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but now, as part of the TCF, is a candidate for restoration. Another ephemeral creek, called Johns 

Creek, flows on private property along the eastern boundary of TVFF. Interconnected ponds west 

of the TVFF property are collectively known as the Upgradient Pond. The Upgradient Pond is an 

abandoned channel of the Teanaway River that remains full perennially. Water from the 

Upgradient Pond is pumped for irrigation of the nearby alfalfa field. 

Discharge in the Teanaway River has been described as “flashy,” with high and variable 

flows in the spring and after precipitation events. Low flows in the late summer adversely affect 

aquatic life in the river, and efforts have been made to enhance instream flows, that is, “keep 

Figure 2. Teanaway Valley Family Farm Site Map. TVFF is located along the Teanaway River. Blue 
lines indicate streams and ponds. The red perimeter indicates the extent of the groundwater flow 
model. The yellow boundary delineates property owned by the Washington Department of Fish and 
Wildlife for floodplain and meadow restoration. 
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water in the river” through water rights management, improved irrigation efficiency, restorative 

plantings, large wood emplacement, and beaver dam analogs. Capturing excess tributary runoff 

when it is available in the spring, allowing it to infiltrate into the shallow alluvial aquifer that 

underlies the floodplain, and delaying its discharge into the Teanaway River may provide 

additional instream flows at a more critical time. The TVFF site is well situated to provide this 

type of MAR. Abundant spring runoff in Freds Creek withheld in an infiltration pond could 

potentially discharge as groundwater into the Teanaway River in the summer and fall and 

supplement low flows.  

Managed Aquifer Recharge Background 

MAR techniques for infiltrating water include infiltration ponds and basins, flooding, 

ditches, furrows, and drains, and irrigation (Ringleb et al., 2016), and are used worldwide in both 

large-scale and small-scale applications (Zhang et al., 2020). An example where similar “flashy” 

runoff is captured is in the country of India, where small reservoirs, called percolation tanks, are 

sited in strategic locations to retain monsoonal rains and infiltrate water slowly, recharging 

shallow aquifer systems to provide a water supply for agriculture (Massuel et al., 2014). Nearer 

to the Teanaway River, MAR is used to enhance streamflow in the Walla Walla Basin in 

northeastern Oregon and southeastern Washington (Scherberg et al., 2014). MAR was 

implemented there in 2004 and now has 17 infiltration galleries which recharge the basin 

aquifers and supplement flow in hydraulically connected streams. On a smaller scale, infiltration 

techniques for recycling stormwater and delaying runoff are a common practice in stormwater 

management. 

Numerical modeling is often used to assess MAR site suitability for water storage and 

extraction, determine a feasible water balance, and weigh risk, such as flooding downstream 
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property (Maples et al., 2019, Russo et al., 2014). Scherberg et al. (2014) used a numerical 

groundwater model to test different management scenarios for the Walla Walla Basin MAR 

program, showing that MAR contributes more to enhanced surface flows, which is a benefit to 

aquatic habitat, than to increased groundwater storage. 

Regional Groundwater Studies and Models 

 Regionally, prior groundwater studies in the greater Yakima Basin were undertaken by 

the USGS not to assess MAR, but because of concerns about the impacts of groundwater 

withdrawal on surface water rights. Notably these include the hydrogeologic frameworks by 

Vaccaro et al. (2009) and Gendaszek et al. (2014). These studies detail the hydrogeologic units in 

the basin and their hydraulic properties, report groundwater hydrochemistry, quantify water use, 

and provide water budgets for the Yakima basin as a whole and the Upper Kittitas County 

subbasin, respectively. 

 A comprehensive groundwater flow model for the entire Yakima Basin was published by 

Ely et al. (2011). The model simulated stresses on the Yakima Basin groundwater system for 

different scenarios, including the effects of increased pumping withdrawals in the basin. It also 

attempted to forecast conditions up to the year 2025. This model is extensive but coarse, having 

24 subsurface layers and a discretized grid of 600 cells by 600 cells, approximately 300 meters 

per side, covering the 16,000 km2 areal extent of the entire basin. Futornick (2015) refined the 

Yakima Basin model in Upper Kittitas County, consolidating the 24 subsurface layers into 5, 

discretizing the smaller 2,200 km2 area with a 246 by 195 cell grid, including more tributary 

streams, and using an updated numerical solver. The Upper Kittitas County model studied the 

effects of varied pumping and decreased recharge on surface water flows. 
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This thesis presents a high-resolution site-scale numerical groundwater flow model to 

investigate the potential for enhanced groundwater seepage into the Teanaway River by 

simulating MAR in the form of delayed infiltration of surface water runoff in an ephemeral 

creek. The model domain is discretized into a grid of 182 by 91 10-meter by 10-meter cells and 

10 subsurface layers. The work seeks to characterize the exchange of water between the 

Teanaway River and the shallow alluvial aquifer in the floodplain adjacent to the river. 

MODFLOW 

Introduction to MODFLOW 

 MODFLOW, which is short for “Modular three-dimensional finite-difference ground-

water flow,” is a numerical groundwater modeling code from the USGS. The first version was 

released in 1984 and continues to be the industry standard in groundwater modeling (USGS, 

2020). MODFLOW operates with “packages” that handle individual aspects of the numerical 

simulation. For example, calculations for the hydraulic connection between a river and an aquifer 

are performed using the “RIV” package. Packages make a groundwater flow model customizable 

according to the physical conditions being modeled. The commercial product Visual 

MODFLOW Flex 7.0 (Waterloo Hydrogeologic, 2021) is employed here as the graphical user 

interface for processing the MODFLOW code. 

 MODFLOW simulates groundwater flow by iteratively solving the groundwater flow 

equation on a small control volume. The entire three-dimensional space of the model is 

composed of these small control volumes, or “cells.” The cells are generated by discretizing the 

land surface with a grid and the subsurface with vertical layers. Cells can be any volumetric 

prism; they do not have to be cubes. 
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The groundwater flow equation is a combination of conservation of mass through a 

volume, that is, 

Inflows – Outflows = Change in Storage,          (1) 

and Darcy’s Law, Equation (2). Darcy’s Law was established from experiments performed by 

French engineer Henri Darcy in the 1850’s. He investigated the flux of water through a sample of 

porous material and determined: 

        𝑄 = −KA $dh
dl
%,            (2) 

where Q is the flow rate (the units for Q are length cubed divided by time, i.e., L3/T), K is 

hydraulic conductivity (L/T), A is the cross-sectional area of the sample (L2), dh is the change in 

height between ends of the sample (L), and dL is the change in length of the sample (L).  

