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AN ANALYSIS OF SELENIUM AND CHLORIDE MOVEMENT
THROUGH A POND SEDIMENT AT KESTERSON RESERVOIR

Robert Helms Long

ABSTRACT

Kesterson Reservoir, Merced County, CA, a disposal facility for agricultural drain water,
became the object of intense scientific investigation after the discovery in 1983 that the
disposal of Se-laden agricultural drain waters was having serious effects on the reproductive
success of waterfowl. A remedial measure involving permanent flooding with ldw-Se water,
aimed at taking advantage of low Se solubility under reducing conditions, was proposed as a
means of limiting Se movement into groundwater and biota. A field experiment was under-
taken to evaluate the feasibility of the proposed remedial measure, its impact on the quality
of shallow groundwater and for quantifying Se immobilization and transport through a
nery-ﬂooded pond bottom soil. Extensive soil water and groundwater sampling demon-
strated that although the soluble Se concentrations in the top 1.22 m of soil were initially as
high as 1000s of pg L™}, Se concentrations declined dramatically after flooding and elevated
concentrations below 1.22 m were observed at only one of five sampling sites. Analysis of
the temporal and spatial changes in the distribution of dissolved Se and CI” indicated that 66
to 108% of the initial soluble Se present in the top 1.22 m was immobilized shortly after
flooding. These estimates were consistent with the low Se concentrations observed in shallow
monitoring wells. The extent to which Se immobilization occurred was found to correlate
inversely with average pore water velocity. Redox measurements indicated that Eh conditions
following flooding shifted sufficiently in magnitude and rate to conceivably account for the
observed immobilization of selenium. Data presented suggest that reducing conditions in the
newly flooded soils lead to the microbially mediated transformation of selenate to less solu-

ble forms.

The primary focus of the experiment was to gain insight into the mechanism of selenium
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migration and immobilization. As a means of conﬁrmin\g the fluid velocity estimates made in
the mass balance calculations, history-matching of breakthrough curves of a conservative
solute, chloride, was performed at 40 sampling locations within 5 sites throughout the pond
following pond-flooding. A deterministic one-dimensional fluid flow and ti'ansport
mathematical model utilizing the integrated finite difference method (IFDM) was employed
in the effort. Reasonable matches were obtained betweén the observed and calculated concen-
trations with the advective-dispersive code. Fluid velocity estimates, in general, confirmed the
earlier predictions and resulted in negligibly different immobilization estimates. Extreme
lateral variability of soil hydraulic properties was demonstrated between and within field
plots with values of pemieability and apparent dispersion coefficient varying by one to two
orders of magnitude. The flow and transport properties determined throughout the field were
found to conform to a log-normal distribution. The apparent dispersion coefficient was
shown to be velocity dependent and exhibited a linear relationship with average pore water
velocity. Estimates of dispersivity at the 40 locations are high in relation to values measured
typically in the laboratory. A general trend was observed of greater dispersivity values with

increasing travel distance.



Table of Contents

LIST OF FIGURES ......cotociieeiiireccnnnnesenscessossmsssssstsassonsensasssssssssesssssasssassessassentasas soas sanan iv

LIST OF TABLES ....ocetoneuremnirereeassesesesseessassessenscannns reeeres st st sn e s ene s e sets e sennans viii

NOMENCLATURE .....cccceeeeernueecnenens reessesnenanesssaasanae eerreeaer et saeseresesesrenesnaaseaate s enssanes ix

ACKNOWLEDGMENTS .......cccceivveconssessmsissscessssnsssnonsss sternesasesnesntestesasecrsennsestesstsnsastnanns xi
PART I ANALYSIS OF SELENIUM MOBILITY THROUGH A POND

SEDIMENT AT KESTERSON RESERVOIR .........uiivivrnneecrnnrencersssseseesseesssssaans 1

1.0 INTRODUCTION ..oeeeeveveesessessnsesesssssssmsessesssessssssssssssssssesssssmssssssssssessssssssssssses 1

1.1 BaCKEIOUNA ...ccoviiiiririrerciioieionicssannessstscans snaten s suts srasssosssessans sssssassessensensasas 1

1.2 The Setting of Kesterson ...................... 4

1.2.1 GEOlOZIC SEUNE .....ceuveeeneernnreencrerensesenssssemcssessssssssossescsssssssessesssnsnsssesnes 4

1.2.2 HydroloZIiC SEIINE ....ceeeererrecrreeeceersennerenstererersessssseresersneessssssonsansessanscesanses 5

1.2.3 Hydrologic Properties of the Pond Bottom Soils ................. rererenrenreneaeaas 6

2.0 THE CHEMISTRY OF SELENIUM ......ccccceecemeerunennruesesneseens reerseeensreseeansneesntannns 10

2.1 Summary and Review of Relevant LIterature ...........ccccocceerreeescveecsrvecesroneenssneens 10

2.1.1 Selenium Toxicity and Relative Abundance ...........ccccceveecverceccnenennnecnnnns 11

2.1.2 Criteria for Selenium SOIUDIELY ........ovueuerueeeemseeeeeresmeeeeesseeseseseesesesesne 12

2.1.3 Selenium Retention ........ccccceveveeerevecenscnecrcrernenree teernseesasnratensasaranrsessansaeaase 14

2.1.4 Oxidation-Reduction in Newly Flooded SOils .......coovvvecveniiceirvreeecscrenennn. - 15

2.2 LBL INVESHZALONS .......ccoveirrrrrerseniecrrureecrirasisessnnsessssssecssssnsesssssssssssssessessonsasessnssnn 16

~ 2.3 Remedial Measures Considered for Kesterson Clean-Up ........coceceeeeerueeraseenenns 27

3.0 POND 1 RESATURATION MONITORING .......ccoocriereeeecnrenreeereeenreressesnsnesssesanns 30

3.1 PUIPOSE .ocecectierecrrerrereerersnsresesessnsesreseessssassesssnsssssssssasssssasssesssssnsasestes srssssassassssssses 30

3.2 Monitoring Site INSTAllAtION ......ccccceeiveeiirimiienieneiieeiesreeseeseesssessessssesossessnsassenens 30

3.3 Data COUECHOM ...ccoverreveeierreereenresreecesseeseeseeereessesssassnssasssssaessasssensenssessssssassessnnans 35



-ii-

3.3.2 Sampling PrOCEAUIES ......ccecerrrisrrsersencrnssasssmsnsisencssssnssssnssesssasssssssnssasssns - 38
3.4 Sample ANAIYSIS .....ccccceceecrenrrressresconsensesasssessasssnsssssasssuessssssessassssssassssssssrssssrssosss 43
3.4.1 SEIENUIM ......ccveececernecerninesincsecessaesesaesssnesseseessssssssensssssasanssnsnens - 43
3.4.2 ChIOTAE .....coccecrreeemrvorensernesessnssssssisacsscscssesasseessessesessesssessessasssssssssesasssness 4
3.5 RedOX MEASUTEIMENLS .....corueremsecssessneesuessesssessassesanssasssessssssesssessarsssssansssesssnsnasnas 45
3.5.1 Electrode Construction and Installation .........c.cccccceverrvenvercsneensiisencssanensnns 45
3.5.2 Measurement PIOCEAULR .........vcuriemesmssmessesmssessssnsssssssssssssssssssssassssssess 47
3.6 ChIOrde @S @ TTACET ...ccccevmrueerumsrussrinseinseisssissccssesessssossesssssesssessnnesessonssnassassssnsses 50
3.7 Issues of Soil Water Sample Validity ........ccoceeceivemncrecsnsinsivennnnnnssinsessncssecnne 51
4.0 SELENIUM MOBILIZATION DUE TO POND FLOODING ............. ceresnnmasasssineas 54
4.1 Solute Distributions under Vadose Conditions ............... vereesrserarsarasssnssasnanasssusass 54
4.2 Solute Breakthrough due to Pond Flooding ...........c..... seeenest et anasensnsnasens 64
4.3 Qualitative Discussion of Selenium Distributions resulting from

Seasonal FIOOMINE ......ccoiienreniemonansesssesssssossasssmssstossessansssneosassssesssasosaassosasosses snns 80
4.4 Importance of Macropore Flow .................................................................... 90
5.0 SELENIUM IMMOBILIZATION ESTIMATES .......cccceceueonernermesresneressessessansosence 93
5.1 Calculation Method and ASSUMPLONS ......ccccecueeeeenercsnnccsssessssnscssessasssnsssnnsonases | 93
5.2 Immobilization ReSults ................... st W 108
5.3 RedOX MEASUTEIMENLS ....ocouuerrerersrrccnoosnesasorassnscnnessesnesasssnessassnsssaisnsonsassesonsassossssse 115
5.4 Application of a First-Order Decay Tem .........ccecveerrreeecreenrinenessreenconesneasesenes 121

PART I TRANSPORT OF A CONSERVATIVE SOLUTE THROUGH A |
SHALLOW POND SEDIMENT .......uireincenntnseoeseseessseseesesssssmasssssessesssnssesssasaene 131
6.0 INTRODUCTION L R8RS A AR R R o 131
T.O THEORY .....eicceccrtenireestneesresstesssessssesssansnsessaessassstsssnssnsassssnssessssessassrseseseasassssases 135
7.1 FIOW Of WALET ..ottt ceticnncieteeeceenresesanaessssensanessssessesessesesnsssesasssenssusssenss 135
7.2 SOIULE TTANSPOIL ....eertririrteerereesersesteesaessssassessesssssassessesassessasssossesecsassnsness sasesseses 137
8.0 MODELING METHODOLOGY .....c.coiceciinitrrninrineeneesrnsesressersssessnsessessesessessesssscens 142
8.1 Model VerifiCatiOn .......cccueieeeerecrccenrrcnncereisensassaecsserecesssseesnsnsensensessssssssssssssasssnces 142



9.0 RESULTS AND DISCUSSION .....coounirimrnnnntirsssnsnissesssssosssscssssesssssssssssssssasonsssssasss 190
0.1 k aNA Dy c.eovvieiereriiecini it stnetsrtssisisscsssssssessseas ssnssesncssessssnssssssssesssasasassners 190
9.2 Longitudinal DiSPETSIVILY ..ccccovusiessussisensisscorecusennessssessssenssssessnssssnsssssassssassssassnns _ 198
9.3 A Comparison of Part I and II Average Pore Water
Velocity Determinations .......euesciissisisssssmmsmnsomsscsscsssessesssrsessans e sesssense 204
10.0 CONCLUSIONS .....ociivinintesnsueniescssisisssssssssssossossssnsssassessssssesasssansssnssasessessnsssssnese 210
APPENDIX I SENSITIVITY STUDIES .......ccccecoervcnicnuervossincnnssssissmssnsssasssassssesssessssassness 214
APPENDIX II EXPERIMENT DATA .....c.ccooiiniiniininicsircisisssennssnasessnsssssssressesssssessassssse 236
APPENDIX III SUGGESTED EXPERIMENTAL IMPROVEMENTS .........ccccecueveene. 279
REFERENCES .....ooiiiiintinenecsitinnsiacsassessssess sanessosestossosssessonsasssssassossassssossonsasssssncss 282



Figure 1.1
Figure 1.2
Figure 2.1

Figure 2.2

Figure 2.3
. Figure 2.4
Figure 2.5

Figure 2.6
Figure 2.7
Figure 2.8

Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5
Figure 3.6

Figure 4.14.5

Figure 4.64.7

LIST OF FIGURES

Location of Kesterson Reservoir within California
Map of Kesterson Reservoir

The vertical distribution of selenium in soils and
groundwater at Kesterson Reservoir.

Relationships observed between total selenium, dis-
solved hydrogen sulfide, and Eh for surface and inter-
stitial waters.

Total selenium vs Eh for surface water and groundwa-
ter samples.

Total selenium vs dissolved hydrogen sulfide for sur-
face water and groundwater samples. :

Total selenium vs ferrous iron for surface water and
groundwater samples.

Eh vs nitrate in samples of groundwater.

-Ferrous iron vs nitrate in samples of groundwater. .

. Schematic of the selenium and sulfur geochemical

model at Kesterson Reservoir.

Pond 1 in plan view with the 9 UZ-series monitoring
sites. ’

Plan view of a typical monitoring site layout.
Diagram of a soil water sampler.

Diagram of a soil suction tensiometer indicating
modifications that allowed for use under ponded condi-
tions. ’

Permanent-type Eh electrode construction.

Typical drift that was observed in the two voltmeters
used for measuring Eh.

Pre-flooding selenium and chloride profiles at the five
flooded sites.

Pre-flooding hydraulic head profiles at the five flooded
sites.

18

19

20

22

23

25
26
28

31

33
34
41

46

49

55

62

-jv-



@

Figure 4.84.12

Figure 4.13-4.17

Figure 4.18-4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27-4.29

Figure 5.1-5.3

Figure 5.4-5.6

Figure 5.7-5.9
Figure 5.10

Figure 5.11-5.12

Figure 5.13-5.14

Total selenium and chloride concentrations in soil
water collected throughout the experiment time period
at the five flooded sites.

Selenate and selenite concentrations in soil water col-
lected throughout the experiment time period at the five
flooded sites.

Average selenium and chloride concentrations within
the monitored zone vs time for the five flooded sites.

Total selenium and chloride concentrations vs time in
shallow groundwater samples collected throughout the
experiment at the five flooded sites.

The variation of soil solution total selenium concentra-
tions with time at site UZ-3 in response to periodic
wetting and drying.

Pond 1 surface water total selenium concentrations with
time.

Soil solution total selenium concentration depth profiles
with time at site UZ-3 in response to periodic wetting
and drying.

Selenate to selenite ratios of soil water and pond water
samples collected throughout flooding at the five
flooded sites. :

Tensiometer measurements of hydraulic hgéd made
throughout flooding at the five flooded sites.

Predicted and observed study block chloride contents at
the five sites based on the optimized average pore
water velocity.

Results of the selenium immobilization calculations.

The relationship observed between average pore water
velocity and the degree of selenium immobilization and
discharge.

Eh measurements made following pond-flooding at
sites UZ-1, UZ-5, UZ-6 and UZ-8.

Eh profiles measured prior to and following pond-
flooding at four locations adjacent to site UZ-3.

65

70

75

81

82

84

86

87

96

100

109
114

116

118



Figure 5.15-5.17

Figure 5.18-5.19

Figure 8.1

Figure 8.2-8.6

Figure 8.7-8.11

Figure 8.12-8.31

Figure 8.32-8.39
Figure 8.40

"Figure 9.1
Figure 9.2

Figure 9.3
Figure 9.4
Figure 9.5-9.7

Figure 9.8

Application of a first-order decay term, kg, to the
chloride mass balance calculation performed over the
entire 1.22 m thick monitoring zone at the five flooded
sites.

Application of a first-order decay term, kq, to the
chloride mass balance calculation performed only
within the upper .15 m at each of the five flooded sites.

Comparisofi of the computer code CHAMP ‘with an— = -

analytical solution for 1-dimensional fully-saturated
solute transport. '

Fluid potential and chloride concentration boundary
conditions used in the modeling effort at each of the
five sites.

Initial conditions applied in the modeling effort of fluid
potential and chloride concentration. -

The results of the history-matching at the 40 soil water
sampler locations based on the final selections of £ and
D, . .

. The relative effect of property variations on model out-

put for the 8 soil water sampler locations at UZ-3.

Fluid potential gradients measured at the five flooded
sites throughout the period of ponding.

Fractile diagrams for permeability and apparent disper-
sion coefficient values determined in the history-
matching.

Frequency distributions of the observed values of per-
meability and apparent dispersion coefficient and the
theoretical values based on the log-normal distribution.

Histograms of the observed values of & and Dy, with
the theoretical log-normal distribution.

The effect of sample number on the accuracy of the
mean k and Dy, estimation.

Dispersivity \}alues plotted versus depth (travel dis-
tance) at the five monitoring sites.

The demonstration of a functional relationship between
apparent dispersion coefficient and average pore water
velocity. '

-vi-

123

127

145 —

147

152

159

179

188

193

194

195

197

200

203



Figure Al.1
Figure A1.2-A15

Figure A1.6-A1.10

Figure Al.11

Variable initial conditions utilized in a study performed
for site UZ-8 to determine the sensitivity of model out-
put to variations in the chloride initial distribution.

The effects of alternate initial conditions and apparent
dispersion coefficient on model output at the eight soil
water sampler locations of site UZ-8.

The results of a sensitivity study examining the poten-

tial deviation from purely vertical 1-dimensional solute
transport that might exist under 5 different scenarios of
vertical heterogeneity.

The results of a sensitivity study examining the poten-
tial deviation from purely vertical 1-dimensional solute
transport that might exist under different scenarios of
layered heterogeneity.

216

217

226

235

-vii-



Table 1.

Table 2.

‘Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

LIST OF TABLES

Wet/Dry Periods at Pond 1 Monitoring Sites

Pond 1 Pre-Flooding Selenium Levels in Groundwater

Percent Deviation between the Predicted and Observed Study
Block Chloride Contents based on the Optimized Average Pore

Water Velocity

Selenium Immobilization/Discharge Quantities during the First
Flooding Episode

Estimates of k4 for Entire Study Block and Upper 15 cm Zones
Summary of Parameters Determined in History-Matching Effort

A Comparison of Average Pore Water Velocities Determined
in Parts I and II '

The Effect of Average Pore Water Velocity Variations on
Selenium Immobilization Quantities

Description of Cases Analyzed in Vertical Heterogeneity Sensi-
tivity Analysis

-viii-

38

60

103

112

129

191

207

208

225



NOMENCLATURE

area, L2

solute concentration, M solute-(M water)™!

chloride concentration of waters entering the study block, M CI-(M water)!
chloride concentration of waters exiting the study block, M CI-(M water)™!

initial solute concentration, M solute-(M water)™!

input solute concentration, M solute-(M water)™!

selenium concentration of waters entering the study block, M Se-(M water)”!
selenium concentration of wateré'exiting the study block, M Se-(M water)™!
effective coefficient of molecular diffusion, L%T

apparent dispersion coefficient, L2T

longitudinal component of the apparent dispersion coefficient, L2-T

transverse component of the apparent dispersion coefficient, L2-T

coefficient of mechanical dispersion, L>T

coefficient of molecular diffusion, LT

distance between nodal points 1 and m, L

advectance from the upstream node 1 to the node m, L>T

gravitational constant, L-T?

hydraulic head, L _

mass of solute flowing through a unit cross-sectional area per unit time due to
advection, M-L™2T"!

mass of solute flowing through a unit cross-sectional area per unit time due to
molecular diffusion, M-L™2T"!

mass of solute flowing through a unit cross-sectional area per unit time due to
apparent dispersion, M-L"2-T"! '

mass of solute flowing through a unit cross-sectional area per unit time due to
mechanical dispersion, M-L™2.T"!

hydraulic conductivity, L-T™!

saturated hydraulic conductivity, L-T"!
permeability, L2

first-order reaction constant, T~

macropore permeability, L2

matrix permeability, L?

fluid mass capacity of the element 1, M-L™!
mass of chloride in the study block, M

mass of chloride entering the study block, M
initial mass of chloride in the study block, M
mass of chloride exiting the study block, M



mass of chloride in the study block at time t, M
mass of fluid in the element 1, M

mass of selenium immobilized the study block, M
mass of selenium, M

mass of selenium entering the study block, M
initial mass of selenium in the study block, M
mass of selenium exiting the study block, M __
mass of selenium in the study block at time t, M .
outward unit normal, 1

peclet number for the element 1, 1

soil water flux, L-T™!

retardation factor, 1

specific storage, L™

intial day from which history-matching begins
time, T '

volume, L3

bulk soil volume in the element 1, L3

volume of water in the element 1, L3

average pore water velocity, L-T™!

effective average pore water velocity, L-T!
chemical conductance between nodes 1 and m, L3T

~ uni-dimensional axis coordinate, L

longitudinal dispersivity, L

interface between elements 1 and m, L?

boundary surface of a closed surface V, L2

fluid viscosity, M-L™1-T"! :

porosity, 1

pressure head, L

fluid density, M-L3

tortuosity, 1 '
volumetric water content, 1



-Xi-

ACKNOWLEDGEMENT

First and most importantly, I would like to expnéss my sincere thanks and appreciation to
Sally Benson for the patient help and constant support that she provided to me throughout
the course of this work. This thesis is as much a product of her own enthusiasm and
encouragement' as it is of any efforts of mine, and I feel truly indebted to her for the assis-
tance that she provided. Her sincere interest, technical excellence, and humour all contributed
to significantly enhance the quality and enjoyment of my educational experience at Berkeley.
I would like to thank my advisor, Dr. Paul Witherspoon, for his encouragement and guidance

and for providing me the initial opportunity to come and study at Berkeley.

I also would like to express my appreciation to Dr. Tetsu Tokunaga for his patient readiness
to spend time in helpful discussion and his generous and unselfish willingness in helping me
with many practical details of the field. His superior level of dedication and technical com-
petence have been a true leamning experience, and I feel fortunate, both on a technical and

personal level, to have had his assistance.

I. would like to recognize and thank Robin Lisa Branstetter for her friendship, perseverance,
and patient support. The maintenance of my sanity and hopeful outlook owes much to her

gentle influence.

I am grateful to Ray Solbau for the time he provided in the collection of much of the data
and for the field technical expertise he brought in the fabrication of field equipment. His
talents were invaluable and his humour always welcome. I would also like to thank John
Daggett for the many hours he spent with me collecting data and for the positive attitude that
he always brought. And to Mohsen Alavi I would like to express gratitude for the many
hours he provid_ed in assisting me in the successful operation of the computer codes used in

this study.

Finally, I would like to thank the taxpayers of the United States and the Bureau of Reclama-
tion for providing the research funds that allowed me the opportunity to take part in this

work and assisted me in meeting my educational expenses. This work was also partly



-xXii-

supported through US DOE contract No. DE-AC03-76SF00098.



-1-

PART 1. ANALYSIS OF SELENIUM MO‘BILITY THROUGH A POND SEDIMENT
AT KESTERSON RESERVOIR

1. INTRODUCTION

1.1. Background

Kesterson Reservoir, a 520-ha (1283-acre) agricultural drain Qater disposal facility located
along the westemn side of the' San Joaquin Valley in Merced County, Califomia (Figure 1.1),
is operated by the US Bureau of Reclamation (USBR) as part of the Central Valley Project,
and is fed by the San Luis Drain, a 137 km (85 mile) lohg concrete-lined canal that extends
from the Five Points area in Fresno County. Agricultural drain water originates in subsurface
ti_le drains installed in irrigated fields of the Westlands Water District, a major user of
federally'suppliéd im’gativon' water in the Valley. Construction of the ’two facilities was
authorized by Congress in 1960 and took place from 1968 to 1975. Originally, the Reservoir
was intended to function as a holding facility midway to the San Francisco Bay Delta, the
ultimate disposal destination fdr the drain water. Budgetafy constraints and controversy sur-
rounding potential adverse environmental impacts on wildlife of the Delta, lead to a halting
of San Luis Drain construction at Kesterson. The Reservoir has since functioned as a series
of shallow evaporatioh and seepage ponds for the disposal of 5000 to 8000 acre-ft per year

of mineral-laden drain water (total dissolved solids = 10000 ppm).

The Reservoir is also a part of the 2387-ha (5900-acre) Kesterson National Wildlife Refuge,
administered by the US Fish and Wildlife Service, and if sits along a major flyway of migra-
tory waterfowl. From 1971, when water first began flowing to the Reservoir, until 1981, the
majority of the water flowing intov the Rescrvoir consisted of surface runoff. However, even-
tually as a large number of tile drain connections were made with the San Luis Drain,
inflowing waters were comprised primarily of subsurface drain water. In 1982 a problem was

first observed when several species of fish died-off in the Reservoir. In 1983 impaired
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reproductive success and birth deformities were observed in waterfowl living at the Reser-
voir. It was later determined that high concentrations of selenium (Se = 300 ppb) in agricul-
tural drain water had entered into the food chain and lead to the observed mortality rates in
waterfowl (Ohlendorf et al., 1986). In 1984 studies indicated that selenium was entering into
local groundwaters in limited areas and that soil and vegetation at the Reservoir were con-
taminated with selenium. During the period 1981 to 1986, it has been estimated ﬁat approxi-

‘mately 9000 kg of selenium wére delivered to the Reservoir.

Selenium is a naturally-occurring element in soils of this region derived from Cretaceous
shales of the Coast Ranges including irrigated farmlands of the Panoche fan. Leaching of
valley farm soils by percolating irrigation water is the source of selenium in drain water
which is then carried to the Reservoir via the San Luis Drain. Tile drains, installed and
designed to prevent already shallow groundwaters from rising closer than approximately 1.5
m from the surface, have as their primary purpose the prevention of soil root-zone buildup of :
salts that could potentially lead to reduced crop yields.. Agricultural difficulties associated
with shallow water table conditions affect nearly 100,000 ha (247,000 acres) in the San
Joaquin Valley (USBR, 1984).

The State Water Resources Control Board (SWRCB), in response to a petition filed by an
adjacent landowner, ordered the Bureau of Reclamation in February 1985, in Water Quality
Order 85-1, to either close Kesterson Reservoir to further discharges of drainwater or to
upgrade Kesterson to meet requirements for a hazardous waste surface impoundment. In
March 1985 the Secretary of the Interior ordered Kesterson closed, and in April the Depart-
ment entered into an agreement with Westlands Water District to gradually curtail agricul-
tural drain water inflows into the San Luis Drain. By August of 1986 subsurface agricultural
drain water flow into the Reservoir had essentially ceased. In July of 1985, the Bureau sub-
. mitted to the SWRCB a framework plan for closure and cleanup of Kesterson Reservoir. In
October of 1986 the final Environmental Impact Statement was filed. The Kesterson Pro-

gram, designed to meet the requirements set forth in WQ 85-1, identified alternative plans for



Reservoir cleanup and land use, San Luis Drain cleanup, and wetland mitigation, which pro-
tect public health and the environment, and are cost effective (USBR, 1986). In December of
1986 the Bureau’s closure and post-closure plan was submitted to the SWRCB for review
and approval. It included the controversial "Wet-Flex" plan for permanently flooding the
Kesterson ponds as a means of immobilizing the selenium inventory in the near surface sedi-
ments of the pond bottoms. In March of 1987, the -SWRCBA issued an order rejecting the
~ Wet-Flex alternative and requiring the Bureau to implement the Onsite Disposal Plan (ODP)
for Kesterson Reservoir clean-up, a more costly alternative involving excavating the most

contaminated soils and putting them in an engineered landfill.
1.2. The Setting of Kesterson

1.2.1. Geologic Setting

Kesterson Reservoir is located along the western side of the San Joaqﬁih valley, or Great
Valley, a northwest-trending geomorphic province and structural trough bounded on the east
by the granitic rocks of the Sierra Nevada and on the west by the folded sedimentary rocks
of the Coast Range, and extending from the Tehachapi Mountains in the south to the
Klamath mountains in the north. The valley floor is comprised of an approximately 4570 m
(15000 ft) thick sequence of loosely consolidated sands, gravels and clays arranged in a syn-
clinal structure of Jurassic to recent age. Sediments rest on a basement floor of igneous and -

metamorphic rocks (Prokopovich, 1967).

Kesterson Reservoir rests within a Quaternary flood plain terrace west of the San Joaquin
River, bordered on the west by piedmont alluviam and on the east by lower flood plain depo-
sits (Rowell et al., 1983). Underlying the Reservoir, basin fill deposits extend to depths of
61.0 to 91.4 m (200 to 300 ft) and consists of alternating layers of sands, clays, and silts.
Silty to clean sand predominates with lesser amounts of clay and silt arranged in lenses. The
near surface material is an alluvial sediment, again consisting of a complex arrangement of

interfingering and intergrading, discontinuous layers of sand, clay and silt. In most portions



of the Reservoir, the upper 3.0 to 6.1 m (10 to 20 ft) of alluvium is classified as a sandy
loam and covers silty sands and silts that extend to a depth of 24.4 m (80 ft), where an
approximately 3.0 m (10 ft) thick finer grained layer of relatively low permeability is located.
A sandy unit extends below this layer to a depth of approximately 61.0 m (200 ft) where a
relatively thick, continuous and impermeable léyer is located. The Corcoran Clay, member of
the Tulare Formation, is the principal confining layei for the deep aquifer underlying the
western portion of the San Joaquin valley. Its thickness varies from 12.2 to 24.4 m (40 to 80
ft) in the San Luis Drain area, and its depth varies from 70.1 m (230 ft) at Kesterson to
approximately 182.9 m (600 ft) near the south end of the drain (USBR, 1965). In isolated
areas at the surface, the fine-grained veneer of clayey soil is not present and the silty sands
and silts extend to the surface. During ponded conditions, a layer of mud several centimeters

to as much as %2 m thick and rich in organic matter covers the bottoms of the ponds.

1.2.2. Hydrologic Setting .

Two distinct hydrologic regimes can be distinguished u'nder‘ Kesterson Reservoir. A confined
aquifer below the Corcoran Clay has .been designated the lower water-bearing zone, and the
unifs above the Corcoran Clay to the ground surface comprise the shallow aquifer (Hotchkiss
and Balding, 1971). Water from the shallow aquifer is used locally for livestock watering
and irrigation. The lower water-bearing zone contains water fit for human consumption, how-
ever, because of its depth and isolation beneath the Corcoran Clay, and because drainage
water has not been found to have migrated near it or to pose a threat of contamination, the
lower water-bearing zone has received little attention in investigations aimed at subsurface

{

geologic characterization.

Regional groundwater flow within the shallow aquifer is toward the northeast with an aver-
age gradient of approximately 5 x 107™ to 9 x 10~ meters of water/meter of linear distance
(State of California, 1967) and a pre-Kesterson groundwater pore water velocity that is
believed to have averaged from 6.1 to 9.1 m/year (20 to 30 ft/year). The existence of the

Reservoir has led to the development of a groundwater mound which varies in height from



0.9 m (3 ft) in the winter months to up to 3.0 m (10 ft) in the summer and to the creation of
a saline plume which has moved away laterally from the site at an estimated average rate of
45.7 m/year (150 ft/year) and vertically at an estimated rate of 4.6 m/year (15 ft/year)
(Lawrence Berkeley Laboratory, 1987c, p. xvii). The average depth to the water table varies
over ;he local area from 0.5 m (1.5 ft) in the east to 3.0 m (10 ft) in the westem portion of
the Reservoir. Seasonal flooding and increased winter precipitation cause fluctuations of
roughly 1.5 m (5 ft) in the water table elevation, causing it to rise above the ground surface

in places (Lawrence Berkeley Laboratory, 1987c, p. 16).

The major surface water drainage feature in this portion of the valley is the San Joaquin
River (Figure 1.2). Mud Slough is located immediately adjacent to much of the western
border of the Reservoir. Salt Slough is located approximately 2.5 km to the east. Both chan-

nels drain the marshland and empty into the San Joaquin River.

Kesterson Reservoir is situated within a seasonal wetland region that attracts large numbers
of migratory waterfowl and that supports a diversity and abundance of life within the
confines of a distinct ecosystem. Within a 124-square-mile area centered on Kesterson, the
520-ha (1283-acre) facility accounts for 8% of the total wetland acreage. Numerous duck
clubs are located in the vicinity of the Reservoir and their seasonally flooded wetlands

account for 18% of the total acreage (Mandle and Kontis, 1986).

1.2.3. Hydrologic Properties of the Pond Bottom Soils

An early survey of the Reservoir area classified the soils as belongfng to the Waﬁkena soil
series (Soil Conservation Service, 1952). These soils éontain high-soluble salt levels and have
been characterized as moderately to strongly salt-affected. Salt contents in the general vicin-
ity of Kesterson, based on information provided in the SCS survey, range from 0.1 to 1.95%,
with 0.1 to 0.7% representing fairly typical values. These percentages represent the mass of
soluble salts per unit mass of air-dried soil averaged over the upper 0.30 m (1 ft) of soil.

Varying amounts of carbonates are present. Some soils in the area have been mapped as
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sodic. X-Ray analysis of Kesterson evaporite samples has identified thenardite (Na,SOy),
gypsum (CaSO,4-2H,0), and calcite (CaCO,) as the major evaporite minerals. These minerals,
as well as bloedite (Na,Mg(S0O,),-2H,0) and halite (NaCl) also wmpﬁsed minor portions of
some of the samples (Lawrence Berkeley Laboratory, 1988). Halite was the only chloride-

bearing mineral identified.

The surface 1 to 2 m of the pond soils are generally of finer texture than than deeper materi-
als. Clay and silt sized material each make up approximately 20-30% by weight of the sur-
face mineral soils. Individual surface samples can be classified in a range of textures from
sandy loams to clay loams. Samples collected below 2 m tend to be dbminated by the sand
fraction. The primary physical barrier to seepage into the shallow aquifer and contamination
of shallow groundwater is the presence of this surficial fine-textured layer. X-Ray diffraction
analysis of samples collected >within the upper 3.0 m (10 ft) of Reservoir soils has identified

smectite as the major clay mineral. Lesser amounts of kaolinite and illite are present.

The US Bureau of Reclamation performed a series of infiltration tests, prior to Reservoir
construction, in ponded and unponded soils located in the vicinity of the present Kesterson
Reservoir site. Based on data presented in USBR (1967), arithmetic mean and geometric
mean saturated hycraulic conductivities (K) in non-ponded soils were calculated as 4.6
m/year (15 ft/year) and 2.6} m/year (8.6 ft/year) respectively (Lawrence Berkeley Laboratory,
1985, p. 5-5). At the previously ponded sites, aﬁﬂﬁnetic mean and geometric mean saturated
hydraulic conductivities were determined to be 3.4 m/year (11 ft/year) and 0.9 m/year (3
ft/year) respectively. Luthin (1966), in another early study of the Reservoir site, also meas-
ured the saturated hydraulic conductivity of the surficial clay layer with an infiltrometer.
CH2M Hill and Jones and Stokes Associates, (1985), based on data obtained from the work
of Luthin, reported a somewhat higher average value, than the above mentioned reports, of

11 m/year (37 ft/year).

Because of the limited vertical penetration of the infiltrating wetting-front over the course of



an infilrometer test, K; values determined in this manner cannot necessarily be considered
representative of the full-thickness of the surficial layer. In fact, in most of the tests reported
in USBR (1967), the wetting front did not even penetrate past 0.15-m (0.5 ft) (Lawrence
Berkeley Laboratory, 1985, p. 5-5). In a soil that possesses layered heterogeneity, the
effective hydraulic conductivity, K,, is a harmonic mean of the values of K, measured in

each individual layer, i,

K,= ey
1 Ki
where K; represents the saturated hydraulic cdnductivity in each individual layer of thickness

d;. This harmonic mean value is strongly weighted towards layers of low K, and therefore it

is likely that effective K, is considerably smaller than the values reported above.

A survey employing a constant head, auger hole method with a Guelph permeameter was
made of K, throughout the Reservoir by personnel from Lawrence Berkeley Laboratory dur-
ing 1986 and 1987. These measurements resulted in profiles of K to depths as deep as 0.84
m (2.75 ft) within Pond 1, allowing for the calculation of K, at a number of locations. A
high degree of Spatial variability was observed in the measurement#, with values ranging by
2 orders of magnitude in some cases within individual profiles. In general, due to the pres-
ence of surficial macropores (cracking), the material to a depth of approximately 0.3 m
displays quite high values of K, as high as 100 m/year. At a depth of 0.3 to 2 m, a low per-
meability barrier is encountered with values on the order of 1 to IO m/year commonly
observed. Harmonic mean values at 4 sites within Pond 1 were determined to be 1 m/year,

3.7 m/year, 4.3 m/year and 20 m/year.
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2. THE CHEMISTRY OF SELENIUM AT KESTERSON

As mentioned in Section 1.1, the annual inflow to Kesterson Reservoir ranged from approxi-
mately S000 to 8000 acre-ft/year over the period 1.978 to 1984. After measuring inflows and
calculating evaporation losses, the Bureau estimated that approximately 50% of the water that
had been delivered to the Reservoir had percolated down through the bottom sediments into
the shallow aquifer (USBR, 1986). The remaining portion .was either lost through evaporation
or transpired by plants. Even though selenium concentrations in SLD water typically were
200 to 300 ppb, selenium concentrations in groundwater samples collected through extensive
sampling of monitoring wells were low and generally remained below 5 ppb. (The current
federal Drinking Water Standard is 10 ppb, however, a 50 ppb level has been proposed by
EPA as a new selenium standard.) A groundwater plume with selenium levels greater than
10 ppb was identified in the southem portion of the Reservoir, however, the extent of the
subsurface contamination was found to be rather limited. In their chemical composition with
respect to major element chemistry and the presence of trace elements such as boron,
groundwaters underlying the Reservoir and SLD water exhibited similar characteristics, sug-
gesting that the surface, interstitial and groundwaters have been in direct communication with
one another. (Lawrence Berkeley Laboratory, 1985 p. 4-10). The vertical penetration of
selenium, however, does not correspond to the maximum vertical penetration of pond water
(Lawrence Berkeley Laboratory, 1986a p. 50). The low selenium levels in groundwater rela-
tive to surface water suggest a selenium removal mechanism in the near-surface soil profile.
It was this observation and the observation that a large fraction of the selenium inventory is
confined in the first few inches of soil that guided much of the early work performed by
Lawrence Berkeley Laboratory and others at Kesterson and which motivated the performance

of the Pond 1 Resaturation Monitoring, the subject of this thésis.

2.1. Summary and Review of Relevant Literature
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-2.1.1. Selenium Toxicity and Relative Abundance

Selenium is both beneficial and harmful to animal life and man.»Selenium is an essential-
trace nutrient which is toxic at high concentrations. Deficiency diseases in animals appear in
areas having selenium levels in plants < 0.1 ppm while toxicity is observed §vhen plant
selenium concentrations exceed 5 ppm (Frost, 1967). The symptoms of selenium toxicity
have been known in this country since the 1850’s, and the first reported incidence is found in
a statistical repdrt on health issues in the US Army (Madison, 1860). The report referred to a
"very fatal disecase” among horses at a post near what is now central South Dakota. The
author very correctly referredvto the source of the illness, later called alkall disease" as pas-
turage. An awareness of the disease occurred some 200 years earlier in Mexico when pe‘ople
who ate produce gfown on outwash from mining activities suffered health-related problems.
And there is evidence that as early as 1275 A.D. in western China, Marco Polo observed
similar troubles in the health of animals that ate certain "poisoﬁous plants" growing there

(Komroff, 1926).

