across the distance of the cross-

section line and polygons for each stratigraphic layer were drawn using nodes for the interpreted 

contacts between stratigraphic units at each well.  

After making the initial illustration of the subsurface stratigraphy, it was easy to identify 

improbable geologic contacts or discontinuities by comparing the interpretations to one another. 



 

 39 

Modifications were made to reconfigure the most likely subsurface stratigraphy by going back to 

the driller notes. At the modification stage, other changes were made, like discarding wells from 

a cross-section. Wells were removed from a cross-section if the driller notes were confusing or 

lacked detail, or if wells were too close to each other to illustrate the stratigraphy clearly. This 

process (Figure 13) was repeated several times to make the most geologic sense of the study 

area. Appendix A contains the final stratigraphic interpretations of each well used in the three 

cross-sections with well reports.  

As a result of these efforts, three cross-sections were developed. The A-A’ cross-section 

trends north-south and uses data from 8 wells within an average of 940 ft of the cross-section 

line (Table 2). The wells are concentrated within the study area on the north end of the cross-

section in the Lower Yakima and Moxee Valleys. The southern end, outside of the study area, is 

largely based on surface geology and mapped faults and folds. The A-A’ cross-section 

encapsulates the north-south trending folding of the Yakima Fold Belt. The B-B’ cross-section 

trends east-west and was constructed using 18 wells within an average of 1,450 ft of the cross-

section line (Table 2). It contains stratigraphy of the Lower Yakima Valley along the southern 

flank of Rattlesnake Ridge. The C-C’ cross-section trends east-west and used 19 wells within an 

average of 1,110 ft of the cross-section line (Table 2). It captures the stratigraphy of Moxee 

Valley along the northern flank of Rattlesnake Ridge. A map of the cross-section lines is 

included in the following chapter, alongside the three cross-sections. 
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Table 2. Summary table of well and cross-section line data 

 
 

Historic Groundwater Levels 

ECY has been monitoring groundwater levels in numerous wells within the study area for 

over fifty years and the records are publicly available on the ECY Environmental Information 

Management System (EIM) online database (Washington State Department of Ecology, 2023a). 

Fifty-five groundwater level hydrographs in the study area were provided by ECY with Well ID 

and aquifer information for each well. The specific water level records were then obtained from 

the EIM database. These records include well site coordinates, surface elevation, and depth, as 

well as the water levels measured over time.  

Once water level data was compiled and wells were organized by aquifer (Saddle 

Mountain and Wanapum), several analyses were performed. First, hydrographs were plotted for 

each well (Appendix B). Then, the rate of water level change over the entire record was 

calculated in ft/yr. Wells were classified as declining if the rate was less than or equal to -1 ft/yr, 

stable if the rate ranged from -1 to 1 ft/yr, and increasing if the rate was greater than or equal to 1 

ft/year. Finally, water level trends were analyzed for select wells in the SDMB and WNB 

aquifers to observe changes in pumping over time. 

  

Range Average

A-A' north-south
Yakima to 

Toppenish Ridge
8 38 20 – 2,960 940

B-B' east-west
Lower Yakima 

Valley
18 34 240 – 3,300 1,450

C-C' east-west Moxee Valley 19 13 50 – 2,380 1,110

Well distance from cross-
section line (ft)Cross-section Number 

of wells
Length of cross-

section (mi)Trend Location
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CHAPTER IV 

RESULTS 

This chapter includes three cross-sections and a compilation of fifty years of groundwater 

level data. These results provide the geologic and hydrogeologic data important for evaluating 

MAR potential in the study area. 

Cross-Sections 

 Figure 14 provides a map of the cross-section lines. The A-A’ cross-section (Figure 15) 

shows the subsurface geology of the Lower Yakima and Moxee Valleys and Yakima, 

Rattlesnake, and Toppenish Ridges based on the stratigraphic interpretations of 8 well reports, as 

well as surface geology maps and previously published literature (Kirk and Mackie, 1993; 

Bentley et al., 1993; Department of Natural Resources, 2016). This north-south trending 

illustration displays the Yakima Fold Belt series of anticlinal ridges and synclinal valleys. The B-

B’ cross-section (Figure 16) is east-west trending in the Lower Yakima Valley, illustrating the 

interpreted subsurface geology from 18 wells. The C-C’ cross-section (Figure 17) is east-west 

trending and represents the geology under Moxee Valley derived from stratigraphy interpreted 

from 19 wells. Appendix A contains the well reports and stratigraphic reconstructions for wells 

used in all cross-sections and Appendix C includes more information about the wells used to 

illustrate each cross-section.
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Figure 14. Surface geology map of the study area with three cross-section lines (A-A’, B-B’, and C-C’). The Roza Canal (blue) is 
within the Roza Irrigation District (shaded in white). Rattlesnake Ridge, Moxee Valley, and the Lower Yakima Valley are labeled. 
Map by Sherry Wilhelm (Coho Water Resources, LLC). 
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Figure 15. A-A’ cross-section trending north-south featuring Yakima, Rattlesnake, and Toppenish Ridges and the Lower Yakima and 
Moxee Valleys. Stratigraphic legend is provided with color-coded units. The inset map includes a red line representing the location of 
the cross-section line within the Yakima Basin and Washington State.  
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Figure 16. B-B’ cross-section trending east-west in the Lower Yakima Valley. Stratigraphic legend is provided with color-coded units. 
The inset map includes a red line representing the location of the cross-section line within the Yakima Basin and Washington State.
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Figure 17. C-C’ cross-section trending east-west in Moxee Valley including the reverse Bird Canyon Fault, strike-slip Firewater 
Canyon Fault, and Meyers Anticline. Stratigraphic legend is provided with color-coded units. The inset map includes a red line 
representing the location of the cross-section line within the Yakima Basin and Washington State. 

 

Based on the stratigraphic interpretations completed for wells along the B-B’ (Figure 16) and C-C’ (Figure 17) cross-sections, 

member thicknesses can be estimated and compared between the Lower Yakima Valley and Moxee Valley (Figure 18). Results from 

two sample t-tests show that the difference in member thicknesses between the two valleys is not always statistically significant (Table 

3). Appendix D includes more detail on the statistical analysis.
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Figure 18. Average member thicknesses (ft) of the wells in the Lower Yakima Valley (B-B’ 
cross-section) and Moxee Valley (C-C’ cross-section) with standard error bars, color-coded with 
the stratigraphy. The number of wells used to calculate the average thickness (n) is labeled under 
each member. 
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Table 3. Two sample t-test results of the differences in member thicknesses between the Lower 
Yakima Valley and Moxee Valley 

  
 

Groundwater Elevation Change 

 Wells monitored by ECY in the Saddle Mountain and Wanapum aquifers provided a long 

historical record of groundwater levels. There were 27 wells completed in the Saddle Mountain 

aquifer and 20 wells completed in the Wanapum aquifer in this analysis, with most of the water 

levels declining (≤ -1 ft/year) over approximately fifty years. Few wells in each aquifer were 

stable (-1 ≤ 1 ft/year) and even fewer were increasing (≥ 1 ft/year) over this time period. On 

average, the SDMB and WNB wells experienced an average drawdown of -1.61 ft/year and -3.07 

ft/year respectively (Table 4, Figure 19). A two sample t-test suggests that the difference in 

groundwater level change rates between the two aquifers is not statistically significant (Appendix 

D), however, these values still represent groundwater level change in the study area and are used 

in calculations in this thesis. 

Member P-value 
Overburden 0.052

Elephant Mountain Basalt 0.376
Rattlesnake Ridge Interbed 0.013

Pomona Basalt 0.002
Selah Interbed 0.261

Umatilla Basalt 0.715
Mabton Interbed 0.621

Priest Rapids Basalt 0.686
Roza Basalt 0.004

Squaw Creek Interbed 0.28
Frenchman Springs Basalt 0.657

Vantage Interbed 0.643

Note: Members with statistically significant p-values 
(based on a 95% confidence interval) are highlighted 
in yellow. Information is available in Appendix D.
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Table 4. Annual groundwater level changes over fifty years in 47 wells in the Saddle Mountain 
and Wanapum aquifers 

 
 

 
Figure 19. Box and whisker plot of annual groundwater drawdown rate (ft/yr) in the Saddle 
Mountain (n = 27) and Wanapum (n = 20) aquifers. The graph is color-coded with the 
stratigraphy. 

