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In an effort to restore summer flows in the Walla Walla River to provide passage

and habitat for ESA (endangered species act) listed bull and steelhead trout irrigation

districts left 13 cubic-feet-per-second (c.f.$) (0.37 m3Is) in the main channel during

irrigation season (May-November) for the first time in over 100 years in 2000.

However, the water percolated from the surface within a short distance of the bypass

area. Agreement flows for 2001 and 2002 were 18 c.f.s. (0.51 m3Is), and 25 c.f.s.

(0.71 m3/s) respectively, with an average of 28.5 c.fs. (0.81 m3/s) and 32.7 c.f.s (0.93

m3/s) actually bypassed in 2001 and 2002 respectively. In 2001 the average loss was

15.1 c.f.s. (0.43 m3/s), in 2002 the average loss was 22.3 c.f.s. (0.63 m3/s). The ability

of the mainstem to carry flow is critical to restoring fish habitat and passage.
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Two methods were used in conjunction to understand the interactions that occur

between the Walla Walla River and the underlying alluvial aquifer. The first method

was chemical signature work using naturally occurring anions in both the surface

water and groundwater. Groundwater has relatively high concentrations of anions

such as chloride and sulfate, compared to surface water. This allows for the use of a

mixing analysis approach which estimates the relative contributions of each of the

sources. Results indicate that the levied section of the river is primarily effluent in

nature, contributing water to the aquifer. It is also shown that below the levied

section the aquifer contributes to the river.

The second method was the use of stream bed temperature profiling devices.

These devices record the temperature of the stream bed material with time and depth.

Stream temperatures are well described by a sine wave pattern on a diurnal basis.

The amplitude of the diurnal stream temperature at depth below the streambed

decreases as a result of infiltration, and the signal is shifted in time. With these data

we determined the rate of infiltration from the surface water into the groundwater.

Analysis of the stream bed temperature at depth was done using sine wave fitting, and

numerical modeling with the software HYDRUS-2D. Infiltration estimates ranged

from 6 cm/day, to 308 cm/day. Extrapolating this point measurement to the levied

stretch from Nursery Bridge to Tumalum Bridge (3200 m) using the average width of

the river (10 m) gives an estimate of flow loss of 0.3 m3/s, using half the width of the

levy for area of infiltration estimates (25 m) gives an estimate of flow loss of 0.76

m3/s. These values compare favorably with manually measured in-stream flow losses

for 2002. The true area of infiltration (and thus in-stream flow loss) is most likely



larger that the actual stream channel, and slightly smaller than half the width of the

levy. In addition it was observed that the permeability of the stream bed decreases by

a factor of 2 to 4 between the 19th of June and the 12th of November. The decrease in

time is to be expected in high energy gravel bed rivers due to sorting, sedimentary

and biological clogging during the months when the stream bed is not re-worked by

high flows.
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Monitoring of Groundwater and Surfacewater Interactions on the Walla Walla River,
Oregon for the Purpose of Restoring In-Stream flows for ESA Listed Fish Habitat

1. General Introduction

1.1. Introduction

The competing demands for water resources are an issue of concern around the

world, and the Pacific Northwest is no exception. Water is a limited resource; of the

total estimated volume of water globally only 2.5% (approximately 35,000 x iO3 km3)

is fresh water, of which a mere 0.006 % is found in rivers (approximately 2.12 x iO3

1cm3) (Chin, 2000). Among the many demands on river water are: irrigation of crops,

habitat for fish and aquatic creatures, recreational users, vegetation in and around

streams, and hydroelectric plants. In the Pacific Northwest, particularly, the

competing demands on river water have sparked intense debate and need for more

complete understanding of riverine hydrology and ecology. Many of the Pacific

Northwest's rivers are home to endangered species act (ESA) listed salmonids, which

necessitate the compromise between human demands and wildlife demands on the

limited water resources of the rivers.

The need for this study was identified by the Walla Walla Basin Watershed

Council (WWBWC). The council is charged with the development of an integrated,

comprehensive program to promote ongoing monitoring of the health of the Walla

Walla River Watershed. They also identify problems in the watershed and

recommend solutions based on the best available scientific information. To this end

they have requested, in affiliation with the Army Corp of Engineers, The

Confederated Tribes of the Umatilla Indians, Bureau of Land Management (BLM),
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Environmental Protection Agency (EPA), Oregon Department of Environmental

Quality (ODEQ), Oregon Water Resources Department (OWRD) and The Oregon

Watershed Enhancement Board (OWEB), a hydrological study of the ground water

and surface water interactions in the Walla Walla system.

The reaches of the Walla Walla River studied were entirely devoid of

streamfiow during irrigation season from the turn of the century through 1999 (Figure

1.1 a). The fish populations in this reach have become endangered. The re-

introduction of Bull and Steelhead Trout and management of the Walla Walla to

support the endangered fish populations has become a focus of the restoration effort

of the above mentioned agencies. For fish populations to survive and flourish in the

Walla Walla River the river must flow at low temperatures (the target temperature is

the focus of temperature Total Maximum Daily Load work and has not yet been

decided), and with adequate depths throughout the year. The extensive demands on

the water and the limited supply of water in the semi-arid region require that the

surface-ground water system be understood to accomplish the goal of restored fish

habitat in conjunction with a viable agricultural economy.

During the 2000 (May-November) irrigation season, the irrigation districts left 13

c.f.s. (0.37 m3/s) of water in the mainstem of the Walla Walla River to provide

passage and habitat to ESA listed steelhead and bull trout (Figure 1.1 b). However,

this water percolated from the surface to the underlying aquifer in a short distance

from the release point at Nursery Bridge. This prompted federal, state, and local

agencies to become interested in understanding the ground-water surface interactions

along this highly impacted section of the river. This information is essential in the
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ongoing efforts to restore fish habitat by providing adequate flow during low water

months. Agreement bypass amounts were 18 c.f.s (0.5 1 m3/s ) for 2001, and 25 c.f.s

for 2002 (0.71 m3/s). Average release from Nursery Bridge (Figure2.2) from May 31,

2001 to November 8, 2001 was 28.5 c.f.s (0.81 m3/s), of this 15.1 c.f.s (0.43 m3/s)

was lost from in-stream flow. Average release from Nursery Bridge from July 26 to

November 27 2002 was 32.7 c.f.s. (0.93 m3Is), of this 22.3 c.f.s (0.63 m3/s) was lost

from in-stream flow. This study was begun in 2000, and continued until the fall of

2002.

Figure 1. 1 a) Walla Walla River at Nursery Bridge summer of 2000. b)
Walla Walla River at Tumalum Bridge summer 2001.

The Walla Walla Basin has been heavily impacted by human disturbances over

the past 100 years. These disturbances include gravel mining in the stream channel,

extensive surface withdrawals for irrigation purposes, the installation of an extensive

levy system, and installation and use of shallow and deep water wells. In-stream

gravel mining took place in the levied section of the Walla Walla River during

summer months until 1998. In-stream gravel mining in the Walla Walla river was

feasible and desirable for several reasons 1) all river flow was diverted from the main
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channel during summer months making mining easier than had the river been

carrying flow, 2) during winter months bedload and gravel was transported from

upstream, filling the area that had been mined the previous summer, and 3) the levied

section is conveniently located adjacent to Highway 11 making for easy

transportation from the site to the market place. In-stream gravel mining involves the

mechanical removal of gravel and sand directly from the active channel of rivers and

streams. In-stream gravel mining commonly causes incision of the channel bed,

which can propagate upstream and downstream for kilometers (Kondoif, 1994). In-

stream gravel mining can also reduce the storage capacity of alluvial aquifers by

lowering the bed elevation and therefore the water table. The Lake County,

California, Planning Department estimated that the range of potential reduction in

alluvial aquifer storage from incision in small river valleys with in-stream mining was

up to 16% (Kondoif, 1994).

The overall goal of this thesis project was to provide a quantitative framework

for the surface and groundwater exchanges below the confluence of the North and

South Forks of the Walla Walla River and above the Washington-Oregon state line.

The preliminary goal of this project was to determine where within the levied section

of the Walla Walla River, the system was primarily influent or effluent in nature.

This goal was to be accomplished using a combination of methods including bi-

monthly in-stream flow measurements at 8 points conducted by WWBWC and the

irrigation districts, chemical signature sampling collection and data analysis, and

placement and monitoring of mini-piezometers along the levied section of the Walla

Walla.



5

Additionally, the study sought to quantify river losses and to determine if

there exist seasonal patterns of change in river losses. Large scale losses were

estimated using in-stream flow measurements at points from upstream to downstream

(in - out = loss/gain). Small scale losses were estimated using temperature profiling

of the stream bed and the use of numerical models to simulate vertical flow through

the stream bed.

General understanding of seasonal aquifer recharge was another goal. A

preliminary ditch loss study was done to estimate the amount of recharge that might

be expected from irrigation ditches.

1.2. Notes on Units

In an effort to make this thesis usable to the people in the watershed, units

throughout will reflect units commonly used in the area. For instance flow is referred

to in cubic feet per second (c.f.s.), concentration units are ppm (mg/L), distances are

miles, and rainfall is reported in inches. This study was conducted to provide

information to local parties with an interest in the water and therefore hydrology of

the area. To this end it is important to communicate in commonly understood terms.

1.3. Location

The Walla Walla River originates in the Blue Mountains of northeast Oregon.

The river flows west and north into Washington, and empties into the Columbia River

near Wallula, Washington. The river basin is a roughly triangular area that extends 45

miles (72 km) eastward from the Columbia River to the crest of the Blue Mountains
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in southeastern Washington and northeastern Oregon (Newcomb, 1965). The river

drains a 1,758-square mile (4,553 square km) area of northeast Oregon and southeast

Washington (Figure 1.2). Approximately 73% of the Walla Walla watershed is

located in Washington with the remaining 27% located in Oregon (Figure 1.3). The

basin lies in Umatilla, Wallowa, and Union counties in Oregon, and Walla Walla, and

Columbia counties in Washington. The Walla Walla River basin lies entirely within

the Columbia Plateau, and the Columbia Plateau aquifer system. The focus of this

study is on the portion of the river directly below the Blue Mountains, which is all

within Oregon.
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Figure 1.3 Oregon portion of the Walla Walla River and watershed.

1.4. Climate

The climate of the region is diverse. The precipitation comes mainly in the

winter, with almost 70% of the annual precipitation occurring between October and

March. The amount of precipitation increases eastward with altitude. Average

rainfall in Milton-Freewater is about 14.3 inches (36.3 cm) per year, at an altitude of

approximately 970 ft. (300 m) (Figure 1.4, Oregon Climate Service, 2001, Whiteman

et al., 1994). Average rainfall in the Blue Mountains at an altitude of approximately

5,000 ft. (1,500 m) is 36 inches (91 cm) per year (Whiteman etal., 1994). In the

8

10 10 20 PMiks



9

lower parts of the basin precipitation comes mostly as rain, and in the upper parts as a

mixture of rain and snow. The average temperature at the gauging station at Milton-

Freewater from 197 1-2000 was 53.7 degrees F (12.1 C). The maximum mean

monthly temperature for the same period in the hottest month (July) was 88 degrees F

(31 C), and the minimum mean monthly temperature for the coldest month (January)

was 28 degrees F( -2.2 C) (Oregon Climate Service, 2001). Extremes of 115 F (46 C)

and -21 F (-29 C) were recorded from 1971-2000.
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Figure 1.4 Yearly precipitation for Milton-Freewater, Oregon (1916-
200 1), breaks in the line indicate gaps in available data.

1.5. Physiography

There are two major physiographica! elements in the Walla Walla basin, the Blue

Mountain section, and the valley section. The Blue Mountain section consists of the

extreme northern portion of the Blue Mountains in Oregon, and is composed of

deeply canyoned upland surfaces, and is characterized by flat-topped ridges, steep-

walled canyons, and mountain slopes. The lower elevations of 1,200 to 2,000 feet

(370 610 m) ascend eastward at about a 4 degree angle. The broad crests of the

mountains reach an average of 5,000 feet (1,500 m) with the maximum elevation
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obtained of just over 6,000 feet (1800 m). The canyon walls are marked by stair-like

terraces of eroded stratified basalt flow. The Blue Mountains have soils that formed

in bess, cofluvium, and residuum of the hills. The predominant soil types are Gwin-

Umatilla-Kahier, which are well drained (U.S.D.A., 1988). Gwin soils are on very

steep south exposures. The slopes of the hills of the Blue Mountains are from 35 to 70

percent. The native vegetation is grasses, shrubs, and forbs with an overstory of

coniferous trees. The mean annual precipitation varies from 15 to 45 inches (38 - 110

cm) due to orographic effects.. The main land use applications of the Blue Mountain

section are timber production and rangeland.

The areas of the valley section that border the Blue Mountains have a slope of

between 1 to 70 %, and are overlain with Waha-Palouse-Gwin soils, which are well

drained soils that formed in bess, residuum, and colluvium on ridges and hills

(U.S.D.A., 1988). Palouse soils are on steep north aspects. Waha soils are in

moderately sloping areas. The elevation on which this soil type occurs ranges from

1,600 feet to 3,700 feet (490 - 1100 m). The native vegetation in areas that are not

cultivated is grasses, shrubs, forbs, and scattered deciduous and coniferous trees. The

main use of the land in the upper valley section is annual cropping of small grain and

peas, and as rangeland.

The lower valley consists of Powder-Umapine-Pedigo, and Freewater-

Hermiston Xerofluvents soils. All of these soil types formed in alluvium on flood

plains and terraces (U.S.D.A., 1988). The Freewater-Hermiston-Xerofluvents soil

occurs at elevations ranging from 700 to 2,000 feet (200 - 600 m). The Powder-

Umapine-Pedigo soils occur at elevations ranging from 500 to 900 feet (150 - 270



12

m). The individual soils described below are listed from high floodplain to low flood

plain occurrence. Pedigo soils formed in depressional areas and have a seasonal high

water table and a high content of sodium. The Hermiston soils are deep and well

drained. They have a thick surface accumulation of silt that is high in organic matter

content and a horizon of secondary calcium carbonate accumulation (U.S.D.A.,

1988). Freewater soils are somewhat excessively drained due to high content of sand

gravel and cobbles. Xerofluevents occur along the Walla Walla River and were

formed in a mixture of alluvium, and are somewhat poorly drained to excessively

drained. Most of these areas are used for irrigated crops such as alfalfa hay, corn,

small grain, apple orchards, grape vineyards, and asparagus.

1.6. Hydrology

1.6.1. Surface waters

The Walla Walla River and its tributaries drain approximately 480 square

miles (1200 square km) in Oregon (Figure 1.3). Peak flows occur in April due to

runoff from high-elevation snow pack in the Blue Mountains. High flows in the

Walla Walla River near Milton-Freewater can exceed 3,500 cubic feet per second

(c.f.s.) (100 m3/s) in the winter (U.S.G.S., 2001). Flows diminish rapidly after May,

reaching their lowest levels in August. Historical base flow in August coming from

the North and the South Fork of the Walla Walla River is close to 110 c.f.s (3.1 m3/s).

The South Fork carries the bulk of the flow with a base flow of between 107-124 c.f.s

(3.0-3.5 m3/s), while the North Fork carries between 7.5 - 12 c.f.s (0.21 - 0.34



m3/s) at base flow levels (U.S.G.S., 2001) (Figure 1.5). The Oregon portion of the

watershed also includes the tributaries of Pine Creek, Dry Creek, and Couse Creek.

350
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Figure 1.5 Monthly mean flows for South Fork of the Walla Walla River
near Milton Freewater (1903-199 1), and North Fork of the Walla Walla
River near Milton Freewater (1969-199 1).