 Taken together in three dimensions, Equations (1) and (2) yield the following partial-

differential equation for groundwater flow: 

∂
∂x
$Kxx

∂h
∂x
%+ ∂

∂y
$Kyy

∂h
∂y
%+ ∂

∂z
$Kzz

∂h
∂z
%+ Qs

'  = Ss ∂h∂t .          (3) 

Here, Kxx, Kyy, and Kzz are the values of hydraulic conductivity along the x, y, and z axes (L×T–1), 

h is the potentiometric head (L), Q’s is a volumetric flux per unit volume (T–1), Ss is the specific 

storage of the porous material (L–1), and t is time (T). Equation (3) is solved for hydraulic head 

as a function of space and time. It requires the specification of flow conditions (positive Q’s for 

flow into the system and negative Q’s for flow out of the system), aquifer characteristics 

(permeabilities, porosity, specific storage), head conditions at the boundaries of the aquifer 

system, and initial head conditions. MODFLOW numerical models are calibrated by comparing 

measured hydraulic head with simulated values. 
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Unconfined, Variably Saturated Flow 

 Equation (3) governs transient groundwater flow in saturated, confined conditions. 

However, groundwater flow near the surface is unconfined and may not be fully saturated. To 

account for this, the saturated thickness of the unconfined zone can be taken to be the hydraulic 

head above bottom of the unconfined aquifer. This difference makes equation (4) more 

appropriate for these conditions: 

∂
∂x

Kx $h ∂h
∂x
%+ ∂

∂y
Ky $h ∂h

∂y
%  = Sy

∂h
∂t

           (4) 

where Kx and Ky are again hydraulic conductivity in the x and y directions (L×T–1), h is the head 

(L), Sy is the specific yield of the porous material (L–1), and t is time (T). Because head varies, 

note that h is required to be inside of the derivative and specific yield, Sy, is used instead of 

specific storage. Equation (4) is for two-dimensional flow under unconfined, transient, 

anisotropic, and heterogeneous conditions (Woessner and Poeter, 2020).  

 Different versions of MODFLOW computer code exist for solving Equations (3) or (4). 

MODFLOW-NWT (Niswonger et al., 2011) is used in this research because of its ability to solve 

(4) under conditions where the model cells go dry (that is, the head drops below the bottom of a 

cell) and then rewet, which occurs in the transient, unconfined simulations in this model. 

MODFLOW-NWT employs the Newton-Raphson method for solving the groundwater flow 

equation. Like the traditional Newton’s method for finding the root of a mathematical function, 

MODFLOW-NWT uses a linear approximation technique to find the solution to the non-linear 

groundwater flow equation such as (4). 
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Boundary Conditions Overview 

Boundary conditions are critical components of a MODFLOW model. They are locations 

where water is exchanged between the model domain and its surroundings. Examples include 

recharge, evapotranspiration, rivers, lakes, and pumping wells. Boundary conditions fall into 3 

categories in MODFLOW: 1) specified head, 2) specified flux, and 3) head dependent flux. 

Specified head boundaries, also known as constant head boundaries, require a fixed head value at 

their location, thus providing an infinite source or an infinite sink of water in the exchange 

between the system and its surroundings. Specified flux boundary conditions, such as recharge or 

pumping wells, represent a flow of water as a function of time that enters or exits the model 

domain. The no-flow boundary condition is a specified flux of zero. In the head dependent flux 

boundary condition, the flow rate of water into or out of the boundary control volume cell is 

proportional to the head in the cell. The evapotranspiration boundary condition is one such head 

dependent flux boundary condition: the rate of water leaving a cell assigned this boundary 

condition is a maximum when the head is at a high level in the cell but drops to zero via linear 

interpolation when the head in the boundary cell falls below a specified level known as the 

extinction depth. When boundary conditions change with time, the model is known as transient. 

Periods of time between the changes in boundary conditions are called stress periods. When 

boundary conditions do not change with time, the model is steady state and the resulting change 

in storage is zero. Boundary conditions are defined conceptually and then implemented in the 

MODFLOW code using the aforementioned packages. 
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CHAPTER II 

GEOLOGIC SETTING 

The Teanaway Watershed 

 The Teanaway River originates high in the central Cascade mountains in Washington 

State, terminating at its confluence with the Yakima River near Cle Elum, Washington. Three 

branches, the West Fork, Middle Fork, and North Fork, comprise the upper reaches of the river. 

These 3 tributaries drain steep uplands before converging into the mainstem Teanaway River. 

Here the topography transitions into a northwest-to-southeast trending valley generally 0.5 to 0.7 

kilometers wide. The valley is bounded by the Wenatchee Mountains on the north and northeast, 

Sasse Ridge on the west, Cle Elum Ridge on the southwest, and Lookout Mountain on the south. 

The Teanaway River watershed drains 543 km2 and is part of the greater Yakima Basin, with 

relief from 2190 m above sea level at Navajo Peak to 555 m above sea level at the confluence 

with the Yakima River. Lying in the orographic shadow of the Cascade mountains, the climate is 

primarily continental Mediterranean with precipitation amounts ranging from 1800 mm annually 

in the uplands, mostly falling as snow, to 617 mm in the lower valley (PRISM, 2022).   

 The geologic setting for the Teanaway River watershed has been strongly influenced by 3 

important episodes: 1) the Eocene deposition of non-marine sediments in fault-bounded basins, 

2) deformation resulting from ongoing uplift of the Cascade Range, and 3) the Pleistocene 

advance and retreat of valley glaciers. To a lesser extent, Miocene Columbia River Basalt flows 

also impacted the geologic history of the Teanaway drainage. 

Bedrock 

Bedrock formations in the Teanaway watershed are Eocene sedimentary and volcanic 

rocks. Generally speaking, the steep uplands are comprised of the older Swauk and Teanaway  
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Formations, while lower elevations are comprised of the younger Roslyn Formation. Alluvial 

deposits cover the Roslyn in the valley. Metamorphic and plutonic rocks of the North Cascades 

crystalline core are exposed north of the watershed. These include the Mesozoic granodiorite of 

the Mount Stuart batholith and the ophiolitic Ingalls Complex (Tabor et al., 1984, Miller et al., 

2022). Early Cretaceous blueschist of the Easton terrane can be found to the west (Haugerud and 

Tabor, 2009). 

