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EXECUTIVE SUMMARY 

Scientists and engineers from the Earth Sciences Division at Lawrence Berkeley Labora­

tory have been studying the Kesterson environment and participating in developing cost~1Iective 

remediation techniques since 1985. The combined efforts of the USBR and investigators from 

the USGS, CH2M Hill and more recently, the University of California have resulted in two major 

remediation actions, stopping drainwater deliveries to the Reservoir and filling the low-lying 

areas to eliminate the formation of ephemeral pools. These two measures have significantly 

reduced the presence of conditions that are hazardous to wildlife at the site. Nevertheless, a 

large inventory of selenium remains in the soils, and questions remain as to both the current and 

future consequences of this. 

This report describes Kesterson Reservoir related research activities carried out under a 

cooperative program between Lawrence Berkeley Laboratory and the Division of Agriculture 

and Natural Resources at the the University of California during FY89. The primary objectives 

of these investigations are: 

• predict the extent, probability for the occurrence, and selenium concentrations in sur­

face water of temporary wetland habitat at Kesterson; 

• assess rates and direction of migration of the drainage water plume that seeped into the 

aquifer under Kesterson; 

• monitor and predict changes in quantity and speciation of selenium in surface soils and 

vadose zone pore-waters; and 

• develop a comprehensive strategy through soil, water, and vegetation management to 

. safely dissipate the high concentrations of selenium accumulated in Kesterson soils. 
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This report provides an up-date on progress made in each of these areas. 

Groundwater monitoring and numerical simulation studies have been carried out to assess 

the likelihood of fonning ephemeral pools from rising groundwater at Kesterson Reservoir. The 

primary conclusion from these activities is that fonnation of ephemeral pools due to rising 

groundwater is unlikely in years of below-nonnal to slightly above-nonnal precipitation. In 

years{)fheavy rainfall (50% greater than a nonnal water-year), the majority ofunvegetated areas 

of the Reservoir may be covered with standing water during the late winter. Salt and selenium 

concentrations in these pools are expected to be considerably lower than in the ephemeral pools 

that occurred during the 1986-1987 period but nevertheless, may well exceed the 2-5 Jl.g/llevels 

judged harmful to wildlife. In years of exceptionally heavy rainfall (100% greater than a nonnal 

year) ponding over much of the Reservoir is anticipated. Contingency plans for surface drainage 

of the Reservoir into local waterways may be desirable to minimize wildlife exposure to these 

temporary wetlands. 

Migration of the plume of saline but low selenium «2 mg/l) water that seeped from the 

Reservoir into the underlying aquifer was monitored using a non-intrusive electromagnetic tech­

nique. Data from two sequential surveys, conducted in October 1987 and 1988, indicate that the 

plume is confined to a band extending about 300 m from the San Luis Drain. No detectable 

migration of the leading edge of the plume was observed over the one-year period. However, this 

is not unexpected because l00-m spatial resolution of the electromagnetic survey was too large 

to detect migration at the estimated rates of 50 m/year when the Reservoir was in operation and 5 

m/year following this period. 

Vadose wne selenium and salt concentrations have been monitored at several locations in 

the Reservoir for a period of three years. In addition, over the past year, a detailed study of 

changes in near-surface salt and selenium concentrations as a result of bare soil evaporation has 

been completed. In general, it is found that concentrations of selenium and other species con­

tinue to change in response to a variety of physical, biological, and chemical factors. Some of 

the observed changes are seasonal, being affected by the rise and fall of the water table and 
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meteorological conditions. Others appear to be a part of a long-tenn process of species redistri­

bution, as controlled by the remobilization (and immobilization) of species due to 

reduction/oxidation, adsorption/desorption, and dissolution/precipitation. Current understanding 

of these processes and the rates at which they occur suggests that: 

• Changes in the inventory of soluble selenium residing in the vadose zone take place 

relatively slowly «10% of the total inventory per year) after the pond bottom soils are 

initially dried out. 

• Annual cycles of precipitation and evaporation transport selenium and soluble salts 

both upwards and doWnwards within the vadose rone. The long tenn trends created by 

these fluctuating conditions remain uncertain. 

• Bare soil evaporation rates are much lower than expected given the shallow depth to the 

water table and fine-textured nature of the soils. Consequently evaporative accumula­

tion of selenium at the soil surface will be negligible or at least much slower than previ­

ously anticipated. 

Beginning in 1988, scientists at the Division of Agriculture and Natural Resources at the 

University of California and Lawrence Berkeley Laboratory initiated a new effort aimed at 

developing a soil water and vegetation management plan for Kesterson Reservoir. The goal of 

the management plan is two-fold. First, the plan is intended to result in a gradual depletion of the 

inventory of soluble selenium at the Reservoir through a combination of agriculturally oriented 

practices that enhance dissipation of selenium from near surface soils. Agriculturally oriented 

processes that will contribute to depletion include microbial volatilization from the soils, direct 

volatilization by living plants, decomposition and volatilization of selenium-bearing vegetation, 

harvest and removal of seleniferous vegetation, and leaChing. The benefits of using this 

integrated approach are that (1) no single mechanism needs to be relied upon to detoxify the 

soils, (2) a stable plant community can be established during this period so that impacts to 

wildlife can be more easily evaluated and controlled, and (3) cleanup and manag~ment of the site 

can be carried out in a cost-effective manner. The management plan is also intended to facilitate 
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control over wildlife exposure to selenium contaminated biota by creating a well managed 

environment. By managing the type of vegetation growing at the site, and by using vegetation to 

assist in soil moisture control, and consequently surface water accumulation during the wet sea­

son, biotic exposure to seleniferous food-chain items can be controlled. 

The majority of research associated with this new effurt is being carried out in two test plots 

at Kesterson, a 200 m by 50 m plot in Pond 7 and a slightly smaller plot in a "filled" area of 

Pond 5. Each test plot has a two-line irrigation system system, providing brackish local ground­

water as an irrigation supply. In addition, during the germination period, better quality water is 

trucked in to help stimulate establishment of crop plants. Through an intensive program of soil 

water sampling, soil gas sampling, vegetation sampling, groundwater monitoring, and soil mois­

ture monitoring, the mass balance for selenium under irrigated conditions is being evaluated. 

These studies, in conjunction with supplementary laboratory experiments will provide the infor­

mation needed to develop an optimal management plan for the site. 

Early results from these investigations are summarized as follows: 

• A new system for measuring volatile selenium emission rates from vegetated and 

unvegetated soils has been developed. The new sampler has the advantage that the 

ambient conditions at which the emission rates are measured are nearly identical to 

conditions outside the measurement chamber. Additional benefits include the capabil­

ity for making continuous measurements over a several day period, thereby accounting 

for diurnal fluctuations in volatilization rates created by diurnal temperature cycles. 

• Establishment of crop plants at the test plot located on the fill site was relatively suc­

cessful. Barley was the most successful in this plot 

• Establishment of crop plants at the test plot in Pond 7, a grassland site, was not success­

ful. The high salinity of the soil surface is most likely the source of failure. Steps to 

mitigate this problem, including flushing salts from the surface prior to seeding, are 

being evaluated. 
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• Emission of volatile selenium from· the soil surface ,is atrected by a number of factors 

including the moisture regime, presence of plants, and fill material. Preliminary results 

suggest that a tri-weekly irrigation may result in higher cumulative emission rates than 

weekly or biweekly irrigation. 

• Laboratory and greenhouse germination studies have been unsuccessful in identifying 

candidates species for crop plants in the Kesterson soils. High salinity has been 

identified as the primary source of this problem, but, the presence of high concentra­

tions of trace elements may also inhibit germination. 

• Volatile emission rates from a number of crop and selenium accumulator plants have 

been measured in the laboratory. In general, emission rates are small compared to soil 

emission rates, but nevertheless plants can be expected to slowly contribute to depletion 

of the inventory through emission of volatile forms of selenium. Amongst those tested, 

barley and cotton had the highest per plant emission rates. 

• Emission of volatile selenium from the soil surface has been shown to be sensitive to 

convective flux of gas through the soil. Hysteretic etrects created by increasing or 

decreasing the convective flux have also been observed. These laboratory investiga­

tions have demonstrated the need to have a better understanding of the biogeochemical 

and transport processes leading to dissipation of selenium through microbial volatiliza­

tion. 

Development of improved analytical techniques for speciation of selenium in soil and pore 

water samples has been an integral part of the Kesterson Reservoir investigation since 1985. 

This year, we continued this efIbrt along two lines, including development and application of soil 

fractionation techniques, and application of techniques for separation of organically bound 

selenium in pore water. Major results from these investigations are summarized as follows: 

• Approximately 60% of the selenium contained in the top six inches of soil is in refrac­

tory forms that are expected to resist transformation to more soluble or volatile forms. 

Further speciation and fractionation studies are in progress to further identify labile and 
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refractory fonns of selenium, and to detennine rates of volatilization from the various 

pools of selenium present in the Kesterson soils. 

• Phosphate extraction of soils indicates the presence of a significant pool of adsorbed 

selenite throughout the soil profile. Only a small fraction of the selenite (10%) appears 

to be mobile. 

• Pore waters collected by vacuum cup samplers do not have a significant fraction of 

organically bound selenium «5%). Consequently, the selenate concentration in the 

pore water is accurately detennined from the difference between "total selenium" con­

centration in the pore water and the selenite concentration. 

• A Reservoir-wide synoptic sampling of the top 0.15 m of soil (54 sampling sites) 

revealed that the average fractions of water extractable selenium in the fill, grassland, 

and fonner cattail areas of the Reservoir are 7%, 8% and 5% respectively. Average 

total selenium concentrations for each of the habitats are 2.1 mg/kg, 6.6 mg/kg, and 

17.3 mg/kg, respectively. Within each habitat type there is a wide range of values. 

Thus, assessment of management actions based on habitat type alone may not provide a 

reliable guideline for such decisions. As an alternative, an area by area assessment 

based on a number of factors such as selenium concentrations, depth to the watertable, 

and dominant vegetation type may be more appropriate. 
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1. INTRODUCTION 

Scientists and engineers from the Earth Sciences Division at Lawrence Berkeley Labora­

tory have been studying the Kesterson environment and participating in developing cost effective 

remediation techniques since 1985. The combined efforts of the U. S. Fish and Wildlife Service 

(USFWS), the USBR and investigators from the USGS, CH2M Hill and more recently, the 

University of California have resulted in two major remediation actions. stopping drainwater 

deliveries to the Reservoir and filling the low-lying areas to eliminate the formation of ephemeral 

pools. These two measures have significantly reduced the presence of conditions that are hazar­

dous to aquatic wildlife at the site. Nevertheless, a large inventory of selenium remains in the 

soils. and questions remain as to both the current and future consequences of this. 

This report describes Kesterson Reservoir related research activities carried out under a 

cooperative program between Lawrence Berkeley Laboratory and the Division of Agriculture 

and Natural Resources at the the University of California during FY89. The primary objectives 

of these investigations are: 

• predict the extent, probability for the occurrence. and selenium concentrations in sur­

face water of temporary wetland habitat at Kesterson; 

• assess rates and direction of migration of the drainage water plume that seeped into the 

aquifer under Kesterson; 

• monitor and predict changes in quantity and speciation of selenium in surface soils and 

vadose zone pore-waters; and 

• develop a comprehensive strategy through soil. water, and vegetation management to 

safely dissipate the high concentrations of selenium accumulated in Kesterson soils. 
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This report provides an up-date on progress made in each of these areas. Chapter 2 

describes results of recent investigations of water table fluctuations and plume migration. 

Chapter 3 describes results of ongoing monitoring of soil water selenium concentrations and eva-

porative accumulation of selenium at the soil surface. Chapter 4 describes early results from the 

soil, water, and vegetation management field trials as well as supporting laboratory and theoreti-

cal studies .. m'Chapter 5, new analytical methods for selenium speciation are described and qual-
. ;', 

ity assurance/quality control statistics for selenium and boron are provided. 
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2.0. HYDROLOGY AND GEOPHYSICS 

The following section summarizes recent investigations relevant to two topics, the potential 

for creation of ephemeral pools at Kesterson and the extent of the plume of saline but selenium­

free water that seeped into the underlying aquifer while Kesterson was in operation. Major con­

clusions arrived at from these investigations are: 

(1) Formation of ephemeral pools due to rising ground water is unlikely in years of 

below-normal to slightly above-normal precipitation. In years of heavy rainfall 

unvegetated areas of the Reservoir may be covered with standing water. Salt and 

selenium concentrations are expected to be considerably lower than in the ephemeral 

pools that occurred during the 1986-1987 period but selenium concentrations may 

well be in excess of the 2 to 5 J.lg/1 associated with harmful effects to wildlife. 

(2) Non-intrusive electro-magnetic methods are effective for detecting and monitoring 

large-scale migration of the saline drainage water plume in this environment. Data 

from two sequential surveys indicate that the plume is confined to a band extending 

about 300 m from the San Luis Drain. No detectable migration was observed over the 

one-year period. 
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2.1. WATER TABLE ELEVATIONS AND ANNUAL FLUCTUATIONS 

Sally Benson, Moshen Alavi and Stacey Pillsbury 
Earth Sciences Division, 
Lawrence Berkeley Laboratory 

Every year the water table underlying Kesterson Reservoir rises and falls in response to 

numerous factors, including: intentional flooding of the surrounding seasonal wetlands; regional 

precipitation; surface water flow in sloughs and canals; and ground water pumping. Previous 

estimates based on water-level data collected in 1970 and 1971 indicated that in a typical water-

year the water table would rise above the original ground surface of the Reservoir, creating 

several hundred acres of ephemeral pools (USBR, 1986). Selenium concentrations in these pools 

were anticipated to range from lO's to 1000's of ppb, based on observations made during 1987 

and 1988 (LBL Annual Report, 1987). The primary objective for filling the low-lying areas of 

the Reservoir was to raise the elevation of the ground surface above the maximum height of the 

water table. By doing so, the occurrence of the most persistent and biologically hazardous 

ephemeral pools could be eliminated. Water level data are now available for the current wet sea-

son and provide a basis for determining if the filling operation was successful for meeting its pri-

mary objective. 

2.1.1. Current and Historic Water Table Fluctuations 

Examples of water table elevation data collected at Kesterson over the past 3 years are 

shown in Figure 2.1. Similar patterns have been observed in the Kesterson area for over 30 years 

(LBL,1985). Annual fluctuations are on the order of 1 to 2 m, with the highest elevations occur-

ring in the period between February and March. This figure, which is a compilation of data from 

Ponds 1,8,9, and 11, also illustrates that the fluctuations are of similar magnitude and character 

throughout the Reservoir. 

Water level data were also collected by the USBR from 300 wells in and around Kesterson 



r 

- 6-

23r-------------------------------------------------------------~ 

22 

Legend 
• P9-1S' 

o P11-1.L 

• P8EP-W1 - - -
o P983-W) 

/I KR-1Q.~_ 

)( UZ-1 --------c 21 
.~ v UZ-S 
D 
> .. 

G:i .. 
:0 
:2 

-_ ......... -- ..... 

~ 20 
D 
~ 

19 

IIL-~~~ ______ ~~~ ____ ~ ______ ~~~~~ ______ ~~~ __ ~~~~ 

JrWAWJJASONDJrWAWJJASONDJrWAWJJ 
1987 1988 198t 

Figure 2.1. Water table elevation data measured from Pond 1 (UZ-l and UZ-5), Pond 8 
(p8EP-Wl and KR-103), Pond 9 (P9-15' and P9B3-Wl) and Pond 11 (PII-IS'). 



-7-

Reservoir during the period between January 31 to February 2,-1989. A comparison between 

average water table elevation and the engineering specifications for fill elevation is provided on a 

pond-by-pond basis in Table 2.1. As indicated by the last column in this table, during the 

1988/89 wet season, the average distance between the fill surface and the water table ranged 

from 0.6 to 1.5 m. Water table elevations peaked in March with maximum elevations ranging 

from zero to 0.3 meters higher than the values listed in Table 2.1. The filling operation was 

designed to raise the ground surface to at least 0.15 m~above the maximum height of the water 

table. Data from the current w~t season indicate. that this criterion has been satisfied in all of the 

ponds. In. addition, there is a safety margin of nearly a meter or more in the majority of the 

Reservoir. 

Table 2.1. Comparison between the water table elevation in February of 1989 and the target fill 
surface elevation. The last column lists the distance between the fill surface 
and the elevation of the water table. 

Pond Water Table Elevation Target Fill Surface Elevation Depth to Water Table 
m m m 

1 21.3 22.9 1.0 

2 21.3, 22.6 1.3 

3 21.9 22.6 0.7 

4 21.9 22.6 0.7 

5 21.3 22.4 1.1 

6 21.8 22.4 0.6 

7· 21.2 22.4 1.2 

8 21.3 22.4 1.1 

9 20.7 22.1 1.4 

10 21.2 22.1 0.9 

11 20.7 21.8 0.9 

12 20.1 21.5 1.4 
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2.1.2. Anticipated Future HydrologiC Conditions 

As described above, during the 1988-89 wet season, depth to the water table ranged from 

0.3 to over 1.5 m below the ground surface, indicating that ponding due to rising groundwater has 

not occurred. Field observations and numerical modeling studies, which are described in Section 

2.1.3, indicate that in years of below-normal to normal rainfall, the seasonal water-table rise is 

due primarily to application of surface water to the surrounding duck clubs, which comprise 

approximately 18% of the area in a 124 sq. mile (350 sq. km) region centered on Kesterson 

Reservoir (MandIe and Kontis, 1986). Modeling studies suggest that evapotranspiration is the 

primary cause for the water table decline during the hot summer months. Several other factors 

may afrect the height of the water table, including groundwater pumping, local and regional pre­

cipitation, seepage from and discharge into sloughs and canals and long-term trends in valley­

wide water use patterns. In years with heavy rainfall (1.5 x normal), water level records suggest 

a significant incremental contribution to the water table rise during winter months. In the follow­

ing paragraphs major factors afrecting the local water table elevation are described in more 

detail. 

An estimated 0.7 to 1 acre-m/acre of water is applied in September-October to flood the 

diked enclosures of the duck clubs, which border Kesterson to the south, west, and north. A sub­

stantial fraction of this water seeps into the underlying aquifer leaving the remaining water to 

create ponds with an average depth of about 0.3 m. Over the winter, additional water is applied 

to maintain pond levels. In early spring the duck clubs are drained over a period of about a 

month, leading to decreased seepage rates and a corresponding drop of the elevation of the 

water-table in the surrounding areas. Over the summer, evapotranspiration and internal drainage 

dry the soils until the next flooding event. As illustrated in Figure 2.1., changes in the elevation 

of the water table closely follow these events. 

Due to the manner in which the duck club and refuge lands are flooded and drained, they 

create a similar impact on the water table each year. The maximum elevation of the diked enclo­

sures creates an upper limit on the water depth, which in tum determines the upper limit of the 
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seepage rate and consequent rise in the water table elevation. For instance, flooding the ponds 

with more water or large amounts of precipitation will not increase the maximum water level in 

the duck ponds because it can not be contained within the diked perimeter of the ponds. There­

fore, unless the duck club operations are altered significantly, such as by increasing or decreasing 

the height of the dikes, or by increasing or decreasing the intentionally flooded acreage, future 

water table elevation increases attributable to flooding the duck clubs will be of a similar magni­

tude to those observed during the 1988-89 wet season. 

Rainfall is another factor that may contribute to increases in the water table elevation. 

Although no long term records are available in the immediate vicinity of Kesterson Reservoir, 

nearly 100 years of rainfall data are available from both Los Banos and Newman. Kesterson is 

about mid-way between these two monitoring stations. Annual rainfall over this period averages 

265 mm in Newman and 216 mm in Los Banos. More than 85% of the annual precipitation typi­

cally falls between October and March. Comparison between monthly rainfall data measured at 

Kesterson from 1986 through 1988 with comparable records at Los Banos and Newman indicates 

that although monthly rainfall may differ by as much as 50%, annual precipitation at Kesterson 

'was within 15% of the average of the measurements at Los Banos arid Newman. Therefore the 

average between the two measurements provides a reasonable estimate of annual rainfall at Kes­

terson and that average annual precipitation is about 240 mm. A plot of the estimated annual 

precipitation at Kesterson for the period between 1890 and 1980 is provided in Figure 2.2. Fre­

quency and cumulative.frequency distributions are provided in Figures 2.3a and 2.3b. 

Observations over the past three years provide a foundation for assessing the effect of 

winter rains on the soil-moisture content and water table elevation. Neutron probe measure­

ments, matric potential measurements, extensive water table elevation measurements, and visual 

observations all contribute to our assessment. When it rains, some fraction of the water quickly 

infiltrates through the soil profile. The remainder forms puddles which will either evaporate 

and/or infiltrate slowly into the soil. Although infiltration rates in the majority of the Kesterson 

soils are high enough to accommodate even fairly intense rainfall events, their fine texture tends 
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to hold the moisture close to the soil surface, rather than allow it to freely infiltrate to the top of 

the water table. Support for this proposition is provided in the water level data shown in Figure 

2.4. As illustrated, there is no obvious correspondence between increases in water level and tim­

ing of rainfall events. The anomalous jump in the water table elevation that occurred during 

early May was traced to the use of the San Luis Canal for flooding nearby refuge lands. 

In the days and weeks following a rainfall event, since the water is held close to the soil 

surface, evaporation at the soil surface draws some fraction of this water out of the soils. Pan 

evaporation rates from Kesterson Reservoir average about 4 em per month over the period from 

November to March and are nearly equal to the monthly rainfall averages. Thus during dry to 

average years, infiltration alone is not sufficient to create an increase in the water table elevation 

following a rainfall event. The above discussion is consistent with the historical water level data 

showing that in dry and nonnal water-years, rainfall does not appear to constitute an important 

contribution to the rise in water table elevation. 

In a year with heavy rainfall or following an exceptionally heavy rainfall event the situation 

may be quite different. Precipitation may exceed evaporation, leaving an excess of water to 

infiltrate into the soil. In this event rainwater may infiltrate to the water table and contribute to 

the seasonal rise. If all of the pore space between the water table and the soil surface becomes 

saturated, the water table will in-effect have risen above the ground surface. To assess the poten­

tial for raising the water table above the ground surface during very wet years we made some 

estimates of the quantity of rain that would be required to fill all of the pore space between the 

ground surface and the elevation of the water table. These simple calculations indicate that rain­

fall in excess of 330 mm may fully saturate the unvegetated soils in a large part of the Reservoir. 

In comparison, over 400 mm would required to fully saturate the majority of vegetated soils. In 

spite of these differences, and the simplistic nature of these estimates, it is clear that during heavy 

rainfall years, at least some of the Reservoir soils will fully saturate and surface ponding will 

occur, particularly in Ponds 3, 4, and 6 where the water level came to within 0.3 m of the ground 

surface during the 1988-89 wet season. In the event of a 500 mm rainfall year, which is antici-
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pated to occur about once every 100 years, surface ponding will occur over the majority of the 

Reservoir. Numerical modeling studies described in Section 2.1.3 substantiate the simplistic cal­

culations used in arriving at these conclusions. 

2.1.3. Numerical Simulation of Water Table Fluctuations 

Detailed om';-dimensional modeling has been carried out as a preliminary step in develop­

ing a regional model· for predicting seasonal fluctuations of water table elevations in an around 

Kesterson Reservoir. The goal of these simulations was three-fold. First, simulations were car­

ried out to obtain a better understanding of the dominant physical processes responsible for the 

observed seasonal fluctuations in water table elevation, water content, and soil moisture poten­

tial. Second, the simulations provide an accurate means of calibrating the model, based not only 

on the elevation of the water table, but soil moisture content and soil water potential as well. 

Finally, these detailed simulations provide information on the appropriate scale required to ade­

quately discretize the system for regional scale simulations. This effort is not yet complete and 

the following discussions provide a progress report on results to-date. 

The degree to which the water table fluctuates in response to recharge/discharge from dis­

tant sources such as flooding the duck clubs or local sources such as rainfall infiltration depends 

critically on several factors, including the unsaturated hydraulic properties of the soil (soil mois­

ture retention characteristics and relative conductivity) and the soil moisture content at initiation 

of recharge/discharge. This is particularly evident in fine-textured soils with a shallow water 

table, such as those at Kesterson, where due to the high moisture content of the soils, even a very 

small amount of recharge/discharge can raise or lower the water table by several meters. There­

fore, to accurately simulate water table fluctuations, it is imperative to develop an accurate corre­

lation between the change in water content of the vadose zone soils and the corresponding 

change in water table elevation. 

Numerous data sets relevant to this undertaking have been collected from Ponds 6, 8,9, and 

11 and provide the necessary information on seasonal fluctuations in the hydraulic head, soil 

moisture content, and water table elevation (LBL Annual Report, 1987; 1988). Information on 
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bare soil evaporation rates and indirect information on rates of evapotranspiration are also avail­

able from test plots in these ponds (see Sections 3.1, 3.2, and 3.3). Saturated hydraulic conduc­

tivity data and particle size analyses of the fine-grained surface layer as well as hydraulic con­

ductivity data from the shallow aquifer are also available (LBL Annual Report, 1987). These 

data provide the foundation for developing a calibrated model for assessing water table fluctua­

tions. 

For these studies, the one-dimensional system shown in Figure 2.5a. was simulated. The 

hydrogeology was simplified to include only a fine-grained surface layer in the top 3 m of the 

system and the sandy aquifer that extends down to the top of the Corcorran Clay. This represen­

tation incorporates the primary features of the local hydrogeologic system (Benson, 1988). A 

total of 93 elemental volumes were used to discretize the region, with the vast majority being 

used to finely discretize the surface-most 2 m (2 em to a depth of 0.5 m and 4 cm to a depth of 2 

m). The numerical simulator TRUST, which uses the integral finite-difference method for solving 

a fully transient mass balance equation for saturated/unsaturated flow of water iri a compressible 

porous medium, was used for these calculations (Narasimhan and Witherspoon, 1976). Sources 

of recharge/discharge considered in this model included bare soil evaporation, rainfall 

infiltration, and subsurface recharge. due to flooding the duck clubs. Rates of recharge and 

discharge, based on both measured and inferred values, are provided in Figure 2.5b for the exam­

ple described here. In each case simulations were run for a total of three years, repeating the 

one-year recharge/discharge cycle shown in Figure 2.5b. 

Unsaturated characteristic curves for soil moisture retention and relative conductivity 

curves were initially based on particle size analyses (Zawiskanski, 1989). These however ;:C'd to 

be modified in order to achieve a reasonable match between measured and calculated changes in 

soil moisture content, hydraulic head, and water table elevation. Newly available moisture reten­

tion curves based on correlations between field-measured saturation and hydraulic head profiles 

were used to replace the particle-size derived curves. Modification of the relative permeability 

curves, using a trial an error fitting procedure to the-water table fluctuation data, was rationalized 
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Figure 2.5a. One-dimensional system used for detailed water table fluctuation studies. 
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based on the fact that particle-size generated characteristic curves do not include the effects of 

macro-pore flow, which have been shown to be imponant in the Kesterson soils (Long, 1988). 

The characteristic curves used the example presented here are shown in Figures 2.6a and 2.6b. 

Initial and boundary conditions for the example described here were as follows. Initially, 

the fluid potential was hydrostatic, with a value equivalent to a water table 0.4 m below the 

ground surface. This is a good representation of spring-time conditions in areas with a shallow 

water table, as illustrated in Section 3.3 (Figure 3.20a,b). Fluxes corresponding to evaporation 

and infiltration of rainwater were imposed at the upper boundary of the system (see Figure 2.5b 

for recharge and discharge rates). Recharge created by flooding the duck clubs was imposed at 

the bottom boundary of the system (see Figure 2.6b. for recharge rates). Due to the high conduc­

tivity of the shallow aquifer (10-4 mls), even during the period of maximum recharge, the 

hydraulic head is essentially constant over the shallow aquifer. Therefore, imposing the flux at 

the bottom of the system adequately mimics lateral recharge from flooding the duck clubs. 

Results from these simulations are shown in Figures 2.7, 2.8, and 2.9. In Figure 2.7, the 

simulated water table elevation is compared to a typical measured water table elevation fluctua­

tion over a seasonal cycle. Figures 2.8 and 2.9 show simulated soil moisture content and fluid 

potential variations over the year. These simulated results capture the major features observed 

from field test plots, as illustrated by Figures 3.19a,b and 3.20a,b in Sections 3.1 and 3.3. As a 

result of these detailed simulations the primary factors and the magnitude of fluid fluxes leading 

to the observed changes in water table elevation, soil moisture contents, and soil moisture poten­

tial have been identified. Simulations covering a range of infiltration rates suppon the conclusion 

that rainfall in excess of 280 mm/year will fully saturate unvegetated soils in the areas of the 

Reservoir where the water table rises to within 0.4 m during a normal water-year. Simulations 

have also been carried out for regions of the Reservoir with a deeper water table (l m below the 

ground surface in a normal water-year). Similar patterns to those described above are observed 

and as discussed in Section 2.1.2, higher infiltration rates are required to fully saturate the Reser­

voir soils. 
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Figure 2.7. Simulated and observed water table fluctuation over a one-year period. 
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2.2. ELECTRO-MAGNETIC MONITORING OF PLUME MIGRATION 

Norman Goldstein, Stacey Pillsbury, John Daggett and Sally Benson 
Earth Sciences Division, 
Lawrence Berkeley Laboratory 

Reconnaissance ground conductivity surveys were made in October of 1987 and repeated 

in October 1988 over part of the Fremont Ranch adjacent to Kesterson Ponds 1,2, and 5. The pri-

mary objective of these surveys was to locate and monitor migration of a plume of saline 

drainage water which had seeped from the Reservoir into the underlying shallow aquifer. The 

survey results have been described in detail by Goldstein et al (1989); only a summary will be 

provided here. A location map showing the survey area is provided in Figure 2.10. Measure-

ments were made on a regular grid, consisting of 11 lines spaced 100 m apart, trending roughly 

N60oW. (These lines are approximately parallel to the San Luis Drain where it borders Pond 1). 

The measurement of ground conductivity by electromagnetic techniques is a result of the 

laws of electromagnetic induction. While the mathematics are complicated, t.ne basic principles 

are simple. A transmitter coil is energized with alternating current, which produces a time-

varying magnetic field. This primary field induces weak eddy-currents in the ground, which in 

turn produce a secondary magnetic field. The receiver coil detects this secondary magnetic field, 

whose strength is a function of the coil spacing, current frequency, and average ground conduc-

tivity. Since the first two variables are known for the surveys, the apparent ground conductivity 

can be calculated. 

Two instruments were used.to conduct the survey: the Geonics EM31 and EM34-3. The 

spacing between the transmitter and receiver and the frequency of the instrument control the 

depth of investigation for these measurements. The EM31 had a depth of investigation of 2 m for 

these surveys. The EM34-3 was used with both a 20-m and 40-m coil spacing, resulting in 5 and 

10 m depths of investigation, respectively. The two different EM34-3 surveys will henceforth be 

referred to as the EM 34/20 and EM34/40, corresponding to the intercoil separation. 
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2.2.1. Results 

Data from the EM31 surveys, are shown as pixel plots in Figure 2.11. In both years 

apparent soil conductivities exceed 150 mS/rn throughout the survey area. Similar EM31 read­

ings were reported by Hanson and Grismer (1987) for the Mendota area, approximately 30 miles 

south of Kesterson, suggesting that the conductive conditions observed on the majority of the 

Fremont ranch are typical for soils on the west side of the San Joaquin Valley. The apparently 

high values can be directly attributed to the saline nature of these soils. The pore water of saline 

soils is also saline, and so has a high conductivity. By the relationship expressed in Archie's 

Law. this results in a high ground conductivity. 

There are many areas with higher-than-average conductivities. Although there is some 

correlation between high conductivity values and proximity to Kesterson Reservoir, numerous 

discrete highs also exist in what appears to be random locations. Several of these correlate with 

natural drainage features, such as a slough and an oxbow lake. Comparison of other locations 

with color aerial photographs, taken at monthly intervals from November 1987 to March 1988, 

show that they occur on areas that do not acquire normal vegetation during the rainy season. It 

can be inferred that the soils at both of these type of locations contain higher concentrations of 

salt, and so have a higher ground conductivity due to the mechanism described above. Conse­

quently, we believe that the anomalies more distant from Kesterson Reservoir are produced 

naturally and are unrelated to operation of Kesterson Reservoir. 

In general, surface conductivities measured in the EM31 survey are lower in 1988 than in 

1987. In particular, conductivity anomalies adjacent to Kesterson nearly disappear in 1988. This 

is attributed to drier soil conditions and a drop in the water table elevation. Additional discussion 

of these points is provided in Section 2.2.2. 

Data from the EM34-3 survey at a 20-m coil separation are shown in Figure 2.12. Positive 

conductive anomalies are seen adjacent to the reservoir both years. On the basis of their location, 

shape, and magnitude the anomalies appear to be the result of infiltration and migration of the 

saline drainage water. The apparent maximum lateral extent of migration is approximately 300 m 
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Figure 2.11. Pixel diagrams showing the comparison between the 1987 and 1988 apparent 
conductivities for the EM31. Each rectangle represents an areas of 100 by 60 m. 
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Figure 2.12. Pixel diagrams showing the comparison between the 1987 and 1988 apparent 
conductivities for the EM34!20. Each rectangle represents an areas of 100 by 60 m. 
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adjacent to Pond 2, the principle inlet point for the agricultural drainage waters into the Reser­

voir. Less migration appears to have taken place adjacent to Ponds 1 and 5, about 200 m at Pond 

1 and less than 100 m at Pond 5. This interpretation has not been confinned by ground water 

quality monitoring. Once again, a comparison between the 1987-1988 data shows a general 

decrease in conductivity. 

'-"Data from the EM34-3 survey at 40-m coil separation (corresponding to a 10 m depth of 

inves~gation) are shown in Figure 2.13. As indicated by the missing data in Figure 2.13, some of 

the 1987 survey data was inaccurate, due to low battery strength in the instrument, and was dis­

carded. Nevertheless in both years conductive highs occur adjacent to the ponds. Few isolated 

conductivity anomalies are present at this depth of investigation, due largely to greater volume 

averaging of these deeper measurements. The apparent extent of plume migration appears to be 

the same as for the EM34!20 survey. 

A general comparison of all the 1987 and 1988 data suggests that the plume of saline drain­

water has, to some degree, mixed with the less saline water used to flood some of the ponds dur­

ing 1986 and 1987. This is seen best adjacent to Pond 1, where even in 1987 it appears that the 

fresher water may have migrated as much as 100 m away from the edge of the Reservoir. How­

ever, no significant migration of the leading edge of the plume was seen between the two years. 

This is probably due to the spacing of the survey lines, which at 100 m was not sufficient to 

detect migration at an estimated rate of 50 m/year while Kesterson was flooded and about 5 

m/year post-flooding (Benson, 1988). 

2.2.2. Data Analysis 

To provide a more quantitative interpretation of the difierences between the two surveys, 

data averaging, inverse modeling, and forward modeling were perfonned. Each of these is 

briefly described in the following paragraphs. 

The soil properties in the Kesterson Reservoir area exhibit extreme spatial variability. It 

was thus realized that not taking measurements at the exact same sites may have masked any 
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Figure 2.13. Pixel diagrams showing the comparison between the 1987 and 1988 apparent 
conductivities for the EM34/40. Each rectangle represents an areas of 100 by 60 m. 
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significant changes. Thus, data averaging was used to look for systematic differences in the 1987 

and 1988 data sets. The data from only the southern-most 860 m of each survey line was used 

because these points are all equidistant from the boundary of the reservoir (parallel to Pond 1). 

Figure 2.14 shows the mean values with 95% confidence intervals for each of the data sets. Aver­

age values that are significantly diffurent between the two years are indicated by an asterisk. In 

both years all three instruments gave higher average readings out to 300 m, further suggesting 

that this marks the average migration of the leading edge of the drainage water plume. 

For lines closest to the San Luis Drain significant diffurences between the 1987 and 1988 

data sets occur in both the EM31 and EM34/20 values. Farther away both instruments show simi­

lar readings for both years. As will be discussed later in this section, the lower averages near the 

ponds in 1988 can be accounted for by a combination of lower water table and lower average 

saturation in the near surface soils. The EM34/40 averages have small «5%) but statistically 

significant diffurences on all lines except the one closest to the ponds. However, these confidence 

levels were calculated on the basis of the spatial variability of the conductivities alone, and did 

not take into account systematic or operator errors. For example, the small and systematic 

differences between the data for the two years are within the accuracy of the readings, as 

specified by the instrument manufacturer. 

Another means of quantitatively comparing the 1987 and 1988 results involved inverse 

modeling. For this procedure, readings from the EM31, EM34/20 and EM 34/40 were entered 

into a numerical program which calculated the closest two-layer ground conductivity model 

which would produce the given readings at a given survey point. This method is most appropriate 

for areas where the ground is uniformly layered over large areas. Although our survey results 

indicate that the layering on the Fremont Ranch is extremely variable over short distances, the 

inversions still provide a basis for informative comparisons. 

The cross-section X-X', beginning at the Pond 2 boundary and extending perpendicular to 

the San Luis Drain was chosen for inversion analysis (see Figure 2.10). The calculated two-layer 

conductivity models for 1987 and 1988 are shown in Figure 2.15. Conductivities are expressed in 



- 29-

EM 31 EM 34/20 
,.... 500 ...... 500 

~ ,', ~ 
(/) (/) 

E 400 E 400 .- -~ ~ 
!:: I-

300 > 300 :> 
~ ~ 
U u 
:::> 200 :::> 200 
0 0 
Z Z 
0 0 
U tOO U 100 

a.: a.: 
a.. a.. 
C( 0 « 0 

0 200 400 600 800 1000 0 200 400 600 800 1000 

DISTANCE (m) DISTANCE (m) 

EM '34/40 
,.... 500 
.~ Legend 
(/) 

E' 400 1987 '-" 

r 
1988 .~ 

> 300 --------------------
~ 1987 lower-bound u 
:::> ---.-------------.---------_. 200 
0 

~~_~? _ ~ .P-1?_~~:__~9_~r'~ ______ z 
0 
U tOO 1988 lower-bound a.: ........................ - ............... 
a.. 

1.9a.8.IJPp~.r:-:-.~~.IJ~~ ......... C( 0 

0 200 400 600 800 1000 
~ SIGNIfiCANTLY DIFFERENT 

DISTANCE (m) 

Figure 2.14. Graphs illustrating the results of the statistical analysis of the apparent conductivity 
data. The solid line shows the mean values for each survey line and the envelopes 
show the 95% confidence limits of the means. Starred points refer to averages 
which are significantly different at the 95% confidence level between the two 
years. Note that only the southern-most 860 m of each line is used to calculate 
the average apparent conductivities. 
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Figure 2.15. Comparison of I-D two-layer inversions of the 1987 and 1988 meter readings along 
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layer conductivities are given in mS/m, and the residual errors in the least-square 
fit are shown in percent within the brackets. F signifies a fixed parameter. 
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mS/m and the thickness of the first layer is indicated by a horizontal bar. The models obtained 

from both years are similar in their major features. Both indicate the presence of a high conduc­

tivity layer, underlain by a lower conductivity layer. The lower conductivity layer is more con­

ductive near the Res.ervoir, indicating the presence of the saline drainage water plume. 

However, two distinct differences between the 1987 and 1988 data are apparent. First, the 

thickness of the surface layer increase and its conductivity decreases. This corroborates our 

interpretation that major differences between the two surveys can be attributed to a lower soil 

moisture content and deeper water table. Second, a slight reduction in second layer conductivity 

near Pond 2 is observed in 1988. This suggests that the saline drainage water may have been dis­

placed by fresher ground water. However, given the nature and accuracy of this inversion 

analysis we can not definitively conclude that this has occurred. 

Forward modeling was undertaken to estimate the magnitude of ground conductivity 

changes that could interfere with detection of the saline plume. These changes were the result of 

various events encountered in the field: water table fluctuations, rainfall, variable instrument 

height, and gradational salt distribution in the soil. In this technique, a model of the ground con­

ductivity is input into the computer program, which then calculates the resulting instrument read­

ings. The general local hydrogeology and reSUlting ground conductivity base models used in 

these calculations are shown in Figure 2.16. The first model has three layers: (1) an unsaturated 

saline surface layer, (2) a highly co~ductive saturated saline layer, and (3) a less conductive 

s,mdy aquifer. In the second mode the presence of the plume is included by superposing on the 

sandy aquifer another conductive layer from a depth of 3 to 20 m. 

As discussed previously, the water table fell by about I m between 1987 and 1988. To 

quantify the effect of this drop in both water table elevation and vadose zone saturation, trials 

were run with varying first-layer depths and saturations. The results are given in Figure 2.17. 

The most important trend is the significant lowering in each of the instrument readings caused by 

a decrease in saturation. A drop in the water table also lowered the instrument readings, but to a 

much smaller extent. Further review shows that a combination of first-layer desaturation from 80 
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Figure 2.17. Effect of variable water table depth and first -layer saturation on the apparent 
conductivities measured by each instrument. 
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to 60% and a water table drop from about 1.5 to 2.5 m below the ground surface produces 

changes very close to the decreases seen between the 1987 and 1988 averages. For example, the 

instrument reading decreases produced by the combination of factors areas follows: 92 mS/m for 

the EM31, 57 mS/m for the EM34/20, and 15 mS/m for the EM34/40. In comparison the 

observed decreases in average values are about 100,40, and 10 mS/m respectively (see Figure 

2.14). 

Measurable amounts of rain (0.01") were recorded at Kesterson Reservoir for two days dur­

ing the 1988 survey. If these same amounts fell in the survey area, infiltration would have fonned 

a saturated surface layer approximately two to six mm thick. This layer would contain salts dis­

solved from the surface, leading to a dramatic increase in its electrical conductivity. Because the 

instruments are very sensitive to the near-surface conductivity, the ground conductivity measure­

ments taken after these rainfall events may have been significantly effected. To investigate this 

possibility, we considered several relevant cases. Each case was modelled both without the rain­

fall layer and with the rainfall layer for thicknesses of 1.0 and 10.0 mm. For the most extreme 

case the addition of a 10 mm-thick surface conductor increased the EM31, EM34/20 and 

EM34/40 readings by 3.8, 1.0, and 0.5% respectively. Compared to other sources of variability 

these changes are small. Thus we conclude that the rainfall events did not bias our survey meas­

urements. 