Nutritional problems in grazing livestock, that we now know t<.) have resulted from selenium
| toxicity, have been widely recognized, and economic losses have been reported for centuries.
In this country, however, until the 1930;s, nutrient deficiencies in forage were largely felt to
be the cause. In the 30’s, through work sponsored by various federal and state agencies,
including the US Department of Agriculture and the South Dakota and Wyoming Agricul-
tural Experiment Stations, the role of selenium in agriculture came into view (Anderson et
al., 1961). Extensive surveys were performed of its occurrence in soils, rocks, plants and

animals and numerous publications and articles resulted.

Selenium occurs in minute quantities throughout the earth and rarely exceeds 100 ppm con-
centration in any material (Lakin, 1961). The geochemistry of selenium is closely tied with
the geochemistry of sulfur, and in nature selenium frequently occurs as a trace substituent,
substituting for a small fraction of sulfur in minerals such as pyrite or native sulfur. Esti-

mates of the average concentration in the earth’s crust range from .03 to .8 ppm (Fleischer,
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1953). In sea water, the selenium concentration is very low. Byers (1938) concluded that
selenium does not exceed .25 ppb in waters of the ocean except near the mouths of rivers
and streams. In igneous rocks average selenium concentration has been estimated at .09 ppm
(Goldschmidt, 1937). The selenium cohcentration of sedimentary rocks in the westem US
generally ranges from less than .02 to 2 ppm. Shales commorﬁy contain more selenium than
do other sedimentary rocks. The distribution of seleniuh, however, in various rock types and
soils varies greatly, both vertically and areally. Certain geologic materials in the western US
posses anomalously high concentrations, as high as-1500 ppm, and include tuffs, shales,
sandstones, and soils. From Devonian to Miocene time, some 260 to 10 million years ago,
intermittent volcanic activity occurring along the present approximate boundary of the
Western United States (Eardley, 1951) may have injected selenium, one of the volatile com-
ponents in magma, into the atmosphere. These emanations, combined with the prevaiiing
eastward winds and subsequent introduction into sediments, are assumed by many geologists
to account for the primary source of selenium in the Westem Plains (Lakin, 1961). Creta-
ceous formations have received considerable attention because of the lafge areas of farm soils
extending eastward from the Rocky Mountains and .the many acres of range and irrigated
land in northwestern New Mexico, westem Colorado and Utah that are derived from these

materials.

2.1.2. Criteria for Selenium Solubility

The various forms of selenium that can exist in soils include selenide(-II), elemental Se(O),
selenite(IV), selenate(VI), and various ill-defined organic selenium compounds (Rosenfeld
and Beath, 1964). Selenium is most mobile in the Se(IV) and Se(VI)‘forms (Adriano, 1986).
The speciation and concentration of selenium in soils -are controlled by various physical-
chemi_cal factors expressed in terms of pH, dissociation constants, solubility products, and
oxidation-reduction potential. Our understanding of the effects of these factors is incomplete.
Lakin (1961) pointed to the importance of selenite precipitation with ferric hydroxide in acid
or neutral soils as a factor in reducing selenium uptake in plants. Geering et al. (1968) con-

cluded that this combination occurs as a ferric oxide-selenite-adsorption complex and went
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on to examine the conditions under which selenium may assume either higher or lower oxi- -
dation states. Both of these investigators determined that the redox potential (pe + pH) may

indicate what to expect regarding the valence state of selenium in soil.

Elrashidi et al. (1987) used thermodynamic data in a purely theoretical study to develop
equilibrium reactions and constants for selenium minerals and solution species that relate to
soils and determined that the redox potential of soil is the major factor contx'olling the specia-
tion of selenium in solution. The study determined that at high redox (pe + pH > 15.0) selen-
ate is the major species in solution, whereas in the medium range (pe + pH > 7.5 - 15.0)
selenite is dominant. At low redox (pe + pH < 7.5) selenide is the major species, particularly
in alkaline environments. Solubility of the metal-selenéte minerals is very high and in well-
aerated, cultivated soils these are not stable in the solid phase. Selenite minerals also appear
to be too soluble to persist in cultivated soils. It should be mentioned that this may be true in
well-drained Soils, however, at the soil surface, solubility limits of selenite and selenate
ininerals may be exceeded due to evaporative accumulation in a shallow water table}em(i‘ron-
ment such as exists at Kesterson. Elrashidi et al. also noted that, in general, selenide
minerals are extremely insoluble'under reducing conditions. In highly-reducing environments,
therefore, they may act as a major inert sink for selenium present in the system. As long as
conditions remain reducing, contamination of waters or soils by these minerals poses a
minimal hazard of selenium toxicity. The presence of selenide minerals, however, is specula-
tive and based on theoretical calculations only. Work done recently by personnel at Lawfence
Berkeley Laboratory suggests that elemental selenium Se(O) is a major species under reduc-
ing conditions and may act as the dominant inert sink for selenium present at Kesterson

Reservoir (Weres, Personal Communication).

~ The thermodynamic relationships discussed above are equilibrium relationships. The actual
formation of these materials in soil depends on the kinetics of the reactions. Selenite, selen-
ate, and organic selenides have been found to coexist in oxic seawater samples, suggesting

the importance of kinetics in speciation (Measures and Burton, 1980). Experimental evidence
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in the laboratory suggests that the selenate to selenite conversion and vice versa is relatively
slow, whereas the selenite to elemental selenium reaction and vice-versa is rapid (Rosenfeld
and Beath, 1964). Soil environments are generally non-equilibrium systems, and therefore it
may be reasonable to expect selenium species, that are theoretically mutually exclusive, to

coexist to some degree in solution.

2.1.3. Selenium Retention

Selenium availability to plants and mobility in the soil column is affected not only by redox
controlled speciation and mineral formation but by the ability of soil to retain selenium, prin-
cipally in the forrﬁ of seleniie, on the mineral surface throdgh an adsorption process. Selenite
is generally thought to adsorb by ligand-exchange (Goldberg and Sposito, 1984). Factors
affecting adsorption include the degree of weathering, solution composition, soil composition,
organic carbon content, calcium carbonate content, and pH. John et al. (1976) in a study
involving 66 New Zealand soils found thaf as the degree of weathering increased, in general,
so did selenite adsorption. Variations in ionic strength may affect selenite adsorption in the
effect on the charge distribution on a solid surface, and in increased concentration of compet-
ing ions. Singh et al. (1981) observed dramatically reduced sofptive capacity of a soil with
addition of sulfate and phosphate, however, other works have indicated little effect of varia-
tion in ionic strength (Hingston, 1981). Neal et al. (1987) in an experiment involving two
soils from the San Joaquin Valley of California found no evidence for a relationship between
selenite adsorption and the addition of chloride or sulfate. Phosphate, however, was found to
reduce by %% the amount of selenite adsorbed through the addition of

2 umol o-phosphate/kg. Results obtained were supportive of a ligarid'-exchange-mechanism.

Hamdy and Gissel-Nielsen (1977) showed seienite adsorption by iron oxides to be extensive,
rapid, and reaching a maximum with pH between 3 and 5. Adsorption by clay minerals was
affected more by pH than by layer type, although the 1:1 mineral kaolinite exhibited greater
sorption than the 2:1 minerals vermiculite and montmorillonite. Neal et al. found adsorption

to occur to the greatest extent in acidic soils. Under alkaline conditions adsorption of selenite
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could be low and was independent of soil type. Below pH 6, however, the degree of adsorp- -
tion varied with soil type and strongly correlated with the presence of solubilized Al, Fe, and

Mn.

Ylaranta (1983) demonstrated in a study involving two soils and a peat that organic C can
be an important factor in selenite adsorption. The presence of organic matter reduces the
amount of readily available fraction of selenium by chelation of selenite by organic com-

pounds.

- 2.1.4. Oxidation-Reduction in Newly Flooded Soils

Reduction of the soil is the single most significant chemical change brought about by flood-
ing, and it results directly fromv the exclusion of oxygen (Ponnamperuma, 1965). Upon
flooding, consumption of oxygen proceeds rapidly as aerobic organisms convert organic
" matter to inorganic compounds. The demand ofsoxygen easily outpaces the supply which

requires diffusion from the overlying soil and water column.

Depletion of oxygen and the establishment of anaerobic conditions can occur within 24-48
hours ( Takai, 1956). During anaerobic respiration, inorganic compounds are utilized as elec-
tron receptors (they are reduced) in order to release the energy through oxidation stored in
organic matter. Anaerobic bacteria, upon the exhaustion of available oxygeh, utilize in a .
step-wise manner, and in accordance with thermodynamic predictions, nitrate, manganese,
ferric iron, followed by sulfate and then carbon dioxide. The soils redox potential decreases.
Reduced species accumulate either as soluble components or as ‘precipitated compounds
within the soil matrix (Gunnison et al., 1985). In an experiment involving the addition of
glucose to 4 lowland rice soils, Yamdne and Sato (1968) observed Eh to drop rapidly within
8 hours of flooding. After 48 hours it had fallen from an initial value of 400 mV to approxi-
mately O mV. The addition of nitrate and cyanide was found to diminish the drop in Eh,
however, sulfate had no influence. Nitrate probably acted as an alternate electron acceptor

whereas cyanide addition led to the death of bacterial populations.
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Several inherent difficulties are discussed by Ponnamperuma et al. (1967) in the quantitative
treatment of redox equilibria in flooded soils: flooded soils are highly complex and dynamic
systems especially in the early stages of flooding which prevents the establishment of true
equilibrium; a large number of redox couples are influencing the system at any g?ven time
which can lead to uncertainty; and the coexistence of localized zones of differing redox
potential, i.e. ‘the interior of a soil aggregate as compared to a large pore, makes for uncer-

tainty in measurements of the true potential of the system.

2.2. Lawrence Berkeley Laboratory Investigations

During the last two years, Lawrence Berkeley Laboratory (LBL) and the Sanitary Engineer=
ing and Environmental Health Research Laboratory (SEEHRL) at the University of California
at Berkeley have been investigating the effects of selenium contamination and the mechan-
isms of selenium migration throughout geologic, plant and animal systems at Kesterson
Reservoir. An intensive research effort has been undertaken to develop an understanding of
the geochemical conditions and processes that determine to whai extent selenium contamina-
tion of surface and groundwater will continue and can be controlled. It is the purpose of this
section to briefly summarize major ﬁndihgs. and conclusions of early work that dealt with
issues of selenium mobility and transformation throughout soils of the Reservoir and that led
to the Pond 1 experiment. In general, this section draws on work printed previously in the
Lawrence Berkeley Laboratory Progress Reports 1 through 8 and the Lawrence Berkeley
Laboratory Annual Report completed in December 1987. This material is reviewed and
included because if constitutes a major literature source on important aspects of selenium
chemistry and is necessary in order to understand the reason why the‘ Pond 1 experiment was

conducted.

The review of relevant literature and early observations of the distribution of selenium
throughout the soils and groundwater at Kesterson guided much of the early research that
was done at the Reservoir. As was mentioned in an earlier section, the chemistry of surface,

interstitial and ground waters demonstrated evidence of direct communication through
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similarities in salinity and the presence of trace elements, such as boron. However, in inter-
stitial waters and groundwater, selenium was generally found in concentrations lower than 10
ppb while surface water ranged from approximately 200 to 400 ppb. In Figure 2.1 we see, in
a large collection of data gathered from a diverse set of measurements, that the distribution
throughout the soil profile at Kesterson has been highly skewed towards the accumulation of
selenium in the near-surface sediments suggesting a mechanism that preferentially removes
selenium from infiltrating pond water and precipitates it in shallow soils. The primary remo-
val mechanism has been proposed to be the reduction of selenium species by bacterial
activity to elemental and organic forms which are generally insoluble. An early question was
whether selenium is metabolically reduced by anoxic reactions in bacteria or is inorganically
reduced by microbially mediated processes (Lawrence Berkeley Laboratory, 1985 p. 4-10). In‘
the case of selenate, however, there is now little doubt that the latter of the two proposed
mechanisms does not occur, leaving metabolic reduction by microbes as the remainihg possi-

bility (Weres, Personal C_ommuxiication).

Three distinct geochemical regimes have been characterized at Kesterson: surfacé waters, the
. shandw, organic;rich pond muds, and groundwater (Lawrence Berkeley Laboratory, 1986b p.
16). The water in the Reservoir is in contact with air-and is therefore relatively rich in oxy-
gen. Consistent with an oxidizing environment, most of the selenium present in surface water
is in the form of the highly soluble and mobile selenate ion. The selenate/selenite ratio is in

apparent equilibrium with oxygen saturation (Weres et al., 1985).

Measurements made in the shallow pond sediments using a platinum ‘electrode indicated con-
ditions there cé.n be much more reducing (-140 mV to 410 mV) than in the surface water
(+80 to +310 mV) (Lawrence Berkeley Laboratory, 1985 p. 4-10). Further observations in
interstitial waters indicated that high concentrations of hydrogen sulfide correlate with low Eh
(Figure 2.2) and that soluble selenium is not found under mildly-reducing conditions (Figure

2.3).



depth, m

0.001 e w L3y L g T I T N R M
1 10 100 1000 10000 100000 500000
[Se], ppb

Figure 2.1~ Vertical distribution of selenium in soils and groundwater at Kesterson.

-8I-



-19-

% I %l i |
T \
|$ _4 i \O O \\ |
wn Q
Q \ % \
o \ & \
S 5% N
w \ /‘b O \
T -5r \ % N\ .
8" ,\\ ) \\
— No o N
N Surface \\
Detection ~ Water
-6 —.Lim'it . . ._.2“.__‘.__
[ | 1 [
| | i 1
//.QO ° Surface
- / $‘. Water
! /7
> S ¢ o
& -6 / /
Q / R
o) 7
= 7 /
~ Ve /
O 7 &
% / $&° /
o 7 A\ / o
3 -7 —/O o}\o o / -
& O /
N\ /
/
/ )
a0 __ __onf . ___  Detection
8 © % Cimit — J
{ | | .
- 400 -200 0 200 400
Eh, (millivolts)

XBL 851i-12659

Figure 2.2  Relationships observed between total selenium, dissolved hydrogen sulfide,
and Eh for surface and interstitial waters.



-20-

in PPB

180

Se Total

100

Figure 2.3

o ©
o)
o o)
o
o
o
o) o
o)
°
e ®
* ®
@
°
® .:
e
®
o) o v ®
®
™
® ® ® ‘
[ ] ® ¢ e
100 0 100 200 300 400 800
Eh

Total selenium concentration vs Eh for water samples collected at Kesterson.

Open circles represent surface water and the closed circles groundwater.



21-

In the muds, an abundance of organic matter causes H,S to form. Reducing conditions in
these shallow soils are controlled by the presence of H,S produced through anaerobic
activity. In groundwater, H,S is generally absent sugggsﬁng a lack of significant organic con-
tent. Waters underneath the Reservoir, while containing little oxygen, are found to be actu-
ally neutral to slightly oxidizing. Mildly reducing environments, however, may' also be
microbially mediated, and are characterized by the presence of dissolved Fet? and Mn*2.
‘Expen’ments involving injection of selenium into native groundwater and infiltrated drain
water demonstrated that selenium will not remain in a soluble form in the groundwater when

nitrate is absent.

Soluble selenium is found at Kesterson at significant levels only when Eh 2 300 mV. H,S
and Fe*? correlate strongly with low Eh, suggesting that the redox potential is controlled by
the presence of these two ions (Lawrence Berkeley Laboratory, 1986a p. 46). Therefore,
selenium is mutually exclusive relative to dis‘solved H,S and Fe*? (Figures 2.4 and 2.5). The
presence of an oxidi_z,ing region in groundwater or soil water does not guarantee the presence
of selenium, but in no instances has selenium been found in a zone of reducing conditions.
Undemeath the middie of Pond 2, even though drainage water hzis penetrated to é depth of |
30.5 m (100 ft), the groundwater at that depth is low in selenium. Where selenium has
migrated into the groundwater, the vertical distribution of selenium does not correlate with
the maximum vertical penetration of pond water, however, it does correspond to the depth at

which the groundwater becomes reducing (Lawrence Berkeley Laboratory, 1986a p. 50).

The presence of nitrate in water has been recognized as an inhibitor to the removal of
selenium from water, probably through competition with selenate in the reduction process;
Nitrate is an oxidant, and is utilized by microbes present in soil as an electron acceptor in the
decomposition of organic matter after available oxygen has been depleted. Selenate is also
utilized as an electron acceptor by bacteria, however, the energy gain in the electron transfer
with selenate is low as compared to nitrate. Therefore, until available nitrate is depleted,

selenate is not consumed. A significant correlation exists between the Eh of water and the
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presence of nitrate (Figure 2.6) (Lawrence Berkeley Laboratory, 1987a p. 17). Nitrate has
been found to be mutually exclusive relative to Fet? (Figure 2.7). In places where nitrate has
migrated into the aquifer, nitrate produces oxidizing conditions which cause Fe*? to precipi-
tate and selenium to remain in solution. Low nitrate m general corresponds to low selenium

and vice versa.

In the pond bottom interstitial waters several potential mechanisms were identified for the
removal of selenium: biological uptake in metabolic bacterial reactions as with sulfur, inor-
ganic reactions with H,S (applies only to selenite), ;cmd adsorption of selenite. Column exper-
iments were performed on cores collected from surficial sediments of Pond 1. The removal
of selenite appeared tobe the result of sorption. Sterilization and the presence of nitrate did
not affect its removal. The removal of selenafe, however, required microbial activity. Sterili- .
zation completely blocked its removal. Selenate removal was ihhibited by nitrate and by dry-

ing (Lawrence Berkeley Laboratory, 1987b p. 54)

It is fairly well established that as groundwaters become reducing, selenium is removed from
solution, however, the mechanism is still not well understood. Potential selenium removal
mechanisms in groundwater were identified as: reduction with dissolved ions such as ferrous
iron and manganese, reactions at the surfaces of electrochemically active sites of minerals
such as iron oxides, and possible reduction by microbes (Lawrence Berkeley Laboratory,
1987b p. 50). Laboratory studies indicate that selenite may be removed purely by adsorption.
An experiment that involved extracting groundwater from the subsurface at two well loca-
tions, one located in a zone of reduced groundwater and the other screened in oxidizing
groundwater, and then injecting the samples with known amounts of selenate and selenite
indicated that aqueous reduction does not control selenium removal. Rather, the removal
appeared to be related to the aquifer substrate itself, either through sorptionmor microbial
reduction. Since selenate does not adsorb to any significant extent, selenate removal in

groundwater is probably microbially mediated.
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'2.3. Remedial Measures Considered for Kesterson Clean-Up

Early results of research that took place at LBL in 1985 had important implications in the
design of possible remedial strategies that the Bureau might consider at Kesterson Reservoir.
There appeared to be features in the chemical behavior of selenium and certain conditions
present in the shallow soils that could be taken advantage of in an innovative approach to
reducing the mobility of selenium throughout the environment and the exposure to wildlife
through food-chains. In Figure 2.8 we sée a schematic that summarizes the conceptual model
of selenium and sulfur geochemistry and mobility throughout the biosphere at Kesterson.
Selenium in the surficial waters is in contact with oxygen and therefore is oxidized and
highly mobile. By far the great majority of selenium in the pond water is in the form of the .
selenate ion. Within the organic rich sediments, anaerobic activity maintains a reducing
environment, with little or no oxygen and high concentrations of hydmgen sulfide (H,S). As
water infiltrates through this region, selenium is removed and immobilized within the soil
matrix. Any selenite ion presenf probably adsorbs onto organic detritus, clay minerals and/or
iron hydroxides. The selenate ion, either directly or indirectly is reduced by microbial. activity
and precipitates as a trace constituent in sulfide minerals or as a selenide mineral or elemen-
tal selenium. Selenium that is present in solution is available to plants through ‘root uptake
where it is able to énter into the food chain. Sulfate, however, is not removed from
infiltrating water nearly to the degree that selenate is. The groundwater contains a coﬁsider—

able amount of sulfate.

This conceptual model was- the motivation for a remedial action plan called the Flexible
—Response Plan (FRP), which came to be called Wet-Flex, based on ‘taking advamag’e.of the
biogeochemical conditions present in the Reservoir ponds. The southem ponds, where the
majority of the drain water had been directed and which therefore had the highest concentra-
tions of selenium, were to be continuously flooded with moderately saline and low selenium
water (< 1 ppb). The selenium present in the soils would be immobilized by maintaining
reducing conditions brought about by the decay of vegetation growing naturaliy in the ponds.

The northem ponds, where less drainage water had been discharged, would be managed
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differently using some combination of tilling and harvesting.

If continued monitoring indicated that environmental goals were not being attained, then
additional measures would be taken under the Immobilization Plan. This level of rémedia—
tion was similar to the Flexible Response Plan but it involved. extra features such as the har-
vesting and hauling of vegetation in the southern ponds and raising of pond water levels to

discourage regrowth.

If monitoring indicated that wildlife was still not being adequately protected the Onsite
Disposal Plan (ODP) would be implemented. This option involved ering the ponds, exca-
vating the uppermost 0.15 m (0.5 ft) of soil from ponds 1 through 4, and excavating the
remaining soils where selenium concentrations exceeded 4 ppm total selenium. Al contam;
inated soils and vegetation would be stored in an engineered landfill located in the western
portion of Pond 3. The entire Reservoir was then to be disced to a depth of 0.30 m (1 ft). An
‘off-site disposal plan involving excavating 0.15 m (0.5 ft) Reservoir-wide was also con-
sidered at one time, however, the enormous cost involved precluded the plan from ever

. receiving serious attention.

The plan recommended by the Bﬁreau was to be a phased approach, involving first the Flexi-
- ble Response Plan and then the Immobilization and Onsite Disposal Plans if monitoring of
surface water, groundwater, air, and wildlife indicated that certain environmental require-
ments were not being met. The goals were 2 to 5 ppb in pond water, 10 ppb in groundwater,

and 3 ppm in food-chains. '
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3. POND 1 RESATURATION MONITORING

3.1. Purpose

Pond 1 Resaturation Monitoring was an experiment performed principally as a means of
evaluating the effectiveness and risk-potential of the Phased Approach remedial action plan
proposed for Kesterson Reservoir cleanup. Maintéining the Kesterson ponds in a permanently
flooded condition as set-forth in the Wet-Flex plan would involve, at least, an initial flooding
period, followed potentially at instances in the future, by additional periods of pond re-
flooding due to potentially unavoidable or inadvertent periods of pond-drying. Most of the
selenium present under the oxidizing conditions of the vadose zone, would be in the form of
the selenate ion. There was some concemn, based on the highly soluble and mobile nature of
»Vselenate, that the flooding of aerated pond bottom soils could drive unacceptably high con-
centrations of selenium downward to shallow water-bearing units. This experiment, therefore,
was designed to monitor, during pond re-flooding, selenium fluxes through the near-surface -
sediments and into grouhdwater and to test for selenium removal from solution 'and_éubse-
quent immobilization into the soil matrix. Important questions to be addressed included:
would the geochemical conditions of the shallow sediments promote selenium removal; to
what extent would selenium removal occur and at what rate; would selenium immobilization
be sufficiently effective to prevent contamination of groundwater; and what were the physical

parameters that either enhanced or inhibited selenium removal.

3.2. Monitoring Site Installation

At nine sites in Pond 1 (UZ-1 to UZ-9), during the summer of 1986, a series of unsaturated
and saturated zone monitoring devices were installed, including: soil water samplers, soil
moisture tensiometers, and shallow groundwater monitoring wells. The instrumentation at
each site comprised a monitoring package that provided depth profiles of soil suction and

pore water chemistry. Refer to Figure 3.1 for the locations of sites UZ-1 through UZ-9.

The criteria used to locate the sites involved a loose consideration of several factors
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including expected clay thickness, elevation, and environment. An effort was made to posi-
tion the sites so as to cover a range of clay thicknesses, differing elevations, and to include
sites within the three major environments at Kesterson Reservoir, namely the playa, saltgrass,

and cattail environments.

The monitoring packages at each site were nearly idénﬁcal and included tensiometers and
soil water samplers installed at depths of 0.15 m to 1.22 m (0.5 ft to 4 ft) at 0.15 m (0.5 ft)
depth increments. The soil water samplers and tensiometers were supplied by Soil Moisture
Equipment Co. of Santa Barbara, California. Some of the sites differed slightly in that, for
reasons of instrument supply or delfvery delays, the monitoring package was deficient a ten-
siometer. The instruments were arranged on a north-south orientated 2.7 m x 2.7 m (9 ft x 9
ft) grid. In order to prevent the water samplers from having an impact on tensiometer read-
ings (during unsaturated conditions), tensiometers and water samplers of comparable depth
were not located adjacent to one another. Refer to Figure 3.2 for a plan view of the
configuration of the ténsiqmetcrs and soil water samplers at each of the sites. Two of the
sites; UZ-1 and -2 differed from this layout in that the instruments were positioned in a
slightly different physical arrangement, however, the pond area that they extended over. was
essentially the same. Also, site UZ-2 was only equipped with 5 soil water samplers and ten-
siometers each, and they were installed to depths ovf 0.15 m (0.5 ft), 0.30 m (1.0 f1), 0.46 m
(1.5 ft), 0.51 m (1.67 ft), and 0.71 m (2.33 m).

Installation of the tensiometers and soil water samplers was performed through the use of a
gasoline-powered two-man auger. A 0.10 m (0.33 ft) diameter vertical hole was drilled to the
appropriate depth and then backfilled with the instrument in place using the same material
that was removed during drilling. The soil waS compacted with a tamping rod around the
instrument. Care was taken, especially in the case of the water samplers, to prevent any soil
from the upper 0.15 m (0.5 ft) of sediments from being placed near the porous ceramic cup
located at the tip of the instrument. An effort was made to place backfill to appfoximately its

original depth. Figure 3.3 is a schematic illustration of an in-place soil water sampler.
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In addition to the instrumentation installed for measurements in the near-surface region, shal-
low groundwater monitoring wells were drilled and installed at each site for the collection of
water samples from discrete intervals in the shallow aquifer. Each site was equipped with at
least one well screened within the upper 0.6 m (2 ft) of the pre-flooding water table. At three
sites, deeper nested wells were completed covering the interval from 3.0 m to 12.2 m (10 to
40 ft). These nests consist of six wells, screened from 3.0-4.6 m (10-15 ft), 4.6-6.1 m (15-20
ft), 6.1-7.6 m (20-25 ft), 7.6-9.1 m (25-30 ft), 9.1-10.7 m (30-35 ft), and 10.7-12.2 m (35-40
ft). During the drilling of these wells, undisturbed soil sainples (Shelby Tube cores) from the
gréund surface to 3.0 m (10 ft) were collected and preserved for laboratory column experi-
ments to be performed by others. Disturbed samples (Shelby Tube and split spoon) were col-

~ lected from 3.0 to 12.2 m (10 to 40 ft) for lithologic classification and particle size analyses.

3.3. Data Collection

3.3.1. Sampling Frequency

Prior to flooding, mbnitoring packages installed in Pond 1 coﬁected base line water quality
and soil suction data in the unsaturated pond bottom sediments. Tensiometers were read
weekly and samples of the soil water were collected every two weeks for chemical analyses.
Flooding was initiated on October 27, 1986 through the opening of the culvert directly con-
necting San Luis Drain and Pond 1 along its northeastern edge. A flow of approximately 5
cfs was maintained for one week and then reduced roughly by a half. Water was allowed to
flow into the pond at approximately this rate until late spring. Five sites (UZ-1, -3, -5, -6,
and -8) were flooded within the first week to depths of approximateiy 0.1 to 0.5 m depend-
ing on the elevation of each site. Pond water increases then slowed considerably, varying
gradually for the remainder of the experiment. Pond water depths at the S sites were main-
tained, in Ageneral, between 0.2 and 0.6 m, with a maximum pond water depth during the
course of the experiment of 0.7 m. Four of the sites (UZ-2, 4, -7, and -9) were located at
elevations above or just a few inches below the steady-state pond elevation and were never

submerged by surface waters from above. The rise in the local groundwater elevation was
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observed throughout the experiment, and at two sites, (UZ-2 and UZ-4), the water table rose
to a level approximately equal to that of the ground surface. These sites were technically
submerged, but not by surficial waters from above, and never by more than a few inches.
Wetting at these two sites occurred over much longer time periods than at the five flooded
sites, and it was difficult to determine the moment in time that they were actually flooded.
These two sites then, though certainly of value in tﬁe examination of aspects of selenium
mobility, did not necessarily lend themselves to an émalysis like that performed on the other
five sites and so were essentially excluded from consideration. Sites UZ-7 and UZ-9 were
never flooded and remained dry for the duration of the experiment. Dafa collected at these
two dry sites, as well, were not dealt with in this study since the experiment was specifically
performed to evaluate the effects of pond flooding on selenium distributions throughout the
soil and groundwater. Therefore, out of a total of 9 original sites, the discussion and analysis
presented here are primarily restricted to data collected from the five wetted sites. Data from

all of the sites, however, are presented in tabular form.

Water that was allowed to flow into Pond 1 was supplied from the San Luis Drain and was
composed of a mixture of Delta-Mendota Canal water that had been present in the drain prior
to flooding and groundwater. Groundwater was supplied from 10 wells located adjacent to
the Drain in the northem portion of the Reservoir. Selenium analysis of samples collected
from the water supply wells during the first flooding ebisode revealed that selenium concen-
trations in the groundwater were < 3 ppb wfth most of the samples <1 ppb. Samples col-
lected from the Drain at the weir into Pond 2 showed that selenium concentrations in drain
water were slightly higher. Samples collected through the end of'March 1987 contained
selenium at concentrations < 20 ppb whereas levels then dropped to < 5 ppb. Electrical con-
ductivity (EC) of the Drain water (uncorrected for temperature) ranged from 3 to 9 dS/m
over the course of the first flooding episode with the higher values representing typical con-

ditions during summer months.

After flooding Pond 1, an intensive sampling program was undertaken. Soil water samplers
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at flooded sites were sampled at intervals of a few days to a week immediately following
their submergence in order to monitor the rapidly changing solute distribution throughout the
soil profile. Sample. intervals were gradually reduced to two weeks and finally one month as
conditions became less transient. Tensiometer measurements were made at intervals at least
as frequent as the sampling intervals. Shallow groundwater monitoring wells, however, were
sampled much more infrequently. Samples of groundwater undemeath each site were col-

lected roughly every 3 to 6 months.

Water was allowed to flow into Pond 1 from the SLD throughout the winter months. Due to
increased evaporation in the late spring and summer, however, the drying of adjacent duck’
ponds, and insufficient water supply, large areas of the pond began to dry out in June and
July of 1987. Two of the sites remained wet through Aixgust. Eventually, the entire poﬁd
dried out, and was then reflooded during November 1987 in a re-enactment of the original
experiment. Even though data continued to be collected during the second flooding event, the
presentation of data and the discussion of results reported in this study pertains primarily to
the first flooding event only. Total experiment time-frames ranged from approximately 200 to
300 days. The unit of time used throughout this report for the presentation of témporal data
is days. Day 1 was chosen arbitrarily as July 25, 1986. This is approximately when instru-
mentation first began to be installed in Pond 1. The time at which flooding occurred at the
various sites for the two flooding episodes is included in Table 1 below along with the
approximate day that each site returned to a dry condition prior to re-flooding in November,
1987. This information is useful when viewing plots of solute concentrations vs time or
when examining the data in tabular form in Appendix II. The selection of specific instants in
time when flooding and especially drying took place is not meant to imply that the events
actually occurred so abruptly, but has been déne out of a practical necessity to know, in gen-

eral, when a particular site was under ponded conditions and when it was not.
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Table 1. Wet/Dry Periods at Pond 1 Monitoring Sites

‘ Day of Approximate Day Day of
Ste First Flooding of Drying-Out Second Flooding
UZ-1 96.5 300 479.25
UzZ-3 97.8 300 482.875
UZ-5 100 340 485.
UzZ-6 97.5 400 482.04
UZ-8 95.5 400 477.625 )

Day 1 = July 25, 1986

3.3.2. Soil Water Sambling and Fluid Potential Meashrement Procedures

The soil water samplers are 5 ¢cm (1.9 in) diameter PVC tubes fitted at one end with a
porous ceramic cup and at the other- with a neoprene stopper and associated rubber tubing
(Figure 3.3). In order for a sample of soil water to be collected, the fluid potential must be
lower inside the sampler than outside. When the adjacent pore spaces are only partially
saturated, this is accomplished by evacuating air from the soil water sampler with a hand
held vacuum pump. The sampler is sealed with a pinch clamp and stopper, and a sample of
the soil solution accumulates within the tube. The rate at which water enters the sampler
depends on the unsaturated hy;iraulic conductivity of the soil, the sail moisture content, and
the suction that has been applied to the sampler. In general, in this experiment, suction of 30
toA 80 centibars was applied to the soil water sampler depending on the moisture conditions
(depth). Time periods of a few hours to several days were often required to collect the
minimum sample volume of = 20 ml. During ponding, there was no need to apply a vacuum
to the sampler, since the fluid potential of soil water under saturated conditions is slightly

higher than that in an evacuated sampler.
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In either case, after sufficient water for chemical analysis had collected in the sampler, the
sampler was completely evacuated and a small sub-sample saved for analytical purposes. In
this experiment this was accomplished by several methods. If the total quantity of sample in
the sampler was small, i.e. = < 14 liter, a 100 ml plastic syringe connected to a hand vacuum
pump was lowered into the sampler at the end of a 2.5 m (8 ft) length of Tygon tubing. Prior
to lowering the syringe into each soil water sampler, the interior and exterior of the syringe
as well as all tubing was thoroughly rinsed with distilled water. Before a sample was col-
lected and saved for analysis, at least one syringe volume was withdrawn and discarded asb a
means of rinsing the syringe interior with soil water. The second or third syringe volume was
retained as the sample. This method was performed during dry conditions when .the amount
of sample was often limited. During ponding, the amount of water collected in a soil water
sampler was usually far in excess of that required for analysis. Complete evacuation of the
sampler was required during each sample collection. The syringe method was simply too
slow when the total evacuation volume was on the order of several liters. The large number
of samplers involved in the experiment necessitated an efficient and rapid sampling pro-
cedure. Therefore, a Black and Decker hand operated peristaltic watér_ pump was used in
order t0o be able to quickly evacuate the sampler. The Tygon tubing, at one end, was
equipped with a small check valve to prevent cross-contamination of samplers, and at the
other, was attached to the peristaltic pump. The check valve and tubing were lowered down
into each sampler. As with the syringe method, all materials that were lowered into a soil
water sampler were thoroughly rinsed, inside and out, with distilled water. A considerable
portion of the sampler volume was then pumped through the tubing and discarded prior to
the collection of the sample in order to further rinse out the interior of the tubing and pump

with sample water.

Eventually, a dedicated sampling system was constructed and installed at all of the sites that
brought about a considerable savings of time and effort by eliminating the need for constant
rinsing. This method did not involve any potential cross-contamination problems brought

about by the the introduction of various objects into the samplers. The system was installed
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just prior to the second flooding event. The sampling methods that were used throughout the
first flooding event often seemed inefficient and time-consuming, and there was some poten-
tial for contamination of samples if adequate precautions failed to be taken. The procedure
that was adopted, however, was standardized and strictly conformed to by all those ihvolved
in sampling. The consistency of the analytical results from sample to sample brought about
by adherence to the decontamination procedure indicaied that cross-contamination was not a

significant problem in this experiment.

Soil suction tensiometers provided data on the distribution of hydraulic head throughout the
soil column and the change of this distribution with time. Modifications were made to these
devices, in a manner suégested by Marthaler et al. (1983) in order to allow measurements
to be made during ponded conditions. In Figure 3.4 we see a schematic diagram of a ten-
siometer as it was used in this study. The sealed-Reservoir and Bourdon vacuum dial gauge
were removed frqm the tensiometer body where they were attached some 0.15 m (0.5 ft)
above the soil surface. An approximately 2.5 m @8 ft) lohg copber extension tube was fitted
at the gauge port and supported vertically so that its opposite end was at an elevation above
any anticipated pond level. A short (= S cm), piece of clear, 1 cm diameter lucite tubing was
fitted to the end of the copper tubing with appropriate couplings. The tensiometer, including
the 1.22 m long copper extension, was then filled with water. A septum stopper, like ones
commonly used in medical infusion systems, was fitted to the lucite tube, sealing the upper
end of the tensiometer and leaving a small air-pocket, visible through the lucite, just below
the septum stopper. A pressure transducer, with attached syringe needle and digital readout
was used to make the tensiometer measurements. The needle is inserted through the septum
where it reads the pressure in the air-pocket which is in equilibrium with the water in the
tensiometer. Septum stoppers form air-tight seals during and after insertion of syringe nee-

dles.

