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Slope area, suggesting that aquifers in this area may be receiving recharge from the
Columbia River. Thus, there is a need to better describe the hydrogeology of this area
in terms of the degree of interconnectivity between aquifers and the sources and rates
of recharge to these aquifers.
Brief Cultural History

Population in the Columbia Plateau in Washington grew from greater than
140,000 in 1900 to 933,000 in 1985 to 1.2 million people in 2005 (Cline and Collins,
1992; U.S. Census Bureau, 2012). Immediately after settlement in the 1880s,
husbandry practices in the area were limited to dryland agriculture, with the exception
of a few groundwater wells and limited irrigation from nearby surface water sources.
Prior to the 1930s economic growth in the Plateau was slow due to severe droughts
and the economic depression that began in 1929. With time, the application of
additional water to crops and the advancement of agricultural technologies (e.g.,
sprinkler systems) greatly improved productivity. The development of irrigation
systems allowed farmers to expand and increase crop diversity, and the adoption of
irrigation practices increased significantly with the development of the Columbia
Basin Irrigation Project, which launched in 1933. This project included large dams and
surface water storage projects beginning on the Columbia River in 1939. By 1972, a
system of irrigation canals, tunnels, wasteways, and surface water reservoirs had been
developed in order to divert water from the Columbia River for farmland irrigation to
Franklin, southern Grant, and Adams counties. As the economy grew and population

in the Columbia Plateau expanded, by the 1950s, an increasing number of new wells
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were being drilled and deepened. Groundwater supplemented surface water irrigation
and in the areas where Columbia Basin Irrigation Project was not present groundwater
became the sole water source for irrigation. Over the years, the increasing demand for
irrigation has led to increased groundwater pumping and the deepening of basalt wells
(Whiteman et al., 1994; Vaccaro, 1999; GWMA, 2009d).

Water usage data for 2005, compiled by the United States Geological Survey
(USGS), showed that the Columbia Plateau accounted for 76% of the total fresh water
usage in Washington State. Water used for irrigation accounted for 78% (12.5 million
m’/day) of the total fresh water usage in the Columbia Plateau, and 16% of the
irrigation water was supplied from groundwater (USGS, 2005).

Two major groundwater issues exist for the Columbia Plateau regional aquifer
system: groundwater levels and declining groundwater availability (groundwater
mining), and the deterioration of quality of some groundwater. These problems stem
from various sources: 1) the arid climate hinders groundwater recharge from
precipitation. 2) Stratigraphic and structural features of the CRBG impede
groundwater recharge. 3) Pumpage, largely for irrigation needs, has resulted in
significant groundwater level declines over the past 25 years in Columbia Plateau
aquifers, particularly in the deeper aquifers (Snyder and Haynes, 2010). 4) Increasing
irrigation has also led to deterioration in groundwater quality in the Columbia Plateau;
some areas have experienced significant increases in nitrates and dissolved solids in

the overburden and shallower aquifers (Whiteman et al., 1994).



Groundwater Level Changes

Within the Columbia Plateau different areas experience different groundwater
level changes due to the degree of pumpage, availability of aquifer recharge, and
application of surface water irrigation. Some areas have experienced groundwater
level increases due to surface water irrigation. This is most common in the overburden
and upper CRBG aquifers that are either at the surface or hydraulically connected to
the overlying aquifers (Snyder and Haynes, 2010).

Cline and Collins (1992) estimated groundwater pumpage from 1945 to 1984
and found that in 1945 50% of the total pumpage in the Columbia Plateau was from
the basalt aquifers. This amount jumped to 75% in 1965, and remained that through
1984. Of that, 71% was water pumped from the older Wanapum and Grande Ronde
aquifers; only 3% was from the Saddle Mountains aquifer (Cline and Collins, 1992).