 

The water level monitoring wells analyzed in this study are mostly in the Lower Yakima 

Valley. Spatially, groundwater elevations are higher on Rattlesnake Ridge and in the 

northwestern parts of the valley, and lower on the valley floor and in the southeastern parts of the 

Saddle Mountain 1964-2019 27 18 6 3  -8.07 – 6.24 -1.61
Wanapum 1974-2019 20 14 3 3  -10.55 – 2.88 -3.07

Range Average

Rate (ft/year)
Aquifer Date Range

Number of Wells
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(≤ -1 ft/yr)

Stable              
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Increasing 
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-8.07
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-3.07

Dr
aw

do
w

n 
ra

te
 (f

t/
yr

)

-12

-10

-8

-6

-4

-2

0

2

4

6

Aquifer Drawdown Rate Over 50 Years
Saddle Mountain Wanapum



 

 49 

valley (Figures 20 and 21), suggesting that the regional direction of groundwater flows towards 

the southeast in both the SDMB and WNB aquifers. We did not assess water levels or water level 

changes in the Moxee Valley, however, it is understood that groundwater flows are similar, as 

supported in early work by Kirk and Mackie (1993) in Moxee Valley. 
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Figure 20. Map of groundwater level trends in the Saddle Mountain Basalt aquifer. The Roza Canal (blue) is within the Roza 
Irrigation District (shaded in red). The annual change in water level is represented by blue (increasing), white (stable), and orange 
(decreasing) circles. The recent water level measurement for each well is labeled in ft above mean sea level. Groundwater elevation 
trends from high in the northwest and steeper elevations, and low in the southeast and shallower regions of the Lower Yakima Valley. 
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Figure 21. Map of groundwater level trends in the Wanapum Basalt aquifer. The Roza Canal (blue) is within the Roza Irrigation 
District (shaded in red). The annual change in water level is represented by blue (increasing), white (stable), and orange (decreasing) 
circles. The recent water level measurement for each well is labeled in ft above mean sea level. Groundwater elevation trends from 
high in the northwest and steeper elevations, and low in the southeast and shallower regions of the Lower Yakima Valley. 
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CHAPTER V 

DISCUSSION 

 This chapter provides a hydrogeologic framework for assessing MAR suitability in the 

Wanapum and Saddle Mountain aquifers based on interpretations and calculations completed in 

this thesis. The discussion concludes with a review of three potential managed aquifer recharge 

locations within the study area. 

Storage Availability 

 Compared to previously published estimations of member thickness in the CPRAS, the 

member thicknesses calculated in this study are comparable, although maximum estimates tend 

to be larger than prior values by several hundred feet (Table 5). The estimations calculated in this 

research do not replace previous calculations but provide a more detailed understanding of the 

study area, which is only a small geographic region of the greater CPRAS. Additionally, one 

notable limitation in interpreting the subsurface stratigraphy from driller notes is the depth of the 

well. If a well is only completed in the Pomona member of the SDMB, for example, there is no 

record available for the subsurface geology beyond that depth. Therefore, the thickness estimates 

of the deeper basalt and sedimentary members are less certain than the shallow members which 

are more often described by drillers. 

  



 

 53 

Table 5. Comparisons of member thicknesses calculated in this study to previously published 
values 

 
 

 

Mean Min Max Mean Max

2,000*

1,200†

Elephant Mountain 64 10 160 98§

Pomona 233 23 447
Umatilla 268 19 670

400#

990**

1,110††

98-164§

200§§

Roza 339 134 609 200#

Frenchman Springs 467 175 751 375#

1,200**

1,180††

Rattlesnake Ridge 169 9 353
Selah 80 2 252

50* 200*

40-80§§ 520**

70†† 250††

Squaw Creek 31 1 91 17#

35#

320**

135††

§Swanson and Wright (1978)
#Bingham and Grolier (1966)
**Kahle et al. (2009)
††Ely et al. (2011)
§§Germiat and Flynn (2005)

Previous 
estimations

305 1 1,292

Stratigraphic interpretations of 
driller notes

Vantage

220#

Saddle Mountain

Total

Wanapum

Priest Rapids 218

81 31 176 30††

MemberFormation

Upper Ellensburg Formation 
and Quaternary sediments

Overburden

Lower Ellensburg

Mabton

655 52 1,277 550††

195244

37684

*Drost et al. (1990)
†Hansen et al. (1994)

600††Total 1,023 393 1,736
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Member thicknesses (Figure 18) can be combined to estimate the thickness of aquifer 

units (Figure 22). This study differentiates between three basalt aquifers and the two valleys of 

the study area to draw comparisons and analyze results. The Upper Saddle Mountain Basalt 

aquifer contains the Elephant Mountain member of the CRBG and the upper two-thirds of the 

Rattlesnake Ridge interbed of the Lower Ellensburg Formation since Kirk and Mackie (1993) 

observe that the lower third is a clay-rich confining layer that divides the SDMB into two 

separate aquifers. The Lower Saddle Mountain Basalt aquifer consists of the Pomona and 

Umatilla members of the CRBG and the Selah interbed of the Lower Ellensburg Formation and 

is over three times thicker than the Lower Saddle Mountain aquifer (Figure 22). The Wanapum 

aquifer consists of the Priest Rapids, Roza, and Frenchman Springs basalt members of the 

CRBG, as well as the Squaw Creek interbed of the Lower Ellensburg Formation. The WNB 

aquifer is thicker than the Upper and Lower SDMB aquifers combined. With a small number of 

wells completed in the Grande Ronde Basalt within the study area, this aquifer was not analyzed. 

Thicker aquifer units typically have higher storage capacities since there is more space 

for groundwater to be stored. This understanding assumes that basalt aquifers behave like 

homogeneous confined aquifers, such as a confined sandstone aquifer with consistent porosity 

and permeability. However, groundwater storage and movement differ within a single basalt 

flow, as outlined in Chapter I. A detailed analysis of individual basalt flows would provide a 

better depiction of the storage capacity of the basalt aquifers in the study area, but this would 

require more advanced research methods. 

Figure 23 displays the change in groundwater levels in wells of the SDMB and WNB 

aquifers with records over ten years. The first measurements for every well had been set at zero 

ft and subsequent measurements were compared to the first to observe the change in water levels 
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over time. Some wells contained abnormal water levels for the first measurement because the 

water levels were measured when the wells were originally drilled, which was either many years 

in advance of the rest of the monitoring data and/or water levels had not equilibrated after 

drilling. Therefore, some initial measurements were removed from the dataset for this analysis. 

To remove seasonal fluctuations, only groundwater levels from January to April (before the 

irrigation season) were used. 

 
Figure 22. Average aquifer thickness (ft) of the basalt aquifers in the Lower Yakima and Moxee 
Valleys with standard error bars and the number of wells (n). Aquifers are color-coded with 
stratigraphy. 
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Figure 23. Groundwater level change since 1981 of the Saddle Mountain (n = 19) and Wanapum 
(n = 13) aquifers. Data normalized to zero ft. for the initial measurement, with the blue line 
representing zero ft over time.  
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Groundwater levels are variable over time due to the change in pumping from year to 

year, but many wells display a downward trend over time (Figure 23). In reviewing well reports 

and driller notes for this project, it was common to come across wells that have been deepened 

by 2010s, supporting the notion the groundwater levels have been declining in the study area. By 

the 2010s, some wells have been experiencing at least thirty years of groundwater depletion 

(Figure 23). The amount of annual storage loss can be calculated based on aquifer thickness and 

the rates of groundwater drawdown calculated in the previous chapter (Equation 1).  

𝑉!" = 𝑆!𝑏𝐴
∆ℎ((((
𝑡  

Equation 1. Volume of annual storage loss (Vsl) in acre-feet/year as a product of an aquifer’s 
specific storage (Ss) in ft-1, saturated thickness (b) in ft, a surface area (A) in ft2, and the average 
change in water level (∆h(((() in ft per year (t) over the monitoring record. 

 

In the last fifty years, the WNB aquifer has experienced the greatest storage loss 

compared to the SDMB aquifers at a rate of about 66,700 acre-feet/year (Table 6 and Figure 24). 

In total, the basalt aquifers have experienced about 96,500 acre-feet of storage loss every year 

(Table 6). Bob Anderson (Geosyntec, Inc.) estimated the amount of annual pumpage within the 

study area from the pumpage reported by Vaccaro et al. (2009) and found that from 1960 to 

2001, there was an average of 68,700 acre-feet of groundwater pumped every year (Table 7). 