The commercially available pressure transducer was acquired through Soil Measurement Sys-

tems, of Las Cruces, New Mexico. Briefly, the transducer consists of a steel enclosure with a
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transducer membrane separating the enclosure into two chambers, the upper of which is atv
atmospheric pressure. Through the syringe needle, air pressure in the tensiometer equilibrates
with the pressure in the lower chamber, thereby causing a small deflection of the transducer
membrane and a change in the resistance of silicon semiconductors embedded in the mem-
brane. A constant current source, pocket-sized resistivity meter with liquid crystal display
and zero adjustment, reads directly in either millibars or centibars of water. An evaluation of
the accuracy of this system by Marthaler et al. (1983) concluded that there is an excellent
relationship between mercury manometer readings and the pressure transducer readings. The
measurement procedure consisted of adjusting the meter to read 0 (atmospheric pressure) and
then inserting the syringe needle through the septum.stopper into the small air void above the
tensiometer water: The reading was allowed to stabilize and was then recorded. To calculate
the soil suction in meters of water withv reference to the ground surface (z=0 at the ground
surface) the height of water in the 1.22 m (4 ft) extension tube was subtracted from the resis-
tivity meter reading and then converted from millibars to meters of water. With the following
conversion factors:

1 millibar = 10332
cm

1 91 _ 10198 x 10 cm of H,0
cm

The factor that converts millibars to head units is calculated as:

103 dyne
10198 x 10° emof O ™ cm?
dyne millibar
cm?
H

- 1.0198 <m0

millibar

m Hzo
=.010198

millibar

Therefore the stem height (1.22 m of H,0) corresponds to the following millibar quantity:

= 120 millibars

m Hzo
1.22 m H,0 - .010198
- milipar



43-

and the fluid potential with reference to the ground surface is calculated from the meter read-

ings with the following equation:

010198 m H,0
" millibar

2

fluid potential, m H,0 = [reading + 120 mb] [

3.4. Sample Analysis

3.4.1. Selenium

Analysis of seleniﬁm was performed by personnel in LBL’s Earth Science Division Analyti-
cal Chemistry lab. The method used is based on hydride generation followed by atomic
absorption spectroscopy. After filtering to eliminate interference by colloidal matter and
without any further sample preparation, selenite is determined directly. In the determination
of selenate, the sample is first treated to convert all the species to the selenite form and then -
analyzed as for selenite, resulting in a'total selenium determination. The difference between
the total selenium result and selenite is taken as the selenate, however, organic forms of

selenium may also comprise some portion of this difference.

To convert the selenate ion to selenite prior to hydride generation, S ml of 12N HCI is mixed
with an equal volume of sample and with 0.2 ml 2% ammonium persulfate in a screw-
capped culture tube. The mixture is then heated in a boiling water bath for 10 minutes and
allowed to cool before analysis by hydride generator AA.

Reducing agents in the water may mask inorganic selenium, producing low readings for total
selenium. The ammonium persulfate removes interference by reducing agents, but may also
oxidize some of the organic selenium compounds, causing some additional contribution to
the total selenium determination and therefore the selenate concentration. If the sample is’
cloudy, smelly or otherwise suspecfof being high in organics, hydrogen peroxide is used to
remove all reducing agents and to fully oxidize the organic selenium (Wrence Berkeley

Laboratory, 1986b p. 22).



3.4.2. Chloride

For the chloride determination, two analytical methods were employed. The Mohr Titration
method as discussed in Skoog and West (1963) was used for all samples analysed at LBL. In
this method, a known quantity of sample (1 to 10 ml) is titrated with a silver nitrate
(AgNO,) solution of known concentration in the presence of chromate ion. The solubility of
silver chromate is significantly greater than that of silver chldn'de. Therefore, the presence of
the red silver chromate precipitate indicates the first excess of silver ion and the chloride
endpoint. The silver nitrate solution is standardized against a sodium chloride standard.
Attention must be paid to the acidity of the medium. The method will provide acceptable
results only for solutions of nearly neutral pH (pH 7-10). For acidified samples, a few drops
of sodium hydroxide (NaOH) were added to adjust the pH. -

Because of the large number of samples requiring analysis, it became neceséary to send out
approximately 1/3 (400) .of the samples chosen for chloride analysis to a private analytical
laboratory - Soil and Plant Laboratory of Santa Clara, California. QuickChem Method No.
10-117-07-1-D was used with these samples. Chloride reacts with mercﬁric thiocyanate to
form a sfrong, covalent complex which displaces thiocyanate. The free thiocyanate so pro-
duced reacts with aqueous iron(IlI) to produce red hexacyanoferrate(III). This ion absorbs
strongly at 480 nm. A 1:10 dilution factor was required for nearly all of the samples
analysed with this method. Potential interferents include substances which reduce iron(IIl)
and mercury(IIT), and other halides (e.g. Br, and I) which also form strong complexes with
mercuric ion. Approximately 50 samples analysed at LBL by Mohr Titration were included
in the batch sent to Soil and Plant Lab in order to compare the results of the two methods.
Very ciose agreement was observed, with the QuickChem method consistently resulting in

chloride estimates that were from 95 to 100 % of those obtained by Mohr titration.
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3.5. Redox Measurements

3.5.1. Electrode Construction and Installation .

A dominant mechanism goveming selenium solubility and immobilization in soil has been
identified in the literature and by more recent investigators at LBL to be the redox potential.
Therefore, a natural aim of an investigation into selenium removal is to examine the relation-
ship between observed levels of soluble selenium and this parameter. In the present investi- '
gation, an attempt haé been made to make measurements of Eh in the_ shallow pond sedi-
ments in the time period before and during a flooding episode. A portable-type Eh electrode
was constructed in order to allow for field measurements to be made in shallow sediments
quickly and at a variety of locations throughout the pond. Permanent-type electrodes were
also installed at one site to monitor the temporal and spatial variation in Eh. Platinum was
~ used as the inert electrode material because of its high degree of response to changes in

i

redox condition§ (Bohn et dl., 1985).

The portable-type electrode was; constructed by machining a small diameter hole lengthwise
through an approximately 1.22 m (4 ft) long 1.3 cm (0.5 in) diameter fiberglass rod. The rod
was fitted with a sharpened tip to allow easy penetration into soil. A 4 cm (1.5 in) long piece
of 0.06 cm (0.025 in) diameter platinum wire protruded through the drilled hole in the tip.
The wire was glued along the side of the tip so that when the electrode penetrated into the
soil, it remained secure from damage. Copper wire soldered to the platinum electrode ran
through the inner portion of the rod and out the top where it was fitted with a banana plug

for attachment to a voltmeter.

Four permanent-type electrodes similar to those described in Blanchar and Marshall (1981)
were constructed and installed at UZ-3 (Figure 3.5), each with a platinum tip positioned at
depths of 0.15 m (0.5 ft), 0.30 m (1.0 ft), 0.46 m (1.5 ft), and 0.61 m (2.0 ft). These elec-
trodes were constructed from 1.9 cm (0.75 in) schedule 80 PVC. Small holes were drilled

into the side of the tube at the specified depths and were then fitted with approximately 4 cm
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(1.5 in) long pointed PVC protrusions out of which 4 cm long platinum wires extended.
Copper wire, soldered to the short section of platinum, then ran through the interior of the
pipe and out through a sealed rubber stopper where they were then fitted with banana plugs.
After the platinum wires were inserted through the pointed tips, each tip was filled with

waterproofing silicon sealant to prevent water from leaking into the interior of each electrode.

Four 5 cm (2 in) diameter holes were dug with a slide-hammer punch device. The permanent
Eh electrodes were then placed into the 0.61 m (2 ft) deep holes and forced up against the
hole wall to push the PVC protrusions into undisturbed soil. The holes were then backfilled
with original material. The four PVC tubes stood unsupported approximately 1.22 m (4 ft)
tall, above any anticipated pond water level, and were positiohed approximately 0.9 m (3 ft)

from one another within the confines of site UZ-3.

3.5.2. Measurement Procedure

Measurements were made with a platinum electrode, a reference electrode (Calomel), and a
potentiometer (voltmeter). The platinum electrode does not require standardization, however,
performance checks were performed with prepared solutions of standard Eh. -Te convert the
platinum electrode readings to Eh, a correction factor of +245 mV was added to account for
the offset from the calomel reference electrode potential to the standard hydrogen electrode
potential. This conversion factor is slightly temperature dependent, however, it has been
neglected due to the rather large degree of uncertainty already associated with the measure-

ment.

The measurement procedure in the case of the portable electrode involved dipping the
calomel electrode into pond water, and inserting the platinum tip approximately 0.15 m (0.5
ft) into the soil. With the permanent electrodes, the reference electrode wes dipped in water
that had collected in an adjacent soil water sampler. Readings were recorded at 30 s or 1 min
intervals up to a total time of 1 to 6 min. At the four sites without the permanent set-up,

measurements were made at 5 to 10 random locations within the general vicinity of a given
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site at intervals of a few days to a week after the pond was flooded. No attempt was made to
return to the exact same locations over time at these four sites. The permanent site was mon-
itored at approximately the same intervals.

Measurements were made with two different types of voltmeter models, a Fluke 77 Multime-
ter and Cole-Palmer Model 5996 pH Meter. The Fluke device, however, was used fdr nearly
all of the measurements, especially during the early period of Eh monitoring just after flood-
ing. The two meters were repeatable and returned similar results for a particular electrode
placement, however, individual measurements with both meters demonstrated considerable
drift, often continuing to change by as much as 5 mV units per minute after 5 minutes. In
Figure 3.6 we see an example, in two separate measurements with each meter, of typical drift
that was encountered. (The measurements shown were each made at separate locations, i.e. 4
different positions within the pond. It is not intended to show in the figure a comparison of
the two meters at identical locations in the soil.) Among the measurements made with the
portable Eh electrode, both meters éxhi_b_ited a similar tendency to drift. At site UZ-3, how-
ever, where the pl;ninum electrodes remained permanently fixed in the soil, the Cole-Palmer
meter retumed very stable readings while the Fluke meter continued to exhibit drift. The
stable Cole-Palmer reading was very close to the initial reading made with the Fluke. While
the explanation is speculative, it may be that the Fluke meter is an inappropriate potentiome-
ter for this purpose due to its relatively low impedance. The drift observed with the portable
arrangement in both meters may be related to a lack of equilibrium between the platinum
electrode and the soil solution as compared to that in the permanent electrode set-up.
Throughout the experiment, due to a failure to adopt a standard measurement procedure, the
length of time spent collecting a single measurement varied from 1 to 5 minutes. Especially
at the beginning of flooding, one minute readings were often the rule. Steady-state mV read-

ings generally were not achieved during a particular measurement.

The question is raised, therefore - which value recorded (1 minute? 2 minute?) is most

appropriate and how valid of an Eh estimate is being made? For reasons discussed in a
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previous section on the difficulties associated with quantitative treatment of redox equilibria
in flooded soils (Section 2.1.4), the information aimed for in this exercise could only be of a
qualitative nature. The detection of general trends in Eh conditions with time was considered
sufficient justification for making this effort. It was not the intent to attempt to make thermo-
dynamic predictioﬁs of selenium speciation based on these measurements. The goal was to
observe pre-flooding Eh conditions, in a general sense; and the rate and approximate magni-
tude of any Eh shift during flooding. Based on this purely qualitative goal and the necessity
to choose some standard manner of picking the Eh values, it has been considered appropriate
to choose a criterion that may not result in absolutely the best Eh value but that will be con-
sistent so that individual me~surements are meaningful relative to each other. Therefore, at
the four sites without the permanent electrode arrangement, the value thai is presented
represents a one minute réading obtained with the Fluke device. While this value may not
represent the most stable value, it is necessary so that data collected early in the experiment,
when only the one minute- readings were taken, can be compared to later data. Relative

change is the goal and not absolute estimates of Eh.

At site UZ-3, the permanent electrodes returned fairly stable mV readings with the Cole-
Palmer meter. On the one occasion when the two meters were compared at this site, the
stable Cole-Palmer readings were very close to initial readings (the first value indicated or O
minute reading) made with the Fluke, which was the meter used for essentially all of the
measurements. Initial Fluke readings were therefore chosen as the Eh values to present for

site UZ-3.

3.6. Chloride as a Tracer

Chloride (CI") has been used extensively in the determination of groundwater and soil water
velocity in tracer tests (Biggar and Nielsen, 1962; Miller et al., 1965; Kissel et al., 1973,
McMahon and Thomas, 1974 and Saffigna et al., 1977) due to its ease of analysis, high
water solubility, mobility, low cost, and invulnerability to chemical transformations. Because

chloride is negatively charged, it can be repelled slightly from the surface of clay platelets in
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a process known as anion repulsion and can move deeper into the soil than would be calcu-
lated using the assumption that it was moving with the water (Thomas and Swoboda, 1970).
Anion repulsion results in an effectively reduced pore volume available for flow which leads
to an overestimation of the average pore water velocity. The degree to which anions are
excluded is related to, among other factors, the anion valence and concentration, and to the
nature of the mineral surface and its exchangeable cations (Bohn et al., 1985). This effect on
the rate of chloride movemeni is greatest with dilute solutions in soils that possess a high
negative charge. In general, however, the effect is quite small. Bresler (1973) examined the
importance of anion exclusion in the transport of anions during infiltration and observed that
only about 10% of the anions were excluded. Van De Pol ‘et al. (1977) conducted batch-
type shaking experiments and observed a small amount of exclusion at chloride concentra-
tions below 4 megq/liter. Above 26 meg/liter anion exclusion was virtually zero. Evidently,
higher concentration solutions result in a depression of the double layer which increases the
volume of mobile water. The minimum chloride concentration of soil water samples in the
present study was approximately 1000 mg/liter = 28 meq/liter. Sulfate, however, was present
as well, and at levels at least as high as those of chlon’de. The total anion concentration was
therefore considérably higher than the 26 meq/liter value. In addition, the clay content of the
upper 1 to 2 m of Kesterson pond soils is only 20 to 30% by weight. This effect, therefore,

has been neglected in the present study.

3.7. Issues of Soil Water Sample Validity

Porous cup devices, first described by Briggs and McCall (1904), are simple and versatile
instruments that extract water from soil by forming a hydrodynamic s'ink. A particularly com-
plete review of the different types of soil solution samplers with discussion of their relative
advantages and limitations is included in Liraor (1988). Their primary advantage lies in the
ability to conveniently and continuously monitor the distribution of solutes within the soil
profile. The deviées have been widely used in water pollution studies to collect water from
partially saturated soils for chemical analysis. Concerns over the representativeness of the

sample, however, may lead to questions regarding sample validity. Hansen and Harris
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(1975) performed laboratory and field tests to determine if porous ceramic cups collect
representative samples of nitrate and phosphorus in soil water. Between-cup variability and
inherent biases in sampling were examined and identified. Sources of bias included, leaching,
diffusion, sorption and screening of phosphate ion by the cup walls. Leaching and diffusion
were found to be minor and sorption was significant only if the sorptive capacity of the cup
was significantly greater than that of the surrounding soil. Sample variability was influenced
by factors that affect the timing of sampling (the duration of sampling), and included, a range
of intake rates due to variations in cup wall thickness, plugging, sample debth and vacuum
level. Intake rate was one of the most important sampler-related variables that affected sam-
ple concentration. Plugging and vacuum level both affected intake rate. These factors pro-'
duced as much as a 60% range in sample concentration from eight samplers installed in a
small plot. Recommendations made to minimize this variability emphasized procedures that
would result in uniform intake rates between samplers such as using the same initial vacuum
for samplers, using a uniform sampler length and selecting samplers that had similar permea-

bility.

In addition to concemns that result from inherent bias of the devices and from their operation,
problems relating to the adequacy of soil solution sampling. arise from the heterogeneous
nature of soil and from the fact that the composition and concentration of soil solutions are
"~ not homogeneous. Macropores may have significantly different solute concentrations than
those in srhaller pores. Depending on the positioning within the structure of the soil, macro-
pores may circumvent the solution samplers. Hence, soil solution samplers may only
represent point samples and may not adequately integrate for: soil spatial variability
(Amoozegar-Fard et al., 1982). Therefore, a dense nétwork of samplers may be required to
adequately characterize the spatially variable soil solution chemistry and soil hydraulic pro-

perties.

A potentially major problem in investigations involving redox dependent ions is the applica-

tion of a vacuum to the sampling device. Various redox dependent species such as iron,
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manganese and ammonia have been shown to be oxidized in a relatively short time (Stumm
and Morgan, 1981). This is not seen to be a problem in the present study because any oxida-
tion that would occur in the soil water sampler would not result in selenium loss from solu-
tion, but rather, in an increase in the selenium solubility. Diffusion of oxygen, however, from
the air in the soil water sampler, into the surrounding soil material, conceivably could lead to
the development of a zone where conditions were .rnox.'e oxidizing than in material some dis-
tance away from the sampler. Evidence for this behavior has not been observed at Kesterson
nor have any theoretical studies of its potential been undertaken at LBL. If this process did
occur, however, then the extensive selenium immobilization that was observed in the Pond 1
experiment, and which is discussed fully in the chapters ahead, would represent a conserva-

tive estimate of actual immobilization quantities.

The discussion included above is an attempt to provide a modest level of awareness regard-
ing potential limitatons in porous cup sampler use. This study, however, does not attempt to
examine or resolve any of these issues. The question of what a soil water sampler collects is
highly relevant and one that is difficult to answer. There is much work that could be done in
this area. Unfortunately though, limitations of time and effort dictate that these interesting

problems be left for others to pursue.
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4. SELENIUM MOBILIZATION DUE TO POND FLOODING,

4.1. Solute Distributions under Vadose Conditions

Soil water samplers and tensiometers installed prior to flooding gathered baseline information
under vadose zone conditions on the distribution of solutes and hydraulic head throughout
the soil profile. Appendix II includes a complete list in tabular form of chemical data
(selenium and chloride) collected at each of the nine sites throughout the entire experiment.
In Figures 4.1 to 4.5 we see profiles of selenium and chloride observed at the various sites in
Pond 1 while they were still dry. These concentrations are expressed in terms of mass of
selenium per unit mass of soil solution. Typically, concentrations of sc;l'uble selenium were in
the 1000’s of ppb near the surface dropping to 10’s of ppb at a depth of 1.22 m (4 ft). Max-
imum observed values at the 0.15 m (0.5 ft) level were in the range of 4000 to 5000 ppb. In
Table 2 we see that samples of ground water collected in wells screened in the 1.8 to 122 m

(6 to 40 ft) range commonly were below 10 ppb.
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Table 2. Pond 1 Pre-flooding Selenium Levels in Groundwater

Screened Selenium Screened Selenium
Site Interval, Cdncentration, Site Interval, | Concentration,
- m ppb | m ppb
UZ-1 3.04.6 2.1 UZ-5 1.8-24 49
4.6-6.1 1.1 UZ-6 1.8-24 n/a
6.1-7.6 1.0 2.4-3.0 n/a
7.6:9.1 | 1.0 Uz7 | 3046 | 35
9.1-10.7 13 4.6-6.1 0.8
10.7-12.2 1.4 6.1-7.6 | 0.8
UzZ-2 1.8-2.4 6.3 7.6-9.1 1.7
2.4-3.0 5.6 9.1-10.7 23
UZ-3 1.8-2.4 n/é UZ-8 1.8-2.4 n/a
24-3.0 n/a 2.4-3.0 ~ n/a
UZ-4 2.4-3.0 - 5.6 Uz9 | 1.8-3.0 24.6
3.0-4.6 4.3
4.6-6.1 2.6
6.1-7.6 22
7.6-9.1 3.7
" 9.1-10.7 2.7
10.7-12.2 2.7 ‘

n/a . indicates no pre-flooding data are available

Similar data reflecting order of magnitude selenium decreases with depth have been observed
in test plots at other locations within the Reservoir (Lawrence Berkeley Laboratory, 1987c p.

59), and this trend of generally decreasing selenium concentrations with depth can be
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considered a typical one. However, not all observed profiles exhibited this trend. In Figure
4.2 (UZ-3) we see an example of extreme depth variation where a local maxima is located at

a depth of 0.91 m (3 ft) below the surface, illustrating the complex nature of selenium tran-

sport.

A significant degree of variability is evident in the pre-flooding profiles throughout Pond 1
with regard to selenium inventories. Some sites, i.e. UZ-1, -3, 4, -7, -8, and -9 are charac-
terized by very high concentrations (1000’s of ppb) in the shallowest samples. At UZ-5 and
UZ-6, however, maximum levels of 100’s and 10’s of ppb near the sufface, are exhibited.
This may be a manifestation of spatial variability in flow and transport parameters and/or the
result of some complex mechanism or combination of physical mechanisms which are not
very well understood. Possibilities include low hydraulic conductivity which may have lim-
ited the flux of selenium through the soil, low organic content which may have inhibited

selenium accumulation through immobilization, or enhanced selenium volatilization.

Hydraulic head profiles typical of pre-flooding conditions in Pond 1 soils are presented in
| Figures 4.6 and 4.7. A complete list of hydraulic head data collected is included in Appendix
II. Evaporative soil water loss is apparent from these tensiometer measurements of hydraulic
head variations in the soil column. Certainly a partial explanation for apparent preferential
selenium accumulation near the soil surface is the strong evaporative gradient.. However, this
alone cannot account for the order of magnitude variations obsérved in the soluble selenium
distribution. As noted in Lawrence Berkeley Laboratory (1987c p. 60) soil water content
variations in Reservci'r core samples indicate that seasonal fluctuatiéns in water content are
only in the range of 2-fold. Data comparing the temporal variations in soluble selenium and
electrical conductivity (EC) profiles at various sites show that selenium is accumulated in
surficial material to a much greater extent than the other salts (Lawrence Berkeley Labora-
tory, 1987b p. 25). The chloride profiles in Figures 4.1 to 4.5 clearly demonstrate that even
though there is some degree of variation in solute concentration with depth, the distribution

does not exhibit distinct maxima, suggesting a mechanism which preferentially precipitates
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selenium within the upper few inches of the soil surface. This observed general depth trend
has been suggested to be the result of the low solubility and resulting precipitation of
selenium in anoxic pond bottom sediments when the Reservoir was flooded with seleniferous

drainage waters (Weres et al., 1985).

4.2. Solute Breakthrough due to Pond Flooding

Figures 4.8 to 4.17 are plots of solute breakthrough following pond flooding observed at the
8 depth locations within each of the 5 flooded sites. Data are presented for total selenium,
chloride, and the selenate and selenite -species. Appendix II contains a complete list for all
the sites of chemical data collected. Data collected for both flooding episodes are included in
meée figures. The intensive monitoring during and after flooding revealed that, at some sites, -
flooding lead to increased total selenium concentrations in soil water, even at the deeper
depths. Soil water total selenium concentrations jumped dramatically within many soil water
samplers immediately after the flooding episode, commonly by 100’s of % and in some cases
by an order of magnitude or more. At three sites, UZ-1, UZ-3 an UZ-8, concentrations
exceeded 1000 ppb below 0.61 m (2 ft) after flooding. The highest concentration observed at
the 1.22 m depth was 1300 ppb, observed 4 days after flooding at UZ-3. At two sites, UZ-5
and UZ-6, no increase was observed in samplers below 0.61 m (2 ft). The selenate ion was
present in much higher concentrations than selenite pﬁor to and immediately after flooding.
Concentrations of selenite anywhere in the soil column never exceeded 300 ppb. Selenate
concentrations, however, were in the 1000’s of ppb near the soil surface just following flood-
ing and exceeded 4000 ppb in extreme cases. Chloride levels also increased due to flooding,
however, not to the extent that was observed with total selenium and selenate. Chloride

increases in individual soil water samplers were generally less than 100%.

In Figures 4.18 to 4.22 are plotted curves of average concentrations with time of solute lev-
els observed in the 8 soil water samplers at a particular site. These data are also included in
Tabular form in Appendix II. Average concentration plots have been prepared of the average

total selenium, average chloride, average selenate and selenite levels. Only data from the first
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selenium within ﬁle upper few inches of the soil surface. This observed general depth trend
has been suggested to be the result of the low solubility and resulting precipitation of
selenium in anoxic pond bottom sediments when the Reservoir was flooded with seleniferous

drainage waters (Weres et al., 1985).

4.2. Solute Breakthrough due to Pond Flooding

Figures 4.8 to 4.17 are plots of solute breakthrough following pond flooding observed at the
8 depth locations within each of the 5 flooded sites. Data are presented for total selenium,
chloride, and the selenate and selenite species. Appendix II contains a complete list for all
the sites of chemical data collected. Data collected for both flooding episodes are included in
these figures. The intensive 'monitoring during and after flooding revealed that, at some sites,
flooding lead to increased total selenium concentrations in soil water, even at the deeper
depths. Soil water total selenium concentrations jumped dramatically within many soil water
samplérs immediately after the flooding episode, commonly by 100’s of % and in some cases
by an order of magnitude or more. At three sites, UZ-1, UZ-3 an UZ-8, concentrations
exceeded 1000 ppb below 0.61 m (2 ft) after flooding. The highest concentration observed at
the 1.22 m depth was 1300 ppb, observed 4 days after flooding at UZ-3. At two sites, UZ-5
and UZ-6, no increase was observed in samplers below 0.61 m (2 ft). The selenate ion was
present in much higher concentrations than selenite prior to and immediately 'after flooding.
Concentrations of selenite anywhere in the soil column never exceeded 300 ppb. Selenate
concentrations, however, were in the 1000’s of ppb near the soil surface just following. flood-
ing and exceeded 4000 ppb in extreme cases. Chloride levels also increased due to flooding,
however, not to the extent that was observed with total selenium and selenate. Chloride

increases in individual soil water samplers were generally less than 100%.

In Figures 4.18 to 4.22 are plotted curves of average concentrations with time of solute lev-
els observed in the 8 soil water samplers at a particular site. These data are also included in
Tabular form in Appendix II. Average concentration plots have been prepared of the average

total selenium, average chloride, average selenate and selenite levels. Only data from the first
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Total selenium and chloride concentrations of soil water samples collected

throughout the experiment time period at site UZ-1.
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Total selenium and chloride concentrations of soil water samples collected

throughout the experiment time period at site UZ-6.
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Selenate and selenite concentrations of soil water samples collected

throughout the experiment time period at site UZ-6.
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Selenate and selenite concentrations of soil water samples collected

throughout the experiment time period at site UZ-8.
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Average selenium and chloride concentrations of the 8 soil water samplers

vs time at site UZ-1.
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Average selenium and chloride concentrations of the 8 soil water samplers
vs time at site UZ-8.
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flooding event have been included. Because it is an average over the monitoring zone, these
data represent estimates of the temporal variation of total mass of the particular solute within
the 1.22 m thick study zone. We see that, in general, total selenium, selenate and selenite
concentrations measured just after flooding represent maximum levels observed throughout
the experiment. Selenate was the dominant species of soluble selenium immediately after
flooding, however, as the experiment proceeds the two ions approach equal concentrations.
Chloride levels also reached a maximum value soon after flooding, however, the subsequent

decline was generally much slower than that observed for total selenium and selenate.

Analysis of groundwater samples collected periodically over the approximately one year-long
experiment indicated that flooding Pond 1 did not create widespread elevated concentrations
of selenium in the shallow aquifer. Refer to Figure 4.23 for total selenium and chloride in
shallow groundwater monitoring wells and to Appendix II for a complete list of groundwater
quality data. Prior to flooding, levels in groundwater undemeath Pond 1 monitoring sites
were generally less than 10 ppb (Table 2). Even though levels in overlying soil water sam-
ples were in the 100’s to 1000’s ppb range, concentrations of soluble selenium in groundwa-
ter remained relatively low. At one site, UZ-8, an increase in total selenium was observed to
322 ppb some 4 4 months after flooding before retuming to -16 ppb approximately 8 months
later. Groundwater at UZ-1 reached a high of 20 ppb. Samples collected at the remaining 3

sites never exceeded 5 ppb.

4.3. Qualitative Discussion of Selenium Distributions resulting from Seasonal Flooding

As mentioned previousiy, the resaturation experiment actually involved two separate flooding
events separated by a period when the pond soils were allowed to dry. This section will draw
on data collected throughout the wetting/drying/wetting cycle in order to qualitatively discuss
the effect of seasonal wetland management practices on selenium levels in soil water and

pond water.

In Figure 4.24, we see a time trend for a site in Pond 1 of total selenium levels in soil water
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Total selenium and chloride concentrations vs time in shallow groundwater

samples collected throughout the experiment at the five flooded sites.
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collected at four depths. The general trends demonstrated by the figure can be considered
typical of the five Pond 1 sites. Periods of ponded. and un-ponded conditions have been indi-
cated on the figure. The onset of flooding around day = 100 led to increases in the selenium
concentration even at the deepest depth where the level increased from a pre-flooding value
of 22 ppb to 514 ppb. The observed increases resulted largely from the dissolution of selen-
ate mineral phases contained in a surficial evaporite mineral crust and the downward move-
ment of seleniferous pore waters from the surface. Another possibility includes the oxidation

and subsequent dissolution of reduced selenium mineral phases.

Following the sudden rise, selenium concentrations declined rapidly, at a rate much ‘more
rapid than in the case of chloride, both when individual soil water samplers and average con-
centration résponsqs are examined. Assuming chloride to behave conservatively (Section 3.6),
selenium therefore appears to have undergone a rapid chemical transformation that selectively
removed it from the aqueous phase. Chapter 5 will include a quantitative analysis of

selenium immobilization.

Referring again to Figure 4.24, we see that with continuous flooding, selenium concentrations
at all depths fell to < 150 ppb and continued to slowly decline. Selenium concentrations in
the soil water at the wet sites in Pond 1 were low in comparison to areas in the Reservoir
where, in general, the water table was below the ground surface (Lawrence Berkeley Labora-
tory, 1987¢c p. 84). Similarly with pond water, we see in Figure 4.25, that after an initial
period of relatively high concentrations, selenium levels stabilized at < 25 ppb. Drying out
the pond led to an increase again in soil water total selenium conc@ration. especiallyAat the
shallowest depth, to levels that approached the pre-flooding values. At sites UZ-3 and UZ-4
selenium concehtrations exceeding 1000 ppb re-occurred within a period of a few weeks of
drying out. A possible explanation is that aeration of pond soil exposed reduced forms of
selenium to oxygen, thereby converting them to more soluble forms. Evaporative fluxes also
probably led to increased selenium levels in near-surface soil water. Flooding the pond a

second time was again accompanied by a large increase and subsequent rapid decrease.
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These same type of observations are evident in Figure 4.26 where we see the temporal varia-

tion in a selenium profile throughout the same cyclic flooding episodes.

In Figures 4.27 to 4.29 the selenate to selenite concentration ratio has been plotted for 4
depths at each of the sites. Refer to Appendix II for a complete listing of ratios calculated for
all 8 depth locations and pond water. ‘Both flooding events are included in these figures. A

number of observations are possible from an examination of these curves:

(1) Reflecting the predominantly oxidizing conditions that existed in the pond sediment under
unsaturated conditions, selenate to selenite ratios prior to flooding wére typically much
greater than 1. In the the deeper samples ratios were generally in the 1's to 10’s range
while near the surface ratios in the 10’s to 100’s were more typical. At sites UZ-5 and
UZ-6, however, ratios as low as .02 were observed in deeper soil water, indicating a pos-

sible lack of atmospheric oxygen at depth.

) At nearly all of the soil water sampler locations, ihe flooding episodes led to an increase
in the selenate to selenite ratio, indicating that selenium was remobilized preferentially in
the form of selenate by the oxidizing pond waters. Ratios increased immediately with
flooding and by factors from approximately 2 to 30. Even in the shallow soil water (0.15
m and 0.30 m depths), already characterized by relatively high ratios (10’s and 100’s),

increases were observed (during the second flooding event).

(3) The increase often was very short-lived, especially in the shallow soil water. Selenate to
selenite ratios quickly dropped in only a few days after flooding as immobilization
occurred, eventually stabilizing at some sites at values < 1. The large apparent selenium

immobilization, therefore, occurred primarily with the selenate ion.

(4) The absolute magnitude of the ratio values observed varied between sites and appeared to
coincide with site total selenium inventories. Sites with high selenium (UZ-1, UZ-3, and
UZ-8) inventories exhibited higher values of the selenate to selenite ratio. Sites UZ-5 and
UZ-6, however, which have shown. to have relatively lower total selenium inventories

also demonstrated lower ratios.
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Selenate to selenite ratios of samples collected throughout flooding for sites

UZ-1 and UZ-3.
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Selenate to selenite ratios of samples collected throughout flooding for sites

UZ-5 and UZ-6.
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Selenate to selenite ratios of samples collected throughout flooding for site

UZ-8.
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S) At three sites - UZ-1, UZ-5, and UZ-8, the rate of the ratio decline appeared to be related
somewhat to depth. Deeper soil water maintained a high value of the ratio for longer time
periods, possibly indicating that reducing conditions were established more quickly at the
shallower depths. Infiltration by low ratio pond water could also account for this more

rapid decline in the shallow area.

(6) In the shallow soil water, pond drying coincided with a return to values greater than 1
(Appendix II - UZ-3) as sediment exposure to the air led to variations in the redox status

of the soil and probable conversion of reduced selenium species to more soluble forms.

(7) Pond water ratios (Appendix II) remained nearly constant over time in the approximate

range of .5 to 3.5.

44. Impoi'tance of Macropore Flow

Strong evidence has been provided in the solute breakthrough data (Figures 4.8 to 4.17) for
the establishment of preferential flow paths and bypass through part of the wetted space dur-
ing the hours immediately following flooding. In general, theox;ies describing miscible fluid
displacement in uniform soil predict the appearance of a non-adsorbed solute at the outflow
end of a saturated soil column after the appiication of one-pore volume of fluid. Experiments
involving the transport of solutes in field situations, however, have often demonstrated quite
different behavior. Many investigators have examined the importance of large soil voids and
have observed that macropores can significantly increase the rate at which solutes and water
move through field soils. Beven and German (1982) provide a particularly complete review
and documentation of experimental evidence. Aubertin (1971) usec|1 flouresceine dyé in a
study involving percolation through a forest soil and observed that water may move very
rapidly through the soil macropores and not contribute to the wetting of the soil mass. Kissel
et al. (1973) also demonstrated that large continuous soil cracks were important pathways of
transport in swelling clay soils with a solution of chloride and fluorescein dye. fluorescein
and chloride were found to have moved quite rapidly through soil cracks whereas in nearby
areas little or no fluorescein was found. Godfrey (1964) determined that remnants of shrink-

age cracks resulting from long term dessication cracking may persist as natural fissures in
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swelling clay soil.

In the present study, the fransport of solutes in the period immediately following flooding
occurred much more quickly than would be predicted based on available saturated hydraulic
conductivity data and uniform infiltration. Saturated hydraulic conductivities at the five sites,
based on harmonic mean values of in situ conductivify profiles, range from 1 to 20 m/year
(3.3 to 65.6 ft/year), clearly much to low to be able to account for the nearly instantaneous
selenium and chloride concentration increases observed. At Kesterson, large pores, channels
and cracks have been observed on the soil surface. Clay shrinkage during hot summer
months and subsequent dessication cracking probably account for a majority of these macro-
pores. The possibility that macropores could act as local conduits for rapid vertical migration'
to groundwater certainly exists. However, selenium levels in shallow groundwater suggest
that even though macropores may allow some amount of water to travel deeper into the soil
profile before immobilization removes selenium from soil water, overall, selenium migration

into the shallow aquifer is substantially inhibited.

In addition to the existence of rr-xacropores, the possibility exists that leakage along the waﬁs
of soil water samplers could have contributed to the observed apparent bypass of the soil
matrix. It is most likely that annular flow would have occurred, if at all, during the earliest
periods of flooding when the soil was still not fully water saturated. During soil water
sampler installation, a considerable amount of care was taken to tamp soil firmly and closely
around the sides of the sampler wall (Section 3.2). Clay shrinkage, however, could poten-
tially have occurred due to summer conditions and creaied a small annular region along the
sides of the sampler tube. This annular space would behave as additional macropore volume.
If an annular space was created due to shrinkage, resaturation of the soil during flooding
would likely cause the soil to swell and reseal the flow path. If annular flow continued to
occur throughout the course of the experiment, levels of chloride in soil water samples would

quickly approach pond water chloride concentrations.
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By assuming that the entire change in chloride concentration at a particular soil water
sampler was due to dilution with annular pond water, a worst case estimate of the magnitude
of the annular flow contribution can be made in a simple calculation. By comparing thc
chloride concentration in a soil water sample at a particular instant with that observed at the
beginning of flooding (Appendix II), the percentage of soil water that was made up of pond

water can be determined, based on the following equatidn:
x-C, +y-C,=C, 3)

where x and y are the percentages of original soil water and pond water, respectively, that
have mixed and x + y = 1. C, is the concentration of original soil water - soil water co‘l-
lected just prior to or after flooding, C, is the concentration of annular pond water, and C, is
the soil water chloride concentration that results from the mixing. C, was taken as the last
measured chloride concentration with time for the purposes of this calculation. The chloride
concentration of pond water was observed to be fairly constant at approximately 1000 ppm
throughout Pond 1 (C, = 1000 pbm). Among the 1.22 m (4 ft) soil water samplers, the lafg-
est value of y, the annular flow percentage, was 35% at UZ-8. The other 4 sites were all
below 7.5% with 3 below 3.5%. Since this calculation neglects any contribution from matrix
infiltration, the actual annular flow contributions were less than these estimates. The issue of
annular flow will largely remain unre;solved, however, the results of this conservative esti-
mate suggest that, at least after soils became fully saturated, annular flow contributions were

probably not significant in the temporal solute variations that were observed.
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5. SELENIUM IMMOBILIZATION ESTIMATES

The previous section consisted of a presentation and qualitative description of data relating to
the impact of flooding on selenium distributions in pond bottom sediments and the quality of
shallow groundwater underneath Pond 1. This chapter consists of a quantitative evaluation of
selenium immobilization. A series of calculations héve been performed utilizing the average
chloride concentration data and the concept of mass bbalance to determine the amount of
selenium that was transported out of the 1.22 m (4 ft) thick study zone and the extent to
which selenium was removed from solution. All results and calculations presented pertain
only to the 1.22 m thick monitoring zone. For purposes of definition, "discharged" refers to
the mass of water or of soluble total selgnium that was transported out through the bottom of
the study block. "Immobilized" refers to that portion of soluble total selenium that was con-
verted through some chemical or biological process to a non-soluble or sorbed form of
selenium within the study block. Such processc;,s include adsorption and precipitation. Volatil-
ization may also have accounted for some small percentage of the observed selenium immo-

bilization.