The EM31 instrument was carried by a shoulder strap and readings were taken with the 

instrument at hip height. Changes in the heights of the various operators could thus have resulted 

in different instrument readings for the same ground conductivity, because of the volume averag­

ing of varying amounts of air. To see how this affected the meter readings, numerical tests were 

run using instrument heights from 0.7 to 1.3 m in 0.1 m steps. (For the survey interpretation the 

height was assumed to be 1.0 m.) To include the possible effects of saturation, cases were con­

sidered for first-layer saturations of 40, 50, and 60%. The results, not shown, did not vary by 

more than 3%. It was therefore concluded that this change in instrument height had negligible 

effect on the survey. 
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The first layer of the soil may have had a gradational variation in conductivity due to verti­

cal variations in the distributions of clays and soluble salts. To determine what effect this would 

have on the instrument readings, the first layer was subdivided into seven thin layers. The con­

ductivity of the pore water within each of the sub-layers was varied in non-uniform increasing 

and also decreasing steps. Only the EM31 readings were altered by these machinations, but as 

the changes were at greatest only 2.4%, we conclude that the instrument readings are insensitive 

to the vertical heterogeneity of the first layer. 

In summary, the study was successful at locating the plume of saline drainage water. The 

two consecutive surveys provide similar information regarding the extent of the saline drainage 

water plume, inspite of several potentially complicating factors such as the decrease in surface 

conductivity created by drying out the Reservoir. The maximum lateral extract of the plume 

appears to extend about 300 m from the San Luis Drain. When access to these lands for the pur­

pose of drilling and ground water sampling is possible, this interpretation can be confirmed. 
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3.0. VADOSE ZONE MONITORING AND EVALUATION 

Data presented in this section is the result of continued monitoring of the vadose zone for 

changes in soil water qUality. These changes were closely monitored, among others, in Ponds 1, 

8, 9, and 11. Ephemeral pool water quality, which may be an important link in the biological 

cycling of selenium, was monitored throughout the reservoir and the results are presented in Sec­

tion 3.2. Changes in near-surface salt and selenium concentrations as a result of bare soil eva­

poration and infiltration as well as the redistribution of species within the soil profile at selected 

sites within Kesterson Reservoir are discussed. In addition, a laboratory experiment is described 

in which the effects of capillary rise of Kesterson Reservoir soil solutes into fill dirt are investi­

gated. In general, it is found that concentrations of selenium and other species continue to 

change in response to a variety of both physical and chemical factors. Some of the observed 

changes are seasonal, being affected by the rise and fall of the water table and meteorological 

conditions. Others appear to be a part of a long-term process of species redistribution, as con­

trolled by the remObilization (and immobilization) of species due to reduction/oxidation, 

adsorption/desorption, and dissolution/precipitation. Primary conclusions resulting from 3 years 

of vadose zone monitoring are: 

(1) CiIa..l1ges in the inventory of soluble selenium residing in the vadose zone take place 

relatively slowly «10% of the total inventory per year) after the pond bottom soils 

are initially dried out. 

(2) Annual cycles of precipitation and evaporation transport selenium and soluble salts 

both upwards and downwards within the vadose zone. The long term trends created 

by these fluctuating conditions, remain uncertain; 
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(3) Bare soil evaporation rates are much lower than expected given the shallow depth to 

the water table and fine-textured nature of the soils. Consequently evaporative accu­

mulation of selenium at the soil surface will be negligible or at least much slower 

than previously anticipated. 
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3.1. VADOSE ZONE MONITORING IN PONDS 1,9 AND 11 

TetsU Tokunaga, Stacey Pillsbury and Sally Benson 
Earth Sciences Division . 
Lawrence Berkeley Laboratory 

Vadose zone monitoring of concentrations of selen!umand soluble salts has taken place for 

three years now. The primary objective of these monitoring activities is to develop a data set that 

provides a foundation for making long tenn predictions of selenium concentrations available for 

aqueous transport and biological uptake. Concentrations of salts are also important insofar as 

they influence the geochemical environment within the soils, and which may affect transport and 

uptake of selenium, as well as, the stability of the plant community at the Reservoir, which pro­

vides the foundation for creating an ecologically stable environment. Monitoring sites are 

located at numerous locations throughout the Reservoir. Data from selected Ponds are described 

in tum below. 

3.1.1. Pond 9 

Of the five monitoring sites in the northern portion of Pond 9, four sites were heavily 

vegetated by the invading shrub Kochia scoparia (burning bush) during the spring and summer of 

1988. The effects of soil water removal by these plants, and the limite.<! rainfall during the 

1988-89 wet season (163 mm, 6.4 inches) are still observable. Even at the end of the recent wet 

season, bqth tensiometer data and neutron-probe data indicate that wetting fronts from rainfall 

infiltratio~ and the seasonal water table riSe failed to significantly resaturate a zone of soil nomi-

nally spanning the depths of 0.5 to 1.0 m (Figure 3.1.a,b); The combiriation of extensive soil 

water extraction ~y these plants and limited rainfall during the past winter and spring restricted 

the ability to qbtain soil solution samples at these sites this spring. In these four vegetated test 

plots, soil solution sampling (with evacuated ceramic cups) was generally limited to occasional 

samples from near the soil surface (0.15 rn, and 0.30 m depths) and at the 1.2 m depth. Thus, 

complete profiles of soil solution composition were not available for comparisons with data from 

previous years. 
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Of the test plots in the northern region of Pond 9, only site P9R was sufficiently rewetted to 

permit soil solution sampling. This plot has been maintained in a devegetated condition, thus 

effectively preventing transpirative soil water losses exhibited at the other sites. Data from this 

test plot are summarized in the first set of columns in Table 3.1. The tabulated values of soil 

water selenium content and soil water EC are expressed in terms of arithmetic averages of soil 

water samples from the 0.15, 0.30, 0.46, 0.61, 0.91, and 1.2 m depths. From a larger set of soil 

water samples collected at site P9R, the most representative and complete sets were selected for 

this table. 

All profile-averaged soil solution EC values fall in the relatively narrow range of 22.2 to 

27.5 dS/m, with no apparent long-term trends. Small declines in profile-averaged ECs during 

individual sampling seasons are probably due to dilution effects of increased water-saturation of 

the soil profile during these shorter intervals. While no significant long-term changes appear to 

have occurred in the profile-averaged soil water EC, it should be noted that the salinity profiles in 

this plot reach their maxima in the surface soil, above the 0.15 m sampler. In the absence of 

vegetation, the primary zone of salinity change is in this surface region. In this test plot, profile­

averaging of EC data over the aforementioned depths is not generally sensitive to the changes 

occurring in this surface zone. 

The soil solution selenium concentration data vary considerably both during a given sam­

pling season, and from year to year. The trends of declining average selenium concentration 

within a given season may be due to moderate amounts of selenate reduction to selenite, and to 

dilution with rainwater in less saturated profiles. The long-term apparent trend of increasing 

selenium concentration in the soil solution may be due to both oxidation of reduced forms of 

selenium, and some downward leaching of selenate from the soil surface. While the latter pro­

cess is not apparent from the averaged EC data, the soluble selenium profile is more concentrated 

at the soil surface than the profiles for readily soluble salts. Such differences in soluble selenium 

and soluble salt profiles could result in more readily detectable increases in selenium relative to 

other salts in leaching profiles. An apparent overall increase in the profile-average soil water Se 
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concentration from approximately 1000 J.lg/kg (Ppb) up to approximately 1500 J.lg/kg has 

occurred over a three year monitoring period. This apparent increase may not be significant 

since variations within a given sampling season are comparably large. 

3.1.2. Pond 11 Soil Water Selenium and Salinity Changes 

'fl'lree years of data on soil water composition from monitored soil profiles in an upland 

region of Pond 11 are now available. This data set was collected on three vegetated test plots, 

and two excavated test plots. Soil water samples were collected during periods when soil water 

content profiles were nominally comparable. In previous reports (LBL Progress Report 7, LBL 

Annual Report, 1988), increases in both soil water selenium concentrations and salinity have 

been noted during the period of spring 1987 to spring 1988. Sampling of these sites during 

February and March of 1989 provided data which is useful in testing the persistence of these 

apparent trends. Example profiles of time trends in depth distributions of soluble selenium and 

soil water EC are shown in Figures 3.2a,b and 3.3a,b. The data shown in Figure 3.2a,b are from a 

saltgrass site which was disked in late 1986. This site was rapidly revegetated by both Cress a 

truxillensis (alkali weed) and Distichlis spicata (salt grass). The data shown in Figure 3.3a,b are 

from the Pond 11, In. ft excavation test plot. This plot was prepared by excavating In. ft of the 

original soil surface, as anticipated in the event that the Onsite Disposal Plan were to be imple­

mented. The original soil surface was dominated by Distichlis. The residual soil surface (after 

excavation) was quickly revegetated by a dense growth of Cressa. Profile-averaged soil water 

selenium and EC time trends for all Pond 11 monitoring sites are summarized in Table 3.1. 

Significant increases in both soil water salinity and soil water selenium content have been 

observed in the majority of these Pond 11 test plots. The relatively infrequent flooding of Pond 

11 with seleniferous drain waters has had several consequences. The total inventory of soluble 

selenium in these soils is below the Reservoir average. Strongly reducing conditions were prob­

ably not as prominent in these soils as they were in many other areas of the Reservoir. During 

most of the operation of the Reservoir, terrestrial vegetation probably persisted in these Pond 11 

soils. Transpirative removal of soil water in the root zone is the cause of salt accumulation 
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P9R Profile Averages 
Averaging Interval 0.15 -1.22 m 

EC Sol. Se 
dS/m W(kg H2O) 

Mar-87 24.7 1306 
May-87 222 753 
1987 average 23.0 1030 

Feb-88 26.0 1265 
Apr-88 25.2 1187 
1988 average 26.0 1226 

Change since 1987 2 197 
% change since 1987 9 19 

Feb-89 24.9 1778 
Mar-89 23.9 1306 
1989 average 24.0 1542 

Change since 1987 1 4 
% change since 1987 4 50 

Table 3.1. Profile-averaged soil water quality, sites P9R and PI! 

PIlC Profile Averages PIlD Profile Averages PItH Profile Averages P Il S 1/2 Profile Averages 
0.15 - 1.22 m 0.15 - 1.22 m 0.15 1.22m 

EC Sol. Se EC Sol. Se EC Sol. Se EC Sol. Se 
dS/m ~g/(kg H2O) dS/m ~g/(kg H2O) dS/m W(kg H2O) dS/m W(kg H2O) 

37.8 871 30.2 490 30.0 1176 34.1 1664 
327 61l 29.2 516 31.2 1447 35.2 1323 
35.0 741 30.0 503 31.0 1312 35.0 1494 

426 946 38.2 976 40.2 2433 47.0 2294 
45.5 941 40.4 792 40.2 2109 45.7 2346 
44.0 944 39.0 884 40.0 2271 46.0 2320 

9 203 10 381 10 960 12 827 
25 27 32 76 31 73 34 55 

49.2 905 44.9 93.4 45.0 2341 59.0 3065 
48.1 1130 43.8 1374 48.6 2453 55.8 3160 
49.0 1018 44.0 1154 47.0 2397 57.0 3113 

13 277 15 651 16 1086 23 1619 
38 37 49 129 53 83 66 108 

------ - -- ---- ---- - ------- - -

P 11 S 1 Profile Averages 
0.15 -0.61 m 

EC Sol. Se 
dS/m W(kg H2O) 

30.8 210 
31.0 210 

37.8 421 
33.7 29.1 
36.0 225 

5 15 
16 7 

35.5 745 
38.5 1019 
37.0 882 

6 672 
20 320 

~ 
Ut 
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throughout the surface 1 meter of soil, both while the ReseIVoir was in use and currently. As 

mentioned in previous reports, soluble selenium increases are due to oxidation of reduced forms 

of selenium within the soil profiles. 

Increases in soil water EC due to upwards flow from the shallow water table are enhanced 

by the high salinity of this source water (EC = 18 dS/m). Rates of soil water EC increase were 

generally higher during the first year (1987-1988) when profile-averaged increases of 5 to 12 

dS/m were obseIVed. These increases corresponded to relative increases of 16% to 35%. During 

the 1988-1989 year, rates of profile-averaged EC were more moderate. The net increases in 

profile-averaged EC in these test plots over the past 2 years ranged from 20% up to 66%, relative 

to the initial 1987 average data. During years of higher rainfall inputs, these increases can be 

expected to be moderated. It should be noted that three factors associated with the obseIVed EC 

increases must be accounted for before actual rates of salinization of the soil profiles can be 

obtained. First, the soil water content profiles must be essentially identical at the sampling times 

under consideration (or further calculations to normalize EC data to common water contents must 

be included). Under the most extreme conditions, as much as a 20% relative difference in soil 

water contents at particular soil water samplers could have occurred at different sampling times. 

Nearly all of the measured changes in EC were well in excess of what could be attributed to 

reference water content differences. Second, in the range of interest, the soil solution EC 

increases nonlinearly with salt content (for a given composition of salts in solution) due to ion­

pair formation rendering electrolytes less conductive at higher concentrations. Third, salts which 

move into the soil profile and subsequently precipitate clearly do not contribute to the EC of soil 

solution samples. When either of these latter two effects are significant, actual changes in soil 

profile salinity are greater than that inferred from EC data. Since the chloride ion concentration 

is not affected by the latter two processes (over the range in which vacuum extractions of soil 

solutions are possible), better estimates of soil profile salinization rates can be obtained through 

data on soil solution chloride contents. Chloride analyses for the majority of the soil solution 

samples listed in Table 3.1 have been completed and are presented in Table 3.2. The average 
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concentrations and relative changes of averages referenced to 1987 are summarized in the right­

hand column. The 51 % increase in average chloride content from 1987 to 1988 corresponds to a 

29% increase in average ECs for the same profiles. The 73% increase in average chloride con­

centration from 1987 to 1989 corresponds to a 47% increase in average ECs. From the mass bal­

ance of chloride in these Pond 11 soil profiles, net upwards movement of ground water amounted 

to 0.6 m in 1987-1988, and 0.2 m in 1988-1989. By including the annual rainfall inputs, annual 

evapotranspiration at these sites amounted to 0.9 m and 0.4 m in 1987-1988 and 1988-1989 

respectively. 

Apparent increases in profile-averaged soil solution selenium concentrations ranged from 

37% up to 320% over the past 2 years. The high value of 320% from the site PllSl may be 

unreliable due to inadequate sampling of the site during the first year. Nevertheless, increases in 

the range of 100% are characteristic of these sites. Oxidation of various inorganic and organic 

forms of selenium are the principle sources for the observed increases in the soil solution 

selenium contents since selenium concentrations in the shallow ground water are low. While the 

soil profiles in the Pond 11 test sites have probably been infrequently subjected to anaerobic con­

ditions associated with reducing the drain water selenate to adsorbed or insoluble species, exten­

sive reduction has nevertheless taken place. This is evident from the fact that the soil solution 

selenium inventories at these sites account for only approximately 20% of the estimated total 

selenium inventory. Consequently, although the increase in soluble selenium concentration is 

large, this only represents remobilization of on the order of 6% of the total inventory per year. 

Due to potentially direct exposure to an oxidizing environment, the adsorbed selenite fraction of 

these soils appears to be among the reasonable precursors to later oxidization and consequent 

increases in the soil solution selenium content (Weres et al., 1989b). 

3.1.3. Pond 1 Soil Water Selenium and Salinity Changes 

Profiles of pore-water samples from sampling sites in Pond 1 have been analyzed in order to 

investigate changes in the distribution and inventory of soluble selenium over a three-year 

period. Six sites were evaluated including UZ-l, 4, 5, 6, 8, and 9. Each of these sites is 



Table 3.2. Time trend in the distribution of chloride in vadose zone pore waters at the Pond 11 test plot. 

site P11C site P11D site P11H 
depth 3/17/87 4/24/87 3/17187 4/24/87 3/17/87 4/24/87 

m mQ/l mol/m3 mg/l mol/m3 mg/l mol/m3 mall mol/m3 mall mol/m3 mall mol/m3 
0.15 7660 216 6590 186 5030 142 6170 174 2920 82 
0.30 10090 285 7950 224 2950 83 5440 153 8640 244 8620 243 
0.46 9180 259 8640 244 8180 231 9910 280 8920 252 9660 272 

i 0.61 8980 253 8790 248 7800 220 8470 239 8640 244 9270 261 
I 0.91 9920 280 6960 196 8780 248 9020 254 4900 138 5400 152 

1.22 8040 227 8100 172 3550 100 3850 109 3520 99 3760 106 
1987 average 

~veragE 8978 253 7505 212 6048 171 7143 201 6257 176 7342 207 (mg CI)IL 7212 
mol/m3 198 

site P11C site P11D site P11H 
depth 2/8/88 4/2/88 2/8/88 4/8/88 2/8/88 '. 4/1/88 

m mg/l mol/m3 mall mol/m3 mgll mol/m3 mall mol/m3 mg/l mol/m3 mall mol/m3 
0.15 4959 140 4132 117 
0.30 8910 251 8080 228 8050 227 9950 281 12410 350 
0.48 12590 355 11980 338 11790 333 11850 334 13300 375 12950 385 
0.61 13700 386 12660 357 15830 447 14670 414 18300 516 16270 459 
0.91 12510 353 11610 327 13410 378 12210 344 9020 254 7900 223 
1.22 10590 299 11040 311 5190 146 4800 135 3430 97 3320 94 

1988 average 
averagE 10543 297 11074 312 9734 275 10696 302 11292 319 10110 285 (mg CI)1l 10575 

mol/m3 298 
1988/1987 1.51 

site P11C site P11D Site P11H 
depth .. 3/24/89 3/24/89 3/24/89 

m mQ/l mol/m3 mall mol/m3 mgll mol/m3 
0.15 3160 89 7370 208 
0.30 12040 340 12800 361 15500 437 
0.46 17600 496 15230 430 16300 460 
0.81 14830 418 18550 487 19370 548 
0.91 13050 388 11160 315 9000 254 
1.22 10530 297 5900 166 5200 147 

1989 average 
average 11868 335 11502 324 13074 3691 (mg CI)1l 12148 

I mol/m3 343 
._:·~88/1987 1.73 

! 

~ 
00 
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instrumented with an array of soil water samplers and tensiometers, to a depth of 1.2 m. Detailed 

descriptions of these sites have been provided in the 1987 LBL Annual Report. Unlike the other 

study sites, the majority of sites in Pond 1 were flooded with less saline and selenium-free water 

(as part of interim operations) beginning in the autumn of 1986 and during most of 1987. 

To determine long term changes in the distribution and inventory of soluble selenium in the 

soil proffie, proffies from 1989 were compared to proffies from 1986. For this comparison two 

different proffies from 1986 were used, a pre-flooding proffie and a post-flooding proffie. The two 

different proffies were used because the post-flooding inventory of soluble selenium was 

significantly higher than the pre-flooding inventory. These increases were attributed largely to 

dissolution and downward transport of the seleniferous salt crust at the soil surface. The pre­

flooding proffies of soluble selenium are representative of the undisturbed areas typical of most 

of the ponds that were flooded while Kesterson Reservoir was used as a disposal facility for agri­

cultural drainwater. The post-flooding pro ffies , obtained from samples collected several days 

after reflooding the pond in October 1986, are representative of the maximum inventory of solu­

ble selenium in the soil proffie shortly after drainage water deliveries ceased in 1986 (Long, 

1988). 

Examination of the shapes of the proffies shows that the time trends at the sites fall into two 

categories: sites where the selenium distribution is similar to the post-flooding inventory in 1986, 

and sites where the top of the proffie is similar to the post-flooding values but current selenium 

concentrations deeper in the proffie are higher than post-flooding values. Typical proffies illus­

trating these two time-trends are provided in Figures 3.4a and 3.4b. The data in Figure 3.4a, from 

site UZ-8, indicate little change between po~~ flooding concentrations in 1986 and now. Data 

from sites UZ-l and UZ-4 show a similar trend. Figure 3.4b, illustrating data from site UZ-6, 

shows that selenium concentrations in the top 0.6 m remain similar to post-flooding concentra­

tions, but below this depth they have increased by a factor of 5 to 10. Sites UZ-S and UZ-9 both 

exhibited a similar trend. 

Profile-averaged concentrations were compared in each of the proffies as a simple means of 
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Figure 3.4a. Comparison between selenium concentrations at the UZ-8 site in 1986 and 1989. 
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Figure 3.4b. Comparison between selenium concentrations at the UZ-6 site in 1986 and 1989. 
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assessing changes in the inventory of soluble selenium. The average concentrations at each of the 

sites are provided in Table 3.3. As mentioned above, in all cases the post-flooding averages are 

always higher than the pre-flooding averages in 1986, by factors ranging from 2 to 8. At sites 

UZ-l and 8, 1989 averages are from 30% to 50% less than the 1986 post-flooding values, but are 

still higher than the pre-flooding values. The current values at sites UZ-5 and 6 have increased by 

60% to 70% above the 1986 post-flooding values. The current average at site UZ-4 is nearly the 

same as the post-flooding value. 

Table 3.3. Profile-averaged selenium concentration in pore water samples collected 
from pore water samples in Pond 1. 

Average Selenium Concentration (Ilg/l) 
Site No. 

UZ-l UZ-4 UX-5 UX-6 UZ-8 

Pre-flooding 1986 358 812 133 10 272 

Post-flooding 1986 1060 1277 344 80 1759 

Maximum 1989 700 1193 554 137 1320 

The above mentioned changes in the distribution and inventory of selenium can be attri-

buted to a limited set of physical and biochemical processes that have occurred over the past 

three years inPond 1. Specifically, decreases in the inventory (observed at UZ-l and UZ-8) and 

increases in the concentration at deeper depths (observed at UZ-5 and UZ-6) can be ascribed pri-

marily to downward transport of soluble selenium resulting from flooding the ponds during the 

winters of 1986-87 and 1987-88. The significant decreases in the inventories observed at UZ-l 

and UZ-8 are consistent with previous estimates that from 35% to 45% of the soluble inventory 

was transported out of the top 1.2 m of soil at these two sites asa result of reflooding Pond 1 in 

1986 (Long, 1988). Similarly, the increases in selenium concentrations in the lower part of the 

profiles at UZ-5 and UZ-6, without a substantial decline in the inventory, are consistent with pre-

vious analyses indicating that leaching from the top 0.5 m occurred but· very little selenium was 
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transported out of the top 1.2 m at these two sites (Long, 1988). The overall increases in the solu­

ble inventory observed at UZ-5 and UZ-6 can be explained by transformation and remobilization 

of the reduced forms of selenium, similar to the observations in Ponds 9 and 11 described previ­

ously. The rates of remobilization observed at the two sites, resulting in increases of 60% to 70% 

of the initial inventory of soluble selenium over a 2 year period, are within the range of values 

observed in Ponds 9 and 11. Note that although this appears to be a fairly rapid rate of increase, 

the presently soluble inventory at these sites is on the order of about 5% to 10% of the total 

inventory. Consequently, when these rates are normalized to the total inventory, they are less 

than 10% per year. 

Over the past year we have become more aware that in addition to long-term trends, 

selenium and salt concentrations may vary significantly on a seasonal basis. These seasonal 

trends have a potentially important impact on long term changes in the distribution of selenium 

within the soil profile. Therefore, the Pond 1 sites were also closely monitored over this past 

wet-season in an attempt to assess the important physical and chemical processes taking place as 

a result of rainfall infiltration and the rising water table. Monitoring included the above­

mentioned sites and two new sites in the filled areas which are located approximately 10 meters 

from sites UZ-I and 6 and called UZ-IF and 6F, respectively. A wide variation of trends was 

observed. As illustrated in Figure 3.5a, remarkable consistency was seen in the overall profile at 

site UZ-6F. A similar lack of seasonal changes in soil water selenium concentrations in response 

to changes in soil water conditions was observed in the lower part (0.6 to 1.2 m) of the profiles at 

sites UZ-I, IF, and 4. However, at the other sites, most notably UZ-5 (see Figure 3.5b), large 

changes in selenium concentrations took place over the winter. Both large increases and 

decreases were observed at various depths in the profiles. 

The changing soil water conditions, caused by the fluctuating water table and rainfall 

infiltration, allow many processes to occur which influence the mobility and redistribution of 
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Figure 3.Sa. Seasonal trends in selenium concentrations in soil water samples at site UZ-6F. 
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Figure 3.5b. Seasonal trends in selenium concentrations in soil water samples at site UZ-5. 
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soluble selenium in the soil profile. Specifically, (1) rainfall infiltration can dissolve selenium 

associated with salts on the soil surface and transport them deeper into the profile, (2) seleni­

ferous pore-waters occupying the upper portion of the profile may be displaced deeper into the 

profile by infiltrating rainwater, (3) the rising water table may transport either selenium-bearing 

or selenium-deficient pore-waters towards the soil surface, (4) hydrodynamic dispersion (created 

largely by macropore flow) and diffiIsion accompanying transport can dilute the concentration of 

soluble selenium, and (5) a higher water content can decrease the amount of oxygen in the soils, 

thereby promoting reducing conditions which transfonn soluble selenium to less soluble and 

mobile fonns. 

To understand better how these processes caused the observed seasonal changes in 

selenium concentrations, chloride analyses were perfonned on the soil waters from two represen­

tative sites, namely UZ-6F and UZ-5. The variation in the concentration of chloride, a non­

reactive tracer, should allow us to follow the movement of water through the profiles. 

The soil waters from site UZ-6F were analyzed as representative of those sites with nearly 

temporally constant selenium profiles. Profiles of chloride concentrations over the monitoring 

period are shown in Figure 3.6a. As expected, the chloride concentrations remain nearly constant 

over the winter. Only samples from 0.7 m exhibited any type of seasonal change. At this depth, 

which is directly above the fill-native soil interface, chloride and selenium concentrations 

increased to their highest values during May and June. This trend is best explained by evapotran­

spirative fluxes of solutes from deeper in the profile into the fill material. 

In contrast to UZ-6F, where chloride and selenium concentrations remained fairly constant 

over the winter season, selenium and chloride concentrations at UZ-5 varied greatly. Chloride 

concentrations from this site are shown in Figure 3.6b. Variations in chloride concentrations 

closely paralleled the selenium concentrations, indicating that observed patterns can be 

explained largely by non-reactive transport within the profile. 
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Figure 3.6a. Seasonal trends in chloride concentrations in soil water samples at site UZ-6F. 
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Figure 3.6b. Seasonal trends in chloride concentrations in soil water samples at site UZ-5. 
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In general, chloride concentrations within the top 0.75 m decreased over the rainy season, 

but increased once again beginning in May. This pattern is explained best by infiltration and dilu­

tion of pore waters with rainwater, followed by evapotranspirative fluxes in the hot season. 

An interesting trend is also apparent at depths of 0.30 and 0.45 m. Over the winter, 

selenium to chloride ratios decrease in excess of rates that can be explained by purely non­

reactive transport. Up to a three-fold decrease in Se/O suggests that immobilization of selenium 

is occurring, presumably in response to creation of anaerobic conditions as the water table rises 

above the sampling interval. 

No significant seasonal trends in chlo~de concentrations were observed for the greatest 

depths, 1.05 and 1.22 m. Selenium concentrations, however, changed significantly. At 1.05 m the 

selenium levels remained extremely low until May, when they rose to about 25 J.Lg/1; at 1.22 m 

selenium level rose to their highest value (108 J.1g/1) in late February, then decreased to about 40 

J.1g/1. These two disparate trends are difficult to reconcile with simple one-dimensional transport. 

Perhaps selenium concentrations increased at 1.05 m in May in response to the falling water and 

subsequent re-oxidation of the soils. The increase in selenium concentration at depth of 1.22 m 

during the wet season may reflect downward transport through macropores. 

These results have provided a preliminary assessment of the processes responsible for sea­

sonal changes in selenium concentrations. More work is necessary before speci fic conclusions 

can be drawn. Over this next winter more intensive sampling will be oonducted, with the effort 

focused on providing ql'antitative assessment of these processes governing the redistribution of 

salts and selenium. Additional discussion of seasonal changes in salt and selenium concentra­

tions is provided in Section 3.3. 
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3.2. EPHEMERAL POOL WATER QUALITY 

Tetsu Tokunaga 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

Concern over selenium uptake into the food chain through ephemeral pool waters 

motivated sampling of these waters during the 1988-1989 wet season. This wet season at the 

Reservoir differs from previous ones in two important ways. First, there has been no intentional 

application of surface water (either the seleniferous agricultural drainage waters, or the more 

recent application of local, nonseleniferous shallow ground water) during, or prior to the present 

wet season. Second, a large portion of the original Reservoir soil surface has been covered by as 

much as 1.5 m of fill material, in compliance with the State Water Resources Control Board 

directive. The implications of these two factors on ephemeral pool formation and water quality 

will be briefly discussed, and followed with a review of field data from ephemeral pools sampled 

during the 1988-1989 wet season. 

Cessation of intentional applications of surface water in select ponds at the Reservoir have 

had two immediate effects on formation of ephemeral pools outside the areas of intended pond-

ing. The most obvious effect is the lack of pooling due to leakage through check gates separating 

wet ponds from dry ponds. This effect is significant in light of the observed predominance of 

ephemeral pool formation from surface overflow during the 1987-1988 wet season. A second 

important effect of the termination of intentional ponding at the Reservoir is that of diminishing 

the extent of water table rise in dry ponds in the vicinity of flooded ponds. This results in 

significant delaying of the onset of ephemeral pool formation in areas which previously were 

near flooded ponds. An example of this effect can be seen in comparisons between water table 

levels in previous and current wet seasons at the Pond 6, 1 ft excavation test plot which is adja-
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cent to the previously flooded Pond 5. In the previous wet season, the rising water table reached 

the excavated soil surface in November 1987, and rose to as much as 0.20 m above the excavated 

surface during January and February of 1988. During the more recent wet season, the water table 

had only risen to within 0.51 m of the excavated surface (peak water level recorded at this site in 

mid-February 1989). (This latter condition does not preclude the formation of ephemeral pools 

due to ponding of rainfall). 

Ephemeral pool formation during the 1988-1989 season occurred primarily in filled areas of 

the Rese"tVoir, therefore much of the following discussion will center on processes of surface 

water accumulation in these areas. The placement of fill dirt over areas in the Reservoir of rela­

tively lower elevation has had several effects concerning ephemeral pool formation and selenium 

redistribution. The variety of effects may be broadly grouped into factors which prevent or delay 

surface water accumulation, and factors which contribute to surface water quality problems. 

These factors will be considered in tum. 

One direct effect of filling in lower regions is that of elevating the surface further from the 

seasonally fluctuating water table. This prevents the upward displacement of seleniferous, saline 

soil water by the rising water table from reaching the surface. The commonly coarse texture of 

the fill material may lessen the effect of capillary rise of soil water and solutes (including 

selenium). The initially low salinity of the majority of the fill material has allowed a rapid proli­

feration of vegetation, dominated by Kochia scoparia and a variety of grasses. The presence of 

the vegetation will assist in prevention of ephemeral pool fonnation through both dewatering the 

soil profile, and through minimizing puddling by reducing raindrop impact at the soil surface. 

Other features of the fill have the potential to coh~~bute to future ephemeral pool water 

quality problems. Two of these factors have had immediately observable effects. These are the 

occurrences of low permeability fill surfaces, and areas w'lere the fill material is comprised of 

Kesterson Reservoir soils. The latter factor appears to be relevant in only a small fraction of the 

Reservoir area, and will be discussed in a following paragraph where ephemeral pool water qual­

ity data are reviewed. One effect of the filling operation has been the creation of some fill sur-
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faces which have low penneability (probably due to unintentional compaction of the fill dirt dur­

ing placement, along with the destruction of the original soil structure), Low hydraulic conduc­

tivity in these fill surfaces leaves them susceptible to ponding due to restricted rainfall 

infiltration. This effect is observed at the reservoir through the fonnation of ephemeral pools on 

fill surfaces, beginning with the late November 1988 rains. The maximum extent of these pools 

on fill surfaces in late December 1988 was estimated at about 1 % of the Reservoir area. The pre­

viously noted potential beneficial effects of the vegetation cover in fill areas may assist in preven­

tion of rainfall ponding. On the other hand, the increased evapotranspiration due to the presence 

of plants will increase the rate at which seleniferous, saline soil water from the underlying Reser­

voir soils will move up into the fill material. 

Before reviewing the ephemeral pool water quality data of the 1988-1989 season, it should 

be noted that none of these pools were fonned by rising ground water. The depth to the water 

table has been as great as 2 m below the ponded fill surface during the wet season. All of the 

observed surface waters were a result of rainfall ponding. A total of 73 mm (2.87 inches) of rain­

fall had been measured at the Reservoir by the time in the 1988-1989 wet season when the major­

ity of pools were observed. This amount represents about 68% of the average rainfall totaled 

from September 1 to December 31 at the Reservoir (1982 to 1988 USBR data, with 1984 data 

missing). The total precipitation of 163 mm (6.4 inches) during the 1988-1989 season amounts to 

only 55% of the mean annual rainfall of 295 mm (11.6 inches) for the years 1982 through 1988. 

The potential for more extensive pool fonnation during nonnal and wetter years is clear. 

A subset of the observed pools has been selected for periodic water sampling. Most of this 

subset is listed in Table 3.4, along with estimates of pool size, and meas~rements of pool water 

electrical conductivities (Ees) and selenium concentrations. It should be noted that no 

significant ponding was observed on undisturbed (unfilled) soil surfaces a! the Reservoir during 

the 1988-1989 season. 

Since the pools sampled in filled areas of the Reservoir are due to ponding of rainfall, pool 

water quality will reflect fill surface solutes mixing with rain water. The fill material was 
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Table 3.4. Water quality in ephemeral pools at Kesterson during the winter of 1988-1989. 

pond pool site sample date pool area pool depth EC(25) selenite conc. total selenium 

# m2 mm dS/m ua/ka (oob) ualka (ppb) 

1 1-NE-fp 1/12/89 100 20 0.7S 2.7 12.0 

1 1-UZ4-W-fp 1/13/89 30 20 0.34 1.S 4.8 

1 1-UZS-E-fp 1/13/89 30 20 0.22 0.5 1.0 

2 11/28/88 2.S1 19.0 2S.1 

2 2-NE-fp 11/28/88 1.21 11.8 15.8 

2 2-E-fp 1/12/89 1200 40 5.34 1 S.1 27.2 

2 2-WC-fp 1/13/89 25 10 0.S3 3.S 5.7 

3 3-NNE-fp 1/13/89 130 40 5.34 2S.1 44.3 

3 3-NE-fp 1/13/89 200 30 4.57 29.1 50.4 

4 4-W-fp (ct) 1/13/89 100 30 1.S1 5.0 11.S 

5 5-SE-fp 11/28/88 O.SS 5.0 17.2 

5 5-SEC-fp 1/13/89 300 30 0.93 4.3 S.5 

S SPB-fp 12/20/88 3.24 10.2 30.9 

S SPB-fp 1/7/89 70 40 0.88 1.5 4.2 

S SPB-fp 1/12/89 15 10 1.35 2.4 5.4 

7 7-SE-fp 12/20/88 100 50 2.54 1 S.4 31.5 

9 9BE-E-fp 1/7/89 50 30 0.23 

9 9BE-E-fp 11 9/89 0.77 O.S 2.4 

9 9PC-fp 12/21/88 500 30 0.S9 2.S 4.1 

9 9PC-fp 12/31/88 300 30 1.13 4.8 S.8 

9 9PC-fp 1/7/89 1000 20 0.9S 
9 9PC-fp 1/12/89 50 15 1.57 

9 9-N-fp1 (P9X) 12/21/88 30 20 0.18 0.3 0.4 

9 9-N-fp1 1/12/89 70 30 0.18 
9 9-N-fp2 12/21/88 50 50 0.2S 1.0 1.5 
9 9-N-fp2 1/12/89 15 10 0.32 
9 9-NW-fp1 12/21/88 50 20 0.92 5.0 7.1 
9 9-NW-fp2 12/21/88 300 SO 0.38 2.6 3.9 

10 10G-N-fp 11/28/88 0.21 0.5 .9 
10 10G-N-fp 12/20/88 1000 30 0.18 0.1 .3 
10 10G-N-fp2 12/20/88 0.07 0.0 .0 
10 10G-N-fp 12/31/88 800 20 0.10 0.0 .2 
10 10G-S-fp 12/20/88 300 50 0.07 0.0 .0 

11 11-NW-fp 12/20/88 500 40 0.32 0.0 .2 

12 12-N-fp 11/28/88 0.95 9.3 12.3 
12 12-N-fp 12/20/88 30 0.37 2.5 4.0 
12 12-E-fp 12/20/88 30 50 0.14 0.0 .6 
12 12-EC-fp 12/20/88 100 30 0.45 1.S 2.8 
12 12-SC-fp 12/20/88 200 40 0.43 0.0 .9 
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obtained from several diffurent sources. These include spoil bank material from the Delta­

Mendota Canal, nearby soils, and interior Reservoir levee material. The variety of sources for fill 

dirt, variable mixing of fill dirt with Kesterson Reservoir surface soils, and variable fill depths 

imply that a range of water qualities is to be expected in ephemeral pools which form over filled 

areas. In the limited sampling to date, selenium concentrations in these pools ranged from 0 to 

50 Jlg/kg (Ppb). Visual inspection of the sampling sites which yielded selenium concentrations 

in excess of 20 Jlg/kg supported the belief that these higher concentrations are due to the use of 

original Kesterson materials in filling at these locations. It is unlikely that capillary rise of the 

underlying Kesterson soil solution contributed to the selenium loading during the 1988-1989 sea­

son. The observed concentrations are about one order of magnitude less than those observed in 

previous years. Nevertheless, over half of the pool sites recently sampled in fill areas have had 

selenium concentrations in excess of the surface water quality standard of 5 ppb. 

The fill has been in place for about one year. The long-term process of "capillary" rise and 

evaporatively driven movement of seleniferous and saline Kesterson Reservoir soil water 

upwards into the overlying fill dirt has the potential for reintroducing these solutes into the food 

chain through both mixing in pool waters and through plant uptake. On the other hand, annual 

rainfall leaching of surface salt accumulations may be effuctive in keeping surface water concen­

trations of selenium and other elements at acceptably low levels. Due to the numerous changes 

imposed on hydrologic conditions at the Reservoir over the past several years, the extremely 

variable rainfall patterns, and the relatively slow rates of both soil water movement and some 

selenium transformations, long-term projections of ephemeral pool water quality are presently 

uncertain. 
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3.3. BARE SOIL EVAPORATION RATES AT KESTERSON RESERVOIR 

Peter Zawislanski 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

3.3.1. Impetus for Research 

Soils at Kesterson Reservoir and surrounding fields were salt-rich long before they were 

cultivated by humans. Early soil surveys perfonned from 1939 on by the U.S. Department of 

Agriculture and the University of California classified soils of the area as slightly to strongly 

salt-affected (USDA Soil Conservation Service, 1952). The salinization of soils is a feature typi-

cal of regions characterized by high pan evaporation rates, low rainfall, and shallow ground-

water tables, all of which are common to the San Joaquin Valley. Soil salinity is a valley-wide 

problem (Harradine, 1950); the proximity to shallow, highly saline ground water has long been 

recognized. Soils become salinized due to the evaporation of water at and near the soil surface 

and the transpiration of water by plants. The fonner results in the accumulation of salts at the sur-

face while the latter process concentrates salts in the root zone (Hillel, 1980). Both processes 

lead to the degradation of soil from an agricultural standpoint. Evaporation of water from the soil 

surface creates an upward soil water potential gradient; in response to this gradient, water is tran-

sported from deeper in the profile towards the soil surface where it evaporates and the species 

dissolved in it precipitate. Along with the major ions (Na, Ca, Mg, S04 and Cl) any dissolved 

element, including trace elements will be subject to such redistribution. Evaporative concentra-

tion of naturally occurring selenium has been documented to occur in the Western San Joaquin 

Valley (Deverel and Fujii, 1989; Fujii and others, 1988; Fio and Fujii, 1988). Researchers from 

the U.S. Geological Survey found a close correlation between salinity and selenium (r2 = 0.68) 

which suggested that the soluble selenium fraction (mostly selenate, SeO~-) is fairly mobile in 

the soil/sediment system and may behave similarly to sulfate (SO~-) and other major ions. These 
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studies were perfOllIled in agricultural fields in the Panoche Creek alluvial fan area, an area 

assumed to be the source of much of the selenium which found its way into agricultural drains 

and eventually into Kesterson Reservoir. 

Due to the continuous evaporation of pond water during the years of Reservoir operation, 

salts precipitated at the bottom of the ponds and were incorporated into what is now a salt crust. 

The entire soil water profile is either saturated or nearly saturated with respect to gypsum (CaS04 

• 2H20) and calcite (CaC03). Selenium is incorporated into the salt crust; in the soil-water sys­

tem, selenium concentrations range from background in the ground water (::: 5 ppb) to thousands 

of ppb of dissolved selenium near the soil surface and several ppm of total selenium in the top 

few centimeters of soil. Field experiments perfollIled by LBL personnel in March of 1988 

involved the scraping off of 15 and 30 cm of top soil in Pond 6. This resulted in the reconcentra­

tion of selenium and salts near the soil surface. Excavation of a layer of soil accelerated the 

reconcentration process by decreasing the depth to the water table and altering the physical struc­

ture of the surface soil (LBL Annual Report, 1988). The rapidity of this process drew attention to 

the importance of bare soil evaporation in redistributing species near the soil surface. The under­

standing of the nature and magnitude of this process will be helpful in the management of Kester­

son Reservoir. It is the goal of this research to estimate bare soil evaporation rates and the resul­

tant salt and selenium accumulation rates over an annual cycle. While selenium will not, on the 

whole, behave in the soil-water-air environment in the same fashion as major ions, its water­

soluble fraction (SeO~-) will be strongly affected by moisture fluxes near the soil surface. Due to 

the uncertainties involved in selenium extraction from soils, interference in selenium analysis, 

selenium's complex redox chemistry, and the great spatial variability of selenium as compared 

with major ions, it is far more feasible to estimate evaporation rates and track temporal changes 

in concentration based on these changes amongst the major ions. This approach was the one 

taken and is described in the following sections. In addition, the nature of the evaporation pro­

cess was studied with the hope of gaining an understanding of the conditions which control its 

magnitude. To this end, numerical simulations have been perfollIled. The results of these simula-
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tions have shed some light on the factors and processes which are dominant in bare soil evapora­

tion. 