The Swauk Formation 

The Swauk Formation found in the Teanaway watershed highlands unconformably 

overlies the North Cascade crystalline basement rocks. It is a dark-colored feldspathic sandstone 

interbedded with dark carbonaceous siltstone and shale and containing pebbly sandstone and 

Figure 3. Geologic Map of the Teanaway River Watershed. Data set is from Washington Division of 
Geology and Earth Resources (2016). 
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conglomerate throughout (Tabor et al., 1982). The formation is as much as 4800 m thick (Tabor 

et al., 1984), and was deposited between £59.9 and >49.9 Ma in the ancient non-marine 

sedimentary Swauk Basin (Eddy et al., 2016). Different hypotheses exist regarding the 

depositional history of the Swauk Formation, including: 1) that it was deposited locally in a 

subsiding strike-slip basin (Johnson, 1985), 2) that the Swauk and other area basins are erosional 

remnants of the same regional depositional system (Cheney and Hayman, 2009), 3) that the 

basins were a regional system deposited during a period of extension, later partitioned by strike-

slip faults (Evans, 1994), and 4) that the Swauk is an erosional remnant of a regional depositional 

system that includes the Chuckanut and Manastash Formations, but is temporally distinct from 

the nearby Chumstick Formation to the east (Eddy et al., 2016). The consensus is that the Swauk 

Formation is fluvial material sourced from eastern mountains, and it is bounded by the Straight 

Creek-Fraser Fault on the west and the Leavenworth Fault on the east. Approximately 51 Ma the 

Swauk was folded and uplifted, attributed to collision by the Siletzia terrane with continental 

North America (Miller et al., 2022). 

The Teanaway Formation 

Following the collision of Siletzia, the Teanaway Formation volcanics erupted and are 

located unconformably on the Swauk Formation. Several of the rugged upland peaks in the 

Teanaway watershed are Teanaway Formation. Commonly referred to as the Teanaway Basalts, 

the formation ranges in composition from basalt to rhyolite and contains basaltic and andesitic 

tuff and breccia (Tabor et al., 1984). The thickness of the Teanaway Formation is estimated to be 

less than 10 m in its eastern extent to at least 2500 m near Lake Kachess in the west (Tabor et al., 

1984). Related to the Teanaway Formation is the Teanaway dike swarm, which intruded the 
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Swauk Formation, Mount Stuart batholith and Ingalls Complex approximately 49.3 Ma (Miller et 

al., 2022). 

The Roslyn Formation 

 The youngest bedrock layer in the Teanaway watershed is the Roslyn Formation, which 

lies conformably over the Teanaway Formation. The Roslyn Formation is a thick-bedded, non-

marine arkosic sandstone that is described by Tabor et al. (1982) as “conspicuously white, 

weathering yellow.” Its deposition indicates renewed sedimentation by westward-flowing rivers 

from ancestral mountains to the east. Bressler, in his 1951 PhD thesis (Bressler, 1951), divided 

the formation into 3 stratigraphic members based on grain size:  the lower, middle, and upper. 

Grain size decreases upward through all three members, and the presence of shale and coal 

increases. The lower member is located north and east of the Teanaway River and is estimated to 

be 1000 m thick. It is interbedded with rhyolite flows and tuffs in its lower extents, and then 

consists of sandstone that grades from tuffaceous to arkosic with medium to coarse grain sizes 

and some conglomerate (Walker, 1980). The middle member extends northwest to southeast 

between Cle Elum Ridge and the Teanaway River. It is also approximately 1000 m thick, 

thinning toward the northwest. It is predominantly medium-grained sandstone with minor 

amounts of pebbly sandstone, siltstone, shale, and some coal toward the top (Walker, 1980). The 

upper member is fine grained sandstone and is coal-bearing; it was called the “coal measures” by 

Bressler. This member was extensively mined to support the railroad between 1882 and 1963 and 

was the economic mainstay for the town of Roslyn, near Cle Elum (Walker, 1980). This upper 

member may be as thick as 800 m. It is located on the southern slope of Cle Elum Ridge, 

bounded by the Yakima and Cle Elum Rivers to the south and west. Eddy et al. (2016) provide 

maximum depositional ages for the Roslyn of 48.8 Ma for the lower member and 47.6 Ma for the 
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upper member, and the 49 Ma Teanaway dikes do not cut through the formation (Miller et al., 

2022). 

Regional Deformation 

 Regional deformation during the Eocene occurred coincident with the accretion of the 

Siletzia Terrane at the continental margin (Miller et al., 2022). This deformation includes the 

uplift of the Cascades core, strike-slip fault activation, intrusion of dike swarms, basin 

subsidence with sediment accumulation, and development of a WNW-trending fold-and-thrust 

belt (Haugerud et al., 1991, Miller et al., 2016, Eddy et al., 2016). As a result, the Swauk 

Formation steeply dips to the south and southwest on the northern and eastern sides of the 

Teanaway River watershed (Tabor et al., 1982). The Teanaway Formation was emplaced 

following the uplift of the Swauk (Eddy et al., 2016), and the Teanaway dikes cut the Swauk 

nearly perpendicular to its fold axes (Miller et al., 2022). The dikes were tilted after 

emplacement as a result of a younger SE-plunging syncline and were largely influenced by the 

strain field of the Straight Creek-Fraser Fault and possibly (to a lesser extent) by the 

Leavenworth Fault (Miller et al., 2022). The Teanaway and Roslyn Formations are tightly folded 

near the Straight Creek-Fraser Fault; folds become more gentle moving east away from the fault 

(Johnson, 1985). Movement on the Straight Creek-Fraser Fault continued until 35-30 Ma (Eddy 

et al., 2016), further deforming the Teanaway and Roslyn Formations, although not to the extent 

of the Swauk. 