In 2010, as part of the USGS Columbia Plateau Regional Aquifer System
groundwater study, groundwater level data from 470 wells were analyzed for the
overburden, Saddle Mountains, Wanapum, and Grande Ronde aquifers for wells
sampled during spring of 1989 and 2009 (Snyder and Hayes, 2010). They found a
majority of the wells measured groundwater levels declines and that 29% of wells
experienced greater than 7.6 m declines. The most significant declines in the CRBG
aquifers occurred with increasing aquifer depth due to increasing

compartmentalization and decreasing vertical continuity and thus recharge (Snyder

and Hayes, 2010).



Brief History of CRBG Studies

The significance of water resources in the Columbia Plateau is evidenced by
the extensive geologic and hydrologic studies performed by various agencies (e.g.,
USGS, US Department of Ecology, and GWMA). These studies focused on a variety
of subjects within the Columbia Plateau aquifer system, including the geologic
framework, the hydrogeology of the aquifer system, and the groundwater flow system
models.

From 1982 to 1989 the USGS researched the Columbia Plateau Regional
Aquifer System as part of the Regional Aquifer-System Analysis (RASA) program to
better understand the aquifers' geologic and hydrogeologic framework, characteristics
of the groundwater flow system (e.g., recharge, discharge, direction of flow), and its
response to anthropogenic influences (e.g., pumping, irrigation). One approach used
was a numerical finite-difference groundwater flow model that was calibrated to
1983-1985 conditions. A series of publications that summarized the data collection
and the geologic and hydrologic framework of the USGS model are listed in Sun et al.
(1997).

The results of the Columbia Plateau analysis and an overview of the
occurrence and movement of water were also discussed by Vaccaro (1999) and
Hansen et al. (1994). Whiteman et al. (1994) provided a broad summary of the RASA
study, including descriptions of the geologic framework, hydrologic characteristics,

the groundwater flow system, and groundwater geochemistry.



Groundwater recharge estimates (Bauer and Vaccaro, 1990), groundwater
pumpage estimates (Cline and Knadle, 1990; Cline and Collins, 1992), and
descriptions of the geologic and hydrogeologic framework (Drost et al., 1990; Bauer
and Hansen, 2000) were used to construct the groundwater flow model described in
Hansen et al. (1994). The geochemical studies of the Columbia Plateau aquifers are
documented in Hearn et al. (1989), Steinkampf et al. (1985), Steinkampf (1989), and
Steinkampf and Hearn (1996).

The conceptual groundwater model developed for the RASA study used
simplified stratigraphy of the CRBG to illustrate the general groundwater flow.
Typically groundwater flow is horizontal to sub-horizontal, flowing along the
interflow zones, down gradient (down stratigraphic dip), from areas of recharge
(upland areas) to areas of discharge (major lakes and rivers). Groundwater can also
flow vertically from the upper aquifers to the lower aquifers, except where near major
discharge areas, in which case it flows upward from the lower aquifers toward the
discharge area (Hearn et al., 1985; Whiteman et al., 1994; Bauer and Hansen, 2000).
For the sake of modeling, it was necessary to simplify the geologic framework to a
five-layer groundwater flow model. However, the Columba Plateau Regional aquifer
system is complex, both stratigraphically (e.g., 300 individual lava flows and
intervening sedimentary layers) and structurally (e.g., folds and faults) and the

simplification has led to a loss of resolution, especially on the local scale (GWMA,

20111).



As one part of the USGS study, the RASA model simulated changes to
groundwater levels for predevelopment and development conditions. The model
showed groundwater levels in some areas decreased due to pumping; other areas
showed groundwater levels increased since predevelopment conditions, by greater
than 91 m in some areas with heavy surface water irrigation (Bauer and Hansen,
2000).

As an update to the RASA study, the USGS Groundwater Resources Program
began an ongoing Columbia Plateau Ground-Water Availability Study in 2007. The
goal of this study was to look more closely at water level declines, river response to
the groundwater declines, and groundwater system response to climate change.
Refinement to the geologic and hydrogeologic framework allowed the groundwater
flow model to better simulate the geologic controls affecting the groundwater and thus
improve predictions of groundwater availability and flow paths. The geologic
framework was updated using a three-dimensional geologic model, which will be “an
input to the groundwater flow model for the Columbia Plateau Regional Aquifer
Study” (Burns et al., 2011; Kahle et al., 2011). From the Columbia Plateau Ground-
Water Availability Study research, Snyder and Haynes (2010) reported the changes to
groundwater levels between 1984 and 2009 and provided generalized groundwater
elevation maps for individual aquifer units.