5.1. Calculation Methodology and Assumptions
The immobilization calculations include the following series of assumptions:

(1) The dissolution of selenium and chioride is assumed to be essentially instantaneous ahd
complete, so that all of the potentially available solute enters into solution within a very
short time following wetting - possibly within a few hours. Kinetic limitations to dissolu-
tion are not considered. Therefore, solutes are not being introduced inté the study block,
after the initial flooding episode, other than by migration of 'inﬁltrating waters. The
assumption of instantaneous and complete dissolution allows the post-flooding high con-
centrations to represent the initial inventories in the system of the two solutes. Quantities
measured at later dates are normalized to these post-flooding highs.

(2) Diffusion of solutes from within the interior of soil aggregates to the soil water sampler

cup surface is assumed to be negligible. The observed chloride response is therefore indi-

cative only of advective movement and does not also represent a source term of this sort.
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(3) Saturation of the system is assumed to occur essentially instantaneously. This assumption
is not strictly correct, however, computer modeling of the saturation process indicates that
the minimum saturation within the soil column is at least 90% within the first day after

the ground surface is flooded. This prediction is corroborated by tensiometer data.

(4) As discussed in Section 3.6, chloride can be assumed to behave conservatively. There-
fore, after the initial risé in concentration brought on through the dissolution of material
near the soil surface, chloride removal or addition to the ﬁqueous ﬁhase does not occur.
Chloride can only be removed from the soluble inventory of the study block through
advective transport in water. If we assume that p¢, the ﬁuid density, and ¢, the porosity
of the saturated medium, are constant throughout the study block, then the average |
chloride concentration is directly equatable to the total mass of chloride present, Mg

(kg), in the study block by the equation:
MCl = pf'¢'V'CCl.ave @4

where Cq,ve (kg Cl-(kg fluid)™!) represents the average chloride concentration of soil
water collected in the 8 soil water samplers and V (m?) is the bulk volume of the 122 m
deep soil column (assume a unit surface area). The temporal variation in Cgy 4. (Figures
4.18 to 4.22) can therefore be used as an indication of the rate at which water seeps
through the soil profile. Selenium, on the other hand, is released into solution at the ini-
tiation of flooding, by dissolution and the oxidation of reduced forms by aefated waters,
and is then subject to various chemical and/or biological mechanisms that may cause
immobilization. |

- (5) The average pore water velocity of fluid that infiltrated through the 1.22 m thick study
block throughout the duration of flooding is treated as a constant in the calculation prb-
cedure. This assumption is surely not correct in the strictest sense, but was deemed satis-
factory for the purposes of these calculations. It is not the intent to imply that the average
poré water velocities determined depict actual fluid velocities but that they represent spa-
tially and temporally averaged effective values. The actual velocities were probably

higher during early and late stages of flooding, and lower during the middle period. The
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presence of macropores and the heterogeneous nature of the soil profile probably led to
the situation where localized zones were characterized by fluid velocities considerably
variant from the mean value. Within the interior of aggregates, fluid velocities were con-

siderably less than those in larger, well-connected pore spaces.

In order to understand the motivation behind the us‘e 6f the constant fluid velocity assump-
tion, it is helpful to examine measurements of fluid potential that were made with tensiome-
ters installed at each site prior to flooding. The measured hydraulic heads at various depths
within the five flooded sites are plotted in Figures 5.1 to 5.3. While the‘resolution of such
fluid potential data is probably insufficient to distinguish gradients within the soil column, it
can be used as a general indicator of the degree to which fluid potentials and therefore fluid
velocities were changing within the soil profile with time. In the figures we see that the fluid
potential responses over time at the five flooded sites were relatively flat and constant.
Hydraulic heads began to vary considerably only near the end of the experiment when the
pond was drying out. It is these data that implied that the constant velocity assumption might
be appropriate. A discussion of the validity of this assumption and others used in the calcula-

tion method is included at the end of this section.

In order to calculate the rate of seepage from the pond, a simple mass balance is performed
on chloride within the study block. The mass of chloride present in the study block with

time, Mq, (kg), can be represented by the following equation:

Ma; = Ma, + Maiin = Mcou 5)

where M¢, (kg) is the initial mass in the system (the above mentioned post-flooding high),
Mcrin (kg) is the cumulative mass that has flowed into the study block with infiltrating
waters since the initiation of flooding, and Mcq q, (kg) is the cumulative mass outflow that

has occurred out of the bottom. These quantities are defined as follows:
MCl,in = pgV ¢ACCl,mAt (6)

MCl,ou! = prv ‘¢'A'CCl.oul'At )]
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where,

ps = fluid density, (kg water-m™)

v = average pore velocity, (m-day™)
¢ = porosity (= 0.4)

A = cross-sectional area (= 1 m?)

Ceclin » Caom = Cl concentration of waters entering and exiting the monitoring zone, respec-

tively, (kg Cl-(kg fluid)™).

At = interval between sample collection (time step), days

For the purposes of the estimates, Cq o, is defined as the chloride concentration of waters
collected from the sampler at the 1.22 m (4 ft) depth, and Ccy;y is set equal to pond water
chloride concentrations. The observed value of .Cl in the study block with time, Mq,, is
determined simply by multiplying the observed average chloride concentration (Figures 4.18
to 4.22) by the total volume of water present in the 1.22 m zone. A porosity of 0.4,' an area
of 1 m?, a fluid density of 1000 kg'm™3, and a depth of 1.295 m (4.25 ft) are assumed for
these calculations at each of the sites. The only unknown quantity in Eq. (5) is v, the aver-
age pore water velocity. Through a trial and error procedure that compares an estimated
~ chloride study biock content with the observed value, based on Eq. (4-7), an average pore
water velocity is determined. The most satisfactory match possessed the minimum percent

difference between the estimated and observed chloride versus time concentrations.

In Figures 5.4 to 5.6 we sce the observed and calculated chloride contents based on the
optimized value of average pore water velocities determined at each site. Table 3 shows the
extent of deviation in percent between the predicted values and observed values. These per-
centages were calculated for each time step over which the calculation was performed. The

time steps correspond to time intervals between sample collection. The maximum deviation is
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Figure 5.4  Predicted and observed study block chloride contents at sites UZ-1 and UZ-3
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Predicted and observed study block chloride contents at sites UZ-5 and UZ-6
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Predicted and observed study block chloride contents at sitte UZ-8 based on

the optimized average pore water velocity.
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simply the maximum percent difference that occurred between any time step while the aver-
age devjation is the average, at a particular site, of the individual time step deviations. The
maximum deviation (38.6%) and maximum average deviation (19.7%) both occurred at site
UZ-1. Asis evident in the figures and the table, the other sites demonstrated much closer

agreement.

Table 3. Percent Deviation Between Estimated and Observed Study Block

Cl Contents based on the Optimized Average Pore Water Velocity

Site | Maximum Deviation,% | Average Deviation,%
UZ-1 386 19.7
UZ-3 53 2.0
U%-S 45 23
UZ-6 10.1 4.0
UZ-8 17.5 7.0

For selenium, a similar mass balance procedure is performed, however, an extra term, My,
(kg), is added to the mass balance Eq. (5), to account for the transformation and immobiliza-

tion of selenium from solution. The mass balance equation takes the form,

Mg, = Mg o + Msein — Mseowt = Mimm ¢))

where,
Mgejin = prv ¢-A-Cge jn'At ©)
MSe,out =prv '¢'A'CSc,out'At - (10)

and py, v, ¢, A, and At are as above for chloride. Mg, ., (kg) is the initial mass of selenium in
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the system and is determined from the post-flooding high of average selenium concentration.
Csein (kg Se-(kg fluid)™!) is set equal to the selenium concentrations measured in infiltrating
pond waters and Cg, ,, t0 concentrations measured in waters collected from the 1.22 m soil
water sampler. Since the velocity is determined from the analysis of the chloride data and
Mg, is the observed mass of selenium in the system, the only unknown is Mj,n. The
difference between the initial inventory (Ms, ) and the ‘sum of the fluxes crossing the moni-

toring zone boundaries is the quantity that has been immobilized (M;5m)-

The apparent ability of the simple predictive model to match average chloride concentrations
(Figures 5.4 to 5.6) does not necessarily confirm a valid description of -system behavior. Nor
does it necessarily justify various assumptions that were made, including the choice of a con-
stant average pore water velocity. There are a combination of factors, such as the other basic
assumptions made in the calculation method, that conceivably contributed to the match.
There is an element of non-uniqueness that must be dealt with before it can be said that the
~ apparent ability of the predictive model to match chloride concentrations verifies the fluid
velocity predictions. Therefore, a discussion follows of the relative merit of the first three

assumptions and their potential for introducing uncertainty into the calculation procedure.

(1) The dissolution of soluble forms of selenium and chloride mineral phases was assumed to
be instantaneous and complete. Selenate and selenite (in oxic waters) and chloride are all
highly soluble. The relevant question is whether there were kinetic limitations to dissoll;-
tion such that selenium and chloride continued to enter into the aqueous phase after the
initial soluble inventories were calculated. As is discussed in the next section, selenium
immobilization was initiated within a few days following ﬂoodirig. A source of soluble
selenium, therefore, does not appear to be likely since this would imply simultaneous dis-
solution and immobilization. The discussion below is concemed with possible kinetic lim-
itations to chloride dissolution and potential effects on the average pore water velocity

estimates.

At Kesterson, chloride exists in the solid phase in evaporite minerals. The dominant
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chloride bearing mineral in Kesterson pond soils has been identified as halite (NaCl)
(Lawrence Berkeley Laboratory, 1988). Jurinak et al. (1977) in batch experiments exa-
mining dissolution kinetics of various salts, including gypsum, calcite and halite, with a
weathered, shale-derived saline soil, observed that salt dissolution could be described by
three, diffusion controlled, first-order reactions. The first reaction was rapid and was com-
pleted within the initial 0.5 min of contact with water. It was suggested that this rapid

- dissolution reaction involved highly soluble salts such as halite. The succeeding slower
reactions indicated the presence of relatively slow dissolving salts such as gypsum and
calcite. These reactions required roughly 72 hours to attain equilibrium. The release of

l salt, therefore, was found to be a slow continuous process, but that the highly soluble

salts quickly were dissolved and moved through the soil profile in an early, initial pulse.

If halite existed in the interior of soil aggregates, characterized by extremely slow fluid
. velocities, its dissolution and entrance into the advective stream could potentially be lim-
ited to. diffusion. Soil water samples collected during unsaturated conditions, however, do
not indicate that the solubility limit of chloride was approached within the sbil profile.
Subsurface halite, therefore, can be discounted, and it is reasonable to suggest'that solu-
ble chloride present in the solid phase is not to be found to any significant extent below
the soil surface. The véry high solubility of surficial halite and its prompt exposure to

flooding waters suggests that it underwent rapid dissolution.

(2) The available information does not suggest any kinetic limitations to chloride dissolution
in this system. A somewhat related issue, however, may produce a similar effect. Already
solubilized chloride within the intedor of soil aggregates could 'be transport limited by
slow diffusion outward to the aggregate boundary, thereby providing a chloride soﬁrce
term to the advective stream. For this to occur, a concentration gradient would be
required between soil water within the aggregate and soil water at the aggregate surface.
If we consider a worst case scenario - one in which the soil water samplers were posi-
tioned adjacent to aggregate surfaces and collected water primarily representative of

macropore porosity but with a diffusive chloride source term from the aggregate interior,
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we can observe the magnitude of any such gradient by comparing the chloride levels after
flooding with pre-flooding chloride concentrations. If the opposite case was true, that is,
if the soil water samplers were actually positioned within aggregates, then the observed
chloride response would be indicative of essentially only advective contributions rather
than some additional unknown diffusive component. The pre-flooding chloride levels
should give an indication of the approximate chloride concentrations of soil water within
aggregates. Examination of chloride breakthrough data in individual soil water samplers
(Figures 4.8 to 4.12 and Appendix II) reveals that, after the post-flooding maximums,
chloride levels did not decline very rapidly and did not vary to a large extent from the
preflooding levels . At the end of the first flooding period, the average chloride concen- .
tration at each of the five sites was at least 73% of the initial chloride inventory (except
for site UZ-8 which had declined to 43% of the initial inventory). It does not appear thai
the chloride concentration at the aggregate surface (or at least at the sampler cup surface)
was appreciably different from that within the aggregate, and that therefore, diffusive
fluxes out of the aggregate would have been small. If chloride did continue to be released
into the advective stream, however, after the onset of flooding, due to diffusion from
within the interior of soil aggregates, the actual fluid velocities would have been larger
" than those that were estimated. How much larger would depend on a whole series of fac-
tors, including the size of the aggregates, the apparent diffusion coefficient of chloride in
soil, the pore water velocity within the aggregates, the degree of communication between
soil water sampler and macropore/aggregate porosities, etc.. Larger fluid velocities would
result in less immobilization and greater discharge estimates at sites where the concentra-
tion of selénium‘ at the discharge end of the study block was greater than that at the .

inflow end (3 of 5 sites).

(3) The assumption of instantaneous and complete saturation of the soil column was made on
the basis of computer modeling of the infiltration process and tensiometer measurements
made in the field. Complete saturation (= 95%) certainly occurred at some point in the
experiment soon after flooding. The critical issue, however, is whether the soil column

was indeed saturated when the initial inventory quantities of selenium and chloride were
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measured which was just after flooding. These inventory amounts are important in that
the immobilization quantities were normalized to the selenium initial inventory, and that
they represented components of the mass balance calculations. If saturation was some
quantity less than 100%, then the initial soluble inventories were overestimated. As men-
tioned before, computer modeling indicated that the minimum saturation in the soil profile
was roughly 90% after approkimately one day. Since a large proportion of the soil
column was indeed 100% saturated in the modeling study, the maximum error in calcu-
lating the initial solute inventories assuming 100% saturation was < 10%. Overestimating
the initial soluble inventory of chloride in the study block would result in the overestima-
tion of average pore water velocity in the chloride mass balance calculations. At two
sites, UZ-1 and UZ-8, the mass balance calculation was repeated for chloride with the
initial chloride inventories (Mq,) reduced by 10%. This resulted in new average pore
water velocity estimates that were 30% and 20%, respectively, lower than the original
'estimates. These new average pore water velocities resulted in negligibly different

selenium immobilization quantities.

(4) The treatment of chloride as a conservative solute was discussed in Section 3.6. Chloride
is highly soluble and non-reactive. Anion exclusion of chloride was concluded to be )
essentially zero at the concentrations commonly observed in this experiment. Therefore,

the potential error from this assumption is considered to be negligible.

The degree of uncertainty associated with the four assumptions discussed above has been
shown to be relatively small. Therefore it seems reasonable to assert that the apparent ability
of the mass balance calculation to closely predict the observed concentrations of chloride
suggests that the assumption of a constant average pore water velocity is an acceptable com-

ponent of the physical model.
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5.2. Immobilization Results

Immobilization and migration of the inventory of soluble selenium have been calculated for
each of the flooded sites (UZ-1, UZ-3, UZ-5, UZ-6, UZ-8). Refer to Figures 5.7 to 5.9 for
the plots of quantity of selenium that was immobilized or discharged during the flooded por-
tion of the experiment. The data plotted have been normalized to the initial mass of total
selenium present in the system, Mg, , - the post-flooding high. It should-be noted that it was
possible to calculate ratios greater than unity since some selenium was added to the system
with infiltrating pond water. This water, however, was low in total selenium (10-40 ppb), and

yet, at sites with low initial inventories, the mass of selenium inflow could be significant.

Table 4 summarizes the results of the soluble selenium mass balance calculations in the 1.22
m zone at each of the ﬁvé sites. The calculations have been pérfoxmed for the period that
‘began with the first flooding event and ended, for each site, when ponded water was no
longer present. This length of time varied from roughly 200 to 300 days, depending on the
site (Table 1). The quantities listed include percentages of the initial selenium inventory that
were immobilized in and discharged below the 1.22 m zone. We see that immobilization
quantities ranged from 66 to 108%, whereas estimates of the mass of selenium discharged
ranged from 1 to 47%. The average pore water velocities determined in the chloride mass

balances and applied in the selenium immobilization estimates also are presented.
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" Results of the selenium immobilization calculations at sites UZ-1 and UZ-3.
Quantities plotted are nommalized to the initial inventory of soluble selenium,
M,, in the 1.22 m thick study block.
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'UZ-8 Selenium Immobilization
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Table 4. Selenium Discharge/Immobilization during First Flooding Episode

Average Discharged Immobilized
Initial Mass of :
Pore Water

Site

Velocity, Soluble Se % of Initial | Mass, | % of Initial | Mass,

m/year g/m? Mass | g/m? Mass g/m?
UZ-1 1.92 675 33 224 75 .506
UZ-3 .64 .88 5 .046 91 .804
UZ-5 44 14 1 .001 94 134
Uz-6 | .76 .05 1.5 .001 . 108 058 -
UZ-8 4,08 833 .47 ‘ .39 66 S5

Average 52 13 41

The validity of these calculations is supported by observations of soluble selenium concentra-
tions in shallow groundwater monitoring wells (1.8 to 12.2 m) located in Pond 1. Elevated
selenium concentrations were detected at only 2 of the 5 sites, UZ-1 and UZ-8. Levels at
UZ-1 rose only very slightly to nearly 20 ppb, however, in Figure 4.23 we see that at UZ-8 a
concentration of 322 ppb was observed apprbximately 4 Y5 months after flooding, before
returning to 16 ppb after an additional 8 months, in a well screened from 2.4 to 3.0 m (8 to
10 ft). This is consistent with the estimates above that 0.224 and 0.39 g/m2 migrated out of
the 1.22 m (4 ft) thick monitoripg zone below sites UZ-1 and UZ-8, respectively. This
corresponds to 33 and 47% of the initial_quantity of soluble selenium at each of the two
sites. At all of the other sites, where elevated levels of selenium were not detected, less than
0.05 g/m? (5%) of the soluble selehium was estimated to have migrated out of the monitor-
ing zone. The reason why the selenium level in groundwater at UZ-1 was not higher, based
on a discharge quantity nearly equal to that of UZ-8, may be related to the fact that the shal-
low well at UZ-1 is at 3.0 to 4.6 m (10 to 15 ft) while the well at UZ-8 is only at 2.4 to 3.0
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m (8 to 10 ft). It should be remembered that the processes that lead to immobilization in the

shallow zone can continue to take place below the 1.22 m (4 ft) depth.

In Figure 5.10 the average pore water velocities from Table 4 have been plotted vs the
corresponding % discharged and % immobilized quantities for each site. At sites with rela-
tively low pore water velocities, the greatest degree' of immobilization appears to have
occurred while the least amount of selenium migrated out of the study block. On the other
hand, the highest quantity of discharge and lowest of removal are associated with the site
possessing the maximum average pore water velocity. The figure suggests a correlation
between the. effectiveness of the selenium removal mechanism and fluid velocity. Such a
relationship has been mpoﬁed in U.C. Salinity/Drainage Task Force (1987) where selenate
reduction was examined in batch studies in the presence of a carbon source and was shown
to be time-dependent. Soil column leaching experiments performed in Lawrence Berkeley
Laboratory (1987a) demonstrated that Darcy flow rates over the range of 7 to 0.91 m-year ™!
exerted a significant effect oﬁ Se mobilization, sﬁggesting é time-dependem Se immobiliza-
tion process. Columns characterized by higher flow rates produced higher total Se concentra-
tions in outflow solutions over the course of the experiments. Regions in the Kesterson pond
bottoms where the thin veneer of fine-grained material is absent or meager may have sus-
tained higher than average pore water velocities during past Reservoir operation, allowing
infiltrating pond water to pass through the reducing layer without the necessary residence
time to allow for effective selenium removal. The mechanism(s) goverhing selgnium break-
through is probably a composite of at least several physiéal parameters, including the level of
microbial activity, the presence of organic matter, and the concentration of nitrate, however,
results from this experiment clearly indicate that higher-than-average seepage rates may also

be an important factor.
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5.3. Redox Measurements

The redox measurements presented here were made during the second Pond 1.flooding event
which began in November 1987. Selenium immobilization estimates were not performed on
data collected during the second period of flooding, and therefore it is not possible to corre-
late actual immobilization rates or quantities to any observed redox shift. In general, how-
ever, similar behavior was observed in the two experiments, i.e. that of rapid apparent
selenium immobilization following flooding. It is interesting,. therefore, to examine the redox
measurements in order to see if the observed selenium removal may have been accompanied
by a corresponding shift of éufﬁcient rate and magnitﬁde in the oxidatibn—reducu'on condi-

tions of the'pond bottom sediments.

~ In Figures 5.11 to 5.14 the measurements of redox variation are plotted that were made at
the five wetted sites. Values are plotted for pond water and soil water. Refer to Section 3.5
for a discussion of the measurement method. Several observations are possible upon an

examination of these data:

(1) Before flooding, at site UZ-3, Eh values at all the locations were thoroughly oxidizing.

Eh’s measured during this time ranged from +400 to +500 mV.

(2) With the onset of flooding, Eh decreases occurred quickly. The permanent-type elec-
trodes, fairly consistently, reflected an approximately 200 mV drop within the first few
days, a time period as short as those observed to have resulted in fairly extensive
selenium immobilization. Whether the magnitude of the decline was sufficient to result
in selenium removal is essentially not known,. however, data presented in Lawrence
Berkeley Laboratory (1986a p. 46) suggest that soluble selenium does not occur in

significant quantities when Eh < 300 mV.

(3) Data from the portable-type electrodes also indicated rapid drops in Eh, however, the
data exhibited scatter. On any particular day, Eh was shown to vary over 100’s of
mV'’s. The coexistence of localized reducing zones and oxidizing zones at the scale of
soil aggregates is very commonly observed (Smith, 1977). These data could be inter-

preted as an indication that localized zones of reducing conditions can develop rather
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Figure 5.12 Eh measurements made following pond-flooding at sites UZ-6 and UZ-8

with

the portable-type Eh electrode.
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Eh profiles measured prior to and following pond-flooding at locations A
and B adjacent to site UZ-3.
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Figure 5.14 Eh profiles measured prior to and following pond-flooding at locations C
and D adjacent to site UZ-3.
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quickly, but that portions of the soil bulk may remain relatively oxidizing for longer
periods of time. The soil matrix during the early stages of flooding may therefore be

characterized as a heterogeneous system of spatially variable redox conditions.

(4) This spatial variability is indicated by a comparison of measurements made at identical
depths at UZ-3 in the permanent electrodes (Figures 5.13 and 5.14). Between the four
replicate electrode bundles A through D, we see that at any particular depth, Eh esti-

mates varied by 100’s of mV’s,

(5) Pond water remained oxidizing while soil water underwent an Eh decline. Pond water

Eh remained near +400 mV during the entire period.

(6) There is a weak indication of a relationship between depth and Eh. Again referring to
Figures 5.13 and 5.14, we see that for two of the four electrodes at UZ-3, the 0.15 m
(0.5 ft) electrode definitely reflected the most reducing conditions, however, beyond this
depth the depth relationship was unclear. It is very likely that the resolution of the
measurement system is incapable of resolving an Eh gradient, or that one simply did

not exist.

(7) Based oﬁ data collected with the portable electrode, it seemed to take between 20 and
30 days for reducing conditions to become fully established throughout the soil matrix’
(Eh < 0 mV). The permanent electrodes  suggest that even longer time periods were
required. Based on this information, if the lowering of Eh was indeed responsible for
the rapid and extensive selenium removal observed, then Eh reductions down to rela-
tively low levels (i.e. Eh < 0 mV) were not required. This statement is consistent with
observations made previously in Lawrence Berkeley Laboratory (1986a p. 46) that no

selenium is observed in waters with Eh < 300 mV.

It should be emphasized again that the above measurements are by no means intended to
represent quantitative evaluations of electrode potential, but are only presented as qualitative
information regarding general redox trends. Application of an equilibrium oxidation-reduction
model in species prediction requires knowledge of the electrode potential. In an ideal situa-

tion, an inert electrode should take on a potential corresponding to the electron availability of
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the system. Redox potentials, however, often vary considerably from ele_cnode_vpotentials.
These reasons include the fact that redox reactions in soils are often in nonequilibria, and -
that redox couples do not nécessarily transfer electrons irreversibly with platinum. The poten-
tial of the platinum electrode in a mixture of nonequilibrium redox couples is only a poorly
defined average of the potentials of all the redox couples present (Bohn et al., 1985). The
potential that is measured is a mixed potential. In addition to these theoretical sources of
uncertainty, previously discussed deficiencies in the measurement procedure may add to the
qualitative nature of the results. The possibility that redox potential may exhibit a high
degree of spatial variability further complicates matters. Even though these measurements
may not provide data sufficiently accurate to quantitatively determine selenium speciation,
they are useful in the indication that conditions in the soils at Kesterson may have become

reducing rapidly enough to account for the observed selenium immobilization.

5.4. Application of a First-Order Decay Term

The selenium removal estimates presented in Section 5.2 indicate that the immobilization
process occurred most rapidly soon after flooding and thereafter proceeded at a slower rate.
Examination of the immobilization curves (Figures 5.7 to 5.9) suggests that it méy be possi-
ble to describe the removal mechanism by a first-order reaction, a reaction in which the rate
depends on the first power of the concentration of the reactant (a concentration-depéndent
sink). In an attempt to provide insight into the nature of the removal mechanism, Eq. (5) has
been modified to incorporate a first-order reaction term. Calculations have been performed
that examine the rate of the observed selenium immobilization process based on a first-order

$

assumption.

The loss of reactant mass from a batch solution over a given time increment, At, is
- kg Mg At (11

where ky (days™) is the first-order reaction constant, and Mg, (kg) is an average mass quan-
tity of selenium present in the reactor volume over the time increment. Substituting Eq. (9-

11) into Eq. (8) and dropping the My, term yields
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MSe.t = MSe.o + prv 'q"A'cSe,in'At + prv '¢'A'C8e.out'At - kg'Mg At (12)

where the various terms are all as described above.

This equation, as with those above, has been applied to the 1.22 m (4 ft) thick study block as
if it can be treated as a reactor vessel, and as if the average selenium concentration measured
within each site is representative of average conditions within the reactor vessel. The inflow
and outflow concentrations are defined as in the previous calculations, by selenium concen-
trations measured in pond water and by selenium levels in soil water collected at the bottom
of the monitoring zone. The average pore water velocity determined above, using the average
chloride concentration, was again used to calculate the mass flux of selenium into and out of
the control volume. The parameter ky was adjusted as the only remaining unknown in a trial
and error procedure designed to produce the closest possible match between a predicted aver-
age selenium concentration and the observed level. The most satisfactory fit was defined as
the match that produced the minimum percent difference between the estimated and
observed selenium vs time concentrations. The same assumptions apply as in the immobili-
zation estimates. The values of k4 determined represent average rate terms over the entire
study block depth. The possibility that immobilization could be. occurring at greater rates
within certain portions of the study block was also examined in a similar set of calculations

associated with only the 0.15 m (0.5 ft) soil water sampler.

In Figures 5.15 to 5.17 are plotted the results of the first-order decay calculations applied to
the study block as a whole. For each site the observed average selenium concentration is
plotted along with two predicted response curves - one derived with ‘the decay term included
and another without decay. In the figures, we see that the large differences between the
predicted responses (without decay) curves and the observed responses clearly indicates the
presence of a transformation mechanism. The predicted response (with decay) much more
closely approximates the data, however, it consistently overpredicts average selenium concen-

tration at early times and at late times often predicts a O concentration, indicating that a first-

order decay cannot fully describe the data. The rate constants determined range from a low
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Application of a first-order decay term, ky, to the chloride mass balance cal-
culation performed over the entire 1.22 m thick study block at sites UZ-1

and UZ-3.
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Application of a first-order decay term, k4, to the chloride mass balance cal-
culation performed over the entire 1.22 m thick study block at sites UZ-5

and UZ-6.
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of .009 day™ to .036 day'i. Interestingly, the two sites that had the greatest selenium
discharge (least immobilization), UZ-1 and UZ-8, also had the lowest rate constants, .009
day™ and 012 day™!, respectively. However, UZ-6 also is estimated to have one of the
lower rate constants with k4 =.017 day™’, and yet immobilization was greater than at any
other site. The identical calculations were performed on the selenate data (rather than on total
selenium) and very similar results were obtained with no improvement obtained in the

history-matches.

In order to examine the poséibility that immobilization occurred at greatér rates in the shal-
lowest sediments, breakthrough curves from the 0.15 m (0.5 ft) soil water sampler depths
were analyzed as above using Eq. (12) to determine a rate constant, k4, that applied only
over the shallow zone from O to 15 cm (6 in). Rather than using the previously determined
average pore water velocities, based on chloride concentration data representative of the
entire 1.22 m thick study block, new average pore water velocities were determined prior to
the rate constant determination using chloride breakthrough data from the appropriate 0.15 m
soil water sampler. The inflowing concentrations again were taken to be pond water solute
concentrations. The outflowing solute concentrations were set equal to the concentrations
observed in the 0.15 m deep soil water sampler. Figures 5.18 and 5.19 present the results of
the history-matching of the shallow soil water sampler data at 4 of the sites. The match
betwegn calculated and observed concentrations is similar to that observed in the case of the
whole study block treatment. The analysis was not performed at UZ-1 due to insufficient data

in the experiment period soon after flooding.

The rate constants determined over the two soil depths, the near-surface zone and the entire
study block, are summarized in Table 5 below. Average pore water velocities used in the two
analyses are listed as well. These data or calculations are not intended to argue that the
selenium removal mechanism is in fact governed by a first order reaction. Controlled experi-
ments in the lab would be required before being able to make that assertion. The primary

purpose of this section has been to provide estimates of the rates at which the removal
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Application of a first-order decay term, ky, to the chloride mass balance cal-

culation performed only within the upper .15 m at sites UZ-3 and UZ-5.
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Application of a first-order decay term, kg, to the chloride mass balance cal-

culation performed only within the upper .15 m at sites UZ-6 and UZ-8.
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reactions occurred, to examine the possibility that the mechanism occurred at different rates
within different portions of the soil column, and to attempt to identify a relationship between

removal rate and average pore water velocity.

Table S. k4 Estimates for the Entire Study Block and Upper 15 cm Zones

Entire Entire Study Block 0.15 m Zone Only
Study Block
Site
pore velocity, kg pore velocity, kg
% Immobilized
m/year days™ m/year days™!
e — ——

Uz-1 75 1.92 012
UZ-3 91 .64 .036 .64 .048
Uz-5 94 44 024 44 .029
UZ-6 108 .76 017 .16 012
UZ-8 66 4.08 .009 .76 .07

In the table above, we see that for the entire study block treatment, ky was lowest for the
sites with the highest average pore velocities. Site UZ-8, with the largest average pore water
velocity, 4.08 m/year, had the smallest rate constant, .009 days™', and but for one exception,
the trend of increasing ky with decreasing pore water velocity was adhered to at the other
sites. These data support the notion suggested in Section 5.2 that the ability of the soil
medium to geochemically remove selenium from infiltrating water is inhibited by increases in
the fluid velocity. Fluid velocity increases shorten the residence time of the water in the
"reactor vessel”, and possibly limit the effectiveness or completeness of the kinetically

dependent removal processes.

Only at site UZ-8 did the value of k4 change significantly when the calculation was per-

1

formed over the shallow zone only. kg increased from a value of .009 days™, representative
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| of the 1.22 m thick study block, to .76 days™ for the zone from the ground surface to 15
cm. Interestingly, the new average pore water velocity estimate at UZ-8, based on the
chloride breakthrough data observed at the 0.15 m soil water sampler rather than on the aver-
age chloride data, also was significantly different from the original average pore water velo-
city estimate, and in fact, it decreased significantly from 4.08 m/year to .76 m/year. UZ-6
also demonstrated a reductioxi in pore water velocity with the shallow zone calculation, yet
no corresponding increase in the rate constant was observed as in UZ-8. At the remaining
two sites, identical average pore water velocity estimates were obtained over the two soil

depths.

In general, therefore, evidence has not been provided to support the notion that selenium
removal may occur at greater rates in the near-surface area as compared to deeper soil zones.
This is not to say that removal may not occur in greater quantities near the surface due to
greater available soluble selenium, but that the soil from O to 1.22 m seems to possess an
equal capacity throughout its profile to remove selenium from solution. In the table above,
we see that the parameter which had the greatest effect on the value of the rate constant was
not depth, but average pore water velocity. When the calculation was performed over the two
different depths at one site and resulted in similar pore water velocities estimates (UZ-3 and
UZ-5), the value of k4 remained essentially constant. But when the average pore water velo-
city decreased (UZ-8), a corresponding increase was observed in ky. This result is consistent
with the observation above of a velocity dependent rate constant. Additional support is pro-
vided, therefore, for the hypothesis of velocity dependent selenium immobilization insofar as
kq increased at a site with an observed decrease in the average pore ‘water velocity estimate.
The behavior at UZ-6, however, did not conform to this observed trend. A velocity decrease
was not accompanied by an increase in kq. At this site, the average pore water velocity based
on the entire study block treatment already was relatively low, and it may have been that any

additional immobilization due to velocity reduction may simply not have been possible.
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PART II. TRANSPORT OF A CONSERVATIVE SOLUTE THROUGH A SHALLOW
POND SEDIMENT

Part II of the thesis has been undertaken in order to provide supporting evidence for the fluid
velocity determinations that were obtained through chlqride mass balance calculations in pre-
vious sections. Attention is shifted, in the following chapters, away from the consideration of
data pertaining to selenium and towards a numerical analysis of the chloride breakthrough
data. Estimates of the velocity of pore fluids during ponding have been obtained by numeri-
cally modeling the observed transport of chloride at each of the flooded soil water sampler
locations. The primary purpose of these calculations was to perform a more rigorous evalua-
tion of the pore fluid velocities than was performed earlier as one means of verifying the ori-
ginal estimates. As the process progressed, however, other issues of interest, related primarily
to the field of solute transport, evolved and have been investigated. Therefore, the following
chapters may appear to be somewhat disconnected to what has gone before them. Hopefully,
the change in subject matter is not too unsettling or confusing to the reader, and I apologize
if it is so, however, during this rather extended aside, the reader should remain confident that

the original purpose of this section will be addressed.

6. INTRODUCTION

Interest has risen markedly in recent years in improving our ability to make accurate esti-
mates of solute and water fluxes through systems of porous media. The need to quantify
movement of chemical constituents through soils arises in a variety‘of situations, including
the use of fertilizers and pesticides in agricultural applications, the disposal of industrial and
municipal wastes in landfills, and the leaching of salts during soil reclamation. Technologists
wish to improve their understanding of the physical processes that govemn transport so that
they are better able to predict the fate of contaminants in the subsurface and their potential
impact on water resources. Concern over adverse environmental impacts through agriculture

and land disposal of wastes has been reflected in increased governmental regulation and in
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the current high level of research occurring presently in the fields of waste isolation and con-
taminant fate prediction. Ultimately, the ability to assess impacts on groundwater quality
depends on the use of reliable models and methods that are able to describe water and solute
fluxes over large field systems. This includes the ability to estimate not only average proper-

ties and processes but the potential for the occurrence of extreme behavior.

The determination of average solute and water fluxes, however, is made difficult by the
extreme spatial and temporal variability exhibited in soil water and solute transport proper-
ties. The use of deterministic treatments in water and solute movement investigations is com-
plicated by the very nature of soils as heterogeneous systems. Properties applied uniformly in
a macroscopic model may vary tremendously over the microscopic scale. Models that treat
the porous medium as a representative continuum may be highly simplifying and inappropri-
ate if the scale of model application is not at least as large as a representative elemental
volume. Several investigators have examined issues of spatial variability of soil properties,
and these investigations have elucidated difficulties for the transport modeler. Biggar and
Nielsen (1976), in a steady-state study of chloride movement during ponding among 20 sites
within a 150-ha field, fitted observed data to a one-dimensional analytical solution to the
advection-dispersion equation through the variation of two parameters - apparent dispersion
coefficient (Dy) and average pore water velocity (v). Statistical analysis of Dy, and v showed
them to be log-normally distributed. Dy, and v were observed to vary by an order of magni-
tude within a plot. Van De Pol et al. (1977) and Kies (1981) in an experiment involving
unsaturated transport fitted apparent dispersion coefficients and average pore water velocities
in a similar fashion and observed that some breakthrough curves indicated solute arrival at
deeper depths before shallower depths. D, and v were again found to be log-normally distri-
buted. Misra and Mishra (1977), in an experiment involving the leaching of a chloride pulse
through a field-plot, observed that even though the soil was completely water saturated, the
majority of flow appeared to be occurring through only a small fraction of the total pore
space. Kissel et al. (1973) demonstrated with a solution of chloride and fluorescein dye that

relatively large continuous soil cracks were important pathways of transport in saturated
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swelling clay soils. fluorescein and chloride were found to move quite rapidly through soil

cracks whereas in nearby areas little or no fluorescein was found.

With the eventual analysis of the reactive chemical transport of selenium in mind, a primary
objective of this work has been to characterize the physical properties governing flow and
transport through the pond bottom sediment. If such a characterization is to provide accurate
information for the prediction of solute fluxes, it must include not only an estimate of aver-
age properties but an understanding of the spatial variability of the soil properties. Therefore,
values of permeability and apparent dispersion coefficient have been determined at a number
of locations throughout the pond and are analyzed for type of distribution and degree of
heterogeneity. A comparison is included of average pore water velocities determined in the
modeling effort to those estimated in earlier chapters through a chloride mass balance calcu-
lation, and any implications for the selenium immobilization estimates are examined. An
integrated finite difference method numerical code is used for the solute transport simula-
tions. Discussion is included of the equations used and the modeling methodology, including
choice of boundary and initial conditions. Several related issues, such as a possible func-
tional relation between average pore water velocity and apparent dispersion coefficient, and

an examination of the effect of sample number on parameter estimation are also presented.