Columbia River Basalt 

In the Miocene, flood basalts of the Columbia River Basalt Group (CRBG) encroached 

on the southern margin of the Teanaway River watershed. Lookout Mountain, comprised of the 

Grande Ronde Basalt member of the CRBG (Tabor et al., 1982), sits at the southern limit of the 
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watershed. The Teanaway River makes an abrupt turn to the southwest at this location, flowing 

along the north side Lookout Mountain toward the Yakima River. Saunders (1914) hypothesized 

that the Teanaway River originally flowed along the east side of Lookout Mountain into the area 

known as Swauk Prairie, in the channel now occupied by Swauk Creek, and that Swauk Creek 

was a tributary of the Teanaway River. Saunders proposed a sequence of stream captures that 

resulted in the present courses of the Teanaway River and Swauk Creek as separate tributaries to 

the Yakima River. Waitt (1979) constrains the stream capture events for streams sourcing 

material from the Teanaway Basalts and Swauk Formation, specifically First Creek and Swauk 

Creek, to between the deposition of the Pliocene Thorp Gravel and Pleistocene Kittitas Drift. 

Pleistocene glacial advances mapped by Porter (1976) show evidence that a terminal moraine 

extending to the east side of Swauk Prairie may have altered the course of the Teanaway River. 

Glacial Advances and Drift Deposition 

Glaciers in the Teanaway River watershed existed locally in the uplands, and ice 

advances from the west shaped the topography of the lower Teanaway River valley through a 

series of ice-marginal lakes. During Pleistocene glacial maxima, individual valley glaciers in the 

Cascade mountains merged and flowed southeast from the present-day Puget Sound area over 

Snoqualmie Pass and into the upper Yakima River drainage (Porter, 1976). Episodes of ice 

advance and subsequent drift deposition that impacted the Teanaway River drainage include, 

chronologically from oldest to youngest, the Thorp, Lookout Mountain Ranch, Kittitas, and 

Lakedale Drifts (Porter, 1976, Waitt, 1979).  

The Thorp glacial advance was to approximately 65 km east of the present Cascade 

divide, the extent being the west wall of Horse Canyon, the south slope of Lookout Mountain, 

and north to Hex Mountain. The drift has been extensively eroded and subsequently covered by 
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later advances. Pronounced weathering of Thorp drift demonstrates a long interval of time passed 

between the retreat of the Thorp glaciers and the advance of Lookout Mountain Ranch ice 

(Porter, 1976, Waitt, 1979). 

Lookout Mountain Ranch drift dates to approximately 750,000 years BP (Waitt, 1979) 

and is exposed at the top of Lookout Mountain and in Horse Canyon. Its exposure is at a higher 

elevation than that of the next glaciation, the Swauk Prairie subdrift of the Kittitas Drift.  

The older of two Kittitas subdrifts, the Swauk Prairie subdrift, approximately 600,000 

years old (Porter, 1976), also extended north to Hex Mountain, and east and south to Swauk and 

Thorp Prairies in two lobes of ice. The presence of clasts of Teanaway Basalt in the lower 

Teanaway River drainage basin indicates that Swauk Prairie ice flowed over a saddle at Cle Elum 

Ridge and into the Teanaway Valley. However, glacial landforms are lacking in the valley and till 

is not exposed due to coverage by colluvium (Porter, 1976). A readvance of Kittitas ice at 

300,000 years BP terminated at Indian John Hill, for which it is named, its eastern limit being the 

lower Teanaway River valley opposite Lookout Mountain. A lateral moraine is evident on the 

south slope of Cle Elum Ridge, marking the northern extent of Indian John Hill subdrift. The 

glacier did not overtop the ridge. Landslides cover moraines along the west base of Lookout 

Mountain. 

Ice-marginal lakes were impounded by Kittitas ice and drift in the lower Teanaway valley 

on at least three occasions (Tabor et al., 1982). Advancing Swauk Prairie ice dammed the Swauk 

and Teanaway valleys, later progressing into the lake it created. Flat surfaces of sand and gravel 

extend north to the three forks of the Teanaway River, indicating the presence of a long-lived 

lake following the retreat of the Swauk Prairie glacier (Tabor et al., 1982). Lacustrine sediments 

and dropstones found west to Cle Elum Ridge provide evidence of a lake associated with the 
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Indian John glacial retreat. This lake was larger than any of the 3 present lakes, Keechelus, 

Kachess, or Cle Elum, estimated to be 15 km long, 3 to 5 km wide, and 275 m deep (Porter, 

1976). 

The most recent period of ice advances, the Lakedale Drift, was divided into 4 subdrifts 

by Porter (1976): the Bullfrog, Ronald, Domerie, and Hyak. Terminal moraines for Lakedale 

subdrifts lie west of Cle Elum and do not directly influence the geologic setting of the Teanaway 

River Valley. Lakedale loess does, however, blanket areas downvalley from the Domerie 

moraines, which are the dams of present day Keechelus, Kachess, and Cle Elum Lakes, and is 

prominent at the southern end of the Teanaway River watershed between Swauk Prairie and the 

town of Easton. Small alpine glaciers were present during the Lakedale period in the vicinity of 

the North Fork Teanaway River (Tabor et al., 1982). 

The Teanaway River valley floor is covered by shallow deposits of Quaternary alluvium 

and other glacial and more recent sedimentary deposits that overlie the lower member of the 

Roslyn Formation sandstone bedrock. Near the confluence of the North, Middle, and West Forks 

of the Teanaway River, well logs indicate the alluvium is <5 m thick. These unconsolidated 

deposits are comprised of alpine glacial deposits, Kittitas loess, sands and gravels of streams, 

some older terrace deposits, and mass-wasting deposits from valley side walls (Haugerud and 

Tabor, 2009, Porter, 1976). The sandstone bedrock is exposed in locations in the upper valley 

floor and is prominent in the riverbed. The Teanaway River is described by Collins et al. (2016) 

as a “rapidly incising river in a region with slow rock uplift and no known active faulting.” 
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CHAPTER III 

SITE CHARACTERISTICS 

Overview 

The hydrogeologic setting for TVFF is influenced by its location in a synclinal basin 

surrounded by steep uplands, by permeable sandstone bedrock on the valley floor, and by 

alluvial deposits of glacial, fluvial, and mass-wasting origin. The unconsolidated alluvial 

deposits that form the shallow alluvial aquifer are the focus of this study. The deeper sandstone 

aquifer has been characterized by Gendaszek et al. (2014), who determined groundwater 

movement in the regional bedrock is primarily through fractures and zones of secondary 

porosity. The site receives recharge from rain in the lowlands and melting snowpack from the 

surrounding highlands. Irrigation return flows also recharge the shallow aquifer. Water levels in 

observation wells at the site indicate that groundwater tends to flow toward the Teanaway River 

in the spring when recharge is abundant, and then flows parallel to the river and runs down the 

valley at other times of the year (Petralia, 2022). 