1.6.2. Groundwater

1.6.2.1.Overburden

The term overburden is used to describe a composite unit consisting of all

rock materials 50 ft. (15 m) or more in thickness that overlie the Columbia River

Basalt Group (Whiteman et al., 1994). The thickness of the overburden ranges from

50 to more than 800 feet (20 - 240 m) in the Walla Wall River basin. The

'U South Fork I

0 North Fork

13



14

overburden includes consolidated and unconsolidated deposits of fluvial, lacustrine,

and volcanic origin ranging from Miocene to Holocene age. The sediments and

sedimentary rocks range from clay to gravel. The clay can be as thick as 500 feet (150

m), while the gravel varies in thickness from 10 to 300 feet thick (3 - 90 m).

The old clay does not crop up to the surface, and lies upon the basalt bedrock

in the deep parts of the Walla Walla syncline. The occurrence of the clay is from Mill

Creek to bedrock near Umapine, and longitudinally from Freewater to the rock rim at

Divide. The old clay is the quiet water equivalent of the gravel and was deposited

where the gravel-bearing currents were unable to reach (Newcomb, 1965).

The gravel was laid down as coalescent alluvial fan deposits that were

washed down from the mountain canyons. The gravel occurs as remnants at the

valley floor level, as a wide-spread layer beneath most of the valley floor, and as

narrow trains buried beneath later deposits and extending far down the southern part

of the lower valley floor (Newcomb, 1965) (Figures 1.6, and 1.7). The gravel is

composed of well-rounded, unweathered basaltic clasts of pebble, cobble, and

boulder size.

1 .6.2.2.Deep Basalts

The Columbia River Basalt is the primary consolidated rock in the Walla

Walla River Basin. The Columbia River Basalt covers a large area in Oregon,

Washington, and Idaho, and underlies most of the Columbia Plateau. The basaltic

lava erupted in the Miocene (17 - 6 million years ago). The three formations the

make up the Columbia River Basalt Group in the Walla Walla River basin are, from

oldest to youngest, Grande Ronde Basalt, Wanapum Basalt, and Saddle Mountains
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Basalt. The Columbia River Basalt is variably interlayered with and overlain by

generally thin and discontinuous Miocene sediments (Steinkampf and Hearn, 1996).

The basalts and sediments are overlain by a discontinuous mantle of sediments of

Miocene and Holocene age collectively named the overburden (Steinkampf and

Hearn, 1996).

The basalt sequence in the Walla Walla River basin is composed of successive

flows of lava, built up one over the other, with relatively few interfiow deposits or

soils. In the South Fork canyon as well as other places in the Blue Mountains,

sections nearly a thousand feet (300 m) thick are exposed. Individual flows range in

thickness from 5 to 150 feet (1 - 46m). Individual flows exposed in the South Fork

canyon average about 40 feet (12m) thick (Newcomb, 1965). The basalt is located up

to 600 feet (200 m) from the surface in the Walla Walla basin (Figure 1.8).
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Figure 1.6 Clay geology maps constructed from well logs by Kevin Lindsey (Bower,
2003).



i'm I i'm -

Ekviti.:ii it T:sp

r s:sfGt,svrl Livri
Gravel Coetouro

Gravel Top tn fr
250 - 300

ç '\ - 300-350
)

400-450
450 - 50(1

Eli 500 - 550
ri 550 - 60)

600 - 650
I 650-703

700-750
750 - 800
500 - 850
850 - 900

:000 - 950
950 - 1000

- 100) - 1050
- 1050-1100

T111'kilc-ss t
(l;L1\-rl L.ivrt

Streams
- Geology Well SOet
_WaIl Wailt Rsver

Gravel Thnk,sess: n feet
Plo-jo

14-25
25-5O
50 -75

I 75-100
EEl 100- 150

150-200
200 -300

- 300 - 400
- 400 - 500
- 500-600

DIstancf ts: T,:sp
s.,t' (iLIVeI L.ivrL

Dnstance to GraveS sos feet
0-10
10-25
25 -50
50-75

H75
- 100

100 - 150
150-200

200 - 300

:300 - 400
400 - 500

- 5)0 - 600

Figure 1.7 Gravel geology maps constructed from well logs by Kevin Lindsey
(Bower, 2003).

17



J\I-5 Basalt (;e()l(s) P
.t Top

of B:iszilt Livti

,/ hasa(t Top Contour,
Bas23 Top
- 250 - 300
- 300 - 350
- 350 - 400

400 - 450

I 450-500

I 500-550

I
600-650

L i 650 -700
L_J 700-75

750 -800
800 -850

r1 850 -900
900 - 950

- 950 - 1000
- 1000- 1050
- 1050- 1100

L)tstnnc-- t':'
(:t Bs1t L.veL
Distance to Basalt

0-10
10 - 25
25 - 50
50-75

[1 75- 100
100 - 150

LJ 150 - 2(X)
200- 3(0

:300-
400

400 - 500
- 500 - 6(X)

Figure 1.8 Basalt geology maps constructed from well logs by Kevin Lindsey
(Bower, 2003).

18



19

1.6.2.3. Water Uses

There are approximately 133,000 acres (538 km2) of cropland in the Walla

Walla River basin. About 50% percent of that area is dedicated to production of

grains, mostly wheat, and are located on the higher dryland areas. Green peas

account for about 13% of the area and are grown on the drylands where the rainfall is

adequate, usually in rotation with wheat. Commercial vegetable and fruit production

consists of about 9% of the acreage, and are grown primarily in the north of Milton-

Freewater. Pasture, alfalfa, and other hay account for about 15%, with the remainder

lying fallow. Approximately 20,000 acres (80 km2) are irrigated with water that is

withdrawn from groundwater and/or surface water sources. Fruit orchards and alfalfa

seed together were valued at $8.2 million in 1999 by the Oregon State University

Extension Information Office for the Walla Walla basin.
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2. Determining Walla Walla River Losses and Gains

2.1. Abstract

In the summer of 2000 13 c.f.s. (0.37 m3/s) was bypassed from irrigation

withdrawals and allowed to stay in the mainstem of the Walla Walla River. All 13

c.f.s. (0.37 m3Is) infiltrated within a short distance from the bypass point. The goal

was to; 1) identify the influent and effluent sections of the Walla Walia River in

Oregon, 2) quantify stream losses, and 3) estimate aquifer recharge from surface

water. Chloride and sulfate are both considered to be conservative tracers, with

groundwater sources and surface water sources typically having distinctly different

concentrations. Source solutions for Walla Walla River water were identified by

plotting anion concentrations in mixing space, and running a linear regression on the

data. The water in the mainstem of the Walla Walla River was observed to be

composed of two sources. Mini-piezometers were used to measure vertical hydraulic

gradients between the river and the subsurface. Vertical hydraulic gradients as

measured by the mini-piezometers were generally negative along the levied stretch

indicating loss of water from the river to the groundwater. Vertical hydraulic

conductivity of the riverbed was estimated using vertical hydraulic gradients and

estimated seepage fluxes, indicating that hydraulic conductivities decreased with

time, and averaged 2.8 * cm!d to 7.1 * cm!d. Bi-monthly in-stream flow

measurements were conducted at '/2 mile (800 m) intervals at 8 points from M- 1 to M-

8 in 2001 and 2002 showing an average loss of 9.2 c.f.s. (0.26 m3/s) in the summer of

2001, and 13.5 c.f.s. (0.38 m3/s) in the summer of 2002 from M-5 to M-6, where in-
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stream gravel mining had historically taken place. Seasonally the flow loss appeared

to decrease from early summer to late summer.

The amplitude of the diurnal stream temperature swings decrease with depth

below the streambed, and the signal is shifted in time as a function of percolation

velocity. With these data the rate and seasonal trends in loss were determined from

the Walla Walla River into the underlying aquifer. Stainless steel pipes were

pounded into the streambed to a depth of45 cm, temperature loggers were placed

inside the pipes at 15 cm intervals from the stream surface to the bottom of the pipe.

Analysis done using sine wave fitting, and numerical modeling provided consistent

percolation estimates, which ranged from 6 cm/day, to 600 cm/day. These results

agree well with in-stream flow measurements, and with mini-piezometer results. In

addition it was observed that the permeability of the stream bed decreased by a factor

of 2 to 4 between the 19th of June and the 12th of November 2002. Possibly due to

sediment sorting, sedimentary and biological clogging during the months when the

stream bed was not re-worked by high flows. A study of irrigation ditches, which are

thought to comprise a significant aquifer recharge source in the Walla Walla Basin,

revealed percolation averaging 204 cm/day, with the minimum observation of 70

cm/day. These data support the concept of allowing water to flow through the ditches

in winter months to recharge the aquifer when the flow diverted to irrigation ditches

will not be missed in the mainstem, potentially providing a sustainable alternate

source of summer irrigation water.
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2.2. Literature Review and Background

Solutes in groundwater are derived from contact between the water and

various solids, liquids, and gases as the groundwater makes its way from its recharge

area to discharge area (Kehew, 2001). Concentrations of solutes can vary greatly

depending on the mineral content of the aquifer through which the groundwater flows

(Kehew, 2001). There are generally seven major constituents that are found in

groundwater in concentrations greater than 5 mg/i. These major constituents

commonly occur in ionic form and include bicarbonate, calcium, chloride,

magnesium, silica (not an ion), sodium, and sulfate (Kehew, 2001). The total

concentration of these ions generally accounts for 90% of the total dissolved solids in

ground water (Freeze and Cheny, 1979).

Chloride and sulfate are commonly used as naturally occurring chemical

tracers, they are both considered to be "conservative". Conservative tracers in

aqueous solution will not change in time or space due to chemical reactions. This

means that they do not readily participate in any chemical reaction in the natural

environment. Any changes in concentrations of chloride and sulfate are believed to

be exclusively from mixing of sources with differing concentrations. This is

important when using chemical signatures to determine sources and mixing of waters.

Surface waters whose main source is precipitation and snow melt typically have low

concentrations of both chloride and sulfate due to limited contact time minerals and

rocks. Appendix A includes typical surface and ground water anion contents from

nearby watersheds with similar geology. The contents of Appendix A were used to
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determine the appropriate ions for the study's analysis both in terms of abundance,

and cost of analysis. For the Walla Walla River Basin, chloride and sulfate were

selected as the anions for analysis.

Chloride can be the most informative ion in terms of groundwater chemistry.

This is because it is very common in groundwater, and has a limited number of

identifiable sources, and it is hydrochemically conservative. There are three basic

sources of chloride in groundwater; 1) rock salt, 2) seawater intrusion, 3) sea derived

airborne salts (Mazor, 1997). Let us consider these potential sources in sequence.

Rock salt contributes to chloride in groundwater by dissolution of halite that is

present in the aquifer. Water in contact with halite readily dissolves it. If the amount

of halite is great, as compared to the amount of water, saturation is reached in a

matter of a few days. At saturation chloride concentrations exceed 180,000 mg/i.

Halite is the sole source of chloride in water by interaction with rocks. Most

groundwaters have concentrations around 50-2000 mg/l, indicating that the source of

chloride is recharge waters, and not rock (Mazor, 1997). No rock salt deposits have

been identified in the Walla Walla Basin, nor would they be expected in this geologic

setting.

Seawater intrusion is the second source of chloride in groundwater. However,

encroachment of seawater into coastal wells is a phenomenon that is limited to within

a few kilometers from the seashore. Seawater stored in aquifer rocks is unlikely in

most situations. This source of chloride can be ruled out for all fresh groundwaters

that are located in terrains with a continental history of at least 1 million years.
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(3) Sea-derived airborne salts, also called atmospheric salts. These are the most

common source of chloride in groundwater. Atmospheric chloride dominates in

groundwaters that are fresh and are more than a few kilometers from the seashore.

Marine abundance ratios of various ions to chloride supply direct evidence of their

origin from atmospheric sea-derived salts (Mazor, 1997). Seawater has a distinct

composition, reflected in the concentration of various dissolved ions. Most

groundwater contains significantly lower ion concentration than seawater, but the

relative abundance of some of the dissolved ions is often similar to the marine

abundance.

Table 2.1 (adapted from Mazor, 1997) Average composition of seawater (gIL)

The formation of sea spray is accompanied by no ionic fractionization, nor does the

atmospheric transport of sea-derived salts cause ionic fractionization.

Evapotranspiration from the soil surface can cause ion concentrations to increase up

to seawater concentration in areas of net recharge. Salts accumulating in soils during

dry periods are eventually carried into the saturated groundwater zone.

In addition to chloride sulfate was used as a naturally occurring conservative

tracer. The primary source of sulfate in recharge waters is sea derived airborne salts

(see previous section and Table 2.1). However, sulfate can also be added due to

pollution from many activities such as fertilizers, wastes, and mining activities (Allan,

1995.). Saturation of water with sulfate in the presence of gypsum (or anhydrite) is

Na Mg Ca K Cl SO4 HCO3 Br

10.6 1.3 0.4 0.4 19 2.6 0.12 0.07
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reached in a few weeks to a few months. Saturation is indicated by SO4

concentrations of more than 2300 mg/i. In contrast, a lower SO4 concentration

indicates undersaturation with respect to gypsum or anhydrite, and thus the absence

of these minerals from the system. Most groundwaters have a SO4 concentration of

between 20-300 mg/i. The observed SO4 in these cases is brought in by the recharge

water. There is no indication of the presence of gypsium in the Waila Walla Basin,

therefore the primary source of sulfate is likely recharge water, and anthropogenic

inputs.

To model flow losses due to infiltration it is first necessary to estimate stream

bed porosity. The porosity, n, of a porous medium is defined as the fraction of the

total volume of the medium that is occupied by void space. Thus 1 - n is the fraction

that is occupied by solid. Nonuniformity of grain size tends to lead to smaller

porosities than for uniform grains, because smaller grains fill the pores formed by

larger grains (Nield, 1992). h gravel bed rivers analysis of the bed load transport

indicates that most available sizes of gravel and sediment are transported by flow

equal to or greater than the mean annual flood (Andrews and Parker, 1987). The size

distribution of the bed load is similar to that of the subsurface material, which

characterizers the bulk of the sediment stored in the river. The composition of the

surface layer of a gravel bed river is typically much coarser than either the bed load or

the subsurface material (Andrews and Parker, 1987). The coarse surface layer is

present even when a variety of sizes are transported. The median diameter of the bed

surface gravels are typically two to six times that of the subsurface materials. In this

study digging down on gravel islands between braided channels showed this to be
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true, in the section of the Walla Walla River examined. The top layers were primarily

large gravel particles, while farther down the voids between the large gravel particles

were filled with smaller particles.

The two bed material input conditions in gravel bed rivers which control the

evolution of the bed are the absence of and supply of material from upstream sources.

In the absence of a supply of material from upstream, the process of "armouring" will

take place. The relatively fine particles will be transported more readily than the

larger particles. First of the larger particles will become immobile. The river bed

particle motion will eventually cease when the smaller particles have been removed

by high flows and the immobile larger gravels remain. On the other hand in systems

where there is a supply of gravels and sediments from upstream (due to any number

of causes, land disturbances etc.) "mobile armouring" or "paving" will occur. At

small discharges the bed surface is noticeably coarser than the underlying bed

material. At peak annual discharges the channel may migrate causing the formation

of mid-channel bars, demonstrating that nearly all sizes of available bed material have

been transported (Andrews and Parker, 1987). After winter high flows the stream bed

of the Walla Walla River was observed to change dramatically, altering its course,

creating more braids, and moving large boulders, indicating that in this system there

is a supply of material from upstream.

The permeability of river beds is a critical factor in determining seepage to

aquifers. After the form of the river bed is established in the spring, permeability is

generally thought to decrease due to physical siltation of pores and biological

clogging. Looking first a the physical processes, in alluvial rivers suspended matter
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is deposited in the pore spaces during low and medium discharges (Schalchli, 1995).