3.3.2. Local and Site-Specific Hydrology and Hydrogeology 

Potential evaporation far exceeds rainfall on an annual basis in the San Joaquin Valley. 

Average rates vary depending on the distance from the valley axis; annual evaporation ranges 

from 1500 to 2200 mm/year while annual rainfall averages around 150 to 360 mm/year. (Davis 

and others, 1959; LBL Annual Report 1988). Most of the rainfall occurs during the months of 

November through April. Local hydrologic conditions in the vicinity of Kesterson Reservoir are 

typical of the valley-wide conditions described above, with a few site-specific deviations. Daily 

climatological conditions over the twelve month period from July 1988 through June 1989 at 

Kesterson Reservoir are depicted in Figures 3.7 and 3.8. The air temperature and humidity were 

measured by an electronic weather station in Los Banos. Precipitation was measured at a weather 

station at Kesterson Reservoir; evaporation rates presented in Figure 3.8a were measured at the 

Los Banos Reservoir (from day 0 until day 180 and again from day 216 until day 366) and at 

Kesterson Reservoir (from day 181 through day 215). (pan evaporation rates were not recorded at 

Kesterson Reservoir from July 1988 through November 1988; therefore, evaporation rates at 

Kesterson were estimated from rates measured at Los Banos Reservoir, based on historical 

records of evaporation at the two sites. Pan evaporation was not measured at the Los Banos 

Reservoir during the 34 day period and rates measured at Kesterson were used.) The combination 

of reduced temperatures and elevated humidities during the late fall and winter lead to a reduc­

tion in measured pan evaporation. Figure 3.8 highlights the disparity between pan evaporation 

and ,recipitation; over the twelve month period, total precipitation was measured at 162 mm, 

while the cumulative annual pan evaporation was 2234 mm. 

This study concentrates on the soil-sediment system of the top 2.5 m of soil and sediment. It 

is the interval which encompasses the vadose (unsaturated) zone, the extent of which varies with 

the seasonal rise and fall of the water table. In particular, this study focuses on the vadose zone in 

sites 8EP (pond 8) and 9BE (Pond 9). In order to characterize the soil/sediment profile, soil was 
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augered in 5 and 10 em intervals and particle size analyses were perfonned; also, a Guelph Per-

meameter was used to detennine saturated conductivities in the field. The particle-size distribu-

tion at those two sites is presented in Figure 3.9. Saturated conductivities in plot 8EP are shown 

in Figure 3.10. The lateral and vertical variabilities are apparent from these data. In addition to 

the near surfaCe low penneability layer, the soil surface in most ponds is covered by a thin veneer 

of organic matter which is a remnant of shallow ponds. This organic matter, together with a salt 

crust sometimes up to.2 em thick, is difficult to describe hydrogeologically and may have a 

unique effect on near surface moisture fluxes. High penneabilities measured near the soil surface 

of pond 8EP (0-20 em) correspond most likely to macropore and fracture flow. Fluctuations in the 

elevation of the ground water table at the two plots are presented in Figure 3.11. 

3.3.3. Measurement of Bare Soil Evaporation Rates 

3.3.3.1. Important Aspects of Bare Soil Evaporation 

The physical process of water evaporation from soil has been studied for many decades; its 

effects on water and soil management practices have driven most of the research in this field, 

especially since the second quarter of this century. In 1939, Moore published a paper which 

described one of the first laboratory experiments designed to study the evaporation of water from 

a shallow water table. In 1948, Penman derived an expression for calculating potential evapora-

tion rate (Ep) based on a combination of an aerodynamic approach and an energy balance: 

Ep = _tl_ RA + ~ f(u)(eA -eD) 
tl+y tl+y 

(3.1) 

where tl is the rate of saturation vapor pressure change with respect to air temperature 

[ML-1r 2°Celsius-1], y is the psychrometric constant [ML-1r 2°Celsius-1], RA is the areal net 

radiation [Lr1], feu) is a function of wind velocity u [L2T~1], and eAand eD are saturation 

vapor pressures at air and dewpoint temperatures respectively [ML-1r 2]. Since Penman, many 

researchers have derived various expressions describing potential evaporation; most of these 

expressions are able to predict potential evaporation quite well. However, the evaporation of 

water from soils is more complex in that it depends not only on meteorological conditions but 
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also on soil properties and moisture content. The force which drives evaporation at the soil sur-

face is the net solar radiation (Koorevar and others, 1983); drying of the soil surface creates an 

upward potential gradient. There are several factors which limit the magnitude of bare soil eva-

poration. In general, the bare soil evaporation rate will be equal to or less than the potential eva-

poration rate; the moisture content of soil at the surface as well as physical soil properties are 

limiting factors in this process.- In addition, vapor flow close to the soil surface may become an 

important flow mechanism under extremely dry conditions (Bresler and others, 1982). While 

most experimental results have been successfully modelled without accounting for vapor flow, 

vapor diffusion is a process which should not be neglected. For example, Gardner and Fireman 

(1958) found that the evaporation rate from a sandy loam soil decreased from nearly 10 mm/day 

to less than 0.5 mm/day as a result of a 6 mm thick sand mulch on the soil surface. It was con-

cluded, based on modeling, that water moved through the mulch in the vapor phase. Vapor flow 

in the vadose zone, under isothermal conditions, may be described by Fick's Law, modified in the 

following way: 

acs,v 
Js v = - (1- S)ntaDAv-~-

t • oZ 
(3.2) 

where Js,v is a vapor mass flux per unit bulk area [Mr1L-2 ], DA,v is the diffusivity of water 

vapor in air [L2rl], and a~~,v is the soil gas phase vapor concentration gradient in direction z 

[ML -4]; in addition, the flux of Fick's Law is corrected for the limited gas-phase cross-sectional 

area due to the presence of solid grains (n, porosity) and water (0 < S, saturation, <1), and for the 

gas-phase tortuosity of the path of diffusion (,ta , air-filled tortuosity factor, which decreases with 

increasing tortuosity). 

While under field conditions there is no clear division, bare soil evaporation may be 

divided into two classes: drying of wetted soils and evaporation from a water table. The former 

process has been described by a great number of researchers. Even though a water table may be 

present relatively close to the soil surface, evaporation immediately following infiltration will not 

be very strongly affected by its presence and will depend mostly on external conditions and 
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near-surface soil properties. This process has been studied mostly on short cores in the labora­

tory (e.g. Staple, 1969; Reynolds & Walker, 1984). Under constant external conditions, three 

stages of soil drying have been observed (Hillel, 1980b). The initial stage is a constant rate stage 

during which the soil is still wet enough to transmit water at the same rate as potential evapora­

tion. Therefore, during this stage, bare soil evaporation is weather-controlled. The length of this 

stage will depend on climatic conditions, i.e. on potential evaporation rate itself, and is usually in 

the range of a few hours to a few days after infiltration. The second, intermediate, stage is one in 

which the soil evaporation rate slowly declines; the rate is dependent on how fast the soil can 

transmit water to the soil surface. This stage has been called the soil-controlled stage. Depending 

on the amount of infiltration and soil properties, this stage may last for several days to weeks. 

The third stage is reached when the soil is too dry for any substantial liquid conduction and sub­

surface vapor diffusion dominates the evaporative flux. Hillel (1975) noted that in a real system, 

in which external conditions vary diurnally and seasonally, these three stages may be difficult to 

distinguish. In addition, in field conditions with a shallow water table, the third stage will rarely 

be reached since there will be a certain upward flux of water. Figure 3.12 shows the soil water 

fluxes on a very small scale, as observed by Jackson and others (1973), after infiltration of 10 cm 

of water into a loam soil. It is apparent that the flux varies not only in magnitude but also in 

direction. Therefore, the establishment of distinct stages of drying is unlikely. Since the process 

of soil drying is transient and highly dependent on several variables which are in tum functions 

of water potential, analytical solutions can be derived for only the simplest of systems and have 

usually depended on the separate treatment of drying stages. Numerical simulations of this tran­

sient system have been performed by, among others, Staple (1970, 1971), Hillel (1975, 1976), 

and Reynolds & Walker (1984). 

Evaporation of water from shallow water tables has also been studied extensively 

(Veihmeyer and Brooks, 1954; Gardner, 1958; Gardner and Fireman, 1958; Hadas and Hillel, 

1968,1972; Ripple and others, 1972; Gardner, 1973; Hillel, 1975). Most of these and other such 

research has been focused on laboratory measurements of steady-state evaporation under gen-
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erally non-saline conditions. The expected conclusion of such research is that bare soil evapora-

tion decreases with the depth to water table as well as with the increasing coarseness of the sedi­

ment. The process of water evaporation from a shallow water table, in a homogeneous system, is 

more easily described analytically, especially when the. system is brought to steady state in a 

controlled laboratory environment. An expression was derived by Gardner (1958) for a homo-

geneous column of soil with a shallow water table: 

(3.3) 

where Emax is the maximum evaporation rate from the soil, d is the depth to the water table, A is 

a constant dependent on n, and n and a are constants from the following equation: 

(3.4) 

where a, b, and n are empirically derived constants for a given material. The solution of this 

equation gives results presented in Figure 3.13. Solutions match results from laboratory experi-

ments with fairly good success, but they are dependent on the homogeneity of the system. The 

solution of flow through a heterogeneous system lends itself more to a numerical approach. Such 

an approach has been taken by a number of researchers (Hillel, 1975; Feddes and others, 1975; 

Passerat de Sillans and others, 1989). Passerat de Sillans and others used a coupled heat and 

water transport numerical code which took into account heat and moisture fluxes estimated from 

meterological data. The hydraulic and thermal properties of the surface layer of the soil were free 

parameters used to fit the results of simulation to the first two data points (two days). The model 

was then run to simulate the evaporation rate on the following four days. As seen in Figure 3.14, 

despite the very short run of this experiment, the results are only fair and it appears that the 

model would substantially overestimate true rates in the future. 

More detailed studies of heterogeneous systems have shown the relative impact of soil pro-

perties on evaporation rates to increase toward the surface (e.g. Hadas and Hillel, 1972). That is, 

a change in soil properties near.the soil surface will have a greater etrect on soil evaporation rates 

than a similar change at depth. Hysteresis has been shown to atrect evaporation rates during early 

stages after infiltration (Bresler and others, 1969); however, in field situations, the spatial 
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variability of soil properties will usually be greater than the variation due to hysteresis effects. An 

experiment involving infiltration and evaporation has been modelled using the numerical model 

TRUST, taking into account only the wetting curve; the results of these simulations show that, at 

least in the given system, hysteresis effects are minor. 

While it is known that the presence of dissolved species in water tends to decrease the eva­

poration rate due to lowering of the saturation vapor pressure above the water surface, there are 

limited studies of this effect on saline water bodies and even fewer studies of this effect on bare 

soil evaporation. Salhotra and others (1985) summarized three sets of data (Figure 3.15) which 

suggest that salinity (here presented as water density) has a significant effect on evaporation rate. 

Qayyum and Kemper (1961) studied the effect of mixing NaQ and CaQ2 into the top 10 cm ofa 

29 cm column on bare soil evaporation rates. They found that a mass concentration of 1.0% or 

more of NaCl tended to lower moisture loss from the columns, but the salt distribution in this 

experiment does not reflect natural conditions since the soil was free of salt in the rest of the 

profile and thus these results do not apply in general. Finally, the gradient of salt concentrations 

near the soil surface is usually very steep (see Section 3.3.4.5) and may itself drive vapor flow. 

This aspect of vapor flow is not within the scope of this study and will not be further considered. 

3.3.3.2. Methods for Measuring Bare Soil Evaporation 

In laboratory experiments, the measurement of a bare soil evaporation rate is straightfor­

ward; based on the known rate of water inflow into the system and on changes in the mass of the 

soil column, such a rate may be continuously and quite accurately monitored. In the field, how­

ever, such a measurement is more difficult and subject to greater error than the laboratory meas­

urement. In general, four schemes are available: (1) micrometeorological methods, which 

involve the calculation of a rate based on measurements of several parameters and using one of a 

number of available equations (Hillel, 1980b); (2) remote sensing, where evaporation rates are 

estimated based on radiative and reflective properties of the soil; (3) water balance methods, 

which require the measurement of soil water flux at a given depth and the changes in water con­

tent between that depth and the soil surface; and (4) lysimetric methods (van Bavel, 1961; Black 
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and others, 1969; Boast, 1986). Lysimetric methods involve the direct gravimetric measurement 

of water loss from hydrologically, but. not thennally, isolated bodies of soil or sediment. Since 

such isolation causes changes in boundary conditions, most significantly lower boundary condi­

tions, there is always concern as to whether the rate measured is the same as it would be from a 

non-isolated body. Additional error may come from disturbance of the soil during construction. 

To combat these obstacles, large lysimeters have been built; these structures are expensive to 

build, essentially fixed in space, and must be weighed by a high capacity balance, dedicated to 

this purpose (Boast, 1986). Recently, Boast and Robertson (1982) suggested a more convenient 

approach through the use of "micro-lysimeters." The concept is to use small, easily installed, 

removed, and weighed lysimeters for only a short period of time, during which the boundary con­

ditions are not significantly altered due to the isolation of the soil, that is, only as long as the 

measured evaporation rate does not deviate from the true evaporation rate. This approach was 

the one used in the field at Kesterson Reservoir from July 1988 through June 1989. The micro­

lysimeters, which Boast and Robertson tested against large lysimeters, were brass cylinders with 

an inside diameter of 76 mm, 3 mm thick walls, and a length of 76 mm. The walls were bevelled 

at the bottom to 0.5 mm in order to facilitate insertion into soil (Figure 3.16). The bottom of the 

device was sealed off with a rubber stopper and the entire lysimeter was put into a plastic bag. 

The lysimeters were placed in a constant evaporativity chamber. Based on several runs, Boast 

and Robertson concluded that under a variety of external conditions the rates measured by the 76 

mm lysimeters did not vary from longer (146 mm) lysimeters until after two days and were less 

by no more than 10% after 3.7 days (Figure 3.17). 

In this study, microlysimeters v'ere made out of white PVC, in order to minimize thennal 

differences between the soil and the· inside of the tube. Each cylinder has an inside diameter of 

approximately 5.1 cm (2 in), a 4 mm (1/6 in) thick wall, and is 10 cm long. The bottom 1.5 to 2.0 

em on the outside of the tube was bevelled to make the edge sharp. Two sets of eight cylinders 

were used, each set dedicated to one of the two plots. Except for the first two measurements 

(7/1/88, 7{29/88) when three to five mierolysimeters were used per plot, all other measurements 
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Figure 3.16. Design and procedure for the use of a microlysimeter in Boast and Robertson 
(1982): (a) cylinder design, (b) cylinder pushed into soil, (c) cylinder removed 
and capped on the bottom prior to weighing, and (d) microlysimeter after being 
placed back into soil. 
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Figure 3.17. Dependence of cumulative evaporation from a microlysimeter on time after soil 
isolation and cylinder length. tel is the time when the cumulative evaporation 
deviates by 0.5 mm from actual evaporation (from Boast and Robertson, 1982). 
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were made using the complete sets. The cylinders were inSerted into the soil either by hand (if 

the soil was moist enough) or by hammering. They were then removed with a set of pliers in such 

a way as to break. off the soil at the bottom of the cylinder from the soil immediately below it. 

Any soil which was hanging out beyond the bottom of the cylinder was shaved off and the bottom 

of the cylinder was sealed with a plastic end cap. The end cap was secured to the tube using PVC 

tape, which also prevented moisture loss through the bottom end. Any soil on the side of the tube 

was cleaned off The tubes, with the end cap, PVC tape, and soil were then weighed using a tri­

ple beam, 2610 gram capacity Ohaus balance, with a wind shield constructed of wood and plexi­

glass. After being weighed, the cylinders were placed in unsealed plastic bags and inserted back 

in the soil so that the tops of the tubes were level with the surrounding soil. After 24 hours, the 

tubes were removed from the bags, their outside cleaned off, and they were weighed again. Since 

all boundaries of the tubes were sealed off, except for the top, the change in mass could be due 

only to loss of water through evaporation or gain of water due to precipitation. However, since 

this study focused on evaporation losses, evaporation rates were measured only during the dry 

months, and no rain fell during any of the measurements. The mass of water lost was converted to 

a volume (assuming density of evaporating water equal to 1.0 g cm-3) and divided by the cross­

sectional area of the microlysimeter (= 20.26 cm2). The result is equivalent to a loss of water 

column; similarly, the flux may be expressed as mass per unit area. 

These measurements were made approximately every four weeks, from July 1st until 

October 25th, 1988, and again from March 17th to June 26th, 1989, with varying frequency. 

Rates were not measured during the rainy months for three reasons: (1) since during a rainfall 

event. water would be entering the microlysimeter, it would be ~ecessa.~' to know the exact mass 

of water infiltrating into each cylinder; (2) evaporation of water from a soil is quite rapid immedi­

ately following a rainfall event. and drops within the next, day or so; th~refore, a rate measured 

over a 24 hour period would be a mean value for a range of rates; (3) during a rainfall event of 

more than a few millimeters, the hydrologic conditions in the tube may become deviant from the 

surrounding soil due to the presence of a lower boundary at 10 cm. Results of the measurements 
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are described in the following section. 

3.3.3.3. Bare Soil Evaporation Rates in Plots 8EP and 9BE: Field Data and Analysis 

Bare soil evaporation rates measured in the two plots are presented in Figure 3.18a and 

3.18b, for plot 8EP and 9BE, respectively. The error bars in these two diagrams denote one stan­

dard deviation. on each side of the mean value. The digits in parentheses indicate the number of 

data points included in the given mean value. With a few exceptions, eight individual micro­

lysimeters were used throughout the study period in each plot The measurement on 3/17/89 (day 

263) in plot 9BE was limited to six cores due to the inadvertent spillage of the other two cores. 

Overall, values measured in both plots ranged between 0.1 mm/day and 1.5 mm/day. This range 

is substantially lower than expected as based on other studies; however, this was not perceived 

during the fall season, since the water table in both plots was at a depth of more than 1.5 meters. 

It was at that time believed that bare soil evaporation rates were being controlled by the soil 

profile. This conclusion was supported by the apparent correlation between bare soil evaporation 

rates and the depth to the water table (see Figure 3.11). In general, this trend is observed when 

the soil profile controls the evaporation rate (cf. Eqn. (3.3». Between July 1st and October 25th, 

1988, as the water table dropped, measured bare soil evaporation rates dropped from a mean of 

0.80 mm/day to a mean of 0.13 mm/day in plot 8EP and from a mean of 0.92 mm/day to 0.32 

mm/day in plot 9BE. As the water table dropped, the moisture content of the soil profile declined, 

which is apparent from potential distributions, as measured using tensiometers (Figure 3.19). At 

that time, it was believed that since the evaporation rate was mostly a function of the depth to the 

water table, intermediate rates would decline smoothly between measured points and the meas­

ured values could be interpreted as mean rates for the two weeks immediately preceding and two 

weeks immediately following the date of measurement The variability of measured values was 

believed to be most likely related to the spatial variability of soil properties in the profile. A more 

detail description of the data is presented in Table 3.5, and includes the calculated coefficients of 

variation for each set of measurements. These range from 7.7% to 30.1 % for plot 8EP and from 

7.0% to 31.3% for plot 9BE for all sets of measurements. 
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Figure 3.18a. Mean field measured bare soil evaporation rates at plot 8EP; error bars 
represent one standard deviation on each side of the mean. Number of 
samples in parentheses. 
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Figure 3.19a. Hydraulic potential distribution changes in soil profile of plot 8EP during 
the summer and fall of 1988. 
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Figure 3.19b. Hydraulic potential distribution changes in soil profile of plot 9BE during 
the fall and summer of 1988. 



Date Day~ Ebs 
(mm/day) 

7/1/88 1 0.93 
0.80 
0.74 
0.86 
0.66 

7/29/88 29 0.83 
0.48 
0.73 
0.87 
0.64 

8/25/88 56 0.51 
0.48 
0.58 
0.52 
0.52 
0.47 
0.57 
0.54 

9/29/88 91 0.35 
0.31 
0.26 
0.40 
0.33 
0.27 
0.37 
0.35 

Table 3.5a. Bare soil and pan evaporation data and calculated rates: Plot 8EP 

Mean Ebs S.D. Ebs C.V. Ebs Pan Evap Grav Moist Ebs calc Mean Ebs calc 
(mm/day) (mm/d) (%) (mm/d) Content (mm/day) (mm/day) 

0.80 0.10 12.5 12.2 0.193 0.91 0.96 
0.185 0.87 
0.205 0.97 
0.235 1.12 
0.202 0.95 

0.71 0.16 22.5 11.7 0.168 0.75 0.71 
0.160 0.71 
0.161 0.72 
0.164 0.73 
0.146 0.64 

0.52 0.04 7.7 10.4 0.139 0.54 0.52 
0.130 0.51 
0.102 0.39 
0.103 0.39 
0.173 0.69 
0.148 0.58 
0.142 0.56 
0.124 0.48 

0.33 0.05 15.2 8.9 0.115 0.38 0.43 
0.125 0.41 
0.120 0.40 
0.150 0.50 
0.128 0.43 
0.143 0.48 
0.117 0.39 
0.144 0.48 

S.D. Ebs calc 
(mm/day) 

0.10 

0.04 

0.10 

0.05 

00 
w 



Date Day~ 

10/25/88 117 

3/17/89 260 

4n/89 281 

Table 3.5a. Bare soil and pan evaporation data and calculated rates: Plot 8EP (continued) 

Ebs Mean Eb5 S.D. Ebs C.V. Ebs1 Pan Evap Grav Moist Ebs calc Mean Ebs calc 
(mm!d?.y) (mm/day) (mm/d) (%) (mm/d) Content (mm/day)- (mm/day) 

0.21 0.13 0.04 30.8 3.6 0.155 0.21 0.15 
0.12 0.128 0.17 
0.12 0.119 0.16 
0.12 0.110 0.15 
0.10 0.093 0.12 
0.15 0.110 0.15 
0.10 0.102 0.13 
0.14 0.110 0.15 

0.89 0.96 0.12 12.5. 6.2 0.198 0.47 0.50 
0.95 0.190 0.45 
0.95 0.221 0.53 
1.10 0.206 0.50 
1.00 0.194 0.46 
0.93 0.232 0.56 
1.11 0.191 0.46 
0.75 0.221 0.53 

0.67 0.59 0.16 27.1 7.3 0.158 0.44 0.54 
0.48 0.194 0.55 
0.68 0.176 0.49 
0.29 0.198 0.56 
0.47 0.196 0.55 
0.61 0.190 0.53 
0.76 0.217 0.62 
0.75 0.197 0.55 

------

S.D. Ebs calc 
(mm/day) 

0.03 

0.04 

0.05 

00 
~ 



Date OaYl 

4/16/89 290 

4/28/89 302 

6/1/89 336 

6/26/89 361 

Table 3.5a. Bare soil and pan evaporation data and calculated rates: Plot 8EP (continued) 

Ebs Mean Eb5 S.D. Ebs C.Y. Ebs Pan Evap Grav Moist Ebs calc Mean Ebs calc 
(mm/day) (mm/day) (mm/d) (%) (mm/d) Content (mm/day) (mm/day) 

0.46 0.38 ·0.08 21.1 6.2 0.199 0.48 0.41 
0.28 0.151 0.35 
0.37 0.164 0.39 
0.41 0.179 0.42 

0.60 0.58 0.06 10.3 8.0 0.150 0.45 0.50 
0.54 0.148 0.45 
0.59 0.163 0.50 
0.49 0.169 0.52 
0.53 0.145 0.44 
0.62 0.202 0.63 
0.67 0.152 0.46 
0.61 0.187 0.58 

0.51 0.55 0.10 17.5 11.7 0.183 0.82 0.67 
0.61 0.179 0.80 
0.64 0.153 0.68 
0.43 0.091 0.39 

0.25 0.34 0.06 17.6 12.6 0.120 0.56 0.61 
0.28 0.116 0.54 
0.36 0.150 0.71 
0.44 0.150 0.72 
0.30 0.107 0.50 
0.33 0.130 0.61 
0.32 0.135 0.64 
0.40 0.132 0.62 

S.D. Ebs calc 
(mm/day) 

0.05 

0.07 

0.20 

0.08 

00 
VI 



Date Days Ebs 
(mm/day) 

6/30/88 1 0.85 
0.99 
0.92 

7/29/88 30 0.96 
1.36 
1.06 
1.05 
0.50 

8/25/88 57 1.05 
0.79 
0.99 
0.81 
0.82 
0.72 
0.93 
0.73 

9/29/88 92 0.49 
0.54 
0.49 
0.49 
0.42 
0.49 
0.48 
0.35 

Table 3.5b. Bare soil and pan evaporation data and calculated rates: Plot 9BE 

Mean Ebs S.D Ebs C.V. Ebs Pan Evap Grav Moist Ebscalc Mean Ebs calc 
(mm/day) (mm/day' (%) (mm/day) Content (mm/day) '. (mm/day) 

. " 
0.92 0.07 7.62 12.2 0.344 1.25. 1.18 

0.277 1.07 
0.332 1.22 

0.99 0.31 31.31 11.7 0.242 0.93 0.99 
0.259 0.97 
0.263 0.99 
0.268 1.00 
0.287 1.05 

0.86 0.12 13.95 10.4 0.283 0.92 0.86 
0.273 0.90 
0.284 0.93 
0.262 0.87 
0.279 0.91 
0.229 0.79 
0.237 0.81 
0.203 0.73 

0.47 0.06 12.77 8.9 0.260 0.74 0.72 
0.261 0.75 
0.249 0.72 
0.229 0.68 
0.255 0.73 
0.261 0.75 
0.259 0.74 
0.207 0.63 

S.D. Ebs calc 
(mm/day) 

0.10 

0.04 

0.07 I 

! 

0.04 

00 
0\ 



Date Days 

10/25/88 118 

3/17/89 261 

4n/89 282 

4/16/89 291 

Table 3.5b. Bare soil and pan evaporation data and calculated rates: Plot 9BE (continued) 

Ebs Mean Ebs S.D Ebs C.V. Ebs Pan Evap Grav Moist Ebs calc Mean Ebs calc 
(mm/day) (mm/day) (mm/day' (%) (mm/day) Content (mm/day) (mm/day) 

0.30 0.32 0.05 15.63 3.6 0.283 0.32 0.32 
0.35 0.328 0.36 
0.40 0.257 0.30 . 
0.35 0.222 0.27 
0.25 0.276 0.31 
0.32 0.284 0.32 
0.25 0.260 0.30 
0.32 0.320 0.35 

0.59 0.57 0.04 7.02 6.2 0.454 0.78 0.72 
0.59 0.473 0.80 
0.60 . 

0.388 0.69 
0.50 0.395 0.70 
0.54 0.382 0.69 
0.59 0.373 0.67 

0.75 0.87 0.09 10.34 7.3 0.390 0.82 0.76 
0.81 0.305 0.69 
0.88 0.348 0.76 
0.85 0.349 0.76 
0.85 0.394 0.83 
1.07 0.336 0.74 
0.85 0.375 0.80 
0.86 0.317 0.71 

0.80 0.68 0.09 13.24 6.2 0.332 0.62 0.64 
0.69 0.353 0.65 
0.62 0.341 0.63 
0.62 0.375 0.68 

S.D. Ebs calc 
(mm/day) 

0.03 

0.05 

0.05 

0.02 

._. 

00 
-...l 



Date Days 

4{l.8/89 303 

5{l.4/89 329 

6{l.6/89 362 

Table 3.5b. Bare soil and pan evaporation data and calculated rates: Plot 9BE (continued) 

Ebs Mean Ebs S.D Ebs C.V. Ebs Pan Evap Grav Moist Ebs calc Mean Ebs cal< 
(mm/day) (mm/day) (mm/day (%) (mm/day) Content (mm/day) (mm/day) 

0.70 0.81 0.16 19.75 8.0 0.354 0.84 0.80 
0.69 0.292 0.73 
0.84 0.304 0.75 
0.75 0.311 0.76 
0.68 0.379 0.88 
0.70 0.336 0.81 
0.96 0.357 0.84 
1.13 0.345 0.82 

0.52 0.65 0.07 10.77 6.2 0.246 0.50 0.54 
0.60 0.283 0.55 
0.62 0.250 0.50 . 
0.66 0.309 0.59 
0.68 0.284 0.55 
0.67 0.286 0.56 
0.74 0.269 0.53 
0.74 0.282 0.55 

0.41 0.57 0.10 17.54 12.6 0.122 0.61 0.85 
0.63 0.201 0.87 

·0.65 0.230 0.96 
0.49 0.210 0.90 
0.57 0.177 0.79 
0.54 0.254 1.03 
0.54 0.149 0.70 
0.74 0.208 0.90 

S.D. Ebs calc 
(mm/day) 

0.05 

0.03 

0.14 

00 
00 
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During the spring and early summer of 1989,rates were expected to rise substantially due 

to the rise of the water table at both plots (see Figure 3.11). At plot 9BE, the water table was at a 

depth of 28 em at its shallowest (3/2/89), a depth at which almost any soil is expected to be able 

to transmit water at a rate nearly equivalent to potential evaporation .. The increased moisture con­

tent throughout the soil profile can be seen through tensiometer data (Figure 3.20). The fact that 

bare soil evaporation rates measured at that time were still in the sub-millimeter-per-day range, 

while pan evaporation was measured in the 2 to 5 mm/day range, indicated that other factors 

were controlling bare soil evaporation besides the depth to the water table. Further measurements 

during the season reinforced this suspicion; while the water table was declining at both plots, 

bare soil evaporation rates measured were erratic, although they did not vary substantially from 

approximately 0.5 mm/day in plot 8EP and 0.6-0.8 mm/day in plot 9BE. This range of rates is 

similar to that observed from a soil with a surface mulch (Gardner and Fireman, 1958), in which 

case water vapor diffusion through the high porosity, low bulk density surface layer was found to 

be the dominant mode of water transport (Figure 3.21). This suggested that the salt crust present 

on the soil surface has an effect similar to a surface mulch. The process of vapor diffusion is 

driven by gradients in vapor concentrations near the soil surface (see Equation (3.2)), which 

means that the lower the external humidity and the higher the temperature, the higher the rate of 

diffusion. If diffusion is the dominant transport process at these plots, then external (atmospheric) 

conditions may be controlling soil evaporation. The same atmospheric conditions which control 

vapor diffusion also control potential evaporation rates. Therefore, there should be it correlation 

between measured pan evaporation rates and measured bare soil evaporation rates. In addition to 

the vapor concentration gradient, Js,v of Equation (3.2) is also directly proportional to soil gas­

phase porosity, tortuosity, and inversely proportional to soil liquid-phase saturation, or moisture 

content. However, in the given case. a reduction in soil moisture content will lead to an increase 

in ilz, or the one-dimensional travel distance of water vapor. Also, while vapor diffusion may be 

dominant near the soil surface, water movement below the top 2-3 em is certain to be dominated 

by liquid flow; therefore, a lower moisture content will cause a decrease in unsaturated soil con-
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Figure 3.20a. Hydraulic potential distribution changes in soil profile of plot 8EP during 
the spring and summer of 1989. 
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Figure 3.20b. Hydraulic potential distribution changes in soil profile of plot 9BE during 
the spring and summer of 1989. 
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ductivity which will hinder the transport of water towards the soil surface. The vapor concentra­

tion (or humidity) in a soil is directly related to matric and osmotic potentials (Koorevar and oth­

ers, 1983). At a matric head of -3,200 m soil humidity is 78.9%, whereas at a matric head of 

-10,000 m, soil humidity drops to 47.2%. This drop reduces the vapor concentration diffurence 

between the soil and the atmosphere which, in the given case, would lead to a reduction in vapor 

flow. On the other hand, the change in saturation associated with such a decline in matric poten­

tial would be fairly minor (5 to 15% for most soils). Therefore, it is likely that a decrease in mois-

ture content of near-surface soils will result in a decrease in bare soil evaporation rates. 

In order to test the above dependences, bare soil evaporation rate (Ebs) data was fit to the 

following equation: 

(3.5) 

where Epan is the measured pan evaporation rate [Lll], 8grav,9 is gravimetric moisture content of 

the top 9 cm of soil [MM-1], and C and b are dimensionless constants, essentially dependent on 

soil characteristics, but without any particular significance attached to either one. For each plot, 

two data points were chosen for which Ebs'~' and 8grav,9 diffured; for both plots, the data from 

7/29/88 and 8/25/88 were chosen. Equation (3.5) was then solved for C and b for each plot. For 

plot 8EP, C was found to be equal to 0.44 and b to be equal to 1.08; the same values for plot 9BE 

were found to be 0.224 and 0.732, respectively. ~ and 8grav,9 data for each sample date was 

used to calculate a bare soil evaporation rate (Ebs,calc)' The results of this calculation are com­

pared with the actual measurements in Fig. 3.22. (The lines which join points in this graph are 

only for the purpose of diffurentiation between the two data sets and do not indicate the expected 

trends between data points.) With a few exceptions, the fit is satisfactory; the point on day 263 

was not expected to be fitted well due to the fact that the measurement may have been affucted by 

a rainfall event of 1.3 mm on the previous day. Therefore, the rate measured on that day would be 

expected to be somewhat elevated. This effuct. however, was not observed in plot 9BE, possibly 

due to more rapid infiltration of water into the higher porosity surface soil there, although this 

explanation is probably not satisfactory. The last two data points from each plot are not fit very 
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Figure 3.22a. Measured and calculated bare soil evaporation rates for plot 8EP; error bars 
represent one standard deviation on each side of the measured mean. 
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Figure 3.22b. Measured and calculated bare soil evaporation rates at plot 9BE; error bars 
represent one standard deviation on each side of the measured mean. 
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well either, this may be due to a fairly rapid drying of surface soil during this period. A com­

parison of gravimetric moisture content of soil from both plots between 7/l/88 and 6(26/89 

(fable 3.5), shows a substantial net drying of the soil over an annual cycle, clearly demonstrating 

the transient state of the soil profile in both plots, as a result of the presence of excess water, a 

remnant from when the ponds were flooded. This should result in lower soil evaporation rates 

over the next annual cycle; indeed, this trend is seen in data from both plots. However, the calcu­

lated values are higher than the measured values in May and June of 1989, suggesting, perhaps, 

that soil properties of the top 9 cm interval have changed somewhat since the beginning of the 

twelve month cycle and are no longer described by the above calculated constants, C and b. The 

correlation between Ebs,calc and Ebs is presented in Figure 3.23. The line in these plots desig­

nates a slope of 1. 

A few points need to be made about this analysis. (1) It is not intended to serve as a predic­

tive tool, but rather as a test of the supposition that soil moisture content and external conditions 

are the chief factors controlling bare soil evaporation; as such, this has been shown, although the 

system is clearly more complicated than this analysis allows for. (2) Bare soil evaporation is 

affected not only by bulk moisture content, but also by the distribution of moisture within the 9 

em interval; this is not taken into account in the above analysis. (3) Pan evaporation rates were 

estimated based on rates measured in Los Banos (see Section 3.3.2) and slight variations may be 

expected to occur, even within Kesterson Reservoir, unfortunately, due to an initial ignorance 

about the processes involved, pan evaporation rates were not measured within the test plots 

themselves, as it was assumed that bare soil evaporation was controlled by the soil profile and 

not external conditions. Therefore, the data may have been fit more successfully if pan rates were 

measured within the test plots. 

While the above approach should not be used for quantitative prediction of evaporation 

rates in the future, it may be used to estimate an average seasonal rate for the two drying seasons 

in question. This may be done by linearly interpolating Ograv,9 between measured values and 

using pan evaporation rates measured on each day of the two periods. When this is done, the pat-
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Figure 3.23a. Calculated vs. measured bare soil evaporation rates at plot 8EP. 
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Figure 3.24a. Seasonal trends in bare soil evaporation as calculated based on 
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Figure 3.24b. Seasonal trends in bare soil evaporation as calculated based on 
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terns of evaporation shown in Figure 3.24 are calculated. The average rates are presented in 

Table 3.6 below. Since it is known that this approach overestimates bare soil evaporation during 

the second season, the average bare soil evaporation rates calculated for that season should be 

considered to be upper limits on the actual rates. Rates calculated for the first season should be 

fairly accurate. 

Table 3.6. Calculated average seasonal rates of bare soil evaporation for plots 8EP 
and 9BE, compared with average seasonal pan evaporation rates. 

Total Bare Total Bare 
Total Pan Soil Soil AvgEpan AvgEbs 

Season Evaporation Evap,P8EP Evap. P9BE at 8EP 
(mm) (mm) (mm) (mm/day) (mm/day) 

Summer and 
Fall 1988 1071.4 60.8 92.0 9.08 0.52 

Spring and 
Summer 1989 836.4 47.9 75.5 8.20 0.47 

Avg Ebs 
at9BE 

(mm/day) 

0.78 

0.74 

The significance of vapor diffiIsion in this process may be more quantitatively demonstrated 

using a numerical model. Numerical modeling of the system in plot 8EP was performed using the 

code TRUST. To test the importance of vapor diffiIsion, the program was modified in such a way 

as to be able to account for vapor diffiIsion near the soil surface. Simulations were performed of 

the system with and without vapor diffiIsion. Results of simulations using both approaches are 

shown in Figure 3.25a. Lines joining both the data points and the simulation results are only for 

the purpose of differentiation and do not indicate between-point trends. Neither approach was 

able to satisfactorily simulate field-measured rates. However, the simulations which took into 

account vapor diffiIsion (Figure 3.25b), gave results which, while not always correct in magni-

rude, followed trends in rates somewhat more closely. In general, in the non-diffiIsive case, the 

answer was almost not at all sensitive to variations in surface potential, but instead was highly 

dependent on the depth to the water table. This was to be expected and is in accord with the con-

cept of a profile-controlled evaporation rate. It needs to be pointed out that the data point on day 

261 was collected within 24 hours of a rainfall event and cannot be expected to be well simulated 



- 98-

0.8 

0.6 

0.2 -0- Measured mean 

--.- Simulated: K total = K liquid 

?A) (l) ~ 120 150 180 210 2AO 270 300 330 360 

Days since 7/1/88 

Figure 3.25a. Numerically simulated bare soil evaporation rates at plot 8EP compared with 
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without the application of an appropriate amount of water in the simulation, which was not done 

(see Section 3.3.3.3). A detailed description of the input parameters, boundary conditions, exter­

nal conditions, program structure, and associated uncertainties may be found in Zawislanski 

(1989). 

3.3.3.4. Errors Involved in Bare Soil Evaporation Rate Measurement 

There are several potential sources of error involved. (1) Evaporation rates are based on 

mass differences of soil cores, which are measured in the field using a 2610 gram capacity bal­

ance. This balance nominally has a precision of 0.1 g; however, it is possible to interpolate 

between 0.1 g marks. In the field, masses were recorded down to 0.01 g, although it is more rea­

sonable to assume a precision of 0.02 g, based on the reproducibility of individual measurements. 

On particularly windy days, the precision of the balance may go to as much as 0.05 g. For the 

purpose of this analysis, 0.05 g will be assumed to be the precision of the balance. Since rates are 

based on differences in mass, the error, due to the random nature of the uncertainty, is equal to 

the square root of the sums of the squares of the uncertainty for each measurement (Taylor, 

1982). Therefore, the total error in the difference of these masses ie equal to: «0.05)2 + (0.05)2)0.5 

= 0.07 g. (2) The mass difference is then converted to volume through division by water density 

(1.00 gcm-3) and the error becomes equal to 0.07 cm3. The mass difference is then divided by the 

cross-sectional area of the microlysimeter. This introduces somewhat more error, in that the 

radius of the microlysimeter is equal to 2.54 ± 0.05 cm, which gives an area of 20.26 ± 0.79 cm2. 

After dividing water volume by cross-sectional area, the total error becomes equal to the square 

root of the sum of the original fractional uncertainties; therefore, the fractional error becomes: 

«0.0711)2 + (0.79/20.26)2)0.5 = 0.08 or 8% for a sample whichlost 1 g of water during the meas­

urement period. This is approximately an average value; for the lowest mass difference observed 

(0.20 g, 0.10 mm/day) the fractional error is 35% and for the greatest mass difference observed 

(2.73 g, 1.36 mm/day), the fractional error is 4.7%. This gives an average precision of 0.04 

mm/day to the bare soil evaporation rate measurement 
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There are also small errors associated with the measurement of 9grav,9' The method for 

measuring gravimetric moisture content is described in Section 3.3.4.3. The precision of the 

method is dependent on the precision of the laboratory balance, which is 0.01 g. Therefore, for a 

soil sample of 50.00 g which contains 10.00 g of water (9grav = 0.250), the fractional error would 

be equal to 0.1%, which, in general, is insignificant There are errors associated with the selec­

tion of a subsample for 9grav determination; if a soil sample is not thoroughly homogenized, the 

given subSample may not be representative of the larger sample. There will always be intrasam­

pIe variability, but it may be considered insignificant, especially if the subsample is sufficiently 

large (e.g. 10 - 20% of the total sample). The results of measurement of both Ebs and 9grav are 

dependent on the spatial variability of soil within each plot This is unavoidable, and is one of the 

two main reasons why as large a number of samples needs to be taken as possible. The other rea­

son for a large sample set is the possibility of core disturbance by wind and animals. Wind tends 

to displace dry soil and salt crust; it may be assumed that, on average, approximately the same 

mass of soil will blow into as out of a given microlysimeter. However, it is possible that the net 

mass change will not be zero. Installing a number of microlysimeters greatly increases the 

chances of the average rate measured not being affected by saltation. The presence of jackrabbits 

and coyotes at Kesterson Reservoir raises the possibility of core disturbance by animals. On one 

occasion, a microlysimeter which was not part of this study was urinated on by a coyote and 

thereby became worthless for that particular measurement Physical disturbances by jackrabbits 

would most likely have an effect similar to saltation. Neither the wind nor animal disn'lrbances 

can be quantified. 