A second purpose of this section involves the determination of the longitudinal dispersivity
of the pond sediment. Hydrodynamic dispersion is a key process that determines the fate of
contaminant plumes. At present, only a few tens of field tracer tests are reported in the litera-
ture involving the determination of field-scale dispersivities and only five were judged to be
of high reliability in a recent literature review that was performed on the subject (Gelhar et
al., 1985). Clearly, a need exists for the generation of reliable field-scale dispersivity data to
fill the present gap. Reliable data on field-scale hydraulic transport parameters are required
for the development of accurate models for predicting the transport of contaminants by
groundwater. With the performance of additional experiments in the field will come a better

understanding of the processes and mechanisms of flow and transport at the field scale, as
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‘well as more of a consensus as to what methods of measurement are most appropriate.
Numerous determinations have been made of dispersivity through the analysis of tracer
breakthrough in laboratory columns, yet dispersivities calculated in this manner are generally
felt to provide little insight to the field-scale values. Therefore, calculated dispersivities are
presented and a few potential correlations are examined with subsurface environmental

parameters, such as travel distance and pore water velocity.
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7. THEORY

7.1. Flow of Water

For isothermal, steady-state flow in an isotropic porous medium, the following empirical
equation, as later amended by Richards (1931) to include conditions of unsaturated flow, was

proposed by Henri Darcy (1856),
q=-K¥)-Vh (13)

where q is the soil water flux (L-T™"), K is the soil hydraulic conductivity (L-T"Y), h (L)
represents the hydraulic head (h = elevation head (z) + pressure head (¥)) and V is the stan-
dard differential operator. The equation states that @ is proportional to the spatial gradient of
hydraulic head, through a ’constant’ of proportionality, K, which for unsaturated soils, has
been found to be a strong function of the soil water matric potential, ¥. Only the elevation
and pressure components to the hydraulic head are included in these expressions. The com-
ponent due to gradients m solute concentration is small and for this study was neglected. In
deriving the differential equations governing soil water flow, the law of mass conservation,
or the continuity equation, is employed, which states that the net flow of water into and out
of an elemental volume must be balanced by a change in storage of fluid in that volume ele-

ment. Substituting Eq. (13) for q into the equation of continuity,

0 _ u.
™ =Vg a4)

where 0 is the volumetric water content and t (T) is time, yields what is often called the

Richard’'s Equation: '

® _v.[ReoyH 1)

which is valid for multi-dimensional flow in heterogeneous, anisotropic soil. This equation is

used most often in unsaturated soils. Considering only one dimension, z, reduces Eq. (15) to:

- a[’“‘*”] (16)
0z

98 _ 9
at oz

' ¥
[ KCH 0z
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The dependence of K on the soil water matric potential,“l’, makes this equation highly non-
linear and therefore analytical solutions to Eq. (16) are not available except for highly-
idealized problems involving simple initial and boundary conditions. For a fully-saturated,
isotropic soil, K is no longer a function of matric potential or space and Eq. (16) further

simplifies to the diffusion equation:

o°h S oh
S Xy a7n

which is a linear differential equation. S, (L") is the specific storage or the volume of fluid
released for an elemental volume per unit change in hydraulic head. Eq. (17) is a differential
equation governing the transient movement of subsurface fluids in one-dimension without

source/sink terms.

Alternately, the goveming equation can be expressed in terms of an integral equation
(Narasimhan and Witherspoon, 1977) which expresses the conservation of fluid mass in an
elemental volume. For a volume element, the equation of mass balan'ce can be written as the
algebraic sum of fluxes entering and exiting the system. Dividing the element into L seg-

ments, and denoting T, to be the outer normal to the surface segment 1, we write

L

- YpAdh (18)

1

where dI is the surface area of the segment and py is the fluid density. The quantity @, 'mdI;
represents the rate of fluid flux across the surface segment. Setting Eq. (18) equal to the rate

at which fluid mass, My, is accumulating in the volume element we have:
1

L ’ AM,
%:p@ﬁ-ﬁldn = At"‘ (19)

Substituting the Darcy expression for T,
T = —K[Vz+V¥] (20)

and letting the number of segments L—e0 and the time interval At—0, we may write the con-

tinuity equation in integral form:
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[PKIVZ+V¥ITT = M, Jiidif- @1

where M., the fluid mass capacity, represents the change in fluid mass in the volume ele-
ment due to a unit change in the value of ¥, and is defined as,

_ AMg _ A(OV)

M., = 22
T AW AV (22)

The differential equation Eq. (17) which is expressed with reference to an infinitesimal
volume can be derived from the integral form by dividing Eq. (21) by the bulk volume, Vy;

and letting V,1—0.

The application of Eq. (21) in numerical models involves dividing the flow regime into a
grid of elemental volumes and applying in a systematic manner to each element the law of
mass conservation in the form of the integral equation. The complete formulation includes
boundary elements, source/sink terms and is subject to boundary/mitiai conditions through
which the system interacts with the outside world. The resulting set of equations is assem-
bled into a matrix which then must be solved by one of many available matrix sdlun’on

methods.

7.2. Solute Transport

The transport of solutes in soil is in response to the advective movement of the fluid stream,
and to molecular diffusion. Mechanical dispersion, a mixing process similar in effect to
diffusion, results from spatial variations in advection. For saturated systems, the mass of
solute flowing through a unit cross-sectional area of soil per unit time due to the advective

process can be represented by:
I, =qC =v¢C (23)

where ¥ is the average pore water velocity (L-T™Y), ¢ is the porosity, and C is the solute
concentration (M solute-M™! fluid). The mass flux per unit time due to diffusion only across

a unit cross-sectional area can be described in the following manner by Fick’s first law:

Jp =-DVC 24)
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where D, (L2-T' l) is the effective coefficient of molecular diffusion. D, = 1D,, where D, is
the coefficient of molecular diffusion of the solute in pure water, and T is a dimensionless
property of the porous medium that includes effects of tortuosity in the flow paths. Experi-

mental results have found it to vary between .5 and .01 (Freeze and Cherry, 1979).

Due to variations in fluid velocity, the advective term .creates a dispersion of the solute. In
some cases dispersion has been found to conform, in an empirical sense, to an equation of -
the same form as that of diffusion, but which is the result of entirely different processes
occurring at different scales. The mass flux of solute crossirig a unit cross-sectional area per

unit time J,, is generally described in an analogous manner with diffusion:
I = =D VT (25)

where D, is the coefficient of mechanical dispersion L2TY). The effect of dispersion
appears mechanistically similar to diffusion but the processes are not related. Dispersion
results from the hetemgeneou§ nature of soil water flow including velocity variations within
individual pores, variably distributed pore sizes, and the tortuous nature of flow paths. The
fact that the two processes can be described by similar equations has led researchers to lump
them together additively in mathematical treatments and to consider them as if they were one
mechanism. This leads to the use of a single coefficient, the apparent dispersion coefficient,

Dy, that incorporates both effective molecular diffusion (D) and mechanical mixing (D),
Dy, = D.+Dp, 26)
Eq. (24) can then be restated as:

J, = -DoVC Q7

Combining Eq. (23) and (27) with the governing differential equation of fluid flow Eq. (17),
yields the following form of the advection-dispersion equation for transient, one-dimensional
solute transport in fully-saturated, homogeneous, isotropic media:

ac _a[p ac _
ot oz [Dh 0z vC} 28)
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The solution to Eq. (28) provides solute concentration as a function of space and time. Many
analytical solutions are available for problems involving simple geometries, well-defined
initial/boundary conditions, and steady flow. The application of Eq. (28) to problems of prac-
tical interest has been investigated by various researchers and the equation has been
thoroughly tested in the laboratory under conditions of steady-state and transient water flow.
The work of Danckwerts (1953), Day (1956), and Nielsen and Biggar (1961,62) demon-
strated the utility of the physically-based model in columns of uniform glass beads, clean
sands, and sieved loams. In aggregated soils, the use of Eq. (28) has also been justified in
the work of Passioura (1971), Rao et al. (1976, 1980), and Nkedi-Kizza et al. (1983). Its
application, though, has often required a schling-up of the relatively small dispersion

coefficients measured in the lab to larger values observed from field-scale experiments.

In highly-structured soils or unsaturated soils, the use of Eq. (28) has been iess successful,
and evidence from a number of researchers (Biggar and Nielsen, 1962; Green et al., 1972;
Gupta et al., 1973 and Rao et al., 1974) suggests that the application of a physically-based
model may be inappropriate for describing the movement of water and solutes at large field
sites exhibiting a high degree of spatial heterogeneity with regard to fluid flow and transport
properties. Several new approaches have been developed in an effort to try and cope with the
extreme lateral and vertical variability in soil water hydraulic properties and with the concem
that the advection-dispersion equation is an inappropriate approximation to solute transport
description in the field. Coats and Smith (1964), van Genuchten and Wierenga (1976), and
Wierenga (1982), partition the soil water into mobile and immobile phases. Solute movement
between the two phases is purely by diffusion while transport in the mobile phase is by a.

more conventional deterministic process.

Most of the alternate approaches use stochastic methods to describe the inherent statistical
distributions of the pertinent properties. Variations in velocity are explicitly included to
account for solute spreading rather than the use of large dispersion coefficients. Jury (1982)

proposes the use of a transfer function for simulating solute transport under field conditions,
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beginning with the assumption that soils are so spatially variable as to make any representa-
tive measurement of soil water hydraulic properties impossible. Solute dispersion is ascribed
to spatially-varying, log-normally distributed pore water velocities without any reference to
physical mechanisms that contribute to the velocity variations. Measurements are made of
the distribution of travel times to a particular depth, and then using this distribution it is pos-
sible to estimate the solute concentrations at any depth. A possible weakness of this model is
that it assumes the measured dism'bi;tion of travel times, made at one particular depth, is

representative of all depths over which it is applied.

Scaling theory (Peck et al., 1977, Warrick and Amoozegar-Fard, 1979 and Dagan and
Bresler, 1979) is another newly proposed approximate procedure that incorporates a descrip-
tion of the variable nature of soil water properties but that still retains deterministic con-
siderations as well. Dispersion on the macroscopic scale is considered to be a process related
. to the spatial variability of the hydraulic conductivity and other water and solute transport
characteristics. A standard set of measurements is made at one point in a field, allowing for
the determination of a distribution of transport parameters. Different regions of the field are
related to each through a characteristic scaling factor, or length factor. Knowledge of the
scaling factor distribution é.llows for the calculation of laterally-variable water and solute
movement through a series or bundle of vertical, parallel, non-interacting flow regions each
with its own set of independent flow and transport parameters. Simulation results are then

averaged to determine mean field behavior.

In this study, rather than attempting to verify or compare particular 'models, a deterministic
approach is taken in an attempt to make local measurements of flow and solute transport pro-
perties and to gain an understanding of the type of statistical variability that exists in the
Kesterson soils. In many field situations, however, as in this study, initial and boundary con-
ditions are such that analytical solutions to the advection-dispersion equation are not avail-
able. For problems of this type and for others where the geometry of the flow regime is

arbitrary and where heterogeneity and anisotropy are to be dealt with, numerical approaches
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are often required. One such approach is suggested in alternately expressing Eq. (28) in an
integral form, as in the case of fluid flow, where the consewaﬁon of fluid and solute mass
are applied to an elemental volume. This is the method found in CHAMP (Narasimhan et
al., 1985), the numerical code that has been used throughout this study for the analysis of the
solute transport problem. For an arbitrary volume element V, which is fully enclosed by the
closed surface I'y, the equation of mass balance can be written as the sum of fluxes entering
and exiting the system. Dividing the element into L segments, we write for non-reactive

fully-saturated solute transport:

L L ACy
—Zdﬁc AF+Z¢DhVCﬁV ATl = VW-—At— 29)
1 1

where ¢ is porosity, and V, is the volume of water in the element. This formulation
assumes that the flow problem has already been solved. The basic philosophy of this pro-
cedure was demonstrated in Narasimhan and Witherspoon (1977) in a numerical code
TRUST for the solution of saturated-unsaturated flow problems in deformable porous media.
CHAMP has been developed directly from this code to include the transport of solutes and
incorporates the same basic calculational model and solution method. A mixed explicit-
implicit iterative scheme is used for matrix solution. This manner of mathematically describ-
ing the fluid flow and solute transport processes possesses considerable utility with the
advent in recent years of fast, inexpensive digital computers that allow for the performance
of the intensely repetitious calculations. The primary advantage lies in the ability to solve
problems of arbitrary shape and boundary conditions for which closed-form or analytic solu-

tions are not available, in other words, for most problems of practical interest.
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8. MODELING METHODOLOGY

8.1. Model Verification

Prior to the modeling effort, an attempt was made to verify that intemally CHAMP was
functioning correctly and consistently by applying it in simple problems for which closed-
form solutions exist. Numerous well known solutions are available in the literature to the
one-dimensional form of the advection-dispersion equation. For steady flow in a homogene-
ous, iSotropic, fully-saturated porous medium, with no ﬁroducu‘on or decay, and with linear

adsorption, the following equation applies:

ac _

_p.3C _
ot

¢

R 0z? oz

D, (30)

where Dy, is the apparent dispersion coefficient in the longitudinal direction, z, R is the retar-
dation factor, and the other terms are defined above. Based on the following boundary and
initial conditions,

Cz,0)=C;

con=C, O<tst,

=0 t>t,
C, . _
az(m9t)_0

a solution to Eq. (30) is (Lapidus and Amundson, 1952; Ogata and Banks, 1961):
Cz =G+ (C, - Cy Az (31
=G + (G, - G Az)) - C, Az t—t,)
where,

Rz — vt
2(D,Rp)*

Rz + vt

Azl) = Y erfc -
2(DyRY)

+ 14 exp(vz/Dy) erfc

The Peclet number is a measure of the relative magnitude of advective solute fluxes to those
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due to dispersion. In numerical modeling of solute transport, knowledge of its value is
important in determining the degree to which the numerical procedure itself is introducing
error into the solute transport calculations. In the determination of the advective solute
fluxes, an estimate of concentration is required at the interface of element surfaces. Concen-
tration values are associated with nodal points, therefore the interface concentration is deter-
mined by linearly interpolating between nodal points. In advectivelly dominated systems,
where the advancing solute front may be sharply defined , this approximation can be
significantly in error. The propogation of this error is often called numerical dispersion. If
hydrodynamic dispersion is already present in the system, the error introduced may be small,
and it may be possible to be convinced that the error is not significant. Therefore, the Peclet
number is defined as a means of determining if a system can be-considered to be advectivelly
dominated. For the purposes of CHAMP, the Peclet number for the element, 1, is defined as
the sum of upstream advectances, F, divided by the element’s total chemical conductance, Y:

upstream ’
Z Flm
m
1
ZYl,m
m

Pe, = (32)

m AT,
= prKl,md_m'
1 1.m

where py is fluid density, AT, is the surface area of the interface between elements 1 and m,

and d,, represents the distance between nodal points. For one-dimensional flow, Eq. (32)

1

reduces to:

Pe = %y Az (33)

The common practice in numerical studies involving solute transport is to be concemed with

numerical dispersion only if Pe;2 2.

Solute breakthrough curves have been calculated based on the solution to Eq. (30) and from
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application of the code, CHAMP, and are plotted in Figure 8.1 for two values of the Pe,,
.025 and 2.5. We see that for the two depths, CHAMP appears to be providing the correct
solution, and that even for the larger Pe; the deviation from the exact soluﬁon is small. Pe
values for the history-matching cases run in this study have been calculated and are presented

in Table 6.

8.2. Method and Assumptions

The ability of the deterministic model to history-match observed transport during the resa-
turation period in this and similar experiments is in all likelihood extremely limited, partly
due to limitations of the model and partly due to manner in which the experiment was per-
formed. The deterministic model can be extremely valuable, however, in theoretical studies
where the effects of hypothetical properties or conditions wish to be analyzed in idealized
settings. Immediately following the flooding event, conditions were highly transient with the
occurrence of preferential flow and bypass of the soil matrix, resaturation, chloride dissolu-
tion and subsequent redistribution throughout the soil profile. The three-dimensional network
of soil macropores, including dessication cracks, root holes, worm holes, etc is probably
beyond description and yet it is of primary importance in the spatial and temporal response
of solutes. Solute movement was occurring at a rate greater than that which could havé been
resolved in space or time by the frequency of soil water sampling carried out in this experi-
ment. In a practical vein, the rapid pore water velocities in soil fractures and the highly tran-
sient nature of this type of problem incur serious difficulties of stability and accuracy in the
numerical solution of the flow and transport equations which also happen to be non-linear.
Boundary and initial conditions would have been extremely difficult to define without an
unreasonable degree of instrumentation and complexity. The water application rate and the
initial rate of chloride mobilization were essentially unquantifiable. Therefore, no attempt
was made to model this early period of partially-satu'rated flow. The modeling effort begins
several days after flooding, after fully water saturated conditions were established. It was
felt that during this time the data that had been collected were suited to a successful model-

ing effort. Boundary conditions of fluid potential and concentration had been directly
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Comparison of the computer code CHAMP with an analytical solution for 1-

dimensional fully-saturated solute transport. Cases are run for two values of
the Peclet number - .25 and 2.5.
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measured, knowledge of unsaturated hydraulic conductivities was not required, and the sam-

pling intervals had been sufficient to adequately resolve the movement of the solute.

Chloride concentrations and fluid potentials were monitored at each of the plots from the
ﬁond surface to a depth of approximately 2.75 m (9 ft). A one-dimensional grid of 55 5 cm
(1.97 in) thick elements was constructed to discretize the 2.75 m flow region. The top ele-
ment represented the ground surface, and the bottom element coincided with the mid-point of
the shallow well screened interval. For site UZ-1, the shallowest well was screened from 3.0
to 4.6 m (10 to 15 ft), thereby extending the grid to 76 elements and a depth of 3.80 m (12.5
ft). For the upper boundary, measured pond water depths served as a prescribed potential
boundary while measured chloride concentrations provided a prescribed concentration boun-
dary condition. For the bottom boundary, in a similar manner, hydraulic head values meas-
ured in monitoring wells were input directly as the potential condition and observed chloride
concentrations in groundwater served as the concentration boundary condition. The complete
listing of concentration and potential boundary conditions used at each of the five sites is

included in Figures 8.2 to 8.11.

At each site, an instant T, some few days after flooding was chosen to be the time from
which history-matching of solute breakthrough would begin. T,, depending on the site,
ranged from 4 to 19 days after flooding. The solute concentration profile measured at each
site at this time was utilized as the initial concentration for the site grids (Figures 8.7 to
8.11). For initial chloride concentrations of elements located between soil water sampler
depths, values were chosen by a simple linear interpolation between 'concentrations observed
in soil water samplers directly above and below them in depth. For the fluid potential initial
condition, a linear interpolation between the potentials méasured at the surface and in the

shallow well at T, was used.

It is important to mention several key assumptions that were made in the analytical procedure

and possible resulting limitations.
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Figure 8.2  Fluid potential and chloride concentration boundary conditions used in the

modeling effort at site UZ-1. Pond water data was applied to the upper boun-
dary and the data from shallow groundwater monitoring wells was applied to

the bottom boundary.
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Fluid potential and chloride concentration boundary conditions used in the
modeling effort at site UZ-3.
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Fluid potential and chloride concentration boundary conditions used in the
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Fluid potential and chloride concentration boundary conditions used in the
modeling effort at site UZ-6.



-151-

0.8 UZ-8 Fluid Potential Boundary Conditions :
ON o6 F b ....... ......... ......... .............................
I 0 S Lo
.4 _../ .—r—_--.-.f.\. ......... R R R ERT R
: : i S
E. 02 F it ++++/+\+\,+_._./+ .........
O ' /"—:'*" ! +\
= 0 T —
..g 02 F b ...........
_8' _0'4 e v d Legend
S 06 b + 2.44-3.05 m wall
- + pond wate
_0.8 T R A - e—..__ —‘—. :
-1 L i i i i i i L
0 S50 100 150 200 250 300 350 400 450
time, days
8 . . . . . . : :
UZ-8 Concentration Boundary Conditions :
7 - .. R e e PRI e [P [ .........
6 b Legend | ... S
" + 2.44-3.05 m well :
é 5 Lo . g?nd wo??r ........ .........
9 4 ; ;
P : %
o, 3 : :
— : :
2 : .
!
o + I { | | | ' !
0 S0 100 150 200 250 300 350 400 450
time, days
Figure 8.6 Fluid potential and chloride concentration boundary conditions used in the

modeling effort at site UZ-8.
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Figure 8.9 Initial conditions of fluid potential and chloride concentration measured at site

UZ-S and applied in the modeling effort.
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Initial conditions of fluid potential and chloride concentration measured at
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(1) The flow regime was modeled as a fully-saturated medium. As is discussed in Section
5.1, actual saturation at T, may have been slightly less than this due to the presence of
entrapped air, however, tensiometer data collected during the experiment, and modeling
of the infiltration process indicated that it was very likely that by this time the soils were

at least 90-95% saturated.

(2) It was assumed that the dissoluﬁon of chloride was complete at the commencement of
modeling, i.e. that ihere was no chloride source within the flow region during the model-
ing time frame. This issue has been discussed previously in this report. The reader is

referred to Section 5.1 for a more complete discussion.

(3) Chloride measurements were assumed to provide representative estimates of average con-
ditions at the particular depth or location from which they were collected, i.e. pond water
and well water samples were considered to adequately define the upper and lower boun-
dary conditions, and that chloride levels measured in soil water samplers were indicative

of processes and transport occurring in the interval adjacent to the soil water sampler.

(4) The chloride profile used as the initial condition was constructed from soil water samples
collected laterally throughout each plot. Due to the extreme lateral variability ;hat is often
evidenced in soils, these conditions used may not have been representative of initial con-
ditions throughout the test plot. The extent to which uncertainty in the initial conditions
would affect interpretation of results is a function of the degree to which lateral hetero-
geneity is exhibited in the solute profiles. Sensitivity studies have been performed to

address this issue and are included in Appendix I.

(5) The modeling was performed assuming one-dimensional vertical QOw. A two-dimensional
effort would have lead to an unwarranted degree of complexity. With the addition of a
large number of variables and parameters, a highly arbitrary history-matching procedure
would have resulted. However, the large spatial variations in soil hydraulic parameters
that have often been observed in soils, can lead to possible 2- and 3-dimensional flow
effects which have been neglected in this study. An attempt has been made, the results of
which are included in Appendix I, to evaluate for some simple forms of soil hetero-

geneity, the extent to which water may flow laterally during infiltration.
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In modeling performéd at a particular site, one site-specific set of boundary and initial condi-
tions was applied to the eight individual locations, however, history-matching of the chloride
concentration was performed separately at each soil water sampler (at each depth) as if it
possessed its own set of parameters representing a vertical, independent, non-interacting flow
region. No attempt was made to match - chloride concentration profiles during the -
experiment.The results therefore represent spot measurements of properties at discrete points
where each parameter is an effective value over the entire 2.75 m (9 ft) soil column.
History-matching involved making numerous iterative runs of CHAMP and systematically
varying the parameters, permeability, &k L), and apparent dispersion coefficient, Dy, in an
attempt to produce the best possible match, determined visually, to the observed data. The
parameters were applied uniformly over the grid, and a constant porosity of .45, based on an
average value obtained from laboratory measurements, was assumed for all the sites. The
final results of the history-matching at the 40 locations, produced with the best possible com-

bination of parameters, are presented in Figures 8.12 to 8.31.

It was often possible, based purely on the closeness of the two curves, for a range of param-
eter values to match the data almost equally well. This range at times was confined to less
than one order of magnitude, however, at times this degree of variénce was exceeded. In Fig-
ures 8.32 to 8.39, for all 8 soil water samplers at one site (UZ-3), is illustrated the relative
effect of property variations on model output, and we see that it is possible to subjectively
determine a range of possible values of & | and D, that could result in potentially good
matches. Good matches, however, could often be made with the choice of physically unreal-
istic combinations of parameters or the choice of values that were considered unlikely based
on previous measurements made in the laboratory and at Kesterson. The purely visual deter-
mination lacks any degree of physical appreciation of what is possible and what is reason-
able. An element of discretion was therefore introduced into the history-matching procedure
by systematically constraining D, and k. Dispersion coefficients were adjusted so as to result
in dispersivity values that were consistent with the scale of the experiment and which were

within range of values reported elsewhere in the literature. Permeabilities were chosen with
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Figure 8.12 The results of the history-matching. Open triangles represent the observed
data while the dashed line is model output.
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Figure 8.13 The results of the history-matching. Open triangles represent the observed
data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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Figure 8.16 The results of the history-matching. Open triangles represent the observed
data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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Figure 8.18 The results of the history-matching. Open triangles represent the observed
' data while the dashed line is model output. -
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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Figure 8.21 The results of the history-matching. Open triangles represent the observed
data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.



[Cl], kg/m’
N (N & O OO0 N 00 W

[C1], kg/m’
N v & O OO0 N 0 0

Figure 8.23

o

—

—t
o

-—

®

I UZ=5 oooveeee- l .............. Dh =.6 x107° mz/s ..........
- 107 m- I ............. k=125 x10""*m* e
e, Lo U SOOI SOV
el . T

: a .AAQKJFA?-__"“i:———w---—-_.

| : et °

N I S
N TR T N
| Hosding—md T — S

i ‘ i j i
0 50 100 150 200 250 300

Time, days

; & ; - ;
L. uz_sl ............ I ...... U .Dh = .1x 10°°* m‘/s' ............
L1222 M l .............. Kk=.1x10""m?
L N . o o
A e AAI ..........................................................
T 8 | s = .-

: I 4 a 2 a a
i I T I S
o I T S A
L ,,o;,d,,,g_,! ........... L T SR

.: — ; k
0 S0 100 150 200 250 300

Time, days

-170-

The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed
data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the dashed line is model output.
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The results of the history-matching. Open triangles represent the observed

data while the

dashed line is model output.
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Figure 8.35 The relative effect of property variations in model output for the 0.61 m soil

water sampler location at UZ-3.
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Figure 8.36 The relative effect of property variations in model output for the 0.76 m soil
water sampler location at UZ-3.
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The relative effect of property variations in model output for the 0.91 m soil
water sampler location at UZ-3.
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The relative effect of property variations in model output for the 1.07 m soil
water sampler location at UZ-3.
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The relative effect of property variations in model output for the 1.22 m soil
water sampler location at UZ-3.
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the aid of in situ hydraulic conductivity measurements made at each site by Guelph per-
meameter. An attempt was made to minimize the magnitude of the dispersivity while main-
taining the goodness-of-fit. This addition of judgement and utilization of existing data
improved the uniqueness of the curve fits and allowed for results into which a much higher

degree of confidence could be placed.

In the form that was available, CHAMP did not explicitly evaluate the dispersive fluxes
.separately from those due purely to molecular diffusion, but rather treated them together
through one lumped parameter, the apparent dispersion coefficient, Dy. Therefore, dispersivi-
ties (o) were calculated assuming a linear relationship between Dy, and v on the basis of the
following expression, which is discussed in a later section: |

(Dh - De)

v

where the effective coefficient of molecular diffusion was taken to be 1 x 107! m%s. This -
comresponds to T = .01. Since the average pore water velocity was not constant over the
course of the experiment, due to the variable nature of the fluid potential boundary condi-
tions, ‘an effective average pore water velocity, ¥, which represents an integréted average
value over time of the linear pore veiocity, was used in Eq. (34). This results in an approxi-
mation to the actual oy. In Figure 8.40, measured gradients across the study zone are f)lotted
vs time for each site. Since the gradient is linearly related to pore water velocity, this figure
provides an indication of the degree to which pore water velocity may have varied
throughout time. From the figure, it appears that the actual variation of pore water velocity
|

was = £100% of ¥, at each site during the course of the experiment. Dy, was treated as a

constant, even though in reality it may have varied.

It should be noted that throughout this section, the parameter kK or intrinsic permeability is
used to describe the conductance property of the porous medium. & is a property only of the
porous medium and has dimensions of L? while the more commonly used expression K or

hydraulic conductivity (L'T"Y) is a function of the fluid as well as the medium. In systems
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where more than one fluid phase is present the use of k has obvious advantages, and it is
widely used in the petroleum industry. In saturated systems the choice is purely arbitrary,
and if we remember that

kpsg
m

K= (35)

where p; is the fluid density (M-L™3), g the acceleration of gravity (L-T?), and p is the fluid
viscosity (M-L~1-T™1), all of which can be taken as constants for practical purposes, then the

conversion is easily made by K (m/s) = 107k (m?).
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9. RESULTS AND DISCUSSION

9.1. k£ and Dh

A summary of properties determined in the modeling effort is presented in Table 6 including
values of k, Dy, v, and ¢y. The arithmetic mean average pore water velocity of all 40 loca-
tions is 1.13 m/yr (3.7 ft/yr) varying from a low, based on plot averages of .3 m/yr (1 ft/yr)
to 3.11 m/yr (10.2 ft/yr). For k an arithmetic mean value of 2.6 x 107 m? is calculated.
This value of & corresponds to a saturated hydraulic conductivity of 8 m/yr (26 ft/yr). Aver-
age k values calculated in this manner at each sitg are within ‘an order of magnitude, both
above and below, of in situ k measurements made by Guelph permeameter prior to flooding
(Lawrence Berkeley Laboratory, 1986c p. 32) and are within rahge of a series of ring

infiltrometer measurements made by Luthin (1966).
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____ Table 6. Summary of Parameters Determined
Site {|Depth, m | pore water velocity, m/s k,m* In(k) Dh,mzls In(Dy) | oy,m | Pey
UzZ-1|| 0.15 0.186 x 10~/ 1.1 x 107% [-32.1410.50 x 10~ [-21.42[0.03 | 0.93
0.30 0.506 x 1077 3.0x 107 |-31.14(2.50 x 107 | -21.42{0.05 | 0.51
046 0.169 x 1078 10.0 x 1074 1-29.93|1.00 x 10 | -20.72 {0.01 | 4.23
0.61 0.843 x 107° 0.5x 107™* {-32.93/0.50 x 107 {-2142(0.06 | 042
0.76 0413 x 107 0.025 x 1074 |-35.93 {0.01 x 16~ {-25.33 | 0.001 | 1.03
091 0.338 x 107® 02x 10 |-33.85|0.20 x 1072 (-22.33 |0.06 | 0.42
1.07 0.169 x 107% 0.1x 107 [-34.54/0.10 x 1072 {-23.03|0.05 | 0.42
1.22 0.338 x 107 0.2x 107" [-34.5410.20 x 107°|-21.42|0.06 | 0.42
UzZ-3{ 0.5 0.241 x 10~/ 0.70 x 10714 |-32.59 [ 2.0 x 107 |-20.03 [0.08 | 0.30
0.30 0.138 x 1077 0.40 x 1074 |-33.15| 0.5 x 107 |-21.42|0.04 | 0.69
0.46 0.138 x 1077 040 x 1074 [-33.15| 2.0 x 10 |-20.03|0.14 | 0.17
0.61 0.863 x 107~° 0.025 x 1074 1-3593 { 0.1 x 107 [-23.03/0.10 | 0.22
0.76 0.207 x.1077 0.60 x 107 {-32.75| 4.0x 10 |-19.34|0.19 | 0.13
091 0.259 x 1077 0.75 x 10714 [-32.52| 2.5x 107 {-19.81 |0.10 | 0.26
1.07 0.345 x 1077 1.00 x 10714 {-32.24| 8.0 x 107 |-18.64 [0.23 | 0.11
122 0.259 x 1077 0.75 x 10714 | -32.52| 9.0 x 107 |-18.53 (0.35 | 0.07
UZ-5( 0.15 0.177 x 10~ 1.00 x 1074 [-32.24 {0.75 x 10~ [ -21.01 | 0.04 | 0.59
0.30 0.160 x 10°7 0.90 x 1074 |-32.34{0.90 x 107 |-20.83 {0.06 | 0.44
0.46 0.177 x 1077 1.00 x 107*4 |-32.24 | 1.20 x 107} -20.54 | 0.07 | 0.37
0.61 0.532 x 1072 0.30 x 1074 {-33.44{0.10 x 102 [ -23.03 | 0.02 | 1.33
0.76 0.222 x 1077 1.25 x 1074 |-32.01|1.00 x 10| -20.72 [ 0.05 | 0.55
091 0.479 x 1077 2.70 x 1074 | -31.24 ] 1.30 x 107 | -20.46 | 0.03 | 0.92
1.07 0.222 x 1077 1.25 x 10714 |-32.01 | 0.60 x 10 | -21.23 [ 0.03 | 0.92
1.22 0.177 x 1078 0.10 x 1074 [-34.54 | 0.10 x 107° | -23.03 [ 0.05 | 0.44
uz-6| 0.15 0.561 x 107° 2.5x 107 [-31.32] 0.8 x 10~ [-20.95{0.14 | 0.18
0.30 0.225 x 1077 100 x 1074 [-2993| 3.3 x 107 |-19.53|0.15 | 0.17
0.46 0.224 x 1077 10.0 x 107 [-29.93]10.0 x 10 | -18.42]0.44 | 0.06
0.61 0.168 x 1077 7.5x 107 |-3022| 8.0x 10 [-18.64 |047 | 0.05
0.76 0.112x 1078 0.5x 107 {-3293]| 0.5x 10 |-21.42|044 | 0.06
091 0.225 x 1078 1.0x 107 [-3224 | 1.0x 107 |-20.720.44 | 0.06
1.07 0.202 x 1078 09 x 107 |-3234| 1.0x 107 |-20.72|049 | 0.05
122 0.225 x 10°% 1.0x 107 {-3224] 1.0x 107 |-20.72]0.44 | 0.06
UzZ-8| 0.15 0376 x 1077 2.x 1074 ]-31.54( 3.0x 10™ [-19.62]0.08 | 0.31
0.30 0.940 x 1077 5.x 100 {-30.63[15.0 x 10 [-18.01 {0.16 | 0.16
0.46 0.244 x 1076 13.x 107 |-29.67|30.0 x 10°|-17.32(0.12 | 0.20
0.61 0.564 x 1077 3.x 107 [-31.14110.0 x 10 |-18.42|0.18 | 0.14
0.76 0.376 x 1077 2.x 10714 |-31.54] 8.0x 107° |-18.64 [0.21 | 0.12
0.91 0.940 x 1077 5.x 100%  1-30.63/10.0 x 107 {-1842{0.11 | 0.23
1.07 0.376 x 1077 2.x 1071% |-31.5410.0 x 10°|-1842]0.27 | 0.09
1.22 0.188 x 1078 10. x 107 |-29.93 [40.0 x 10 |-17.03{0.21 | 0.12

A high degree of spatial variability is evident throughout the field. Permeabilities pond-wide

vary by nearly 3 orders of magnitude from a high of 10x 107 m? to a low of

.025 x 107" m? while apparent dispersion coefficients fluctuate similarly. Within plots,

heterogeneity is not as pronounced yet it is still exhibited to a significant extent. Values of &
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determined at site UZ-1 suggest that pore water velocities at one location in the plot are 100
times the pore water velocities at locations positioned just a meter laterally away. At other
}sites as well, one to nearly two orders of magnitude is a typical range over which £ and D,
are shown to vary. Because soil structure and pore geometry may exhibit a high degree of
spatial variability, even at the local scale, it is not unlikely that other parameters, such as k

and Dy, could also display such heterogeneity.

To determine the form of the population density function that best describes the distribution
of k and Dy, the method as presented in Warrick and Nielsen (1980), has been applied to the
data where fractile diagrams are generated based on the normal density function. The 40
values of k and Dy, are listed in ascending order from i = 1 to i = 40 and the cumulative dis-
tribution function, P(x), is calculated as i/40. Corresponding values of the probability units,
(x — p)o~!, where x represents the actual value of k and Dy, W is the.mean value of x, and ©
is the standard deviation, are then obtained from tabular values of the cumulative normal dis-
tribution. This procedure is also. performed in the same fashion using natural logarithms of x
where y and ¢ are now the mean and standard deviation of In(x). The linearity of the In(k)
and In(Dy) plots in Figure 9.1 demonstrates that a log-normal distribution best 'd.escribes the

variations of the two parameters.

In Figure 9.2 is shown the relative-frequency curves of In(k) and In(Dy) plotted with the
theoretical distribution based on fitting the 40 values of In(x) to the frequency density func-

tion for a normal distribution:

—(n(x)—4)2

N(x:i;0) = o\/lfr_:e 20 ' (36)

where |1 and ¢ are based on the set of values In(x). Data points plotted represent the number
of observations of In(x) that were obseived to fall within a certain class width. In Figure 9.3
we see histograms of the observed values of £ and D, with the theoretical relative-frequency
curve based on a log-normal distribution. The idealized distribution is an approximation and

does not exactly match the observed values. A chi-square goodness-of-fit test has been
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applied to both the & and D, distributions to determine the agreement between the observed
and the theoretical log-normal distribution. £ and D, both pass the test at the 5% significance
level suggesting that, from the basis of this test, there is no reason to reject the hypothesis of
a log-normally distributed population. It may be possible, however, to also consider other

distributions i.e. the Gamma distribution.

In a log-normal distribution the mean is defined as = e®*5), and the variance as
o2 = e©@*#)(e%~1) where p and G are based on the set In(x) (Biggar and Nielsen, 1976).
For k, we have a mean value of 3.2 x 1071* m? with a standard deviation of 9.14 x 107,
The arithmetic mean & calculated above is 20% lower than this value. For Dy, a mean value
of 6.41 x 10~° m¥’s is calculated with a standard deviation of 28.3 x 107, The coefficient of
variance (CV) is a parameter often ‘used as a measure of relative variability and is defined as:

Oy
CV = I 100% (37)
1 .

For £ and Dy, the CV values are both relatively high, 290% and 440% respectively, sugges-
tive of a large degree of variability. For comparison, CV values for some soil parameters, i.e.

bulk density, are often below 10% (Warrick and Nielsen, 1980).