This value is comparable to annual storage loss in just the WNB aquifer alone, suggesting that 

pumping has increased since 2001.  
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Table 6. Storage loss calculations for the Upper and Lower Saddle Mountian Basalt aquifers and 
Wanapum Basalt aquifer for the Lower Yakima and Moxee Valleys 

  

Lower Yakima Valley Moxee Valley Study Area
Specific Storage (1/ft) 0.0001 0.0001
Aquifer Thickness (ft) 196 143

Water Level Decline (ft/yr) 1.61 1.61
Area (acres) 120,000 100,000

Storage Loss (AF/year) 3,800 2,300 6,100

Lower Yakima Valley Moxee Valley Study Area
Specific Storage (1/ft) 0.0001 0.0001
Aquifer Thickness (ft) 567 789

Water Level Decline (ft/yr) 1.61 1.61
Area (acres) 120,000 100,000

Storage Loss (AF/year) 11,000 12,700 23,700

Lower Yakima Valley Moxee Valley Study Area
Specific Storage (1/ft) 0.0001 0.0001
Aquifer Thickness (ft) 788 1,228

Water Level Decline (ft/yr) 3.07 3.07
Area (acres) 120,000 100,000

Storage Loss (AF/year) 29,000 37,700 66,700

Lower Yakima Valley Moxee Valley Study Area
Total Storage Loss (AF/year) 43,800 52,700 96,500

Upper Saddle Mountain Aquifer

Lower Saddle Mountain Aquifer

Wanapum Aquifer

All Basalt Aquifers



 

 59 

 
Figure 24. Annual storage loss (acre-feet/year) since the 1960s in the Lower Yakima Valley and 
Moxee Valley for the Upper Saddle Mountain, Lower Saddle Mountain, and Wanapum aquifers. 

 

Table 7. Groundwater pumpage estimates in the study area from 1960-2001 

 

Estimating storage loss as a function of the historical groundwater level changes and 

aquifer thickness is a useful way to interpret not only historical storage loss but also storage 

availability for MAR. Theoretically, the amount of groundwater depleted from an aquifer could 

be restored through MAR, assuming there has been no subsidence or compaction in the 

subsurface from the loss in groundwater storage over time. With this rationale, the greatest 
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storage opportunities for MAR are in the WNB aquifer, but all basalt aquifers have had 

significant groundwater storage loss.  

In a scenario in which MAR was implemented in the study area, there could be about 

12,000 acre-feet of water recharged into a basalt aquifer after three months of recharging at a rate 

of 1,000 gpm (Figure 25). This value is comparable to the annual storage loss/availability of the 

Lower SDMB in Moxee Valley. This hypothetical injection capacity shows that MAR would 

have a significant impact on groundwater enhancement, but many recharge sites are needed to 

have the greatest effects. 

 
Figure 25. Injection capacity (acre-feet) for an ASR program with varying numbers of wells and 
injection rates (gpm). 
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Aquifer Suitability 

Evaluating the MAR suitability of an aquifer involves an investigation into an aquifer’s 

hydrogeologic properties. Generally, the recharge potential of an aquifer is dependent on the 

ability of water to move through the geologic formation. The hydraulic conductivity (ft/day) and 

transmissivity (ft2/day) of an aquifer measure how easily water can move given the dimensions 

of the aquifer, and storativity (or storage coefficient) describes the volumetric response of an 

aquifer to pumping or recharge. Higher transmissivity and storativity values are best for MAR 

efforts because recharge water can efficiently spread out within an aquifer, avoiding excessive 

groundwater mounding (Gibson and Campana, 2018). Groundwater mounding occurs when 

groundwater remains concentrated at the recharge location for long periods of time and does not 

spread out within the aquifer. If recharging an aquifer through an infiltration pond as part of a 

shallow aquifer recharge (SAR) program, too much groundwater mounding around the pond 

would limit the recharge capacity of the aquifer. Likewise, groundwater mounding around 

injection wells as part of an aquifer storage and recovery (ASR) program would be unfavorable 

and suggest that the aquifer has a low transmissivity and storativity. 

Germiat and Flynn (2005) summarize previously published aquifer properties of the 

Saddle Mountain and Wanapum Basalt aquifers as part of an ASR assessment in Kennewick, 

Washington, about sixty miles southeast of the study area. Table 8 includes the author’s 

geometric mean of values for the hydraulic conductivity, transmissivity, and storativity of the 

SDMB and WNB aquifers. Table 8 also lists results from a pumping test by Repasky (1993) on 

the Yakima Indian reservation around fifteen miles east of the study area, which found similar 

values to those reported by Germiat and Flynn (2005) for the WNB aquifer. In combination with 
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other estimations, it is generally observed that the WNB aquifer has a higher hydraulic 

conductivity and transmissivity, but a lower storativity compared to the SDMB aquifers. 

Table 8. Previously published estimates of hydraulic conductivity, transmissivity, and storativity 

 

Additionally, Table 8 provides an estimate of hydraulic conductivity and transmissivity 

for the WNB aquifer based on the Nillson Well Step Test which is described in detail in 

Appendix E. The estimate of transmissivity, for example, is about five times less than the results 

from Germiat and Flynn (2005) and Repasky (1993). Due to complications during testing and the 

short duration of pumping, this estimation may not accurately represent the properties of the 

WNB aquifer. Nonetheless, the hydraulic conductivity value of 1.6 ft/day obtained from the 

Bouwer and Rice (1976) analysis of this test is near the 25th quartile of hydraulic conductivity 

values for the WNB aquifer (Figure 26) as reported by Hansen et al. (1994). 

Aquifer Hydraulic 
Conductivity (ft/day)

Transmissivity 
(ft2/day)

Storativity (dimensionless) Source

8 824 9.3 x 10-3 Geometric mean of 
values by Germiat and 

2.5 x 10-3 Summarized by 
Whiteman et al. (1994)

19 11,270 4.5 x 10-4 Geometric mean of 
values by Germiat and 

30 9,680 8.9 x 10-4 Pumping test by Repasky 
(1993)

2.0 x 10-4 Summarized by 
Whiteman et al. (1994)

2.0 x 10-5 to 5.0 x 10-4 Summarized by Anderson 
et al. (2009)

1.6 1,920
Bouwer and Rice (1976) 

solution to recovery after 
Nillson Well Step Test

Estimates of Aquifer Properties

Wanapum

Saddle Mountain
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Figure 26. Distribution of hydraulic conductivity (ft/day) values for Columbia River Basalt 
Group formations with the Bouwer and Rice (1976) hydraulic conductivity solution of 1.562 
ft/day from the Nillson Well Step Test (Appendix E) marked in red. Figure modified from 
Hansen et al. (1994). 
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Potential Managed Aquifer Recharge Locations 

Promising recharge sites for MAR should target aquifers with substantial storage 

availability, desirable hydrogeologic properties, and structural controls to ensure that recharged 

water is available for later recovery and not discharged into streams or consumed by other water 

users (Anderson et al., 2009). While MAR prefers well-confined aquifers for optimal recharge 

water retention, these basalt aquifers are not usually confined in all directions and groundwater 

sometimes discharges to streams. While enhancing stream base flow can be a positive byproduct 

of MAR, it is not the main goal of MAR in this study. A target aquifer for MAR should be 

vertically and horizontally confined (Germiat and Flynn, 2005) to create a groundwater cell that 

can supply large volumes of water for recovery during dry years. Figure 27 shows the locations 

of three potential recharge locations that are discussed in detail below. 

For shallow aquifer recharge (SAR), the target aquifer should be near the surface so 

recharge water can reach the aquifer. Most SDMB exposures in the study area are at the 

anticlinal ridges where fractures are common, representing the expansion during the rock’s 

deformation. While expansion provides space for water to infiltrate into rock, the fractures can 

also be cemented or filled with weathered basalt rock fragments, inhibiting the ability for water 

to infiltrate efficiently. Moreover, it would be expensive and logistically difficult to transport 

water to anticlinal ridges because they can be over 1,000 ft higher in elevation than the valley 

floor. 
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Figure 27. Map of potential recharge locations with locations of Figures 28 through 32. The Roza Canal (blue) is within the Roza 
Irrigation District (outlined in white). Notable regions of the study area and faults and folds are labeled. Imagery from Google Earth. 
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However, the valleys pose other problems for SAR. The overburden is thick in both 

valleys but can be over 1,000 ft in Moxee Valley (Figure 28), making it challenging to construct 

an infiltration pond targeting the SDMB aquifers. An unmapped fault on the northern flank of 

Rattlesnake Ridge may be responsible for producing the abrupt difference in overburden 

thickness between the two valleys. Moxee Valley is particularly disadvantageous for SAR 

targeting the SDMB aquifers because the overburden is in contact with the lower members of the 

SDMB suggesting that erosion has occurred prior to the emplacement of the overburden. 