Stratigraphy 

 From well logs and site observations, the subsurface stratigraphy at TVFF can be divided 

into 4 hydrogeologic units: an uppermost topsoil unit, a subsurface alluvial unit of silt, sand, and 

cobbles, a second floodplain unit having lower permeability and composed of clayey silt, and the 

sandstone bedrock of the middle member of the Roslyn formation (Figure 4). These layers are 

informally referred to by the names “Soil,” “Cobbles,” “Clay,” and “Sandstone,” respectively. 

 The Soil unit is approximately 1 m thick across the entire site. This soil is designated 

Patnish-Mippon-Myzel complex (0 to 3 percent slopes) by the United States Department of 

Agriculture (USDA) Natural Resources Conservation Service (NRCS, 2022). It is, generally  
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speaking, an ashy loam containing sand to cobbles. The Cobbles unit is immediately below the 

Soil. It is made up of roughly 10% silt and a 90% mix of subrounded pebbles and cobbles. The 

unit is approximately 1.5 m thick along the river, deepening to approximately 3.5 m thick 

moving north from the river, then gently thinning northward on the upper half of the floodplain 

to depths < 1 m. The horizon of the unit vanishes near Teanaway Road. On the upper half (north 

side) of the floodplain, the lower permeability Clay unit is prominent with a thickness of up to 5 

m toward the northern perimeter of the site. The thickness of the clay diminishes moving 

upslope, but it is present at varying thicknesses < 5 m for a few hundred meters north of 

Teanaway Road.  

Figure 4. Cross Section of the Hydrogeologic Units at TVFF. The cross section is along the line of Wells 2 
through 8. The clay unit terminates between Wells 3 and 4 roughly halfway between Teanaway Road and the 
Teanaway River. The cross section is generated from DEM surfaces used in the groundwater flow model. 
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Visible on the valley sides and comprising the valley floor beneath the alluvial units is the 

middle member of the Roslyn formation, a medium-grained sandstone with minor amounts of 

pebbly sandstone, siltstone, and shale (Walker, 1980). The bed of the Teanaway River sits on the 

Sandstone unit and very little alluvial sediments are present in the river. The riverbed has 

experienced measurable incision due to anthropogenic logging and timber transport practices 

(Schanz et al., 2019). 

 A summary of the wells surrounding the site vicinity are tabulated in Table 1. Well logs 

are catalogued by the Washington State Department of Ecology (Ecology) according to their 

location in the quarter-quarter section of the Public Land Surveying System. TVFF is located in 

Township 20 North, Range 16 East, Section 10. Wells downstream (east) of the site are in 

Section 11, wells in Section 10 are non-project wells in the same section as TVFF, and wells in 

Sections 9 and 5 are upstream of TVFF. The column “Valley or Slope” indicates whether the well 

is located in the Teanaway River valley (Valley) or if the well is in the hillslopes north of the 

river valley (Slope). All wells were completed in sandstone bedrock except wells identified by 

tag numbers AGM798 and AGM799, which terminated at the base of alluvial river valley 

deposits/top of the sandstone unit. Well AGM953 was deepened from 36.6 m to 154 m in 2003. 

Section 11 wells tend to be in the river valley and terminate in bedrock at depths of 35.7 

m to 103 m in what is described as “blue clay” or “soft blue rock.” This can be interpreted as low 

permeability shale. Two of the wells have static water levels 30.5 m below ground surface and 

two of the wells were artesian on their completion date. Wells upstream (west) of the site are 

found in Sections 5 and 9 (no wells are located in Section 4). These wells are near the confluence 

of the North Fork and West Fork Teanaway Rivers with the mainstem Teanaway River. They are 

located in both the river valley and on the northern side slope at depths of 42.7 m to 141 m,  
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terminating in sandstone described as white. The wells in this section have characteristically high 

static water levels ranging from 1.52 m to 11.6 m below ground surface. Multiple wells here 

exhibit lithologies of alternating layers of blue or blue-gray shale and white sandstone, likely the 

middle member of the Roslyn formation.  

 Wells used for domestic supply and irrigation are listed for Section 10 (the site) in Table 

1. In this section, domestic supply wells are finished in sandstone bedrock at depths of 36.6 m to 

154 m while irrigation wells are only 3.66 m deep and terminate at the top of the contact with 

sandstone. Domestic wells have static water levels ranging from 6.10 m to 59.4 m below ground 

surface. The irrigation wells have static water levels of 2.74 m below ground surface. One well, 

Table 1.  
Information from Ecology Well Logs for Sections Surrounding T20N, R16E 

Well ID 
(Tag Number) Section 

Well Depth 
(m) 

Casing 
Diameter 

(cm) 

Static 
Water Level  

(m, bgs) 

Well 
Completion 

Date 

Valley 
or 

Slope 
Unknown 11 35.7 2.36 3.05 10/25/83 Valley 
AFE357 11 103 2.36 Artesian 9/13/00 Valley 

Unknown 11 97.5 2.36 30.5 8/1/89 Valley 
ABL090 11 61.0 2.36 Artesian 5/25/94 Valley 
Unknown 11 68.6 2.36 30.5 6/30/78 Slope 

       
AGM798 10 3.66 18.9 2.74 10/22/03 Valley 
AGM953 10 154 2.36 7.01 12/15/03 Slope 
Unknown 10 91.4 2.36 21.3 10/4/90 Slope 
Unknown 10 36.6 2.36 6.10 6/3/90 Slope 
AGM799 10 3.66 18.9 2.74 10/22/03 Valley 
AKW772 10 122 2.36 59.4 10/7/03 Slope 

       
Unknown 9 42.7 2.36 24.4 4/29/88 Valley 

       
ACL105 5 67.1 2.36 1.83 9/17/96 Valley 
ABL625 5 61.0 2.36 2.74 11/6/95 Valley 
BCF664 5 105 2.36 7.62 8/15/12 Slope 

Unknown 5 48.8 2.36 1.52 7/27/90 Slope 
BAP329 5 141 2.36 5.18 8/17/08 Valley 
ACL861 5 62.5 3.94 3.35 10/2/97 Slope 
ABX135 5 91.4 2.36 11.6 6/7/95 Slope 
ACE814 5 67.1 3.94 6.10 6/10/96 Valley 
ACL652 5 38.1 2.36 3.35 7/21/98 Valley 
ACL106 5 42.7 3.94 9.75 9/18/96 Valley 
ACL889 5 32.0 2.36 5.18 5/7/98 Valley 
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Well Tag ID AGM953, was deepened from 54.9 m to 154 m, presumably because the well yield 

had diminished below a useful supply.  These wells demonstrate that domestic supply is sourced 

from the deeper sandstone aquifer, and irrigation supply is sourced from the shallow alluvial 

aquifer. 