The GWMA was formed in 2001, funded by the Washington State Legislature,
through the Washington Department of Ecology. GWMA is a planning effort overseen

by a Board of County Commissioners with the purpose of developing a management



plan and strategies to reduce nitrate concentrations in groundwater in the Columbia
Basin (GWMA, 2001). In 2005 Lincoln County joined and GWMA expanded its
scope to include all groundwater quality issues.

Ten years of investigations and research efforts by GWMA has resulted in the
development of subsurface geologic maps (GWMA, 2009b, 2011c), the collection,
analysis, and interpretation of hydrochemical data (GWMA, 2009¢c, 2009¢, 2011d),
and the development of a conceptual groundwater flow model (Tolan et al., 2009;
GWMA, 2009a, 2009d). This research has laid the groundwork for the development of
a numerical groundwater flow model (GWMA, 2011f) that simulates a number of the
geologic and hydrogeologic framework complexities to better explain how these
features affect the regional groundwater system. The model simulates the layered
aquifer system (stratigraphic controls) and the lateral compartmentalization of aquifers
from geologic features such as folding, faulting, dike systems, and erosion, which can
create separate groundwater flow regimes or aquifer sub-systems. It also takes into
account potential recharge and/or discharge through erosional windows (GWMA,
2011b), which can change the nature of groundwater flow in the region.

The GWMA studies have identified six compartmentalized (to varying
degrees) sub-basins within their study area (GWMA, 2011b). Based on water level and
geochemistry data GWMA researchers concluded that various geologic features have
the ability to restrict or confine groundwater flow, including lateral hydraulic

connectivity (GWMA, 2011b).



Recently, Brown et al. (2010; 2011) published two geochemical studies of
groundwaters from the CRBG aquifer system near Hanford, WA. In one of these
studies (Brown et al., 2010), based on stable isotope data and radiocarbon ages, they
concluded that the CRBG aquifers likely experienced recharge from multiple pulses of
late Pleistocene glacial Lake Missoula floodwaters. The second study (Brown et al.,
2011) focused on the impacts of irrigation on groundwater quality of the overburden
and Saddle Mountains aquifers for an area a few kilometers southeast of the Royal
Slope study area. They found two end-member chemistries of groundwater. The first
groundwater type had a significant component of modern water with an agricultural
influence; the second type consisted of older Pleistocene water, typical of the regional
groundwater, and the third type of water represented mixing between these two.

Numerous other studies have been conducted over the past 50 years by various
agencies that span many geologic and hydrologic topics in the Columbia Plateau. For
more information regarding Columbia Plateau studies the reader is referred to a
number of comprehensive reports which have been written on the subject and the
citations therein: Sun et al. 1997; US Department of Ecology, 1988; Tolan et al. 2009;
Reidel and Hooper, 1989; Reidel et al. 2002; Bauer and Hansen, 2000; GWMA,
2009a, 2009b, 2009¢, 2009d, 2009¢, 2011b, 2011¢, 2011d, 2011e, 2011f; Vaccaro,
1999; Whiteman et al. 1994.