At high flow the armor layer breaks up and the riverbed is flushed. Laboratory

experiments have been conducted that showed that hydraulic conductivity decreased

in time during armouring, and then suddenly increased when the flow regime is

sufficient to dislocate the bed material (Schalchli, 1992, 1995). Pore siltation occurs

over the whole river bed and can be due to gravitational deposition, or as an effect of

hydrodynamic pressure. The siltation of the riverbed and consequent decrease in

hydraulic conductivity can affect both the groundwater-recharge and the benthic

ecosystem. Flume studies designed to reproduce field conditions concluded that

hydraulic conductivity decreases by up to 3 orders of magnitude during riverbed

siltation (Schalchli, 1995). Field conditions replicated during flume experimentation

were identical to conditions on the Walla Walla River at the time of examination: 1)

river water infiltrates through the riverbed to the groundwater; 2) interstitial zone

between the river and the ground water is saturated; 3) the riverbed does not dry up

and; 4) there is no gravel transport (summer conditions). The pattern of riverbed

permeability change follows a curve rather like a typical flood hydrograph; high flow

causes bed movement, which in turn cause increases stream bed hydraulic

conductivity, low flow (energy) causes settling, and biological growth which in turn

causes a decrease in stream bed hydraulic conductivity. In addition to sedimentary

clogging of channel beds at low flows, biological activity can also contribute to

channel bed clogging (Cunningham et al., 1987). Biological clogging can develop

due to formation of algal mats, as well as due to activity of microorganisms causing
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the formation of a layer with adhesive properties (Brunke and Gonser, 1997; Brunke,

1999),

Heat can be used as a tracer to provide information to estimate infiltration

from surface-water bodies (Lapham, 1989; Silliman and Booth, 1993; Constantz et

al., 1994; Constantz and Thomas, 1996; Ronan et al., 1998; Constantz et al., 2002;

Scanlon et al., 2002). The use of temperature for indirect estimation of groundwater

velocity was proposed by Suzuki (1960) and Stallrnan (1963). An analytical solution

relating rates of infiltration from rice paddies to subsurface temperature profiles was

introduced in 1960 (Suzuki, 1960). Staliman (1965) found that percolation rates on

the order of 0.5 cm/day or greater could be detected by using temperature profiles

resulting from diurnal temperature fluctuation. Percolation rates of 0.1 cm/d could be

detected using annual temperature fluctuations (Staliman, 1963). An analytical

solution was obtained for Staliman's (1963) equation by assuming one dimensional,

vertical, steady flow of groundwater through an isotropic, homogeneous, fully

saturated medium (Bredehoeft and Papadopulos, 1965). Bredehoeft and Papadopulos

(1965) demonstrated that vertical groundwater velocity and hydraulic conductivity

could be determined by using temperature profiles. Bredehoeft and Papadopulos

(1965) also published type curves that can be matched with the temperature profile in

a well to compute the rate of vertical groundwater flow. Their type curve method

used the non-dimensional parameter of the Pee let number to identify lower limits of

velocity that could be accurately identified using this method. The Bredehoeft and

Papadopulos solution was successfully applied to temperature study data to determine

rates of upward movement through semiconfining beds in Colorado and New Mexico
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(Sorey, 1971). The Bredehoeft and Papadopulos solution was also used to identify

and estimate quantities of ground water discharge in the Illinois basin (Cartwright,

1970). Lapham (1989) applied an explicit finite difference approach to the one-

dimensional, vertical, anisothermal flow of an incompressible fluid through

homogeneous, porous media presented by Suzuki (1960) and Stailman (1965).

Lapham (1989) suggested that this method is feasible at sites where groundwater

discharges to the stream, or where the stream infiltrates the underlying sediments, and

could be useful to estimate aquifer recharge rates. Silliman and Booth (1993)

compared temporal changes in stream temperature with underlying sediment

temperatures to successfully determine losing versus gaining reaches of a small

stream. Constantz (1994) determined that predicted stream temperature variation

influences on streambed vertical hydraulic conductivity accounted for nearly all

stream flow loss at two sites in New Mexico and Colorado. Constantz (1994)

identified the need to improve estimates of variation in streambed temperatures in

response to measured diurnal variations in stream temperature and streamfiow loss.

Constantz and Thomas (1996) estimated percolation rates based on the travel time of

the daily maximum temperature into the streambed. Constantz and Thomas (1996)

indicated that spatially distributed network of streambed temperature profiles could

allow estimates of the depth, duration, and rate of percolation along the entire lengths

of ungauged arroys. Ronan et al. (1998) used discharge and stream area

measurements to determine infiltration rates, and stream and subsurface temperatures

to interpret subsurface flow through variable saturated sediments beneath the stream.

Ronan et al. (1998) concluded that over the range of temperatures and flows
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monitored, diurnal stream temperature changes can be used to estimate streambed

infiltration rates. Constantz et al. (2002) discusses the need for improved

understanding of stream exchanges with ground water to better manage water

resources. Constantz et al. (2002) reports that a heat and water transport model can

be used for predicting streambed hydraulic conductivity based on field observations.

Ronan et al. (1998) states that it is often impractical to maintain equipment for

determining infiltration rates by traditional means. They go on to suggest that once a

model is calibrated using both infiltration and temperature data, the relatively

inexpensive temperature monitoring can later yield infiltration rates that are within

the correct order of magnitude. Data logged temperature probes e.g. silicon-junction-

diode probes have been used in augered and back filled holes in streambeds to

determine temperatures at various streambed depths (Constantz and Thomas, 1996,

Ronan Ct al., 1998, Evans and Petts, 1997. A 95-cm long stainless steel temperature

probe and thermister (YSI series 400) were used for manual measurements in a study

on streambed temperature at depth (White et al., 1987). Models used to simulate

streambed infiltrations include VS2DH (Constantz, 1998; Ronan et al., 1998;

Constantz et al., 2002), and explicit finite difference approximation (Lapham, 1989).
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2.3. Methods

2.3.1. Field Methods

Samples of surface water and ground water were collected from July 2001

until March 2002. There were 70 ground water samples from 21 local wells and 92

surface water samples obtained from 25 sites on the Walla Walla River (Figure 2.1,

Table 2.2, Table 2.3, Figure 2.2).
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Table 2.2. List of sampling sites for groundwater sampling sites in the overburden
aquifer.

Ground Water Samples
Ids Lat/Long

GW -1 N45 57.482 Wi 18 23.000
GW -2 N45 57.672 Wi 18 22.630
GW -3 N45 57.950 Wi 18 22.497
GW-4 N4558.253W11822.179
GW -5 N45 59.697 W118 22.310
GW -6 N45 58.598 W118 23.136
GW -7 N45 58.150Wi18 23.633
GW -8 N45 57.714Wi1823.i75
GW -9 N45 56.666 Wi 18 23.096

GW -10 N45 58.050 Wi18 23.538
GW -11 N45 59.264 Wi 18 23.689
GW -12 N45 58.873 W118 23.689
GW -13 N45 59.032 W118 24.694
GW -14 N45 57.070 W118 23.470
GW -15 N45 57.014 W118 26.054
GW-16 N4557.613W11825.418
GW -17 Not avaIabIe
GW -18 N45 59.230W1i8 27.780
GW -19 N45 58.390 W118 24.252
GW -20 N45 58.607 Wi18 22.749
GW -21 Not available



Table 2.3 List of in-stream sampling sites along the Walla Wafla River.
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Stream Water Samples
Ids LatlLong

SW-I N4550.246W118 11.019
SW-2 N4550.278Wii8 11.084
SW-3 N4550.284Wii8 11.165
SW-4 Not available
SW-5 N4550.335W118 11.196
SW-6 N4550.316W118 11.216
SW-7 N4550.346W118 11.267
SW-8 N4550.352W118 11.284
SW-9 N4550.376W118 11.347

SW-b N4550.663W118 11.785
SW-il N4550.847Wii8 12.132
SW-i2 N4551.141 W118 12.777
SW-i3 N4551.524Wii8 13.362
SW-14 N4551.577Wii8 13.414
SW-15 N4551.684Wii8 13.651
SW-16 N45 52.027 Wi 18 14.451
SW-17 N45 52.426 Wi 18 15.138
SW-18 N4552.426Wil8 15.138
SW-i9 N4552.552W118 15.356
SW-20 N4552.656Wil8 15.613
SW-2i N4553.029Wii8 16.458
SW-22 N4553.057Wil8 16.668
SW-23 N4553.2i9Wii8 i7.088
SW-24 N4553.55i Wi18 17.925
SW-25 N4553.683Wil8 18.274
SW-26 N4553.769Wii8 18.448
SW-27 N4600.172Wii822.984
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Figure 2.1 Groundwater wells used for chemical signature water sampling
of the alluvial aquifer 200 1-2003.
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Figure 2.2 Temperature, chemical, seepage, and mini-piezometer sites
along the mainstem of the Walla Walla River near Milton-Freewater. The
number beside the site I.D. is the max water temperature recorded in
summer of 2000.

Water samples were analyzed using ion chromatography (Dionex 2000i with a

AS4A-SC column and a conductivity detector). Ion chromatography separates ions in

solution into the specific components by selective retardation. Comparison of

solution characteristics were evaluated by plotting anion concentrations in what is

referred to as a mixing space diagram, and running a linear regression on the data. A

mixing space diagram is simply a plot of two components of the mixture, one on the x
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axis and the other on the y axis. Often stream waters are a composition of many

sources. By plotting the data of two solutes in a mixing space diagram, one can often

estimate the number of sources in the mixture. In this study a mixing diagram of

chloride and sulfate concentrations was used to determine the number of sources, and

therefore the appropriate analytical tools. Further analysis was done using a mass

balance at discrete points along the Walla Walla River to determine relative

magnitudes of surface water and groundwater concentrations.

The ratio of groundwater flow to surface water flow was calculated using a

mass balance equation for water and ions in the general form;

Accumulation = In - Out,

Accumulation = 0 with In = Out, therefore

CsQsCsin Qsin + Cgw Qgw (1)

Where;

Cs = mass concentration of species in out flow;

Qs = Qsin + Qgw volumetric flow rate of stream out flow;

Csin mass concentration of species present within stream inflow;

Qsin = Volumetric flow rate of stream inflow;

Cgw = mass concentration of species present in average ground water;

and

Qgw = volumetric flow rate of ground water into stream.

Which may be solved for the fraction of groundwater as:

Qgw/Qs = (Cs-Csin)/(Cgw-Cs) (2)
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Assumptions were that: 1) all groundwater concentrations are the same in

space; 2) water chemistry is stable in time and; 3) chloride and sulfate ions are

entirely conservative (no source or sinks).

Cgw was taken to be the average concentration of all of the ground water

samples for the sampling date closest to in-stream sampling date (7-01 2.26 mg/i Cl,

4.23 mg/i SO4). The mass balance was done from one point upstream to the next

point downstream, with Csin the concentration of the species at the upstream point,

and Cs the concentration at the downstream point (Figure 2.3). This is clearly a

rough approximation, however, as will be seen, this analysis is employed primarily to

detect categorically between influent and effluent regions, rather than precise

quantification of exchange. Ion chromatography results are provided for each sample

from each site in Appendix B.
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Figure 2.3 Schematic diagram of the control volume used for mass balance
calculations.

During the 2001 and 2002 irrigation season, flow measurements were taken at

eight measurement points (M- 1 a to M-8) by the Walla Walla Basin Watershed

Council, and the Oregon Water Resource Department (WWBWC,OWRD) and the

Irrigation Districts. Flow measurements were spaced approximately at 0.5 mile (0.8

km) intervals along the levee. Two teams of field personnel collected the in-stream

flow measurements on a bimonthly basis usually within a 4 hour period. At each

location a minimum of 20 cross-sectional measurements were taken with the average

velocity estimated for each individual section over a 40 second period.

Measurements were collected using a Marsh-McBirney Version 2000 flow meter, a

tape-measure, and a top-set wading rod. For data quality assurance and control,

measurements between teams were duplicated and compared. Differences between

Qsin Qs

Cs
Csin
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field team measurements were thought to be within acceptable limits of error (values

= +7- 2.6%) (WWBWC, unpublished).

The methods for field use and data analysis for mini-piezometers were

adapted from U.S. Geological Survey Water - Resources Investigations Report 02-

4161 (Simonds and Sinclair, 2002). Sixteen in-stream mini-piezometers were driven

into the streambed of the Walla Walla River to determine the vertical hydraulic

gradient and direction of flow between the river and the alluvial aquifer. The mini-

piezometers were used to identify areas of losses and gains in the mainstem of the

Walla Walla River. The mini-p iezometers were placed at approximately half mile

(0.80 km) increments from just upstream of Cemetery Bridge to about a mile (1.6 km)

below Tumalum Bridge.

The mini-piezometers consisted of 7 foot (213 cm) sections of V2 inch

schedule 40 galvanized pipe. The pipes were flattened on one end to provide a

(blunt) point to drive into the river bottom. The bottom 6 inches (15 cm) of the pipe

was perforated with approximately 10, 1/8 inch (0.3 cm) holes to allow water to enter

the pipe and to come to equilibrium with the water at depth below the river.

The mini-piezometers were installed using a hand-operated slide-hammer

fence post driver. Typically several attempts were required at each location to find a

place where the mini-piezometer could be driven to a depth of at least two feet (60

cm) into the river bed. The water level inside the mini-piezometers is taken to reflect

the pressure head at the mid-point of the perforated area at depth below the river. The

water level inside the mini-piezometers was measured using an electrical tape gage.

The mini-piezometers were numbered from M- 1 upstream of Cemetery Bridge to M-
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10 downstream of Tumalum Bridge (Figure 2.2; Table 2.3). M-4 was located just

below Nursery Bridge. Mini-piezometers were placed at ¼ mile (0.40 km)

increments along the levied stretch from Nursery Bridge to Tumalum Bridge.

The difference between the river level and the water level inside the mini-

piezometers gives an indication of the vertical hydraulic gradient, and the direction of

flow between the river and the aquifer. In areas of infiltration from the river to the

aquifer, the water level in the piezometer would be expected to be lower than the

water level in the river. In areas of groundwater discharge into the river the water

level in the piezometer would be expected to be higher than the water level in the

river.

Water levels within the mini-piezometers were measured approximately every

2 weeks during the critical dry period in July and August 2001. Additional

measurements were made once in October, November, and March. High flows in the

Walla Walla River rendered measuring from December to March prohibitively

dangerous. Mini-piezometers were left in-stream in the winter of 2001-2002. Due to

high winter flows many were lost, or became located out of the stream when the river

shifted its path, for this reason all mini-piezometers were removed from in-stream in

October 2002.

The goal was to obtain temperature profiles in the streambed (Figure 2.4).
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Figure 2.4 Diagram of typical temperature monitoring field installation
diagram (not to scale).

Temperature loggers (model 214002 made by Kooltrak Inc., North Palm

Beach, Florida) were glued on 3 mm x 14 mm x 1400 mm stainless steel bars with

100% RTV silicone glue. The loggers are cylindrical stainless steel canisters of

17mm diameter and 6mm of thickness, and record temperature from -20 to 85 degrees

Celsius with a resolution of 0.5 degrees and an accuracy of plus or minus I degree

Celsius. They are able to record 2048 samples with a user programmable sample

period of 1 to 255 minutes. The loggers were programmed to record temperatures

every 15 minutes to obtain enough data to capture the diurnal temperature cycle.

Three bars had 5 temperature loggers on 15 cm spacing (Figure 2.5 b), and one had 9

41
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loggers, placed every 7.5 cm. The loggers were identified starting at the bottom as

number 1. At each site, one temperature logger (logger 5) was located above the

sediments to record the stream temperature and the 4 others were in the riverbed.

Logger 4 was positioned at the top of the riverbed, logger 3, logger 2 and logger 1

were located -15 cm, -30 cm and -45 cm from the riverbed surface, respectively. The

nine sensor configuration was identical with the addition of sensors between each of

the 5 on the standard configuration.

Temperature loggers were inserted into 2.2 cm ID, 2.54 cm OD and 0.17 cm

walled stainless steel pipes. The temperature loggers were not waterproof, therefore

they had to be kept dry. To accomplish this pointed steel driving tips were welded

onto the end of the stainless steel pipes. The pipes were pounded into the riverbed

near the bank using a fence post driver, the water level in the river was too high in

June to put them in the middle of the river (Figure 2.5 a). To insure good transmission

of the heat between the stream and the loggers, bars were forced against the pipe wall

using one inch (2.54 cm) sections of foam rubber (Figure 2.5 b). The heat goes from

the stream through the pipe and the silicone to the loggers. A potential problem is that

heat transport can occur vertically along the pipe, which might influence the

temperature records.
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Figure 2.5 a) Installation of temperature profiling pipes using a hand-
operated slide-hammer fence post driver: b) picture of a bar equipped with
Kooltrack temperature loggers, and a bar with thermocouples; c) picture of
a typical installation of mini-piezometer paired with a temperature
profiling device.