Schmidt et al. (2007) observed that the Elephant Mountain member is nearly absent to the east of 

Moxee Valley, which is supported by stratigraphic interpretations of driller notes and represented 

in the C-C’ cross-section (Figure 17). The absence of the Elephant Mountian member may be an 

indication of the erosion that occurred in the younger members of the SDMB in Moxee Valley. 

This erosion limits the thickness, and therefore recharge potential, of the SDMB aquifer.  

 
Figure 28. The Rattlesnake Ridge and Moxee Valley region of the A-A’ cross-section, 
horizontally exaggerated with color-coded stratigraphic legend. See Figure 27 for the specific 
location of this feature. 
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The Lower Yakima Valley, on the other hand, would be a better location for SAR 

because the overburden is less thick and there has been less erosion of the SDMB. Figure 29 is a 

potential recharge location for SAR targeting the Upper SDMB aquifer. This location was 

chosen because the Elephant Mountain member of the SDMB is exposed and more accessible for 

MAR. An infiltration pond can be constructed here to take advantage of the exposure and 

absence of a thick overburden overlying the target aquifer. Additionally, this location is only 

about 2 to 3 miles away from the Roza Canal, which is the proposed source water for recharge. 

This recharge location is effective, but the storage availability of the Upper SDMB is much less 

than the other basalt aquifers in the study area. Additionally, MAR for long-term storage is ideal 

where there are structural boundaries to create a reliable underground storage site with vertical 

and horizontal confinement (Germiat and Flynn, 2005). While structual boundaries are not 

necessary for MAR success, they help ensure that recharge water remains in a known location 

for later recovery. Because there are no mapped folds or faults that inhibit groundwater 

movement in the Lower Yakima Valley, there may be more leakage of recharge water over time. 
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Figure 29. Potential SAR location targeting the Upper SDMB aquifer in the Lower Yakima 
Valley, a part of the B-B’ cross-section, with color-coded stratigraphic legend. This location is 
slightly upslope on Rattlesnake Ridge (Figure 27) and 2 to 3 miles north of the Roza Canal. 

 

If SAR is pursued in Moxee Valley, the western side should be avoided due to the thick 

overburden. A potential recharge location for SAR in the Lower SDMB of Moxee Valley would 

be toward the east of the valley and east of the Meyers Anticline (Figure 30). Kirk and Mackie 

(1993) presented evidence that the Meyes Anticline and Hog-Ranch Anticline (further to the east 

of the C-C’ cross-section) affects groundwater movement, suggesting that there are structural 

boundaries to create an effective groundwater reservoir. The Firewater Canyon Fault is located 

between these folds, but Kirk and Mackie (1993) observe that it only has a moderate effect on 

groundwater movement. This potential recharge location is advantageous because there is 

relatively minimal overburden and the overburden is in contact with the Lower SDMB aquifer.  
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This location is 6 to 8 miles from the Roza Canal, which is further than the previous potential 

recharge location.  

 
Figure 30. Potential SAR location targeting the Lower SDMB aquifer in Moxee Valley, a part of 
the C-C’ cross-section, with color-coded stratigraphic legend. The Firewater Canyon fault is a 
strike-slip fault. This location is around 6 to 8 miles east of the Roza Canal. See Figure 27 for the 
specific location. 

 

The final potential recharge location is for aquifer storage and recovery (ASR) targeting 

the WNB aquifer (Figure 31). The WNB aquifer is most suitable for ASR because it is the 

deepest aquifer and not accessible from the ground surface within the study area. Additionally, 

the WNB aquifer is particularly attractive for MAR because of its high storage availability. ASR 

is ideal in Moxee Valley where the Bird Canyon Fault could be used strategically. This reverse 

fault serves as a boundary for groundwater flow (Kirk and Mackie, 1993) and could assist with 

maintaining high storage volumes for recovery in the WNB if water is recharged on the west side 
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of the fault (Figure 31) where the fault would stop water from moving east. This location is 

toward the center of Moxee Valley and is about 4 miles from the Roza Canal. 

 
Figure 31. Potential ASR location targetting the WNB aquifer in Moxee Valley, a part of the C-
C’ cross-section, with color-coded stratigraphic legend. The blue concentric circles illustrate the 
propogation of recharge water into the aquifer over the duration of injection. This location is 4 
miles east of the Roza Canal. See Figure 27 for the specific location.  
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CHAPTER VI 

CONCLUSION 

 This thesis investigated managed aquifer recharge (MAR) potential in basalts of the 

lower Yakima River Basin as a method for supplementing water supply for proratable users. 

Stratigraphic reconstructions based on driller notes combined with analyses of historic water 

level changes have yielded estimates of basalt aquifer storage availability and isolated potential 

recharge locations for a successful MAR program. 

 The basalt aquifers of the study area are suitable for MAR storage due to their thickness, 

historical storage loss, and hydrogeologic properties. The aquifers range in thickness from 140 to 

1,230 ft, and the Wanapum aquifer is typically thicker than the Upper and Lower Saddle 

Mountain aquifers. In the last fifty years, the Wanapum and Saddle Mountain aquifers have had 

nearly 100,000 total acre-feet of storage loss every year in the study area. This annual loss in 

groundwater storage suggests that large volumes of water can be restored through MAR, 

although the degree of compaction in the subsurface, if any, is unknown. Previous literature 

suggests that the aquifers have high transmissivity and storativity values, indicating that the 

aquifers are suitable to accommodate large quantities of recharge water through MAR. 

Based on the framework provided in this thesis, the potential for MAR success in the 

study area is high. Table 9 summarizes the MAR potential for basalt aquifers in the Lower 

Yakima and Moxee Valleys using two recharge methods: shallow aquifer recharge (SAR) and 

aquifer storage and recovery (ASR). Of all the potential recharge locations and methods 

discussed in this thesis, ASR targeting the Wanapum aquifer in Moxee Valley appears to be the 

most promising prospect, although all scenarios would yield positive outcomes for MAR (Table 

9). The Wanapum aquifer has the greatest amount of storage available for MAR in Moxee Valley 
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where the aquifer is thickest and experienced the greatest relative storage loss in the last fifty 

years. Additionally, Moxee Valley contains structural boundaries, like the Bird Canyon Fault, 

that could be used to create a groundwater cell where charged groundwater is available for later 

recovery. 

Table 9. Summary table of managed aquifer recharge potential in the Upper and Lower Saddle 
Mountain Basalt aquifers and Wanapum Basalt aquifer in the Lower Yakima and Moxee Valleys 

 
 

This framework contributes useful information for moving on to the next stages of MAR 

investigation in the study area. Future work involves water quality assessments, aquifer testing, 

and pilot testing. Water quality research is necessary for evaluating the compatibility of surface 

water with groundwater. The findings of this research could have significant implications for the 

future of MAR in the study area if the two waters are incompatible. Aquifer testing will yield 

estimations of the hydrogeologic properties specific to the aquifers of the study area. This 

information will provide more detailed assessments of aquifer suitability for MAR. If water 

quality and aquifer testing investigations find that MAR is suitable in the study area, MAR pilot 

testing will be performed. 

Recharge 
Method Target Aquifer(s) Location Relative Aquifer 

Thickness
Relative 

Storage Loss
Structural 

Boundaries?

Shallow Aquifer 
Recharge

Upper and Lower 
Saddle Mountain

Lower Yakima 
Valley Low to Medium Low Unmapped

Shallow Aquifer 
Recharge

Upper and Lower 
Saddle Mountain Moxee Valley Low to Medium Low Yes

Aquifer Storage 
and Recovery Wanapum Lower Yakima 

Valley High High Unmapped

Aquifer Storage 
and Recovery Wanapum Moxee Valley High High Yes

Note: Cells are highlighted in orange to represent low to medium relative MAR potential, or green to 
represent high relative MAR potential.
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Finally, the techniques used in this study can be applied to other regions of the world 

where MAR is being considered to enhance local water storage. This research serves as an 

example that stratigraphy can be extracted from driller notes, especially with subsurface geology 

that contains continental flood basalts with interbeds like the Columbia River Basalt Group. 