In Figure 9.4, we see the effect of sample number on the measure of uncertainty by plotting
number of samples vs the 95% confidence interval for £ and Dy,. This analysis assumes a

measure of the sample mean and variance and can be calculated as,

o o .

o [%(n-l)fns s h =+ t%(n—l)?n G9)
where J) and ) are calculated as above. The expression, tgsp-1), refers to the t distribution
with n-1 degrees of freedom at the 1-a confidence interval. The figure indicates that to
obtain an estimate of k£ within an order of magnitude of the true mean, 10 soil water
samplers would be required, within £100% 50 samplers would be needed; 150 measurements
would estimate £ within £50% of its true value. A similar calculation performed on Dy, indi-

cates that 20 samplers would yield an estimate within an order of magnitude, 100 would be
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required to be within £100% and 350 samplers would produce an estimate within +50% of

the true mean.

The significance of variability cannot be overlooked in the prediction of solute fluxes at this
and other sites. In the data presented we have seen that fluid velocities can vary by orders of
magnitude within the confines of small field plots. The extent that this degree of hetero-
geneity extends deeper into the soil profile is not known, however, certainly an awareness
must exist in data collection and analysis that the heterogeneous soil profile is a composite of
numerous flow paths a large number of which have the ability to transmit solutes many times

more rapidly than the mean fluid velocity.

9.2. Longitudinal Dispersivities

Longitudinal dispersivities determined through the use of CHAMP are presented in Table 6.
They range from a low value of = .1 cm to 49 cm. Dispersivity values obtained from labora-
tory column experiments on undisturbed cores of unconsolidated material generally fall in the
range of .01 to 2 cm (Freeze and Cherry, 1979), considerably smaller than the values
reported here. This tendency has been reported elsewhere (Fried, 1975; Cherry et al., 1975;
Bredehoeft et al., 1976; Anderson, 1979 and Biggar and Nielsen, 1980) and can be attributed
to several factors. Field-scale heterogeneity is often on a scale greater that that which can be
conveniently included in a sample. Microscopic pore geometry variations, the type of hetero-
geneity that would be exhibited in a small sample, occur to such a completely random extent
as to make only a minimal contribution to dispersion, however, large scale textural variabil-
ity, layering, fingering, lateral discontinuities, and other types of majér field structural hetero-
geneities often lead to fluid velocities which become highly spatially variable. The greater
advective variability of the fluid stream in the field over that found in relatively small uni-
form laboratory samples will be exhibited in gre.ater apparent dispersivity. Also, diffusion
into immobile phases is not accounted for in deterministic treatments. This contribution to the
apparent dispersion coefficient may be small in laboratory columns, but in the field it may

account for the major portion of Dy, (Davidson et al., 1983).
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In Figures 9.5 to 9.7, we see values of dispersivity plotted vs depth (travel distance) at the
five monitoring sites. While the trend is not without exception, what is evident, is an increase
in dispersivity with increasing scale of observation. At the shallower depths, dispersivities
tend to be relatively smaller, while the largest values tend to be located at the deeper depths.
Scale dependent dispersivity is a result of processes similar to those discussed above, i.e soil
structural variability. As the scale of the observation.is increased, the likelihood is greater
that soil variability will be encountered. Also, greater travel distances allow for the effects of
soil variability to act for longer periods of time on the solute distribution, thereby leading to
a more dispersed solute plume. The trend towards increasing oy with increased travel distance
is consistent with other field observations (Gelhar et al., 1985). No co_rrelation was

observed, however, between o, and Dy, or v.

A functional relation between Dy, and v, the average pore water velocity, has been investi-
gated in the present study. Numerous investigators (Harleman and Rumer, 1962 and Biggar
and Nielsen, 1976) have studied the relationship between apparent dispersion coefficient, D,
average pore water velocity, v, molecular diffusion, D,, and other characteristics of porous

media and have suggested the following relationship
D, =D, + av" (39)

where alpha and n are constants to determined from data. Laboratory investigations indicate '
that for practical purposes n can be taken as unity, thereby reducing Eq. (39) to a linear

equation
Dh = TDO + alv ! (40)

where o is designated the longitudinal dispersivity (L).

In Figure 9.8, the 40 values of v are plotted vs Dy, and it appears that on the log-log axes

the relation is approximately linear, with the equation
In(Dy,) = 0.946 - In(v) — 3.29 41)

describing the observed relationship with a correlation coefficient of .81. Converting this
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Values of dispersivity plotted versus depth (travel distance) at sites UZ-5 and

UZ-6.
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equation back to the actual values of v and D, by applying the anti-log function to both

sides, the following equation is obtained
D, =.037 - v 42)

suggesting that in this soil the parameter n of Eq. (39) may indeed be taken as unity. Eq.
(34) is therefore a valid expression of the velocity dependence of the apparent dispersion
coefficient. The above equation suggests that .037 m is an effective or composite dispersivity
value for the Pond 1 soil based on the 40 values determined in the modeling effort. Biggar
and Nielsen (1976) also demonstrated an approximately linear correlation between Dy, and v,
however, the fluid velocities were one to two orders of magnitude greater than those in this
study. Kirda et al. (1973), in a study that involved chloride displacement through columns of
sieved and packed sandy loam observed that at pore water velocities less than
=1.7 x 10° m/s the apparent dispersion coefficients were no longer velocity dependent and
were essentially equal to the effective diffusion coefficient. Fluid velocities in the present
study were significantly below this limit, and yet a similar functional relationship with velo-
city is still demonstrated. The greater degree of soil structural heterogeneity present in the
field soil may help to explain this difference. It is also interesting to note that with only 40
samples in the present study (correlation coefficient of 0.81), the linear functional relationship
appears to be demonstrated equally well as in Biggar and Nielsen (1976) with 359 samples

(correlation coefficient of 0.79).

9.3. A Comparison of Part I and II Average Pore Water Velocities Determinations

The primary purpose in performing the numerical analysis of the chloride breakthrough data
originally was to provide supporting evidence for the estimates of average pore water velo-
city that were made with the relatively simple chloride mass balance procedure used in Part
I. In this section, average pore water velocities determined with the two methods are
presented and compared. Calculations of selenium immobilization that were first performed
in Section 5.2 have been repeated, based on a range of average pore water velocities that is
suggested by the comparison, in order to examine the sensitivity of the selenium immobiliza-

tion and discharge estimates to variations in fluid velocity.
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Prior to presenting the velocity comparison, it should be stated that the measurements are not
actually representative of identical sections of the soil profile. In the modeling procedure, 8
values of average pore water velocity were determined at each site. Each of these values
represents an integrated average of actual velocity variations that occurred due to changing
fluid potential boundary conditions. These 8 values must be combined in some manner into
one site-specific average pore velocity before any comparisons can be made. The values of
average pore water velocity determined at each soil water sampler location represent point
measurements effective over the entire 2.75 m column. The velocities are not associated with
a particular depth but rather with a particular areal position in a pond, a pond which is
characterized by spatially varying soil hydraulic properties. If the velocities (permeabilities)
were associated only with an individual layer, then the effective velocity would be calculated
based on a harmonic mean of the individual permeabilities as in Eq. (1). However, since the
velocities are associated with what more closely resembles a set of vertical, independent,
pon-imeracting flow regions, a simple arithmetic average is more appropriate in choosing one
site-specific fluid velocity. This manner of averaging ignores the indication of log-normally
distributed flow and transport parameters obtained earlier, and it assumes that the eight velo-
city values are sufficient to adequately characterize the mean value of the entire study block,
i.e. that each of the velocity estimates is suitably representative of the portion of study block

volume that it is associated with.

In addition, the chloride mass balance calculation was performed only over the 1.22 m (4 ft)
thick study block that corresponded to the depth over which soil water samplers were
installed, and therefore the pore water velocity estimates apply only to that region. The
modeling of chloride movement was performed over a section of the soil profile that extends
deeper - to a depth of 2.75 m (9 ft). This depth was chosen because of the presence of a
monitoring well that could be used as a lower fluid potential and cdncentration boundary
condition in the history-matching effort. Therefore, with the awareness that the quantities
compared are only approximately representative of the same vertical section of the soil

profile, Table 7 presents average pore water velocities determined at each site by the two
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methods.
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Table 7. A Comparison of Average Pore Water Velocities Determined in Parts I and II.

\Z \J +50% v,

Site Part II, Part I, % Av

' m/year
m/year m/year

UZ-1 1.01 1.9 47 0.95-2.85
UZ-3 0.63 0.64 -1.6 0.32-0.96
UZ-5 0.59 0.44 +34 0.22-0.66
UZ-6 0.3 .76 -60.5 0.38-1.14
UZ-8 3.11 4.1 -24 2.05-6.15

average =33

In the table above it is shown that the numerical code has independently resulted in average
pore water velocity estimates that are reasonably similar to the estimates obtained in the
chloride mass b‘alance calculation. Site UZ-8 was shown in both estimates to cleérly possess
the largest pore water velocity, and site UZ-1 was determined in both methods to have the
second highest. At UZ-3, the fluid velocities were nearly identical in the two procedure;s, and
at UZ-5 the difference was only 34%. UZ-6 demonstrated the largest difference in the two
methods on a percentage basis (60.5%), however, this difference still was less than 100%.
This degree of agreement is considered quite close, and it is taken as an indicator of the vali-

dity of the fluid velocity estimates obtained in the chloride mass balance procedure in Part I.

In order to examine the effect on the selenium immobilization estimates of uncertainty in the
fluid velocities, selenium immobilization calculations performed in Section 5.2 have been
repeated using a range of average pore water velocities at each site. In Table 7 above, we see
that the average difference between the two velocity estimates is approximately 33%. There-

fore, a range of velocities of £ 50% of the average pore water velocity determined in Part I
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has been chosen as an appropriate scale over which to examine the issue. In Table 8 is sum-
marized the effect of this variation on the immobilization and discharge quantities. As previ-
ously presented in Table 4, the quantities have been normalized to the initial selenium inven-

tories in the study blocks.

Table 8. The Effect of Average Pore Water Velocity Variations

on Selenium Immobilization Quantities

‘Immobilization/ | Immobilization/ | Immobilization/

Site Discharge Discharge Discharge

v ~50% v +50% v
UZ-1 75/33 83/16 72/49
UZ-3 91/5 9472 8977
UZ-5 94/1 94/.5 94.5/1.5
UZ-6 108/1.5 103/.7 11372
UZ-8 66/47 79124 57

The calculations shown in Table 8 indicate that the selenium immobilization estimates are
fairly insensitive to choices in the average pbre water velocity. The velocity range that was
applied in this calculation represents a three-fold difference in velocity between the minimum
and maximum values applied at each site. The difference was greatest at sites UZ-1 and UZ-
8 where the selenium concentration of water exiting the study block (the concentration
observed in the deepest soil water sampler) was appreciably different than that of water
entering the study block (pond water). The greatest difference in immobilization quantities
occurred at site UZ-8 where 57% and 79% of the initial selenium inventory was estimated to
have been removed from solution based on the upper and lower velocity values, respectively.
At site UZ-5, where the inflow and outflow concentrations were roughly equal, the variation

in velocity had virtually no effect. Therefore, it can be concluded that regardless of whether
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or not some degree of uncertainty exists in the pore water velocity estimates, an extensive
quantity of selenium immobilization definitely took place in the shallow pond sediments dur-

ing flooding.
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10. CONCLUSIONS

Observations from the Pond 1 experiment indicate that selenium can be geochemically con-
tained in pond bottom sediments vat Kesterson Reservoir through the maintenance of per-
manently ponded conditions. Even though selenium concentrations in soil water of near-
surface sediments were typically in the 1000’s of ppb prior to and immediately after flood-
ing, ponding with low-selenium water did not result in widespread adverse impacts on the
quality of shallow groundwater sampled in the 1.83 to 12.2 m (6 to 40 ft) depth interval.
Sélenium concentrations in groundwater remained low (< 20 ppb) at four of five monitored
sites. A comparative analysis of the temporal variation of dissolved selenium and a conserva-
tive solute, chloride, indicated that roughly 60 to 80% of the initial inventory of soluble
selenium was immobilized in the top 1.22 m (4 ft) of the soil profile within a month of pond
flooding, and over the total monitoring period of approximately 7 to 10 months, depending
on the site, immobilization ranged from 66 to 108% of the initial selenium inventory.
Selenium levels in soil water sampled from the 1.22 m thick study block, after an initial
increase after flooding, declined rapidly and continued to fall as long as the pond remained
flooded. Selenium concentrations in soil water at the wet sites in Pond 1 were low in com-
parison to areas in the Reservoir where, in general, the water table was below the ground
surface. Pond water concentrations approached target levels before the pond was allowed to
dry. Drying of the pond soils, however, resulted in a 1 to 2 order of magnitude increase in
selenium concentrations in near-surface soil water as levels returned to the pre-flooding con-

ditons.

Numericél analysis of chloride breakthrough data, in general, conf{nned the average pore
water velocity determinations that were arrived at in the mass balance calculations and pro-
vided some indication as to the uncertainty level which could be associated with the velocity
estimates. Sensitivity analysis of the effect of differences in velocity on the immobilization
calculations, however, revealed that estimates of the quantity of immobilized selenium were

fairly insensitive to even three-fold velocity variations.
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Several investigators have examined the effects of ponding on the geochemical state in soils
(Takai, 1956; Ponnamperuma, 1965; Yamane and Sato, 1968 and Gunnison et al., 1985)
and have concluded that soil reduction is the single most important and fundamental chemi-
cal change brought about by flooding. Rapid geochemical and biological changes in an ini-
tially well-aerated soil involve the depletion of oxygen in the soil by aerobic microorganisms
and the subsequent establishment of an anaerobic and thereby reducing geochemical environ-
ment. Anaerobes utilize various electron receptors as alternates to oxygén (nitrate, man-
ganese, ferric iron, sulfate, carbon dioxide, selenate?) in a thermodynamically determined
step-wise manner for the Qxidation of organic matter. The solubility depehdence of selenium
to oxidation-reduction potential has been examined by several investigators (Lakin, 1961;
Geering et al., 1968; Weres et al., 1985 and Elrashidi et al., 1987). An important result of
these investigations has been the determination that under conditions of high redox, selenate
is the dominant species in solution, whereas under conditions of moderate to low redox,
more reduced species persist which have lower solubilities. These reduced forms include
selenite, selenide, and elemental selenium. Eh measurements made in this study, while only
qualitative in nature, indicate nonetheless that reduction of the shallow sediment region
occurred quickly upon submergence with water. The Eh of the soil dropped by roughly 200
mYV within several days of flooding. Measurements also indicated the Eh status of the soil to
be highly spatially variable during the early days and weeks following flooding and that both
oxidizing and reducing zones existed together. The measured Eh decline occurred over
roughly the same length of time as the immobilization of selenium which was observed dur-
ing a previous flooding episode. Data collected by others on the relationship between
selenium occurrence and Eh suggest that the magnitude of the Eh 'decline may have been
sufficient to result in selenium removal from solution. This conclusion, however, must
remain essentially speculative and qualitative based on the nature of the Eh measurement and
a lack of a more quantitative association between the two occurrences. Nonetheless, data
presented here, indicating selenium immobilization and the reduction of the soil environment,
are consistent with descriptions presented in the literature of the geochemical behavior of

selenium and lend support to a system model whereby rapidly developing reducing
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conditions in the newly flooded soils lead to the microbially mediated reduction of selenate

to less soluble forms.

Various physical mechanisms have been identified by others that allow soluble selenium to
migrate through the pond bottoms and into groundwater, including in general, the absence of
a reducing environment and, more specifically, the présence of nitrate. This experiment has
identified average pore water velocity as one parameter that can have a significant impact on
the degree to which selenium undergoes chemical reactions that may cause itsvprecipitation.
A relationship has been observed between immobilization quantities and average pore velo-
city. Higher than average seepage rates have been shown to result in less selenium removal
and to contribute to contamination of shallow groundwater undemeath Pond 1. Also, the
application of a first-order reaction to the observed migration of selenium through the study
block has demonstrated that increases in the average pore water velocity are associated with
decreases in the reaction rate. These facts suggests that the selenium removal mechanism is
subject to kinetic restraints. Average pore water velocity effects selenium removal through
variations in the residence time of infiltrating pore fluids as they pass through zones charac-

terized by anaerobic bacterial activity and reducing conditions.

Redox measurements and rate estimates throughout the soil profile do not provide strong evi-
dence for the existence of a thin (0 to 15 cm) surficial layer responsible for the majority of
the observed selenium immobilization. The expectation that organic matter; the decomposi-
tion of which could lead to thé depletion of available oxygen, would be found in greater
quantities near the surface than at depth, might lead to speculation that the very shallowest
sediments would be most important in promoting selenium removal. The presence of a more
highly reducing region near the surface, however, was not definitely observed. The 1.22 m
thick soil column seemed to be essentially without an Eh gradient between shallower and
deeper portions of the soil profile. The estimation of reaction rates, as well, did not indicate
that the ability of the soil to immobilize selenium was confined to the 0 to 15 cm layer. In

fact, the 1.22 m thick soil column possessed an apparently equal capacity throughout for
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effective selenium removal from solution. The accumulation df selenium near the surface is
therefore analogous to a screening mechanism where the shallowest material is sufficiently
effective to prevent significant quantities of selenium from migrating deeper into the soil
profile. Selenium is able to penetrate deeper through macropore flow or the presence of high
permeability material, however, it is still subject to immobilization through exposure to sub-

surface reducing environments.

The usefulness of a numerical model for solving the advection-dispersion equation has been
demonstrated in the point estimation of soil hydraulic properties under transient flow condi-
tions. Reasonable estimates of the soil properties were obtained without the use of an
artificially introduced tracer or the manipulation of boundary and initial conditions. A high
degree of spatial variability of water and solute transport parameters in a field soil has been
exhibited, and the frequency distribution has been shown to be log-nommal. There is some
" risk in not recognizing the appropriate sample distribution in mean parameter estimation, and
in not considering the chance of extreme transport behavior. Dispersivities were calculated
and presented in the spirit of supplementing the sparse existing database. oy was shown to
increase in a general sense with depth, but not to correlate with any other subsurface parame-
ter. D, and v were shown to be related in an approximately 1i‘néar fashion, even though v

was quite small.
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Appendix I Sensitivity Studies
Initial Conditions

A potential problem in the numerical analysis of the chloride movement data and the subse-
quent determination of soil hydraulic properties lies in the manner in which the initial solute
distributions have been chosen. History-matching was performed at soil water sampler loca-
tions that were distributed both vertically and areally in space. The eight locations were
arrahged on a grid and were separated from one another laterally by approximately one
meter. The one solute distribution that was constructed from the observed chloride concentra-
tions in the eight soil water sampler locations at T, (the time from which history-matching
began) was designated the initial chloride condition at each location. The actual distribution
above and below each soil water sampler at this time may have been different. It may be rea-
sonable to expect that the high degree of spatial variability that can often characterize soil
hydraulic properties may also be demonstrated with regards to solute distributions. No seri-
ous attempt has been made in this experiment to evaluate this issue quantitatively, however,
an understanding of' its relative importance is certainly important. Therefore, in an attempt to
assess the sensitivity of the results of the numerical modeling procedure to the choice of ini-
tial conditions, a series of calculations have been performed using CHAMP involving the
application of different initial conditions to the data collected at one site. This sensitivity
analysis, unfortunately, does not assist in the decision as to which set or form of initial con-
ditions is the best or is the most correct, but it does illustrate the potential error and the risk

involved in an incorrect choice. {

In Figure 8.11 we see the initial chloride profile that was observed at site UZ-8 and that was
applied at the eight soil water sampler locations at that site. In general, concentrations were
highest near the surface, where evaporative fluxes prior to flooding concentrated solutes in a
surficial salt crust, and were lower with depth, approaching levels measured in groundwater.

The actual shape of the profile, however, because samples were collected from locations
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separated from one another laterally, is not smooth but discontinuous, with locall rises and
deélines in concentration, representing local variability in flow and transport. The overall
trend of relatively high concentrations near the surface and lower ones at depth is what one
would expect, and in fact is the form found at all five of the sites as well as various other
unsaturated monitoring plots located in other ponds. It seems then that the initial condition
chosen, whatever its exact form, should reflect this geheral trend. Since the total quantity of
data regarding the initial solute distribution at this site is reflected in the nine points plotted,
the simplest and most obvious assumption as to the choice of initial conditions is represented
in a linear interpolation between those eight values. This was the form chosen in the history-

matching procedure.

It is possible to fit the eight values to an exponentially declining curve of the form
C= C1 + Cz e'“z (43)

where C, is the value approached asymptotically at depth and C; +.C2 is the concentration
directly at the surface where z = 0. a is the constant of exponential decay. In Figure Al.1
we see eight curves shifted parallel to the main curve fit so that each intersects_ one of the
values making up the initial chloride profile. Each of these curves was applied as the initial
condition in sensitivity modeling performed at the appropriate site. The shape of the curves
allows for the general trend of exponentially declining concentration that was observe&, and
the fact that each curve intersects the first observed concentration for the particular depth was
necessary for the history-matching procedure. It is not being implied that these actually were
the initial conditions or that they represent better choices. What is of ‘interest is the degree to
which the predicted chloride movement differs, at a particular depth, based on the new set of
initial conditions, not whether the observed breakthrough curves are fitted more satisfactorily.
The boundary conditions utilized in the main modeling effort were also used in these calcula-

tions, as well as the final fitted values of permeability, &, and apparent dispersion coéfﬁcient,

D,

The results are included in Figures Al.2 to Al.5 where the predicted chloride movement
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Figure Al.l Variable initial conditions utilized in a study performed for site UZ-8 to
determine the sensitivity of model output to variations in the chloride initial
distribution.
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" on model output at the 0.15 and 0.30 m deep soil water sampler locations at

site UZ-8.
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The effects of alternate initial conditions and apparent dispersion coefficient
on model output at the 0.46 and 0.61 m deep soil water sampler locations at

site UZ-8.
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The effects of alternate initial conditions and apparent dispersion coefficient
on model output at the 0.76 and 0.91 m deep soil water sampler locations at

site UZ-8.
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The effects of alternate initial conditions and apparent dispersion coefﬁcient
on model output at the 1.07 and 1.22 m deep soil water sampler locations at

site UZ-8.
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from the two sets of initial conditions are plotted together for each depth. Also included are
results from an identical calculation performed with a value of apparent dispersion coefficient
(Dy) one order of magnitude less than that determined in the history-matching procedure.
This was done in an attempt to check if the difference induced by the differing initial condi-
tions was a function of the dispersiveness of the system. What we see is that at two depths,
.61 m and .76 m, a large difference is indicated in thé predicted movement of the chloride
resulting from the new initial condition, however, at the other depths the difference is shown
to be small. The new initial conditions at the two depths differ from the observed distribution
greatly, while at the other locations the exponential form at least falls within a range defined
by observed values. In qualitative terms for this site, it appears that as long as the new initial
condition approximates the observed profile in the sense that it is confined within its
minimum and maximum values or that it represents some rough average, the smooth and the
discontinuous profiles yield similar results. The system is sensitive to initial conditions in at
least a gross sense, however, it does not appear that results may depend heavily on a detailed
and highly accurate description of the initial solute distribution. Therefore, it seems that as.
long as the general form of the correct or actual distribution is obtained, and the values of
the chosen distribution do not deviate greatly from the actual profile, meaningful and reliable
estimates of the flow and transport parameters can be obtained with the history-matching pro-

cedure that has been applied in this study.

In addition, it appears that any error introduced due to invalid initial conditions will be
smaller near the inlet of the flow region than at depth. This seems intuitively correct and is
illustrated in Figures A1.2 and Al.3 for the upper three depths where there is essentially no
difference in the predicted concentrations due to the two sets of initial conditions. The fluid
velocities are such that the peak value of the initial solute concentration, located at the sur-
face, passes through at an early time in the experiment, and that therefore the choice of ini-

tial conditions at these positions is much less important in history-matching than at depth.

We also see a slight relationship between the systems sensitivity to initial conditions and
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dispersion. At relatively greater values of dispersion, one would expect greater smoothing of
predicted concentrations and a dampening of the initial solute pulse as it moves through the
soil column. We see especially in Figures A1.3 and A1.4 for the depths .61 and .76 m that
the reduced dispersion coefficient, Dy, leads to a greater difference resulting from the
different sets of initial conditions. Therefore, we can expect that in highly-dispersive sys-
tems, the choice of accurate initial conditions may be less critical than in systems with a

lower degree of dispersion.

Therefore, we have seen at one site, in essentially only a qualitative sense, the degree to
which reliable prediction of solute breakthrough may be dependent on the choice of good ini-
tial conditions. This says little, however, as to the acceptability of the initial conditions
chosen in this study, only that the risk of a mistake in their choice may not be great. Cer-
tainly, this is not a detailed, exhaustive treatment of this issue, but it provides an appreciation

for the degree of concem that needs to be directed towards this issue.

As an added thought, it may be possible to fashion a justifiably better scheme for designating
the initial conditions with data similar to that collected in this study. Since we know through
data .collection at these and other plots throuéhout the Reservoir that solutes tend to be con-
centrated in the near surface region due to a strong evaporative tendency, we can claim with
a fair degree of certainty that an appropriate initial condition should also take this general
form. As long as the modeling is begun soon after the flooding event, it is very likely that
the exponentially declining profile observed before flooding will still be exhibited to some
degree. Measurements made amaﬂy, however, as in this experiment, will exhibit a certain
degree of scatter, as we have seen, resulting from the spatially varying properties of flow and
transport. If, however, we can claim at any particular location in a plot that the total inven-
tory of chloride in the soil column prior to flooding is essentially a constant, we can adjust
the shape of the initial condition profile so that it not only possesses the proper general trend
but so that it also represents the mass inventory of solute when integrated over its depth.

Therefore, a determination is required of the inventory of chloride present at a site. This
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could be estimated from soil water samples collectedlprior to flooding. At eéch soil water
sampler location, then, the initial condition chosen will intersect the observed value at that
depth, will conform to some general exponentially declining trend, and when integrated over
its total depth will yield the total mass of chloride determined to exist at the site, This
manner of choosing initial conditions is an idea that, though only loosely outlined here, is
logically based and results in a smooth initial profile. It .does not force a concentration profile
that may fluctuate widely with depth to apply at laterally dispersed sites. In a future experi-
ment of this type, it may represent an improvement in the assignment of initial conditions

over the method used in this study.
2-Dimensional Flow Effects

In view of the large spatial variability demonstrated with regards to soil hydraulic properties,
it is reasonable to suggest that some potential may exist for 2- and 3-dimensional flow
effects. All modeling performed in this study was done in 1-dimension in the vertical. A
modeling effort involving more than one dimension was viewed as an impractical and unwar-
ranted task, resulting in highly arbitrary conclusions. However, the extent to which the 1-
dimensional treatment could be simplifying and misleading needs to be examined and dis-

cussed.

Calculations have been performed in an effort to gain insight into the degree to which flow
and transport may deviate from the purely 1-dimensional treatment due to the presence of
some simple types of soil heterogeneity. Two types of soil structural heterogeneity are exam-
ined: vertical heterogeneity and layering. Vertical heterogeneities could be large pores, chan-
nels, shrinkage cracks, animal holes, and subtle textural variations. Remnants of shrinkage
cracks resulting from long-term dessication cracking may persist as natural fissures in swel-
ling clay soil. Macropores can provide paths for rapid transport of solutes to depth, solutes
which are then able to diffuse into the surrounding soil matrix. Layering, if it is discontinu-

ous, could conceivably result in circuitous flow paths. Continuous layering would only result
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in a reduction of a 1-dimensional fluid velocity to that allowed by a harmonic mean permea-

bility of the permeabilities of the individual layers.

Whether or not these types of variability are significant in altering the 1-D flow field is
evaluated in two sets of calculations involving simple arrangements within a matrix material
of vertical and horizontal layers producing permeability contrasts with the matrix. For the
case of vertical heterogeneity, a single, narrow, high-permeability, vertical "layer" has been
used in a 2-D grid. Solute breakthrough resulting from different ratios of matrix permeability
to macropore permeability and to different ratios of longitudinal to transverse dispersion
coefficient is monitored in various nodes of the grid. For the case of horizontal layering, a
single, discontinuous, low-permeability layer is utilized, and solute breakthrough is monitored
at positions located laterally some distance from the layer. Different ratios of matrix to layer

permeability are applied.

Vertical Heterogeneity

A 2 m deep by .26 m wide flow region has been discretized into 175 volume elements, with
a 1 cm wide vertical column used to represent the high permeability zone, i.e. a crack or
some type of soil macropore that allows water and solutes to flow downward more rapidly
than the matrix will allow. The high permeability zone fully extends through the grid space.
The analysis involves fully-saturated steady flow with a step input concentration of C, =1 at
the surface at time t=0. At the bottom boundary, the concentration of solute is set equal to
zero. Initially throughout the soil column, the solute concentration i$ C; = O everywhere. A
gradient of .4 is applied across the flow region. The calculation is performed for a one year
period. Two values of k, the matrix permeability, are chosen: 2 x 107'¢ and 2 x 107! m?.
Two values of Dy, the longitudinal component of the apparent dispersion coefficient, are
used: 6 x 107 and 6 x 1079 m%s. The transverse component of the apparent dispersion

coefficient, Dy, is set to one-tenth and one-hundreth of the Dyj. For each of these cases,

ratios of macropore permeability, ky,, to the matrix permeability, ky,, of 1, 2, 10, 50 and 100
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are applied. Analytical solutions are also included using Eq. (31) for the ratio ky/k,, =1
(with k;; set equal to either of the two values mentioned above) which reduces the 2-D prob-
lem to one dimension. Table 9 provides a summary of the cases run and the parameters

chosen for each.

Table 9. Vertical Heterogeneity Sensitivity Analysis
m et ————————————————
Case Ky ;% Dy m%s Dy, /Dy, Comments

A 2x 10716 6x 10~° 10

B 2x 10715 6 x 107° 10

C 2x 10715 6 x 107° 100

D 2x 10715 6 x 10710 10

E 2x 10715 6 x 10°° 10 Lateral Flow vs
No Lateral Flow

Solute breakthrough is monitored at two nodal positions, .075 m laterally from the vertical
"layer" and at a distance of .225 m away laterally. Both nodes are located .475 m below the
soil surface. In Figures A1.6 to A1.10 we see the results of the calculations for the 5 cases.
The point of greatest interest here is to what degree does the presence of the high permeabil-
ity zone lead to results which differ from purely a 1-D case, i.e. to what extent are lateral .
solute fluxes contributing to the observed breakthrough curve and how much are the lateral
fluxes a function of distance from the macropore, matrix permeability, macropore permeabil-

ity, and the longitudinal and transverse dispersion coefficients.

A The analytical solution Eq. (31) has been plotted for the one-dimensional situation of
A, and we see that it matches the numerical result when ky/k;, = 1. This same result is

obtained for all cases A through D. The value of k, applied in this instance,
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Case A - 075 m from hlgh k verﬂcol zone
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Figure Al.6 The results of a sensitivity study examining the potential deviation from
purely vertical 1-dimensional solute transport - Case A.



Case B - 075 m from hlgh k vertical zone
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Figure Al.7 The results of a sensitivity study examining the potential deviation from

purely vertical 1-dimensional solute transport - Case B.
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of a sensitivity study examining the potential deviation from

purely vertical 1-dimensional solute transport - Case C.
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Case D - .075 m from hlgh k vertical zone
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Figure Al19 The results of a sensitivity study examining the potential deviation from

purely vertical 1-dimensional solute transport - Case D.
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, Case E = .075 m from high k vertical zone
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Figure A1.10  The results of a sensitivity study examining the potential deviation from
purely vertical 1-dimensional solute transport - Case E.
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2 x 1076 m?, can be considered a low range value for the Kesterson pond soils. It
essentially represents the lowest value determined in the history-matching effort (Table
6), although it should be remembered that the modeling results theoretically represent a
composite value of matrix and macropore permeability. This value is also lower by an
amount less than one order of magnitude than any determined by Guelph permeameter
in the Pond 1 soils (Lawrence Berkeley Laboratory, 1986¢ p. 32), although this type of
measurement also theoretically incorporates macropore flow contributions. In Figure
Al.6 we see that very little effect is evident in the system from the presence of the
macropore until a permeability contrast of 100 is reached and only at the nearer of the
two nodes. These results reflect a value of the apparent dispersion coefficient of
6 x 107° m%s, the mean value of dispersion coefficients determined in the history-
matching. Other values of the longitudinal dispersion coefficient or of the ratio between
the longitudinal and transverse coefficients were not investigated with this permeability
since the combination of parameters reported here produced the highest amount of
lateral flux and therefore represent the worst case. It should be mentioned that a varia-
tion in k£ as high as two orderé of magnitude was not observed within any of the 5

monitoring plots. ,

Here we see that the node positioned .075 m from the macropore is affected greatly by

- permeability contrasts of 10 or greater, an amount of variability that has been observed

in the data determined in the history-matching. The matrix permeability applied in this
case is 2 x 1075 m?, a value which can be considered more representative of actual
conditions in the pond soils than the the value used in A. Identical longitudinal and
transverse apparent dispersion coefficients were used as in A. Il the more distant node,

a much smaller effect is observed.

Case C represents the situation as in B, however, the transverse dispersion coefficient is
set to one-hundreth of the longitudinal value rather than one-tenth. In neither nodal

position does the predicted breakthrough deviate greatly from the case of ky/k,, = 1.

Here the longitudinal value has been set to 6 x 10719 m?%s and the transverse value to

one-tenth of the longitudinal. This case demonstrates the effect of lower dispersion
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overall in the system. Permeability is as in B and C. Little deviation is observed from

the homogeneous case.

E  Case E is a check to insure that the only solute fluxes occurring laterally are those due
to dispersion. The parameters found in case B are applied for two situations. In the
first, a change was made in CHAMP to set lateral flow of water, if any, between adja-
cent nodes to 0. The results were then comparéd to results where lateral flow was
allowed to occur. The results from the two runs are identical, providing assurance that
the only 2-D solute transport contribution is from dispersive fluxes. This result is
expected and obvious considering that in the steady flow situation, with the macropore
fully extending through the grid, the fluid potential varies linearly between the two
boundaries and is not a function of distance from the macropore. This result only
confirms the internal functioning of the code. The results it provides though can only be
as good as the problem description as reflected in initial/boundary conditions and the
geometric description of the problem. A transient flow situation or one with only a par-
tially penetrating macropore would demonstrate lateral gradients and would therefore

exhibit lateral advection to some degree.

Therefore, a series of calculations have been performed involving various valhes of critical
flow and transport parameters Qaried over ranges that are considered reasonable for the par-
ticular field situation. The results suggest that within these ranges when matrix permeabilities
are on the order of 2 x 10718 m? lateral transport is essentially negligible regardless of the
value of the dispersion coefficients, macropore pexmea'bility or the crack spacing. When the
matrix permeability is increased an order of magnitude, the mean value of longitudinal
dispersion is used, and a ratio of 10 is assumed for the longitudinal to transverse dispersion
coefficient, significant lateral dispersive fluxes can occur at nodal points within 10 ¢cm of a
macropore with a permeability contrast of 10 or more. If the longitudinal dispersion
coefficient is reduced an order of magnitude or the ratio is increased to 100 between the

longitudinal and transverse components, the lateral effects become small again.
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Calculations have been performed here in an attempt to provide a qualitative feel for the
issue of 2-D transport resulting from vertical heterogeneity and to gain an understanding of
the relative importance of the magnitude of flow and transport properties on the issue. Com-
binations of parameters have been identified that conceivably can result in considerable devi-
ations from purely 1-D transport during infiltration. Whether or not these combinations exist
in the soils of this experiment is unclear, however. As' discussed elsewhere, variations in &
and Dy, of 1 to nearly 2 orders of magnitude have been determined within plots in this exper-
iment. Little detailed information was collected as to the spacing of zones of high permeabil-
ity such as soil cracks. We do know that on the scale of 3 m, however, what sort of varia-
bility is possible. Facts which are _reasSuring are that on the basis of the analysis presented
here, the soil water sampler would have to have been positioned within 10 cm approximately
of the macropore to be influenced by it. Also, it took permeability variations of at least 10,
towards the upper end of the observed variation, to see an effect. In addition, knowledge as
to the correct ratio of longitudinal to transverse dispersion in this system is not available. If
the ratio is greater than 10, the 1-D evaluation is in all likelihood, an appropriate estimate. A
new appreciation of the significance of each parameter, its magnitude and effect has been
gained, however, in the end, a definitive conclusion regarding potential 2-D solute transport
in this system and to possible implications towards results obtained from the 1-D treatment,

has to be left unresolved.
Discontinuous Layering

A 2.05 m deep by .8 m wide region was discretized into 216 elements. At a depth of .34 m
from the surface, a .02 m thick material was placed extending half-way (.4 m) across the
grid. Of interest here is a study of the effect of low permeability in this discontinuous soil
horizon on the movement of solutes in the flow region. If the layer was continuous, fluid
flow paths would be strictly vertical and velocities would be reduced to some value based on
the effective vertical permeability of the medium. History-rﬁatcmng of this type of situation

would correctly yield the effective vertical permeability. However, if the layer is
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discontinuous, flow paths may acquire a horizontal component, as water "piles up” above the
low permeability layer and passes around it to the higher permeability material. A matrix
material permeability, k,, of 1 x 107" m? has been chosen. This is approximately the mean
permeability value of the pond soil determined from the history-matching procedure. The
mean apparent dispersion coefficient of 6 x 10 m%/s has also been used for the longitudinal
component with a ratio of 10 between the longitudinél and transverse components. Solute
breakthrough was monitored at three locations within the grid. The first position was at the
same vertical level as the layer, positioned S cm laterally away from the layers edge. The
second position was also at the same depth, but 25 cm laterally away. The third node ‘was
located 33 cm directly underneath the first node. The first node was located to be in the zone
of maximum lateral flow; the second would indicate how far away from the layer the distur-
bance might extend; and the third would demonstrate if the disturbance could extend to some
depth below the layer. Permeabilities of the heterogeneous layer material, k;,, were set to 1,
.5, .1 and .01 times the matrix permeability. The initial condition throughout the column was
C; = 0. A step input concentration C, = 0 was applied at the surface. The calculation was
performed for a one year time period. No restrictions were made in the code preventing

lateral advection.