Initially it was planned to use standard 3/4' (1.9 cm) schedule 40 steel pipes

with an inside diameter of 0.83 inches (2.1 cm) and an outside diameter of 1 .05

inches (2.7 cm), but there was concerned with the high thermal conductivity of the

steel pipe. A pipe influence test was run before field installation (Figure 2.6). A bar

with 2 loggers was inserted inside a standard steel pipe, with water not allowed to
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enter the pipe. As described above, the foam between the loggers pushed the bar

against the pipe to facilitate heat conduction. The second bar was placed into the sand

without a pipe. Rubber septa were fitted to the loggers on this bar to protect the

loggers from direct contact with water. Constant flow moving through the sand was

set at 22 mL/min. The water was pumped from an 80 liter open-topped rectangular

plastic storage bin located outside. The outside reservoir was used as a source of

water that changed temperature diurnally, as would be expect in a stream. A

thermocouple was placed in the outside reservoir and connected to a CR-b logger to

have accurate measurement of the water temperature in time. Temperatures inside the

sand and inside the pipe were recorded every 5 minutes over 2 days (Figure 2.7).
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Figure 2.7 Influence of the pipe on temperature records. "Without pipe"
indicates the temperature recorded on the bar outside of the pipe. "Inside
pipe" indicates temperature recorded inside the pipe. The numbers 1 and 2
are the number of the loggers. Logger 2 is located near the top of the sand,
logger 1 is lower in the sand.

As expected, temperature varied as would be expected of diurnal changes in

stream temperature; the 7 degree C range is very typical of our following field

observations. During the day, temperatures inside the pipe were up to I degree

Celsius warmer than the temperature observed in the loggers in the sand without the

pipe. During the night, they were 0.5 to I degree Celsius colder. During the day,

water outside is warmed by the sun and warm water arrives at the top of the

Logger 1 Without
-- Logger 1 With

Logger 2 Without

Logger 2 With
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sediments. The pipe conducts the heat so the logger at the bottom recorded a warmer

temperature than the real temperature of the sand. The same phenomenon occurs

during the night. It was concluded that the pipe was too thermally-conductive.

Stainless steel is 4.6 times less conductive of heat than standard steel

(stainless steel k 14.4 W/mK, standard steel k = 66 W/mK ) (Kreith and Bohn,

1997). Moreover, thin-walled stainless steel pipe may be purchased with a wall

thickness one-half that of standard steel pipe, 0.07 in (0.18 cm) versus 0.133 in (0.34

cm) (Kreith and Bohn, 1997). Thinner wall, as well as lower thermal conductivity

both linearly decrease vertical heat conductance, in this case by a factor of 8.6. The

new pipes were not tested in the lab prior to installation due to lack of time. However,

temperature records should be closer than the ones using standard steel pipes and lag

in heat transmission should be consistent for all the devices.

Pointed steel tips were welded onto the pipes to facilitate installation and to

seal the pipes from intrusion of water. The possible influence of thermal-conduction

of the pointed steel tip on temperature records was tested. The bottom of the stainless

steel temperature logger bar was outfitted with a thin strip of rubber to isolate the bar

from the steel tip. Temperature measurements were taken for 7 days with and

without the rubber strip. There was no difference between temperature records

suggesting that conduction by the tip did not affect the readings.

To estimate flux from heat pulse movement an independent measure the

porosity of the riverbed is required. The considered riverbed is composed of gravels,

sand, and silt. To see its structure, a 42 cm deep hole was dug in a gravel bar beside

the river. The first 20 cm of the bed were largely open cobbley gravels. Under this
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surface layer the pore space between these gravels were filled with sand and silt.

Upon consideration it was realized that the upper unfilled cobbles were likely to

allow turbulent mixing of water, which could not be modeled with Darcian water/heat

flow equations based upon creeping unidirectional flow.

To determine porosity at depths below 20 cm, the top 20 cm of open pore

space cobbley gravel was removed. Then 24 liters of riverbed material was removed

from between -20 cm and -40 cm and placed the material into a 40 liter bucket. By

digging the hole, and removing materials the structure and packing of the riverbed

was destroyed. An attempt to reproduce the sorting and compaction that takes place

on the riverbed was made using the following method. Following the addition of

each liter of water the bucket was dropped from a 10 cm height 10 times. Further

incremental additions of water were applied until full saturation was reached and

,when fully saturated, the bucket was weighed. The material from the bucket was

then put into shallow trays and dried in an oven a 105 degrees Celsius for 24 hr. The

dry weight was then taken and recorded. Thus the mass of water was obtained (6.5

kg).

n = Volume of pore! volume total (3)

In saturated conditions, all the porous media is occupied by water. So,

n = volume of water! volume total (4)

Volume of water mass of water! density of water (5)

The known data were the total volume (24L), the mass of water (6.5 kg) and the

density of water (1 kg/L). From these data and equations 4 and 5 a porosity of 27%

was obtained.
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To further quantify losses from surface water channels to the underlying

aquifer, a ditch loss study was conducted. A straight section of ditch similar to the

majority of irrigation ditches in the area was chosen for a ditch infiltration study. The

site was chosen for several reasons: 1) ease of access; 2) close proximity to water

regulation valve; 3) straight section with no turn; and 4) typical soil features. The

ditch ran between two apple orchards. On the Northern side, approximately 4 meters

away, were 3 year old trees in row formation. On the Southern side, approximately 4

meters away, was a fully developed and producing apple orchard. The ditch had been

run for a week prior to the study to insure saturation of the underlying soils.

The Walla Walla Irrigation District supplied a backhoe and an operator to

construct a dam at the downstream end of the study section (Figure 2.9). Soil from

the adjacent field was placed at the downstream end of the study section. Plastic was

then used to cover the dam to minimize infiltration into and through the dam. Water

was allowed to fill the section until it covered the dam. The upstream valve

supplying water to the ditch was then shut off. Measurement sites at 3 meter intervals

were marked along the length of the bank. A stage gauge was used at the mid-point

of the ditch to measure depth at fifteen minute intervals at each measurement point.

The top width, bottom width, and side length were measured at one hour intervals to

ascertain the wetted perimeter and the area of infiltration (Figure 2.8). The section

studied was 36 meters long, the average wetted perimeter was 0.9 meters.

Several attempts were made to obtain infiltration data on the soils adjacent to

the ditch. These attempts included use of a Guelph permeameter, as well as a double

ring infiltrometer, and soil core sampling for lab analysis. All of these efforts failed.



Bottom width

Figure 2.8 Schematic of manual measurements of ditch dimensions.
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The soil was comprised of fine silt, filling a matrix of rocks. The rocks were

encountered both at the surface and with any attempt to sample below the surface.

The ditch infiltration studies also investigate a larger area of influence, so are more

likely to be representative of actual site scale infiltration values. For these reasons

ditch infiltration studies offer the best and most direct method of evaluating channel

losses.



Figure 2.9 Installation of the dam used to block flow in the ditch for
infiltration estimation.
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2.3.2. Analytical Methods

The first method used to determine groundwater flow from the temperature

profiles was the sine wave fitting method. The stream temperature varies sinusoidally

with time. As the stream water infiltrates through the riverbed the temperature peak in

the sine wave shifts due to the time of travel of the water in the sediments. The

governing equation for two-dimensional heat transport neglecting the effects of water

vapor diffusion can be described as;

(6)

(Sophocleous, 1979) where T is the temperature (K), t is the time (s), x is the position

(m), qi is the Darcian velocity through the sediments (mis), 2 (0) is the apparent

thermal conductivity of the sediments (W/mK), the subscripts i and j indicate the

horizontal (x) coordinate and vertical (z) coordinate, and C(0) and C are the

volumetric heat capacities (J/m3K) of the porous medium and the liquid phase,

respectively. One-dimensional aniosothermal flow of an incompressible fluid

through homogeneous porous mediums can be described by

a2T aT ak vc0p0=cp--
az2 az

(Stailman, 1965). The phenomenon of the movement of heat and fluid into the

sediments from a diurnally heated and cooled surface is described by a solution to

equation (7) proposed by Suzuki in 1960.

T (t) = AT e (2nt/r - bz) + Taz (8)
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Where, AT, is the amplitude of the temperature variation at the land surface, a and b

are assumed to be constants incorporating specific fluid and solid characteristics such

as heat conductivity, specific heat, and density, z is the depth below the surface, Taz is

the average temperature at point z, r is the period of oscillation, and t is time.

Assumptions include: 1) Fluid flow is parallel with the z axis, and is steady and

uniform along this axis; 2) heat characteristics of the medium and fluid are constant in

space and time; 3) all component of heat and fluid flow occur along only the z axis;

4) temperature of the water at every point in the interstices equals the temperature of

the adjoining rock at all times and that; 5) temperature fluctuations at all depths will

be in equilibrium with the sinusoidal fluctuations of constant amplitude generated at

the surface. Since the temperature varied diurnally, the period of oscillation was 24

hours, or 1 day allowing r to drop out of equation (7). The equations for determining

the constants a and b are

a = [(K2 + \T4/4)1"2 + V2/2)2 - V

b = [(K2 + V4/4)"2 - V2/2)112

K = iccp/k'r

V = uc0p/2k

(Stallman, 1965). Where c0p0 is the combined specific heat of the fluid and density of

the fluid, cp is the combined specific heat and density of the fluid and rock in

combination, k is the heat conductivity of the fluid and solid in combination, and u is

the gross velocity taken to be positive downward.
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To solve for the gross velocity one must first obtain estimated values for rock

and water properties k and cp. To determine k and cp the site where there was

essentially no flux, M-7 on July 25, 2002 was examined. Solving equation (8) for

u = 0 and plotting the results at depth showed a plot remarkable similar to the plot of

data at site M-7 (Figure 2.10), therefore M-7 was determined to be a site where there

was essentially no-flux. Mini-piezometer vertical hydraulic gradient for July was

very small (-2 cm), supporting the no-flux assumption for this site. The parameter cp

has a much smaller range of values than k for naturally occurring rocks. Values of k

can range over more than an order of magnitude, for this reason cp was estimated

using equation 16 and solved for k by fitting equations 9, 10, 11, and 12 to field data

for site M-7 July 25 (Stallman, 1965). The value of cp can be calculated using

equation (16), where the subscript r indicates rock characteristics.

cp = crpr (1 - n) + c0p0n (16)

The value of crpr is 0.53 cal/cm3K for basalt rocks, and the value of c0p0 is 1

calIcm3C. Inserting these values into equation (14) gives a value for cp of 0.66

cal/cm3C. Using = 0, cp = 0.66 cal/cm3K , and fitting temperature data for M-7 on

July 25thlto equations 12, 13, 14, and 15, and optimizing for k gave a value for k of

0.0033 cal/s cm C. This value agrees will with published values for heat

conductivity of rock of volcanic origins which is approximately 0.05 cal/s cm C and

can vary by more than an order of magnitude(Clauser and Ernst, 1995).



28

u 24

22

20
=
6

C.,

14

Lcocier 1

Loer 3
Lnçqer S

- Loer 6
UJocier 9

55

Figure 2.10 Temperature profiles at M-7 from July 25th to July 28th.
Logger 9 records stream temperature. Loggers 6,5,3,1 are -7.5cm, -15 cm,
-3 0cm and -45 cm from the riverbed surface, respectively.

By fitting a sine function to the temperature data, we calculated the phase shift

and change in amplitude between the curves at each depth, which in turn allowed

calculation of vertical groundwater flow (equations (9, 10, 11, and 12)). The observed

stream temperatures resemble a sine function, with expected deviations due to daily

variability in extreme temperatures (Figure 2.11). Fitting was done for each depth,

and time of travel was calculated between logger 3 (-15cm) and logger 2 (-30 cm) and

between logger 3 and logger 1 (-45 cm). This method was applied to all temperature

data from summer 2002 measurements.
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Figure 2.11 Sine wave fitting method. Curves represent the sine functions
obtained by the fitting method to the loggers 1 and 2 at M-5.5 from July
8th to July 10th 2002.

The model HYDRU S -2D simulates two-dimensional variably-saturated water

flow, heat movement and transport of solutes into the ground. It numerically solves

Richard's equation for saturated-unsaturated water flow using a hydraulic

conductivity function (van Genuchten, 1980) and the convection-dispersion equation

for heat and solute transport described by Sophocleous (1979). In this study, an

inverse process was used, matching modeled output to the observed piezometric

heads and temperature profiles in order estimates of the vertical flow, q, through
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adjustment of the value of hydraulic conductivity. Parameter optimization is based on

the minimization of an objective function b defined by Simunek et al. (1999), using

the Levenberg-Marquardt minimization method.

The goal is to obtain vertical flow of water into the streambed, i.e. q1 defined

by Darcy's law as:

MIq--K
AL

(14)

. .. . . AH.
in which, K is the hydraulic conductivity of the sediments in mis and is the

hydraulic gradient along the profile.

Before being able to calculate flow, the parameters of the heat transport

equation must be determined: 1) the apparent thermal conductivity of the sediments

2 (0) and; 2) the volumetric heat capacity of the porous medium C (0). 2,, (0) and C

(8) are constant based on the assumption that the sediments under the river are

homogeneous and saturated. The best way to determine 2,, (0) and C (0) is to solve

for them using data from a "no-flux" case. In the no-flux case there is no convection,

only conduction. Input data are the same (temperature profiles) which allows

optimizing both heat transport parameters at the same time.

Volumetric heat capacity of the sediments C depends on volumetric heat

capacity of water C and volumetric heat capacity of solid fraction C:

C(0) = C0 + cO (15)
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where C and C are the volumetric heat transport capacity of the solid phase and the

liquid phase, respectively. C, equals to 4.18*106 J/m3K' (Simunek et a!, 1999) and

the parameter to be estimated is C.

The apparent thermal conductivity, A (0), combines the thermal conductivity

A0 (0) of the porous medium (solid plus water) in the absence of flow and the

macrodispersivity which is assumed to be a linear function of the velocity

2(9)=A7C qS, +(2L A7.)C-+A7(4
q

(16)

(Simunek et al., 1999) whereq is the absolute value of the Darcian fluid density

(LIT), 6,, is the Kronecker delta function, and 2L and A7. are the longitudinal and

transverse thermal dispersivities (L), respectively. Since this case is taken to be one-

dimensional q is zero. In no-flux conditions, thermal conductivity ? (0) accounts for

the tortuosity of the porous medium and may be well described by the following

equation:

A7(0)=b1 +b28b3O5 (17)

(Simunek et al., 1999) where b1 , , b3 are empirical parameters (W/m'K'). In

saturated conditions 2 is constant, therefore b2 ,andb3 were set to zero, b1 was

optimized. Determination of C and b1 was made on a no-flux case, observed at

location M-7.

HYDRUS-2D model was run with temperature profiles recorded at M-7

between July 25th and July 27th The model HYDRUS-2D was run using a forward

simulation for no-flux, the results were remarkably similar to field data from M-7 on
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July 25th (Figure 2.12). Based on these observations the assumption is that only

conduction by the sediments and static water column transports the heat along the

profile, at M-7 on July 25-28.
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Figure 2.12 HYDRUS-2D simulations for a no-flux example M-7. Points
are temperatures recorded from July 25th to July 27 in the streambed and
curves are HYDRUS-2D simulations. The highest peak is the stream
temperature, each subsequently lower peak is -15 cm, -30 cm, and -45 cm
below the streambed respectively (R2 error 0.95).