Constructing cross-sections and analyzing groundwater elevation levels and changes in the study 

area has been a vital step in analyzing storage capabilities in the Saddle Mountain and Wanapum 

aquifers. Future investigations of MAR in the Yakima River Basin and other watersheds should 

incorporate these methods. 
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APPENDICES 

APPENDIX A 

WELL REPORTS AND STRATIGRAPHIC INTERPRETATIONS 

Figures A1-A8. Well reports and stratigraphic interpretations of wells in the A-A’ cross-section. The abbreviations used to denote 
stratigraphic members are as follows: OVB = overburden, EM = Elephant Mountain, RR = Rattlesnake Ridge, PM = Pomona, SEL = 
Selah, UMA = Umatilla, MBTN = Mabton, PR = Priest Rapids, RZ = Roza, SQC = Squaw Creek, FS = Frenchman Springs, VTG = 
Vantage, and GRB = Grande Ronde.  
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Figures A9-A26. Well reports and stratigraphic interpretations of wells in the B-B’ cross-section. The abbreviations used to denote 
stratigraphic members are as follows: OVB = overburden, EM = Elephant Mountain, RR = Rattlesnake Ridge, PM = Pomona, SEL = 
Selah, UMA = Umatilla, MBTN = Mabton, PR = Priest Rapids, RZ = Roza, SQC = Squaw Creek, FS = Frenchman Springs, VTG = 
Vantage, and GRB = Grande Ronde.  
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Figures A27-A45. Well reports and stratigraphic interpretations of wells in the C-C’ cross-section. The abbreviations used to denote 
stratigraphic members are as follows: OVB = overburden, EM = Elephant Mountain, RR = Rattlesnake Ridge, PM = Pomona, SEL = 
Selah, UMA = Umatilla, MBTN = Mabton, PR = Priest Rapids, RZ = Roza, SQC = Squaw Creek, FS = Frenchman Springs, VTG = 
Vantage, and GRB = Grande Ronde.  
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Figures A46-A47. Well reports and stratigraphic interpretations of aquifer testing wells. The abbreviations used to denote stratigraphic 
members are as follows: OVB = overburden, EM = Elephant Mountain, RR = Rattlesnake Ridge, PM = Pomona, SEL = Selah, UMA 
= Umatilla, MBTN = Mabton, PR = Priest Rapids, RZ = Roza, SQC = Squaw Creek, FS = Frenchman Springs, VTG = Vantage, and 
GRB = Grande Ronde.  
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APPENDIX B 

HISTORIC GROUNDWATER LEVELS 

Table B1. Groundwater level trends in Saddle Mountain Basalt wells (1964-2019). 

Saddle Mountain 

Well ID Latitude Longitude Surface 
Elevation 

Well 
Depth Trend Rate 

(ft/yr) 
CRGWDB-201417 46.51393 -120.377 1299 400 Declining -6.31 
CRGWDB-201422 46.49345 -120.3638 1059.07 683 Declining -4.64 
CRGWDB-201439 46.4873 -120.3577 1143.54 1158 Declining -7.34 
CRGWDB-201449 46.47978 -120.3348 1002 560 Declining -2.04 
CRGWDB-201865 46.42373 -120.1895 1254 605 Declining -5.37 
CRGWDB-201885 46.40065 -120.1605 1052 810 Declining -3.03 
CRGWDB-201888 46.39488 -120.1312 985 720 Declining -1.17 
CRGWDB-201889 46.38622 -120.1687 930 775 Declining -1.35 
CRGWDB-203711 46.31228 -120.1196 756 420 Stable -0.51 
CRGWDB-210973 46.46945 -120.2699 1152 450 Declining -1.02 
CRGWDB-211014 46.51627 -120.3631 1288 512 Declining -4.56 
CRGWDB-211595 46.32277 -119.921 883 515 Declining -2.74 
CRGWDB-201549 46.50483 -120.353 1239 460 Declining -8.07 
CRGWDB-201847 46.43565 -120.2269 1137 535 Declining -1.13 
CRGWDB-201883 46.41347 -120.1574 1207 955 Declining -0.99 
CRGWDB-202824 46.4366 -120.2516 1017 1201 Declining -2.01 
CRGWDB-200693 46.39513 -120.0824 1129 1105 Increasing 3.50 
CRGWDB-201558 46.46975 -120.33 1112 725 Declining -4.23 
CRGWDB-210985 46.4972 -120.4404 934 300 Stable 0.01 
CRGWDB-201557 46.47545 -120.325 1155.25 440 Stable -0.26 
CRGWDB-201884 46.404 -120.1796 1015 773 Declining -1.28 
CRGWDB-201547 46.51627 -120.3631 1288 523 Stable -0.18 
CRGWDB-201446 46.48095 -120.3507 1117 552 Declining -2.30 
CRGWDB-203712 46.30872 -120.1099 734 400 Stable 0.80 
CRGWDB-211885 46.39882 -120.0982 1106 990 Increasing 6.24 
CRGWDB-210970 46.34735 -119.9014 1127 680 Stable 0.95 
CRGWDB-211884 46.43132 -120.2466 1001 1193 Increasing 5.66 

Standard Deviation 3.405875 
Standard Error 0.655461 
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Table B2. Groundwater level trends in Wanapum Basalt wells (1974-2019). 

Wanapum 

Well ID Latitude Longitude Surface 
Elevation Well Depth Trend Rate (ft/yr) 

CRGWDB-201475 46.46888 -120.2676 1199 1400 Declining -8.69 
CRGWDB-201712 46.3113 -119.8794 1158 923 Declining -3.25 
CRGWDB-201846 46.44667 -120.2261 1283 1945 Declining -10.55 
CRGWDB-202101 46.41843 -120.118 1228 2715 Declining -5.37 
CRGWDB-206455 46.51847 -120.4465 1103 518 Declining -1.86 
CRGWDB-211013 46.5189 -120.3761 1236 602 Declining -4.09 
CRGWDB-211878 46.3755 -119.9697 1079 1718 Declining -2.70 
CRGWDB-201191 46.43543 -120.2026 1288 1402 Declining -5.99 
CRGWDB-201420 46.50662 -120.3421 1336 1510 Declining -7.30 
CRGWDB-201836 46.45487 -120.2446 1151.6 1620 Declining -3.21 
CRGWDB-201867 46.42687 -120.1779 1265 1808 Declining -4.49 
CRGWDB-202116 46.40347 -120.0209 1264 1105 Declining -2.85 
CRGWDB-201839 46.47318 -120.2194 1457 1243 Stable -0.69 
CRGWDB-202108 46.40068 -120.0374 1160 1000 Stable -0.84 
CRGWDB-210969 46.30602 -119.9017 1045 817 Decreasing -3.83 
CRGWDB-201408 46.52213 -120.4577 1112.28 500 Increasing 1.28 
CRGWDB-202103 46.40703 -120.1037 1129 1690 Stable 0.11 
CRGWDB-201849 46.43662 -120.2186 1239 1605 Decreasing -1.39 
CRGWDB-202107 46.40768 -120.0216 1284 1538 Increasing 1.50 
CRGWDB-202154 46.41533 -120.0631 1321 1165 Increasing 2.88 

Standard Deviation 3.42772856 
Standard Error 0.76646341 
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Figures B1-B27. Hydrographs of wells completed in the Saddle Mountain Basalt aquifer. 
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Figures B28-B47. Hydrographs of wells completed in the Wanapum Basalt aquifer. 
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APPENDIX C 

CROSS-SECTION DATA 

Table C1. Wells used to illustrate the A-A’ cross-section. Aquifers and completion units are color-coded to the stratigraphy.  

A-A Cross-Section Wells  
Well ID 2763 3375 3365 3348 3322 3967 3963 3961 

Well Name       Elephant Mountain         
Distance from line 

(ft) 111520.3 117592.3 120232 132904 141669 146844 147900 151543 

Surface Elevation (ft) 985 1096 1203 1357 1366 1501 1522 1676 
Depth (ft, bgs) 315 460 1550 1360 1388 525 520 687 

Depth Elevation (ft) 670 636 -347 -3 -22 976 632 989 
Aquifer Upper SDMB Upper SDMB WNB WNB WNB WNB WNB WNB 

Completion Unit EM RR FS PR FS PR PR FS 
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Table C2. Member thickness (ft) and top boundaries (ft bgs) of the wells in the A-A’ cross-section.  