Recharge 

 Recharge to the shallow alluvial aquifer comes from local precipitation events (Figure 5) 

and the Teanaway River bordering the southern edge of the site. Situated in the orographic 

shadow of the Cascade Mountain crest, TVFF receives around 800 mm of precipitation per year: 

the 30-year normal (1991 – 2020) median precipitation is 835 mm×yr-1, and the median amount 

in the 5 years of this study is 749 mm×yr-1 (PRISM, 2022). Melting snowpack from the uplands 

north of the site provides runoff to Freds Creek and an unnamed creek at the west end of the site, 

which flow from January through the end of April. This runoff is conveyed through 2 culverts 

under Teanaway Road and reaches the site via Freds Creek and an irrigation ditch. Neither 

ephemeral stream reaches the Teanaway River on the surface. Ponding leakage serves to recharge 

the alluvial aquifer. Irrigation returns also provide recharge, but in a neutral sense because water 

from the onsite Upgradient Pond is pumped to provide the irrigation. The amount of recharge to 

the alluvial aquifer provided by the Teanaway River is indefinite for this reach. Groundwater 

elevations indicate that the water flows parallel to the river for much of the year suggesting that 

it is neither gaining nor losing. During and immediately after recharge, groundwater flows 

toward the river. A 2011 seepage study (Gendaszek et al., 2014) using water temperature as a 

tracer assessed reaches of the North Fork Teanaway River and West Fork Teanaway River 

upstream of the study site, and the mainstem Teanaway River downstream of the study site. The 

North and West Fork Teanaway River reaches were gaining and the mainstem Teanaway River  
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Figure 5. Precipitation, River Stage, and Observation Well Levels. (A) shows Wells 2, 3, and 6, (B) 
shows Wells 4, 5, and 7, and (C) shows Wells 8, 9, and 10 for the period of January 24, 2020, to April 7, 
2022. Precipitation amounts were grouped by quartile according to increasing magnitude. Water levels in 
both the river and the wells are responsive to individual precipitation events regardless of magnitude, 
demonstrating the occurrence of local recharge to the shallow alluvial aquifer.  
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reach was neutral. Overall, the river system in the Teanaway River watershed appears to behave 

as a drain for groundwater discharge, not as a source of recharge for the shallow alluvial aquifer. 
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CHAPTER IV 

FIELD METHODS 

Overview of Field Measurements 

 Parameters in the groundwater flow model were informed by field data collected at the 

study site, including water level measurements, hydraulic conductivity tests, and sediment 

samples. Pressure transducers in wells located at the site provided continuous water level 

monitoring over the course of the study. Site visits were conducted every 6 weeks in which 

manual water level measurements were taken and the water surface elevation in the Teanaway 

River was observed. Groundwater samples from each well and surface water samples from the 

Teanaway River and ephemeral creeks were also obtained during each site visit but were not 

used in this study. Slug tests were performed on site at various wells to estimate in-situ hydraulic 

conductivity in the Cobbles and Clay subsurface layers. Porosity of the alluvial material was 

approximated in laboratory experiments from the sediment samples obtained at the site.  

Site Description and Monitoring 

The groundwater monitoring wells located in the floodplain, Wells 2 through 10 (Figure 

2), were utilized for this research. The floodplain wells tap the shallow alluvial aquifer at depths 

ranging from 3.2 to 6.9 meters. Except for Well 2, each monitoring well terminates at the contact 

with the Roslyn sandstone bedrock (Figure 4). Well 2 is 6.9 m deep but does not encounter 

bedrock at depth. All wells were constructed of 5-cm diameter schedule 40 PVC pipe, screened 

in the bottom 1.5 to 3 meters depending on overall depth, packed with silica sand, and sealed 

with bentonite clay and a concrete monument. In addition to the wells, water level gauges to 

monitor stage were also installed in the Teanaway River and a nearby pond. The well and gauge 

locations were surveyed in July 2019.  



 27 

In August 2019, the wells were instrumented with Onset pressure transducers (U20-001-

04 HOBO Freshwater Water Level Data Logger) and an on-site barometer was placed in the top 

casing of Well 1 (Petralia, 2022). The transducers logged pressure readings at 15-minute 

intervals and provide a near-continuous record of water levels in the monitoring wells from 

August 2019 to present. The raw pressure transducer data was processed with HOBOware Pro 

software (Onset, 2019) to determine water level, and the program R was used to compute daily 

averages from the 15-minute data. Manual water level measurements were also taken at each 

well on a 6-week frequency from August 2019 to April 2022. Manual measurements and logged 

water levels were compared each time and found to be in agreement within a few centimeters. A 

data gap for all on-site wells exists from September 15, 2021, to October 27, 2021, when the 

available memory to store data on each logger was exceeded. Individual, short-term data gaps 

exist for Wells 4, 5, and 7 due to suspension cable repair, battery failure, and data exceeding 

memory storage capacity, respectively. The most complete, uninterrupted record of water level 

data for Wells 2 through 9 is from January 24, 2020, to April 8, 2022. End-of-month water 

elevations during this period were used to calibrate the groundwater flow model, with a total of 

217 water-level calibration points from Wells 2 to 9 over this two-year time span. 