The best fit was obtained for Cn equals to 2.9* IO J/m3K and b1 to 1.55 W/m3K. The

R-squared error for regression of predicted values versus observed values is 0.95. The

obtained values for thermal conductivity and heat capacity were used for all the

further simulations.
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2.4. Results

The ratio of chloride to sulfate for groundwater in the shallow aquifer was on

average 1:1.4 and for surface water in the Walla Walla River (Oregon side) was on

average 1:1.7. The ratio of chloride to sulfate in sea water is 1: 0.14 (Table 2.1).

However, reviewing past studies in the basin and in adjoining basins showed similar

ratios to what was observed in this study for chloride and sulfate (Appendix A).

The results of the sample processing were analyzed using linear regression on

a mixing space diagram of sulfate and chloride concentrations (Figures 2.13, and

2.14). The high R squared value for the correspondence of chloride and sulfate

concentrations in surface water ( R2 =0.96) suggests that there are two primary

sources (end-members) of water in the Walla Walla mainstem along the studied

reach.
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Figure 2.13 Mixing space diagram for groundwater samples in the alluvial
aquifer for chloride and sulfate concentrations.
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Figure 2.14 Mixing space diagram for chloride and sulfate for surface
water in the Walla Walla River.

The concentrations of anions would be greater at points of ground water entry

and downstream. There were no discernable increases in surface water anion content

above Tumalum Bridge, and for that reason it is believed that at the section of river in

which samples were taken, between the confluence of the North and South Fork down

to Tumalum Bridge, the river is primarily a losing stream. The two points with

elevated values of Cl (1.38 and 1.55) are both downstream of Tumalum Bridge, and

indicate that groundwater is returning at or upstream of these points.

The mass balance was done from an upstream sampling point to a

downstream sampling point along the mainstem of the Walla Walla River (Figure

2.3). In Figures 2.15 and 2.16 the x axis shows the position of the downstream point
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for each calculation with the Qgw/Qs as the y axis values. A Qgw/Qs ratio of 1

would indicate equal amounts of ground water and surface water, a ratio of larger

than 1 would indicate more ground water than surface water, and a ratio of less than

one would indicate more surface water than ground water. Up to site 26 the calculated

ratio of ground water to surface water is well below 1, indicating substantially more

surface water than ground water in the stream (Figures 2.15 and 2.16). These data

clearly support the conclusion that there is little ground water input into the Walla

Walla River in the upper reaches of the river, down to Tumalum Bridge (SW-24).

S

0

0

00G20 2
00 2?0 A

.-
5 10 15 20 25

Site Number (SW-)

Figure 2.15 The observed concentrations (open symbols), and computed
ratio of ground water to surface water(closed symbols) from upstream to
downstream in July and August of 2001, mixing ratios were derived from
eq (2) using chloride concentrations in the mass balance.

1.4

1.2

1.0

. 0.8

0.6

0.4

0.2

0.0



2.5

2.0

1.5

1.0

0.5

0.0

-0.5

Site number (SW-)

Figure 2.16 The observed concentrations (open symbols) and computed
ratio of ground water to surface water (closed symbols) from upstream to
downstream in July and August of 2001, mixing ratios were derived from
eq (2) using sulfate concentrations in the mass balance.

During 2001, three sites were sampled in the Tumalum to Stateline river

section. The concentration at M-9 (SW- 25) was very similar, and in some cases

identical to concentrations just upstream at Tumalum Bridge (SW-24). It is

interesting to note that the samples taken in October indicate higher concentrations at

M-9 (0.74 mg/i) than at M-8 (0.58 mg/l), perhaps indicating that ground water levels

had increased to a point where ground water was starting to feed the stream below M-

8 (SW-24) (Appendix B). The concentrations of anions at the two sites farther

downstream (Peppers Bridge (SW-26), and M-10 (SW-27)) were consistent in being
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substantially higher than the concentrations up stream (Figures 2.11, 2.15, and 2.16).

The high concentrations of anions at these sites are clear evidence that significant

quantities of ground water are entering the Walla Walla River above these points. It

is important to realize that hyporheic exchange, that is water that is exchanged

without mixing with aquifer water, would likely not cause a change in anion

concentrations.

Flows at Nursery Bridge on average were higher in 2002 than in 2001 due to

higher release rates (Figures 2.17, and 2.18), as spelled out by the agreement (2001:

18 c.f.s. (0.51 m3/s), 2001: 25 c.f.s. (0.59 m3/s)). The losses were greater in 2002 in

magnitude. The majority of water that was lost in both years was observed between

M-5 and M-6, which is where in-stream gravel mining took place until 1998. Flow

increases between M-5a and M-5b were due to contributions from a pipe on river left,

coming from a drained wetland.
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Figure 2.17 Walla Walla average flow and average flow gains and losses
May 31 to November 8, 2001, error bars represent one standard deviation.
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Figure 2.18 Walla Walla average flow and average flow gains and losses
July 26 to November 27, 2002, error bars represent one standard deviation.

The mini-piezometers below Nursery Bridge to 1/2 mile (0.80 km) above

Tumalum Bridge consistently showed a downward vertical movement of water

between the river and the aquifer (Figures 2.19, 2.20, 2.21, and 2.22). This is a clear

indication of losses of in-stream flow to the aquifer. This finding is consistent with

the in-stream flow measurements conducted throughout the year, as well as with the

chemical signature work. The small difference between the river level and mini-p

water level at M-8 (just upstream of Tumalum Bridge) indicates that this section of

the stream is not losing significantly. M-9 showed consistent upward movement of

water from the aquifer to the river. This finding is supported by the chemical

signature data. M- 1 appeared to consistently indicate a downward vertical movement
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of water. The largest vertical head differences observed were along the levied stretch

between Nursery Bridge (M-4.5) and M-7 (Figure 2.23).

To address the question of seasonal patterns in stream flow loss a correlation

coefficient was calculated for the mini-piezometers. Data from spatially adjacent

mini-piezometers taken on the same day were used to calculate the correlation

coefficient. The value of the calculated correlation coefficient was found to be 0.60,

indicating that there is a correlation between vertical head difference at spatially

adjacent sites in time. Since there was indication of a correlation between head

difference at spatially adjacent sites in time we were able to observe that there

appears to be a general pattern of an increase in negative mean head difference for all

piezometers throughout the summer (Figure 2.21). The third point in Figure 2.21 is

the combination of both sampling events in August; the second sampling event only

sampled those mini-piezometers that were not sampled on the previous sampling

event. There appears to be a gradual increase in negative mean head difference from

the summer 2001 to the following spring, 2002.
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Figure 2.19 Vertical head differences in mini-piezometers summer 2001.
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Figure 2.20 Vertical head differences in mini-piezorneters summer 2002.
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Figure 2.21 Mean head difference at each sampling date for mini-
piezometers in the Walla Walla River.

Hydraulic gradient can be computed using equation 18.

hg = dh/dI (18)

hg is the hydraulic gradient (cmlcm)

dh is the vertical difference between the mini-p water level and the river water
level (cm)

dl is the distance from the streambed to the mid-point of the perforated section of
the mini-p's (cm)

/
Point contains data
from two wccks
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Figure 2.22 Average vertical head difference of each mini-piezometer
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Table 2.4 Values used for calculation of hydraulic gradients.
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Hydraulic gradients were calculated by date and average throughout the

season (Table 2.4 Figure 2.23). M-4 to M-8 have negative hydraulic gradients

(Figure 2.23). This indicates that the river is losing water to the aquifer. M-9 has a

positive hydraulic gradient, indicating river gains from groundwater.

Site ID
dh (cm)

(average)
dl

(cm)

hd/dl
(cm/cm)

(AVERAGE)
dhldl
(July)

dh/dl
(Aug)

dhldl
(Oct)

dh/dl
(Nov)

M-1 -34 120.9 -0.28 -0.28 -0.19 -0.38
M-2 1 65.8 0.01 -0.07 0.02 0.35 -0.23
M-3 6 130.2 0.04 0.02 0.10 0.00 0.01

M-4b -9 29.3 -0.30 0.07 -0.15 -1.54 0.10
M-4.5 -40 46.6 -0.86 -0.69 -0.62 -1.41 -1.59
M-5a -55 48.7 -1.12 -0.94 -1.14 -1.21 -1.52
M-5b -53 68.6 -0.77 -0.76 -1.11
M-5.5 -10 40.1 -0.25 -0.14 -0.23 -0.50 0.00
M-6 -69 44.8 -1.54 -1.81 -1.72

M-6.5a -54 61.1 -0.88 -0.51 -1.00 -1.53
M-6.5b -54 68.6 -0.79 -0.76

M-7 -34 106.8 -0.32 -0.01 -0.12 -0.33 -1.12
M-7.5 -9 96.5 -0.09 0.10 0.05 0.04 -0.08
M-8 -2 90.8 -0.02 0.04 -0.03 -0.04 -0.06
M-9 10 87.6 0.11 0.08 0.16 0.02 -0.01

M-10 -9 145.3 -0.06 -0.06 -0.07 -0.07
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Figure 2.23 Average vertical hydraulic gradient from upstream to
downstream along the mainstem of the Walla Walla River.

To estimate the average vertical hydraulic conductivity Darcy's law was

applied to the mini-p data. Equation 19 was used to calculate average hydraulic

conductivity.

Q=-KAdh/dl (19)

Rearranging to solve for hydraulic conductivity yields equation 5.

K = - (Q / A dh/dl) (20)
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K is the average vertical hydraulic conductivity within a given seepage reach
(cmlday)

Q is the total flow lost or gained by the stream within the seepage reach on a
given day from seepage data (m3/day)

dh/dl is the average vertical hydraulic gradient as determined by the mini-
piezometers (dimensionless)

A is the estimated streambed area within the seepage reach (m2)

Area (A) was determined by averaging the stream width upstream and

downstream where mini-piezometers were installed, and then mulitiplying by the

estimated distance between the upstream and downstream mini-piezometers. The

streamfiow gain or loss on each date was determined by measuring flow at the

upstream mini-p and at the downstream mini-p and subtracting downstream from

upstream. The average gain or loss throughout the summer was determined using

instream flow measurements at the upstream and downstream points where the mini-

piezometers were installed. The average hydraulic gradient (dhldl) was determined

by averaging the individual gradient for the upstream and downstream piezometer for

the given stream reach.

Several assumptions were made to use Darcy's law for these calculations.

Flow between the river and the aquifer occurs only in the vertical

direction.

Flow (Q) gain or losses from upstream to downstream were due only to

infiltration to or recharge from the aquifer.
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The average gradient derived from the mini-piezometers accurately

reflects the actual average vertical hydraulic gradient for each reach.

The area obtained using the average of upstream and downstream widths,

and an approximation of the distance between these points is accurate.
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Table 2.5 Calculation of stream bed vertical hydraulic conductivity using average of
upstream and downstream widths and hydraulic gradient (summer 2001).

Location

- Q (gain or
loss)

Average
(m3/s)

dhldl
(avg between

points)

Estimated
Area

(m2)

K

(cm/day)
1.18E-03M4-M5a -0.065 -0.71 7700

M5b-M6 -0.26 -1.15 8000 2.81E-03
M6-M7 -0.096 -0.93 3700 2.77E-03
M7-M8 0.0085 -0.17 7000 7.12E-04

Q (gain or
loss) dhldl

Estimated
Area K

July 19
Location (m3/s) (July) (m2) (cm/day)
M4-M5a -0.091 -0.44 7700 2.69E-03
M5b-M6 -0.28 no data 8000
M6.5-M7 -0.13 -0.25 3700 L39E-02
M7-M8 0.02 0.02 7000 1.90E-02

Location

Q (gain or
loss)

August 15
(m3/s)

dh/dl

(August)

Estimated
Area

(m2)

K

(cm/day)
M4-M5a -0.093 -0.64 7700 1.86E-03
M5b-M6 -0.2 no data 8000
M6.5-M7 -0.11 -0.44 3700 6.75E-03
M7-M8 -0.023 -0.08 7000 4.15E-03

Location

Q (gain or
loss)

Oct 10
(m3/s)

dhldl

(October)

Estimated
Area

(m2)

K

(cm/day)
M4-M5a -0.093 -1.15 7700 1.05E-03
M5b-M6 -0.32 -1.28 8000 3.11E-03
M6-M7 -0.011 -1.07 3700 2.75E-04
M7-M8 0.0085 -0.19 7000 6.46E-04
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Figure 2.24 Calculated vertical hydraulic conductivity using mini-
piezometer data and equation (5).

The calculated hydraulic conductivity using the mini-piezometer data indicates a

decrease in hydraulic conductivity with time in 2001 (Table 2.5; Figure 2.24).

Hydraulic conductivities decreased by a factor of 2.5 to almost 100 in the summer of

2001.

To address the goal of quantifying stream loss and aquifer recharge, estimates for

percolation from the main channel will be considered first, then the results for ditch

losses. Looking now at the temperature profile data from the stream bed, the results

from the sine fitting method and the numerical simulation can be compared. These

methods were applied to all temperature data from summer 2002 from depths of -

15cm (logger 3) to -45cni (logger 1) as measured from the surface of the stream bed.
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Examination of the data revealed that logger 4 (just below the streambed surface) had

identical temperature peaks and valleys as the stream temperature (logger 5). This

result indicates that the top 15 cm of streambed supports direct flow of stream water.

This is also supported by the observation of the structure of the gravel bars, where no

fines were found in the upper 15-20 cm. This is to be expected in gravel bed rivers

with high winter flows which disturb the streambed dramatically.

HYDRUS-2D simulation values for Q ranged from between 6 to 308 cm/day for

summer 2002 measurements (Table 2.6). Sine wave estimates ranged from 7 to 597

cm/d (Table 2.7). The sine wave analysis allows for calculation ofQ using

temperature data from two points, therefore it was run from logger 3 to logger 2 and

from logger 3 to logger 1. HYDRUS-2D analysis was able to fit Q to all data

obtained from logger 3 to logger 1, taking into account temperature data from the

spatially intermediate data from logger 2. Estimates ofQ using sine wave data

consistently indicated lower values of Q at logger 1 than at logger 2 (Table 2.7).

Flow is likely occurring in directions other than purely vertical as this model assumes,

which would account for the decrease in flow from logger 2 to logger 1. True

estimate of flow using the sine method is likely somewhere between the values

obtained for logger 1 and logger 2. HYDRUS-2D estimates of flow agree well with

sine wave estimates of flow using logger 3 and logger 1 for sine wave simulations

(Figure 2.25).



Table 2.6 Results of all HYDRUS-2D simulations for summer 2002.
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Site Date K (cmlday) R2 Q(cmld)
M-2 7/25/2002 1100 0.92 18

M-4 7/25/2002 460 0.96 11

8/14/2002 280 0.97 6
M-4.5 8/14/2002 170 0.97 67
M-5 6/19/2002 940 0.99 310

7/08/2002 1200 0.99 100
8/24/2002 1500 0.97 120

M-5.5 6/19/2002 860 0.97 25
7/8/2002 780 0.93 22
8/14/2002 45 0.93 6

9/12/2002 230 0.93 12
M-6 6/19/2002 330 0.98 110

7/8/2002 220 0.99 69
M-6.5 6/19/2002 14000 0.98 200

7/8/2002 5700 0.98 82
8/24/2002 5400 0.98 39
9/12/2002 3600 0.95 52

M-9 8/24/2002 170 0.91 15
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Table 2.7 Comparison of sine wave and HYDRUS-2D simulations using logger 3 as
the upper boundary condition for all simulations. HYDRUS inputs data from loggers
3, 2, and 1. Sine wave simulations inputs data from two loggers, loggers 3 and 1 and
logger 3 and 2 for estimation of Q.