3.3.4. Measurement of Chemical Changes in Near-Surface Soils 

3.3.4.1. Species Mobility and Reactivity 

Soil water in both plots is dominated by the presence of sodium, calciiun, magnesium, sul­

fate, and chloride. Potassium and bicarbonate are present in substantially lower concentrations. 

In general, Na+ > Ca2+ ~ Mg2+ > K+, and SO~- ~ Cl- > HCOi. Mobility of these ions is limited 

to a certain extent by their solubilities. Table 3.7 presents infonnation about eqUilibrium 
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solubility products and solubilities of minerals which have either been found or are likely to pre-

cipitate at Kesterson Reservoir. As is apparent from this table, the solubilities of calcium, 

Table 3.7. Solubility product constants and solubilities of minerals present 
or likely to be present at Kesterson Reservoir. 

Mineral Name Mineral Formula pK at 25°C Solubility at 25°C 
pH 7 (mg/L) 

Calcite CaC03 8.41 lOOt 
Epsomite MgS04e7H20 1.88 267,000 
Gypsum CaS04e2H20 4.58 2100 
Halite NaCl -1.57 360,000 
Magnesite MgC03 7.83 10* 
Mirabillite Na2S04e10H20 1.23 280,000 
Sylvite KCl -0.90 210,000 

pK data from Lindsay, 1979; solubility data from Seidell, 1958, except as noted by *. 
tPartial pressure of C02 = 10-3 bar. 
*Magnesite solubility calculated from pK value. 

sulfate, and magnesium are strongly limited by their low solubilities relative to gypsum, calcite, 

and magnesite. In most near-surface soils at Kesterson Reservoir, concentrations of these ions 

exceed the listed solubility values; calcite and gypsum have been found to be present throughout 

most profiles investigated (Flexser, 1988). On the other hand, the very high solubilities of mira­

billite and halite, allow for equally high concentrations of sodium and chloride; under most field 

conditions, the concentrations of these two species do not exceed their solubilities, except at the 

soil surface, or within millimeters of the surface, where water evaporation is taking place. It is 

important to note that solubilities of minerals are dependent on the ionic strength and tempera-

ture of the solution. In general, the solubilities of the above minerals will increase with ionic 

strength, although their relative mobilities will not change significantly. Of the two most soluble 

species, sodium mobility is potentially further limited by its sorption through cation exchange. 

Chloride mobility may be altered in the other direction, i.e. increased through negative adsorp-

tion, or anion exclusion, when, due to the negative charge on the surface of clay particles, it is 

repelled away from the solid surface, with the resultant apparent increase in concentration in the 
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bulk solution (Sposito, 1984). This may lead to an overestimate of water flow; since this effect is 

very minor in solutions with a chloride concentration of approximately 1000 mg/L or more (Van 

De Pol and others, 1977), anion exclusion is most likely not significant in view of the substan­

tially higher chloride concentrations in the field. Due to its high solubility and mobility, chloride 

has been used reliably as a tracer for fluid flow (e.g. MacFarlane and others, 1983) and in other 

experiments at Kesterson Reservoir (Long, 1988). While all major ions were analyzed for as part 

of this study;'only chloride was used to quantitatively analyze water flow. 

Part of the rationale for measuring and estimating evaporation rates is to be able to under­

stand selenium fluxes near the soil surface. The difficulty of making estimates based on changes 

in selenium concentration is in part a result of the complex, reductiOn/oxidation-controlled chem­

istry of selenium. The many transformations which selenium undergoes in the soil system lead to 

a greatly decreased mobility; furthermore, the fact that selenium speciation is strongly kinetically 

controlled makes the quantitative analysis of selenium concentration changes so much more 

difficult. The solubility and mobility of selenium in a soil system will depend strongly on the 

redox state of the element. In general, the oxidized fonns of selenium are more mobile than the 

reduced forms. In an aqueous environment, the tetravalent selenite ion, SeO~-, the hexavalent 

selenate ion, SeO~-, and elemental selenium, Seo, are the most common inorganic selenium 

species. Elemental selenium is highly insoluble in water and its dissolution kinetics are 

extremely slow (McNeal & Balistrieri, 1989). Selenite is usually found in mildly oxidizing 

environments; its salts are moderately soluble, but its mobility is most hindered by its strong 

affinity for sorption onto iron oxides (Balistrieri and Chao, 1987) and clay particles (Bar-Yosef 

and Meek, 1987). Selenate is found in oxidizing environments; its salts are highly soluble and it 

adsorbs only weakly. In general, the solubility of selenium salts will be comparable to the 

equivalent sulfate salts (e.g. Na2Se04 (Na2S04) - high solubility; CaSe04(CaS04) -low solubil­

ity). Water which was brought into Kesterson Reservoir contained mostly selenate and some 

selenite (Weres and others, 1985). As water percolated through pond bottoms, much of the selen­

ate and selenite became reduced to elemental selenium, which currently may comprise a large 
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percentage of the total selenium inventory in Kesterson soils. Besides changing redox states, 

selenium has been found to be volatile; losses of selenium through volatilization have been 

observed at Kesterson Reservoir, but have not yet been adequately quantified (Frankenberger and 

Karlson, 1988). In addition, a yet undetermined fraction of the selenium inventory exists in 

organic forms, the mobility of which is extremely limited. In the top 9 em of soil at the two plots 

of interest, water soluble selenium comprises between 4% and 20% of the total selenium (see 

Section 3.3.4.4). In consideration of these factors and the spatial variability of selenium near the 

soil surface, apparent changes in selenium concentrations cannot be used to estimate near­

surface water fluxes. 

3.3.4.2. Procedures for Sample Collection 

Fourtypes of samples were collected as part of this study: (1) surface (9 cm) soil cores, (2) 

soil profiles, (3) soil water, and (4) ground water. The first type of samples was collected using 

the same technique as described in Section 3.3.3.3; in fact, the same soil cores which were used 

to measure bare soil evaporation rates were used as soil samples. Through the use of the same set 

of coring devices in each sampling period, a uniformity of sample size was maintained. Soil vari­

ability is known to interfere with comparisons of temporal changes in soil salinity (Rhoades, 

1978, 1984). Therefore, all samples were collected from small areas within each plot; this 

reduced the spatial variability which obscures trends (see Figure 3.26 for plot diagrams). After 

the microlysimeters were weighed for the second time, the top of each cylinder was covered with 

2.7 mil-thick plastic and secured with PVC tape to avoid spillage of soil and loss of moisture. 

The cores were then transported in a vertical position back to the laboratory. Procedures for the 

collection of soil water, ground water, and soil profile samples have been described in past LBL 

Progress Reports. 

3.3.4.3. Methods for Sample Preparation and Analysis 

Once in the laboratory, the cores containing the surface soil samples were weighed and 

measured. The soil was then carefully extracted from the tube and homogenized, i.e. chopped up 
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and thoroughly mixed. Homogenization was carried out in a metal bowl; soil was chopped until it 

passed a 4.75 mm-mesh sieve. In order to prevent significant drying of the sample, this procedure 

was perfonned as rapidly as possible. After the soil was homogenized, a subsample of known 

mass (usually between 10 and 50 g) was placed into an open stainless steel container and put into 

a 105°C oven. The subsample was allowed to dry for approximately 24 hours. The remainder of 

the sample was placed into a plastic bag and stored in a humidified chamber. After subsequent 

weighing, the gravimetric moisture content of the soil (mass of water per mass of solid) was cal-

culated. Another subsample of known mass (on the order of 10 to 20 g) was then used to prepare 

a 10:1 water to soil extract. The stirring process went on for 2 hours. Subsequently, the suspen-

sion was centrifuged at between 3000 and 6000 revolutions per minute for 5 to 20 minutes, 

depending on the texture of the soil. The supernatant liquid was then poured off and filtered 

through a 0.45 ~ filter in preparation for chemical analysis. The final liquid was placed in 60 ml 

or 120 ml plastic bottles with screw-caps. The remainder of each soil sample was stored in a plas-

tic bag in a humidified chamber. The samples fram soil profiles were treated in a similar manner, 

except that their volume was not measured; otherwise, the extract procedure was identical. 

Three analytical methods were used for the analysis of water samples. Sodium, calcium, 

magnesium, sulfate, and boron were analyzed for using an Inductively Coupled Plasma Spectra-

photometer (lCP) produced by Applied Research Laboratories. Potassium, selenite, and selenium 

were analyzed for using atomic absorption spectroscopy (AAS) coupled with a hydride genera-

tor. The difference between the selenium concentration and the selenite concentration is nearly 

equal to the selenate concentration (LBL Progress Report 10, 1989). Chloride was analyzed for 

using Mohr titration, as described by Flaschka and others (1969). 

3.3.4.4. Qualitative Analysis of Changes in Species Concentrations in the Upper 9 cm 
of the Soil Profile 

Samples of the top 9 cm of soil were collected from both plots on a monthly basis. The rela-

tive changes in salt concentrations are indicative of near-surface water fluxes. Each point in Fig-

ures 3.27 to 3.33 is the analysis of an extract from one 9 cm core of soil. The spread of data 

points on any given day reflects the spatial variability within each plot; as mentioned before, 
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despite sampling within a relatively small area (4 to 5 m2), the spatial variability was rather 

large, especially in plot 9BE (see following paragraphs). In general, changes in species concen­

trations are more difficult to discern from data from plot 9BE. Nevertheless, three cycles of dry­

ing, wetting, and drying, resulting in corresponding increases, decreases, and increases in salt 

concentrations are observed at both plots. In reality, there are only two periods: one of drying 

and salinization during the late spring, summer, and early fall, and another of wetting and desa­

linization during late fall, winter, and early spring months. In Figures 3.27 to 3.33 the summer 

and early fall months are represented by data from day 1 through approximately day 120; the wet 

period took place from approximately day 120 until day 240. Following day 240, increases in salt 

concentrations were due to evaporation during late spring and early summer months (see Figures 

3.7 and 3.8 for weather patterns during the study term). 

Concentrations of the most mobile species (Na+, Cr) changed most dramatically with 'time. 

For example, during the first drying period (July - October, 1988), the mean sodium concentration 

in the top 9 cm increased from 12.73 mglg (C.V.l = 6.3%) to 19.47 mglg (c.V. = 10.7%) iri plot 

8EP and from 11.85 mglg (C.Y. = 27.3%) to 15.54 mglg (C.V. = 14.9%) in plot 9BE (Figure 3.27). 

The mean chloride concentration rose from 9.33 mglg (C.V. = 7.8%) to 14.30 mglg (C.V. = 

18.5%) in plot 8EP and from 9.38 mglg (C.Y. = 17.3%) to 13.23 mglg (C.V. = 14.0%) in plot 9BE 

(Figure 3.30). No clear trends emerge from the distribution of selenium data during the summer 

and fall of 1988 (Figures 3.31, 3.32). This is probably in large part due to the much greater spatial 

variability of selenium than major ions. Since selenite is mostly found adsorbed onto solid matter 

in the soil, changes in selenate concentrations are more indicative of soluble selenium behavior 

(Figure 3.32). In neither plot, however, did selenate concentrations change along any discernible 

trend. 

With the onset of the rainy season in late October, salts which had been accumulating near 

the soil surface were beginning to get flushed down deeper into the soil profile' by infiltrating 

rainwater. This effect is quite apparent in the rather sudden decrease in concentrations of all 

1 Coefficient of Variation (C.V.) = Standard Deviation (S.D.) divided by Mean of data set times 100. 
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species, except calcium, after day 150. A greater decrease in concentrations in plot 9BE between 

days 120 and 150 is consistent with the higher flow rates expected in the coarser-textured sedi­

ments of that plot During the rainy season, the mean concentration of sodium in plot 8EP 

declined from a high of 19.47 mglg at the end of the summer to 5.05 mglg (C.Y. = 17.2%) on day 

220. The corresponding decrease in plot 9BE was from 15.54 mglg to 2.84 mglg (C.Y. = 25.7%). 

Similar decreases were observed in chloride concentrations (Figure 3.30). Coincident with these 

declines, were decreases in selenate concentrations at both plots (Figure 3.32). While still 

obscured by . spatial variability, the range of selenate concentrations during this period was 

between 0.0 and 0.5 5 J.lglg which was lower than at any time before; even though it is certain 

that some selenate was being flushed out of the surface 9 cm of soil during this period, these data 

do not positively confinn this. However, data from soil-water samplers and extracts from soil 

profiles in both plots also support this notion. Changes in EC and concentrations of chloride and 

selenate in in-situ soil-water of plot 9BE are shown in Figure 3.31. Following rainfall events of 

early winter, significant pulses of salts and selenium were observed moving through the soil 

profile. Concentrations of both salts and selenate rose most sharply at a depth of 15 cm and pro­

gressively less with depth. Such a pattern of increase is due to the flushing out of species from 

the top few centimeters of soil. This pattern is confinned by data from extracts made of soil in 

profile at both plots. While detection of a selenate decrease in surface samples is impeded by spa­

tial variability of selenium concentrations, data from soil-water samplers and soil extracts in 

profile leave little doubt that selenate was being flushed out along with chloride and other salts. 

In the months following most of the season's rainfall events, concentrations of species in 

the top 9 em of the soil profile slowly increased in response to evaporatively induced water flow 

toward the surface. Between day 220 and day 361, the mean concentration of sodium in plot 8EP 

ascended from a low of 5.05 mglg to 11.10 mglg (c.Y. = 7.6%); the corresponding increase in 

plot 9BE was from 2.84 mglg to 8.24 mglg (C.Y. = 16.6%) (Figure 3.27). The mean chloride con­

centration rose from 2.35 mglg to 7.09 mglg (c.Y. = 13.3%) in plot 8EP and from 1.12 mglg to 

5.21 mglg (C.Y. = 24.6%) in plot 9BE (Figure 3.30). Similar increases were observed in total 
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salts concentrations (Figure 3.33). Unlike during the summer and fall of 1988, increases in selen-

ate concentrations were easily discernible during the late spring and summer of 1989 and 

resulted in selenate concentrations ranging from 0.5 to 1.0 J.Lg/g at plot 8EP and 0.5 to 1.5 J.Lg/g in 

plot 9BE. ~edistribution of salts and selenate in the soil profile of plot 9BE was observed through 

soil-water samplers (Figure 3.34). Due to the limited data from plot 8EP during this period 

(sampler failure), this redistribution is not very evident. 

The year encompassed by this study was a particularly dry one (total precipitation = ·162 

mm, compared with an average precipitation from 1982 to 1988 of 279 nun). Nevertheless, a net 

decrease in the near surface concentrations of both salts and selenate was observed. This 

decrease, ,?/hile slight, is indicative of a system in transition. Due to the unnatural accumulation 

of salts and selenium at and near the soil surface as a result of ponding and subsequent evapora-

tion, the redistribution of species in the next few years will most likely result in a net decrease, 

albeit small, of salt concentrations at the soil surface. This mayor may not be true for soluble 

selenium, depending on the rate of oxidation of the insoluble fraction, although an increase of 

soluble selenium due to evaporative concentration seems unlikely. According to the results of 

XRF analyses of four soil samples from each plot (Table 3.8), water-extractable selenium 

comprises between 3.8% and 20.1 % of total selenium in the top 9 cm of soil. The inventory of 

potentially oxidizable selenium is substantial, especially in plot 9BE and may be even greater in 

certain other parts of Kesterson Reservoir. The rate of selenium oxidation will play an important 

role in determining soluble selenium concentrations. Trends of soluble selenium redistribution 

will depend very strongly on weather patterns in the years to come. 

3.3.4.5. Quantitative Analysis of Chloride Accumulation: Calculation of Seasonal 
Evaporation Rates 

The qualitative analysis of data presented in the previous section helped delineate two 

fairly distinct stages in the annual cycle of wetting and drying of the surface soils at Kesterson 

Reservoir. In order to quantitatively describe the evaporative concentration of species near the 

soil surface and thereby estimate seasonal evaporation rates, a non-reactive, high solubility, high 
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concentration species must be used. Satisfying these criteria, chloride will serve as a tracer in this 

analysis. 

Table 3.8. Concentrations of water-extractable selenium vs. total selenium by 
XRF analysis 

Plot and Date Total Se as Water- Percent of 
Sample Name Collected analyzed by extractable water-extractable 

XRF(~g/g) Se ~g/g) Se 

Plot 8EP MLIE 10/25/88 7.8 1.6 20.1 
Plot 8EP ML8E 10/25/88 4.6 0.7 15.3 
Plot 8EP Surfl D 2/5/89 5.9 0.4 7.1 
Plot 8EP Surf4D 2/5/89 8.0 0.9 10.7 

Plot 9BE ML3E 10/25/88 26.5 3.8 14.4 
Plot 9BE ML6E 10/25/88 16.5 2.0 12.0 
Plot 9BE Surf4D 2/5/89 17.2 0.7 3.8 
Plot 9BE Surf6D 2/5/89 22.9 1.2 5.3 

3.3.4.5.1. Approach 

Bare soil evaporation rates may be estimated based on increases in chloride concentrations 

in the top 9 cm of soil (or any top interval for that matter), changes in the moisture content of that 

interval, and the chloride concentration gradient along which chloride diffusion takes place. The 

first two variables can and have been measured in the field over the period of this study and have 

been presented in previous sections. Unfortunately, the magnitude of chloride diffusion in the soil 

must be estimated and involves substantial error due to the unknown relationship between tor-

tuosity and saturation in Kesterson sediments, especially in surface soils. Figure 3.35 displays the 

water and chloride fluxes (qw and JCl respectively) into and out of the surface 9 cm of soil. Water 

mass balance requires that the mass of water entering the element be equal to the mass of water 

leaving the element plus any mass of water accumulated within the element: 

(3.6) 

where qw,adv is the advective flux of water from below the element [Li1], qw,ebs is the evapora­

tive flux of water out of the top of the element [Li1 J, Pw is the density of water [ML -3 J, A is the 
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Figure 3.35. Water and chloride fluxes into and out of the top 9 cm of soil. 
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cross-sectional area of the element, At is the time increment, and AMw is the change in the mass 

of water within the element. Mw may be expressed as the product of gravimetric moisture content 

and the mass of solid within the element: 

AMw = ASgravMsolid 

Equation (3.6) can then be rewritten as: 

_ + AS Msolid 
qw,adv - qw,ebs gray PwMt 

A similar mass balance expression may be set up for chloride: 

(3.7) 

(3.8) 

]a,advALlt + ]a,dilIALlt = AMa (3.9) 

where Ja,adv is the advective flux of chloride into the element [ML-2r 1
], Ja,diII is the diffusive 

flux of chloride into or out of the element [ML -2r1 ], and AMa is the net change in chloride 

mass within the element. The advective flux of chloride may be expressed as follows: 

Ja,adv = qw,advCa,lb (3.10) 

where Ca,lb is the concentration of chloride per volume of soil solution at the lower boundary of 

the element. The diffusive flux of chloride may be described in the following way: 

[ ] 
ACa 

Ja diII = - DonS't --, Az (3.11) 

where Do is the diffusivity of the chloride ion in water [L2rl], n is porosity, S is relative satura-

tion, 't is a tortuosity factor, and ACa/Az is the chloride soil solution concentration gradient 

[ML -4]. Combining equations (3.9) through (3.11): 

[ ] 
ACa Ma 

qw,advCa,lb - DonS't --;::;- = ALlt 

Solving for qw,adv, one obtains: 

[
AMa ACa] 1 

qw,adv = Mt + [DonS't] --;::;- -C-­
a,lb 

(3.12) 

(3.13) 

substituting the above expression for qw,adv in equation (3.3.4.3) and rez...rranging to solve for 

AMa 1 ACa Msolid 
qw,ebs = + -C-- [DonS't] -A- - ASgrav 

Ca,lbMt a,lb uZ PwMt 
(3.14) 
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The first tenn on the right hand side of equation (3. 14a) reflects the evaporation rate which would 

be calculated if there were no net change in moisture content and no chloride diffusion. The 

second tenn is the correction for diffusion of chloride; the third tenn is the additional evaporation 

which causes net drying of the soil interval. As mentioned before, tenns 1 and 3 can be calcu­

lated with greater accuracy than tenn 2; this is due to the fact that the tortuosity factor, 't, is not a 

constant under desaturating conditions. Research conducted over the last two to three decades 

has shown that the tortuosity of flow path increases significantly with decreasing moisture con­

tent, as a result of water film thinning in the porous medium. The proportion of water-filled pores 

which are connected to a continuous pore networlc graduaiIy declines along with moisture con­

tent (pinner and Nye, 1982). This results in the lowering of the diffusivity of species in porous 

media and a reduction in diffusive flux under a given concentration gradient. This effect has been 

characterized by using "impedance factors" in place of tortuosity factors (Porter and others, 

1960; Barraclough and Tinker, 1981, 1982). In general, it has been found that the impedance fac­

tor is an approximately linear function of volumetric moisture content (avol ); the slope of this 

function varies from soil to soil and has also been found to be dependent on the compaction of a 

given soil (Figure 3.36). It appears that the linear nature of this function breaks down as avol falls 

below 0.1 or so. Unfortunately, the slope of this function for soil in plots 8EP and 9BE is not 

known. However, certain assumptions may be made based on the bulk density of these near­

surface soils ~d their textural compositions. For example, the surface 9 cm of soil at plot 8EP is 

texturally characterized as a clay loam to loam with a bulk density of 1.31 g cm-3 (C.V. = 4.3%). 

Therefore, it is texturally similar to the sandy clay loam and the loam of Figure 3.36a. On the 

other hand, the surface 9 cm of the soil at plot 9BE is a clay loam to silty clay loam ~:!h a bulk 

density of 0.96 g cm-3 (C.V. = 7.1%), which makes it most similar to the clay and silty clay loam 

of Figure 3.3.4.lla. Quite Qbviously, such comparisons must be made with extreme caution: the 

impedance factor of any given soil depends on other properties, such as structure and organic 

matter content. Thus, diffusivities calculated using these functions must be interpreted as highly 

approximate. In this fashion, the diffusivity in tenn 2 of equation (3.14) was calculated. 
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Figure 3.36a. Impedance factor, f1' as a function of volumetric water content in five different 
soils, each soil at a constant bulk density (from Barraclough and Tinker, 1981). 
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3.3.4.5.2. Results 

Table 3.9 summarizes the calculations involved in solving equation (3.14) for both plots 

and for two seasons for each plot. In general, the concentration of chloride at the lower boundary 

of the surface soil element is not known exactly; however, based on profile samples, the concen-

tration at a 15 cm depth will be only slightly lower than at a 10 cm depth (see Figure 3.37). 

Therefore, chloride concentrations as measured in the 15 cm soil water samplers are used for this 

calculation. During the summer and fall of 1988, it was possible to collect only one sample in 

each plot from the 15 em sampler. The concentration of chloride in this sample is used for the 

entire season. In the spring and early summer of 1989, it was possible to collect samples in plot 

9BE until late May, and in plot 8EP until late April. For the remainder of this season, concentra-

tions were extrapolated from previous trends. !1z for the calculation of term 2 was taken as 10 cm 

- approximately the distance from the middle of the near-surface interval to the 15 cm sampler. 

qw,evap' as calculated with or without term 2, is within the range of bare soil evaporation rates 

measured in the field using microlysimeters. This is an encouraging result, considering the spatial 

variability of parameters involved. All measured values used in the calculation of Table 3.9 are 

mean values of samples collected on the given day in each plot, with the exception of the mass of 

solid which is an average of all measurements within each season; this was done to avoid error 

due to small differences in solid mass, although this averaging did not make a significant 

difference in seasonal averages. The effect of spatial variability is apparent in the monthly values 

of qw,evap calculated using this approach. For example, in plot 8EP, during the fall season, qw,evap 

between 8/25/88 and 9/29/88 was calculated to be 0.19 mm/day (O.Oi mm/day if diffusion is 

neglected). However, direct measurements during this period found the rates to average at 0.46 

mm/day (S.D. = 0.17). On the other hand, the rate calculated over the following month, 9/29/88 

to 10/25/88 was 0.98 mm/day (0.78 mm/day if diffusion neglected), while rates measured directly 

fell to 0.23 mm/day (S.D. = 0.11). Over the entire season though, the average calculated rates are 

quite close to directly measured rates. Average seasonal bare soil evaporation rates during the 

summer and fall of 1988 were calculated as 0.66 mm/day (0.45 mm/day without diffusion) and 



Table 3.9a. Calculation of bare soil evaporation based on chloride fluxes and changes in moisture content: Plot 8EP 

Plot 8EP 

Date Days Bulk Mean [el] Mass of Theta Theta ~t [el] ~M el Effective Tenn 1 Tenn2 Tenn 3 q evap wlo dijf q evap wldijf 
Density at5em Solid Grav Vol (days) at 15 em (g) Diffusivity (mm/day) (mm/day) (mm/day) (mm/day) (mm/day) 
(g/em3) (g/m3) (g) (g/m3) (m2/s) 

7/1/88 1 1.38 46200 249.6 0.204 0.282 15000 
7/29/88 29 1.34 66500 249.6 0.160 0.214 28 15000 0.38 l.1E-I0 0.39 0.27 -0.19 0.59 0.86 
8/25/88 56 1.31 91800 249.6 0.133 0.174 27 15000 0.27 5.7E-ll 0.41 0.21 -0.12 0.54 0.75 
9/29/88 91 1.34 93900 249.6 0.130 0.174 35 15000 0.06 4.0E-ll 0.00 0.18 -0.01 0.01 0.19 
10/25/88 117 1.38 127400 249.6 0.116 0.160 26 15000 0.69 3.5E-11 0.72 0.19 -0.07 0.78 0.98 

Average Seasonal Rates »» 0.35 0.21 -0.09 1~I'E[Q~4$.t::::~::::fit::lI::IQ;:66:I~~:::I:-I 

3/17/89 1 
4/7/89 22 
4/28/89 43 
5/24/89 70 
6/26/89 102 

1.35 
1.29 
1.27 
1.21 
1.25 

13500 
19600 
27500 
41500 
54600 

235.3 0.207 0.279 
235.3 0.191 0.246 21 
235.3 0.165 0.210 21 
235.3 0.133 0.161 27 
235.3 0.130 0.163 32 

23700 
22000 0.20 
19500 0.15 
17000 0.19 
15000 0.39 

1.3E-I0 
9.1E-ll 
4.9E-ll 
3.IE-ll 

0.23 
0.21 
0.24 
0.35 

-0.03 
0.01 
0.04 
0.05 

-0.09 
-0.14 
-0.14 
-0.01 

0.31 
0.35 
0.37 
0.37 

0.28 
0.36 
0.41 
0.42 

Average Seasonal Rates »» 0.27 0.02 ,.0.09 III:!:I!JiQl~(iitt::I:i!I~::!iIIt!~Ql$.$.:~::f:~~~!JI 

-N w 
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Table 3.9b. Calculation of bare soil evaporation based on chloride fluxes and changes in moisture content: Plot 9BE 

Plot 98E 

Date Days . Bulk Mean [ell Mass of Theta Theta L\t [ell L\M el Effective Tenn 1 Tenn2 Tenn 3 q evap wlo difJ q evap wldiJ! 
Density at 5 em Solid Grav Vol (days) at 15 em (g) Diffusivity (mm/day) (mm/day) (mm/day) (mm/day) (mm/day) 
(g/cm3) (g/m3) (g) (g/m3) (m2!s) 

6/30/88 1 1.05 29400 178.8 0.318 0.334 6000 
7/29/88 30 1.05 34400 178.8 0.264 0.277 29 6000 -0.16 8.3E-11 -0.46 0.31 -0.16 -0.30 0.01 
8/25/88 57 0.99 38400 178.8 0.256 0.253 27 6000 0.22 5.1E-11 0.68 0.22 -0.03 0.70 0.92 
9/29/88 92 0.89 45000 178.8 0.248 0.221 35, 6000 0.25 3.2E-11 0.59 0.16 -0.02 0.61 0.78 
10/25/88 118 0.91 48000 178.8 0.279 0.254 26 6000 0.38 3.2E-11 1.19 0.19 0.11 1.09 1.27 

Average Seasonal Rates »» 0.48 0.22 -0.03 (:~:;[:::[:[:[t::[:::Q~$:lIm:m:::::::i::::i:::=::::~)l$=:I::::lil::j 

3/17/89 1 0.85 
4n /89 22 0.91 
4/28/89 43 0.94 
5/24/89 70 0.95 
6/26/89 102 1.01 

6600 
8000 
12900 
17500 
27500 

172.5 
172.5 
172.5 
172.5 
172.5 

0.411 0.349 
0.352 0.320 21 
0.335 0.315 21 
0.276 0.262 27 
0.194 0.196 32 

7150 
6320 0.01 1.1E-10 
5920 0.26 9.4E-11 
5600 0.09 6.8E-11 
5300 0.06 2.7E-11 

0.05 
0.99 
0.30 
0.17 

0.01 
0.06 
0.10 
0.07 

-0.24 
-0.07 
-0.19 
-0.22 

0.29 
1.06 
0.48 
0.39 

0.30 
1.11 
0.57 
0.47 

Average Seasonal Rates »» 0.35 0.06 -0.18 (::::==:=::::::::::tOG$.':::::;:::1::I:l::::fltQ]$9Iitt:1 

-tv 
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Figure 3.37a. Changes in chloride distribution in the soil profile of plot 8EP . 
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0.73 mm/day (0.51 mm/day without diffusion) for plots 8EP and 9BE respectively. During the 

spring and summer of 1989, the rates were computed to be 0.38 mm/day (0.36 mm/day without 

diffusion) and 0.59 mm/day (0.53 mm/day without diffusion) for plots 8EP and 9BE respectively 

(compare with Table 3.6). 

3.3.4.5.3. Analysis of 1rend Significance and Errors Involved 

Due to the relatively high frequency of sampling and spatial variability, it may be expected 

that changes in the mean concentrations of chloride observed from month to month may not be 

significant A t-test was used to determine whether difIerences between mean chloride concentra­

tions were significant Table 3.10 summarizes the results. DifIerences over each season as a 

whole are significant at the 1 % confidence level. The results of the above test suggest that eva­

poration rates calculated in Table 3.9 should not be trusted at the monthly interval, especially 

during the summer and fall (1988) season; instead, only seasonal averages should be considered 

dependable. 

It is important to know the cumulative error involved in the flux calculation. This problem 

will be treated separately for each of the three main terms of Equation (3.14), since they have 

difIerent amounts of unresolved uncertainty (Table 3.11). It is quite clear from the above error 

analysis that Term 2 needs to be treated separately since the uncertainty associated with that term 

is one order of magnitude greater than for the other two terms. The combined error for terms 1 

and 3 results in an uncertainty of approximately 0.02 mm/day for both plots, for both seasons. 

The uncertainty in Term 2 is approximately 0.11 mm/day for both plots during the first season 

and 0.01 mm/day and 0.03 mm/day during the second season for plot 8EP and 9BE, respectively. 

3.3.5. Conclusions 

Results of direct, physical measurements of bare soil evaporation rates as well as calcula­

tions of average rates based on chemical changes in near-surface soil, indicate that the process of 

bare soil evaporation is very slow at both plots 8EP and 9BE. Directly measured rates in plot 8EP 

ranged from 0.13 mm/day (S.D. = 0.04) to 0.96 mm/day (S.D. = 0.12); in plot 9BE these rates 
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Table 3.10. Results of t-test performed to evaluate the significance of monthly 
and seasonal chloride concentration changes 

Mean Standard Number of Significant at Significant at 
Date [0] Deviation [0] Samples 1% error? 5% error? 

Plot 8EP 

7/1/88 9.33 0.73 5 
7/29/88 10.67 1.25 5 No Yes 
8/25/88 12.03 1.50 8 No No 
9/29/88 12.03 1.73 8 No No 
10/25/88 14.30 2.64 8 No Yes 
3/17/89 2.80 0.53 8 Yes Yes 
4n/89 3.73 0.49 8 Yes Yes 
4/28/89 4.51 0.65 8 Yes Yes 
5/24/89 5.51 0.58 8 Yes Yes 
6/26/89 7.09 0.94 8 Yes Yes 

Plot 9BE 

6/30/88 9.38 1.62 3 
7/29/88 8.47 1.12 5 No No 
8/25/88 9.71 1.02 8 No Yes 
9/29/88 11.12 1.33 8 No Yes 
10/25/88 13.23 1.85 8 Yes Yes 
3/17/89 2.75 1.00 6 Yes Yes 
4n/89 2.83 0.63 8 No No 
4/28/89 4.32 1.25 8 Yes Yes 
5/24/89 4.85 2.11 8 No No 
6/26/89 5.21 1.28 8 No No 
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Table 3.11. Uncertainties involved in the estimation of water fluxes based on 
changes in chloride concentrations and moisture content 

Tenn Variable Error Cumulative Error 
." 

, . 
1 'Il Mass of a 2.8% 

1,2 " [CI] at 15 cm (2%) 
1,3 Cross-Sectional Area 3.9% 
1,3 Ilt 0 
2 Diffusivity in water ?* 
2 Average Porosity 1.8% 
2 Average Saturation 2.1% 
2 Impedance(Tortuosity) ==50%** 
2 Il[Cl] (2.8%) 
2 Ilz (0) 
3 1l0grav 0.1% 
3 Mass of Solid 0.05% 
3 Density of Water 0 

1 »> »> 5.2% 
2 »> »> ==50% 
3 »> »> 3.9% 

*Theerror associated with chloride diffusivity in water is difficult to estimate, due to its 
temperature dependence; however, it will be no greater than the error associated with the 
impedance (tortuosity) tenn. 

**This "error" is roughly estimated based on the data in Barraclough and Tinker (1981) 
and Pinner and Nye (1982) and is due to the fact that the relationship between impedance 
factor and volumetric water content for Kesterson soils is not known. 

Note: all other error values are based only on errors involved in the measurement of a 
variable for an average soil or water sample and do not take into account spatial 
variability. For values in parentheses, the calculated error is probably negligible 
compared with uncertainties in the way these variables are defined. 
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ranged from 0.32 mID/day (S.D. = 0.05) to 0.99 mm/day (S.D. = 0.31). Based on two data points 

from each plot, an equation of the following fonn: 

(3.5) 

was fit to solve for a bare soil evaporation rate dependent only on potential evaporation (Epot) 

and the moisture content of the top 9 em of soil (e~rav.9)' Overall, the fit was satisfactory and 

Equation (3.3.3.5) was used to predict bare soil evaporation rates for both plots over the two sea­

sons when rates were measured. This calculation gave average rates for the summer/fall 1988 

season of 0.52 and 0.78 mm/day for plots 8EP and 9BE, respectively, and 0.47 and 0.74 mm/day 

for the two plots during the spring/summer 1989 season (see Table 3.6). Changes in chemistry 

were used in the quantitative analysis of soil evaporation rates. By taking into account changes in 

chloride concentration in the top 9 cm of soil, concentration gradients in soil water, and the net 

drying out of the 9 cm interval, average seasonal bare soil evaporation rates were estimated for 

both plots (see Table 3.9). The rates for the first season, for plots 8EP and 9BE, respectively, 

were between 0.45 and 0.66 mm/day and between 0.51 and 0.73 mm/day, depending on whether 

chloride diffusion in soil water was taken into account or not. For the second season, the rates 

were between 0.36 and 0.38 mm/day and between 0.53 and 0.59 mm/day, for plots 8EP and 9BE 

respectively. These values agree well with those obtained through an extrapolation of directly 

measured data, although they are somewhat lower during the spring/summer 1989 season. This is 

probably due to the fact that Equation (3.5) overestimates bare soil evaporation rates during the 

last two months of that season. The reasons for this overestimation are discussed in Section 

3.3.3.3. 

The above data support several conclusions. Firstly, either approach was satisfactory in 

estimating bare soil evaporation rates. While the direct approach is very useful in determining 

actual rates and their field variability, the indirect approach is probably more effective in calcu-

Iating average seasonal rates. Used in tandem, these two methods not only provide more infonna-

tion but may also be used to test one anothers accuracy. Since rates measured by both methods 

agree, one may put more faith in the results. 
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Secondly, in agreement with the qualitative changes in chloride and selenium concentra­

tions near the soil surface, the low rates of bare soil evaporation are not likely to cause a substan­

tial increase in either salt or selenium concentrations over the next few years. This conclusion is 

strongly dependent on site-specific properties of the soil surface and soil profile and may not be 

arbitrarily applicable at other locations at Kesterson Reservoir. It is also dependent on future 

weather and revegetation patterns. Considering the redistribution of salts and selenium during the 

twelve months of this study, it is possible that there may be a net decrease of salt concentrations 

during wetter years. The fate of selenium is controlled by the kinetics of its oxidation reactions 

and volatilization.; However, it may be said with some certainty that over an annual cycle, 

selenium concentrations are not likely to increase due to an evaporative flux. 

Thirdly, as supported by the results of the quantitative analysis of Section 3.3.3.3 and 

numerical modeling, water vapor ditfusion may be a major process in controlling evaporation 

from these soils. It is likely that the presence of salt and a salt crust near and at the soil surface, 

has an effect similar to a mulch in limiting bare soil evaporation. This suggests that salt-laden 

soils under certain conditions may come to a pseudo-steady-state condition (over an annual 

cycle) under which the further accumulation of salts near the soil surface is limited by the pres­

ence of the salts themselves. The results of numerical simulations suggest that a better under­

standing of hydraulic properties of near-surface soils may shed light on the evaporation process 

from a playa-like environment. 

In applying these results to Kesterson Reservoir as a whole, the following conclusions may 

be made: 

• In areas of the Reservoir which are in a similar setting to plots 8EP or 9BE, i.e., highly 

saline, highly seleniferous, covered by a salt crust, unvegetated or only sparsely 

vegetated, and not filled with non-native soil, similarly low bare soil evaporation rates 

may be expected. Those areas which have higher salt concentrations are not likely to 

become more vegetated very rapidly, thus salt and selenium distributions in the soil 

profile are not likely to change significantly over the next few years. Areas with lower 
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salt concentrations are likely to become revegetated, which will cause the redistribution 

of salts and soluble selenium towards the root wne. 

• In vegetated areas of the Reservoir, which have not been filled with non-native soil, 

whereas further increases in salt and selenium concentrations in the root wne are likely, 

significant evaporative concentration of species near the soil surface is not expected. 

• In areas of the Reservoir which have been filled by non-native soil from the Delta­

Mendota Canal, movement of salts and selenium into the non-native material is to be 

expected. Due to the enormous variability in physical properties of this material, it is 

difficult to estimate the length of time necessary for a reconcentration of species near 

the surface of the fill sediment. However, due to the relatively non-saline character of 

this material, bare soil evaporation rates are likely to be limited mostly by profile pro­

perties and the distance to the ground water table. 

Finally, all of the above findings may be useful in choosing an appropriate management 

strategy for Kesterson Reservoir. These data demonstrate the seasonal accumulation of salt and 

soluble selenium concentration near the soil surface under unvegetated conditions. They also 

provide estimates of salt and selenium response to rainfall which may be extended to the likely 

response to irrigation. The fact that surface concentrations of soluble selenium and salts decrease 

during the winter due to very sparse precipitation, may suggest that even infrequent irrigation 

may be sufficient to keep soluble and potentially more biologically available selenium belo\v the 

soil surface. Furthermore, the physical management of the soil surface may also be designed to 

minimize salt and selenium accumulation, for example by periodic mulching, which would tend 

to reduce bare soil evaporation rates in areas not covered by a surface salt crust. 
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3.4. CAPILLARY RISE OF KESTERSON RESERvom SOIL SOLuTES INTO FILL 
DIRT 

Tetsu Tokunaga 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

The importance of capillary rise and evaporative concentration of soluble salts (including 

selenium) in the Kesterson Reservoir environment has been noted in numerous previous reports 

(LBL, 4th Progress Report (1987), through LBL, 2nd Annual Report (1989)). The recent work of 

Fio and Fujii (1988) provided evidence for evaporative accumulation of selenium in soil surfaces 

of the Panoche Fan. The conditions of low rainfall, high potential evaporation, and a shallow 

water table drive the upward flow of soil water. Of these factors, only the effect of proximity to 

the water table has been moderated by the introduction of fill material. The rate at which capil-

Iary rise and evapotranspiratively driven soil water flow will move selenium and other solutes 

from Reservoir soils up into the fill material remains to be determined. Resolution of this ques-

tion will be possible through periodic field core sampling of the fill material. Such sampling has 

been initiated during the past year for the purpose of establishing baseline fill dirt selenium con-

tents at several sites. 

In order to demonstrate the potential importance of upward movement of Reservoir soil 

solutes into the overlying fill, a simple column experiment is being conducted. A brief descrip­

tion of this experiment, and an overview of some of the results to date will be provided here. 

While reference will be made to a single column, the experiment is essentially being performed 

in duplicate through a second column under very similar conditions. 

A 0.0762 m inside diameter, 0.62 m tall PVC pipe section was packed with 0.35 m of Kes-

terson soil, and capped with 0.27 m of fill dirt. The Kesterson soil was sampled in 0.10 m layers 

from the northern region of Pond 9. This soil was coarsely sieved (50%/50% by weight through 
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5 mm/1Dmm sieves) at approximately 0.17 gig moisture content. The sieved soil was packed into 

the column while preserving the 0.10 m sampling sequence. Each 0.10 m layer was packed in 4 

stages to minimize particle sorting and allow for control of bulk density. The fill material (origi­

nally from the Delta-Mendota Canal) was packed over Kesterson soil in a similar manner. Sub­

samples of each layer of Kesterson soil and fill dirt were taken to determine the initial distribu­

tion of the soluble selenium. The initial soluble selenium inventory was estimated through 5:1 

(watb·:'soil mass ratio) extracts as described in previous reports. Phosphate extracts of the indivi­

dual soil layers were also performed. A saline soil solution was prepared in a composition which 

was similar to Pond 9 soil water, but without selenium. 