Water surface elevations in the Teanaway River were observed during each 6-week site 

visit at the gauge installed in the river near the southeast corner of the site. The gauge is a simple 

ruler-style measure affixed to a rock in the river, having a surveyed location of 47.23628 °N, 

120.83000 °W and a base elevation of 636.0 meters above sea level (masl). Observed water 

surface elevations were correlated with discharge information from the USDA monitoring station 

approximately 2 river kilometers upstream of the site (Teanaway River at Forks near Cle Elum, 
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Station ID 12480000; 47.25 °N, 120.86 °W). River stage inputs for the groundwater flow model 

were determined from the rating curve based on site observations and discharge data. 

Slug Tests 

 Slug tests were performed to approximate hydraulic conductivity in the Clay and Cobbles 

subsurface layers. Tests were conducted in all wells except Wells 7, 9, and 10, which were 

excluded because of equipment failure. Tests in Wells 2, 3, 6, and 8 were performed in April 

2022 by the study author. Tests in Wells 4 and 5 were performed by 3 different GEOL 545 

Hydrogeology classes at Central Washington University (CWU) in the Winter 2020, 2021, and 

2022 terms. The study author was a member of the Winter 2021 class and was a guest attendee 

for the slug test performed by the Winter 2022 class. The only slug test presented here that the 

author was not present for was the slug test performed in Well 5 by the Winter 2020 class. The 

author obtained the data for this test from the class instructor and performed the data analysis 

presented in this work. 

 For each slug test, a temporary data logger was securely suspended into the water column 

in the well below the water surface, above the bottom of the well and within the screened portion 

of the well casing. The data logger was set to record at 1-second intervals. The static water level 

was measured and then a “slug” was introduced into the well. In the tests performed by the CWU 

classes, the slug was 2 liters of water quickly poured into the well. In the tests performed by the 

study author, the slug was an 0.215-liter cylinder filled with sand. In each case, a falling-head 

slug test was performed. Water levels were recorded for an amount of time sufficient enough for 

the head in the well to return to the static level. The temporal water level data was analyzed using 

the Hvorslev method as described in Fetter (2001), which is appropriate for the site conditions 

and well construction. Slug test analyses are in Appendix A, and Table 2 summarizes the 
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hydraulic conductivities that were measured. The computed hydraulic conductivities are 

consistent with those given in Freeze and Cherry (1979) for unconsolidated deposits. 

 
Table 2. 
Hydraulic Conductivities from Slug Tests at TVFF  

Well Date 

Hydraulic 
Conductivity 

(m×s-1) Description 

Average 
Hydraulic 
Conductivity 

(m×s-1) 

Well 1c 2/26/20 
6/16/21 

6.28 ´ 10-9 
1.04´ 10-8 

Silty sanda 
Clayb 8.34 ´ 10-9 

Well 2 4/8/22 6.94 ´ 10-5 
7.38 ´ 10-5 

Silt, silty sand & gravela 
Mostly clay; thin layer angular gravelb 7.16 ´ 10-5 

Well 3 4/8/22 6.78 ´ 10-4 Silt, silty sand & gravela 
Clay rich w/ some cobbles & pebblesb 6.78 ´ 10-4 

Well 4 2/2/21 
2/22/22 

9.18 ´ 10-5 
1.41 ´ 10-4 

Silt, silty sand & gravela 
Mostly cobbles & pebblesb 1.16´ 10-4 

Well 5 2/27/20 1.25 ´ 10-4 Silt, sand & gravela 
Sandy soil; pebbles to small cobblesb 1.25 ´ 10-4 

Well 6 4/8/22 4.16 ´ 10-4 Silty sand, sand & gravela 
Pebbles & cobbles increasing in size with depthb 4.16 ´ 10-4 

Well 7   Not 
Available 

Sand, gravel, cobblesa 
Cobbles; some clayb 

 

Well 8 4/8/22 4.59 ´ 10-4 Cobbles, sand & gravela 
Cobbles and pebblesb 4.59 ´ 10-4 

Well 9   Not 
Available 

Cobbles, sand & gravela 
Cobbles grading to pebbles belowb 

 

Well 10   Not 
Available 

Sand & gravel; river rocka 
Sand-silt soil; cobbles & pebbles belowb 

 

aDescription from well log. bSite observation by Central Washington University. cWell 1 is outside of the 
groundwater model domain. Hydraulic conductivity was measured at this location, but not used in this study. 

 

Porosity Tests 

 Laboratory testing was performed on soil samples from the study site to determine 

porosity by the Winter 2021 GEOL 545 Hydrogeology class (Appendix A). Both volumetric and 

gravimetric methods were used. The porosity ranged from 40 – 44% ± 5% for the silty soil and 

43 – 49% ± 3.5% for the clayey soil. Inputs into the groundwater flow model were generalized to 

43% for the effective porosity.  
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CHAPTER V 

WATER BALANCE ANALYTICAL MODEL  

Steady-State Analysis 

 A steady-state water balance was developed to inform the inputs to the groundwater flow 

model as well as validate the model once it produced results. The water balance was calculated 

for each month by conservation of mass, Equation (1), through a control volume. Inflows in the 

water balance are the monthly volumes of precipitation, upland runoff, leakage from the 

Teanaway River into the surficial aquifer, and irrigation return flows. Outflows from the control 

volume are the monthly volumes of evapotranspiration, baseflow, and the volume of water 

necessary to refill the Upgradient Pond during irrigation season. The east and west boundaries of 

the site are not natural hydrologic no-flow boundaries, so the exchange with surficial aquifers 

adjacent to the site is also accounted for. 

Change in Storage 

The right-hand-side of Equation (1), the change in storage, DS, is computed monthly by 

        DS = SyADh,            (5) 

where Sy is the average specific yield of the control volume (dimensionless), A is the area of the 

plane representing the water table (m2), equivalent to the area of the site, and Dh (m) is the 

monthly change in the average elevation of the water table. This is illustrated conceptually in 

Figure 6. Monthly changes in storage can be positive or negative depending on hydrologic 

conditions, but the annual change in storage is zero under the steady-state assumption. 
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Idealized Water Table: Least-Squares Plane of Best Fit 

The control volume for the water balance is approximately the entire site, and the top 

surface of the volume is the water table. The water table is idealized as the least-squares plane of 

best fit through the average monthly water surface elevations in each of the wells, developed 

according to Equation (6): 
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In (6), the number of wells, n, are discretized as points (xi, yi, zi) where xi and yi are the UTM 

easting and northing coordinates of the ith well, respectively, and zi is the average monthly water 

surface elevation from pressure transducer measurements taken at the ith well. The plane 

Figure 6. Conceptual Control Volume Illustrating Change in Storage. For the analytical water balance 
model, a control volume that is approximately the size of the entire site of the site was used. The water 
table is the plane with area A, and the monthly change in height of the water table is Dh. The monthly 
change in storage is the product SyADh, given the average specific yield of the entire site, Sy. Inflows 
into the control volume are the monthly volumes of precipitation, P, upland runoff, U, leakage from 
the Teanaway River into the surficial aquifer, L, and irrigation return flows, I. Outflows from the 
control volume are the monthly volumes of evapotranspiration, ET, baseflow, B, and the volume of 
water necessary to refill the Upgradient Pond during irrigation season, T. The term N represents the 
net exchange with the surficial aquifers adjacent to the site. 