In Figure Al.11 are plotted breakthrough curves for the three nodes considering the different
layer permeabilities. An analytical solution Eq. (31) is also included for the 1-D situation,
and it matches the numerical solution for the case of kyky, =1 (kn,=1x10"m?. It
appears that based on these figures, it can be concluded that the contribution of lateral tran-
sport to the calculated breakthrough curves are small in this system. No further combinations
of matrix permeability, or longitudinal and transverse apparent dispersion coefficient were
examined since it appears that overall the effect is rather minimal. If a heterogeneous soil
profile like the one examined here existed in one of the experimental monitoring plots, and a
‘soil water sampler located adjacent to the discontinuous layer yielded a breakthrough curve
affected to the degree indicated here, the error made in one-dimensional history-matching

would not be great.
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APPENDIX 2

Total Selenium levels in soil water samplers at sites UZ-1 to
Uz-9

Selenite levels in soil water samplers at sites UZ-1 to UZ-9
Chloride levels in soil water samplers at the five flooded sites.

Selenium concentrations of groundwater samples collected from
shallow monitoring wells in Pond 1

Selenate/Selenite ratios in soil water samples collected at sites
UZ-1 t0 UZ9

Tensiometer measurements of Hydraulic Head at sites UZ-1 to
uz-9
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Pond 1 Resaturation Monitoring Chemica!l Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.

pond

0.00
9.00
0.00
9.00
0.00
0.00
0.00
34.08
29.12
8.09
17.68
23.72
22.84
18.00
16.14
17.04
16.02
22.28
21.88
18.94
8.680
0.08
9.00
9.00
9.00
469.29
166.40
119.602
0.00
0.00
490.50
84.18
9.00
30.18
22.22
21.40
16.68
12.88
2.00
2.00

a.
1932,
.00
.00
.00
.00
.29
25.
.68
18.
19.
27.
24.
19,
.18
11.
.34
94.
.02
13.
.22
.68
.00
.49
.00
.00
.00
.00
.00
.00
.09
.00
.90
499.
112,
.02
18.
17.
.00
.00

20868
3804

3019
120

19

18

219

613
1028
1682
2448
1870
1442
1612
1168
1248

30

16

00
80

12
28
22
38
54
o8
10
72

22

80
80

72
74

1686.
.09
.09
.09
.49
.09

180

284
2824

2110.
.90
.40
60.
b4.
68.
68.
28.
.89

1192
192

13

14.
.08

14

48.
17,
14.
.68
.44
.09

696.

171.

490,
2170.
.00
.00
.00
.00
.00
.69
.40
.68

12

1642
2344
2068
1308
1344
704
208
89

29.
16.
11.
.00
.00

30
49

09

98
48
14
32
66

28

72
74
28

20
80
00
(1

92
16
82

o
490
212

387
465

21
31

8

191
266
378
488

1138
- 1178
1408
1470
546
104

12

.46

.09
.60
.60
272.

20

.60
.00
80.
27.
20.
18.
19.

28
10
64
96
24

.80
.04
22.
12.
12,

12
88
68

.00
44.
20.
14.

8.

88
66
72
68

.24
16.
133.

10
40

.20
.09
.69
.00
880.

09

.00
.00
.00
.08
.40
.00
20.
.68
19.
.00
.40

68
94

0.

1085.
0.00
78.
2.
.82
.09
249.
28.
46.
.60

78
3032

18

11.
18.
28.
.08
.68

7.
18.
49.
27.
13.
22.
16.

0.
.00
211.
.00
1440.
.00
.00
15306.
.00
894.
.60
.00
.80
.00
99.
32.
25.
41.

78
13

138
684

2294
2044

894

422
201
145
128

81
88

56
00

20
18
30

98
20
94

72
88
80
48
16
42
84
08

2¢
00

09
20

40
98
70
12

9.
290,
.89
.00
.60
.60
.80
.09

940.
1062.
.00
.40
.00
.40
188.
.60
.40
17.
16.
10.
12.

8.

0.
89.
89,
.60
.09
.80
.60
.40
198,
.80
.00
116.
.60
93.
60.
70.
.88

210
0
161
393
778
1088

814
898
1144
681

180
103

113
131
120
121
126

128
124

112

24

11,

78

09
29

80
40

40

88
26
74
14
72
oo
42
48

20

20
80
79
78

18

0.91

68.48
31.72
38.60
66.02
72.42
683.00

136.80°

98.40
70.68
77.72
82.80
121.20
130.80
121.60
120.20
146.89
198 .00
119.68
74.68
69.38
41.44
19.04
22.70
19.38
27.20
44.12
48.90
48.48
47 .90
48.98
47 .64
49.96
48.12
49.38
66.64
65.98
64.48
84 .62
11.62

8.88

49
654

102

170.
298.
.49
.60
866.
.00
1210.
.00

690
643

884
1168

914,
.00
878.
360.

21,
.00
16.
11.
.40
17.
.69
80.
.20
.60
.20
.80
.20
118.
180.
127.
130.
128.
.60
107.
.82

832

21

25

112
134
126
128
115

118
84

16.
.54

.07

.00
.82
.68
84.
.04

29
89
20
40
49
80
(1]
90

54
64

98

20
40
20
09
29

89
94

308
647

396
106

116
123

138

189

182
183

.22

.00
.04
.00
.00
.94
143,
.89
6504.
.40
6686.
682.
687.
849,
640.
610.
489,
.40
168.
.49

94.
111,

19.
.82

38.

66.

86.
106,
.00
.60
134,
149,
.40
179.
180.
.00
201.
.60
.09
93.
.12

84
80

20
40
20
20
20
20
49

20
20
20
98
28
90

49
20

40
20

00
29

20

AVERAGE

109.92
298.43
443.18
1049.03
169.49
1303.95
607.71
441.50
310.18
344 .29
308.61
366.086
402.73
288.20
218.79
189.79
126.28
89.33
371.77
29.63
28.27
11.13
20.49
164.83
176.09
362.92
746.41
897 .41
919.74
824.75
676.64
638.72
640.19
241.16
114.486
84 .84
68.94
67.08
34.27
13.79

uz-1

DAY

19.00
28.00
63.00
84 .00
98 .00
97.00
104 .00
109.00
116.09
119.00
124.09
132.00
144.09
173.00
204 .00
232.00
288 .00
337.00
341.00
344.00
398.00
420.00
448.00
461 .00
478.00
478.40
478.71
479.69
481.79
482.656
483.71
484 .66
487 .00
496 .00
502.00
609.00
639.00
672.00
621.00
848.00

NO. OF SAMPLES

BNODDODDODOORDDODNLDDRDDNODORRDOODORDDODDONLEBNW

-LeT



Pond 1 Resaturation Monitoring Chemical Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

lero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

lero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

lero values represent no sample recovery at that depth.
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Pond 1 Ressturation Monitoring Chemical Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m uz-7

The AVERAGE represents average of non-zero concentrations.
Zero values represent no sample recovery at that depth.

pond 2.16 2.30 0.46 2.61 9.78 9.91 1.07 1.22 AVERAGE DAY NO. OF SAMPLES
0.00 2.00 9.00 0.900 0.09 0.00 0.00 87.02 29.10 48.08 44 .00 2
2.00 0.00 0.00 9.00 363.00 570.89 80.08 656.64 36.64 221.01 61.00 13
0.00 1608.49 0.00 9.00 374.00 616.20 88.40 0.00 - 9.00 671.00 84.00 4
9.00 0.00 0.900 0.00 ©.00 171.60 38.66 b63.32 37.68 74 .82 113.00 4
9.00 0.09 0.909 206.00 0.00 125.49 83.88 71.38 62.90 193.91 120.00 6
. 0.00 0.00 0.00 167.40 66.66 143.80 94.49 106.20 87.84 104.20 145.09 8
3.00 2.00 0.00 145.40 37.49 46 .00 93.20 90.80 126.00 89.83 203.090 8
0.00 9.00 68.34 76.90 19.22 22.88 87.98 140.20 16.02 49.79 231.00 7
0.00 2.00 9.00 13.568 11.68 11.10 13.80 16.08 7.48 12.07 287.00 8
2.00 9.00 132.40 60.40 2.09 9.564 0.00 11.28 7.74 42.27 337.00 6
0.00 9.00 0.00 9.00 0.00 71.68 0.98 . 18.24 0.00 44 .90 398.00 2
9.00 0.00 0.20 0.00 9.00 167.89 8.00 71.94 0.00 114.77 478.00 2
0.00 9.00 186.40 173.80 0.09 46.62 0.00 203.60 80.06 129.88 849.00 b
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Pond 1 Resaturation Monitoring Chemical Data TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m uz-8

The AVERAGE represents average of non-zero concentrations.
Zero values represent no sample recovery at that depth.

pond 9.16 2.30 0.48 0.681 8.78 8.91 1.7 1.22 AVERAGE DAY NO. OF SAMPLES
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18.78 964.00 728.60 933.20 2048.00 66.64 1040.00 1365.60 0.00 841.61 113.00 7
22.70 334.00 213 .40 621.40 1670.490 67.10 936.60 68.20 1368.40 493.31 117.e8 8
0.00 193.60 137.80 369.60 1660.00 184.60 866.680 167.40 770.80 639.90 120.00 8
12.28 161.80 90.00 204.60 1240.00 236.80 711.60 164.80 696.40 436.86 124,00 8
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14.98 686.92 66.28 32.62 674.20 428.00  439.40 163.20 7106.40 308.87 173.00 8
18.46 36.49 23 .40 24.48 171.89 432.60 323.60 187.80 266.680 183.08 203 .00 8
17.62 28.28 16.90 27 .00 72.94 379.20 281.09 1465.40 97.88 128.46 232.90 8
6.48 18.28 9.76 14.38 84.72 218.80 108.60 37.28 98.40 71.086 286.00 8
11.44 16.88 8.08 12.76 36.60 68.96 49.28 17.68 44.10 31.63 336.09 8
6.24 12.24 6.14 12.02 18.286 26.92 9.80 10.16 4.78 12.64 360.00 8
3.44 10.98 5.78 8.24 17.66 28.22 7.70 9.24 4.90 11.69 398.00 8
9.00 6.00 9.00 6.090 17.32 22.88 8.10 8.98 6.68 12.19 448 .00 13
9.00 317.60 2.00 2.00 20.20 12.82 8.72 6.90 7.36 62.190 468.990 8
0.00 422.60 91.69 74.36 16.16 19.92 7.36 6.78 6.30 79.28 472.00 8
0.00 438.20 69.74 48.02 16.08 10.08 7.72 8.48 6.78 73.88 476.00 8
2.00 781.89 70.14 38.54 16.50 9.30 7.24 0.00 4.88 132.17 478.75 7
90 .00 492.40 164.00 243 .00 1390.29 10.86 8.46 86.80 4.34 140.98 477.38 8
76.62 362.20 212.60 6546.69 769.49 9.00 6.48 242 .40 4.82 269.19 477.62 8
0.00 0.00 241.40 626.60 908 .00 9.44 7.04 281 .40 4.90 294.11 477.73 7
32.08 368.29 234.20 691.20 819.80 9.74 7.904 249.20 5.48 297.88 478.38 8
26.68 243.00 217.00 874.20 746.80 8.90 65.68 198.80 4.84 281.40 478.60 8
16.32 308 .00 144 .00 611.20 478.80 9.20 6.78 79.64 5.02 192.42 479.46 8
0.00 233.00 89.84 399.40 323.80 9.04 6.60 17.32 4.62 132.82 481.67 8
0.00 145.40 60.42 248 .80 189.20 8.62 6.60 12.88 65.68 83.06 482.63 8
6.50 116.80 29.48 146.80 106.60 7.72 4.16 9.12 3.84 62.82 483.87 8
12.10 92.20 24 .00 89.40 76.12 7.60 4.06 8.20 3.60 38.01 484.650 8
0.00 63.10 16.68 46.38 41.40 8.88 6.60 9.368 4.84 24.51 487 .00 8
4.88 34.78 13.16 26.68 24.18 11.68 6.24 7.62 6.10 16.90 496.00 8
8.40 23.28 13.89 9.44 18.40 16.14 6.38 7.72 6.18 12.64 609.00 8
9.062 11.88 8.82 9.66 13.18 20.12 7.82 7.20 8.04 10.28 639.00 8
9.00 11.72 65.98 . 8.b68 13.38 28.986 11.68 9.40 7.14 12.19 672.00 8
14.64 16.84 8.22 31.12 11.88 16.69 7.88 7.80 8.68 13.21 821.09 8
28.82 17.12 9.96 28.20 13.68 14.84 8.10 6.98 6.10 12.88 848.00 8
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Pond 1 Resaturation Monitoring Chemical Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data

SELENITE CONCENTRATION, ppb VS.

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data

SELENITE CONCENTRATION, ppb VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data SELENITE CONCENTRATION, ppb VS. DEPTH, m uz-3

The AVERAGE represents average of non-zero concentrations.
Zero values represent no sample recovery at that depth.

pond 2.15 0.30 9.46 2.61 2.78 9.91 1.07 1.22 AVERAGE DAY NO. OF SAMPLES
0.00 0.00 0.00 0.00 0.00 75.490 30.96 4.69 6.22 29.92 19.00 4
0.00 196.30 62.90 9.10 26.88 63.80 63.30 8.18 9.39 62.33 63.00 8
9.00 0.900 0.00 .90 9.09 34.41 46.12 9.00 9.00 40.26 89.00 2
9.00 70.19 .09 0.00 9.00 0.00 9.09 0.09 23.563 46 .81 97 .00 2
0.00 78.00 60.50 36.11 34.00 28.72 7.87 7.35 9.26 31.20 98.00 8
19.83 167.50 124 .49 143 .40 87.70 87.190 76.00 34.10 38.11 92.29 102.00 8
17.48 83.70 127 .90 182.69 39.68 118.70 90.20 31.41 116.80 98.87 109.00 8
14.19 81.60 125.30 144,90 21.09 118.20 78.00 26.41 1206 .00 87 .06 116.909 8
6.91 98.90 95.60 114.00 6.49 92.30 48.20 22.22 96.10 71.48 119.00 8
190.60 146.10 107.79 118.70 3.14 106.690 44 .60 490.30 94.60 82.44 132.00 8
5.80 166.70 106 .30 109.40 3.08 121.80 37.26 36.31 69.30 78.39 144 .00 8
8.53 127.10 99.90 94.70 3.93 107.80 37.90 33.80 83.70 71.08 174.00 8
6.58 127.19 82.90 84.70 3.98 86.60 30.956 31.96 68.60 63.37 204 .00 8
0.71 122.30 97 .20 85.19 4.11 71.20 28.68 38.20 60.80 62.18 232.900 8
0.00 71.10 48 .00 87.30 1.47 50.89 24.81 31.186 41.40 41.78 286.00 8
.00 0.00 0.00 36.568 0.00 6.00 28.44 34.08 4.91 268.00 336.00 4
.90 0.00 2.00 0.00 0.00 87.20 0.00 24.87 41.30 44 .48 341.900 3
0.00 0.00 2.00 68.60 19.18 82.00 28.38 28.16 41.50 42.97 344 .00 8
0.00 131.70 109.40 78.00 - 28.12 80.10 36.41 38.186 38.00 €8.11 360.00 8
0.00 129.60 78.30 69.30 20.08 73.50 39.83 40.80 27.51 58.62 397.00 8
0.00 0.00 0.900 80.50 8.82 36.76 41.44 81.30 14.60 43.74 420 .00 8
0.00 110.20 90.40 9.00 18.46 680.80 31.19 60.50 49.11 58.81 468.00 7
0.00 0.00 0.00 48 .90 18.66 45.50 31.18 0.00 32.26 35.30 476 .00 5
0.00 1065.29 56.40 49.70 20.15 76.19 31.85 79.20 37.10 66.71 482 .48 8
.00 96.99 64.10 41 .80 27.16 43 .60 26.17 67.70 30.70 47.14 482.87 8
17 .84 93.40 76.50 47 .40 36.84 44 .07 24.45 68.80 32.17 51.68 483.51 8
20.50 129.89 117.50 37.79 66.40 43.60 25.03 67.70 32.356 81.28 484 .64 8
2.00 133.50 127.30 43.10 93.00 665.00 27.08 60.30 38.87 72.02 487 .00 8
6.44 170.60 178.00 61.40 78.20 64.20 26.73 69.390 490.06 84.68 488.00 8
3.560 207 .20 186.40 80.20 76.90 69.50 29.63 82.20 49.80 96.09 496 .09 8
2.30 0.00 160.39 90.40 52.80 65.70 29.18 92.60 66.40 78.04 502.00 7
6.74 145.30 177 .60 98.30 44 .60 82.70 0.00 93.00 69.00 108.06 609 .00 7
6.01 62.60 138.20 92.10 32.13 86.20 29.71 72.10 68.30 79.156 639.00 8
0.00 28.62 96.70 87.90 23.356 26.30 27.39 27.68 66.10 48 .49 672.00 8
9.00 0.900 0.00 9.00 .09 13.63 27 .24 74 .80 64.10 42 .44 6821.00 4
0.00 70.90 72.00 51.40 14.47 48.79 29.08 0.90 49.00 47 .85 648 .00 7
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Pond 1 Resaturation Monitoring Chemical Data

SELENITE CONCENTRATION, ppb VS.

The AVERAGE represents average of non-zero concentrations.

lero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data SELENITE CONCENTRATION, ppb VS. DEPTH, m uz-5

The AVERAGE represents average of non-zero concentrations.
lero values represent no sample recovery at that depth.

pond 0.156 9.30 9.48 9.81 0.78 9.91 1.97 1.22 AVERAGE DAY NO. OF SAMPLES
0.00 24.89 2.00 0.00 0.00 0.00 0.00 0.00 0.00 24 .89 28.00 1
.00 16.22 9.00 2.00 0.90 6.88 4.32 1.63 1.64 8.14 44.00 5
0.00 31.40 9.78 0.00 0.990 0.00 4.19 2.61 2.27 10.03 72.09 5
0.09 23.356 .00 11.61 ¢.00 0.090 7.26 2.95 2.12 9.48 83.00 5
32.28 297 .50 80.10 165.70 0.00 19.69 8.20 2.85 1.74 80.67 102.00 7
30.45 41 .80 139.70 45 .00 8.68 16.21 6.69 3.16 2.36 32.81 106 .00 8
22.18 4.70 21.68 2.92 14.44 16.67 6.98 2.84 1.64 8.79 112.00 8
17.34 36.60 20.00 14.87 18.44 19.00 5.01 1.88 1.01 14.31 117 .00 8
.00 4.71 2.680 1.48 14.31 12.27 3.76 9.83 @.37 4.77 120.00 8
13.38 .00 2.09 0.20 4.71 13.08 3.95 1.77 1.02 4.91 123.00 5
9.86 2.38 9.01 16.30 9.84 16.27 4.27 2.92 1.52 7.70 133.00 8
6.68 4.84 7.08 27.30 8.87 11.14 4.20 2.68 2.12 8.62 144.00 8
19.04 4.569 11.856 7.10 6.77 11.58 3.66 1.44 1.76 6.94° 174.00 8
7.54 6.17 8.47 7.70 3.70 11.01 4.21 2.04 2.01 5.64 204 .00 8
1.32 7.23 7.61 5.12 4.70 14.44 6.93 2.56 1.94 6.19 232.00 8
.00 16.97 18.78 6.22 2.08 13.569 3.69 1.80 1.42 8.80 287.00 8
6.91 13.00 7.87 4.80 2.84 9.68 65.88 1.68 1.63 6.89 336.00 8
0.00 34.10 4.74 3.30 4.03 3.568 6.356 1.566 1.66 7.28 337.00 8
0.00 23.90 6.19 4.20 ©.00 65.86 8.24 .1.65 1.80 7.089 341.00 7
9.00 $6.10 8.54 6.85 2.09 9.22 8.88 2.28 2.12 19.14 344.00 7
0.09 48.10 16.43 22.44 0.00 6.08 8.04 1.83 1.69 14.33 360.00 7
9.00 0.00 9.00 0.09 9.90 0.00 8.00 2.89 1.68 1.88 397 .00 2
0.00 0.900 0.00 .00 0.900 0.09 9.09 1.78 9.00 1.78 406 .00 1
90.00 0.90 2.00 0.00 0.00 0.090 0.00 2.93 2.87 2.90 420 .00 2
0.00 0.09 0.00 2.00 9.00 0.00 0.00 2.19 2.37 2.23 448.00 2
.00 2.00 82.30 66.60 44 .10 24 .64 0.00 2.81 2.39 36.27 4561.00 8
9.89 0.00 81.30 37.79 26.99 18.68 190.92 2.68 2.28 26.68 472.00 7
6.9 0.00 80.40 27.04 19.05 13.38 8.74 2.31 2.16 21.88 476 .00 7
0.00 1654.40 187.990 198.99 1038.09 16.80 6.72 1.48 1.73 200.24 487 .00 8
28.69 307.09 247 .30 76.09 165.40 12.62 4.42 0.84 0.88 101.80 488 .00 8
5.87 41.40 96.90 388.60 87.60 18.20 4.22 1.19 1.68 79.94 495.00 8
13.60 29.40 77.92 286.79 14.96 23.95 4.37 1.63 1.22 54.88 609.00 8
7.48 16.90 11.00 39.490 51.60 18.39 4.19 1.71 1.29 18.06 639.00 8
0.00 26.10 17.32 21.29 33.13 21.03 5.05 3.00 3.17 168.28 672.00 8
98.70 22.64 32.18 14.26 28.190 18.69 65.39 2.60 2.73 16.66 821.09 8
20 .60 26 .60 18.34 18.39 23.20 18.33 8.09 3.67 3.83 14.38 649.00 8
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Pond 1 Resaturation Monitoring Chemical Data SELENITE CONCENTRATION, ppb VS. DEPTH, m uz-8

The AVERAGE represents average of non-zero concentrations.
Zero values represent no sample recovery at that depth.

pond 2.186 2.30 2.48 9.81 2.78 9.91 1.07 1.22 AVERAGE DAY NO. OF SAMPLES
0.00 0.00 0.00 3.01 3.52 3.21 3.41 3.24 3.39 3.30 28.00 8
2.00 0.00 2.75 3.01 4.75 3.11 3.24 2.61 3.08 3.22 61.00 7
0.00 0.09 3.77 3.42 4.356 3.36 3.22 3.17 3.29 3.61 90 .00 7
0.00 268.88 6.00 68.38 0.00 2.00 2.26 2.09 1.96 8.78 98 .00 7
17.82 89.00 14.13 12.31 39.86 2.34 2.13 1.97 2.95 18.09 102.00 8
22.14 11.10 21.98 16.60 45.42 2.62 2.684 2.19 2.12 13.08 106 .20 8
19.904 7.55 20.908 165.03 9.78 1.86 1.81 1.67 1.47 7.39 112.020 8
17.91 3.11 5.18 8.28 6.31 1.63 1.53 1.67 1.43 3.38 117.00 8
0.00 19.30 12.43 10.07 2.58 1.60 1.68 1.12 1.42 8.27 120.00 8
12.863 31.687 37.38 11.60 8.20 9.00 2.22 1.84 1.91 13.26 132.00 7
6.87 34.02 12.38 12.08 5.30 2.31 2.69 2.45 2.54 9.21 144 .00 8
4.44 36.12 12.28 18.31 4.88 1.73 2.23 1.94 1.91 8.90 174 .00 8
5.53 24.74 10.16 7.90 4.00 1.85 1.71 1.91 1.74 8.76 203 .00 8
2.34 11.49 13.83 11.05 6.28 2.71 3.08 3.12 2.64 8.63 231.00 8
0.00 0.00 8.32 10.43 4.67 2.60 2.64 2.72 2.60 4.83 286 .00 7
13.58 6.085 3.60 7.02 8.14 2.83 2.88 2.27 2.49 4.39 337.00 8
11.04 5.68 4.23 5.68 8.99 2.39 3.909 2.63 2.69 4.14 398.00 8
.00 0.00 0.09 2.00 0.00 2.83 3.38 2.85 3.28 3.08 468 .00 4
0.00 28.23 6.97 2.00° 19.46 2.84 3.37 2.99 3.082 8.13 472.00 7
0.00 20.13 6.48 7.01 9.92 2.72 3.28 2.97 3.00 8.81 476.00 8
18.94 11.47 9.06 7.08 12.9¢3 2.06 2.49 2.29 2.34 6.10 483 .47 8
8.82 24.18 9.97 8.72 13.94 1.98 2.28 2.30 2.41 8.22 484 .48 8
2.00 19.36 16.486 12.03 19.40 1.90 2.35 2.27 2.43 9.40 487 .00 8
4.33 15.03 20.03 13.23 17.44 1.91 2.35 2.38 2.27 9.33 488.00 8
4.37 12.41 11.00 14.80 6.14 2.08 2.41 2.36 2.29 6.68 495 .00 8
17.900 8.74 6.44 14.93 2.93 2.48 2.93 2.82 2.78 6.38 609.00 8
2.29 7.71 4.356 1.99 4.68 1.82 2.30 2.68 2.21 3.47 639.00 8
0.09 7.79 6.12 19.08 6.38 3.28 3.31 4.11 3.26 8.64 672.00 8
11.30 4.01 2.28 4.99 2.88 2.21 2.19 2.69 1.92 2.87 821.00 8
47 .69 4.18 3.20 12.61 4.04 - 2.84 3.03 3.00 2.82 4.19 649.00 8
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Pond 1 Resaturation Monitoring Chemical Data SELENITE CONCENTRATION, ppb VS. DEPTH, m uz-7

The AVERAGE represents average of non-zero concentrations.
lero values represent no sample recovery at that depth.

.91

pond 2.15 9.30 9.48 2.61 8.76 L 1.97 1.22 AVERAGE DAY NO. OF SAMPLES
0.00 0.90 0.00 0.00 0.00 0.00 0.00 6.74 6.34 6.54 44 .00 2
0.00 ¢.00 ©.00 0.00 15.69 11.50 5.20 5.24 5.23 8.57 61.00 5
2.90 13.06 0.00 9.00 9.60 8.70 8.24 0.00 9.00 9.40 84 .00 4
0.00 0.00 0.20 0.08 0.00 7.96 2.92 2.18 1.76 3.69 113.00 4
0.00 0.00 0.00 6.569 0.00 6.83 3.82 2.54 2.46 4.26 120.09 6
0.90 0.00 0.00 4.80 11.68 7.08 5.20 4.01 3.99 6.10 145.00 8
0.00 0.00 0.00 60.79 8.30 9.66 8.59 4.19 9.78 14.87 203.00 6
0.00 0.00 4.88 28.38 12.40 8.49 23.10 26.20 8.84 16.17 231.00 7
.00 9.00 0.00 7.63 8.05 6.48 8.76 12.03 4.88 7.69 287.00 8
0.00 0.00 26.30 21.20 0.00 7.40 0.00 8.85 6.76 13.90 337.00 3
0.00 0.00 0.00 0.00 0.00 13.47 2.00 13.36 0.00 13.41 398.00 2
0.909 0.90 0.00 0.00 0.00 10.70 0.00 22.80 9.00 18.756 478.00 2
.00 0.00 21.70 30.20 0.00 28.90 0.00 13.30 38.07 26.43 849.00 5
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Pond 1 Resaturation Monitoring Chemical Data SELENITE CONCENTRATION,(bpb VS. DEPTH, m uz-8

The AVERAGE represents average of non-zero concentrations.
‘lero values represent no sample recovery at that depth.

pond 2.15 9.30 9.48 2.61 2.78 9.91 1.97 1.22 AVERAGE DAY NO. OF SAMPLES
0.900 0.00 0.09 37.00 13.87 9.00 11.98 19.68 6.12 16.71 53.00 b
0.00 81.80 63.06 - 18.78 2.00 9.41 11.89 6.88 3.81 26.34 92.00 7
0.00 163.90 96.19 89.20 84.30 1165.90 12.95 70.60 0.00 87.28 95.38 7
25.98 120.40 97.170 137.40 116.50 82.70 11.63 106 .60 186.256 85.40 96.75 8
9.29 168.40 118.19 161.790 130.20 96.80 13.20 116.80 11.90 101.74 99.00 8
11.97 245.50 164.30 206.10 139.60 128.50 19.93 126.890 11.356 1390.91 104 .00 8
9.21 274.10 199.29 184.20 117.50 87.20 16.567 82.60 16.02 118.80 110.00 8
11.02 289.80 194 .00 161.60 113.49 28.43 11.09 68.30 0.00 120.36 113.00 7
12.06 258.80 114.60 134.90 136.90 24.63 23.94 60.44 11.30 95.69 117 .00 8
0.00 115.10 490.20 119.60 99.70 34.45 18.42 67 .40 9.20 81.75 120.00 8
7.37 60.50 22.02 90.20 61.60 44 .33 14.70 54.190 6.93 44 .30 124 .00 8
8.44 66.24 30.07 60.62 73.30 87.40 23.99 67.20 8.09 46.86 133.00 8
8.03 36.85 19.23 18.68 84.40 82.30 17.69 58.70 8.61 40.65 146 .00 8
7.49 33.92 17.99 13.88 69.20 86.60 13.47 63.50 8.69 37.00 173.00 8
6.89 17.082 9.44 11.93 78.30 92.00 9.68 73.60 8.20 37.28 203 .00 8
2.63 11.73 6.60 16.16 36.42 121.42 13.67 90.30 9.14 37.92 232.00 8
0.00 9.18 4.09 8.24 43.569 103 .89 13.42 24.66 8.66 28 .89 286.00 8
7.83 8.07 4.02 5.82 22.45 61.00 11.36 9.76 9.63 15.28 336.00 8
4.47 6.33 2.24 4.60 9.67 17.97 65.38 4.40 9.56 6.26 3560.00 8
1.44 5.91 3.40 5.93 10.80 12.79 6.12 5.14 2.42 8.44 398 .00 8
0.00 ¢.00 0.00 0.00 12.91 10.91 4.82 4.08 2.78 7.10 448 .00 5
0.00 32.87 0.090 0.00 13.79 7.83 4.23 2.98 4.08 10.93 468 .00 8
0.00 34.89 19.62 33.88 18.67 8.44 4.03 2.64 3.00 14.38 472 .00 8
0.00 33.87 19.69 32.78 9.72 68.60 4.69 3.17 3.42 14,23 475.00 8
0.00 37.02 18.65 26.87 8.61 6.79 4.19 0.00 3.63 14.94 476.75 7
26.16 39.22 17.96 28.80 11.70 7.83 4.38 3.68 3.27 14 .60 477.38 8
20.29 63.20 19.71 28.73 40.490 8.28 4.04 4.13 3.22 19.96 477.52 8
Q.00 0.29 20.54 29.14 33.590 6.87 4.02 4.12 2.97 14.31 477.73 7
8.97 44.00 18.97 27.902 32.90 6.82 3.856 5.64 2.88 17.39 478.38 8
8.67 0.00 16.28 31.35 47 .89 6.78 3.84 0.00 2.84 17.81 478.60 6
2.89 44 .60 19.17 32.18 768.39 6.78 3.69 10.86 2.68 24 .39 479.486 8
2.00 48 .60 28.27 40.95 94 .60 68.64 4.01 9.82 2.86 29.17 481.87 8
0.00 0.00 28.76 63.70 89.60 6.64 3.22 7.11 2.486 27.21 482.63 7
2.83 36.80 19.456 64.20 81.60 6.37 3.08 6.77 2.27 27.30 483.87 8
4.77 42.79 18.61 69.30 59.90 5.91 2.99 4.88 2.42 24.869 484 .50 8
0.00 32.63 13.39 38.31 30.40 6.98 3.42 6.21 2.98 18.66 487 .00 8
2.44 22.93 9.68 18.84 12.12 7.47 3.0 3.61 3.16 10.909 496.00 8
4.19 15.28 6.36 8.29 8.73 7.98 3.08 3.29 3.60 6.81 609 .00 8
2.73 68.60 3.11 6.14 4.22 8.79 2.56 3.47 2.88 4.68 639.00 8
0.08 7.26 3.98 5.37 6.70 9.17 3.568 3.19 3.66 6.22 672.00 8
8.86 9.68 4.50 17.78 4.43 4,93 2.91 3.99 3.20 6.49 621.090 8
19.91 11.58 65.80 20.38 8.84 6.71 3.14 3.69 2.94 7.47 848.00 8
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Pond 1 Resaturation Monitoring Chemical Data

SELENITE CONCENTRATION, ppb VS.

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 ﬁosaturation Monitoring Chemical Data

CHLORIDE CONCENTRATION, ppm VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data

CHLORIDOE CONCENTRATION, ppm VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Dats

CHLORIDE CONCENTRATION, ppm VS. DEPTH, m

The AVERAGE represents average of non-zero concentrastions.