At the beginning of the e~periment, this solution was allowed to rise into the column 

through a bottom end port. The inflow water level was regulated with a constant-head Mariotte 

bottle, modified to compensate for temperature fluctuations which occurred in the laboratory. 

The water table was maintained at Z = -0.325 m (elevations referenced to the Kesterson soil/fill 

interface). This depth corresponds to a distance of 0.595 m (1.95 ft) below the fill surface. Dur­

ing this initial wetting period, evaporation from the surface of the fill was minimized with a loose 

cover. After 55 days of capillary rise of the saline, selenium free solution into the column, small 

(approximately 1 g) core samples were taken along the length of the column. Extracts of these 

core samples were taken at water:soil ratios of approximately 50:1. Soluble selenium concentra­

tions in these extracts were normalized back to the soil solution contents of the individual cores. 

On day 55, the water table was permitted to rise at a rate of 0.02 m/day, until day 71 when the 

water table exceeded the Kesterson soil/fill interface by 0.02 m (0.25 m below the fill surface). 

During the period when the water table was permitted to rise, the cover over the fill surface was 

removed to permit bare soil evaporation as well. Pan evaporation rates of 1 to 3 mm/day were 

measured independently over the fill surface. (These pan evaporation rates are comparable to 

Kesterson field pan evaporation rates during the winter months.) The water table was maintained 

at Z = +0.02 m (0.25 m below the fill surface) for 42 days, during which evaporatively driven 

flow was allowed to continue. 'A nearly steady-state inflow rate of 1.7±O.1 mm/day was meas-
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ured during this period. During this time, a sample of the soil solution profile was obtained along 

the length of the column through small ceramic, vacuum water extractors. On day 113, the water 

table was lowered at an average rate of 0.014 m/day. From day 139 through day 298, the water 

table was maintained at the base of the column while evaporation was permitted to continue at 

the surface of the fill. Soil solution and soil core samples were taken at various times during this 

last stage. One of the columns was then disconnected from the water supply and sectioned for 

soil analyses. Operation of the replicate column is continuing. 

An important feature of the experimental design is the absence of selenium in the inflow 

solution. While the solution selenium concentration in much of the Reservoir soils is of the order 

of WOO J.lg/kg, the exclusion of selenium from the laboratory column inflow solution served to 

assure that concentration profile changes are essentially due to redistribution of the original solu­

ble selenium profile. In particular, any increases in the selenium content of the fill could be 

solely attributed to upwards displacement of selenium from the underlying Kesterson soil, and 

could not be due to preferential flow of selenium originating from the inflow source solution. 

The soluble selenium profiles from several samplings are shown in Figure 3.38. Several 

intermediate sampling times have not been included for the sake of clarity. The initial condition 

(0.0 days) reflects an essentially 'clean' fill overlying a typical distribution of soluble selenium in 

Kesterson surface soils (aside from the rectilinear shape due to homogenizing samples over 0.10 

m intervru.s). The initial concentration profile was developed from 5:1 water extracts of subsam­

pIes of the individual soil layers prior to packing of the column. The initial 5: 1 water extractable 

selenium inventory was equivalent to 0.28 ± 0.02 g/m.2. 

The soluble selenium profile at time = 55 days demonstrates that selenium has been tran­

sported into the initially clean fill during the course of capillary uptake of water. Through 

inltgration of the concentration profile, a day 55 soluble selenium inventory of 0.40 g/m.2 is 

obtained (a 44% increase over the initial inventory). However, soluble selenium mass balance 

comparisons of the day 0 and day 55 profiles are tenuous due to uncertainty in the day 55 profile 

distribution in the vicinity of the apparent concentration maximum at Z = +0.05 m, and uncer-
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Figure 3.38. Soluble selenium profiles resulting from water table rise and evaporative flow in a 
Kesterson soil column overlain by fill dirt. 
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tainties associated with the small-scale core samples from which the profile was generated. It 

should be noted that at this stage (day 55), the water table was still at Z = -0.325 m, and that the 

wetting front had advanced only as far as about Z = +0.12 m. 

The day 85 profile, taken directly from vacuum extracts of the soil solution, show that solu­

ble selenium has reached the surface of the fill. At this stage, the water table was ill Z = +0.02 m. 

The soluble selenium concentration in the surface of the fill is now in the range of concentrations 

in the original Kesterson surface soil. The lack of water-soluble selenium in the Kesterson soil at 

this sampling time is due to the combined effects of upward displacement of soluble selenium 

into the fill material, and to the development of reducing conditions below the water table. The 

soluble selenium inventory obtained from the day 85 data is equivalent to 0.16±O.02 g/m2 

(57±9% of the initial inventory). The apparently low selenium inventory at this stage is likely to 

be due to a combination of (1) accumulation of soluble selenium at the fill surface (in both dis­

solved and preCipitated evaporite forms, beyond the sampling zone of the uppermost vacuum 

sampler), (2) reduction of selenate to selenite, and subsequent adsorption of the later throughout 

much of the profile, and (3) reduction to zero valent selenium. None of these three components 

are extractable through the ceramic vacuum solution sampling. 

During the interval between days 113 and 139 while the water table was being lowered, 

outflow from the bottom of the column was continuously collected and analyzed for selenium. 

Effluent selenium concentrations ranged from 2 to 6 Ilg/(kg solution) (ppb solution). The cumula­

tive loss of selenium due to drainage amounted to the equivalent of O.11mg/m2, or only 0.04% of 

the initial soluble selenium inventory. The very low ground water oUlflow component to the 

selenium inventory is consistent with the soluble selenium cc!lr.entration profile under high water 

table conditions (the day 85 profile for example). More generally, the measured low selenium 

outflow is consistent with the well documented lack of selenium movement into ground water 

when traversing reducing sediments. 

The day 275 profile was obtained through water-extractions of core samples. The upper­

most sample was taken directly at the surface (0.02 m increment). The water table had been 
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maintained at the bottom of the column for 136 days prior to this sampling. Consequently, most 

of the soil column, including the deeper Kesterson soil was under oxidizing conditions. This is 

evident from the reappearance of soluble selenium (primarily as selenate) in the lower portions of 

the column. The day 275 soluble selenium inventory amounted to 0.37±O.06g!m2 (133% ±20% 

of the initial inventory). Intermediate sampling times between days 85 and 275 all exhibit max­

imum selenium concentrations at the fill surface. An increase in the water-soluble selenium 

inventory is also suggested from other profiles taken after day 150. A more conclusive analysis 

of possible increases in the soluble selenium inventory will soon be available through analyses of 

sections from the dismantled core. 

The column solution and water samples are at various stages of analyses with respect to 

other constituents. Major cations and anions, arsenic, boron, and molybdenum are being 

included in the analyses. While most of these other analyses have yet to be completed, some 

data for arsenic in the soil solution has been compiled. Figure 3.39 shows both selenium and 

arsenic concentrations obtained from vacuum extracted soil solution samples on day 82. It is 

interesting to note that arsenic movement into the fill lags considerably behind the selenium 

front. While arsenic has entered into the fill, its affinity to adsorb on particle surfaces strongly 

retards its advance. 

The issue of representativeness of results of these data has at least two facets. These are (1) 

reproducibilty of the specific experiment, and (2) applicability to actual field conditions. Each of 

these concerns will be addressed. Due to the limitations of working with a small ~olumn scale, 

only small solution and soil samples were collected during the bulk of the experiment. Dilutions 

of these samples for analyses were kept to a minimum whel1low concent~!;ons were expected. 

On the other hand, the principle zone of interest is generally the region of the selenium concen­

tration maxima. In this region, even dilute samples were concentrated enough with respect to 

selenium to keep analytical uncertainties to within 5%. Replicability of results was checked in 

two ways. Profiles from the duplicate columns were compared at nearly identical sampling 

times. An example of such a comparison is provided in Figure 3.40 for columns sample on days 
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Figure 3.39. Soluble selenium and arsenic profiles in Kesterson soil/fill column experiment. 
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162 and 168. The major features of the profiles are well replicated. However, it should be noted 

that the logarithmic concentration scale needed to display the full range of interest obscures 

significant differences in portions of the profiles. Another approach to checking selenium con-

centration profiles involves comparing profiles obtained from vacuum extractions of column 

solutions with extracts obtained from core sampling at the same locations. An example of this 

type of comparison is shown in Figure 3.41. Again, the major features of the profiles are in 

agreemeht, although regions with significant differences exist. It is generally expected that the 

extracts 'obtained from core samples will yield somewhat higher concentrations of selenium 

through the contribution of desorbed/dissolved selenite. It should be noted that in Figure 3.41 the 

surface maximum in selenium was obtainable only through core sampling, thus comparison with 

a vacuum solution sampler was not possible in this region. 

e 
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Figure 3.41. Kesterson soil/fill column, comparisons between soluble selenium concentrations 
measured with soil core extracts and with solution extracts. 

Concerning implications of this experiment on field conditions, relevant features of tran-

sport of Kesterson soil solutes have been demonstrated. However, it is important to keep in mind 

differences in spatial and temporal scales between this laboratory experiment and the field. The 

total column length of 0.63 m is about one third that of the appropriate field dimension. This 

difference allowed for more rapid responses to be obtained. While the effects of capillary rise, 
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displacement by ground water fluctuations, and evaporation on selenium and salt transport are 

clearly demonstrated, it should be noted that these factors commonly eftect less rapid changes on 

the field scale. The counterbalancing eftect of rainfall infiltration and redistribution of solutes 

deeper into the soil profile is not considered in this experiment. The field is expected to respond 

both slower and with wider fluctuations which are practical to observe only on the field scale. 

Results of this experiment demonstrate the potential for further wildlife exposures to 

selenium and other solutes as these constituents are transported into the fill dirt from the Reser­

voir soils. Perhaps the most critical pathway for this exposure is through a two step process of 

solute accumulation in fill surfaces during the dry season, and dissolution of these solutes in sur­

face waters during rainfall ponding. However, recent measurements of bare soil evaporation 

indicate that salt accumulation at the soil surface is not likely to occur. On the other hand, the 

observed high selenium concentrations in rainfall pools in some areas filled with Kesterson soil 

demonstrates that a distinct evaporite crust is not needed for the occurrence of surface water with 

selenium concentrations in excess of recent recommended levels (2 J.Lg/l). Introduction of even a 

small percentage of the selenium inventory into shallow surface waters would result in concen­

trations in excess of presently accepted standards. Permeability of the soil surface, and timing of 

rainfall events relative to the seasonal rise of the water table will generally be important vari­

ables in this process. A less direct pathway for wildlife exposure to selenium and other solutes in 

the absence of ponding is through the intermediate step of plant uptake of selenium. 
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4.0. SOIL AND VEGETATION MANAGEMENT FOR 
KESTERSON RESERVOIR 

Beginning in 1988, scientists at the Division of Agriculture and Natural Resources at the 

University of California and Lawrence Berkeley Laboratory initiated a new efibrt aimed at 

developing a soil water and vegetation management plan for Kesterson Reservoir. The goal of 

the management plan is two-fold. First, the plan is intended to result in a gradual depletion of the 

inventory of soluble selenium at the Reservoir through a combination agriculturally oriented 

practices that enhance dissipation of selenium from near surface soils. Agriculturally oriented 

processes that will contribute to depletion include microbial volatilization from the soils, direct 

volatilization by living plants, 'decomposition and volatilization of selenium-bearing vegetation, 

harvest and removal of seleniferous vegetation, and leaching. The benefits of using this 

integrated approach are that (1) no single mechanism needs to be relied upon to detoxify the 

soils, (2) a stable plant community can be established during this period so that impacts to 

wildlife can be more easily evaluated and controlled, and (3) cleanup and management of the site 

can be carried out in a cost-effective manner. The management plan is also intended to facilitate 

control over wildlife exposure to selenium contaminated biota by creating a well managed 

environment. By managing the type of vegetation growing at the site, and by using vegetation to 

assist in soil moisture control, and consequently surface water accumulation during the wet sea-

son, biotic exposure to sr.leniferous food-chain items can be controlled. 

The majority of research associated with this new efibrt is being carried out in two test plots 

at Kesterson, a 200 m by 50 m plot in Pond 7 and a slightly smaller plot in a "filled" area of 

Pond 5. Each test plot has a two-line irrigation system, providing brackish local ground water for 

irrigation. In addition, during the germination period, better quality water is trucked in to help 

stimulate establishment of crop plants. Through an intensive program of soil water sampling, 
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soil gas sampling, vegetation sampling, ground water monitoring, and soil moisture monitoring, 

the mass balance for selenium under irrigated conditions is being evaluated. These studies, in 

conjunction with supplementary laboratory experiments, will provide the infonnation needed to 

develop an optimal management plan for the site. This progress report provides infonnation on 

the current status of the individual components of the integrated research program. 
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4.1. SOIL, PLANT AND VOLATILIZATION STUDIES 

J. W. Biggar, G:R. Jayaweera and D. E. RolSton 
Department of Land, Air and Water Resources, 
University of California, Davis 

Soil-water-vegetation management can be used as an alternative to other methods to 

deplete the inventory of soluble selenium in Kesterson soils. A principal objective of the 

management system is to optimize selenium volatilization utilizing plant and soil mechanisms. 

Manipulation of the system through water management, tillage, and selection of plant species 

requires study in order to determine management practices that achieve the desired results in 

environmentally acceptable ways. It is worth noting that this is not simply a monitoring activity 

but rather an attempt to manage the system. Monitoring changes in the system is an important 

aspect of the investigation, and monitoring methodology itself requires attention as there are no 

"standard" methods universally accepted by everyone. In this report we include a brief descrip­

tion of the locations as these have been described elsewhere. 

4.1.1. Studies at Kesterson 

Established replicated trials at (a) Main plot (pond 7) which represents the unfilled area, 

and (b) Satellite plot (pond 5) which represents the filled area. 

4.1.1.1. Main Plot 

The objective of this study was to identify a cooler season crop which is suited for Kester-

son unfilled soils which can produce high biomass and is able to provide plant volatilization. 

Tolerance to salinity and boron is also an important consideration. Three crop species, barley 

(UC 337), alfalfa (Maopa 69), which were selected out of five varieties tested in Phase I studies, 

and tall fescue (Mustang) are compared with native vegetation in this experiment. The treat-

ments include fertilized and unfertilized plots in each variety (Figure 4.1). 
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Figure 4.1. Experiment layout in main plot (pond 7), 1989. 
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4.1.1.2. Satellite Plot 

The objective of this study is to establish a cropping pattern to the newly filled soil and to 

study the selenium status. Barley (DC 337), alfalfa (Maopa 69) and tall fescue (Mustang) were 

tested in Pond 5. All plots were fertilized in this experiment (Figure 4.2). 

4.1.2. Volatilization Studies 

4.1.2.1. Sampling Procedure 

Sampling of volatile selenium in the field was performed with the newly developed experi­

mental setup. This setup includes chambers to collect volatile selenium, an evaporative cooler, 

and a water distribution system (Figure 4.3). The volatilization chamber (30*30*45 cm) is made 

up of pIe xi glass (Figure 4.4), and is equipped with a radiator which receives water from the eva­

porative cooler, a fan and a selenium trap (char~al filters). The water from the evaporative 

cooler is distributed with the use of a water pump and the level of water in the evaporative cooler 

was maintained by a supply tank. The power for the experimental setup was supplied with a gen­

erator. The chamber is exposed to the outside through a hole at the upper end of the wall directly 

opposite the fan. The chambers are placed 10 cm deep in the soil to avoid any volatile selenium 

moving from the surrounding area. Identical chambers with a solid base are used as a control. 

4.1.2.2. Data Collected 

Volatile selenium samples were collected from the main plot and a nearby barren plot 

Bare plot: Three sampling chambers and two control chambers were installed in the bare 

plot to obtain the base selenium levels before rototilling and irrigation. Moisture content meas­

urements in the surface soil were made. Air temperature was continuously recorded inside and 

outside in one of the chambers by using a Rustrak Ranger data logger. Volatilization measure­

ments were made continuously for 42 h. Volatile selenium levels which were obtained for one 

chamber show a release of 17.44 1lg/m2/day and the sample extraction and analysis for the other 
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replicates is yet in progress. These low volatilization rates are comparable to similar measure­

ments made elsewhere at the ReselVoir in unirrigated soils during the hot summer months. 

Main Plot: Volatilization measurements in the main plot were made before and after roto­

tilling and irrigation. 

Measurements done before rototilling and irrigation are as follows: 

a. Soil with tall fescue plants 

b. Soil with barley plants 

c. Soil without barley plants 

d. Soil with native vegetation 

e. Soil without native vegetation 

Two control chambers were installed. All these measurements were made in duplicate. Moisture 

'measurements were made in surface soils. Inside and outside air temperatures of the chambers 

were recorded continuously in one of the chambers with a "Rustrak Ranger" data logger. Tem­

perature measurements were made in all chambers at various times (Table 4.1). 

Volatile selenium samples were collected for 48 h. The plants were halVested for biomass 

(Table 4.2) and selenium analysis. The soils inside the chambers were sampled at 0-5 and 5-15 

cm depths (Table 4.3). Some volatilization traps were analyzed and other analysis are in pro­

gress. The chamber with tall fescue showed a volatilization rate of 4.89 ~g/m2/day. 

The following volatilization measurements were made after rototill age and irrigation. 

a. Plowed - high water 

b. Unplowed - high water 

c. Plowed -low water 

d. Unplowed - low wate .. 

All of these measurements were made in duplicate. Air temperatures inside and outside the 

chambers and soil moisture measurements were made. Volatile selenium was collected for 24 h. 

Sample extraction and analysis are in progress. 
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Table 4.1. Air temperature inside and outside the volatilization chamber 

Inside Air Temperature (0) 

Day Time ----- Chamber No.* ----- Outside Inside/ 
Air (0C) Outside 

1 2 4 5 6 7 9 10 

1 2:24pm 31.5 31.5 33.0 32.5 33.0 32.5 32.0 32.5 32.0 1.01 
1 4:30pm 30.2 30.5 32.5 31.5 32.0 31.5 30.5 31.0 31.5 0.99 
2 12.58 pm 14.0 13.5 13.0 13.0 13.0 13.0 13.0 13.0 14.0 0.94 
2 7:31 am 15~0 15.3 15.5 15.8 16.0 16.1 17.0 16.0 16.5 0.96 
2 10:12 am 29.5 29.5 29.6 29.8 30.0 30.0 29.5 29.5 29.5 1.01 

*Chambers 3 and 8 are controls. 

Table 4.2. Dry weight of various plant-species inside the volatilization chambers 

Chamber Plant Species Dry Weight (g) 

1 Tall fescue 5.8 
2 Tall fescue 12.2 
5 Barley 13.2 
6 Barley 16.0 
9 Native (salt grass) 27.0 

10 Native (salt grass) 36.6 

Table 4.3. Analysis of soils inside the chambers 

Depth (0-5 em) Depth (5-15 em) 
Water Water 

Chamber Selenite Extractable Se Selenite Extractable Se 
-1 ----- ng g ----- 1 ----- ng g --.. --

1 0.19 0.54 5.19 33.58 
2 3.15 3.30 4.70 30.78 
4 6.15 11.48 9.10 34.~8 
5 3.58 14.82 9.35 45.32 
6 2.90 15.58 13.90 44.96 
7 17.56 65.54 13.43 98.80 
9 11.16 40.06 8.27 73.34 

10 15.61 35.88 7.79 60.70 
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4.1.2.3. Extraction Procedure 

Charcoal filters are used to trap volatile selenium in the field. An efficient and time saving 

extraction procedure was developed to obtain volatile selenium and is described as follows. 

Comparison of syringe/shaker extractions using H20. The same filter is extracted with 

the use of syringe and shaker methods using H20 as the extractant. The data (Table 4.4) shows 

that syringe and shaker method extracted nearly the same amount of volatile selenium. 

Therefore it is concluded that shaker method can be used in the extraction of volatile 

selenium due to the convenience over the syringe method. 

Use of H202 as the extractant in the shaker method. Volatile selenium is mostly in the 

form of dimethyl selenide. Therefore extraction with H20 may not remove all organic selenium 

from the filter material. There were two alternative approaches in the extraction. 

a. To select an organic solvent to wash out organic selenium from the trap. However, this 

may interfere with the present analytical procedure for selenium. 

b. To convert organic selenium to inorganic form and wash out with water. This conver­

sion can be carried out by oxidation with H20 2. The present extraction procedure was 

developed on this principle. 

Numerous filters were extracted by three different methods. In all three consecutive extractions 

were performed for each filter using a filter:solution ratio of 1 :50. 

Method 1: H2021H2021H202 

Method 2: H2021H201H20 

Method 3: HI 01H2 OIH2 0 

Hydrogen peroxide solution was prepared by 1 ml 1 NaOH, 2 ml 30% H20 2 in 25 ml 

deionized distilled water. 

The data (Table 4.5) show that alkaline H20 2 is a superior extractant than H20 in removing 

organic selenium from charcoal filters. The numbers within parentheses (Table 4.5) show the 

amount of selenium extracted by H20 2 relative to H20. 
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Table 4.4. Syringe and shaker extraction of the same filter for volatile selenium 

Syringe Extraction Shaker Extraction 
Sample ----- ng Se -----

1 4.64 436 
2 96.18 87.60 
3 10.22 10.98 
4 9.38 9.43 
5 2.99 2.90 

Table 4.5. H20 2 as an extractant compared H20 in the shaker method 

H20 2/H20 2/H20 2 H20 2/H20 /H20 H2O/H20 /H20 
Sample ----- ng of Se (ratio) -----

1 2121 (6.5) 2283 (7.0) 328 (1) 
2 706 (6.8) 711 (6.9) 103 (1) 
3 275 (5.7) 289 (6.0) 49 (1) 

Table 4.6. Comparison of drip and shaker method 

Shaker Total Drip Total 
Sample Extraction ----- ng ----- ----- ng -----

1 1 1630.62 2988.5 
2 466.12 0 
3 225.29 --
4 138.76 --

sum 2760.79 2988.5 
2 all 1815.70 2323.05 
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Therefore it was concluded that extraction of volatile selenium from charcoal filters can be 

perfonned by using H2 O2 for the first wash and H 20 for the successive washings. 

4.1.2.4. DripMethod 

Even with four su.ccessive washings, in the shaker method of extraction, it is difficult to 

remove all selenium from the filter material. This may be due to equilibrium of selenium 

between the filter material and the solution. The drip method was used to attempt higher extrac­

tion efficiency. 

In the drip system, the H20 2 solution is placed in a top fill external feeding canister with 

pre-attached external delivery gravity set (Sandoz nutrition-clinical products division). At the 

end of the delivery system a column (syringe) packed with the filter material is attached. The 

solution dripping through the filter material is collected in a container placed below the column. 

To ensure complete extraction the same procedure is repeated. The comparison of drip and 

shaker method is shown in Table 4.6. In a single extraction, the drip method was more efficient 

than even four extractions with the shaker method. In addition, several rates were tested and it 

was found that over the range of rates tested, the flow rate does not have a significant effect on 

the extraction of organic selenium from the filter. Therefore, faster rates, even up to 60 ml/h, can 

be used in the extraction of volatile selenium. Confinnation of this is in progress. 

4.1.3. Soil and Plant Studies 

4.1.3.1. Main Plot 

Cation exchange capacity (CEC) was measured in six soil profiles in the experimental site. 

The average CEC in the soil ranges from 10.7 to 12.51 me/IOO g (Figure 4.5). 

Saturation extracts were prepared from the initial (04/21/89) and final (08/04/89) soil sam­

ples collected from various treatments. Electrical conductivity of the initial soil extracts is indi­

cative of the salinity of the surface soil (0-15 cm) at the time of seed establishment (Figure 4.6). 

As shown in Figure 4.6, irrigation has not contributed to the surface salinity. This may be due to 
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fresh inigation water trucked in during part of the experiment. The changes in various chemical 

species in the soil profile (0-30 cm depth) is shown in Figures 4.7 and 4.8. Sodium and sulfate 

are the most dominant ions in the soil profile. 

4.1.3.2. Satellite Plot 

Saturation extracts were obtained from the initial (4/21/89) and final (8/3/89) soil samples. 

Initial EC values of the surface soils ranges from 0.64 to.2.74 dS/m. With inigation, however, 

the salinity of the whole soil profile increased to fairly high values under both water regimes 

(Figure 4.9). Initial concentrations of all chemical species were fairly low. Final concentrations 

of all dominant species are shown in Figures 4.10 and 4.11. As shown in Figures 4.10 and 4.11 

Na+ and CI- are the dominant ions in the satellite site. 

Selenite and total soluble selenium concentrations (1:5 soil:water extract) were measured in 

initial and final soil samples, and data indicate that soluble selenium levels in these soils are 

extremely low. Plant samples were collected from each treatment and selenium and dry matter 

content were determined. Plant selenium concentrations in barley, tall fescue and alfalfa were 

0.41,0.37 and 0.37 ppm respectively, Barley produced the highest dry matter content (449 g/m2) 

relative to alfalfa (48 g/m2) and tall fescue (35 g/m2). 

4.1.4. Discussion 

Reliable methods are now available for collecting and measuring selenium volatilization 

from field soils. The design of the new volatilization chamber shows good potential for improv­

ing the quality of data collected in various environments. Even for a broad range of temperature 

and sunlight conditions the environment in the chamber can be better matched with that outside 

than by other methods. Extraction methods for volatile selenium have become more thorough 

and efficient, improving data collection 'and processing of samples. Salinization of surface soils 

in the fill area was demonstrated to occur in response to inigation with saline ground water. 
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This in tum inhibits plant growth and has unknown effects on soil microbial processes and 

selenium volatilization. 
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4.2. GROUND WATER AND VADOSE ZONE MOISTURE RELATED TO SELENIUM 
REMOVAL BY IRRIGATED VEGETATION 

Wesley W. Wallender, Jan W. Hopmans, James W. Biggar and Dennis E. Rolston 
Department of Land, Air and Water Resources 
University of California, Davis 

The soil moisture regime is an important component of the hydrologic cycle since it 

influences the movement and chemical transformation of selenium in the vadose zone. 

Moisture-dependent processes of selenium depletion include microbial volatilization from soil, 

volatilization form plants and leaching. Plants are especially important because they playa dual 

role of direct selenium removal as well as influencing the soil's water content and organic matter 

which affect other selenium removal pathways. 

Selenium is redistributed in the unsaturated zone by water transport driven by rainfall and 

irrigation, transpiration, evaporation, drainage and seasonal water table fluctuation. Rainfall and 

irrigation move water and solutes such as selenium downward while transpiration and evapora-

tion drive solutes to the surface. Applied water which passes the root zone as well as water mov-

ing laterally from adjacent duck clubs may raise the water table. Depending on solubility, some 

solutes will be driven upward in the soil profile as the saturated zone invades the root zone. Oth-

ers such as selenium are chemically reduced und~r aneaobic conditions and immobilized. Under 

aerobic conditions and downward water flow, oxydized forms of selenium will leach toward the 

ground water. 

Soil moisture can be manipulated by irrigation timing and amount Excess irrigation raises 

the water content beyond the soil's water holding capacity and water bypasses the root zone and 

contributes to the water table. In contrast, by applying only the amount which can be stored, 

deep percolation and downward transport of selenium is controlled. The plant adds further flexi-

bility to soil water management. In addition to smoothing in the vertical direction, horizontal 

variation should also be smoothed by the lateral expansion of each plant's root system. With 
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smoothing, water which is applied nonuniformly, is stored more unifonnly as it redistributes after 

infiltration and the potential for leaching in high application areas is reduced. In summary, it is 

hypothesized that the plant integrates spatial variation in soil properties and thus leaching of 

selenium to the ground water is reduced. 

Large variation in measured soil selenium is a prime motivation for both intensive and 

extensive soil moisture measurements. As will be shown later, the field experiment and com­

puter simulation studies are designed to investigate small scale as well as field-wide soil moisture 

properties and movement. 

The objective of the research is to measure, monitor, simulate and analyze the possible 

benefits of irrigation in relation to selenium reduction. Field, laboratory and simulation studies 

are conducted to characterize the role of soil moisture in selenium disposition over time. 

4.2.1. Procedures 

4.2.1.1. Description of Experimental Sites 

Two sites were chosen to monitor soil water regime and its influence on selenium inven­

tory. These are the main plot (in Pond 7), already in operation during the first phase of the pro­

ject, and the satellite plot (in Pond 5). The satellite plot was covered with 1 to 2 feet of fill 

material during the landfilling operation in 1988. 

To facilitate land preparation and seeding, field instrumentztion used in the main plot for 

the 1988 experiment was removed. In the spring of 1989, twenty-four experimental plots were 

established in the main plot Eight treatments were cho:;~'1. each replicated three times. The 

field layout of the main plot is shown in Figure 4.12a. In this figure, the large numbered dots 

represent ground water observation wells. These 3.05 m long PVC pipes are used to monitor 

ground water level and ground water salinity and their variation in the main plot. Also shown in 

Figure 4.12a is a dual sprinkler irrigation system in the center of the main plot. Impact sprinklers 

(Rainbird 20-14 H) with 3/32-inch nozzles were installed on 18-inch high risers every 15 feet 



- 165-

KESTERSON MAIN SITE (POND 7) FIELD LAYOUT, 1989. 
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along the sprinkler lines. The sprinkler lines are 25 feet apart and allow for uniform water appli­

cation between the two lines. Water application decreases in the direction of the main plot boun­

dary. The area for additional measurements, west of the main plot, has no vegetation but is irri­

gated and tilled periodically (bare plot). The undisturbed saltgrass at the northern end of the 

main plot within the fenced area is used to monitor irrigation treattnent effects on selenium inven­

tory in natural vegetation. Weather station data will be used to estimate plant transpiration and 

soil evaporation. 

Throughout most of the summer, four sprinkler lines were used to promote germination and 

emergence of the planted seeds. To reduce anticipated salinity problems, the main plot was irri­

gated with good quality water trucked from the Delta-Mendota Canal during that period. Starting 

September 6, the main plot was irrigated using the two sprinkler lines with pumped ground water 

from a nearby well (EC is 13 dS/m). 

Figure 4.12b shows the individual treattnents in the main plot, as well as the instrumenta­

tion. Each of the following vegetation treattnents were replicated three times: barley fertilized 

and unfertilized, tall fescue fertilized and unfertilized, alfalfa fertilized and unfertilized, and salt 

grass fertilized and unfertilized. Due to poor germination of the barley and tall fescue treat­

ments, these plots were tilled in early September. 

Aluminum access pipes were installed in the center of each treattnent (*- symbol). These 

pipes are used to measure soil water content down to a depth of 150 cm with a neutron probe. In 

addition, access pipes were installed at 3, 6, 9, 12, 15 and 18 m from the center in plots 1,9, 14 

and 19. In these same 4 plots, 10 additional pipes were installed at a 0.3 m spacing starting at the 

center of the plot and perpendicular to the sprinkler lines. Tensiometers were inserted at 60, 150 

and 210 cm depth in the same four plots near the access pipes at 6, 12, and 18 m distance away 

from the center line, as well as near five access pipes with the 0.3 m spacing. These tensiome~rs 

serve a dual purpose. First, they measure the root zone water potential and indicate depth to 

ground water. Second, differences in water potential with changing soil depth indicate whether 

soil water is moving down toward the ground water or up toward the soil surface. 
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KESTERSON MAIN SITE (POND 7) EXPERIMENTAL LAYOUT, 1989. t 

REP3 

REP2 

REP 1 

E 
~ 

PLOT 24 
'" 

PLOT 23 
'" 

PLOT 22 
'" 

PLOT 21 I '" 
PLOT 20 '10 ill 112 
PLOT 19 

'" '" '" '" '" <-+ 
PLOT 18 

'" 
PLOT 17 

'" 
PLOT 16 I '" I 
PLOTI5 I '" I 
PLOTI4 I '" <-+ 
PLOTI3 I '" I 

I I 
PLOTI2 i 

'" I , 
PLOTII I ",M I 9 

I 
PLOT]o I '" I 
PLOT9 

'" '" '" '" '" <-+ 
PLOT 8 

'" 
PLOT 7 I '" 
PLOT 6 

'" 
PLOT 5 

'" 
PLOT 4 

'" 
PLOT 3 -4 .. ~ • 6 

PLOT 2 

'" 
PLOT I 

<-+ '" 

TR5 

TR8 

TR7 

TR2 

TR4 

TR6 

TRI 

TR3 

TR5 

TR2 

'" '" '" 
",TRI 

TR8 

TR3 

TR4 

TR6 

TR7 

TR4 

TRI 

TR8 

TR3 

TR6 

TR5 

TR7 

'" '" '" 
",TR2 

N 

SCALE: 1 cm=5m 
1 in = 42 ft 

TREATMENTS 

: Trt1 Bartey unfertilized 
: Trt 2 Barley fertilized 
: Trt 3 Tall fescue unfertilized 
• Trt 4 Tall fescue fertilized 
: Trt 5 Alfalfa unfertilized 
• Trt 6 Alfalfa fertilized 
: Trt 7 Native vegetation 
: (sa~ grass) unfertilized 
: Trt 8 Native vegetation 

(sa~ grass) fertilized 

.................................... R .... 

WID:m 
•• Site with one probe 

down to 150 an (6 ft). 

.. Site with one probe 
down to 150 em (6 It) and three 
tensiometers at 60 em (2 It). 
120 em (5 ft) and 210 em (7 It). 

.... Three m (10 It) length with 11 
. probes down to 150 em (61t) 

and live tensiometers 
sites. three tensiometers 
per site at 60 em (2 It). 
120 em (5 It) and 210 em (7 It). 

• Observation well. 
with fl.Irrber . 

t 4.3m(14ft) 

46 m (152 ft) ~ sprinkler lines, 7.6 m (25 ttl apart 
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A similar group of instruments was installed in the bare plot and in the undisturbed salt­

grass area. The field layout of the satellite plot is shown in Figure 4.13a. Again, a dual sprinkler 

line system was installed with similar riser spacing and nozzle characteristics as in the main plot. 

In contrast to the main plot, only three vegetation treatments (barley, tall fescue and alfalfa, each 

replicated three times) were monitored. After seeding, four sprinkler lines and Delta Mendota 

Canal water were used to facilitate germination. Later, ground water from a nearby well was 

used for the irrigation water (EC of 7 dS/m). Figure 4.13b illustrates locations of access pipes, 

tensiometers and ground water observation wells. 

4.2.1.2. Field Measurements 

The first set of measurements in Phase II was made June 13, 1989. These measurements 

include water content at depths of 15, 30, 60, 90, 120 and 150 cm and tensiometer readings at 60, 

150 and 210 em depth. In addition, ground water level depth and ground water salinity were 

measured. Soil samples were taken at various depths for neutron probe calibration and soil salin­

ity in both the main and satellite plot. Catch can measurements were taken in both plots to verify 

the anticipated water application distribution of the irrigation systems. Water application rates 

were chosen to minimize water movement and associated leaching to the ground water, while 

simultaneously creating a favorable soil environment for plant growth and soil selenium deple­

tion. 

In both plots, soil samples were collected in 8 cm diameter and 6 cm tall soil cores at 

depths of 30 and 60 cm. In total, 80 samples were taken, part of which originate from the fill 

material in the satellite plot. The samples are used to characterize the soil hydraulic properties, 

soil texture and their variation within and between the two research plots. 

4.2~1.3. Laboratory Experiments 

Water retention and unsaturated hydraulic conductivity relationships for the 80 samples are 

determined in the laboratory. The one-step outflow technique allows measurement of both the 

moisture retention and relative conductivity for 40 samples simultaneously. A preliminary study 
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KESTERSON SATELLITE SITE (POND 5) FIELD LAYOUT, 1989. 
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Figure 4.13a. Field layout of satellite plot Kesterson ReseIVoir. 
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was done to assess the influence of soil solution salts on the retention and conductivity functions. 

4.2.1.4. Computer Simulations 

The moisture regime for various water management scenarios is simulated with the numeri­

cal model SW ATRE which uses the laboratory measured soil physical data and the field meas­

ured boundary conditions. Hysteresis in the water retention curves has been implemented into 

this model to more closely resemble the actual field situation with its wetting and drying cycles 

during and after each irrigation. Field measurements of water content, soil water pressure head 

and ground water level are used to validate the model. Monte-Carlo simulations will account for 

the spatial variability of the soil properties governing soil water transport. 

4.2.2. Results and Discussions 

The quantities of water applied to the research plots are shown in Table 4.7. For most of 

the summer, high quality Delta Mendota Canal water was applied to the main plot. Despite this 

effort, germination was poor. Possible causes are (1) the delayed planting of the seeds, and (2) 

the high soil salinity. Delta Mendota Canal water was used only until the middle of June in the 

satellite plot. Since all trea~ents germinated well, pumped ground water was applied thereafter. 

4.2.2~1. Field Measurements 

Fluctuations in ground water level below the soil surface and ground water salinity for the 

main plot are depicted in Figure 4.14. This figure shows the mean (solid line) and standard devi­

ation (bars) from the 21 observations wells (Figure 4.12a) for both attributes starting at August 1, 

1988. Following the ri~e in ground water table in the winter of 1988-1989 the ground water level 

decreases in 1989, to a depth lower than it was the same time last year. The variation in ground 

water level is relatively small. Ground water salinity seems to follow the trend in ground water 

level. However, its variation is much larger. Within the main plot area, ground water salinity 

varies from 10 to 35 dS/m. Furthermore, the main ground water salinity appears to increase with 

time within the one year monitoring period. Ground water depth and salinity for the satellite plot 

is shown in Figure 4.15. Since the satellite plot was established this year, data are not available 
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Table 4.7. Irrigation schemes research plots Kesterson 1989. 

Period Application Type of water 

Main Plot 

5/18 - 8/6 41 em Delta Mendota Canal 
9/6 11.7 em Well Water 

Bare Plot 

9/6 4.4 em Well Water 

Satellite Plot 

5/20 - 6/11 0.6 em/day Delta Mendota Canal 
6/14 - 7/30 0.5 em/day Well Water 
8/4 6.5 em Well Water 
8/16 2.5 em Well Water 
8/26 2.5 em Well Water 
9/6 2.5 em Well Water 
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for 1988. As in the main plot, also here the ground water level continues to decrease through the 

summer. The average ground water level is, however, approximately 60 em closer to the soil sur-

• 
face than in the main ·plot. Ground water salinity appears to increase during the monitoring 

period, but is significantly lower in magnitude than in the main plot. 

Application of irrigation water was limited to minimize downward water flow to the water 

table. Tensiometers were installed to measure hydraulic gradients and, therefore, to determine 

whether flow toward the ground water occurred. An example of hydraulic gradient calculations 

is demonstrated in Figure 4.16. Hydraulic gradients are shown between 150 and 210 cm depth 

for the center transect of the satellite plot, one day before and one day after a 2.5 cm irrigation. 

Positive values indicate upward flow and negative values downward flow toward the ground 

water. The three groups of data at approximately 1, 10 and 26 m are from the 5 sets oftensiome-

ters along the sprinkler lines at treatment plots 2, 4, and 8. Obviously, some downward flow 

appears to occur. However, hydraulic gradient calculations can become erratic when tensiome-

ters are placed close to the ground water table. A closer look at the tensiometer readings 

revealed that hydraulic gradient values smaller than -0.5 are caused by errors in the tensiometer 

measurements. Nevertheless, the results in Figure 4.16 show that downward flow occurs in most 

cases, indicating that more water was applied than removed by plant root uptake and soil eva-

poration. Ground water levels, however, are consistently decreasing with time during the. sum-

mer (Figure 4.15). 

The relation between hydraulic gradient and ground water table as a function of time is 

shown in Figures 4.17a and 4.17b for the tensiometers in research plot 4 (Figure 4.13b). In both 

figures ground water level is going down with time in response to the regional trends described in 

Section 2.1, while hydraulic gradients indicate downward flow due to local application of irriga-

tion water. 

Water application distributions for the satellite plot are shown in Figures 4.18a and 4.18b 

for catch cans along and normal to the sprinkler laterals, respectively. In Figure 4.18a, the three 

clusters of data originate from catch can readings in research plots 2,4, and 8. From the distribu-



E 
W -1.5 ... 
III 

~ 
a: 
~ ; 
e 
~ -2.0 

: 
a: 
~ 
I/) 

l: 

Ii: 
w c 

.. . 
E 
I/) 

'g 20 

~ 
> 
ti 
5 15 

~ 
(,) ... 
~. 
- 10 

§ ... 
W 

o 

- 175-
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Figure 4.15. Mean (solid line) and standard deviation (bars) ground water level and EC 
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SATELLITE SITE 
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Figure 4.16. Hydraulic gradient along center line for satellite plot. 
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Figure 4.18a. Depth of water applied along center line. 
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Figure 4.18b. Applied water distribution, perpendicular to center line. 
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water application between two sprinkler nozzles is fairly large (coefficient of variation is 10%). 

Second, average water application decreases in an easterly direction, going from plot 1 to plot 9 

(Figure 4.13b). This occurs despite the relatively short sprinkler pipe length. The lower water 

application in plot 8 at the eastern side of the satellite plot is also apparent in Figure 4.18b. 

Moreover, the placement of the two sprinkler lines in the center of the satellite plot did not result 

in an uniform water application between the two lines. Water application decreases toward the 

edges of the plots. 

To estimate total evapotranspiration (ET) between two irrigation dates, changes in soil 

water storage (cm) between two successive irrigation dates (10 day period) are plotted versus dis-

tance (m), perpendicular to the center line for all three instrumented plots of the satellite site in 

Figure 4.19a. Since the water applied decreases from the center to the edge of the plots (Figure 

4.18b) one would expect a decrease in ET in the saine direction. The results in Figure 4.19a 

confirm this expectation. Surprising is the low value of total ET for this ten day period. The 

range in total ET in the center of the plots is from 0.8 to 1.8 cm, corresponding to a daily ET of 

0.8 to 1.8 mm. Since the total applied water there was approximately 2.5 cm, we must have 

overirrigated the satellite plot. The difference between total ET and water applied for the period 

8/17 to 8/26/89 shows clearly that excess water was applied in the center region of the satellite 

plot. However, going outwards from the plot center, ET and applied water are about equal. Both 

the applied water and ET are low at the edge of the plots. The overirrigations are consistent with 

the downward water flow, observed from ctle hydraulic head gradients in Figures 4.16 and 4.17. 