A-A' Cross-Section 
Member Thicknesses (ft) Depth to Top of Member (ft, bgs)  

Average Minimum Maximum Standard 
Error Average Minimum Maximum 

Overburden 366 109 1292 136.56 0 0 0 
Elephant Mountain 26 2 53 9.09 294 155 371 
Rattlesnake Ridge 108 39 177 34.50 319 208 375 

Pomona 138 99 195 17.78 329 191 550 
Selah 57 11 80 13.98 468 290 745 

Umatilla 152 83 228 21.91 523 109 1292 
Mabton 21 6 37 4.46 653 258 1311 

Priest Rapids 217 207 227 3.54 674 295 1328 
Roza 121 107 145 7.38 860 522 1275 

Squaw Creek 19 8 37 5.64 981 629 1420 
Frenchman Springs         999 640 1428 
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Table C3. Wells used to illustrate the B-B’ cross-section. Aquifers and completion units are color-coded to the stratigraphy.  

B-B' Cross-Section Wells 
Well ID 3384 2743 2773 2792 2801 2798 2799 2827 2862 2865 2880 2394 2391 2439 2455 2451 2470 1812 

Distance 
from line 

(ft) 
19700 31152 36300 38600 43600 49632 51100 57552 73392 77088 94512 99792 100320 114048 126086 132898 137069 174979 

Surface 
Elevation 

(ft) 
1185 1179 1139 1159 1259 1326 1284 1273 1223 1161 1160 1074 1078 1083 1004 1208 1141 1274 

Depth (ft, 
bgs) 1410 1500 2004 1620 1945 1189 2540 1808 2715 901 1000 880 950 1718 985 700 848 985 

Depth 
Elevation 

(ft) 
-225 -321 -865 -461 -686 137 -1256 -535 -1492 260 160 194 128 -635 19 508 293 289 

Aquifer WNB WNB WNB WNB WNB WNB GRB WNB GRB Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB 

WNB Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB 

WNB 

Completion 
Unit PR PR FS RZ FS PR GRB FS GRB UMA UMA UMA UMA RZ UMA UMA UMA RZ 
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Table C4. Member thickness (ft) and top boundaries (ft bgs) of the wells in the B-B’ cross-section.  

B-B' Cross-Section Number 
of wells 

Member Thicknesses (ft) Depth to Top of Member (ft, bgs)  

Average Minimum Maximum Standard 
Error Average Minimum Maximum 

Overburden 18 211 1 397 32.913 0 0 0 
Elephant 
Mountain 17 58 27 111 5.510 249 1 1074 

Rattlesnake Ridge 17 207 15 353 27.552 304 67 1074 
Pomona 18 284 174 447 20.144 461 122 742 

Selah 18 67 18 252 11.865 746 308 975 
Umatilla 11 254 22 493 25.793 813 338 1046 
Mabton 11 38 2 180 12.990 1119 528 1312 

Priest Rapids 8 230 122 376 22.881 1157 628 1322 
Roza 5 245 134 368 24.426 1372 750 1585 

Squaw Creek 5 38 18 91 7.183 1705 1540 1953 
Frenchman 

Springs 2 390 175 604 71.500 1740 1594 1971 

Vantage 2 103.5 31 176 24.167 1783 1273 2198 
Grande Ronde 2         2142 2055 2229 
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Table C5. Wells used to illustrate the C-C’ cross-section. Aquifers and completion units are color-coded to the stratigraphy.  

C-C' Cross -Section Wells 

Well ID 3349 3337 3348 3347 3345 3395 3397 3394 3392 3404 3402 3411 3400 3406 3421 3420 3427 3424 3426 

Well Name     Elephant 
Mountain   Charron 

Main                             

Distance 
from line 

(ft) 
5386 14626 16896 23496 31363 38702 39758 42187 44563 45250 46200 46570 47520 48787 52378 52800 55440 61776 64416 

Surface 
Elevation 

(ft) 
1175 1166 1357 1403 1338 1415 1443 1509 1550 1512 1581 1489 1684 1538 1567 1578 1562 1639 1629 

Depth (ft, 
bgs) 1540 972 1360 2802 2213 1709 862 1551 704 732 580 782 624 655 662 255 287 606 429 

Depth 
Elevation 

(ft) 
-365 194 -3 -1399 -875 -294 581 -42 846 780 1001 707 1060 885 905 1323 1275 1033 1200 

Aquifer WNB Lower 
SDMB WNB GRB GRB WNB Lower 

SDMB WNB Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB WNB Lower 

SDMB 
Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB 

Lower 
SDMB 

Completion 
Unit RZ UMA PR GRB GRB PR UMA PR PM PM PM MBTN SEL UMA UMA PM SEL UMA UMA 
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Table C6. Member thickness (ft) and top boundaries (ft bgs) of the wells in the C-C’ cross-section.  

C-C' Cross-Section Number of 
Wells 

Member Thicknesses (ft) Depth to Top of Member (ft, bgs)  

Average Minimum Maximum Standard 
Error Average Minimum Maximum 

Overburden 19 394 18 1292 82.969 0 0 0 
Elephant 
Mountain 10 73 10 160 10.450 782 18 1629 

Rattlesnake Ridge 10 106 9 256 17.928 820 78 1629 
Pomona 10 141 23 291 23.828 615 108 1629 

Selah 8 110 2 247 21.707 824 256 1629 
Umatilla 7 290 19 670 54.924 879 325 1684 
Mabton 6 56 6 195 16.999 1148 727 1447 

Priest Rapids 3 186 84 367 36.058 1274 1138 1531 
Roza 2 575 540 609 11.193 1280 1222 1280 

Squaw Creek 2 14 1 27 4.218 1813 1762 1864 
Frenchman 

Springs 2 544 336 751 67.322 1827 1789 1865 

Vantage 2 58 41 75 5.516 2371 2125 2616 
Grande Ronde 2         2429 2200 2657 
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Table C7. Average aquifer thicknesses (ft) of the Upper and Lower Saddle Mountain Basalt and Wanapum Basalt aquifers.  

Average Aquifer Thickness (ft) 

Aquifer Lower Yakima 
Valley 

Number of 
wells 

Standard 
Error 

Moxee 
Valley 

Number of 
Wells 

Standard 
Error 

Upper Saddle 
Mountain 196 17 15.945 143 10 23.447 

Lower Saddle Mountain 567 11 38.557 789 3 130.095 
Wanapum 788 3 112.623 1228 2 240.500 
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APPENDIX D 

STATISTICAL ANALYSES 

 The following analyses are Welch two sample t-tests of member thickness by location 

(Lower Yakima Valley and Moxee Valley). 

Overburden 
data:  OVB by Location 
t = -2.0479, df = 23.495, p-value = 0.05191 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -367.222507    1.637712 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                         210.9444                          393.7368  
 
Elephant Mountain Basalt 
data:  EM by Location 
t = -0.91925, df = 11.845, p-value = 0.3763 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -48.00502  19.54619 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                         58.47059                          72.70000  
 
Rattlesnake Ridge Interbed 
data:  RR by Location 
t = 2.6899, df = 24.454, p-value = 0.01268 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
  23.61879 178.71062 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                         206.7647                          105.6000  
 
Pomona Basalt 
data:  PM by Location 
t = 3.7134, df = 15.857, p-value = 0.001914 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
  61.33752 224.81803 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                         284.2778                          141.2000  
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Selah Interbed 
data:  SEL by Location 
t = -1.2001, df = 8.8147, p-value = 0.2614 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -123.15001   37.95557 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                         67.27778                         109.87500  
 
Umatilla Basalt 
data:  UMA by Location 
t = -0.37862, df = 7.6206, p-value = 0.7153 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -260.5123  187.5772 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                         253.8182                          290.2857  
 
Mabton Interbed 
data:  MBTN by Location 
t = -0.5145, df = 8.1036, p-value = 0.6206 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -97.17059  61.65544 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                         37.90909                          55.66667  
 
Priest Rapids Basalt 
data:  PR by Location 
t = 0.45224, df = 2.5979, p-value = 0.6861 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -293.7486  381.4986 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                          229.875                           186.000  
 
Roza Basalt 
data:  RZ by Location 
t = -5.7064, df = 4.3358, p-value = 0.003638 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -485.3317 -174.0683 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                            244.8                             574.5  
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Squaw Creek Interbed 
data:  SQC by Location 
t = 1.2849, df = 3.3841, p-value = 0.2797 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -32.0691  80.4691 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                             38.2                              14.0  
 