Site Date

Hydrus
Logger
3-1

Sine
logger
3-1

Sine
logger
3-2

Q(cmld) Q(cmld) Q(cm/d)

M-2 7/25/2002 18 8 59

M-4 7/25/2002 10 19 13

8/14/2002 6 15 18

M-4.5 8/14/2002 66 40 57

M-5 6/19/2002 308 296 597

7/8/2002 101 98 458
8/24/2002 122 42 61

M-5.5 6/19/2002 25 19 50

7/8/2002 22 15 41

8/14/2002 6 8 13

9/12/2002 13 8 7

M-6 6/19/2002 114 56 577

7/8/2002 69 36 69

8/14/2002 100 64 104

M-6.5 6/19/2002 203 64 104

7/8/2002 82 29 40
8/24/2002 39 23 33

9/12/2002 52 20 14

M-9 8/24/2002 15 15 70

Average 72 46 125
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Figure 2.25 Relationship between HYDRUS-2D and sine wave estimation
of local percolation flux. R2 0.78 for relationship of logger 3-1 sine
wave simulation to HYDRUS-2D estimation of Q.

Infiltration generally decreased throughout the summer (Table 2.7 and Figure

2.25). This is the opposite of what was initially expected: during the summer the

aquifer level drops, the hydraulic gradient increases, which using a constant

conductivity would then predict increasing loss. Indeed, hydraulic gradients did

increase in time in the summer of 2002, while Q concurrently decreases; clearly K

was not constant in time but rather was decreasing (Table 2.8, Figure 2.24, and 2.26).



It should be noted that there were only 4 bars outfitted with temperature

loggers. For that reason the bars were moved to various locations throughout the

summer, therefore though there are replicated sites throughout the summer, there is

not a continuous series of measurements for any one site.
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Table 2.8 Pressure head differences measured summer 2002 in centimeters. Negative
values indicate a losing reach, positive values a gaining reach.

Site - 6/19/2002 7/9/2002 7/23/2002 8/14/2002 10/21/2002
M-2 -1.0 1.0

M-4b -5.0 -0.5 6.0
M-4.5 -10.0 -21.0 -40.0
M-Sa -19.6 -4.8 -6.0 -7.0 -28.0
M-5.5 -1.0
M-6 -21.7 -23.9 -25.3 -55.6

M-6.5a 0 -0.5 1.0 -3.0
M-7 0 -2.0 -3.0 -3.5 -26.0
M9 -4.5 -2.0
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Figure 2.26 HYDRUS -2D and sine estimated percolation rates by date
summer of 2002. A power-law trendline was fit to HYDRUS-2D averages
by date yielding the relation Q 2308t with an R2 of 0.89, indicating
decreasing percolation in time.

Estimating seepage for the entire channel from point measurements can be

problematic. Scaling of hydraulic conductivity and soil properties from point

measurements to field scale is an on going question of much debate in the scientific

community. Problems arise from compounded uncertainties such as: 1) estimation of

the extent of surface area subject to vertical infiltration in and around the streambed;

2) variations in hydraulic conductivity occur from point to point and; 3) vertical

infiltration is presumably only a portion of total infiltration. Estimates of in-stream

flow loss using HYDRUS-2D percolation rate estimates and stream width are

consistently 50-80% lower than the in-stream flow losses obtained by manual
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measurements (Table 2.9). Field observations showed that hyporheic flow was quite

extensive in the levied section. Indeed digging in gravel bars 1-5 meters away from

the visible river channel revealed flowing water on the same level as the stream

surface. These observations show that infiltration from the river likely occurs at

much greater width than just the visible width of the water filled channel. For this

reason in-stream flow loss was estimated using HYDRUS-2D percolation rate

estimates and one half the entire levy width (25 m). Extending percolation rate losses

over 1/2 the levy width produced considerably higher in-stream flow loss estimates,

which are more consistent with in-stream flow measurement results (Table 2.9).

Further testing of this hypothesis should be carried out in the field through

observation of vertical flux outside the main channel. The temporal characteristics of

these losses might be quite different than those seen in the stream bed, where

sediments are moving and oxygen is in ample supply.

Table 2.9 Estimate of flow loss using HYDRUS-2D estimates for percolation rates,
compared to estimates using in-stream flow measurements. One area used to
calculate in-stream flow loss uses only the average stream width, while the other area
uses 1/2 the levy width.

Date

Comput
ed from
HYDR
US-2D

Area using
HYDRUS-2D

Computed loss
using; Flow

percolat
ion

stream
width

levy
width

stream
width

/2 levy
width

data

(mis) m2) (m2) (m3/s) (m3/s) (m3/s)
M4 to

M6 8/14/02 6.1E-06 13000 40000 0.08 0.25 0.38
M5 to

M6 6/19/02 2.4E-05 8500 20000 0.21 0.49 0.42
M5 to

M7 8/24/02 8.3E-06 19000 40000 0.16 0.33 0.38
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To determine a lower limit of reasonable velocities that the heat tracer method

could accurately asses a Peclet number analysis was conducted. The Peclet number is

a dimensionless parameter that expresses the transport of energy by bulk fluid motion

to the energy transport by conduction. In a practical sense this number reflects a

competition between two rate processes, forced convection and conduction

(Domenico and Schwartz, 1998). Large Peclet numbers indicate convection

dominates over conduction in transport of heat. The Peclet number for energy

transport is defined as

Pe=npcvL/iç (21)

L is the characteristic length (cm), n is the porosity, v is the velocity (cm/day), o is

the density of the fluid (kg/rn3), c, is the specific heat of the fluid (cal/kg K), and 'e

is an effective thermal conductivity. The effective thermal conductivity for a parallel

arrangement of fluids and solids is accepted to be

= n1c1 +(l-.-n)Kç (22)

(Domenico and Schwartz, 1998). Where f denotes fluid properties and s denotes

solid properties. Because conductance can take place through both the solid and the

fluid phase, it is straightforward to develop reasonable upper and lower bounds of the

effective thermal conductivity. For macroscopically homogeneous and isotropic

materials the upper and lower limits respectively are (Domenico and Schwartz, 1998)

'eu =' +n[1/(Kf K)+(1n)/3K] (23)

Kel_J(f+(l)/(l/(1CsJCf)+fl/3Kf) (24)
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Using the model HYDRUS-2D the thermal conductivity parameter was

optimized for the field conditions coming up with a value of 1.55 W/rnK or 6.49

cal/mKs. This value agrees well with heat transfer values for rocks and soils that are

between 3.0 W/mK for granite, 0.35 W/mK for dry soil, and 2.60 W/rnK for wet soil

(Kreith and Bohn, 1997). Thermal conductivity values for basalt and rocks of

volcanic origin have been reported to be between 1.5 and 3.5 W/mK (Clauser and

Ernst, 1995).

In the calculations the following were used;

n = 0.27

= 5.85 cal/rnsK (1.4 W/mK).

ic = 2.5 cal/mKs (0.597 W/mK)

c, =4.18 * 10" 6J/m3K

1000 kg/rn3

A previous study developed a graphical method to estimate groundwater

velocity from temperature profile data using type curves for Peclet number

(Bredehoeft and Papadopulos, 1965). The results of this study indicated that the

lowest value at which one could expect to detect convection is Pe 0.5. Using the

length of interrogation (30 cm) for the characteristic length scale and the above values

for the other parameters produced a lower limit of velocity of 29.5 cmlday. However,

the characteristic length scale (L, from eq 21) could be taken to be the length

between temperature peaks, which would be the velocity * the period. The period is

1 day for stream temperatures.



This substitution turns eq (21) into

Pe=npcv"2/1c (25)

Using a Peclet number of 0.5 in equation 22 and solving for velocity gives

a lower limit of velocity of 5.35 cm/day. Both the sine wave fitting method and

Hydrus-2D deal with both terms (conduction and convection), so could be applicable

at very low Peclet numbers if the thermal conduction values are known. Using a

Peclet number of 0.1 gives a lower limit of velocity of 1.06 cm/day for rocks with

these heat characteristics. This estimate of the lower limit of detection of vertical

velocity agrees well with previous studies which have suggested lower velocity limits

of 2 cmlday (Stallman, 1965), and 1 cm/day (Bredehoeft and Papadopulos, 1965).

The ditch loss study was undertaken to estimate infiltration from irrigation

ditches. The individual measurements for each station (3 meters apart for the length

of the studied section) were recorded and averaged to obtain an overall infiltration

rate of 204 cm/day.

2.5. Discussion and Conclusions

Summer flows in the Walla Walla River are limited to approximately 100

c.f.s. in the area near Milton-Freewater, Oregon. For there to be agriculture in this

semi-arid region irrigation of crops during low-flow summer months is critical. For

there to be healthy populations of ESA listed bull and steelhead trout in the Walla

Walla River during low-flow summer months there must be flow in the mainstem.

To balance these competing needs for limited water resources accurate estimation of

stream flow loss must be determined for managers to maintain minimum in-stream
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flow to support fish populations, while still diverting enough flow to support local

agriculture.

Addressing the goal of determining the influent or effluent nature of the levied

section was done using both the chemical signature and the mini-piezometer methods

for the summer of 2001. Chemical signature results suggested that there was no

discemable input of groundwater along this stretch. This was supported by mini-

piezometer data which showed consistently negative hydraulic gradients. Mini-

piezometer data and seepage run data were used to estimate the hydraulic

conductivity of the stream bed, and showed a decrease in hydraulic conductivity by a

factor of 2.5 to almost 100 in the summer of 2001. One problem encountered was

that seepage runs and mini-piezometer readings were not conducted at the same time.

This made analysis of hydraulic conductivity impossible for most sites and times.

Another problem was that groundwater and surface water samples were not

conducted at the same time, making analysis of groundwater recharge from surface

water difficult. Were this study repeated suggestions for improvement include; 1)

pair seepage runs with mini-piezometer readings or instrument mini-piezometers with

constant head loggers so as not to rely on manual readings, 2) install mini-

piezometers in a nested fashion at various depths to more accurately determine

vertical hydraulic gradient, 3) coordinate groundwater sampling and surface water

sampling, and 4) sample the deeper aquifer for ion content to better define end-

members.

Analysis of temperature profiles at depth in a streambed was useful in

estimating the rate of percolation from the stream to the subsurface alluvial aquifer.
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Percolation rates decreased from the beginning of the summer 2002 season to the end

of the summer 2002 season. The decrease in percolation rates is evidence that high

winter/spring flows which rework the bed of the Walla Walla River may increase bed

percolation rates, and that low summer flows may allow for natural clogging

processes to take place in the bed. Implications of this are that winter flows serve to

significantly recharge the alluvial aquifer. The maximum rate of percolation

estimated by the temperature profiling method in June 2002 was 310 cm/day,

assuming that this rate prevailed during winter months suggests possible aquifer

recharge of 1.8 * 108 m3 during the five months of winter/spring flow, this is

equivalent to a 1.2 meters rise in aquifer level over the entire irrigated area of 538

2 The numerical model HYDRUS-2D and spreadsheet sine wave estimates of

streambed infiltration agree well. The ease of use of spreadsheet temperature

simulations suggests that this method might be easily used by managers of flow

limited streams to determine loss rates and seasonal patterns in rivers with significant

flow losses.

Seepage runs in the summer of 2002 did not show a significant decrease in

flow loss. Seasonal decrease in stream flow loss would be expected with the decrease

in hydraulic conductivity of the stream bed shown by both min-piezometers and

temperature profiling. This discrepancy could be due to the erroneous assumption

that percolation flow was entirely vertical, when in fact there is likely lateral

percolation into the streambed. Future studies should attempt to determine the lateral

component of percolation into the streambed.
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The ditch loss study suggested significant losses from unlined irrigation

ditches. Assuming 16 kilometers of ditch with an average wetted perimeter of 0.9

meters, with water flowing in the ditch for 6 months (October - March) and average

infiltration rate of 200 cmlday, suggests a possible total alluvial aquifer recharge of

just under 5 million cubic meters of water, this is equivalent to 23cm rise in aquifer

level over the entire irrigated area of 538 km2. The magnitude of these numbers

suggests that infiltration from irrigation ditches is very significant for groundwater

recharge. If water were allowed to flow in irrigation ditches during winter months

when flow is not a limiting factor in the mainstem of the Walla Walla River, the

alluvial aquifer would sustain greater recharge, and could possibly be used more

extensively during summer months to supplement use of in-stream flow. Further

ditch loss studies are necessary to verify these numbers, and to determine more

precisely the infiltration that could be expected from irrigation ditches. Methods that

would be useful include: 1) inflow outflow measurements along a longer section of

ditch; 2) soil core sampling or; 3) temperature profiling of ditch bed.



91

3. Summary and Conclusions

The general goal of this research was to provide a quantitative framework for

the surface and groundwater exchanges below the confluence of the North and South

Forks of the Walla Walla River, and above the Washington/Oregon state line. The

specific objectives of this study were to: 1) determine influent and effluent nature of

the levied section of the Walla Walla River; 2) quantify river losses and; 3) identif'

seasonal patterns of change in river losses.

This study showed that the section from the confluence of the North and

South Forks of the Walla Walla River to just below Tumalum Bridge is primarily

effluent in nature. Anion analysis of this section of the river showed no appreciable

inputs of groundwater until below Tumalum Bridge. In-stream mini-piezometers

showed consistently negative hydraulic gradients along this stretch of the river, also

indicating that groundwater is not likely to be entering the stream in this section. In-

stream flow measurements indicate that there is appreciable flow loss between V2 mile

(805 m) spaced measuring points along the levied stretch below Nursery Bridge and

above Tumalum Bridge. The only detected source of input of water to the levied

section between Nursery Bridge and Tumalum Bridge is a pipe on the west side of the

river between M-5 and M-6, which carries on average 2 c.f.s (0.06 m3/s) from a

drained wetland.

River losses average 1 5c.f.s. (0.43 m3/s) between May 31 and November 8,

2001, and 22c.f.s. (0.63 m3Is) between July 26, and November 27, 2002 as

determined by in-stream flow measurements. The method of temperature profiling of
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the stream bed obtained an average loss of 82 cm/day using HYDRUS-2D from

points along the levied stretch from June 18 to September 23, 2002. Extrapolating

this point measurement to the levied stretch from Nursery Bridge to Tumalum Bridge

(3200 m) using the average width of the river (10 m) gives an estimate of flow loss of

0.3 m3Is, using half the width of the levy for area of infiltration estimates (25 m) gives

an estimate of flow loss of 0.76 m3Is. These values compare favorably with manually

measured in-stream flow losses for 2002. The true area of infiltration (and thus in-

stream flow loss) is most likely larger that the actual stream channel, and slightly

smaller than half the width of the levy.

Seasonally flow loss was observed to be greatest in the early summer, and

lowest in the late summer/early autunm. HYDRUS-2D and sine wave percolation

rate estimates decreased with time in the summer of 2002. Hydraulic conductivity as

calculated by mini-piezometer data and HYDRUS-2D was observed to decrease with

time in the summer of 2001 and 2002 respectively. The hydraulic conductivity of the

stream bed as estimated by HYDRUS-2D decreased by a factor of 2 to 4 between the

19th of June and the 12th of November 2002. The hydraulic conductivity as calculated

using mini-piezometer data decreased by a factor of 2-100 during the summer of

2001.

Suggestions for future studies include the pairing of temperature profiling

devices in time and space with manual in-stream flow measurement in order to

compare estimates of in-stream flow loss more accurately. To address the question of

area of percolation it would be useful to instrument a transect across the entire levy

with temperature profiling devices. In future studies leaving temperature profiling
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devices in one location for the entire season is highly recommended. Also, site

specific estimation of evapotranspiration may account for a portion of the flow loss.

This parameter is important to asses to accurately predict in-stream flow losses for the

purpose of determining the amount of water necessary to bypass to maintain adequate

water for fish habitat.

The question of seasonal recharge of the alluvial aquifer could be addressed in

a number of ways. Spatial analysis of anion concentrations in wells in the alluvial

aquifer may also be helpful to determine seasonal patterns of aquifer recharge.

Estimates from this study indicate potential recharge from irrigation ditches to be

around 5 million cubic meters of water in 6 months. This suggests that allowing

water to flow in irrigation ditches during winter (non-irrigation) months could

potentially increase aquifer recharge to store water for use during critical summer

months. Further ditch loss studies are recommended, perhaps using inflow and out

flow measurements at either end of a long section of ditch, paired with temperature

profiling devices along the same length of ditch.



Bibliography

Allan, J. D. 1995. Stream ecology: structure and function of running waters.
Chapman & Hall, London.