Figure 4.20 shows the percentage of total ET derived from subsequent soil layers. Such an 

analysis is necessary to determine hvm which depths the plant roots extract the water for tran-

spiration. This was done for a transect along the center line of the satellite plot, as well as for the 

instrumented plots perpendicular to tlie center line. The results for the center line are shown in 

Figure 4.20. Clearly, most of the soil water removed by ET originates from the upper 15 cm (50-

100%). Results for the transect perpendicular to the center line were not so successful, mainly 
. , 

because total ET becomes relatively small for sites near the edges of the plots. Small errors in 
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Figure 4.19a. Total ET as a function of distance perpendicular to center line. 
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the neutron probe readings within the measuring period then become significant in the water 

storage calculations. 

Since both soil water pressure head and water content are measured simultaneously at 

equal depths, it is possible to derive a field-measured water retention curve. This is done in Fig­

ure 4.21 for all 60 em depth locations in the satellite plot The data in Figure 4.21 suggest that 

two different soils exist at the 60 cm depth. Most likely, these are the fill material and the origi­

nal top soil. 

4.2.2.2. Laboratory Experiments 

In order to determine the saturated hydraulic conductivity and water retention curves of the 

Kesterson soil samples, we need to saturate the samples with water. The salt concentration of 

this water is expected to have a pronounced effect on the hydraulic properties to be determined. 

Since the soil water in the Kesterson ponds is very salty, we initiated a small study to evaluate 

the influence of salts on the conductivity and retention curves. The samples collected in the main 

plot are sandy clay loams with an average clay content of 29%. The clay fraction consists of 

predominantly montmorillonite. The samples contained more than 75 meq/l Na (SAR=14.0). To 

investigate soil solution effects two different salt concentrations were used; deionized water and 

synthesized water containing 100 meq/l Ca (EC=10.1 dS/m). 

Each of the samples was first saturated with deionized water. Using the one-step outflow 

method, outflow was monitored until zero outflow while applying 1 bar of pressure in a Tempe 

pressure cell containing the sample. Thereafter, the saturated hydraulic conductivity was deter­

mined using the constant head method. After resaturating the samples wi~h the synthesized 

water, again outflow and saturated hydraulic conductivity were measured. After an initial 

decline of the saturated hydraulic conductivity due to swelling and dispersion in the first run with 

the deionized water, the conductivity seems unaffected by the added Ca in the second run (Figure 

4.22. 

Figure 4.23 shows the effect of added salts on the water retention curves for one representa-
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Figure 4.23 shows the effect of added salts on the water retention curves for one representa­

tive sample. Saturating the high-Na soil sample with distilled water had a significant effect on 

the water retention curve due to swelling and chemical dispersion. Using the EC-lO.l syn­

thesized water, we further determined saturated hydraulic conductivity values for the surface and 

subsurface samples of the satellite plot. Twenty samples were taken from the surface fill 

material, while another twenty samples came from the original surface soil at 60 cm depth. Table 

4.8 shows the measured conductivity values for these two depths. Apparent is the large variation 

in conductivity values within each of the two sample populations. Furthermore, it appears that 

subsurface saturated hydraulic conductivity is slightly higher than for the surface. The large 

standard deviation values preclude significant difference between the two populations. 

4.2.2.3. Computer Simulations 

A numerical unsaturated water flow model was adapted to allow simulation of water flow 

for the irrigated research plots in Pond 7. This also included the incorporation of hysteresis of 

the water retention curves to the computer code. Figure 4.24 shows the main drying and wetting 

retention curves for a hypothetical soil and two hysteresis loops as determined with the hysteresis 

model. Usually, only the main drying curve is measured and used for characterization of the 

soil's water retention capacity. However, since soils under irrigation are subject to a sequence of 

wetting and drying cycles, it was anticipated that hysteresis might be important in simulating 

actual field conditions. 

The loop coded as #1 shows the path of a retention curve describing a soil that is initially 

drying according to the main drying curve, followed by a wetting-drying cycle. The soil 

described by the second loop is initially wetting according to the main wetting curve, but then 

follows a sequence of drying and wetting. Results so far indicated that the incorporation of hys­

teresis in the computer code of the water simulation model has a significant influence on water 

table response to irrigation. Following irrigation, the water capacity of the soil increases when a 

wetting scanning curve rather than the main drying curve is followed. Therefore, if hysteresis is 

considered, more water is stored in the wetted part of the soil profile and less of the applied water 
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Table 4.8. Laboratory measured saturated hydraulic conductivity values for surface (fill) and 
subsurface (60 cm depth) samples from satellite plot. 

saturated Hydraulic Conductivity 
(cm/hr) 

Surface 

0.032 
6.744 
0.695 
0.929 
0.297 
6.320 
4.524 
0.186 
1.041 
0.452 
6.463 
4.309 
0.012 
8.666 
6.925 
1.501 
8.435 
0.297 
0.247 
4.963 

Subsurface 

0.009 
1.46 
0.16 
0.407 
0.478 
0.033 
8.198 

34.566 
0.021 
0.358 

21. 061 
3.764 
7.487 

52.054 
11.743 
16.512 
24.020 
13.971 
49.364 
44.985 

mean 
st.dev 

Surface Subsurface 

3.15 14.53 
3.18 17.63 
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will flow to the ground water in the computer simulations. 

Simulations have also indicated that spatial variation of the soil properties can account for 

field-measured variation in soil water pressure head as determined from the tensiometers, and 

ground water levels. The variation in soil water retention and conductivity curves will be incor­

porated in the model as well, as more data become available from the laboratory measurements. 
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4.3. BIOMASS, SPECIES DIVERSITY AND SELENIUM CONCENTRATIONS 
IN KESTERSON PLANTS 

Lin Wu, Environmental Horticulture Department; 
J. W. Biggar, Land, Air and Water Resources Department; and 
Z. Z. Huang, Environmental Horticulture Department, 
University of California, Davis 

4.3.1. Objectives 

The objective of research described here is to provide infonnation on vegetation and 

biomass distribution, plant species diversity and selenium accumulation by plant tissue at Kester-

son Reservoir. 

This section presents the results of the research conducted in 1989. The biomass distribu-

tion, species diversity, and selenium accumulation by plants were studied for four sites at Kester-

son. Two of the sites were located where the surface soil consists of fill dirt (pond 2 and Pond 6 

sites). The remaining two have natural soil covers (ponds 6 and 7). 

4.3.2. Materials and Methods 

Two separate plant and soil sample collections were made in four sites at Kesterson Reser-

voir, on May 13 and May 17, 1989. For each site, a 30 m x 15 m area (plot) was chosen with the 

aim of maximizing the number of species sampled, since the objective of these collections was to 

survey both the selenium uptake by plants and the plant species diversity within each area. The 

selected plots are thus representatives of most of the vegetation in the area. 

For the first set of collections, all above-ground plant materials and one core of the top 15 

cm of soil, were collected from each of 10 1m x 1m quadrats. Both plant and soil samples were 

collected randomly within each site (Tables 4.9 through 4.12). For the second sampling, one 1m 

x 1m quadrat was placed at each comer of the plot and ano~er was placed in the center. The aim 

of this sample collection was for biomass and tissue selenium measurements, as well as to detect 

any relationships between plant selenium accumulation and soil selenium concentration. Two 
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soil samples were collected from each location, one from the soil surface to 15 cm depth and a 

second from 25 to 35 cm depth. 

Plant samples were oven-dried at 65°C for 72 hours. . Leaves (including stems in some 

cases) were ground to a powder in a coffee grinder. For selenium accumulation measurements, 5 

ml of concentrated HN03 and 2.5 ml of HQ04 were added to 50 mg of dry plant material in a 

75-ml volumetric digestion tube and allowed to digest overnight at room temperature. Further 

tissue digestion was conducted at 150°C raised finally to 210°C on a heating block (scientific 

AD40 block digester). After cooling the digestion extract, selenium reduction was accomplished 

by adding 3 ml6N NCI into the extract and heating to 150°C (Ganje and Page, 1974). The final 

analysis was made by hydride generation flame atomic absorption (perkin-Elmer) with heated 

quartz cell, utilizing Argon as the carrier gas. 

Soils were air dried for a minimum of two weeks, and sieved through a 1 mm sieve. Soil­

water mixtures (1:2 weight/volume) were shaken slowly overnight in a 1500 ml flask. Clear soil 

extract was collected by centrifugation. Two ml HCI04 and 5 ml HN03 were added into 5 ml 

soil extract. Digestion was conducted at 150°C to 210°C on the heating block. After cooling the 

digestion extract, 3 ml6 N HCI were added and the mixture heated to 150°C. The selenium con­

centration was measured using hydride generation flame atomic adsorption spectrophotometry. 

4.3.3. Results and Conclusions 

The selenium concentration of the top 15 cm of fill dirt in Pond 2 ranged from below detec­

tion limits to 9 ppb. The water-extractable soil selenium concentration at the Pond 6 site was 

below detection limits (Table 4.9). For the unfilled sites in Pond 6 and Pond 7 the water el:tract­

able soil selenium concentration for the top 15 cm soil ranged from 230 ppb to 550 ppb and from 

75 ppb to 300 ppb respectively. 

At least 11 different plant species were found at the fill sites (Tables 4.10,4.13 and 4.14). 

Only five species were found at the native-soil sites. Distichlis spicata is the most abundant 

species at these plots. The rest of the species was less than 15% of the vegetation cover. 
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Table 4.9. Analysis ofinorganic soil selenium in the top 0.15 m of fill dirt. 

POND 2 

Total Inorganic Se (Ppb) 
Quadrat pH EC(mmhos) Sulfate (ppm) 

mean s.d. 

1 8.16 .57 340 1.29 2.23 
2 7.88 .44 330 0.0 0.0 
3 8.07 .65 400 8.86 1.12 
4 7.89 .55 353 0.0 0.0 
5 8.26 .54 367 6.69 5.85 
6 8.43 .20 73 0.0 0.0 
7 8.45 .24 143 2.96 1.12 
8 8.33 .24 100 0.0 0.0 
9 8.66 .19 80 0.0 0.0 
10 8.60 .27 137 0.0 0.0 

Average 8.27 .39 232 1.98 3.24 

POND 6 

Total Inorganic Se (Ppb) 
Quadrat pH EC (mmhos) Sulfate (ppm) 

mean s.d. 

1 8.50 .34 81.7 0.0 0.0 
2 8.48 .20 66.7 0.0 0.0 
3 8.39 .22 90.0 0.0 0.0 
4 8.42 .19 61.7 0.0 0.0 
5 8.57 .13 46.7 0.0 0.0 
6 8.39 .23 46.7 0.0 0.0 
7 8.43 .23 63.3 0.0 0.0 
8 8.53 .25 103.3 0.0 0.0 
9 8.37 .22 95.0 .58 .82 

Average 8.45 .22 72.8 n/a n/a 

n/a = Not applicable, insufficient data all values are the mean of three subsamples per site. 
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Table 4.10. Plant tissue selenium concentration of plant species from two fill 
sites at Kesterson (ponds 2 and 6) 

Se Concentration (ppm) Species Mean, SD (ppm) 
Species 

mean SD mean SD 

Avenafatua .460 .021 
" " 2.18 n/a 1.33 .859 
" " 1.36 .042 

Bassia hyssopijolia 2.69 .001 4.22 2.16 
" " 5.75 n/a 

Bromus rubens .541 n/a .407 .190 
" " .273 n/a 

Melilotus indica* .091 .022 .226 .169 
" " .189 .011 
" " .154 .004 
" " .472 .010 

Erysimum officianale 11.1 1.39 8.71 3.37 
" " 6.33 n/a 

Atriplex patula 
var.hastata 8.31 0.53 7.64 .950 

" " 6.96 .074 

Bromus rigidus 1.67 .007 1.67 .007 

Polypogon monspeliensis 19.2 1.74 19.2 1.74 

Centaurea solstitalis 10.9 n/a 10.9 n/a 

Franseria acanthicarpa >3.0 n/a >3.0 n/a 

Distichlis spicata 4.07 .380 4.07 .380 

* For all species except Melilotus indica, in which stems were used, leaves were the plant part 
analyzed. 
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Table 4.11. Selenium analysis of soil and plant tissue from the native-soil site in Pond 6 

SOIL PLANT 

E.C. pH S04 Total Se (Ppb) Se Cone. (ppm) 
Site Plant Species 

(mmhos) (ppm) mean sd 

1 3.17 7.45 2967 454.8 5.5 Distichlis spicata 
2 4.95 7.60 3900 371.1 10.2 " " 
3 5.86 7.52 4000 333.3 0.8 " " 

Atriplex patula* 
4 3.52 7.25 3467 348.3 0.0 Distichlis spicata 

Atriplex patula 
5 6.14 7.93 4833 554.3 12.1 Distichlis spicata 

Atriplex patula 
6 4.35 7.70 4000 267.6 11.0 " " 
7 3.69 7.68 3567 311.3 13.8 " " 
8 4.77 7.52 4200 263.3 2.8 " " 

Distichlis spicata 
9 5.17 7.76 3933 276.8 8.13 " " 

10 4.56 7.77 4000 237.7 6.51 " " 

mean 4.62 7.62 3887 
S.d. .974 .193 489.7 

* Full proper name is Atriplex patula var. hastata. 

n/a Not applicable because of only one data point. 

E.C. Electrical conductivity 

Species mean Se levels for all pond 6 sites 

Atriplex patula 
Distichlis spicata 

mean S.d. 

5.70 
.955 

3.94 
1.04 

mean sd 

2.65 0.08 
1.60 .20 
.044 .06 

2.74 .12 
2.14 .05 

10.9 .16 
.459 .02 

10.1 1.1 
2.11 .04 
2.63 .28 
5.73 n/a 
0.0 0.0 
0.0 n/a 

.744 .04 
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Table 4.12. Selenium analysis of soil and plant tissue from the native-soil site in Pond 7 

son. 

Total Se (Ppb) 
Site E.C. pH S04 

(mmhos) (ppm) mean sd 

1 2.78 7.43 2550 177.5 7.07 

2 2.05 7.46 2000 75.05 5.73 

3 3.29 7.48 3400 198.1 25.2 

4 2.68 7.65 2867 130.3 .78 

5 2.79 7.84 2933 145.2 12.2 

6 2.82 7.58 3367 168.7 13.0 

7 3.04 7.64 3400 111.9 .78 

8 2.91 7.34 3033 319.3 17.9 

9 3.01 7.45 3400 132.6 .78 

10 3.13 7.63 3200 267.6 1.63 

mean 2.85 7.55 3015 
s.d. .355 .146 456.8 

Full species names: Franseria acanthicarpa 
Heliotropium curassavicum 

Species mean Se levels for all pond 7 sites 

mean s.d. 
Franseria acanth. 16.43 1.30 
Distichlis spicata 15.59 4.40 
Atriplex patula 2.83 .956 
Heliotropium cur. 15.34 n/a 

PLANT 

Se Conc. (ppm) 
Plant Species 

mean sd 

Distichlis spicata 2.71 0.028 

" " 1.90 .093 
Melilotus indica 13.56 .104 

Distichlis spicata 3.58 .300 
Franseria acanth. 16.20 .171 

Distichlis spicata 2.15 0.40 
Melilotus indica 8.88 1.79 

Distichlis spicata 2.46 .064 
Franseria acanth. 17.83 0.86 
Melilotus indica 18.55 1.24 

Distichlis spicata 2.43 .012 
Franseria acanth. 15.26 .123 

Distichlis spicata 2.82 .024 

" " 2.06 .020 
Melilotus indica 17.25 1.18 

Distichlis spicata 3.03 .044 

" " 5.15 .043 
Melilotus indica 19.70 .102 
Heliotropium cur. 15.34 .179 



- 195-

Table 4.13. Tissue selenium concentrations in leaves and biomass of plant species growing 
at the fill-site in Pond 2 (collected 5{27/89) 

Site Species 

1 Atrip/ex canescens 
Avena barbata 
Avanafatua 
Bassia hyssopifo/ia 
Bromus mol/is 
Bromus rubens 
Centaurea so/stila/is 
Erysimum offrianale 
Festuca mega/ura+ 
Matricaria matricar.# 
Me/i/otus indica-
Po/ypogon monspe/iensis 

2 Atriplex patula 
Avanafatua 
Bassia hyssopifo/ia 
Bromus mol/is 
Centaurea solstila/is 
Franseria acanthicarpa 
Me/i/otus indica-

3 Atrip/ex patula 
AvanafaJua 
Bassia hyssopifo/ia 
Polypogon monspeliensis 
Unidentified "H" 

4 Atriplex canescens 
Atriplex patula 
AvenafaJua 
Bassia hyssopifolia 
Bromus mol/is 
Bromus rubens 
Centaurea solstilalis 
Franseria acanthicarpa 
Me/i/otus indica-
Polypogon monspeliensis 
Unidentified "J" 
Unidentified "K" 

5 Atrip/ex paJula 
Avena barbata 
AvenafaJua 
Bromus mol/is 
Bromus rubens 
Festuca mega/ura+ 
Franseria acanthicarpa 
Hordeum /eporinum 
Me/i/otus indica-

# Matricaria matricarioides 
- Stems only were used for Melilotus indica 

Selenium Cone. (ppm) Dry Weight 

mean s.d. (g!sq.m) 

11.42 .466 27.45 
5.844 n/a 2.51 
5.250 .215 12.75 

-- -- 66.76 
8.113 .802 8.13 
1.109 n/a 10.97 

15.29 .272 48.65 
18.47 .815 11.09 
2.452 .224 1.20 
3.362 n/a 2.97 
1.969 .180 69.78 

10.61 .518 4.29 
15.71 .438 .38 
3.044 .252 24.41 
9.868 .080 8.08 
1.329 n/a .99 
-- -- 7.82 

11.95 .216 .71 
.635 .060 115.74 

7.65 .441 3.27 
13.57 n/a 2.21 
8.766 .677 385.38 

30.82 1.35 14.51 
13.63 .403 58.98 

-- -- 5.12 
12.10 .561 58.46 

1.825 .082 25.21 
-- -- 13.13 
-- -- .98 

1.952 .350 4.00 
17.01 1.45 7.13 
9.522 .681 10.58 

-- -- 16.00 
15.60 .206 3.02 

-- -- 4.76 
-- -- 1.85 

15.98 1.64 8.07 
.893 n/a 4.36 

1.333 n/a 8.62 
1.866 n/a .60 
1.665 n/a ·7.14 
1.622 .114 .686 

14.59 1.68 13.18 
2.787 .135 21.23 

.597 .058 56.31 

+ Whole plant used for Festuca megulara Se measurement. 
n/a Not applicable. insufficient data. 
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Table 4.14. Selenium concentrations in the leaves and biomass of various plant speCies growing 
at the fill-site in Pond 6 (collected 5/27/89) 

Selenium Cone. (ppm) 
Site Species 

1 Avena/atua 
Avana barbata 
Bassia hyssopifolia 
Bromus rubens 
Erodium cicutarium 
Festuca mega/ura+ 
Franseria acanthicarpa 
Meli/otus indica A 

Unidentified "A" 

2 Avena barbata 
Avana/atua 
Bassia hyssopifolia 
Bromus rubens 
Festuca megu/ara+ 
Franseria acanthicarpa 
Hordeum /eporinum 
Melilotus indica A 

Unidentified "B" 

3 Avana barbata 
Bromus rubens 
Erysimum ojJiciana/e 
Festuca mega/ura+ 
Franseria acanthicarpa 
Meli/otus indica A 

Unidentified "D" 
Unidentified "E" 
Unidentified "F" 

4 A/rip/ex patu/a 
Bassia hyssopifolia 
Franseria acanthicarpa 
Melilotus indicaA 

Po/ypogon avicu/are 

5 Avena/atua 
I Bromus rubens 

+ For F':'stuca megulara the whole plant was used. 

For Melilotus indica, stems only were used. 

n/a Not applicable, insufficient data. 

mean s.d. 

.6828 .032 
-- --

8.236 .447 
.541 n/a 
.275 n/a 
.4604 n/a 

3.270 0.0 
.4472 .041 
-- --

.0421 n/a 

.3253 .059 
7.058 .325 

-- --
.2518 .008 

1.087 .051 
.095 n/a 
.1684 .012 
-- --

0.0 0.0 
.1332 .044 
.8897 .049 
.0338 n/a 
.7144 .020 
.1224 .045 

-- --
-- --
-- --

1.172 .036 
2.388 .060 
1.596 .005 
.0741 .028 
.5673 .017 

.3428 0.0 

.5081 n/a 

Dry Weight 

(g/sq.m) 

61.85 
20.58 

160.25 
5.35 
2.96 

.52 
70.15 
48.75 

2.77 

1.69 
20.50 

344.28 
1.06 
3.87 
4.63 
1.90 

85.16 
5.60 

5.25 
1.12 

93.85 
.42 

2.90 
121.75 

4.29 
2.09 

.45 

1.70 
76.38 

101.02 
108.68 

8.58 

102.78 
6.53 
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The plant tissue selenium concentration ranged from less than detection to 20 ppm at the 

native soil sites. Variation in tissue selenium concentrations exists both between sites and plant 

species. Generally Melilotus indica, Heliotropium cur and Atrip/ex patula had higher selenium 

tissue concentration than Distichlis spicata (Table 4.12). 

For the fill-sites plant tissue selenium concentrations ranged from an undetectable level to 

30 ppm. Again tissue selenium concentrations varied depending on the sample location and 

plant species. The species found to be relatively high in tissue selenium concentration are: Atri­

plex patu/a, Po/ypogon monspeliensis, Centaurea solstitalis and Franseria acanthicarpa. The 

biomass production of the plant species in the sites of topsoil replacement ranged from 2 g/m2 to 

500 g/m2. Bassia hyssopijolia, Avenafatua, Melilotus indica and Franseria acanthicarpa contri­

buted over 60% of the biomass at the two fill sites (Tables 4.13 and 4.14). 

No significant correlation was detected between the plant tissue selenium. concentration 

and the selenium concentration in the fill dirt (R = 0.20, P > 0.05) (Figure 4.25). However, there 

is a near significant correlation between the plant tissue selenium concentration and the subsur­

face soil selenium concentration found in Pond 2 and Pond 6 (R = 0.30, P = 0.05) (Figure 4.26). 

This result suggests that the plant species may accumulate significant amounts of selenium from 

the subsurface soil regardless of the replacement of the topsoil. 

Several conclusions may be drawn from the above studies: 

1. A variety of different plant species have been introduced as buried seed into the Kes­

terson evaporation ponds with the fill dirt. 

2. Plant tissue selenium concentration was found to be very variable within and between 

plant species in both the fill dirt and natural soil sites. 

3. Plant species may accumulate significant amounts of selenium from the subsurface 

soil regardless of the replacement of top soil. 
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Figure 4.25. The correlation and joint distribution of plant tissue selenium concentration and soil 
selenium concentration in the fill dirt (0-15 cm) of Pond 2 and Pond 6. 
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Figure 4.26. The correlation and joint distribution of plant tissue selenium concentration and soil 
selenium concentration of the subsurface soil (25-35 crn) of Pond 2 and Pond 6. 
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4.4. THE EFFECT OF EVAPORITE FORMATION AND DISSOLUTION ON SALINITY 
AND TOXIC ELEMENT MANAGEMENT IN SURFACE SOILS 

K. K. Tanji, R. A. Dahlgren and G. R. Smith, 
Department of Land, Air and Water Resources, 
University of California, Davis, California 

4.4.1. Objectives 

Knowledge of the reactivity and mobility of selenium and other trace elements on or near 

the soil surface is required to determine methods for containing and dissipating selenium in an 

environmentally safe manner. Co-precipitation, adsorption and occlusion can incorporate trace 

elements into evaporites, one of the principle sinks and sources of dissolved mineral salts in 

Kesterson soils. These evaporites form when evapoconcentration, evapotranspiration, or both, 

concentrate soil waters and dissolve when rainfall, irrigation water, or a rise in shallow ground 

water add water to the soil. 

The objectives of this study are to: 

1. Collect evaporite samples. X-ray analyses of these samples will identify the minerals 

most likely to form from evapoconcentration of the Kesterson Reservoir's water. 

Chemical analyses of these samples will confirm the results of the X-ray analyses, as 

well as correlate the incorporation of Se, B, As, and Mo into different evaporite~. 

2. Collect soil samples from Kesterson Reservoir. C SALT, an equilibrium brine chem-

istry model that can speciate a sample up to an ionic strength of 20 Jll~lal, will be 

used to speciate the soil solution based on the chemical analyses of extracts from the 

soil samples, as well as to predict the mineralogy of evaporites that form neltr the soil 

surface. 

The results of this study will be of importance for assessing: 
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1. Leaching and accumulation of salts and toxic elements at and near the soil surface, 

2. Establishment and growth of plants, and 

3. Soil microbial volatilization. 

4.4.2. Sampling Procedures 

Soil and evaporite samples were collected on April 20, 1989. Because the Kesterson 

Reservoir had been filled prior to this date and the ground water was 1.5 meters from the surface, 

only a limited number of evaporite samples were available. 

Two auger holes were dug in Pond 7 (the main field plot) of the Kesterson Reservoir. The 

first hole was dug in the middle of the transect, between observation wells 8 and 9 (formally 14 

and 15). The site, which was recently tilled and unvegetated, had been leached by irrigation dur­

ing the previous year. Soil samples were collected in six-inch increments to a depth of 24 inches. 

The second hole was dug at the east edge of the main plot, directly in line with observation wells 

8 and 9. This site, which was mowed without incorporating the plants into the soil, had not been 

leached by irrigation. Soil samples were collected in five-inch increments, to a depth of 25 

inches. Samples from both holes were taken to the lab, air-dried, and sieved through a 2-mm 

screen. In addition, ten soil clods were collected randomly from the north-west section of Plot 7. 

Two evaporite samples were collected from undisturbed surfaces; one from an ongoing 

study area in Pond 8 (see Section 3.4), which had not been filled in and was below the average 

elevation of the original reservoir, and the other from a vegetated area along the west side of 

Pond 6 between the pond berm and Mud Slough. Both samples were bagged and brought back to 

the laboratory for x-ray analysis. 

4.4.3. Projects in Progress 

4.4.3.1. Chemical Speciation of Soil Extracts 

Soil-water extracts (1:5) were made with 100 g of air-dried soil from each soil sample col­

lected from the two auger holes in Pond 7. The samples were filtered through a Whatman #2 
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filter, analyzed for the major anions (0-, SOa- and alkalinity) by HPLC, and for the major 

cations (Na+, K+, Mgz+, Ca2+), and B by ICP. Selenium concentration was determined by the 

hydride generator AA method. Molybdenum and arsenic concentrations are currently being 

determined by the graphite furnace and hydride generator AA methods, respectively. Table 4.15 

presents the concentrations of the major ions obtained from soil extracts in mg/l and mol/l. From 

these soil water extracts, the cation concentrations are generally ordered: 

[Na+] > [Caz+] > [Mg2+] > [K+] 

while the anion concentrations are generally ordered 

[SOa-] > [0-] :::: [HCO)"] > [NO)"] 

Ion concentrations from the soil extracts at each depth are plotted in Figures 4.27a and 

4.27b in mmol (c)/l or meq/l. The soil extracts are dominated by Na+, Caz+, and SO~-. 

With a high water-to-soil ratio, some of the gypsum [CaS04' 2HzO] and thenardite 

[Na2S04] may have undergone complete dissolution. Such dissolution would increase the con­

centrations of the respective ions. Dissolution and dilution would affect the equilibrium between 

the solution and the adsorbed phases. Both processes tend to bias the chemical analysis, so that 

Table 4.15 would not reflect solution concentrations in situ. These considerations should be kept 

in mind when reviewing the 1:5 soil water extracts and the predictions by C SALT that use the 

data in Table 4.15. Both sites had comparatively low concentrations of NO)" and B. Concentra­

tions of selenium in the 1:5 soil-water extract ranged from 32 to 58 J.lg L -1. 

C SALT used these chemical analyses to determine the minerals that are most likely to 

form in the soil during evapoconcentration. C SALT assumes that 1 L of water is initially 

present. This volume is then theoretically concentrated by a user-specified concentration factor. 

Predicted results at a concentration factor of 1 give a complete equilibrium chemical speciation 

of the 1:5 soil water extract. Predicted results at a concentration factor of 5 gives an estimate of 

the composition of soil water at a 1:1 soil water ratio. Higher concentration factors predict the 

soil solution chemistry at decreasing water contents. All samples were concentrated up to 500-

fold. A finite concentration factor cannot simulate complete dryness, so an arbitrary value has to 



Table 4.15. Ion concentrations from soil extracts 1:5 soil - water extract. 

Table la • mgIL 

Na K Mg Ca CI 804 HC03 N03 B 8e 

Center 
0-5 185.0 6.8 40.5 170.0 43.3 832.7 91.5 0.68 1.47 0.050 

5 -12" 213.3 6.2 41.9 167.0 24.6 825.7 73.2 0.23 1.39 0.051 
12-18 231.9 2.9 20.4 56.8 68.2 581.1 61.0 0.11 0.87 0.039 
18-24 236.5 1.1 20.7 55.3 108.6 530.0 48.8 0.06 0.94 0.400 

East 
0-5 84.6 9.7 46.1 320.0 22.1 924.4 73.2 0.50 1.67 0.041 
5-10 87.1 5.8 26.7 221.4 19.9 758.2 36.6 0.30 0.82 0.032 
10-15 194.0 9.7 52.6 285.0 46.9 1143.0 61.0 0,45 2.15 0.046 I 

15 - 20 210.8 10.4 50.9 189.7 86.9 877.8 73.2 0.35 1.62 0.055 N 

~ 20 - 24 187.9 6.5 34.7 124.1 97.6 599.0 54.9 '0.30 1.12 0.058 I 

Table Ib • moles I L 

Na K Mg Ca CI 804 HC03 N03 B 8e 

Center 
0-5 8.047E-03 1.749E-04 1.666E-03 4.241E-03 2.349E-02 9.525E-04 1.133E-05 2.371E-054.625E-06 6.332E-07 

5 - 12" 9.276E-03 1.581E-04 1.722E-03 4.167E-03 2.329E-02 7.620E-04 3.832E-06 2.242E-05 4.718E-06 6.459E-07 
12 -18 1.009E-02 7.366E-05 8.389E-04 1.418E-03 1.639E-02 6.350E-04 1.833E-06 1.403E-05 3.608E-06 4.939E-07 
18 - 24 1.029E-02 2.916E-05 8.517E-04 1.380E-03 1,495E-02 5.080E-04 9.997E-07 1.516E-05 3.700E-05 5.066E-06 

East 
0-5 3.679E-03 2.486E-04 1. 897E-03 7.985E-03 2.608E-02 7.620E-04 8.331E-06 2.693E-05 3.793E-06 5.193E-07 
5 - 10 3.789E-03 1.4 73E-04 1.099E-03 5.525E-03 2.139E-02 3.810E-04 4.998E-06 1.322E-05 2.960E-06 4.053E-07 

10 -15 8.440E-03 2.471E-04 2.165E-03 7.111E-03 3.224E-02 6.350E-04 7.498E-06 3,467E-05 4.255E-06 5.826E-07 
15 - 20 9.167E-03 2.655E-04 2.092E-03 4.732E-03 2,476E-02 7.620E-04 5.831E-06 2.613E-05 5.088E-06 6.966E-07 
20 - 24 8.173E-03 1.673E-04 1.428E-03 3.097E-03 1.690E-02 5.715E-04 4.998E-06 1.806E-05 5.365E-06 7.345E-07 
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Figure 4.27a. Soil ion concentrations of center profile. 
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be chosen. A concentration factor of 500, which is a loo-fold concentration of a 1: 1 soil water 

sample should provide a good estimate of a "dry" soil (1 % soil moisture). Because the top of 

the soil profile experiences more intense drying than soil at depth, the top two samples were also 

concentrated lOoo-fold. 

Dolomite [CaMg(C03h), magnesite [MgC03), and nesquehonite [MgC03 ' 3H20) were 

removed from consideration in each of the runs of C SALT. These minerals were not considered 

because they are rarely found forming at the pressures and temperatures found at the earth's sur­

face. Therefore, runs eliminating these minerals from consideration are expected to be more 

representative in predicting both the solution chemistry and the desiccation of the soil water. 

Tables 4.16 through 4.19 present selected data derived from C SALT for the center profile, 

namely, thermodynamic solution data, ion concentrations, and amounts of precipitates formed. 

Figures 4.28 through 4.30 show graphically the amounts of solid phases in Tables 4.16 through 

4.19. Each figure presents the moles of a different solid phase predicted to form in one liter of 

extract from each soil at a given sampling depth. Only individual points were calculated but 

lines have been drawn between data points to help make each plot more comprehensible. Plots 

for each solid phase (within a figure) were made to the same scale, with scales varying between 

figures. 

A speciation of the initial soil extract predicts that calcite [CaC03) will precipitate at a pH 

of 8.05. Calcite is generally predicted to form at a concentration factor of 5, as can be seen in 

Table 4.16. Above this concentration factor, the pH drops below 7.95, allowing gypsum to form 

rather than calcite. Approximately ten times more calcite is predicted to form at the 5 to 12 

inches than at 0 to 5 inches soil depi:..'1. At 12 to 18 inch soil depths and 18 to 24 inch soil depths, 

the maximum amount of calcite predicted to form decreases to approximately 6 mmol/l. This 

profile had been leached by irrigatio:.~ during the previous year. Root-water extractions may have 

enhanced the precipitation of carbonates which is regulated by the partial pressure of carbon 

dioxide. Root and microbial respiration would increase the partial pressure of carbon dioxide in 

the soil. The increased partial pressure of carbon dioxide decreases pH, which, in tum, would 
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Table 4.16. Center profile 0 - 5 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 S 10 100 SOO 1000 
Ionic Strength (molal) 0.032312 0.13571 0.21771 1.7513 8.6527 10.93 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 0,00034 
pH 8.05 7.85 7.85 7.85 7.85 7.85 
Density (g/cmIl3) -1.0038 1.0094 1.0164 1.0237 1.0643 1.127 
Osmotic Coefficient 0.8359 0.7747 0.7733 0.707 0.7522 0.9384 
Activity of Water 0.9996 0.9985 0.9975 0.9799 0.8976 0.8507 
Temperature (OC) 25 25 25 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 S 10 100 SOO 1000 
Na 8.0286E·03 4.0164E·02 8.0380E·02 8.0527E·01 4.0850E+00 3.9020E+OO 
K 1.7461 E·04 8.7350E·04 1.7482E·03 1.7514E·02 8.8844E·02 1.8199E·01 
Mg 1.6585E·03 8.3090E·03 1.6629E·02 1.6653E·01 8.4350E·01 1.7258E+00 
Ca 3.3201 E·03 1.2762E·02 1.2130E·02 1.4765E·02 1.7954E·02 1.3866E·02 
B(OH)4 8.2460E·07 2.6750E·06 5.3970E·06 . 6.0840E·05 5.0439E·04 1.1544E·03 
CI 1.2173E·03 6.0896E·03 1.2187E·02 1.2209E·01 6.1937E·01 1.2687E+00 
S04 8.6492E·03 3.4883E·02 5.6382E·02 4.5794E·01 2.2660E+00 2.3858E+OO 
H 1.0640E·08 1.9470E·08 2.0790E·08 2.9070E·08 2.5090E·08 1.8820E·08 
OH 1.3700E·06 1.0060E·Oe 1.0660E·06 1.S010E·06 1.6790E·06 1.9210E·06 
HC03 6.6691 E·04 4.6735E·04 5.0344E·04 7.3421 E·04 1.0255E·03 9.9478E·04 
C03 5.8810E·06 3.9430E·06 5.0010E·06 2.1610E·05 8.1750E·05 1.0997E·04 
H2C03 1.1720E·05 1.1510E·05 1.1330E·05 8.4150E·06 2.1890E·06 1.5180E·06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 S 10 100 SOO 1000 
Glauberite [ Na2Ca(S04)2 ] 2.2329E+00 

MgB(OH)4 complex 1.4830E·08 1.4090E·07 4.5450E·07 1.8880E·05 4.3414E·04 2.0318E·03 
MgC03 complex 3.8870E·06 7.7420E·06 1.S660E·05 2.1098E·04 1.9891 E·03 4.9056E·03 
MgOH complex 1.5090E·07 3.2630E·07 5.6180E·07 3.6340E·06 2.7920E·05 6.8100E·05 

CaB(OH)4 complex 4.8090E·08 3.2910E·07 4.~190E·07 2.0630E·06 8.3320E·06 1.4840E·05 
CaC03 complex 1.2400E·05 1.8350E·05 1.7420E·05 2.5990E·05 5.0320E·05 4.7050E·05 
Calcite [ CaC03 ] 8.9852E·04 
Glauberite [ Na2Ca(S04)2 ] 2.2329E+00 
Gypsum [ CaS04.2H20 ] 8.3856E·03 3.f)212E·02 4.0959E·01 2.1348E+00 2.1630E+00 

B(OH)3 complex 1.2680E·05 6.4740E·05 1.2951 E·04 1.2793E·03 5.9576E·03 1.0942E·02 
HS04 complex 3.8960E·09 1.6120E·08 2.2650E·08 6.5250E·08 7.6920E·08 5.0940E·08 
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Table 4.17. Center profile 5 - 12 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 
Ionic Strength (molal) 0.03104S 0.14777 0.22339 1.S015 S.S079 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 
p-! 8.11 7.97 7.9 7.9 7.9 
Density (g/cm A3) 1.0037 1.0093 1.0162 1.0237 1.0345 
Osmotic Coefficient 0.847S 0.7717 0.7782 0.7091 0.7314 
Activity of Water 0.9996 0.9984 0.9973 0.9785 0.8948 
Temperature (OC) 25 25 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 
Na 9.2555E·03 4.6301 E·02 9.2662E·02 9.2829E·01 4.6618E+00 
K 1.5765E·04 7.8864E·04 1.5783E·03 1.5811 E·02 7.9404E·02 
Mg 1.7124E·03 8.5789E·03 1.7175E·02 1.7188E·01 8.5971 E·01 
Ca 2.5061 E·03 9.5906E·03 1.2403E·02 1.5927E·02 2.1892E·02 
B(OH)4 8.8960E·06 3.2760E·05 5.6840E·05 6.3642E·04 5.1565E·03 
CI 6.9245E·04 3.4640E·03 6.9325E·03 6.9450E·02 3.4877E·01 
S04 8.5762E·03 4.2903E·02 5.6662E·02 4.5910E·01 2.2473E+00 
H 9.2290E·09 1.5100E·OS 1.8660E·08 2.6560E·08 2.3890E·OS 
OH 1.5690E·06 1.32S0E·06 1.1940E·06 1.6340E·06 1.6490E·06 
HC03 7.6949E·04 6.3175E·04 5.6594E·04 8.1993E·04 1.0S77E·03 
C03 7.70S0E·06 7.0620E·06 6.2730E·06 2.5980E·05 9.8040E·05 
H2C03 1.1730E·05 1.1490E·05 1.12901:·05 S.1730E·06 1.9320E·06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 

Mg8(OH)4 complex 1.6530E·07 1.6630E·06 4.7940E·06 1.80S0E·04 3.4290E·03 
MgC03 complex 5.2900E·06 1.3540E·05 2.0010E·05 2.5211 E·04 2.1678E·03 
MgOH complex 1.7920E·07 4.2000E·07 6.3930E·07 38620E·06 2.4390E·05 

Ca8(OH)4 complex 3.91S0E·07 2.7600E·06 5.1540E·06 2.0860E·05 8.0100E·05 
CaC03 complex 1.2330E·05 2.3090E·05 2.2070E·05 3.2630E·05 6.6180E·05 
Calcite [ CaC03 ] 1.6392E·03 1.11S5E·02 
Glauberite [ Na2Ca(S04)2 ] 
Gypsum [ CaS04.2H20 ] 2.9199E·C2 4.0106E·01 2.0723E+00 

8(OH)3 complex 1.1886E·04 6.0471 E·04 1.2178E·03 1.2031 E·02 5.5963E·02 
HS04 complex 3.4510E·09 1.52S0E·OS 2.0210E·08 5.8260E·08 6.5670E·08 
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Table 4.18. Center profile 12 - 18 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 
Ionic Strength (molal) 0.0229 0.10866 0.21487 1.7747 8.1715 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 
pH 8 8.09 8.04 7.9 7.9 
Density (g/cmIl3) 1.0032 1.0067 1.0111 1.0801 1.2666 
Osmotic Coefficient 0.8895 0.8276 0.7982 0.7281 0.7767 
Activity of Water 0.9997 0.9985 0.9971 0.9762 0.8867 
Temperature (OC) 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 
Na 1.0065E·02 5.0349E·02 1.0075E·01 1.0186E+00 4.7508E+00 
K 7.3530E·05 3.6784E·04 7.3609E-04 7.441SE·03 3.9191 E·02 
Mg S.3532E·04 4.1742E·03 S.357SE·03 8.4499E·02 4.4241 E·01 
Ca 1.4106E·03 4.6557E·03 8.312SE·03 1.4S44E·02 1.5966E·02 
B(OH)4 4.4170E·06 2.7140E·05 4.S410E·05 4.2274E·04 3.9062E·03 
CI 1.9197E·03 9.6027E·03 1.9216E·02 1.9427E·01 1.0231 E+OO 
S04 6.0360E·03 3.0193E·02 6.0421 E·02 4.S254E·01 2.1721 E+OO 
H 1.1590E·08 1.07S0E·OS 1.3440E·OS 2.4S50E·OS 1.92S0E·OS 
OH 1.1920E·06 1.7010E·06 1.6290E·06 1.6270E·06 1.6910E·06 
HC03 5.9102E·04 8.3751 E·04 7.9S56E·04 8.8010E·04 1.254SE·03 
C03 4.3340E·06 1.1090E·05 1.1730E·05 2.5130E·05 6.9610E·05 
H2C03 1.1740E·05 1.1550E·05 1.1320E·05 S.2530E·06 2.2530E·06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 
Glauberite [ Na2Ca{S04)2 ] 3.06S0E·01 

MgB{OH)4 complex 4.40S0E·OS 7.5230E·07 2.0150E·06 7.1010E·05 2.3430E·03 
MgC03 complex 1.5S00E·06 1.1720E·05 1.8410E·05 1.3562E·04 1.3193E·03 
MgOH complex 7.29S0E·OS 2.9090E·07 4.2240E·07 2.1640E·06 2.2730E·05 

CaB{OH)4 complex 1.2260E·07 1.2740E·06 2.9290E·06 1.4990E·05 7.4260E·05 
CaC03 complex 4.2S70E·06 2.0160E·05 2.7700E·05 3.2690E·05 5.5S50E·05 
Calcite [ CaC03 ] 2.4011 E·03 5.8211 E·03 
Glauberite [ Na2Ca(S04)2 ] 3.06S0E·01 
Gypsum [ CaS04.2H20 ] 1.2S31 E·01 4.3125E·01 

B(OH)3 complex 7.5720E·05 3.7251 E·04 7.5045E·04 7.616SE·03 3.6413E·02 
HS04 complex 3.4230E·09 9.1970E·09 1.6470E·OS 6.0050E·OS 7.3110E·OS 
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Table 4.19. Center profile 18 - 24 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 
Ionic Strength (molal) 0.022448 0.10616 0.20989 1.9045 8.7923 
PC02 (atm) 0.00034 atm. 0.00034 atm. 0.00034 atm. 0.00034 0.00034 
pH 8.03 8.1 8.04 7.9 7.9 
Density (g/cm"3) 1.0032 1.0065 1.0107 1.0773 1.2662 
Osmotic Coefficient 0.8971 0.8396 0.8126 0.7133 0.8136 
Activity of Water 0.9996 0.9984 0.9969 0.9756 0.875 
Temperature (OC) 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 
Na 1.0265E-02 5.1353E-02 1.0277E-01 1.0396E+00 4.9090E+00 
K 2.9130E-05 1.4575E-04 2.9167E-04 2.9505E-03 1.5518E-02 
Mg 8.4785E-04 4.2375E-03 8.4850E-03 8.5831E-02 4.4805E-01 
Ca 1.3721 E-03 4.3796E-03 7.7082E-03 1.7086E-02 1.5492E-02 
8(OH)4 5.0160E-06 2.9650E-05 5.3160E-05 4.6907E-04 4.7218E-03 
CI 3.0562E-03 1.5288E-02 3.0596E-02 3.0950E-01 1.6278E+OO 
S04 5.5047E-03 2.7537E-02 5.5108E-02 4.3516E-01 1.9349E+00 
H 1.0970E-08 1.0600E-08 1.3120E-08 2.3890E-OS 1.5760E-08 
OH 1.2540E-06 1.7110E-06 1.6420E-06 1.6440E-06 1.7030E-06 
HC03 6.2190E-04 8.4346E-04 8.0609E-04 8.7159E-04 1.2386E-03 
C03 4.8020E-06 1.1260E-05 1.1970E-05 2.7350E-05 6.0540E-05 
H2C03 1.1740E-05 1.1550E-05 1.1330E-.05 8.2910E-06 2.2700E-06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 
Glauberite [ Na2Ca(S04)2 ] 2.7940E-01 

Mg8(OH)4 complex 5.1690E-08 S.6020E-07 2.3300E-06 7.9640E-05 3.1836E-03 
MgC03 complex 1.7940E-06 1.2290E-05 1.9480E-05 1.4369E-04 1.3677E-03 
MgOH complex 7.9070E-08 3.0310E-07 4.4040E-07 2.1190E-06 2.7840E-05 

Ca8(OH)4 complex 1.3870E-07 1.3650E-06 3.1310E-06 1.9870E-05 1.0273E-04 
CaC03 t.(;~plex 4.6790E-06 1.9700E-05 2.6950E-05 4.0080E-05 5.7180E-05 
Calcite l CaC03 ] 2.4873E-03 6.0463E-03 
Glauberite [ Na2Ca(S04)2 ] 2.7940E-01 
Gypsum [ CaS04.2H20 ] 1.2229E-01 4.3835E-01 

8(OH)3 complex 8.1560E-05 4.0216E-04 S.1001E-04 8.2170E-03 3.8132E-02 
HS04 complex 2.9650E-09 8.3210E-09 1.4850E-08 5.0160E-08 5.9020E-08 
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Figure 4.28. Center profile predicted calcite from soil extracts at four depths (predicted to 
form from 1 L of solution). 
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Figure 4.29. Center profile predicted gypsum from soil extracts at four depths (predicted to 
form from 1 L of solution). 
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Figure 4.30. Center profile predicted glauberite from soil extracts at four depths (predicted to 
form from 1 L of solution). 
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dissolve calcite. The dissolved calcite would be available for transport to greater depths. This 

accounts for the peak concentration of calcite between the S and 12 inch depths. However, this 

may not be the complete explanation, because the distribution of gypsum also has an effect, as 

will be explained below. 