Frenchman Springs Basalt 
data:  FS by Location 
t = -0.51602, df = 1.9978, p-value = 0.6573 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -1439.439  1131.439 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                            389.5                             543.5  
 
Vantage Interbed 
data:  VTG by Location 
t = 0.61101, df = 1.1096, p-value = 0.6425 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -706.004  797.004 
sample estimates: 
mean in group Lower Yakima Valley        mean in group Moxee Valley  
                            103.5                              58.0  
 

 The following analysis is a Welch two sample t-test of groundwater elevation change by 

aquifer (Saddle Mountain and Wanapum Basalts). 

data:  Groundwater Elevation Change Rate by Aquifer 
t = 1.4476, df = 40.943, p-value = 0.1553 
alternative hypothesis: true difference in means is not equal to 0 
95 percent confidence interval: 
 -0.576995  3.497402 
sample estimates: 
mean in group Saddle Mountain         mean in group Wanapum  
                    -1.606296                     -3.066500  
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APPENDIX E 

NILLSON WELL STEP TEST 

At the time of writing this thesis, one aquifer test was attempted in the Wanapum aquifer 

in Moxee Valley. Three wells in Moxee Valley were selected for aquifer testing based on their 

proximity to one another and access agreements with participating well owners (Table D1 and 

Figure D1). To measure the change in groundwater levels during pumping, a Van Essen 100 m 

Micro-Diver was deployed with a 1,000 ft Van Essen communication cable in the Nillson and 

Charron Backup Wells. Issues with the access port at the Greenhouse Well meant that the well 

was not suitable for a transducer, and thus omitted from the testing design. Additionally, 

interpretations of the driller notes of the Greenhouse Well report suggest that the well is 

completed in the Grande Ronde, rather than the Wanapum aquifer. This interpretation is 

supported by the observation of a higher hydraulic head in the Greenhouse Well compared to the 

Wanapum wells in the test design. A transducer remains in the Charron Backup Well for long-

term observations over the 2023 irrigation season and barometric compensation is completed on 

the transducer data by using barometric pressure measurements recorded by a Van Essen Baro-

Diver stationed in Ellensburg, Washington. 

Table E1. Aquifer testing design in the Wanapum aquifer in Moxee Valley. 

 

 

Well Name Nillson Charron Backup Greenhouse
Role in Aquifer Testing Pumping Observation Observation

Surface elevation (ft amsl) 1,390 1,360 1,220
Total depth (ft) 1,270 1,105 2,100

Completion Aquifer Wanapum Wanapum Grande Ronde

Aquifer Testing Design (Moxee Valley)
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Figure E1. Map of aquifer testing wells in Moxee Valley. Pumping occurs at the Nillson Well and is observed in the Charon Backup 
Well. The Roza Irrigation District is outlined in white, and the Roza canal is in blue. Imagery from Google Earth.  

 

A 3.5-hour step test was completed at the Nillson Well on March 17, 2023, before the irrigation season, however many 

problems arose when designing and attempting the Nillson Well Step Test. During the test, pumping was inconsistent due to 

malfunctions in the pump engine and other well parts, manual water level measurements were not possible during the test, and the 
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transducer installed in the well was not retrievable after the test. Therefore, there is no drawdown 

data available during the Nillson Well Step Test. Despite these complications, other 

measurements were recorded. During the step test, regular instantaneous flow and total volume 

readings were taken from the flow meter. The flow data can be grouped into four main steps 

(Tables D2 and D3, and Figure D2). The average flow rate during the step test was 306 gpm.  

 

Table E2. Summary table of the flow during the Nillson Well Step Test including the time frame 
(min), duration (min), and average flow rate (gpm) during the four steps. The pump was turned 
off briefly during the second step due to complications with the flow meter. 

 
 

Table E3. Total volume and flow rate of each step during the Nillson Well Step Test. 

Clock 
Time 

Minutes 
elapsed 

Totalizer 
Readings (gal / 

100) 

Total 
(gal) 

Flow Meter 
Readings (gpm) 

Average flow rate 
(gpm) per step 

12:05 PM 5 199573 0 300 342 

12:21 PM 21 199636 6300 400 342 

12:35 PM 35 199693 12000 360 342 

12:39 PM 39 199713 14000 370 342 

12:48 PM 48 199746 17300 380 342 

12:56 PM 56 199776 20300 375 342 

1:09 PM 69 199820 24700 250 342 

1:14 PM 74 199822 24900 0 81 

1:24 PM 84 199821 24800 0 81 

1:34 PM 94 199828 25500 150 81 

1:46 PM 106 199830 25700 175 81 

1:48 PM 108 199834 26100 175 142 

1:50 PM 110 199837 26400 150 142 

Step Time Frame 
(min)

Time Elapsed 
(min)

Average Flow 
Rate (gpm)

1 0 to 69 69 342
2 69 to 106 37 81
3 106 to 171 65 142
4 171 to 210 39 528

Nillson Well Step Test Results
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1:52 PM 112 199840 26700 125 142 

1:58 PM 118 199847 27400 100 142 

2:03 PM 123 199852 27900 125 142 

2:06 PM 126 199856 28300 100 142 

2:19 PM 139 199870 29700 100 142 

2:22 PM 142 199873 30000 100 142 

2:24 PM 144 199875 30200 100 142 

2:25 PM 145 199877 30400 225 142 

2:26 PM 146 199878 30500 200 142 

2:28 PM 148 199883 31000 175 142 

2:31 PM 151 199889 31600 150 142 

2:35 PM 155 199893 32000 150 142 

2:43 PM 163 199905 33200 150 142 

2:45 PM 165 199908 33500 125 142 

2:49 PM 169 199914 34100 150 142 

2:51 PM 171 199918 34500 150 142 

2:53 PM 173 199920 34700 400 528 

2:55 PM 175 199930 35700 550 528 

2:57 PM 177 199940 36700 550 528 

2:59 PM 179 199954 38100 500 528 

3:02 PM 182 199965 39200 550 528 

3:04 PM 184 199977 40400 550 528 

3:06 PM 186 199989 41600 550 528 

3:09 PM 189 200004 43100 550 528 

3:11 PM 191 200017 44400 500 528 

3:15 PM 195 200036 46300 525 528 

3:17 PM 197 200047 47400 550 528 

3:20 PM 200 200063 49000 550 528 

3:23 PM 203 200082 50900 525 528 

3:25 PM 205 200092 51900 500 528 

3:27 PM 207 200102 52900 550 528 

3:29 PM 209 200111 53800 550 528 

3:30 PM 210 200116 54300 0 0 
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Figure E2. Total volume discharged (gal) over time (min) for each step during the Nillson Well 
Step Test. The pump was turned off briefly during the second step due to complications with the 
flow meter. 

 

After the step test, the recovering water levels were measured. It took 40 minutes for the 

water levels to return to the static water level of 231.4 ft (Table D4 and Figure D3). The 

transducer data from the Charron Backup Well did not record a response to pumping at the 

Nillson Well during the step test (Figure D4). This data was imported into AQTESOLV, a 

software used to analyze aquifer testing data, as a slug test to estimate the hydraulic conductivity 

of the WNB aquifer and the maximum displacement that had occurred during the step test. This 

was accomplished by applying the confined aquifer Bouwer and Rice (1976) solution (Equation 

D1) to the data (Figure D5). The analysis suggests there was about 310 ft of drawdown by the 

end of the 3.5-hour test and provides a hydraulic conductivity estimate of 1.56 ft/day for the 
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WNB aquifer (Table D5). With the hydraulic conductivity and saturated thickness of the aquifer, 

a transmissivity of about 1,920 ft2/day was calculated using Equation D2 for the WNB aquifer in 

Moxee Valley.  

Table E4. Manual water level measurements at the Nillson Well before and after the Nillson 
Well Step Test. 