Andrews, E. D., and G. Parker. 1987. Sediment transport in gravel-bed rivers / edited
by C.R. Thorne, J.C. Bathurst, and R.D. Hey. J. Wiley, New York.

Bortleson, G. C., and S. E. Cox. 1986. Occurrence of dissolved sodium in ground
waters in basalts underlying the Columbia Plateau, Washington / by G.C.
Bortleson and S.E. Cox ; prepared in cooperation with the State of
Washington Department of Ecology. in G. S. (U.S.), editor. Water-resources
investigations report; 85-4005. U.S. Dept. of the Interior, Geological Survey;
Open-File Services Section, Western Distribution Branch, Tacoma, Wash.
Denver, Cob.

Bower, R.. 2003. Technical Advisory Committee Hydrology Report, unpublished.

Bredehoeft, J. D., and I. S. Papadopulos. 1965. Rates of Vertical Groundwater
Movement Estimated from the Earth's Thermal Profile. Water resources
research 1:325-328.

Brunke, M. 1999. Colmation and depth filtration within streambeds: Retention of
particles in hyporheic interstices. International Review of Hydrobiology
84:99-117.

Brunke, M., and T. Gonser. 1997. The ecological significance of exchange processes
between rivers and groundwater. Freshwater Biology 37:1-33.

Caidwell, R. R. 1998. Chemical study of regional ground-water flow and ground-
water/surface-water interaction in the upper Deschutes Basin, Oregon / by
Rodney R. CaIdwell ; prepared in cooperation with the Oregon Water
Resources Department. Pages v, 49 p. : in G. S. (U.S.), editor. Water-
resources investigations report; 97-4233. U.S. Dept. of the Interior, U.S.
Geological Survey ;, Portland, Or. Denver, CO.

Cartwright, K. 1970. Groundwater Discharge in the Illinois Basin as Suggested by
Temperature Anomalies. Water Resources Research 6:912-9 18.

Chin, D. A. 2000. Water-resources engineering. Prentice Hall, Upper Saddle River,
N.J.

Christophersen, N., and R. P. Hooper. 1992. Multivariate Analysis of Stream Water
Chemical Data: The Use of Principal Components Analysis for the End-
Member Mixing Problem. Water resources research 28:99-108.

94



95

Clauser, C., and H. Ernst. 1995. Rock physics & phase relations : a handbook of
physical constants / Thomas J. Ahrens, editor. American Geophysical Union,
Washington, DC.

Collins, C. A. 1987. Ground-water pumpage from the Columbia Plateau Regional
Aquifer System, Oregon, 1984. in G. S. (U.S.), editor. Ground water pumpage
from the Columbia Plateau Regional Aquifer System, Oregon, 1984. Dept. of
the Interior, U.S. Geological Survey ; Books and Open-File Reports Section,
Portland, Or. : Denver, Cob.

Constantz, J. 1998. Interaction between stream temperature, streamfiow, and
groundwater exchanges in alpine streams (Paper 98WR00998). Water
resources research 34:1609 (1608 pages).

Constantz, J., J. Jasperse, D. Seymour, and G. W. Su. 2002. Use of temperatures to
estimate streambed conductance, Russian River, California. Pages 595-600 in
Ground water / surface water interactions; AWRA Summer Specialty
Conference. American Water Resources Association.

Constantz, J., and C. L. Thomas. 1996. The use of streambed temperature profiles to
estimate the depth, duration, and rate of percolation beneath arroyos (Paper
96WR03014). Water resources research 32:3597 (3596 pages).

Constantz, J., C. L. Thomas, and G. Zellweger. 1994. Influence of diurnal variations
in stream temperature on streamfiow loss and groundwater recharge. Water
resources research 30:3253.

Cunningham, A. B., A. J. Anderson, and H. Bouwer. 1987. Effects of sediment-laden
flow on channel bed clogging. Journal of Irrigation and Drainage Engineering
113:106-117.

Dethier, D. P. 1982. Chemical characteristics for 23 western Washington rivers,
1961-80 [microform]. Open-file report; 82-185.

Domenico, P. A., and F. W. Schwartz. 1998. Physical and chemical hydrogeology,
2nd ed. edition. Wiley, New York.

Evans, E. C., and G. E. Petts. 1997. Hyporheic temperature patterns within riffles.
Hydrological sciences journal 42:199.

Freeze, R. A., and J. A. Cherry. 1979. Groundwater. Prentice Hall, Englewood Cliffs,
N.J.

Hearn, P. P. 1985. Geochemical controls on dissolved sodium in basalt aquifers of the
Columbia Plateau, Washington. Water-resources investigations report; 84-
43O4:p. 38.



Kehew, A. E. 2001. Applied chemical hydrogeology. Prentice Hall, Upper Saddle
River, N.J.

Kondoif, G. M. 1994. Geomorphic and environmental effects of instream gravel
mining. Landscape & Urban Planning 28:225-243.

Kreith, F., and M. S. Bohn. 1997. Principles of Heat Transfer, 5th edition. PWS
Publishing Company.

Laird, L. B., H. E. Taylor, and R. E. Lombard. 1986. Data on snow chemistry of the
Cascade-Sierra Nevada Mountains [microform]. U.S. Geological Survey
open-file report; 86-61.:1 v. :.

Lapham, W. W. 1989. Use of temperature profiles beneath streams to determine rates
of vertical groundwater flow and vertical hydraulic conductivity. U.S.
Geological Survey Water-Supply Paper 2337:1-34.

Mazor, E. 1997. Chemical and isotopic groundwater hydrology: the applied approach,
2nd edition. M. Dekker, New York.

Newcomb, R. C. 1965. Geology and ground-water resources of the Walla Walla
River Basin, Washington-Oregon. Water supply bulletin (Olympia, Wash.);
no. 21.

Nield, D. A. 1992. Convection in porous media / Donald A. Nield, Adrian Bejan.
Springer-Verlag,, New York:.

Parliman, D. J. 1987. Idaho ground-water quality [microform]. U.S. Geological
Survey open-file report; 87-722.: 1 v.

Ronan, A. D., D. E. Prudic, C. E. Thodal, and J. Constantz. 1998. Subsurface
Hydrology - Field study and simulation of diurnal temperature effects on
infiltration and variably saturated flow beneath an ephemeral stream (Paper
98WR0 1572). Water Resources Research 34:2 137 (2118 pages).

Scanlon, B. R., R. W. Healy, and P. G. Cook. 2002. Choosing appropriate techniques
for quantifying groundwater recharge. Hydrogeology journal 10:18-39.

Scanlon, T. M., J. P. Raffensperger, and G. M. Hornberger. 2001. Modeling transport
of dissolved silica in a forested headwater catchment: Implications for
defining the hydrochemical response of observed flow pathways. Water
Resources Research 37:1071-1082.

Schalchli, U. 1992. The clogging of coarse gravel river beds by fine sediment.
Hydrobiologia 235-236:189-197.

96



97

Schalchli, U. 1995. Basic equations for siltation of river beds. Journal of Hydraulic
Engineering - ASCE 121:274-287.

Silliman, S. E., and D. F. Booth. 1993. Analysis of time-series measurements of
sediment temperature for identification of gaining vs. losing portions of Juday
Creek, Indiana. Journal of hydrology 146:131-148.

Simonds, F. W., and K. A. Sinclair. 2002. Surface water-ground water interactions
along the lower Dungeness River and vertical hydraulic conductivity of
streambed sediments, Clallam County, Washington, September 1999-July
2001. U.S. Geological Survey, Washington State Department of Ecology,
Tacoma, Washington.

Simunek, J., M. Senja, and M. T. van Genuchten. 1999. The HYDRUS-2D software
package for simulating the two-dimensional movement of water, heat, and
multiple solutes in variable-saturated media. U.S. Salinity Laboratory
Agricultural Research Service U.S. Department of Agriculture Riverside,
California.

Sophocleous, M. 1979. Analysis of water and heat flow in unsaturated-saturated
porous media. Water resources research 15:1195-1206.

Sorey, M. L. 1971. Measurement of Vertical Groundwater Velocity from
Temperature Profiles in Wells. Water resources research 7:963-970.

Stailman, R. W. 1963. Computaion of ground water velocity from temperature data.
U.S. Geological Survey Water-Supply Paper:36-46.

Staliman, R. W. 1965. Steady one-dimensional fluid flow in a semi-infinite porous
medium with the sinusoidal surface temperature. Journal of Geophysical
Research 70:2821-2827.

Steinkampf, W. C., and P. P. Hearn. 1996. Ground-water geochemistry of the
Columbia Plateau aquifer system, Washington, Oregon, and Idaho
[microform]. Tacoma, Wash. : Denver, Cob.

Steinkampf, W. G. 1989. Water-quality characteristics of the Columbia Plateau
regional aquifer system in parts of Washington, Oregon, and Idaho. Tacoma,
Wash. : Denver, Cob.

Suzuki, S. 1960. Percolation measurements based on heat flow through soil with
special reference to paddy fields. Journal of Geophysical Research 65:2883-
2885.

U.S.D.A. 1988. Soil survey of Umatilla County Area, Oregon / United States
Department of Agriculture, Soil Conservation Service; in cooperation with



United States Department of the Interior, Bureau of Indian Affairs, and
Oregon Agricultural Experiment Station.

van Genuchten, M. T. 1980. A closed-form equation for predicting the hydraulic
conductivity of unsaturated soils. Soil Science Society of America Journal
44:892-898.

Wagner, R. J., and R. C. Lane. 1994. Selected ground-water information for the
Columbia Plateau Regional Aquifer System, Washington and Oregon, 1982-
1985. Volume III, Ground-water quality data [microform]. Tacoma, Wash.
Denver, CO.

White, D., S., C. H. Elzinga, and S. P. Hendricks. 1987, Temperature patterns within
the hyporheic zone of a northern Michigan river. Journal of the North
American Benthological Society 6:85-91.

Whiteman, K. J., J. J. Vaccaro, J. B. Gonthier, and H. H. Bauer. 1994. The
Hydrogeologic framework and geochemistry of the Columbia Plateau aquifer
system, Washington, Oregon, and Idaho / by K.J. Whiteman ... [et al.]. G.P.O.
For sale by Book and Open-File Report Sales, U.S. Geological Survey,,

Washington: Denver, CO:.

Woods, P. F., and M. A. Beckwith. 1997. Nutrient and trace-element enrichment of
Coeur d'Alene Lake, Idaho. U.S. Geological Survey water-supply paper;
2485:p. 93.

98



APPENDICES

99



APPENDIX A: Literature Review of Dominant Cations and Anions in
Geographically Close Watersheds.

The Columbia Plateau is located to the south and east of the Columbia River

Basin and adjoins the foothills of the Blue Mountains (U.S.D.A., 1988). The Oregon

portion of the Walla Walla River Basin is located on the Columbia Plateau. Nearly

all of the Columbia Plateau is underlain by Miocene basalts of the Columbia River

Basalt Group (Collins, 1987). The Oregon part of this area is filled with layer after

layer of basalt flows with minor sedimentary interbeds that dip and thicken to the

north. The three major basalt units (from oldest to youngest) are Grande Ronde,

Wanapum, and Saddle Mountain Basalts. The overburden layer varies from the Blue

Mountains on the east to the alluvial plane as one travels downstream along the Walla

Walla River and associated tributaries. The major soil types are Gwin-Umatilla-

Kahler at the head waters in the Blue Mountains, Waha-Palouse-Gwin at the foothills,

and Freewater-Hermiston-Xerofluvents on the flood plain (U.S.D.A., 1988).

According to Steinkampf and Hearn (1996) the dominant ground-water

cations and anions of the Columbia Plateau are calcium (Ca), magnesium (Mg),

sodium (Na), carbonate (CO3), silicon (Si, as Si02), sulfate (SO4), and chloride (Cl).

There is a general trend for concentrations of these species (besides divalent cations)

to increase with residence time (Steinkampf and Hearn, 1996; Scanlon et al., 2001).

Lines of equal concentration values for the major anionic and monovalent cationic

constituents roughly parallel potentiometric contours for each of the basalt units

(Steinkampf, 1989). Concentrations tend to increase down gradient in a flow system
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and with depth into the ground. The concentrations are also dependent on water-rock

interactions, and land use. The anions of focus in the following report are Ci, F, Si02,

and SO4. Carbonate was neglected due to its complex interactions and equilibrium

behavior, which make it unsuitable for principal component analysis and end-member

mixing analysis.

The mean Cl concentration from snow chemistry data collected from 27 sites

in the Cascade Range from February to March 1983, was 0.3 mg/i (Table A.5) (Laird

et al., 1986). This mean value is reasonable to assume for Ci input from rain and

snow. Stream water data from the Toutie River in WA (Dethier, 1982) shows

concentrations Cl to be 3.09 mg/i at mean annual discharge. Increases in Cl

concentration from stream-water to ground-water probably occur due to dissolution of

basalt and agricultural chemical and fertilizers. Steinkampf and Hearn (1996)

postulated that although the Cl concentration in precipitation is small, the semi-arid

climate probably causes larger concentrations of Cl in soil due to evaporation. This

could be important in determining the chemical signature of Cl in stream-water and

ground-water. Further data from completed research indicates that water from the

gravel-aquifer near Milton-Freewater contained an average of 5 ppm (5 mg/i) Cl, with

individual samples ranging from 3 to 23 ppm, and that water from the basalt aquifer

contained an average of 5 ppm, and a range from 1 to 14 ppm (Newcomb, 1965).

Selected anion concentrations for The Columbia Plateau can be found in Tables A.2,

A.3, A.6, A.9, and A.10.

Discrete Si in samples from a depth shallower than about 1,475 ft. were not

observed, however other silica phases were observed (Hearn, 1985). Silica is
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commonly associated with clays, Fe oxyhydroxides, and is present in quartz,

cristobalite, tridymite, and opal CT. Quartz and cristobalite are found throughout the

Columbia Plateau. Ground-water chemistry data from several sources (Bortleson and

Cox, 1986; Wagner and Lane, 1994; Steinkampf and Heam, 1 996)show that silica, as

SiO, occurs frequently and in substantial amounts (exceeding 70 mg/i) within the

Columbia Plateau. Steinkampf and Heam (1996) suggest that silica concentrations

were dependent upon solubility of different silica phases, which vary with

temperature. Analysis of basalt rock from the Columbia Plateau shows the

composition to be largely Si02 (Steinkampf and Hearn, 1996). When using silica for

a chemical tracer caution should be used due to its reactive nature (i.e. non-

conservative behavior) (Christophersen and Hooper, 1992).

In selected studies of neighboring water resource areas, Upper Deschutes,OR,

Umatilla County, OR, Toutle and Lewis Rivers, Washington, and Coeur d'Alene

Lake, and ground-water in ID, anion concentrations were also examined. In the

Upper Deschutes Basin concentrations of Cl, F, SO4, and Si02 from selected wells,

surface water, and springs were examined and recorded (Table A. 1 )(Caldwell, 1998).

The geology of the Upper Deschutes Basin indicates the presence of volcanic rocks

and ash, primarily Prineville basalt and basaltic andesite lavas (Caidwell, 1998).

Caidwell (1998) notes that in a study done by Newcomb (1972) of the ground-water

of the Columbia River basalt group (of which Prineville basalt is a member) similar

relative proportions of major ions, but with variations in total concentration were

found. In a report on Coeur d'Alene Lake, Idaho, the major anions present were Cl,

0.1 to 0.8 mg/I, HCO3, 22 to 40 mg/i, and SO4, 1 to 6.6 mg/l (Woods and Beckwith,
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1997). The geology of the Coeur d'Alene Lake area is similar to that of the

Columbia Plateau in that the soils were formed from volcanic ash and bess, which

overlies granite and basalt (Woods and Beckwith, 1997). Selected results of ground-

water studies done in Idaho are shown in Table A.6 (Parliman, 1987). Selected

results of the dissolved constituents in the Toutle, and Lewis Rivers, WA are shown

in Table A.8 (Dethier, 1982). The Toutle and Lewis Rivers were chosen out of 23

western Washington rivers due to similarities in geology between the Columbia

Plateau and the volcanic Cascades, where the rivers originate.