Royal Slope Study Area
The Royal Slope study area occupies a small area (1,124 km?) in eastern Grant

County, Washington (Figure 1). Located on the western edge of the GWMA region,
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modified from Olsen (2011).
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the Royal Slope is bounded to the west by the Columbia River and extends

approximately 35 km to its eastern boundary near Othello, roughly defined by the
Gingko feeder dike system (GWMA, 2011b). It is bounded to the north and south by
the Frenchmen Hills and Saddle Mountains anticlines, respectively (Figure 1). The local
surface waters are the Columbia River, Crab Creek Lateral, Crab Creek near Beverley,
Sand Hollow Creek, and Frenchmen Hills Wasteway.
Scope

This thesis focuses on groundwater in the Royal Slope area in eastern Grant
County, WA. Based on groundwater levels and previous geochemical studies, this area
was identified as a region in which basalt aquifers may be receiving significant
recharge from the Columbia River. This research on the Royal Slope study area was
undertaken in conjunction with a larger groundwater study performed by GWMA. The
goal was to examine in detail the geochemical data for this area in order to better
understand residence times, recharge sources, and water-rock interactions. One
important objective of this study was to assess the contribution of water from the
Columbia River and other local surface water (streams, creeks, irrigation, and
wasteways) into the groundwater aquifers. In turn, these results can aid in groundwater
management to determine in which cases, groundwater can be used sustainably.
This research is presented in the following chapters:
Chapter II — A brief overview of the agricultural history, geology, hydrogeology, and

hydrochemistry of the Columbia Plateau Aquifer system, with a look at the

Royal Slope area in particular.
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Chapter III — A description of the analytical methods used to attain major ion
chemistry, stable isotope, silicon concentration, and alkalinity data.

Chapter IV — A summary of the groundwater chemistry analysis and statistical results.

Chapter V — A discussion and interpretation of the groundwater chemistry results, the
four hydrofacies groups identified and characterized, indications for modern
recharge, and its sources and groundwater mixing.

Chapter VI — A discussion of how the groundwater chemistry results and
interpretations are related to the geology and hydrogeology of the Royal Slope

study area.



CHAPTER 11
GEOLOGY AND HYDROGEOLOGY
Columbia Plateau Geologic Setting
Over 300 individual basaltic lava flows comprise the CRBG that hosts
numerous regional and local aquifers underlying the Columbia Plateau. The Columbia
Plateau (Figure 2) is a regional expanse of basalt flows that lies within the Columbia

River drainage basin, encompassing parts of Washington, Oregon, and Idaho (Bauer
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Figure 2: Geographical Locations of the Four Physiographic Subprovinces in the Columbia Plateau
Royal Slope study area is delineated by the red square, and the star indicates the location of the
Pasco Basin, modified from Kahle et al. (2009).
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and Hansen, 2000). During the CRBG emplacement the Columbia Plateau experienced

regional subsidence. The rate of subsidence generally kept up with the rate of basalt
extrusion (Reidel et al., 1989) resulting in a structural basin where the basalt layers are
thinnest at the edges and become thicker toward the center in the Pasco Basin
(Whiteman et al., 1994; Tolan et al., 2009).

The four main physiographic subprovinces of the Columbia Plateau, based on
the distinctive structure and tectonic geology of each region, are 1) Blue Mountains,
2) Palouse Slope, 3) Yakima Fold Belt, and 4) Clearwater Embayment (Figure 2;
Reidel et al., 1989; GWMA, 2009a; Kahle et al., 2009; Kahle et al., 2011). Plateaus of
higher elevations characterize the Blue Mountains subprovince, located in the southern
portion of the plateau. The Palouse Slope subprovince, in the northeastern portion of
the plateau, is characterized by relatively undeformed basalt layers with a gentle
northwest dip (Vaccaro, 1999; Kahle et al., 2011). The Yakima Fold Belt is located in
the western portion of the plateau and is characterized by a series of east—west
trending anticlinal and synclinal folds. In the southeast corner of the plateau is the
Clearwater Embayment subprovince, which extends along the Clearwater River
drainage and is characterized by a series of folds (Reidel et al., 2002; Kahle et al.,
2011). The CRBG layers underlying the Palouse and Blue Mountains subprovinces
thicken to the west, toward the Yakima Fold Belt. The individual basalt layers
thickness ranges from 152-457 m thick to over 1,280 m thick in the Pasco Basin

(Reidel et al., 1984; Reidel et al, 1989; Vaccaro, 1999).