Clock Time Seconds 
Elapsed 

Minutes 
Elapsed 

Water Level 
(ft) 

Displacement 
(ft) Notes 

10:00:00 AM   231.40  pre-testing 
11:58:00 AM   231.32  pre-testing 
3:37:40 PM 460 7.7 353.80 122.40 recovery 
3:38:00 PM 480 8.0 343.40 112.00 recovery 
3:38:20 PM 500 8.3 337.40 106.00 recovery 
3:38:40 PM 520 8.7 333.05 101.65 recovery 
3:38:54 PM 534 8.9 329.10 97.70 recovery 
3:39:12 PM 552 9.2 323.60 92.20 recovery 
3:39:37 PM 577 9.6 319.00 87.60 recovery 
3:40:27 PM 627 10.5 311.00 79.60 recovery 
3:41:07 PM 667 11.1 305.00 73.60 recovery 
3:41:41 PM 701 11.7 300.00 68.60 recovery 
3:42:27 PM 747 12.5 294.00 62.60 recovery 
3:43:08 PM 788 13.1 289.00 57.60 recovery 
3:44:01 PM 841 14.0 283.00 51.60 recovery 
3:45:32 PM 932 15.5 274.00 42.60 recovery 
3:46:42 PM 1002 16.7 268.00 36.60 recovery 
3:48:34 PM 1114 18.6 260.00 28.60 recovery 
3:51:44 PM 1304 21.7 250.00 18.60 recovery 
3:56:57 PM 1617 27.0 240.00 8.60 recovery 
4:06:06 PM 2166 36.1 232.84 1.44 recovery 
4:07:57 PM 2277 38.0 232.00 0.60 recovery 
4:09:15 PM 2355 39.3 231.66 0.26 recovery 
4:09:55 PM 2395 39.9 231.40 0.00 recovery 
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Figure E3. Water level measurements during recovery of the Nillson Well after the 3.5-hour step 
test. It took about 40 minutes for water levels to return to the static water level of 231.4 ft. 

 

 
Figure E4. Water level (ft below top of casing) at the Charron Backup Well from 03/17/23 to 
03/18/23. The gray box represents the timeframe of the 3.5-hour Nillson Well Step Test. Note 
the vertically exaggerated scale of the y-axis. The water levels have been compensated with 
barometric pressure data.  
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𝐾 =
𝑟#$ ln

𝑅%
𝑅

2𝐿%
1
𝑡 ln

ℎ&
ℎ'

 

Equation E1. The Bouwer and Rice (1976) equation for hydraulic conductivity (K) in ft/day as a 
function of the radius of the well casing (rc) in ft, ratio of the effective radial distance of 
dissipated head (Re) to radius of the gravel envelope (R) in ft, length of the screen (Le) in ft, and 
the drawdown in ft at the beginning of the test (h0) and at the end of the test (h) using time (t) in 
days. 

 

 
Figure E5. AQTESOLV confined aquifer Bouwer-Rice solution (blue line) on water level 
displacement measurements during recovery after the Nillson Well Step Test. This analysis 
produced a hydraulic conductivity value for the Wanapum aquifer (1.562 ft/day) and a maximum 
drawdown (y0) estimation for the end of the step test (309.3 ft). 
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Table E5. Analysis of recovering water levels after the Nillson Well Step Test including results 
from the aBouwer and Rice (1976) solution on recovery data. 

  
 

𝑇 = 𝐾𝑏 

Equation E2. Transmissivity (T) of an aquifer in ft2/day given the hydraulic conductivity (K) in 
ft/day and saturation thickness (b) in ft. 

 

If a pumping test was simulated at the Nillson Well using the Theis (1935) Method 

(Equations D3 and D4) with a constant pumping rate of 306 gpm (the average pumping rate 

during the Nillson Well Step Test) and transmissivity values of 11,270 ft2/day (Germiat and 

Flynn, 2005) and 1,918 ft2/day (calculated from the Bouwer and Rice (1976) solution), only 6.6 

ft and 34.6 ft of drawdown is expected after 3.5 hours, respectively (Figure D6).  

𝑠 =
𝑄
4𝜋T𝑊(𝑢) 

Equation E3. Theis (1935) equation for aquifer drawdown (s) as a function of pumping rate (Q) 
in gpm, transmissivity (T) in ft2/day, and well function (W(u)). 

𝑢 =
𝑟$𝑆
4𝑇𝑡 

Equation E4. Well function equation given the distance from the pumping well (r) in ft, the 
storage coefficient (S) and transmissivity (T) in ft2/day of the aquifer, and time (t) in days after 
the beginning of a pumping test. 

 

Recovery 
Time (min)

Static Water 
Level (ft, bgs)

Hydraulic 
Conductivity 

(ft/day)

Aquifer 
Thickness (ft)

Transmissivity 
(ft2/day)

Maximum 
Drawdown (ft)

Maximum 
Drawdown Water 

Level (ft, bgs)
40 230 1.56a 1,230 1,920 310a 540

Nillson Well Step Test Recovery Analysis
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Figure E6. Expected drawdown over 3.5 hours of pumping at 306 gpm at the Nillson Well, based 
on the average pumping rate during the Nillson Well Step Test for a transmissivity of 11,270 
ft2/day (Germiat and Flynn, 2005) and 1,918 ft2/day from the Bouwer and Rice (1976) solution. 
Drawdown is expected to be about 6.6 ft for the higher transmissivity and about 34.6 for the 
lower transmissivity after 3.5 hours. Expected drawdown was calculated using the Theis (1935) 
equation embedded in a spreadsheet provided by the U.S. Geological Survey for predicting 
drawdown in a confined aquifer (Halford and Kuniansky, 2002). 

 

These expected values greatly underestimate the actual drawdown that occurs at this well. 

However, well efficiency, the well’s ability to transmit water through its screens and borehole, is 

not included in this calculation. The large difference between expected and actual drawdown at 

the Nillson Well suggests that this well has an extremely low efficiency. This information is 

useful for stakeholders who may decide that new wells be drilled for ASR. In this case, the 
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Nillson Well would not be an ideal injection well for effective groundwater recharge because the 

well may not be able to transmit recharge waters at sufficient rates. 

Based on the analysis of recovery after the Nillson Step Test, transmissivity was 

calculated using the hydraulic conductivity from the Bouwer and Rice (1976) solution (Equation 

D1). Transmissivity can also be calculated based on the specific capacity of a well (Equation D5) 

in the Theis (1963) and Razack and Huntley (1991) formulas (Equations D6 and D7). Table D6 

compares the results of these calculations to previous estimates of transmissivity in the WNB 

aquifer. 

𝑆𝐶 = >
𝑄

ℎ& − ℎ
@ 

Equation E5. Specific capacity (SC) of a well in ft2/day as a function of the pumping rate (Q) in 
ft3/day and drawdown (h& − h) in ft of a pumping well.  

 

𝑇 =
𝑄

(ℎ& − ℎ)
2.3
4𝜋 log

2.25𝑇%𝑡
𝑟$𝑆  

Equation E6. Theis (1963) equation for estimating transmissivity (T) in ft2/day based on the 
specific capacity F (

)!*)
G in ft2/day and radius (r) of a pumping well, and the aquifer’s expected 

transmissivity (Te) in ft2/day and storativity (S) over a time (t) of pumping in days for a confined 
aquifer. 

 

𝑇 = 33.6 >
𝑄

ℎ& − ℎ
@
&.,-

 

Equation E7. Razack and Huntley (1991) equation for estimating transmissivity (T) in ft2/day 
from the specific capacity F .

/!*/
G in ft2/day.  
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Table E6. Transmissivity (ft2/day) comparisons of previous estimates to calculations based on 
the Nillson Well Step Test recovery of the Wanapum aquifer. 

 
 

There are a few explanations for why previous estimates of the transmissivity in the 

WNB aquifer are about 5 times greater than the calculations of transmissivity from the Nillson 

Well Step Test. First, the low efficiency of the Nillson Well could be underestimating the 

transmissivity of the WNB aquifer. An observation well closer to the Nillson Well would have 

been helpful to identify the influence of the well’s performance on the calculations. Additionally, 

the Nillson Well Step Test was a short test. Longer aquifer tests, like a 24-hour or 72-hour 

pumping test, would be required to observe the aquifer stabilize over time, yielding a more 

accurate estimate of the hydrogeologic properties. The results of this test probably only represent 

the hydraulic conductivity right around the well. The longer test could also potentially detect the 

presence of nearby barriers to flow. 

 

Germiat and 

Flynn (2005)

Repasky 

(1993)

Bouwer and 

Rice (1976)
Theis (1935)

Razack and 

Huntley (1991)

Transmissivity 

(ft
2
/day)

11,270 10,000 1,920 2,380 1,130

Previous estimates Calculated from Nillson Step Test Recovery
Transmissivity Comparisons
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