Zero values represent no sample recovery st that depth.
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Pond 1 Resaturation Monitoring Chemical Dats

CHLORIDE CONCENTRATION, ppm VS. DEPTH, m

The AVERAGE represents average of non-zero concentrations.

lero values represent no sampie recovery at that depth.
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Pond 1 Resaturation Monitoring Chemical Data

TOTAL SELENIUM CONCENTRATION, ppb VS. DEPTH, m
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Selenate to Selenite Ratios

lero values represent no sample recovery at that depth.
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Selenate to Selenite Ratios

Zero values represent no sample recovery at that depth.
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Selenate to Selenite Ratios uz-3

Zero values represent no sample recovery at that depth.

pond 2.15 0.30 0.48 9.61 0.76 9.91 1.07 1.22 DAY
0.00 9.00 0.00 0.00 9.00 3.72 18.10 65.83 18.30 19,
2.00 19.38 18.87 2.33 1.02 68.08 8.68 1.72 i6.81 63.
0.00 0.00 0.00 0.00 0.00 12.64 7.18 2.00 9.00 89,
0.090 62.87 0.900 0.00 0.00 0.00 0.00 0.09 7.40 S7.
.00 63.77 66.18 82.31 30.29 468.63 84.19 89.04 89.93 98.
0.00 19.99 18.62 4.12 0.687 16.99 4.32 4.33 34.08 192.
0.00 17.78 9.69 0.50 0.28 12.44 2.46 0.78 7.93 199.
1.27 18.97 8.968 0.38 0.39 10.25 18.44 4.19 6.39 118.
2.33 6.78 8.91 9.48 1.84 11.94 2.76 1.13 4.83 119.
1.87 3.07 4.62 0.94 2.90 19.37 2.68 1.81 3.38 132.
3.11 2.77 1.72 9.76 2.50 7.36 0.73 1.768 3.24 144,
1.17 0.62 0.81 2.68 1.39 3.08 0.42 1.20 1.73 174.
1.37 0.40 2.71 9.34 2.98 9.768 9.38 1.26 1.37 204,
19.88 0.58 0.77 2.561 1.48 0.41 2.60 1.18 2.24 232,
9.00 0.78 1.486 0.60 4.21 0.59 2.49 1.30 2.51 2886.
0.00 .00 0.09 0.88 2.00 0.00 9.33 0.62 24.46 336.
0.00 0.00 0.00 0.00 0.00 4.04 0.00 1.54 2.32 341.
0.00 0.00 0.00 6.04 9.78 4.11 1.88 0.93 4.48 344.
0.00 9.08 6.23 4.09 2.81 2.32 1.08 0.82 4.66 360.
0.00 5.82 6.87 2.99 0.69 2.2%5 1.08 1.46 2.10 397.
0.00 0.00 .09 1.13 0.96 1.13 0.77 0.98 2.14 420.
9.00 9.22 13.62 0.00 1.19 10.49 6.21 2.74 3.99 468.
0.00 0.00 2.00 2.32 1.44 15.08 6.70 0.00 4.84 476.
.09 19.84 36.88 21.49 3.07 8.99 6.63 15.18 4.11 482.
0.00 18.63 42.11 34.55 8.38 15.81 6.768 12.286 4.67 482.
8.09 19.98 31.68 34.96 8.13 18.60 7.17 34.14 6.456 483.
7.82 18.29 42.54 87.44 6.72 23.72 7.68 38.47 7.73 484.
0.00 14.78 36.08 68.66 1.45 27.69 7.73 34.02 17.37 487.
12.27 11.29 22.87 64.680 0.69 26.67 8.17 27.14 19.26 488.
9.96 5.48 18.90 27.78 0.36 26.26 8.09 17.78 23.02 496,
7.99 2.00 11.69 16.28 0.39 21.89 7.48 8.68 16.18 b02.
2.07 2.69 8.45 8.93 9.39 14.04 0.00 6.87 11.68 609.
1.61 0.84 2.48 1.63 9.64 4.89 9.36 4.48 8.11 639.
2.00 1.21 0.78 9.49 0.77 1.38 19.907 10.91 8.22 672.
0.00 0.00 0.00 .00 2.20 1.72 6.48 1.29 3.77 621.
©.00 21.23 17.39 6.22 g.88 1.29 4.44 0.00 3.13 848.
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Selenate to Selenite Ratios

Zero values represent no sample recovery at that depth.
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Selenate to Selenite Ratios uz-56

lero values represent no sample recovery at that depth.

pond 9.15 0.30 9.48 9.61 8.78 8.91 1.07 1.22 DAY
0.00 16.28 9.20 0.00 9.00 0.00 0.00 9.00 0.00 28
9.00 0.00 0.00 0.00 0.09 3.10 2.48 2.01 1.64 44
0.00 12.23 8.48 0.00 0.00 0.09 1.34 9.82 0.81 72
0.09 16.21 9.09 5.47 0.00 ©.00 2.58 1.07 3.18 83
2.00 1.20 5.81 2.61 0.00 22.98 3.63 1.78 2.00 102
0.00 4.37 2.38 1.41 6.03 26.13 2.82 1.08 9.92 106
1.08 31.98 2.61 11.23 2.89 28.67 1.90 1.42 2,61 112
1.74 2.78 2.00 1.32 1.65 21.08 3.18 2.24 7.63 117
2.09 21.08 2.67 18.32 1.63 28.13 4.09 1.6 23.11 120
0.99 2.00 0.00 0.20 1.45 19.64 2.93 1.71 8.00 123
2.00 44 .53 5.08 1.07 1.32 11.45 3.88 2.28 11.18 133
3.13 19.96 68.25 2.12 1.32 190.87 4.20 2.02 11.19 144
1.47 19.68 2.63 2.20 1.91 4.22 5.26 4.18 11.85 174
1.82 3.82 3.40 1.66 2.62 2.94 4.88 3.01 9.94 204
12.47 2.07 4.10 3.06 2.94 1.81 4.38 2.98 4.33 232
0.00 2.89 1.78 1.74 7.49 1.34 65.79 2.48 2.18 287
2.19 2.82 1.61 1.87 6.28 2.682 2.40 1.62 9.98 338
0.00 2.89 2.34 2.99 3.40 3.36 2.70 1.68 2.98 337.
0.00 1.74 2.18 2.93 0.00 1.97 2.98 1.47 1.68 341.
0.00 0.37 1.77 1.85 9.00 1.04 2.99 2.91 0.68 344
0.00 1.268 1.66 0.90 0.00 1.87 1.70 0.78 9.61 369.
.00 0.20 9.09 0.00 0.00 9.00 0.00 9.76 9.79 397.
0.00 0.09 0.00 0.00 0.09 0.00 0.00 1.98 0.00 406 .
0.00 0.00 0.00 0.00 0.90 0.00 0.00 1.69 0.18 429.
0.00 2.00 0.00 0.29 0.00 0.00 0.00 1.86 0.48 448.
0.00 0.00 3.63 12.48 4.05 4.73 0.00 1.05 2.31 461.
0.00 9.09 4.26 14.490 2.41 6.35 1.84 1.31 9.81 472.
0.09 0.09 4.31 19.41 2.18 6.48 2.02 2.72 9.37 476.
9.00 2.00 8.74 7.95 2.13 11.29 2.01 2.14 1.24 487.
2.72 0.00 0.00 16.65 3.42 14.563 2.59 3.60 1.64 488.
6.42 0.00 2.00 4.89 4.18 20.69 2.84 2.92 4.01 4956,
1.45 2.00 0.00 2.09 6.43 16.09 3.21 2.85 8.856 609.
2.08 0.00 0.00 0.09 9.94 13.79 6.43 4.24 11.95 639.
2.00 2.73 2.70 1.95 0.91 4.81 9.96 6.909 14.76 672.
-0.97 1.59 9.87 1.81 1.12 0.60 19.08 5.97 7.92 821.
-0.83 1.50 2.03 1.70 1.18 9.65 12.94 3.62 2.83 849.
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Selenate to Selenite Ratios

Zero values représent no sample recovery at that depth.
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Selenate to Selenite Ratios

lero values represent no sample recovery at that depth.
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Selenate to Selenite Ratios

Zero values represent no sample recovery at that depth.
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Pond 1 Resaturation Monitoring Fluid Potential Dats Hydraulic Head, m water vs. depth, m uz-1

*

e - indicates a higher degree of confidence associated with the measurement

DATE 9.15 9.30 0.46 2.61 9.76 9.91 1.97 1.22
"7 -26-88" . -1.02 » -1.27 ] -1.17
"7 -31-88" . -1.43 L] -1.38 [ -1.27
*g -g-8e" . -1.63 ® -1.27 ] -1.27
"8 -21-86" . -3.47 - -1.73 » -1.78 =« -1.83 » -1.68 » -1.63
"9 -15-86" . -2.96 -2.04 -2.094 » -2.09 » -1.84 o -1.99 o -1.94
"9 -19-88" . -4.69 « -2.14 » -1.84 » -2.89 o -2.04. » -1.99 = ~-2.04
"9 -29-88" . -3.47 -2.14 » ~-1.94 = -2.19 » -2.94 -1.99 » -2.94
"10 -1-88" ] -2.88 o -1.94 » ~1.73 = -2.14 » ~2.36 o ~-1.84 o -2.14
"190 -4-86" .88 .39 .78 T4 -9.37 1.24 -1.097 -1.36
"9 -8-86" 1.33 .32 1.19 .89 ~-9.63 .93 -0.89 -1.39
"1 -9-86" -1.74 .02 1.22 .b3 -1.29 -9.81 -1.81 -1.60
"10-10-88" -2.29 -1.89 -1.76 -1.83 -1.76 -1.88 -9.91 -1.90
"10-18-86" -2.27 -1.84 -1.68 -1.87 -1.78 ~-1.67 -1.74 -1.83
"10-22-86" » -2.36 -1.74 -1.49 » ~1.83 » -1.71 » -1.683 -1.78 = -1.64
"10-26-88" -1.71 = -1.28 -1.18 = -1.64 o -1.62 » -1.24 -9.47 -1.37
"10-28-88" -1.32 -1.31 -1.17 -1.54 -1.36 -1.26 -1.23 -1.32
"19-29-88" . .27 w .21 e .13 o 17 . .08 o .20 o -9.08 o .17
*10-31-88" . .87 = .66 « .87 » .86 e .83 o .67 = .63 .89
"i1 -4-88" L] .66 = .47 = .48 .73 » .39 = .42 = .40 .83
"11 -6-88" .47 .40 .39 .42 .39 .42 42 .43
"11 -7-88" .63 =» .37 0w .38 o .42 .39 » 42 » 36 » .38
"11-10-88" .95 .64 .88 = .41 o .38 » 39 » .36 =» .39
"11-11-88" .81 » .37 = .37 » .40 » .36 .42 » .33 = .38
"11-14-88" .38 .36 .60 .41 .40 .38 .39 .39
"11-17-88" . .42 . .60 .61 = 44 .40 » .42 = .47 » .41
"11-19-86" . 47 o .39 .56 » .45 .38 o .42 = .36 » .38
"11-21-88" ° .48 o .60 .38 o .42 o .60 = .44 » .40 o .40
"11-26-88" . .48 » .48 » .43 .44 o .38 = .46 = .43 e .43
712 -3-88" . .67 = .81 » .81 o .60 » .88 @ .68 » .84 o .82
"1 -2-87" . .86 .81 o T e .69 e .B2 = .68 o .64 » .83
"1 -13-87" . .61 = .82 =« .83 = .83 .82 » .64 = .82 @ .83
"2 -13-87" » .87 o .84 » .86 .86 = .83 » .82 » 81 = .82
*3 -13-87" 1] .80 = .83 =» .87 .84 o .82 » .82 o .68 '» .61
"5 -8-87" . .80 .91 = .80 .86 o .81 » BT = .69 e .83
"8 -26-87" .28 » .08 o .10 o .13 » .11 o .12 . .13 .29
"8 -30-87" - .19 » .19 » .23 » 17 .13 o .21 o .16 = .16
"7 -3-87" . .24 » .20 o .22 = .22 o .19 e .22 » .23 » .29
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I

Pond 1 Resaturation Monitoring Fluid Potential Data Hydraulic Head, m water vs. depth, m uz-2
« - indicates a higher degree of confidence associated with the measurement
DATE 9.30 2.61 9.91
i
"7 -26-88" . -0.36 . -9.36 . -0.20
"7 -31-88" * -9.61 . -0.48 ] -9.561
"8 -8-88" . -9.31 . -9.26 * -9.31
"g -21-86" » -9.41 . ~-0.48 ] -0.61
"9 -19-88" . -9.561 . -0.48 » -8.61
"9 -23-88" . -9.41 . -9.68 L] -8.61
"9 -29-88" . -0.41 . -0.48 » -0.41
10 -4-86"
"10-11-88" . -9.31 » -9.26 » -9.41
"10-17-88" . -0.31 . -9.26 L -90.32
"10-22-868" . -9.32 - -98.23 L] -9.28
"10-26-88"
"10-27-86" * -9.28 . -9.27 -0.30
"19-29-86" .88 ] -9.17 L] -9.21
"i0-31-86" ] -90.12 . -9.10 . -9.13
"11 -4-88" * -0.18 ] -0.14 . -0.16
"11-11-86" -9.09 . -0.12 - -90.14
"11-14-88" -0.17 -8.11 -8.12
"11-18-88" * .06 . -90.11 » -9.09
"11-19-86" . .07 . -0.08 [ -90.09
"311-21-88" * -9.14 . -9.08 . -9.11
"11-26-88" .23 -0.12 .01
"12 -4-88" .33 .71 .10
"12-26-86" .84 .72 .79
"1 -2-87" ) . -8.01 * .01 . .02
"1 -13-87" L .05 * .09 L] .09
%2 -13-87" . .14
"3 -12-87" . .03 . .10 .63
"5 -8-87" . .00 . .86 . .0
"g -26-87" . -.26 » -.22 -.01
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Pond 1 Resaturation Monitoring Fluid Potential Data Hydrsulic Head, m water vs. depth, m uz-3

¢ - indicates » higher degree of confidence associated with the measurement

DATE 2.16 2.30 0.48 8.61 9.78 9.91 1.07 1.22
"8 -7-88" ] ~1.22 = -2.03 «» -1.73 » ~3.08 = -2.76 » -3.186 o -1.683
"8 -8-88" . -1.22 o -1.63 o -1.73 o ~-1.84 » -1.83 » -1.73 » -1.63
"g -21-86" . -1.63 -1.43 o -1.12 o -1.43 » -1.33 o ~1.83 = -1.63
"9 -11-86" ] -2.14 -1.63 ~1.43 o -1.43 » -1.43 » -2.14 = -1.73
"9 -16-86" » -2.66 -2.03 » -2.83 =« -1.84 =« -1.84 » -1.73 » -1.84
"9 -19-88" L -2.85 » -1.94 » -2.03 » -1.84 » -1.84 » -1.73 » -1.84
"9 -29-88" . ~-2.88 » -2.36 o -2.36 = -2.03 = -1.84 » -1.94 =« -1.94
"10-14-86" . -2.76 = -2.03 » -2.03 = -1.84 o -1.73 » -1.84 -1.94
"i®2-16-88" . ~2.36 » -1.66 = -1.38 » ~1.37 » -1.22 = -1.36 » -1.18 -9.19
"10-17-88" . -2.43 o -1.92 = -1.60 = ~-1.49 » -1.30 = ~1.30 & . -1.27 -1.04
*19-22-88" -2.84 -90.96 -1.82 o -1.92 -1.79 o ~1.89 o ~1.88 -0.64
"19-26-86" * -3.22 » -2.44 -1.76 » -1.94 o -1.98 = ~-1.87 o -1.62 » -1.68
*19-29-86" . -2.94 -1.32 +» - 1.64 -1.63 » -1.61 = -1.39 » -1.62 -8.97
"10-30-86" .27 10 o« .24 0.00 o 180 » .08 o .20 » .36
"19-31-86" . .36 » .34 = .81 » .26 ¢ .31 » 17 e .31 o .31
"11 -3-88" .17 .21 -9.08 .08 .11 .87 .64 .83
"11 -4-88" .23 » .16 » .29 o .06 = .07 .06 .42 .b3
"11-10-88" - .08 .38 » .18 » 0.01 =« -9.01 .76 .48 » .13
"11-11-86" . .08 o .10 = .34 o 2.00 o .02 = 01 o -0.01 e .38
"11-14-86" .11 .07 .04 .60 9.00 .04 -9.01 .10
"11-17-88" . 11 .08 = .08 » .11 .32 o .02 = .02 = .22
"11-19-86" . 09 = .08 -9.17 = .08 o .18 o B1 o -8.83 » 2.00
"11-20-88" . .20 » .14 » -8.16 = .12 o .01 » .05 » .10 o .02
"11-26-88" . .14 » 16 e .24 » .20 o 04 o .06 » .18 .« .38
"12 -3-86" . 41 .34 .63 o .30 » .32 » .26 » .36 » .45
"1 -13-87" . .34 » .34 » .34 o .26 » 27 .28 » 31 o .34
"2 -13-87" . .41 .26 » .31 o .18 » .23 = .24 » .24 1.82
"3 -13-87" .28 o .22 47 » .20 o .23 o 24 » .30 » .39
*s -8-87" . .30 « .26 » .63 = .43 = .18 = .17 e .29 o 47
"8 -26-87" -.81 = ~-.72 » -.21 -.76 = -.79 = -.76 o -.34 » -.42
"8 -30-87" -1.12 » -.356 .69 -.39 -.62 -.17 = -.17 o .93
*7 -3-87" * -.06 = -.06 .80 -.19 .06 09 » .06 » .23
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Pond 1 Resaturation Monitoring Fluid Potential Data Hydraulic Head, m water vs. depth, m uz-4
|
e - indicates a higher degree of confidence associasted with the measurement '

DATE 9.156 9.30 9.46 8.61 8.78 9.91 1.07
"8 -8-88" . ~2.24 » -2.45 ~2.45 » -1.63 -0.71 o -0.92 = -1.83
"8 -21-86" * -2.76 o -2.86 o -2.88 -1.63 -1.43 = -1.43' «» -1.43
"9 -8-88" . -1.80 -2.85 » ~4.39 o -1.63 -1.43 » -1.63 o -1.43
"9 -17-86" . ~3.47 » -5.30 » -6.81 » -1.63 o ~1.43 » -1.43 =« -1.43
"g -17-88" . -3.98 = -6.81 = -6.81 = -1.63 -1.43 = ~1.43 = -1.43
"9 -18-86" . -1.84 = ~2.36 = -5.71 = -1.63 -1.33 o -1.43 «» -1.43
"9 -18-86" . -3.96 + -3.67 = -5.61 » -1.63 o -1.43 o -1.33 » -1.43
"9 -18-86" . -3.88 -4.89 o» -6.81 » -1.63 -1.43 ~-1.33 o -1.43
"9 -19-868" . -2.14 » -1.22 » -4.49 » -1.63 » -1.43 = ~1.43 o ~-1.43
"9 -19-86" . -4.28 » -4.79 = -56.20 o -1.63 = -1.43 -1.33 -1.43
*9 -23-88" . -2.86 -4.18 » -8.12 =» -1.63 = -1.43 -1.33 -1.43
"16 -4-88" . -2.14 » -5.20 » -8.32 -1.63 -1.43 » -1.33 » -1.33
"19-10-88" . -2.14 « -5.71 » -8.12 » ~-1.83 -1.43 -1.22 o -1.22
"10-11-868" . -8.63 ] -1.33 -1.22
"10-16-88" -1.84 -5.98 -9.68 -1.19 -1.28 -9.48 -9.11
"19-17-88" ~-1.83 -0.18 -0.31 » -0.92 -1.11 2.909 9.12
"19-20-88" . -2.68 -0.38 -3.84 -1.03 9.26 » -0.98 » -1.00
"10-22-88" . -4.563 -0.57 -4.77 = -9.88 -0.42 «» ~03.91 o -9.93
"10-26-86" -6.02 -3.566 -2.49 » -0.99 -1.38 -1.18 =« ~1.04
"19-29-88" -1.27 -3.36 -1.10 = -8.99 -9.83 » -8.87 = -0.68
"10-30-86" -0.07 » -0.63 » -1.01 -0.67 9.66 o -0.81 =« -0.48
"10-31-88" 0.67 -0.16 -0.67 » -0.48 -0.42 » -0.46 = ~-0.33
"11 -3-88" * -3.34 -0.49 -0.34 o -0.43 o -90.60 B.41 o ~-0.41
"11 -4-88" -1.88 » ~-1.07. -9.26 » ~0.41 -90.64 -0.94 » -0.42
*11-10-86" . -3.13 -9.956 -90.904 -0.28 ~-3.86 0.33 » -90.41
"11-11-86" . -4.69 o -2.08 = -1.00 o -8.561 » -0.67 = -0.68 -2.38
"11-13-88" ~-6.43 -2.89 -90.92 -0.561 -9.68 -0.62 -0.46
"11-18-86" . -3.92 -1.01 = -0.88 « -8.69 » -8.62 = ~-3.63 = -0.486
"11-19-88" -3.70 -2.84 ~0.80 » ~-0.39 -0.68 » -0.69 = -9.486
"11-26-86" * -8.18 = -1.66 = -8.80 2.76 o -9.62 o ~8.563 o -0.40
"12 -4-88" -1.04- » -9.29 2.49 2.68 2.87 » -9.21 1.09
"12-26-88" . 0.11 = 9.93 = 2.00 0.67 o 2.06 9.64 2.47
"] -2-87" 2.068 = 0.00 » 2.01 o -0.23 09.83 = -90.12 = -9.23
"1 -13-87" . 0.16 » .11 » 9.13 -0.10 2.14 = -0.07 » -9.12
"3 -12-87" * .18 = .12 = .36 » .08 o .11 .23 o .01
"6 -6-87" . .16 .42 47 » -0.20 » -0.903 » ~-0.04 o -2.11
"8 -26-87" -8.83 -7.24 » -2.38 o . -.97 -1.67 » -1.08 » -.87
"8 -30-87" -7.11 -8.08 =3.27 o -.93 » ~1.63 = ~-1.01 =« -.83
"7 -3-87" -5.48 ~-7.83 » -4.19 -.47 = -.79 » -.68 -.33
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Pond 1 Resaturation Monitoring Fluid Potential Data Hydraulic Head, m water vs. depth, m uz-6

s - indicates a higher degree of confidence associated with the measurement

DATE 9.156 9.30 9.48 9.61 2.78 9.91 1.07
"g -14-86" . -1.22 o -1.02 1.22 = -1.12 » -1.02 = -0.92 = -0.92
g -21-88" . -1.48 « -1.33 » -1.12 » -1.02 » ~1.082 = -0.87 o -90.92
"9 -6-86" * -2.14 s -1.63 » -1.92 » -1.12 » -1.87 » -0.97 » -0.87
"9 -19-88" . -2.24 o« -1.84 -1.02 » -1.802 o -1.62 » ~-9.82 = -8.82
"9 -29-88" . -1.33 » -1.83 « -1.22 o ~-1.12 o -1.12 » -9.92 = -1.12
"19 -3-88" . -1.63 » -1.63 = -1.12 = -1.22 o -1.22 » -1.22 -1.12
"19 -4-86" 1.22 1.22 1.22 1.22 1.22 1.22 1.22
"10 -7-86" -0.66 o ~-1.63 1.22 1.22 9.30 9.14 9.87
"i¢ -8-88" -1.81 -1.63 8.78 2.45 2.46 -2.08 9.10
"io -9-88" -1.083 0.48 -9.43 -0.84 -9.93 -8.68 -9.986
"10-18-86" -1.09 -1.22 9.36 -1.82 -1.07 -0.06 -9.99
"10-16-88" 1.22 1.22 1.22 1.22 1.22 1.22 1.22
"10-17-88" -80.30 ~-1.63 9.89 -0.560 o -1.07 9.60 -9.39
*10-20-86" *® -2.03 -1.16 2.1 <« -0.89 -1.04 o -1.16 -1.03
"19-22-88" L) ~-1.22 1.22 9.61 -9.26 -1.02 -1.02 -0.82
"19-27-88" - -1.12 =» -1.66 -9.62 2.96 o -9.87 ~8.41 o -0.78
"19-31-88" . 0.04 » -1.58 » -3.60 o -0.80 » -0.26 » 2.04 -0.29
"i1 -3-88" . 9.30 = 9.49 2.88 0.04 » 2.09 9.66 -9.06
"11 -4-88" ] 0.386 =» 9.13 «» 2.802 o -0.07 o 9.12 » 2.11 = -9.01
"11 -7-86" ) .42 » ©.30 0.73 » -9.03 9.21 0.37 = -9.02
"11-11-88" L) .40 o 9.40 2.563 » -3.02 o 9.19 » -0.02 = 2.01
"11-13-86" 2.41 @.42 2.04 9.03 2.19 2.01 2.09
"11-18-88" ] .40 o 2.38 » 2.12 » B.04 o 2.17 » 2.02 » 0.08
"11-19-88" . .42 » 0.3¢ o 2.95 = 0.08 » 0.20 = 2.05 » 2.07
"11-21-86" . 0.44 » 0.40 o 2.07 = 0.04 =« .16 = 9.02 » 6.92
"11-24-88" » 0.49 » 2.18 = 3.81 = 0.03 9.21 o 9.08 o 2.07
"12 -4-886" * 2.66 2.89 .40 «» 9.28 9.42 » 9.28 1.19
"1 -13-87" 1.27 9.93 2.83 » 2.40 9.561 » 2.41 1.18
"2 -13-87" . .85 .88 . .54 o .58 » .49 .64
"3 -13-87" . .83 o .89 . .61 » .61 = 44 o .46
"5 -7-87" ] .80 » .67 .48 « .31 o .36 .54 = .26
"8 -26-87" » -.83 = .14 1.23 = -.31 o -.24 » ~-.60 -.31
"8 -30-87" . -.20 » .19 o -.48 = -.48 » -.68 o -.84 o -.49
"7 -3-87" . -.39 = -.36 = -.87 » -.81 = -.68 » -.64 » -.80
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Pond 1 Resaturation Monitoring Fluid Potentiasl Dats Hydraulic Head, m water vs. depth, m uz-6
« - indicates a higher degree of confidence associated with the measurement .

DATE 0.16 ©.30 9.48 2.61 .78 2.9 1.07
g -21-88" . -9.681 -0.61 o -0.61 o -0.46 -0.468 -0.468 » -90.31
"9 -19-86" * -1.12 = -0.92 = ~0.92 -B8.71 o -8.82 «» -0.71; = -0.92
"9 -23-88" . -0.92 = -6.92 o« (-1.02 -0.92 o -0.92 » ~-0.92 o -0.92
"9 -29-88" . -1.02 » -1.02 » -1.02 » ~0.92 -1.82 -0.83 -1.02
"10-16-88" . -1.082 = -0.92 = -0.92 o -8.71 » -0.82 o« ~0.82 -0.82
"10-17-88" . -9.69 o -0.79 = -3.80 o -8.74 -9.83 -0.91 -0.34
"10-20-88" . -0.88 » -90.83 o -9.82 -0.90 ~9.31 -9.91° -0.31
"10-22-86" . -0.89 -0.91 o« -0.89 » ~-0.82 o -0.71 -0.90 » -8.78
"10-27-88" . -0.99 » -@.87 e -90.81 » ~0.71 » -8.76 o -0.89 -9.68
*19-38-86" 8.21 ©.18 8.14 9.18 9.16 2.18 9.10
"11 -3-86" . .47 o 9.48 » 0.49 » 0.49 o 0.49 o 9.48 o 2.63
"11 -4-88" - 0.40 Q.46 » .49 = 2.49 » 9.46 » 0.49 » 2.36
11 -7-88" * 2.62 » 2.61 o .66 0.64 2.60 » .56 = 9.50
"11-13-88" 9.67 0.58 0.76 2.69 9.73 2.80 2.686
"11-18-88" . .69 0.60 2.84 o 2.60 o 2.69 » 0.69 » 8.89
"11-19-88" . 2.64 » 9.64 2.87 = 2.68 9.66 o O.67 = 2.62
"11-21-88" . 2.58 =« 2.60 » 0.61 = 9.61 o 9.69 o 2.60 2.68
"11-26-868" 2.64 9.684 9.63 .69 2.61 » 0.62 2.70
"12 -3-86" * 9.57 = 2.72 9.86 .76 o 0.680 » 0.78 o 0.79
"] ~1-87" . 0.78 » 9.76 0.83 2.86 o 0.80 =« 2.78 o 9.81
"3 -12-87" . .96 » .78 = T4 » .80 o 72 » 79 » .79
"5 -8-87" . .76 » .74 o .80 o .79 » .80 » .76 .78
"g -26-87" . .37 » .38 » .37 » 41 » .38 » .63 » .47
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Pond 1 Resaturation Monitoring Fluid Potentiai Data Hydraulic Head, m water vs. depth, m vz-7

¢« - indicates a higher degree of confidence associated with the measurement

DATE 9.16 9.390 9.48 9.61 2.78 9.91 1.07 1.22
"9 -8-88" . =7.34 » -8.12 -2.66 » -2.36 o -1.94 = -1.27 o -1.73
"9 -19-88%" ¢+ -7.34 + -8.53 -4.69 » -3.08 e -2.46 o -1.84 o+ -1.94
"9 -23-88" . -8.83 » -65.61 -3.77 -2.88 = -2.36 » -2.14 = -1.94
g -29-88" . -8.02 o -68.22 -3.87 s -2.98 o -2.24 o -2.14 » -2.94
"10 -1-88" . ~-7.89 « -6.32 = -3.77 = ~3.37 o ~2.46 o -2.14 = -2.04 o -2.14
"10 -3-88" 0.64 8.71 9.17 9.43 0.08 '0.20 ~0.34 -0.46
"9 -7-88" 1.82 1.18 -0.19 2.47 -9.61 -0.34 -8.356 -0.30
"10-10-86" 2.66 9.99 8.16 0.88 9.17 0.20 0.09 -0.07
*10-17-86" -6.42 -3.17 0.08 -2.61 ~-1.44 9.03 0.04 = -8.16
"10-20-88" . -4.790 = -4.05 9.66 2.18 -2.04 oo -1.74 » -1.81 o -1.17
"10-22-88" -4.81 -4.28 -2.86 o -1.99 © «1.71 » -1.82 » -1.84 o -0.78
"19-27-86" . -4.42 » -5.14 -4 .34 -2.386 o -1.38 e -1.78 = -1.77 = -1.20
*10-31-88" . ~-6.04 » ~4.71 -4.94 -2.862 o -1.780 » -1.76 = -1.89 o -1.46
*11 -4-86" . ~6.33 o -5.37 = -6.78 » -2.78 -1.48 .o -1.27 = -1.11 » -1.11
*11-11-88" -3.68 = -4.97 -0.13 ~-8.78 = -0.87 o -0.83 o -8.93 -9.29
"11-14-88" -3.24 -8.73 -9.71 -0.68 -0.89 -9.71 -0.86 -0.46
*"11-18-88" . -4.73 » -2.31 = -0.69 -0.63 o -0.42 » ~-8.63 o -0.74 o -9.31
"11-19-88" . -4.62 » -4.18 = -0.76 o -0.70 o -0.73 = -0.78 o -0.81 = -9.33
"11-21-86" . -4.32 » ~4.16 » -0.63 -2.68 = -8.71 = -0.62 » -0.73 = -0.42
"11-26-88" . ~-3.69 » ~1.91 = -0.86 o -0.67 » -0.66 » -0.62 o <0.71 e -0.32
"1 -13-87" . -0.26 » -0.22 -80.18 =« -0.17 = ~0.22 o -0.16 o -0.13 » -9.28
"2 -12-87" . -0.19 -0.18 = -0.20 o O1 » ~-0.16 » -0.08 -90.18
"3 -12-87" . -9.26 = -0.28 = -9.28 » ~-0.280 o -0.24 » -0.18 o -2.18
"6 -7-87° A7 . -2.18 = -0.34 » -2.10 .68 o -0.23 = -0.29 .08
"g -26-87" . -1.71 » -1.67 = -1.15 -.97 -.46 -1.17 -.20 o -.37

-« & ’ : . . -
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Pond 1 Ressturstion Monitoring Fluid Potential Data Hydraulic Head, m water vs. depth, m uz-9
s - indicates a higher degree of confidence associated with the messurement

DATE 9.16 9.30 2.48 9.61 8.76 9.91 1.97 1.22
"9 -11-88" -3.37 -1.73 ~1.43 -1.63 -1.22 -1.22 ~-0.41
"9 -16-88" -3.67 -1.94 -1.63 -1.63 -1.33 -1.33 -1.33
"9 -19-88" -4.39 - =-2.24 ~-1.63 -1.43 -1.22 -1.33 -1.33
"10 -4-88" . -2.36 » -1.84 » -1.63 =» -1.84 . -1.33 o -1.43 -1.43
"10-17-88" . -2.98 =« -1.73 » -1.63 o ~-1.43 . -1.33 o -1.43 -1.43
"19-20-86" . -3.67 -2.14 -1.83 o -1.43 . -1.33 » -1.33 -1.43
"10-21-88" L] -3.16 o -1.73 -1.63 = -1.63 L] -1.33 o -1.33 » -1.33
"10-22-88" . -2.92 = -0.11 -8.87 =» ~1.43 o . -1.39 = -1.36 » -1.46
"10-24-86" 1.22 1.22 1.22 1.22 1.22 - 1,22 1.22
"10-27-88" L] -3.23 » -0.38 -1.22 » ~-1.42 . ~1.3686 » =1.27 = -1.39
"10-28-86" 9.61 9.27 -0.21 9.01 -0.37 -0.32 -9.22
"19-28-88" 9.28 2.41 -9.12 -0.09 -0.14 -2.18 -8.16
"10-30-86" 9.38 0.66 2.186 2.29 2.16 2.17 2.14
"19-31-88" . 2.34 .67 o 2.18 e 8.16 * 2.08 2.33 2.13
"11 -4-86" 2.38 9.49 9.1 +«  0.33 ] .22 = 0.22 9.39
*11 -6-88" 9.33 9.38 9.20 0.08 9.21 9.28 2.14
"11 -7-88" L] 2.31 1.22 2.13 2.21 . 29.16 o 0.13 o 2.06
"11-11-88" . 2.36 1.056 9.29 0.88 . 2.18 «» 0.16 9.13
"11-11-88" . 0.24 o -0.37 2.12 9.12 . 0.13 .12 o 2.11
"11-14-88" 0.563 9.38 9.26 9.13 0.17 2.16 .13
"11-18-88" - 0.34 ¢  0.63 = 0.24 9.27 . 29.18 =» 29.18 2.14
"11-19-86" . 2.29 = 9.17 » 9.21 o 9.23 ] 0.16 =« 0.13 = 9.11
"11-21-88" . .32 » 2.94 0.23 o 2.21 L] .17 » .16 e 2.16
"11-26-88" . 2.29 - @2.28 2.39 [ 2.19 » Q.44 » 2.17
"12 -4-88" . 9.61 =« .73 » 2.561 = 2.48 . .44 » 0.40 o 2.48
"] -2-87" * 9.38 0.561 » 9.32 9.48 ¢  B0.33 » .43 » 9.32
"] -13-87" ) 0.44 « 0.60 » 9.42 =« 9.42 L] 9.41 o 0.42 «» Q.40
"2 -13-87" . 0.42 2.6569 = 2.39 e 2.47 . 09.38 = .41 » 9.39
"3 -13-87" @.68 2.88 = 3.47 2.68 . 0.40 » 0.44 » 0.40
"E -6-87" . 42 . .72 » .60 » .67 . .43 » .48 » .40
"8 -26-87" . .22~ = BT » .16 .08 L] .21 o .12 e .14
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Pond 1 Resaturation Monitoring Fluid Potentia! Data Hydraulic Head, m water vs. depth, m uz-9

¢« - indicates a higher degree of confidence associated with the measurement

DATE 2.156 2.30 9.48 6.61 8.7 9.91 1.07 1.22
"9 -19-86" . -1.63 » -1.43 o -2.456 + -1.12 . -9.92 s -1.02
"9 -23-86" + -3.98 s -8.63 s -4.28 ¢ -1.33 ¢  -1,22 e -1,33
"g -29-88" . -2.86 o -8.32 » -3.77 » -1.33 L] -1.22 . -1.22
"1p -2-88" . -2.98 » -7.14 -3.77 o -1.33 * -2.14 ) -2.14
"10 -4-88" 0.02 -1.34 9.96 -2.18 1.04 2.47
10 -8-86" 2.19 -1.73 1.89 9.28 1.30 1.09
10 -9-88" -1.17 -2.94 1.90 -9.39 1.34 0.93
*12-10-88" -1.64 -2.91 -1.06 -1.09 2.01 -1.03
"10-11-88" -0.76 -2.92 -1.60 ~1.09 0.47 -9.98
"10-14-88" -0.14 -1.73 -2.01 -1.04 -9.92 0.92 -0.94
"19-17-88" . ~1.28 -2.98 » -2.19 -0.79 -0.06 9.17 -0.94
"19-21-88" . -1.84 -9.81 -1.38 o -1.02 -9.968 9.29 . -9.29
"10-22-88" . -1.81 ~3.33 » -1.31 » -0.72 ~-1.01 0.28 L] -0.90
*19-26-86" . -1.79 » -6.78 = -1.32 = -1.02 -0.97 o -0.82 . -2.87
"19-31-88" . -1.76 o -8.64 .45 o -9.84 o -8.71 o -0.79 . -9.682
"11 -4-88" -0.70 «» -6.17 2.09 = -9.68 ¢ -9.65 » -5.60 . -0.69
"11 -6-88" -9.28 ~4.69 -9.79 -9.63 -90.62 -9.64 -9.560
"11-11-88" -9.38 -9.92 2.96 « ~9.68 -0.33 » -9.63 ?.48
"11-14-88" -0.79 -1.08 1.22 -0.68 . -B.68 -8.62 -9.66
"11-17-88" . -0.21 » -2.92 1.12 o -0.66 -0.07 o -0.60 . -90.42
"11-19-88" . -1.02 = -90.82 1.36 o -9.66 0.10 =» -9.49 * -0.44
"11-24-88" . -9.68 =» -0.72 = -0.52 o ~-9.66 -0.64 » -0.48 L] -0.32
"12 -4-88" » 8.22 1.22 1.22 1.06 » -0.26 o -@.14 2.78
"] -2-87" ] -8.32 -8.48 ~-2.18 -0.44 -0.43 » -9.40 . -9.26
"1 -13-87" -0.32 = -0.36 » -2.09 ~0.28 » ~0.24 o -9.26 L -9.22
"2 -13-87" .11
"3 -12-87" - -0.20 = -0.29 = ~-0.14 = -0.22 -0.20 o -9.13 . -9.07
"6 -6-87" . -0.87 -0.38 -8.69 -0.66 » -0.68 « -0.69 ] -9.37
"8 -26-87" . -2.78 » ~2.30 o -1.42 » -1.03 o -1.01 » -.98 ~.82
"8 -30-87" - -2.17 -1.82 = -1.39 » -1.03 = -.98 -.92 -.43

ot &. v

-8L¢-



-279-
Appendix I SUGGESTED EXPERIMENTAL IMPROVEMENTS

This Appendix is included as a brief listing of suggested improvements that could be made
in a future study of similar scope and purpose. In the interest of brevity, the items are
presented without detailed discussion or justification. The list primarily includes changes in
field procedures, i.e. in monitoring site design and sarhple collection, that were suggested

either in the literature or in the course of performing the experiment.

(1) In the collection of soil water samples, recording the volume of water found within the
soil water sampler at each sampling episode may be a useful measurement. It may be
possible to determine soil matrix permeability in the area immediately surrounding the

- porous cup in an approximate fashion. Permeability estimation in this manner, however,
may be obscured by the fact that the soil immediately adjacent to the cup may have been
disturbed during sampler installation and by questions regarding what the sampler is actu-
ally sampling, as discussed in Section 3.7. In any event, this measurement should be
made as one means of monitoring the general behavior and state of the system. It is one

component of a thorough and complete sampling procedure.

(2) It is suggested that a tracer be used which is not already present in the system. The
specification of boundary-initial conditions in a modeling effort is greatly simplified by
constant initial conditions and step-inputs. It may be difficult, however, to identify a
tracer which satisfies the necessary requirements, i.e. that it is absent from the system ini-
tially, non-reactive, inexpensive, and easily analysed. In addition, the quantity of artificial
tracer required in this study could have been enormous due to the large volumes of water

'

(100’s of acre-ft) involved.

(3) A platform of some sort should be constructed so thét the pond bottom surface is not dis-
turbed during sampling. While the pond was submerged, personnel walking around the
monitoring sites duﬁng sampling often caused the soft and often muddy pond bottoms to
became rutted and uneven. This fact may have little effect on the flow of water to deeper
soil water samplers, however, water flow to the shallow samplers, especially the 0.15 m

(6 in) deep samplers, may be occurring along flow paths that vary significantly in length
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from the assumed depth.

(4) The sampling intervals during the first flooding episode were probably not sufficiently
small. Resolution of rapid variations in solute concentrations, especially with seienium,
was often poor during the initial periods after flooding when samples were collected
every few days. During the second flooding event, where initial post-flooding samples
were collected at least as rapidly as one per day, riSing and declining solute levels were

observed with much greater resolution.

(5) The sampling intervals during later portions of the experiment as well should be shor-
tened, or at least, attention should be directed to the timing of sample entry into the cup.
In this study, a sample was designated to be representative of conditions in the soil solu-
tion for the day in which it was collected. 1t is possible that rather than being representa-
tive of solute concentrations for the instant of sample collection, the sample actually
reflects conditions immediately after the previous sampling episode when a gradient
existed for flow into the cup. Shorter sampling intervals would increase the likelihood
that the collected sample was representative of solute concentrations in the soil water at
the moment of sampling. Also, any chemical transformations that might occur in the

sampler tube may be minimized by shorter intervals.

(6) If possible, soil water samplers should be installed months, possibly a year, prior to the
time when they are actually required. This provides more time for the establishment of a
good hydraulic connection between the cup and adjacent soil and a retumn to relatively

undisturbed soil conditions.

(7) In the 1-dimensional modeling of solute transport that was perfom‘led in this study, initial
solute distributions were constructed from observations made areally throughout a site.
Construction of a soil water sampler that could accomodate more than one sampling point
would allow for the monitoring of vertically continuous solute profiles rather than only

solute variations at areally distributed points.

(8) Utilize methods that reduce the variability, between adjacent samplers, in the timing of
sample collection. Such procedures involve controlling sampler intake rate and volume,

and include: selecting samples with similar intake rates (permeabilities), using a uniform



-281-

sampler length (i.e. a constant volume), and when applying a vacuum - using the same
initial vacuum for all the samplers. A device that shuts off automatically when the
desired volume of sample is collected would address this issue.

(9) Due to the highly variable nature of soil structure and the resulting heterogeneous éompo-
sition and concentration of soil solutions, it is suggested that replicate Smn'plers be

installed to particular depths.
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