Table A. 1 The maximum followed by the minimum values for selected anions in
mg/i from Caldweii (1998) from sites in the Upper Deschutes River Basin.

Table A.2 The maximum followed by the minimum values for selected anions in mg/i
from Bortleson and Cox (1986) from sites in the Columbia Plateau.

Cl F SO4 Si02

Well Water 26-0.9 1.1-0.1 56-0.3 71-26

Spring Water 3.3-0.3 0.1 3.7-0.3 40-29

SurfaceWater 11-0.9 0.5-0.1 25-0.3 49-17

Ground-Water
From:

Cl F SO4 5i02

Saddlemt
Basalt

55-19 1.5-0.3 150-0.2 62-41

Wanapum
Basalt

74-1.1 2-0.2 92-5 58-38

GrandeRonde
Basalt

20-0.2 4.1-0.3 35-5 110-50

MaxMm
total

74-0.02 4.1-0.2 150-0.2 110-38



Table A.3 The maximum followed by the minimum values for selected anions in
mg/I from Steinkampf (1986) from sites in the Columbia Plateau.

Table A.4 The maximum followed by the minimum values for selected anions in
mg/i from Wagner and Lane (1994) from sites in Umatilla County.

Table A.5 The maximum followed by the minimum values for selected anions in
mg/I from Laird et al (1986) from sites in the Cascades.

Table A.6 The maximum followed by the minimum values for selected anions in
mg/i from Steinkampf and Hearn (1996) from sites in the Columbia Plateau.
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Ground-Water
From:

Cl F SO4 Si02

Saddle
Mountain
Basalt

130-1.3 2.9-0.2 490-0.2 72-36

Wanapum
Basalt

300-7 3.4-0.1 290-0.2 100-10

GrandeRonde
Basalt

45-0.5 4.9-0.1 100-0.2 110-29

Max-MinTotal 300-0.5 4.9-0.1 490-0.2 110-10

Cl F SO4 Si02

Ground-Water 44 3.8 3.4-0.3 93 - 1.3 89 - 55

Cl F SO4 Si02

Snow-
Chemistry

1-0.1 0.1-0,01 0.32-0.14 Not
reported

Ground-Water Cl F SO4 Si02
From:
Saddle 120-3.4 1.4-0.2 200-0.6 71-36



Table A.7 The maximum values for selected constituents in mg/I from Parliman
(1987) from sites in Idaho.

Table A.8. The average concentrations of selected dissolved constituents in mg/i
from Dethier (1982) for the Toutle, and Lewis Rivers in Washington.

Table A.9 The mean values for selected anions in mg/I from Steinkampf and Hearn
(1996) from sites in the Columbia Plateau.
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Mountain
Basalt
Wanapum
Basalt

300 1.1 3.4-0.1 290-0.3 72-5.8

GrandeRonde
Basalt

45-0.8 4.9-0.1 96-0.2 110-29

OregonArea
Samples

20-0.8 1.9-0.1 54-0.6 89-11

Principal
Aquifers (non-
thermal):

Cl F SO4 Si02

Valley Fill 3.9 11 1.1 Not
reported

Basalt 830 7 420 Not
reported

Sedimentary
and Volcanic

430 17 1400 Not
reported

River Cl F SO4 Si02

Toutle 3.09 Not reported 2.76 15.0

Lewis 1.80 Not reported 2.27 14.3

Ground-Water Cl F SO4 Si02
From:
Saddle 31.6 0.5 76.1 55.1



Table A. 10 The mean values for selected anions in mg/i from Steinkampf (1986)
from sites in the Columbia Plateau.
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Mountain
Basalt
Wanapum
Basalt

19.5 0.43 32.8 46.5

GrandeRonde
Basalt

6.9 0.69 14.0 57.2

Ground-Water
From:

Cl F SO4 Si02

Saddle
Mountain
Basalt

24.3 0.58 53 55.6

Wanapum
Basalt

48.3

Grande Ronde
Basalt

7.1 0.6 21.8 21.8



APPENDIX B. Unprocessed Anion Content of Samples Determined by Ion
Chromatography.

Table B. 1 Anion content of Walla Walla River samples from 7/12/2001 to 3/5/2002.
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- Constituents in mg/i

Sampling Sam Sample chlo Nitrate Phosphate Sulfate
Date pie ID type ride (NO3) (PO4) (SO4)

0.907/12/2001 SW 1 G 0.45 nlr nlr
7/12/2001 SW 2 G 0.80 nlr n/r 0.98
7/12/2001 SW 3 G 0.51 nlr n/r 0.99
7/31/2001 SW 3 G 0.51 n/r nlr 0.99
9/27/2001 SW 3 G 0.48 0,80 nlr 1.07
9/27/2001 SW 3 D 0.56 0.53 nlr 1.13

11/1/2001 SW 3 G 0.43 0.60 nlr 1.04
9/27/2001 sw 4 G 0.40 rilr nlr 1.07
9/27/2001 SW 4 D 0.39 n/r nlr 1.02

7/12/2001 sw 5 G 0.40 nlr n/r 0.98
7/31/2001 SW 5 G 0.55 nlr n/r 1.00
9/27/2001 SW 5 G 0.41 n!r nlr 1.07
3/5/2002 SW 5 G 0.38 0.59 nlr 1.09

7/12/2001 SW 6 G 1.56 nlr nlr 1.35

7/31/2001 SW 6 0 1.73 n/r n/r 1.31

9/27/2001 SW 6 G 2.56 1.19 iVr 1.46
3/5/2002 SW 6 G 0.91 nlr n/r 1.36
7/12/2001 SW 7 G 0.62 n/r n/r 1.03

7/31/2001 SW 7 G 0.65 nlr nlr 1.05
3/5/2002 SW 7 G 0.41 0.59 nlr 1.02
7/12/2001 SW 8 G 0.62 n!r nfr 1.09
7/12/2001 SW 9 G 1.14 0.84 nlr 2.05
7/12/2001 SW 10 G 0.63 n!r nlr 1.09
7/31/2001 SW 10 G 0.65 n/r n/r 1.07
10/2/2001 SW 10 G 0.53 nlr n/r 1.15

3/5/2002 SW 10 G 0.44 nlr nlr 1.11

7/31/2001 SW 11 0 0.67 nlr nlr 1.10
8/14/2001 SW 11 G 0.64 n!r nlr 1.09
7/31/2001 SW 12 G 0.68 nlr nlr 1.07
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10/2/2001 SW 12 G 0.53 nlr rilr 1.16

7/12/2001 SW 13 G 0.62 n/r n/r 1.10

7/31/2001 SW 14 G 0.69 n/r nlr 1.09

8/14/2001 SW 14 G 0.66 n!r nlr 1.09

3/5/2002 SW 14 G 0.59 nlr rilr 1.12

7/12/2001 SW 15 G 0.64 rilr n/r 1.07

7/31/2001 SW 15 G 0.68 nlr nlr 1.08

8/14/2001 SW iS G 0.68 nlr n/r 1.11

10/24/2001 SW 15 G 0.62 nlr rilr 1.13

10/31/2001 SW 15 G 0.77 n/r nlr 1.14

3/5/2002 SW 15 G 0.58 nlr nlr 1.27

7/31/2001 SW 16 G 0.68 nlr nlr 1.08

10/31/2001 SW 17 G 0.76 n nlr 1.13

3/5/2002 SW 17 G 0.54 iVr nlr 1.15

10/2/2001 SW 18 G 1.46 nlr nlr 1.14

10/31/2001 SW 18 G 1.17 1.45 n/r 2.17

3/5/2002 SW 18 G 0.83 0.71 nlr 1.22

7/31/2001 SW 19 G 0.67 nlr n/r 1.06

8/14/2001 SW 19 G 0.65 n/r n/r 1.06

10/2/2001 SW 19 G 0.52 n/r nlr 1.15

10/2/2001 SW 20 G 0.68 0.88 nlr 1.23

10/31/2001 SW 20 G 0.76 nlr nlr 1.17

3/5/2002 SW 20 G 0.46 0.63 nlr 1.14

7/31/2001 SW 21 G 0.72 nlr nlr 1.12

10/2/2001 SW 21 G 0.55 n/r n/r 1.15

3/5/2002 SW 21 G 0.41 0.6 n/r 1.05

7/31/2001 SW 22 G 0.73 nlr nlr 1.13

10/31/2001 SW 22 G 0.78 nlr nlr 1.13

3/5/2002 SW 22 G 0.44 0.6 nlr 1.02

7/31/2001 SW 23 G 0.70 nlr n/r 1.18

8/14/2001 SW 23 G 0.67 nlr nlr 1.13

10/2/2001 SW 23 G 0.57 nlr nlr 1.19

10/24/2001 SW 23 G 0.64 n/r n/r 1.13

3/5/2002 SW 23 G 0.4 n/r nlr 1.04

7/12/2001 SW 24 G 0.68 nlr nlr 1.20

7/31/2001 sw 24 G 0.70 nlr nlr 1.19

8/14/2001 SW 24 G 0.69 n/r n/r 1.13

7/31/2001 SW 24 D 0.70 nlr nlr 1.17
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9/12/2001 SW 24 G 0.51 nlr nlr 1.16

9/12/2001 SW 24 D 0.61 nlr nlr 1.16

10/2/2001 Sw 24 G 0.58 n/r n/r 1.17

3/5/2002 SW 24 G 0.49 n/r nlr 1.05

7/31/2001 sw 25 G 0.70 n!r nlr 1.20

10/31/2001 SW 25 G 0.75 n/r nlr 1.15

3/5/2002 SW 25 G 0.63 n/r n/r 1.27

7/31/2001 SW 26 G 0.81 0.56 n/r 1.40

8/14/2001 SW 26 G 0.77 0.60 nlr 1.40

10/31/2001 SW 26 G 0.77 n/r nlr 1.23

7/12/2001 SW 27 G 1.55 1.20 nlr 3.25

7/31/2001 SW 27 G 1.38 0.93 n/r 3.02

3/5/2002 SW 27 G 1.81 1.04 n/r 1.34



Table B.2 Anion content of alluvial aquifer samples from 7/6/2001 to 12/18/2002.
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Sampling
Date

Sam
pie ID

Sample
type

Chlo
ride

Constituents in mg
Sulfate
(SO4)

NitraT
(NO3)

Phosphate
(PO4)

7/6/2001 GW 1 G 1.08 6.37 nlr 1.72
7/31/2001 GW 1 G 0.70 nlr nlr 1.12
10/30/2001 GW 1 G 0.71 1.31 n/r 1.97
12/18/2002 GW 1 G 0.57 0.78 n/r 1.22
7/6/2001 GW 2 G 1.53 4.41 nlr 2.45

7/31/2001 GW 2 G 1.37 3.96 n/r 2.16
10/31/2001 GW 2 G 1.35 4.5 fIr 2.25
12/18/2002 GW 2 G 0.80 2.99 nlr 1.64
7/17/2001 GW 3 G 1.44 6.61 fIr 2.81
7/31/2001 GW 3 G 1.44 6.74 nlr 2.81
12/18/2002 GW 3 G 1.42 7.57 nlr 2.9
7/31/2001 GW 4 G 0.93 1.92 nlr 1.74
7/6/2001 GW 5 G 13.92 51.19 nlr 27.45

7/31/2001 GW 5 G 12.98 42.17 nlr 28.13
10/31/2001 GW 5 G 14.09 27.32 nlr 24.92
12/18/2002 GW 5 G 7.46 2.09 n/r 13

7/6/2001 GW 6 G 0.72 0.71 nlr 1.38
7/31/2001 GW 6 G 0.73 0.88 nlr 1.29
10/31/2001 GW 6 G 0.6 0.94 nlr 1.3

12/18/2002 GW 6 G 0.7 0.88 nlr 1.33
7/6/2001 GW 7 G 0.75 n/r n/r 1.20

7/31/2001 GW 7 G 0.68 n/r n/r 1.16
10/30/2001 GW 7 G 0.6 0.6 nlr 1.22
12/18/2002 GW 7 G 0.64 0.64 nlr 1.29
7/6/2001 GW 8 G 0.91 nlr nlr 0.90
7/31/2001 GW 8 G 0.77 nlr nlr 1.34

10/30/2001 GW 8 G 6.29 n/r n/r 0.6
12/18/2002 GW 8 G 0.7 0.96 n/r 1.36
7/17/2001 GW 9 G 0.66 nlr nlr 1.10
7/31/2001 GW 9 G 0.68 n/r nlr 1.12
10/30/2001 GW 9 G 0.67 0.43 nlr 1.19
12/18/2002 GW 9 G 0.79 0.62 n/r 1.4

7/17/2001 GW 10 G 1.31 4.42 n/r 3.04
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7/31/2001 GW 10 G 1.27 4.20 n!r 2.82

7/17/2001 GW 11 G 1.00 nlr nlr 3.08

7/31/2001 GW 11 G 1.09 2.76 n!r 2.31

10/31/2001 GW 11 G 0.97 3.57 nlr 2.18

10/31/2001 GW 11 G 1.12 3.23 nlr 2.51

12/17/2002 GW 11 G 0.81 2.25 nlr 1.54

7/6/2001 GW 12 G 6.17 12.36 6.04 3.62

7/31/2001 GW 12 G 1.36 42.20 6.78 1.13

10/30/2001 GW 12 G 0.95 3.26 nlr 2.02

12/17/2002 GW 12 G 0.68 0.88 n/r 1.37

7/17/2001 GW 13 G 2.56 6.27 nlr 5.58

7/31/2001 GW 13 G 2.51 6.40 n!r 5.53

7/6/2001 GW 14 G 1.19 1.41 n/r 1.92

7/31/2001 GW 14 G 1.17 1.60 nlr 1.90

10/30/2001 OW 14 G 2.26 4.69 n/r 3.73

12/18/2002 GW 14 G 1.75 3.11 nlr 2.64

7/17/2001 GW 15 G 3.21 17.69 nlr 5.19

7/31/2001 GW 15 G 3.24 nlr nlr 5.45

12/18/2002 GW 15 G 2.17 10.5 nlr 3.5

10/30/2002 GW 15 0 1.62 5.95 nlr 2.85

7/17/2001 GW 16 G 1.40 5.39 nlr 2.68

7/31/2001 GW 16 G 1.70 8.45 n/r 3.37

10/31/2001 GW 16 G 2.41 11.4 nlr 4.35

12/17/2002 GW 16 G 1.98 6.13 nlr 3.8

10/30/2001 GW 17 G 6.09 46.18 0.65 13.32

7/17/2001 GW 18 G 4.02 32.59 1.02 8.28

7/3 1/2001 GW 18 G 4.04 23.90 nlr 7.86

10/30/2001 GW 18 G 4.36 20.24 nlr 7.57

12/17/2002 GW 18 G 4.86 23.97 nlr 7.71

7/6/2001 GW 19 G 1.67 6.57 nlr 3.12

7/17/2001 GW 19 G 2.23 7.18 nlr 3.62

7/31/2001 OW 19 G 1.54 6.76 nlr 3.32

10/31/2001 GW 19 G 1 3.04 nlr 2.17

7/6/2001 GW 20 G 1.06 2.93 nlr 1.89

7/31/2001 OW 20 G 1.23 6.94 nfr 2.27

10/30/2001 GW 20 G 1.11 5.54 n/r 2.09

7/6/2001 GW 21 G 2.29 8.83 nlr 6.97

7/31/2001 GW 21 G 1.88 9.45 nlr 4.55



Table B.3 Explanation of symbols and column headings for anion samples.
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Sampling Date Sample ID Sample type anion
date sample SW = ID g = (mg/I)
taken from surface water (SW-i) grab sample
source GW = this was d = fir indicates that

ground water separated duplicate no concentration
out so sample was detected by
that the IC

data

could

be sorted
by excel
by site

number
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APPENDIX C. CD ROM of raw data used in temperature analysis attached to back
cover.