A Dh 

( P + U + L + I ) – ( ET + B + T ) + N = DS,  where  DS = SyADh: DS 
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parameters a, b, and c are solved for on a monthly basis by Equation (6) to determine the 

equation of the best-fit plane, z = ax + by + c, which represents the water table for that month.  

The extent of the best-fit plane was the research site, and its corners are given by the 

UTM coordinates in Table 3. The centroid of the plane was determined geometrically and the 

area of the plane was the area of the site, 8.88 ´ 105 m2. Once the plane parameters a, b, and c for 

the monthly best-fit planes were obtained, the equation z = ax + by + c was used to calculate the 

elevation of the centroid of the water table idealized by the best-fit plane. The change in height 

of the water table month-to-month, Dh, follows Dh = zk – zk–1, where zk is the elevation of the 

water table centroid in the present month and zk–1 is the elevation of the water table centroid in 

the prior month. Figure 7 illustrates the planes and Dh for the months of December 2020 and 

January 2021. 

Table 3.  
Universal Trans Mercator (UTM) Coordinates of the Corners and Center of Mass of 
the Research Site 
 Corner UTM Easting UTM Northing  
 SW 663153 5234456  
 SE 664539 5233632  
 NE 664943 5234048  
 NW 663230 5234636  
     
 Centroid 664090 5234139  

 
 

Average Specific Yield 
 

The average specific yield for the site used in the computation of DS by Equation (5) was 

determined by computing a weighted average by volume according to 

Sy=
!Sy"s·Vs+!Sy"c·Vc+!Sy"cl·Vcl+!Sy"ss·Vss

VTotal
            (7) 

where (Sy)s, (Sy)c, (Sy)cl, and (Sy)ss are the specific yields of the individual layers of Soil, Cobbles, 
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Figure 7. Graphical Illustration of the Water Table Best-Fit Plane. The concept was used to generate 
an idealized water table. (A) shows water table elevations in the floodplain wells in December 2020 
(blue spheres). (B) shows the best-fit plane in December 2020. (C) includes water table elevations in 
January 2021 (red spheres). (D) adds the best-fit plane for January 2021 (the intersection of the planes 
occurs outside of the study area). (E) is a rotated view to show the change in height at the centroid, 
which is approximately the vertical axis. Elevations, in masl, are noted on the vertical axis. 
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Clay, and Sandstone, respectively, and Vs, Vc, Vcl, and Vss are the volumes, respectively, of these 

same layers. The volumes were calculated by taking the difference in height between the 

corresponding nodes of the top and bottom Digital Elevation Models (DEMs) of each layer and  

multiplying by 100 m2 (since each DEM has 10 m resolution). VTotal is the sum of Vs, Vc, Vcl, and 

Vss. Table 4 records the specific yields and volumes of each layer. The values of specific yield for 

each unit represent final values which were updated after model calibration. By Equation (7), the 

values in Table 4 give an average specific yield of 0.12 for the study area. 

Table 4. 
Values of Specific Yield and Computed Volumes 
of the Different Model Layers 

Layer 
Specific Yield 

(dimensionless) 
Volume 

m3 
Soil 0.19        898,000 
Cobbles 0.23 1,680,000 
Clay 0.07 1,180,000 
Sandstone 0.10 9,010,000 
Note: Values of Sy represent the final values, updated 
after model calibration. 

 

Precipitation, Evapotranspiration, and Upgradient Pond Exchange 

 The water balance uses the 5-year average monthly precipitation and evapotranspiration 

amounts over the period from 2017 to 2022. Precipitation and evapotranspiration data are from 

PRISM (2022) and MODIS (Running et al., 2021), respectively. Runoff from the uplands north 

of the site is calculated so that the timing of the runoff mirrors the hydrograph of the Teanaway 

River. The amount of runoff is determined from catchment precipitation and evapotranspiration 

and the channel geometry of the ditches that convey the runoff to the site. Inflows from irrigation 

are assumed to be an average monthly amount of 80 mm applied to the area of the onsite field for 

the months of May through September. Leakage from the Teanaway River into the surficial 

alluvial aquifer is determined from streamflow data, as is baseflow. 
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 Water from the on-site pond, the Upgradient Pond, is pumped to irrigate a nearby field. 

The pond refills with groundwater seepage from the shallow alluvial aquifer, so the water 

extracted for irrigation constitutes an outflow from the aquifer. Assuming that 80 mm of 

irrigation meets the needs of the crop and the irrigated area is 154,000 m2, and if the sprinkler 

irrigation system is 85% efficient, then approximately 14,500 m3 of water is extracted from the 

aquifer for each of the months of irrigation, May through September. 

Baseflow and River Leakage 

 River flow data from two gauges, Teanaway River at Forks near Cle Elum (12480000), 

upstream of the site, and Teanaway River Red Bridge (39D110), downstream of the site, were 

analyzed to determine the timing of baseflow and quantify the amount. Baseflow exiting the 

aquifers of the lower Teanaway River valley into the Teanaway River was computed from 

baseflow recession curves for the hydrographs at the two locations. The hydrographs are shown 

in Figure 8. They indicate that baseflow recession begins approximately June 1 each year and 

ends at the end of September. 
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Figure 8. Teanaway River Hydrographs. The hydrographs display the Teanaway River median 
discharge, in m3×s–1, for the period of 2016 – 2022. The Forks gauge (A) is approximately 9.58 km 
upstream of the Red Bridge gauge (B). Baseflow occurs from June 1 though September 30 each year. 