At high concentration factors, the pH was set to 7.8S. For the most part gypsum is the dom­

inant mineral predicted to form in the eastern profile, as can be seen in Figure 4.29. More than 2 

mol/l of gypsum is predicted to form when soil extracts at 0 to S inch and S to 12 inch depths are 

concentrated SOO-fold. At greater depths, the amount of gypsum predicted to form at this con­

centration factor is approximately O.S mol/l. This salt distribution indicates the upward redistri­

bution of salts within the soil profile through the capillary rise of shallow ground "Yater. How­

ever, the ground water did not rise to the surface during the winter of 1989. Also, the profile was 

leached by irrigation during the previous year, which should dissolve the gypsum and redistribute 

this salt downward in the profile. There are two possible explanations as to why more gypsum 

exists at the top of this profile than at the bottom. First, this may be due to the spatial variability 

of the chemical constituents: only one auger hole was dug in this plot. Had more samples been 

taken, a more accurate description of the chemical composition would have been obtained. 

Secondly, the amount of water provided for leaching may not have been sufficient to redistribute 

all of the gypsum within the profile. A comparison of the center and eastern profiles supports this 

viewpoint. Over eight moles of gypsum are predicted to form at the top of the eastern profile, 

while just over 2 moles of gypsum are predicted to precipitate at the top of the center profile. 

The amounts precipitated reflect the initial calcium and sulfate concentrations in the sample. 

Assum'Tl~ the two profiles began with the same amount of gypsum in the soil several years ago, 

the irrigation and leaching of the center profile has been partially successful. Some, but not all, 

of the gypsum has been redistributed downward in the profile. 

Glauberite [Na2Ca(S04hl is predicted to form only at the highest concentration factors. 

Glauberite is a very soluble evaporite, and it forms only under very concentrated solute condi­

tions. Figure 4.30 shows the amounts of glauberite predicted to precipitate. Glauberite is 

I 
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predicted to fonn at lOOO-fold concentration in the 0 to 5 inch soil extract. A small amount of 

glauberite is predicted to fonn in the 12 to 18 and 18 to 24 inch depths at a concentration factor 

of 500. Some leaching of this profile has occurred, because no glauberite is predicted to fonn at 

the top two depths of the center profile at a concentration factor of 500. 

As glauberite fonns, both calcium and sulfate are incorporated into this solid phase, leaving 

little or none of these ions to fonn additional gypsum as the solution is concentrated. Once glau­

berite fonns, it does so at the expense of gypsum fonnation. The amount of gypsum predicted to 

precipitate at the top of the center soil profile levels off because glauberite is also predicted to 

fonn. 

X-ray analysis indicates gypsum and thenardite are ubiquitous in the samples collected 

from the Kesterson Reservoir. Glauberite was not identified in the evaporite samples. This may 

be due to kinetic limitations on the fonnation of glauberite. C SALT, being an eqUilibrium 

model, does not account for kinetic constraints in the fonnation of evaporite minerals. Unlike the 

magnesium-containing carbonate minerals mentioned earlier, glauberite fonns at the pressure . 

and temperatures of the Earth's surface. Harvie et al. (1980), in their study of evapoconcentra­

tion of seawater, predicted the fonnation of glauberite and verified their prediction with the posi­

tive identification of a salt deposit in Gennany. The limitations of C SALT should be recognized 

when the model predictions are being evaluated. 

Tables 4.20 through 4.24 present selected data derived from C SALT for the eastern profile. 

Figures 4.31 through 4.33 present graphically the amounts of solid phases in Tables 4.20 through 

4.24. Figures 4.31 through 4.33 are fonnatted similarly to Figures 4.28 through 4.30. In contrast 

to the center profile, the eastern profile has not been irrigated and leached. 

Speciation of the initial soil extract predicts the fonnation of calcite, with a pH of 8.05. 

Calcite is generally predicted to fonn at a concentration factor of 5, as can be seen in Figure 

4.31. Above this concentration factor, the pH drops below 7.95, allowing gypsum to fonn rather 

than calcite. In the eastern profile, the greatest amount of calcite fonned is at 0 to 5 inch depth. 

The amount of calcite precipitated then decreases with depth. This distribution of calcite typifies 
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Table 4.20. Eastern profile 0 - 5 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 1000 
Ionic Strenght (molal) 0.04226 0.13595 0.18536 1.2654 6.2816 11.705 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 0.00034 
~ 7.9 7.9 7.9 7.9 7.9 7.9 
Density (g/cm"3) 1.0043 1.0121 1.0218 1.0305 1.1073 1.197 
Osmotic Coefficient 0.7849 0.7489 0.7694 0.7607 0.8985 1.2219 
Activity of Water 0.9996 0.9987 0.998 0.9844 0.9103 0.7891 
Temperature (OC) 25 25 25 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 1000 
Na 3.6708E-03 1.8370E·02 3.6782E·02 3.6899E·01 1.9032E+00 3.1001E+OO 
K 2.4847E·04 1.2435E·03 2.4897E·03 2.4977E·02 1.2882E·01 2.6867E·01 
Mg 1.8903E·03 9.4597E·03 1.8940E·02 1.8988E·01 9.7649E·01 2.0263E+00 
Ca 7.0251 E·03 1.1698E·02 1.2837E·02 1.3931 E·02 1.2288E-02 7.1132E·03 
B(OH)4 6.7360E·07 3.4060E·06 6.8360E·06 7.6020E·05 5.8632E·04 1.4108E·03 
CI 2.7956E·03 1.3991 E·02 2.8013E·02 2.8102E·01 1.4494E+00 3.0229E+OO 
S04 1.0414E·02 3.S2S0E·02 4.3935E·02 2.5993E·01 1.2S09E+OO 2.21S3E+OO 
H 1.5340E·08 1.7250E·OS 1.7920E·08 2.2880E·08 1.8330E·OS 9.4200E·09 
OH 1.0000E·06 1.1400E·06 1.1830E·06 1.6790E·06 2.3990E·06 2.7670E·06 
HC03 4.7116E·04 5.2744E·04 5.4339E·04 7.1719E·04 8.9970E·04 1.4184E·03 
C03 3.1860E·06 5.1570E·06 6.0710E·06 2.5130E·05 1.1603E·04 1.5126E·04 
H2C03 1.1710E·Q5 1.1550E·05 1.1450E·05 9.5140E·06 3.9820E·06 1.5390E·06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 1000 
Glauberite_Na2Ca(S04 )2 4.3457E·01 

Mg8(OH)4 complex 1.3090E·08 2.1070E·07 7.6090E·07 3.7900E·05 1.0193E·03 7.126SE·03 
MgC03 complex 2.2470E·06 1.1510E·05 2.3720E·05 3.3814E·04 3.7439E·03 1.2887E·02 
MgOH complex 1.1750E·07 4.2470E·07 7.S760E·07 5.1340E·06 4.SS10E·OS 2.S313E·04 

Ca8(OH)4 complex 7.8400E·08 3.S970E·07 7.S110E·07 3.7S20E·06 1.3420E·OS 2.1420E·OS 
CaC03 complex 1.3270E·OS 2.1790E·OS 2.4770E·OS 3.6070E·OS 6.0330E·OS 5.2390E·OS 
Anhydrite [ CaS04 1 S.1735E+00 
Calcite [ CaC03 1 9.2901 E·94 1.43HiE·02 6.S546E·03 
Glauberite [ Na2Ca(S04)2 1 4.34S7E·01 
Gypsum [ CaS04.2H20 1 1.3S3SE·02 6.0419E·02 7.S694E·01 4.11SSE+OO 

B(OH)3 complex 1.46S0E·OS 7.31S0E·OS 1.4611 E·04 1.4321 E·03 6.3742E·03 8.1117E·03 
HS04 complex 5.80S0E·09 1.5590E·OS 1.S760E·OS 3.7270E·OS 4.SS90E·08 3.33S0E·OS 



- 217-

Table 4.21. Eastern profile 5 - 10 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 
Ionic Strenght (molal) 0.029669 0.11583 0.14673 0.97156 4.6721 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 

I*f 7.97 7.9 7.9 7.9 7.9 
Density (g/cm"3) 1.0038 1.0095 1.0166 1.0236 1.0271 
Osmotic Coefficient 0:8066 0.7408 0.7642 0.7211 0.6925 
Activity of Water 0.9997 0.999 0.9985 0.989 0.9495 
Temperature (OC) 25 25 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 
Na 3.7812E·03 1.S91SE·02 3.7865E·02 3.7921 E·01 1.8997E+00 
K 1.4668E·04 7.3384E·04 1.4688E·03 1.4710E·02 7.3692E·02 
Mg 1.0946E·03 5.4788E·03 1.0965E·02 1.0972E·01 5.4820E·01 
Ca 4.6010E·03 1.1432E·02 1.2384E·02 1.3109E·02 1.7877E·02 
B(OH)4 3.8520E·06 1.6670E·05 3.3330E·05 3.5320E·04 2.256SE·03 
CI 5.5877E·04 2.7956E·03 5.5956E·03 5.6039E·02 2.8073E·01 
S04 7.8756E·03 3.5255E·02 3.S634E·02 2.5014E·01 1.2052E+00 
H 1.2730E·08 1.7000E·OS 1.7540E·08 2.3880E·OS 2.7570E·08 
OH 1.1360E·06 1.1160E·OS 1.1410E·OS 1.53S0E·OS 1.9980E·06 
HC03 5.4512E·04 S.1904E·04 S.3011 E·04 7.2489E·04 9.3086E·04 
C03 3.9430E·06 4.S880E·06 S.1840E·06 1.7210E·OS 7.2S40E·OS 
H2C03 1.1730E·OS 1.1580E·OS 1.150.0E·OS 9.8330E·06 4.8970E·OS 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 

MgB(OH)4 complex 4.7700E·08 S.1440E·07 2.2420E·06 9.SS30E·OS 1.451SE·03 
MgC03 complex 1. 7S00E·OS 6.4410E·06 1.2940E·05 1.S474E·04 1.24S3E·03 
MgOH complex 8.S660E·OS 2.5190E·07 4.7400E·07 2.88S0E·06 1.4100E·OS 

CaB(OH)4 complex 3.2630E·07 1.9110E·06 3.S230E·06 1.S1S0E·OS 5.0670E·OS 
CaC03 complex 1.19S0E·OS 2.0540E·OS 2.24S0E·05 2.6690E·05 S.2590E·OS 
Anhydrite [ CaS04 ] 
Calcite [ CaC03 ] 8.9925E·04 1.1978E·02 2.SS9SE·03 
Glauberite [ Na2Ca(S04)2 ] 
Gypsum [ CaS04.2H20 ] 4.1476E·03 4.0233E·02 S.3970E·01 2.751SE+00 

B(OH)3 complex 7.1470E·OS 3.5951 E·04 7.1860E·04 7.1266E·03 3.4222E·02 
HS04 complex 4.21S0E·09 1.S410E·OS 1.S490E·OS 4.5430E·OS 6.6890E·08 
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Table 4.22. Eastern profile to-15 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 
Ionic Strenght (molal) 0.043577 0.1496 0.23726 1.9697 10.149 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 
pH 7.98 7.9 7.9 7.9 7.9 
Density (g/cm"3) 1.0044 1.0125 1.0226 1.0808 1.3242 
Osmotic Coefficient 0.8063 0.7711 0.7719 0.7038 0.7943 
Activity of Water 0.9996 0.9984 0.9972 0.9775 0.8746 
Temperature (OC) 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 
Na 8.4221 E·03 4.2145E·02 8.4381 E·02 8.4977E-Ol 4.4990E+OO 
K 2.4647E·04 1.2334E·03 2.4694E-03 2.4868E-02 1.3166E·Ol 
Mg 2.1560E·03 1.0793E·02 2.1605E·02 2.1720E-Ol 1.1407E+00 
Ca 5.1892E·03 1.2487E·02 1.2354E·02 1.5630E-02 1.8033E·02 
B(OH)4 1.028JE·05 4.3700E·05 8.8080E-05 1.0023E·03 9.0739E-03 
CI 1.3202E·03 6.6063E·03 1.3227E·02 1.3320E·Ol 7.0522E·01 
S04 1.1796E·02 3.8875E·02 5.9478E-02 4.8996E-01 2.5291E+00 
H 1.2900E·08 1.7SS0E·OS 1.S7S0E-OS 2.6410E-OS 2.04S0E·OS 
OH 1.1910E·06 1.1430E·06 1.2100E·06 1.7260E·06 1.8790E·06 
HC03 5.7138E·04 5.3161 E·04 5.6SS8E·04 8.1697E-04 1.1721 E-03 
C03 4.5770E·06 5.2220E·06 6.6100E·06 3.0S70E·05 1.1718E·04 
H2C03 1.1710E-05 1.1480E·05 1.1280E-05 8.1070E-06 1.6610E-06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 

Mg8(OH)4 complex 2.1S40E·07 2.S660E·06 9.3070E-06 3.7250E-04 9.5044E-03 
MgC03 complex 3.5940E·06 1.2730E·05 2.5810E·05 3.5485E·04 3.5382E-03 
MgOH complex 1.S4S0E-07 4.62S0E·07 8.02S0E·07 5.1100E-06 4.2930E-05 

CaB(OH)4 complex 8.3840E·07 5.0120E·06 7.9090E-06 3.3140E-05 1.3276E-04 
CaC03 complex 1.3670E·05 2.2660E-05 2.2520E-05 3.5540E·05 6.5810E-05 
Anhydrite [ CaS04 ] 
Calcite [ CaC03 ] 1.8916E·03 2.8391 E-03 
Glauberite [ Na2Ca(S04)2 ] 
Gypsum [ CaS04.2H20 ] 2.0152E·02 5.8703E·02 7.0020E-Ol 3.7720E+OO 

8(OH)3 complex 1.S713E·04 9.4161 E-04 1.SS32E·03 1.8607E-02 8.6475E-02 
HS04 complex 5.7230E·09 1.5510E·OS 2.0440E-08 5.6540E-OS 5.9690E·08 
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Table 4.23. Eastern profile 15-20 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 
Ionic Strenght (molal) 0.035303 0.14814 0.24079 2.0449 14.053 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 
pH 8.06 7.8 7.8 7.9 7.9 
Density (g/cm"3) 1.0039 1.0099 1.0173 1.0793 1.3206 
Osmotic Coefficient 0.8416 0.786 0.7857 0.7194 0.9528 
Activity of Water 0.9996 0.9983 0.997 0.9752 0.826 
Temperature (DC) 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 
Na 9.1468E-03 4.S760E-02 9.1S88E-02 9.2448E-01 4.6190E+00 
K 2.6442E-04 1.3228E-03 2.6476E-03 2.672SE-02 1.4202E-01 
Mg 2.0821 E-03 1.0434E-02 2.0881 E-02 2.1034E-01 1.1070E+00 
Ca' 3.3081 E-03 1.3340E-02 1.2833E-02 1.6S24E-02 1.8646E-02 
B(OH)4 9.2120E-06 2.64S0E-OS S.3470E-05 7.810SE-04 8.107SE-03 
CI 2.4456E-03 1.223SE-02 2.4488E-02 2.4718E-01 1.313SE+00 
S04 9.117SE-03 3.S3S0E-02 S.6867E-02 4.6086E-01 2.2329E+00 
H 1.0560E-08 2.2040E-08 2.3S40E-08 2.S220E-08 1.S840E-08 
OH 1.3980E-06 9.0S20E-07 9.6120E-07 1.71S0E-06 4.1S40E-06 
HC03 6.8096E-04 4.1938E-04 4.S194E-04 8.168SE-04 4.S706E-04 
C03 6.2200E-06 3.2800E-06 4.2160E-06 3.1630E-OS 1.9045E-04 
H2C03 1.1720E-OS 1.1480E-OS 1.1270E-OS 8.0380E-06 1.0130E-06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 
Glauberite [ Na2Ca(S04)2 ] 1.4688E-01 

MgB(OH)4 complex 2.0300E-07 1.7120E-06 S.5240E-06 2.8939E-04 9.3368E-03 
MgC03 complex 5.0290E-06 7.8160E-06 1.S910E-OS 3.S498E-04 4.8S63E-03 
MgOH complex 1.8840E-07 3.S820E-07 6.14S0E-07 4.9420E-06 6.06HOE-OS 

CaB(OH)4 complex S.2230E-07 3.3S00E-06 S.0860E-06 2.8640E-OS 1.4340E-04 
CaC03 complex 1.2730E-OS 1.S480E-OS 1.4980E-OS 3.9180E-OS 9.7780E-OS 
Anhydrite [ CaS04 ] 
Calcite [ CaC03 ] 1.400SE-03 
Glauberite [ Na2Ca(S04)2 ] 1.4688E-01 
Gypsum [ CaS04.2H20 ] 1.0264E-02 3.4427E-02 4.6066E-01 2.3704E+OO 

B(OH)3 complex 1.3963E-04 7.1677E-04 1.4336E-03 1.4013E-02 6.2496E-02 
HS04 complex 3.9610E-09 1.7600E-08 2.4310E-08 S.0960E-08 3.48S0E-08 
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Table 4.24. Eastern profile 20-24 inches 1:5 soil water extract data. 

Thermodynamic Data 

Concentration Factor 1 5 10 100 500 
Ionic Strenght (molal) 0.032313 0.14062 0.21773 1.762 9.0858 
PC02 (atm) 0.00034 0.00034 0.00034 0.00034 0.00034 
p-I 8.05 7.9 7.9 7.9 7.9 
Density (g/cm A3) 1.0038 1.0093 1.0163 1.0774 1.3046 
Osmotic Coefficient 0.8359 0.7702 0.7734 0.7067 0.7604 
Activity of Water 0.9996 0.9985 0.9975 0.9798 0.8917 
Temperature (OC) 25 25 25 

Concentrations of Ions (molal) 

Concentration Factor 1 5 10 100 500 
Na 8.0286E·03 4.0164E·02 8.0381 E·02 8.1008E·01 4.2909E+00 
K 1.7461E·04 8.7351 E·04 1.7482E·03 1.7618E·02 9.3321 E·02 
Mg 1.6585E·03 8.3070E·03 1.6625E·02 1.6746E·01 8.8531 E·01 
Ca 3.3201 E·03 1.2251 E·02 1.2129E·02 1.4788E·02 1.7833E·02 
B(OH)4 8.2460E·07 2.9890E·06 6.0210E·06 6.8220E·05 6.0128E·04 
CI 1.2173E·03 6.0896E·03 1.2187E·02 1.2282E·01 6.5058E·01 
S04 8.6493E·03 3.7827E·02 5.6385E·02 4.6061 E·01 2.3792E+00 
H 1.0640E·08 1.7430E·08 1.8530E·08 2.5930E·08 2.1780E·08 
OH 1.3700E·06 1.1350E·06 1.1960E·06 1.6860E·06 1.8740E·06 
HC03 6.6691 E·04 5.2941 E·04 5.6488E·04 8.2470E·04 1.1774E·03 
C03 5.8810E·06 5.0690E·06 6.2970E·06 2.7350E·05 1.0523E·04 
H2C03 1.1720E·05 1.1500E·05 1.1330E·05 8.3980E·06 2.0100E·06 

Amounts of Compounds (mol/kg) or (mol) 

Concentration Factor 1 5 10 100 500 

MgB(OH)4 complex 1.4830E·08 1.5430E·07 5.0700E·07 2.1230E·05 5.3831 E·04 
MgC03 complex 3.8870E·06 9.7560E·06 1.9720E·05 2.6754E·04 2.6876E·03 
MgOH complex 1.5090E·07 3.6090E·07 6.3030E·07 4.0980E·06 3.4130E·05 

CaB(OH)4 complex 4.8100E·08 3.4280E·07 5.4890E·()7 2.3090E·06 9.6140E·06 
Cae03 complex 1.2400E·05 2.2110E·05 2.1930E·05 3.2820E·05 6.3810E·05 
Anhydrite [ CaS04 ] 
Calcite [ CaC03 ] 8.9854E·04 3.4521 E·03 
Glauberite [ Na2Ca(S04)2 ] 
Gypsum [ CaS04.2H20 ] 5.4410E·03 3.0?09E·02 4.1209E·01 2.2434E+OO 

B(OH)3 complex 1.2680E·05 6.4400E·05 1.2878E·04 1.2774E·03 6.1029E·03 
HS04 complex 3.8960E·09 1.5530E·08 2.0190E·08 5.8240E·08 6.8300E·08 
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Figure 4.31. Eastern profile predicted calcite from soil extracts at five depths (predicted to 
form from 1 L of solution). 



- 222-

O· 5 inches 
1 

a • Anhydrite [ CaS04 ] 
111 • Gypsum [ CaS04,2H20 ] QI a '0 
~ 4 

2 

400 aoo aoo 1000 
1 

5 ·10 inches a 
111 
QI a -0 

~ 4 

2 

0 
0 200 400 600 aoo 1000 

1 10 . 15 inches 
a 

111 a (I) 

'0 4 ~ 

400 aoo aoo 1000 
1 15 • 20 inches 
a 

111 
(I) a '0 
~ 4 

2 

200 400 aoo aoo 1000 
1 20 • 24 inches 

00 
QI 
'0 
~ 

200 400 aoo aoo 1000 

Concentration Factor 

Figure 4.32. Eastern profile predicted gypsum from soil extracts at five depths (predicted to 
form from 1 L of solution). 
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Figure 4.33. Eastern profile predicted glauberite from soil extracts at five depths (predicted to 
fonn from 1 L of solution). 
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a distribution. without leaching, with most of the calcite occuning near the top of the profile. 

Gypsum is the dominant mineral predicted to fonn in the eastern profile, as can be seen in 

Figure 4.32. At all depths and at a concentration factor of 500, approximately 3 to 4 moles of 

gypsum are predicted to precipitate. The amount of gypsum predicted slightly decreases with 

depth. However, the similarity in the amounts of gypsum predicted to fonn reinforces the fact 

that this profile has not been leached. 

At a concentration factor of 1,00Q, a phase change from gypsum to anhydrite occurs in the 

surface depth because the activity of water drops below 0.78. The unhydrated fonn of calcium 

sulfate is more stable than the hydrated fonn when the activity of water is lowered. 

Glauberite is predicted to fonn only at the highest concentration factors used. Figure 4.33 

presents amounts of glauberite predicted to precipitate. Glauberite fonns at lOoo-fold concentra­

tion in the 0 to 5 inch soil extract. No glauberite is predicted to fonn in the 5 to 10, 10 to 15, or 

20 to 24 inch depths. A small amount of glauberite is predicted to fonn in the 15 to 20 inch 

depth, at a concentration factor of 500. The precipitation of glauberite in the 15 to 20 inch depth 

and the absence of precipitation in the other depths at a concentration factor of 100 are due to 

slight differences in the speciation of the initial soil extract. The differences may be due to spa­

tial variability. 

At elevated concentration factors the fonnation of glauberite reduces the further precipita­

tion of gypsum, as was seen in the center profile. However, both the scale in Figure 4.33 and the 

relatively small amount of glauberite mask the deviation from linearity shown in Figure 4.30. 

Neither thenardite nor mirabilite [Na2S04 'lOH20] is predicted to fonn, yet thenardite is a 

major evaporite identified by X-ray diffraction of field samples. C SALT may predict the fonna­

tion of these minerals at higher concentration factors. A 500-fold concentration of a solution 

should provide a good estimation of the extent of soil-water evapoconcentration. On the other 

hand, the initial concentrations of the soil extract are relatively dilute. Another possible explana­

tion is that there are kinetic limitations to the fonnation of glauberite. If glauberite is slow in 

fonning, the sodium concentrations would be elevated over those predicted. Sodium-sulfate 
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solid phases would then have the opportunity to fonn at these elevated sodium concentrations. 

4.4.3.2. Particle Size Analysis and Clay Mineralogy 

A particle size analysis of the top and bottom samples from each auger hole in Pond 7 was 

conducted, following procedures for mineral analysis given by Jackson (1969). All samples were 

sandy clay loams with an average clay content of 29.4% and an average sand content of 58.7%. 

Each of the four samples was also treated and X-rayed to identify the major aluminosili­

cates minerals in the clay fraction, (Jackson, 1969). The major aluminosilicate mineral in all 

samples was smectite. The samples also contained varying amounts of vermiculite, mica, and 

kaolinite. 

4.4.3.3. Formation of Salt Crusts on Clods 

Ten clods, each approximately 5 x 5 x 5 cm, were collected from the tilled plot in Pond 7. 

They showed visible accumulation of salts within the macropores. The clods were coated with 

paraffin on all sides, except for the top and bottom, and placed in separate petri dishes. Distilled 

water was then added to the petri dishes to provide a medium for salt redistribution. Upward 

movement of water, driven by evaporation from the top surface of the clods, resulted in the redis­

tribution of salts in the clods. Over a period of two to three weeks, salt crusts fonned on the top 

surface of the clods. 

An X-ray analysis of the salt crusts identified g!'Psum, thenardite, and trona 

[NaZC03 . NaHC03 . 2HzO] as the major evaporite minerals. The presence of these minerals 

indicates that the dominant solutes within the clod water are Na+, Caz+, SO~-, HCOj, and CO~-. 

Given the chemical composition of the ground water at Kesterson Reservoir, minerals composed 

from these solutes are expected. 

4.4.3.4. Identification of Field Evaporite Samples 

Two evaporite samples were collected from Kesterson Reservoir. An X-ray analysis of 

these samples indicates that thenardite is the dominant mineral in both samples. Gypsum, anhy-



- 226-

drite, nahcolite [NaHC03 ], nesquehonite and halite [NaO] may also be present in trace quanti­

ties. Nesquehonite is rarely identified in soil samples. Its identification may be the result of 

interference from the other minerals present in the sample. 

Figure 4.34 shows a typical X-ray diffractogram of a field evaporite sample. This 

diffractogram identifies two evaporites: thenarditeand gypsum. Also, many diffractogram peaks 

are not identified. These peaks are probably from silicate minerals that are inseparably incor­

porated in the field samples, or from trace amounts of other evaporites. 

The identification of these minerals in natural surface salts is consistent with those 

identified in artificially formed crusts on clods. In both cases, the dominant ions making up the 

minerals are Na+, Ca2+, SO~-, HCO'3, and CO~-. 

4.4.3.5. Leaching Studies 

Soil columns were packed with 50 g of < 2 mm soil from surface horizons (0 to 5 inches) in 

Pond 7 (center and east auger holes correspond to leached and unleached sites, respectively). 

The soil columns were leached with distilled water, and 50 mL of effluent were collected every 

24 hOUTS. Table 4.25 contains electrical conductivity (EC), major cations and anions, B, Se and 

pH in the effluents. 

In Figure 4.35, EC is plotted as a function of time. An initial flushing out of soluble salts is 

seen, followed by relatively constant EC for about five days. Effluents from the center column 

(leached site) show that EC dropped rapidly to about 0.16 dS m-1• In contrast, effluents from the 

eastern column (unleached site) had a constant EC of about 2 dS m-1 between days 3 through 6. 

This constant EC is attributed to the dissolution of gypsum during leaching. The EC decreased 

on day 7, indicating that gypsum was being depleted in the soil column. 

Figure 4.36 presents pH measurements in the effluents. The pH from th~ center, leached 

soil was lower than the eastern, unleached soil. The pH in the effluents from the latter soil 

column increased from 7.4 to about 7.7 and remained at that pH level. 

Tables 4.26a and 4.26b and kFigures 4.37a and 4.37b contain plots of major solute species 
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Table 4.25. Analyses of effluents from soil columns packed with 0 to 5 inch 
depths from Pond 7 soils 

Day EC pH Cl S04 Ca Mg Na K B 
dSm-1 mgL-1 

Center, leached site 

1 4.39 7.0 411 12926 526 183 459 23.6 7.23 
2 2.67 7.1 2 3317 541 119 28 13.5 1.42 
3 2.34 7.1 6 2838 529 58 19 15.4 0.82 
4 2.15 7.0 7 2519 516 2 14 11.7 0.57 
5 2.09 7.1 5 2838 521 7 5 9.6 0.43 
6 1.75 7.2 2 1835 422 1 3 7.4 0.50 
7 0.96 7.2 0.1 426 416 1 2 9.3 0.11 

East unleached site 

1 6.22 7.4 100 3247 435 206 1070 17.8 6.47 
2 2.40 7.5 108 1511 479 120 28 10.8 1.20 
3 0.72 7.6 0.5 294 133 14 7 3.2 0.50 
4 0.22 7.8 0.4 35 35 3 6 2.2 0.31 
5 0.16 7.7 0.4 10 23 2 4 1.9 0.22 
6 0.14 7.7 0.5 7 22 2 4 1.1 0.17 
7 0.13 7.6 0.6 3 18 2 5 0.0 0.29 

Se 
Jlg L-1 

2.19 
0.76 
1.03 
0.58 
0.68 
0.54 
0.63 

1.37 
0.65 
0.75 
0.62 
0.65 
0.56 
0.87 
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Figure 4.35. Leaching studies - EC vs. time. 
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Figure 4.36. Leaching studies - pH vs. time. 



- 230-

in effluents vs. time with concentrations expressed in mmol(c)ll or meq L -1. For the column from 

the center, leached soil (Figure 4.37a) the concentrations of all constituents decreased after the 

second day to less than 2 mmol/l. The dominant ions in the leachate were Na+ and SOa-, 

perhaps reflecting the presence of small quantities of thenardite. After the first leachate, Na+ 

concentration dropped off rapidly while SO~- and Ca2+ remained at elevated concentrations, 

most probably from the dissolution of gypsum. 

In contrast, Figure 4.37b shows a different leaching pattern from the column prepared from 

the eastern, unleached soil. Corresponding to the constant EC in the effluents, SOa- and Ca2+ 

concentrations remained at elevated levels until day 7 when gypsum began to be depleted. 

Figures 4.38a and 4.38b show leaching patterns of B in mg/l, Se in J.lg/l, and Na+ and Ca2+ 

in mmol (c)n.. Boron is plotted in mg/l multiplied by 100 and Se as J.lg/l multiplied by 50. 

Although definite comparisons among these constituents cannot be made without additional data, 

some intersting inferences are possible. For instance, the leaching pattern of B follows closely to 

that of the rapidly decreasing concentrations of Na+ in both columns. X-ray analysis revealed 

that most of the Na+ is in the form ofthenardite. Boron seems to be related to the dissolution of 

thenardite. In contrast, Se in the effluents after the initial flush from both columns was relatively 

constant in concentration. Selenium does not appear to be associated with either thenardite nor 

gypsum to a great degree. Recall that the unleached soil contained gypsum. The selenium 

leached apparently is from the adsorbed phase. These apparent relationships require further 

research. 
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Table 4.26a. Ion concentrations from leaching studies, center column. 

Day Cl 804 Ca Mg Na K B 

1 11.59 80.69 26.21 15.09 19.95 0.6 0.68 
2 0.05 73.02 26.97 9.82 1.23 0.34 0.13 
3 0.17 61.62 26.39 4.8 0.83 0.39 0.08 
4 0.2 54.7 25.74 1.84 0.6 0.3 0.05 
5 0.13 61.64 25.97 0.55 0.22 0.25 0.04 
6 0.05 39.86 21.04 0.12 0.13 0.19 0.05 
7 0 9.26 20.72 0.12 0.08 0.24 0.01 

I 
Table 4.26b. Ion concentrations from leaching studies, east column. 

Day Cl 804 Ca Mg Na K B 

1 2.81 70.51 21.71 16.98 46.54 0.46 0.61 
2 3.06 32.81 23.91 9.86 1.22 0.28 0.11 
3 0.01 6.4 6.66 1.16 0.29 0.08 0.05 
4 0.01' 0.76 1.76 0.22 0.26 0.06 0.03 
5 0.01 0.21 1.16 0.15 0.18 0.05 0.02 
6 0.02 0.16 1.07 0.14 0.18 0.03 0.02 
7 0.02 0.06 0.89 0.13 0.21 0 0.03 
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4.5. THE EFFECT OF IRRIGATION STRATEGY ON DISSIPATION OF SELENIUM 

D. A. Goldhamer, 
9240 South Riverbend Ave. 
Kearney Agricultural Center 
Parlier, California 93648 

M.H.Alemi, 
Land and Water Resources Dept. 
University of California, Davis 

4.5.1. Objectives 

The effects of surface and subsurface irrigation and irrigation frequency on the vertical 

movement and volatilization of selenium in Kesterson Reservoir sediments have been evaluated 

under greenhouse conditions using large columns planted with native vegetation. 

4.5.2. Experimental Plan 

Sediments from Pond 7 of Kesterson Reservoir were collected from 0-15,15-30,30-60, and 

60-100 cm depth intervals and brought to the greenhouse (UC Davis). Subsequently sediments 

were air-dried in the greenhouse over a three-week period. Sediments from each depth increment 

were sieved and thoroughly mixed to get a homogeneous material. Sediment columns approxi-

mately 1 m in length and 15 cm (in diameter) were packed and placed in a controlled temperature 

chamber inside greenhouse. The top of the columns are exposed to the greenhouse conditions at 

temperatures similar to dry season at the Kesterson Reservoir. Two sets of columns were 

;,repared. In one case sediments were packed in the same order as collected from the reservoir. 

These set of columns are referred to as non-filled sediments. In another case, 30 em of fill 

material which has been used to fill the low areas of Kesterson ponds was placed on the top of 

the upper 65 cm pond sediments (0~15, 16-30, and 5 cm material from the 61-100 cm layer). This 

was done to simulate the filled areas of the ponds and are referred to as filled sediments. A 3 cm 

sand layer was placed at the bottom of all surface irrigated columns to facilitate the drainage 
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from the bottom of the profile. Figure 4.39 shows the layering of the columns for both filled and 

non-filled sediments. Initially aqueduct water was applied from the bottom of the columns at 

zero pressure to wet the columns by capillary-driven infiltration. After wetting was complete 

monitoring instruments were installed and soil samples were taken for water extracted (1 :5) and 

acid-extractable (perchloric acid) Se analysis. Native plants (saltgrass) were transplanted to 

these columns. Irrigation started by applying aqueduct water. Three irrigation frequencies 

(weekly- W, biweekly- BW, and triweeldy- TW) were used. To simulate surface irrigation, water 

is applied at a rate less than or equal to the rate of evapotranspiration. An automatic drip irriga­

tion system was installed to apply irrigation water. The actual evapotranspiration was measured 

in a separate column by weighing the column weeldy. An estimate of actual evapotranspiration 

was obtained from the average of the evapotranspiration obtained from weighing technique and 

the amount of water used in subirrigation columns (discussed later). Thermocouples, redox 

potential electrodes, and tensiometers were installed (see Figure 4.39) for monitoring soil tem­

perature, redox potential, and soil water pressure head, respectively. Porous cups were installed 

at various depths (Figure 4.39) for soil water sampling. 

To determine the soil zone from Which selenium volatilization might occur, soil air gaseous 

selenium was sampled at various depths periodically for volatile selenium analysis. A perforated 

stainless steel tube ("gas probe") was installed at various depths (Figure 4.39 and 4.40) to col­

lect gaseous selenium samples from soil air. After purging the probe with nitrogen gas, a char­

coal cartridge containirg 0.4 g of charcoal filter was placed into the probe and remained there for 

a period of 24 hrs or more. A hydrogen peroxide-sodium hydroxide solution was used for 

extracting seler'!l1m from the charcoal. The solutions were heated at 90 °C and sent to the lab for 

analysis. Selenium gas sampling was performed prior to and after irrigation. Volatilization of 

selenium from the soil surface and plant canopy were measured before and after irrigation by 

covering the plants and circulating the air inside the chamber through a selenium gas washing 

assembly (Figure 4.40). A hydrogen peroxide-sodium hydroxide solution was used for gas wash­

ing. The solution was heated for about one hour at 90 °C and sent to the laboratory for selenium 
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analysis. Soil solution samples were collected one day after irrigation from various depths. The 

soil solution samples were sent to the laboratory for analysis as soon as possible and analyzed for 

selenite and total selenium. Effluent samples were collected for the duration of the irrigation 

interval when applicable and were analyzed for acid-extractable selenium. 

To simulate subirrigation, water was applied continuously at a suction of approximately 50 

cm from the lower end of another set of columns which had the same diameter as the surface irri­

gation columns but had a length of 50 em. A 20 ml porous cup was used to apply the water at 50 

cm suction. The depth of fill material in subirrigation columns was 15 cm. Both bare and 

vegetated columns were tested. Saltgrass was planted in the columns. The subirrigation columns 

were monitored for surface volatilization only. The actual evaporation from bare columns and 

evapotranspiration was measured from the volume of water used in subirrigation. Saltgrass was 

clipped and nitrogen-phosphorus-potassium fertilizer was applied on 7-1-89. 

4.5.3. Results 

The distribution of selenium in the soil profile before irrigation for the filled and non-filled 

sediments is shown in Figure 4.41. The distribution of water extractable selenium in the soil 

before wetting and after wetting (microgram/kg) and selenium concentration in the soil solution 

(microgram/liter) for triweekly surface irrigated columns after application of 3.8 (3-9-89) and 

26.5 (4-27-89) cm of irrigation water for both filled and non-filled sediments are shown in Figure 

4.42. Selenium concentration increased in the surface layer following the upward wetting pro­

cess. It was then dissipated by volatilization and leaching process after surface irrigation ini­

tiated. The concentration of selenium in soil solution for both filled and non-filled sediments irri­

gated biweekly after application of 26.5 (4-27-89),54.0 (6-8-89), and 77.0 (7-19-89) cm of irriga­

tion water are presented in Table 4.27. Selenium concentration in soil solution decreased with 

time for both filled and non-filled sediments, perhaps due to volatilization and immobilization 

processes. The concentration of selenium in soil solution for filled sediments irrigated biweekly 

and triweekly are presented in Table 428. Selenium concentration was generally higher for 

triweekly irrigation compared with the biweekly irrigation. Similar results were obtained for the 
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Table 4.27. Concentration of selenium in soil solution (Jlg/l) for filled (F) and 
non-filled (NF) sediments. Biweekly irrigation. 

Date 4{27/89 6/8/89 7/19/89 
ColumnNo./ II VIII II VII II VIII 

Depth (F) (NF) (F) (NF) (F) (NF) 

-7.5 65 1080 0.2 359 2.7 128 
-22.5 1344 668 21 1132 4.0 247 
-37.5 42 17 5.2 
-45.0 28 NA NA 
-52.5 9.7 15 18 
-75.0 1.7 16 2.0 NA 9.6 11 

NA not analyzed 

Table 4.28. Concentration of selenium in soil solution (Jlg/l) for filled sediments 
irrigated biweekly (BW) and triweekly (TW). 

Date 4{27!89 6/8/89 7/19/89 
ColumnNo./ II VIII II VII II VIII 

Depth (BW) (TW) (BW) (TW) (BW) (TW) 

-7.5 65 152 0.2 0.9 2.7 38 
-22.5 134 1295 21 9.8 4.0 31 
-37.5 42 61 17 30 5.2 39 
-45.0 29 
-52.5 9.7 18 15 17 18 48 
-75.0 1.7 2.8 2 5.3 9.6 12 

I 



- 243-

non-filled sediments. The concentration of selenium in soil solution for triweekly irrigation 

increased from 6-8-89 to 7-19-89 due to addition of fertilizer perhaps as a result of increased bio­

logical activity. 

Selenium volatilization from the soil surface measured on 4-27-89, after irrigation (Figure 

4.43), was the highest for sediments with saltgrass which were irrigated triweekly by surface irri­

gation and was minimum for the sediments with saltgrass which were irrigated weekly (surface 

irrigated columns had received 26.5 cm and subirrigated columns had used 16.4 and 3.5 cm of 

water for the vegetated and bare columns, respectively). Addition of fill material to the top of the 

columns reduced the volatilization rate drastically. Selenium volatilization was lower for subirri­

gation than for surface irrigation. The soil surface stayed dry for the subirrigation columns and 

lack of moisture was perhaps the limiting factor for lower volatilization rate in bare columns. For 

both surface irrigation and subirrigation with saltgrass, more volatilization was observed in non­

filled sediments than with filled sediments. The same was true for bare columns with subirriga­

tion. As shown in Figure 4.44, for surface irrigation selenium volatilization was higher after irri­

gation (4-27-89) than before irrigation (4-25-89) for the low frequency irrigation (triweekly), 

while more selenium volatilization Was observed before irrigation than after irrigation in the high 

frequency irrigation (weekly). Thus, indicating the effect of moisture regime on mechanisms of 

volatilization and diffusion of gas from soil to the atmosphere. Average selenium volatilization 

before and after irrigation following application of 3.8 (3-9-89), 26.5 (4-27-89), 54.0 (6-8-89), 

and 77.0 (7-19-89) cm of irrigation water for both filled and non-filled sediments are shown in 

Table 4.29. Volatilization rate decreased with time, perhaps due to a lower soluble selenium con­

centration and microbial activity. The rate of volatilization measured on 7-19-89 was higher than 

that measured on 6-8 .. 89 due to application of fertilizer. 

Mass of selenium volatilized over the 8 month period (assumed period of active volatiliza­

tion) was calculated by integrating the measured values over time and extrapolated to the 8 

month period (Figure 4.45). The maximum amount of selenium volatilized was 8 gram/acre/ 8 

months for the triweekly irrigated non-filled sediments. 
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Table 4.29. Average rate of selenium volatilization from soil surface Jlg/m2-day) 

Filled (F) Non-filled (NF) 
Date No. Days BW TW W BW TW 

IV xn VII VIII XI 

3(28/89 6.6 4.4 8.2 10.6 7.2 
30 

4(27/89 1.0 2.7 5.0 5.3 6.0 
42 

6/8/89 2.7 2.7 2.7 0.6 4.3 
42 

7/19/89 1.5 1.7 7.6 6.0 15.5 

Selenium volatilization measured from within the soil profile indicates that selenium can be 

volatilized from the deeper layers and volatilization rate is influenced by wetting and drying 

cycles. Figure 4.46 shows the selenium volatilization rate measured within the columns after the 

columns had received 26.5 cm of irrigation water. Maximum volatilization rate occurred near 

the soil surface for the non-filled sediments and decreased with soil depth. The volatilization 

was more after irrigation than before irrigation. There was more volatilization in the biweekly 

irrigated column than the triweekly irrigated column. Selenium volatilization in the filled sedi-

ments increased with depth of fill material and the maximum occurred at the interface between 

the fill material and sediments which coincides with the location of maximum selenium concen-

tration measured in soil solution (see also Figure 4.42). 

Profile-averaged rate of selenium volatilization within the soil profile for filled sediments 

irrigated biweekly and triweekly after application of 26.5, 54.0, and 77.0 cm of irrigation water 

are presented in Figure 4.47. Selenium volatilization rate was higher for biweekly irrigation 

compared with triweekly irrigation. Average rate of volatilization declined from 4-27-89 to 

6-8-89 but increased following application of fertilizer. Average selenium volatilization for 

non-filled sediments for weekly, biweekly, and triweekly irrigation after application of 26.5, 

54.0, and 77.0 of irrigation water are presented in Figure 4.48. Similar to the filled sediments, 

selenium volatilization was the highest for biweekly irrigation. Rate of volatilization increased 

with application of fertilizer. Comparing Figure 4.47 and 4.48, profile-averaged selenium 
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volatilization appeared to be higher for filled sediments than non-filled sediments. However, due 

to the limited number of sampling points along the length of the column, this may be an artifact 

of the sampling procedure. Also, inferences about selenium dissipation rates, based on the quan­

tity of volatile selenium residing in the profile, are premature due to a limited understanding of 

the factors affecting transport of volatile selenium from the soil to the atmosphere (see Section 

4.9). 

In summary, the study findings indicate that volatilization occurs both from the soil surface 

and within the profile and the rate seem to be dependent on the moisture regime, presence of 

plants, and fill material. It also indicates the importance of irrigation frequency and the drying 

and wetting cycles on the mechanisms of volatilization and diffusion. Optimizing these factors to 

provide for the most rapid rate of dissipation requires further investigation. 
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4.6. SALT AND BORON TOLERANCE OF PROSPECTIVE FORAGE SPECIES FOR 
RECLAMATION OF SELENIUM - CONTAMINATED SOILS 

D. R. Parker and A. L. Page, 
Department of Soil and Environmental Sciences, 
University of California, Riverside 

The focus of this study is on perennial forage species as candidate crops for vegetation of 

Kesterson soils. The rationale for this focus include (i) rapid establishment and initiation of 

selenium removal, (ii) potential persistence of the crop, (iii) potential for a deep and extensive 

root system that will bring subsoil selenium to the surface, and (iv) disposal options that include 

use as a feed additive or soil amendment on the east side of the San Joaquin Valley where soils 

are selenium-deficient. 

The primary criteria for crop selection are tolerance of the adverse soil conditions present 

at Kesterson, especially the elevated levels of salinity, boron, and other trace elements. In addi-

tion, plants that take up significant quantities of selenium may be desirable for enhancement of 

selenium dissipation strategies. Candidate plants were selected based on reported tolerance to 

salinity, or in a few cases, reportedly high selenium uptake potential. In no instance were we 

able to obtain complete information regarding salinity tolerance, B tolerance, and selenium 

uptake characteristics from the literature. Consequently, the objectives for this phase of the 

study were to carefully evaluate the salinity and B tolerance of a number of promising perennial 

grasses and legumes, and to initiate studies on growth and selenium uptake in Kesterson soils. 

4.6.1. Materials and Methods 

All seeds were obtained from reliable commercial sources (generally certified seed) or 

government/university germplasm repositories. Grass species selected for study included tall 

wheatgrass (Elytrigia pontica), streambank wheatgrass (E. lanceolatus), basin wildrye (Leymus 

cinerius), Russian wildrye (Psathyrostchys juncea), alkali sacaton (Sporobolus airoides) , tall 
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fescue (Festuca arundinacea), Indian ricegrass (Oryzopsis hymenoides) , and alkaligrass (Puc­

cinellia distans). Legumes selected included strawberry clover (Trifolium jragiferrum), Califor­

nia burclover (Medicago polymorpha), koa haole (Leucaena ieucocephaIa), and four species of 

Astragalus: A. bisulcatus. A.falcatus, A. ponticus. and A. racemosus. 

Gennination tests were conducted by placing three 9-cm disks of Whattnan No. 1 filter 

paper in a disposable 10 x 1.5 em petri dish, and moistening the filter paper with 6 mL of the test 

solution. Twenty-five seeds were placed on the filter paper, and the dish was covered and placed 

in a constant-temperature incubator in the dark.. Eachday, evaporative losses were estimated by 

weighing a 'blank' (no seeds) dish, and the appropriate amount of deionized water added to each 

dish. Gennination was considered to have occurred when the emerging radicle was ~ 0.5 cm in 

length. 

In conjunction with infonnation in the literature, preliminary experiments were conducted 

to detennine the optimum time, temperature, and pretreattnent for germination of each 

line/cultivar tested. Optimal gennination times were taken to be the time required to achieve 

85-95% of maximal gennination; this approach yielded both near-maximum germination in the 

controls and high unifonnity among radicle lengths. The conditions imposed for the salinity and 

boron tolerance tests are presented in Table 4.30, along with the percent germination in the con­

trol (zero added salinity or B) solutions. Mechanical scarification of the legume seeds was done 

by gently rubbing the seeds between two sheets of either 80 or 180 grit sandpaper. The O. 

hymenoides seed was scarified by soaking in 67% H2S04 for 40 min. In addition, this species 

required the inclusion of 100 ~ gibberilic acid (GA3) in the germination solutions. Even with 

these treattnents, however, germination of the cultivar 'Nezpar' was too low (Table 4.30) to yield 

any reliable tolerance infonnation. 

The germination response of each line/cultivar to salinity was evaluated using 8 salinity 

levels with three replications. Solutions contained a basal level of 0.5 mM CaCI2 and added salts 

at 0 to 400 meq/L. Salts were a mixture of Ca. Mg. Na, CI, and S04 designed to mimic soil solu­

tions representative of those occurring at Kesterson (Table 4.31). The resulting electrical con-
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Table 4.30. Summary of germination conditions. 

Germination 
Species Cultivar/Line Pretreatment Temp. Time in Controls 

°c h % 

Trifolium Salina 180 sandpaper 20 72 90 
jragiferrtf,m o 'Connors 180 sandpaper 20 72 91 

Palestine 180 sandpaper 20 72 80 
PI 24515 180 sandpaper 20 72 82 
PI 206919 180 sandpaper 20 72 97 
PI 284267 180 sandpaper 20 72 89 
PI 325500 180 sandpaper 20 72 88 

Medicago Circle Valley 180 sandpaper 20 50 55 
polymorpha Serena 180 sandpaper 20 50 59 

T-604 180 sandpaper 20 50 89 

Leucaena 
leucocephela 

K-8 80 sandpaper 25 38 93 

Elytrigia Alkar 20 96 75 
pontica Jose 20 96 84 

Orbit 20 160 71 

Elytrigia Sodar 25 116 76 
lanceolatus 

Leymus cinerius Magnar 20 240 49 

Psathyrostachys Bozoisky 20 120 59 
juncea Vinall 20 120 77 

Sporobolus Salado 25 90 52 
airoides 

Festuca Fawn 25 116 80 
arundinacea Johnstone 25 119 87 

Oryzopsis Paloma 67% H2SO 4' 40 min 25 89 67 

hymenoides 
67% H2SO 4' 40 min Nezpar 25 168 19 
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Table 4.31. Screening solution used for evaluating the germination response to salinity. 
All solutions contained a basal Ca02 level or 0.5 mM. 

% of full Total 
Treatment strength Ion Amount added added EC 

mM meq/L meq/L dS/m 

1 (control) 0 na na na na 0.14 

2 10 Ca 1 2 
Mg 4 8 
Na 30 30 

SO, 10 20 
CI 20 20 40 4.06 

3 20 Ca 2 4 
Mg 8 16 
Na 60 60 

SO, 20 40 
Cl 40 40 80 7.51 

4 30 Ca 3 6 
Mg 12 24 
Na 90 90 

SO, 30 60 
Cl 60 60 120 10.8 

5 40 Ca 4 8 
. Mg 16 32 

Na 120 120 

SO, 40 80 
Cl 80 80 160 13~9 

6 60 Ca 6 12 
Mg 24 48 
Na 180 180 

SO, 60 120 
Cl 120 120 240 19.8 

7 80 Ca 8 16 
Mg 32 64 
Na 240 240 

SO, 80 160 
Cl 160 160 320 25.4 

8 100 Ca 10 20 
Mg 40 80 
Na 300 300 

SO, 100 200 
Cl 200 200 400 30.6 
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ductivities (EC's), corrected to 25°C, ranged from 0.1 to 30.6 dS m-1 (Table 4.31). The number 

of germinated seeds was expressed as a percentage of the number ger'minated in the control treat­

ments (see last column in Table 4.30). Germination responses to boron were evaluated using a 

similar procedure. The test solutions contained a basal level of 0.5 mM Ca02 and 0,0.4,0.8, 

1.2, 1.6,2.4, 3.2, or 4.0 mM B as H3B03 , with three replications per treatment. 

For evaluation of salinity effects on seedling growth, 16 lines were seeded into lO-L pots 

containing #16 washed quartz sand in the greenhouse. Seed pretreatments were as before (Table 

4.30). The pots were placed over 100- or 120-L tanks containing the reservoir of complete 

nutrient solution which was automatically siphoned into the pots six times per day. Excess solu­

tion drained back into the tanks. Pots were overseeded initially and, after emergence, thinned 

back to six plants per pot for legumes, and 15 plants per pot for grasses. There were three repli­

cations for all treatments. 

When the emerged seedlings were about 2.5 cm high, salinity treatments were initiated. 

This consisted of adding 20% of the total salts for each treatment every other day, such that it 

took eight days to reach the desired salinity level. Treatments were the same as in the germina­

tion studies, 0 to 400 meq/L added salts, and EC's ranged from 0.5 to 30 dS/m. Weekly conduc­

tivity determinations were made on each solution. Solution pH was maintained at 6.5 to 7.5 via 

semi-weekly measurements and adjustments. Twenty-six days after completion of the saltaddi­

tions, all plants were harvested by clipping at 2 cm above the sand surface. Plants were then 

oven-dried and weighed to obtain dry matter yields of tops. All yields are expressed as a percen­

tage of the control (zero added salt) yield. 

A very similar experiment was then performed using the same B concentratiOl~ as in the 

germination studies. As with the salinity experiment, the B was gradually added in 20% incre­

ments every two days until the final concentrations were achieved. Plants were also ha. '"Vested 26 

days after completion of the B additions. 

Sigmoidal response curves were generally used to characterize each line's sensitivity to 

salinity or B. Most often data were fit to the Weibull-type function (model 1) 
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%C = 100 . exp-[(ax)~] 

where x is salinity in dS m-1 or [B] in mM, and a and ~ are adjustable parameters. With selected 

data that did not fit the above model well, an alternative (model 2) was used 

%C = 100 . exp(ax - ~x2) 

where x, a, and ~ have the same meaning as before. This model accommodates slight growth 

stimulations at low levels of x. 

All data sets were fit to the above models using a general purpose nonlinear least-squares 

regression algorithm. For B, many of the data sets were fit to a simple linear regression model 

(model 3) 

%C=a+~x 

where x is the B concentration in mM, and a nonsignificant value of the coefficient ~ indicates no 

response to the B treatments. A few of the data sets were fit to the function (model 4) 

%C = 100 . (1- ax2) 

where x, and a have the same meaning as before. 

Values of t (parameter estimate/standard error estimate) were compared with tabulated t-

values to estimate the probability for Ho : a (or~) = o. 

Soil samples were collected from low-lying, unfilled sites at ponds 4 and 11 at Kesterson. 

The sites were vegetated with Sesuvium verrucosum (pond 4) or Cressa truxillensis (pond 11). 

Bulk soil samples, taken by horizon to a depth of one meter, were thoroughly mixed, and stored 

without drying at 4° C. Saturated paste extracts of the topsoil horizons were made, and pH, EC, 

and soluble B determined. Total selenium content was determined via the sequential digestion 

procedure of Bahktar et al. (1989), and selenium analysis by hydride-vapor ICPES. 

A "quick screen" for plant emergence and growth was performed on all 30 plant lines 

currently in our collection. Plastic "conetainers" (20.5 cm by 4.0 cm diam.) were packed with 

soil and sown with 10 (grasses) or 6 (legume) seeds. The cones were placed in the greenhouse, 

watered as needed, and any leachate was collected and returned to the conetainer. Emergence 

was monitored for 3 to 4 weeks. Three soils were used for each line: the topsoil samples from 
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ponds 4 and II, and a Hanford sandy loam as a control treatment. There were four replications 

for each soil. 

4.6.2. Results 

The germination responses of three tall wheatgrass cultivars to salinity are depicted in Fig­

ure 4.49, and are representative of all lines tested. All data sets were successfully fit to either 

model 1 or 2. For comparisons between lines, the EC required for 50% germination (ECso) was 

computed based on the best-fit regression model, and ranged from 5.1 to 29.9 dS/m. Results of 

the salinity screening are summarized in Tables 4.32 and 4.33. 

Most lines exhibited little or no inhibition of germination due to B; the minimum germina­

tion observed was 53% of control. Typical significant and nonsignificant responses to Bare 

presented in Figures 4.50 and 4.51, respectively. The results of these experiments are summar­

ized in Tables 4.34 and 4.35. 

Based on the preceding, lines were selected for further evaluation of tolerance during see­

dling growth in the greenhouse. Due to the minimal adverse e:frect of B on germination, salinity 

tolerance alone was used to select the best cultivar(s) of each species for continued study. In 

addition to the 11 lines thus selected, the four species of the genus Astragalus were included. 

The Astragalus were not screened for salt or B tolerance during termination due to very limited 

seed supplies. Also included was one grass species, Puccinellia distans, for which we were not 

able to obtain sufficient germination for reliable screens. The resulting list of candidate lines is 

given in Table 4.36. 

Yield data were regressed against average EC values for the growth period using either 

model 1 or model 2 as described above. Fits to the models were generally good (Table 4.36), 

although more experimental error was incurred here than with the germination studies. As 

before, ECso values were computed as the single index of salinity tolerance. Among the grasses, 

tall wheatgrass ('Orbit'), alkali sacaton ('Salado'), and alkaligrass ('FaUlts') exhibited superior 

tolerance to salinity with ECso values of 25 to 30 dS/m. Among the legumes, two Astragalus 
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Figure 4.49. Representative germination responses to salinity for three tall wheatgrass cultivars. 
Symbols indicate experimental observations and lines represent best-fit regression 
models from Table 4.33. 
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Table 4.32. Regression analyses for the germination response of the legumes to salinity in the range 
0.14 to 30.6 dS/m. All coefficients are significant at p ~ 0.001. 

Species Cultivar Model r2 Coefficient Value SE EC so 

T. fragiferru,m Salina 
dS/m 

1 0.966 a 0.1644 0.0072 
(strawberry clover) f3 2.00 0.255 5.1 

O'Connors 1 0.984 a 0.1083 0.0023 
f3 3.405 0.337 8.3 

Palestine 1 0.956 a 0.0906 0.0035 
f3 2.308 0.309 9.4 

PI 204515 1 0.985 a 0.1011 0.0020 
f3 4.411 0.494 9.1 

PI 206919 1 0.972 a 0.0609 0.0017 
f3 3.061 0.309 14.6 

PI 284267 1 0.968 a 0.0716 0.0022 
f3 3.039 0.381 12.4 

PI 325500 1 0.951 a 0.1031 0.0041 
f3 2.960 0.484 8.6 

M. polymorpha Circle 2 0.930 a 0.0779 0.0149 
( California Valley f3 0.0084 0.0014 14.8 
burclover) 

Serena 1 0.903 a 0.0490 0.0022 
f3 3.653 0.701 18.5 

T-604 1 0.971 a 0.1396 0.0049 
f3 2.728 0.351 6.3 

Le'U.caena K-8 1 0.943 a 0.0917 0.0048 
le'U.cocephela /3 1.555 0.200 8.6 
(koa haole) 
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Table 4.33. Regression analyses for the germination response of the grasses to salinity in the range 
0.14 to 30.6 dS/rn. All coefficients are significant at p:5: 0.01 or p:5: 0.001. 

Species Cultivar Model r2 Coefficient Value SE 

E. pontica Alkar 1 0.909 a 0.0514 0.0025 
(tall wheatgrass) p 2.380 0.336 

Jose 1 0.838 a 0.0367 0.0012 
P 4.380 0.893 

Orbit 1 0.768 a 0.0323 0.0006 
P 10.57 3.272 

E. lanceolatus Sodar 1 0.944 a 0.0646 0.0028 
(streambank p 2.091 0.252 
wheatgrass) 

L. cinerius Magnar 1 0.935 a 0.1249 0.0075 
(basin wildrye) p 1.628 0.249 

P. juncea Bozoisky 1 0.782 a 0.0355 0.0017 
(Russian wildrye) p 4.215 1.183 

Vinall 1 0.893 a 0.0413 0.0016 
P 3.228 0.5377 

S. airoides Salado 1 0.809 a 0.0432 0.0026 
(alkali sacaton) p 3.348 0.850 

F. arundinacea Fawn 1 0.942 a 0.0647 0.0028 
(tall fescue) p 2.934 0.449 

Johnstone 1 0.864 a 0.0669 0.0048 
P 1.985 0.386 

O. hymenoides Paloma 1 0.918 a 0.0838 0.0047 
(Indian ricegrass) p 2.079 0.363 

ECso 

dSjm 

16.7 

25.1 

29.9 

13.0 

6.4 

25.8 

21.6 

20.7 

13.6 

12.4 

10.0 
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Figure 4.50. Typical significant gemination response to B concentration. Symbols indicate 
experimental observations and line represents best-fit regression model 
using model 4. 
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Figure 4.51. Typical nonsignificant gemination response to B concentration. Symbols indicate 
experimental observations and line represents best-fit regression model 
using model 3. 



- 262-

Table 4.34. Regression analyses for the germination response of the legumes to boron in the range 
Oto 4.0mM. 

Species Cultivar Model r2 Coefficient Value SE Significance t 

T. fragiferrum Salina 3 0.395 f3 -8.94 2.36 ** 
(strawberry clover) It 93.9 

o 'Connors 3 0.476 f3 -8.60 1.92 *** 
It 100.9 

Palestine 3 0.273 f3 -4.74 1.65 * 
It 99.4 

PI 204515 3 0.259 f3 -4.08 1.47 * 
It 98.3 

PI 206919 3 0.183 f3 -1.67 0.75 * 
It 96.9 

PI 284267 3 0.116 f3 -2.32 1.37 NS 
It 98.2 

PI 325500 4 0.623 It 0.021 0.0027 *** 
M. polymorpha Circle 3 0.018 f3 -1.64 2.55 NS 
( California Valley It 97.9 
burclover) 

f3 Serena 3 0.112 -5.81 3.495 NS 
It 125.9 

T";'{)04 3 0.005 f3 -0.41 1.18 NS 
It 94.4 

Leucaena K-8 3 0.031 f3 0.66 1.52 NS 
leucocephala 
(koa haole) 

It 94.0 

t *, **, *** indicate Significant coefficients at p~ 0.05, 0.01, or 0.001, respectively. 
NS = nonsignificant coefficient. 
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Table 4.35. Regression analyses for the gennination response of the grasses to boron in the range 
Ot04.0mM. 

Species Cultivar Model r2 Coefficient Value SE Significance t 

E. pontica Alkar 3 0.008 {J -<l.98 2.38 NS 
(tall wheatgrass) a 109.1 

Jose 3 0.020 {J 0.87 1.29 NS 
a 102.2 

Orbit 3 0.071 {J -2.46 1.18 NS 
a 94.5 

E. lanceolatus Sodar 4 0.303 a 0.0114 0.0027 *** 
(stream bank w heatgrass ) 

L. cinerius Magnar 3 0.000 {J 0.58 2.86 NS 
(basin wildrye) a 90.9 

P. juncea Bozoisky 4 0.104 a 0.0118 0.0045 * 
(Russian wildrye) 

Vinall 3 0.019 {J 2.27 3.48 NS 
a 121.8 

S. airoides Salado 3 0.004 {J 0.72 2.36 NS 
(alkali sacaton) a 98.1 

F. arundinacea Fawn 3 0.071 {J -2.18 1.68 NS 
(tall fescue) a 100.2 

Johnstone 3 0.003 {J -<l.65 2.67 NS 
a 94.1 

O. hymenoides Paloma 3 0.269 {J ~.85 2.06 ** 
(Indian ricegrass) a 89.7 

t *, **, *** indicate significant coefficients at ~ 0.05, 0.01, or 0.001, respectively. 
NS = nonsignificant coefficient. 



- 264-

Table 4.36. Regression analyses for the seedling growth response to salinity in the range 0.4 to 30 
dS/m. All coefficients are significant at p ~ 0.05 or less. 

Species Cultivar Model r2 Coefficient Value SE EC 50 

dS/m 

E. pontica Orbit 1 0.865 Q 0.0315 0.0042 
(tall wheatgrass) {J 2.345 0.860 27.2 

E. lanceolatus Sodar 1 0.945 Q 0.0634 0.0054 
(streambank wheatgrass) {J 1.354 0.243 12.0 

L. cinerius Magnar 1 0.881 Q 0.0462 0.0051 
(basin wildrye) {J 1.922 0.555 17.9 

P. juncea Bozoisky 1 0.978 Q 0.0446 0.0022 
(Russian wildrye) {J 1.307 0.129 16.9 

S. airoides Salado 2 0.787 Q 0.026 0.0105 
(alkali sacaton) {J 0.00167 0.001 29.6 

F. arondinacea Fawn 1 0.985 Q 0.0581 0.0024 
(tall fescue) {J 1.464 0.134 13.4 

O. hymenoides Paloma 1 0.867 Q 0.066 0.0092 
(Indian ricegrass) {J 1.652 0.541 12.1 

P. distans Faults 2 0.897 Q 0.0334 0.0102 
( alkaligrass ) {J 0.0024 0.00054 25.3 

T. fragiferrum Palestine 1 0.975 Q 0.057 0.0027 
(strawberry clover) {J 2.661 0.407 15.3 

PI 206919 2 0.970 Q 0.0393 0.0134 
{J 0.00529 0.00107 15.7 

M. polymorpha Serena 1 0.957 Q 0.052 0.0032 
(California burclover) {J 2.435 0.456 16.5 

Leucaena K-8 1 0.951 Q 0.0503 0.0036 
leucocephala 
(Koa haole) 

{J 1.678 0.285 16.0 

A. bisulcatus PI 241039 1 0.794 Q 0.0428 0.0044 
{J 2.896 1.158 20.6 

A. falcatus PI 314062 1 0.884 Q 0.0686 0.0085 
{J 1.989 0.655 12.1 

A. ponticus PI 325208 1 0.915 Q 0.136 0.0222 
{J 0.996 0.288 5.1 

A. racemosus PI 315671 2 0.742 Q 0.0513 0.0174 
{J 0.003 0.00095 26.0 
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species (A. .bisulcatus and A. racemosus) considered to be primary selenium-accumulators also 

demonstrated very good salinity tolerance (Table 4.36). The other (non-Astragalus) legumes 

tested all showed only moderate salinity tolerance with ECso values of 15 to 17 dS/m (Table 

4.36). 

The yield response to B were quite varied. Where inhibition of growth was severe, the B 

concentration required for 50% relative yield ([B]so) was computed (Table 4.37). This parameter 

was obtainable for six lines, and ranged from 0.8 to 3.4 mM. Two lines ('Magnar' basin wildrye 

and A. racemosus) exhibited significant yield declines with increasing B, but relative yields were 

> 50% (Table 4.37). The remaining eight lines showed no significant decreases in yield with 

increasing [B] up to 4.0 mM (Table 4.37). 

Saturated paste extracts of the topsoil samples collected from ponds 4 and 11 had very high 

EC and B levels, at least in comparison with normal criteria (Table 4.38). These values are, how­

ever, consistent with other observations made in low-lying sites at Kesterson. The total selenium 

values ranged from 2.8 mg/kg (pond 11) to 13.2 mg/kg (pond 4). Other preliminary analyses sug­

gest that these soils have elevated levels of other trace elements, most notably Mo and U (see 

Section 4.8). Additional characterization of these soils samples is underway. 

In the "quick screen" experiment, emergence and growth of 28 out of 30 lines occurred 

within two weeks in the Hanford soil. In both Kesterson soils, however, no plants emerged 

within three to four weeks of planting, presumably due to the high salinity or trace element con­

centrations found in these soils. 

4.6.3. Discussion 

Of the candidate plants screened for salinity and B tolerance, the following five appear the 

most promising: tall wheatgrass (,Orbin, alkali sacaton ('Salado'), alkali grass ('Faults'), and 

two astragalus species, A. bisulcatus and A. racemosus. All exhibited ECso values greater than 

20 dS/m during seedling growth, and during termination where tested. Boron concentrations up 

to 4.0 mM had little or no adverse effect on seedling growth or germination of these lines. That 



- 266-

Table 4.37. Regression analyses for the seedling growth response to boron in the range 0 to 4.0 roM. 

Species Cultivar Model r2 Coefficient Valuet SE 

E. pomica Orbit 3 0.012 P 0.973DS 3.57 
(tall wheatgrass) Q 83.3 7.66 

E. 14ncea.latu.! Sodar 3 0.628 P -11.74* 3.69 
(streamb&nk wheatgrus) Q 83.7 7.9 

L. cinerius Magnar 2 0.420 P 0.407** 0.105 
(basin wildrye) Q 0.108* 0.035 

P. juncea Bozoisky 3 0.081 P -2.05DS 2.82 
(Russian wildrye) Q 83.6 6.1 

S. airoidu Salado 3 0.558 P 14.2* 5.2 
(alkali sacaton) Q 98.3 11.1 

F. arondinacea Fawn 1 0.448 Q 0.097DS 0.101 
(tall fescue) p 1.397DS 1.199 

O. hymenoidu Paloma 1 0.727 Q 0.2097* 0.0629 
(Indian ricegrus) P 1.026* 0.3846 

P. distans Faults 3 0.212 P 17.33DS 13.66 
( alkaligrus ) Q 129.7 29.3 

T. jragifemJ.m Palestine 3 0.490 P -9.55DS 3.98 
(strawberry clover) Q 94.7 11.1 

PI 206919 3 0.389 P -8.13DS 4.16 
Q 103.7 8.9 

M. polymorpha. Serena 1 0.994 Q 0.878*** 0.0356 
(California burclover) p 0.869*** 0.0559 

L. K-8 1 0.947 Q 0.205*** 0.027 
leucocepha.l4 
(koa haole) 

p 1.01*** 0.163 

A. bisulc4tus PI 241039 3 0.794 P -4.54D& 4.81 
Q 115.0 10.3 

A. fa.lcatus PI 314062 1 0.921 Q 0.424*** 0.047 
P 1.233** 0.251 

A. pomicus PI 325208 1 0.833 Q 0.310*** 0.045 
P 1.627* 0.527 

A. racemoIUS PI 315671 4 0.716 Q 0.0138** 0.0023 

t *, **, *** indicate significant coefficients at ~ 0.05, 0.01, or 0.001, respectively. 
ns = nonsignificant coefficient. 

[B]50 

mM 

>4.0 

2.9 

>4.0 

>4.0 

>4.0 

>4.0 

3.3 

>4.0 

>4.0 

>4.0 

0.8 

3.4 

>4.0 

1.8 

2.6 

>4.0 
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Table 4.38. Properties of the topsoil samples collected from Kesterson Reservoir. 

Saturated Paste Extract 

Sample pH EC [B]t SARt Se t 
T 

dS/m mg/L mg/kg 

Pond 4 7.7 33.5 22.4 41 13.2 

Pond 11 7.6 38.4 47.9 51 2.8 

t Preliminary analysis, not subject to QA/QCprocedures. 
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these two Astragalus species exhibited superior salinity and B tolerance has encouraging impli­

cations for the possibility of obtaining significant plant uptake of selenium from Kesterson soils. 

Both species are reported to be among the group of primary selenium accumulators. 

The failure to obtain any emergence or growth, with any candidate line, in both Kesterson 

topsoil samples suggests that more sophisticated management of these soils may be required. At 

this juncture, we are inclined to attribute this failure to excessive salinity, under the assumption 

that the Ee's at moderate soil moisture contents (i.e., field capacity) were substantially higher 

than those observed in saturated paste extracts. One possible approach is to apply enough water 

to leach salts out of the seed zone, but not out of the soil profile. If the surface soil salinity can be 

reduced enough to permit germination and emergence, the more tolerant plants may be able to 

persist as the salt gradually migrates back towards the soil surface. We are presently conducting 

preliminary experiments using the "conetainers" to address this question. 

Alternatively, the high trace element levels in these soils, either alone or in concert, may be 

precluding plant growth. Pending the outcome of the aforementioned studies, we will attempt to 

ascertain whether this is the case. One possible approach is to "dilute" the Kesterson soils with 

varying proportions of the Hanford sandy loam (i.e., a "clean" soil). By identifying the critical 

mixture composition at which growth is inhibited, and by analyzing the plant tops and roots, we 

may be able to identify the most growth-limiting element(s). 

If plants can be successfully reared in the Kesterson soils, we will proceed with our original 

objective of quantifying selenium uptake by the plants. This information will be critical for the 

assessment of selenium dissipation strategies that can be employed at Kesterson. 
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4.7. VOLATILIZATION OF SELENIUM FROM DIFFERENT TYPES OF PLANTS 
FOR THE REMOVAL OF SELENIUM FROM KESTERSON RESERVOIR 

Norman Terry, M. Rao and C. Carlson, 
Department of Plant Biology, 
University of California, Berkeley 

4.7.1. Objectives 

The main objectives of this project are (i) to determine the rates of volatilization of 

selenium (5e) for a range of plant species including, selenium accumulators, crop plants and 

native species, and (ii) to determine the relationship of selenium volatilization to selenium 

uptake and partitioning. This is to assess the selenium mass balance for a particular species 

when grown under high selenium conditions. 

4.7.2. Plant Materials and Methods 

The selenium accumulators include Astragalus bisulcatus, Astragalus hamosus and Astra-

galus cymbicarpos. The selenium nonaccumulator crops include cotton (Acala 5J-2), and barley 

(UC 337). The range plant species include A trip lex numularia and Brassica juncea. Plants were 

grown in solution culture throughout growth with sodium selenate (equivalent to 20 ~ 5e or 1.6 

mg selL) in i/2 Hoagland solution. For Astragalus species, 50 ~ P was used in the nutrient 

solution. Higher P concentrations in the nutrient solution were found to be toxic to Astragalus 

species. The plants were grown in growth chambers at 500 Jl.I11ol·m-2 ·s-1 photon flux density 

(PFD), 25°C and 16 hour photoperiod. 

We ~!andardized the optimum growing conditions for all of the plant species mentioned 

above. We have developed a gas exchange system for measuring the selenium volatilization 

rates from an intact plant for a prolonged time under controlled environmental conditions (light, 

air temperature, leaf temperature and relative humidity). This whole plant gas exchange system 
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measures the selenium volatilization rates very accurately. The system comprises a plant 

chamber made with plexiglass (courtesy Prof. L. J. Waldron) and a light source (water-cooled 

xenon-arc illumination system) which is attached to a conventional leaf gas exchange system. 

The rate of air flow in the system is maintained at 6 l/min. A small fan built inside the plant 

chamber circulates air. The leaf temperature is monitored by using a thermocouple. 

Selenium volatilization rates were measured by passing the air over the whole plant into an 

alkaline peroxide solution (100 ml: 80 ml of 0.05 N NaOH + 20 ml of 30% H20 2 ) for 2 days. 

Prior to placing the plant into the correction chamber, we provided 20 J.LM Se in half-Hoagland 

solution, i.e., the original solution was replaced with fresh solution. To analyze selenium from 

the trap, samples were boiled to drive off the residual H20 2 (using a hot plate for 15 min), 

allowed to cool and made up to 100 ml volume. We took 25 ml aliquot from the above sample 

and added to 25 ml of concentrated HCI (final concentration 6N). We then boiled the sample for 

1 h, allowed it to cool and made it up to 50 ml with distilled H20. Total selenium in the sample 

was estimated by using AAS/hydride generation method (courtesy Prof. Harvey Doner). 

After determining the rate of selenium volatilization, the plant was removed from the 

chamber and separated into roots, stems and leaves. Leaf area/plant was determined using a 

Delta-T devices leaf area meter so that selenium volatilization rates could be expressed per unit 

leaf area. The plant samples were dried at 50°C, weighed and tissue selenium concentrations 

were determined using AAS/hydride generation method. 

4.7.3. Results 

Selenium volatilization rates have been monitored for 7 test plants, including 3 selenium 

accumulators, 2 range and 2 crop species. The selenium accumulator, Astragalus bisulcatus was 

the champion volatilizer, volatilizing more selenium than any other species tested (0.45 

Ilg selenium·planc1·day-l; 25.6 Ilg selenium'm-2 leaf area'day-l; 407 Ilg selenium·Kg-1 

leaf dry wt. day-I). We were surprised to find however, that the two crop plants, cotton and bar­

ley, volatilized much more selenium per plant than the remaining two accumulator species, 

Astragalus hamosus and Astragalus cymbicarpos (Figure 4.52). Although the selenium 
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Figure 4.52. The rates of selenium volatilization for 7 different plant species including selenium 
accumulators (Astragalus bisulcatus, Astragalus hamosus, Astragalus cymbicarpos), 
range plants (Atriplex numularia, Brassica juncea) and crop species (cotton, 
barley). Plants were grown in growth chambers in 1/2 Hoagland solution with 
20 j..t.M sodium selenate. Values are mean ± S.D. for 3 replications. 
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accumulator species outperformed the crop plant species on a per unit leaf area basis (Figure 

4.52), the crop plants had faster growth rates and greater total leaf areas (Table 4.39) so that the 

rates of selenium volatilized per plant by the crop plants were comparable to those of the 2 range 

species. (The crop plants were grown for 5 weeks compared to 6 to 7 weeks for the accumulator 

plants). 

There seems to be little relation between the rate of selenium volatilization and the amount 

of selenium present in the leaf. In barley, large amounts of selenium were transported to leaves 

(Figure 4.53a), yet the rate of selenium volatilization per area was the lowest of all the species 

tested here (Figure 4.52b). Cotton has lower leaf selenium concentration (Figure 4.53a), but 

volatilized selenium at a faster rate per area than barley. Similarly, there appeared to be little 

evidence that the rates of volatilization among the 6 species (excluding A. bisu[catus) were corre­

lated with the total uptake of selenium per plant in each case (Figure 5.42 and Table 4.39). A. 

bisulcatus, however, had the highest concentration of selenium in leaves and this was correlated 

with the highest rate of selenium volatilization (Figures 4.52 and 4.53). 

Barley is an interesting crop species in terms of its potential ability to remove selenium 

from soils, because it volatilized selenium at rates comparable to the other species except for A. 

bisulcatus (Figure 4.52). This was due in part to the high rate of expansion of the total leaf sur­

face which was exhibited by barley. Furthermore, barley accumulated high concentrations of 

selenium in leaf tissue (Figure 4.52). This in tum could potentially contribute to the removal of 

selenium from seleniferous soils since leaves and stem could be harvested and removed from the 

site. I 
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Table 4.39. Plant growth and selenium uptake for 7 different plant species. Plants were grown in growth 
chambers in 1/2 Hoagland solution with 20 J.LM sodium selenate. Values are mean 
± S.D. for 3 replications. 

Plant Species "Age Total dry matter Total leaf Area Se uptake plant-1 
(days) (g.plant-1 ) (cm2.plant-1 ) (mg.plant-1 ) 

------------- ----- ------------- ------------- --------------

Astragalus 
bisulcatus 45±9 2.92± 1.58 212 ± 100 2.94 ± 1.36 

Astragalus 
hamosus 43±3 3.7± 1.23 200 ± 58 1.26 ± 0.31 

Astragalus 
cymbicarpos 47±3 2.68± 1.19 176 ± 103 1.31 ± 0.85 

Atriplex 
numularia 39± 2 4.81 ± 1.66 519 ± 199 1.2 ± 0.46 

Brassica 
juncea 32±9 3.74± 0.74 685±94 3.29 ± 1.28 

Cotton 35±2 9.85±4.42 854 ± 240 3.35 ± 2.91 

Barley 38±2 13.8 ± 6.42 1009 ± 67 4.03 ± 0.88 
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Figure 4.53. Tissue selenium levels in leaves (A), sterns (B) and roots (C) for 7 di1rerent plant 
species. Plants were grown in growth chambers in 1(2 Hoagland solution with 
20 J.1M sodium selenate. Values are mean ± S.D. for 3 replications. 
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4.8. SPATIAL DISTRIBUTION OF TRACE ELEMENTS IN RELATION TO SALINITY 
OF KESTERSON RESERVOIR SEDIMENTS 

Gordon R. Bradford and Dariush Bakhtar 
Department of Soil and Environmental Sciences 
University of California, Riverside 

4.8.1. Objective 

The principal objective of this effurt is to measure concentrations of trace elements in rela-

tion to salinity of Kesterson sediments. 

4.8.2. Methods 

Thirty-six surface «5 cm depth) sediment samples (three from each pond) were collected 

in October 1988 by John Fields (USBR). Four San Luis Drain sediment samples collected by the 

U.S.O.S. were included for total analyses. One-to-one (m/v) water extracts were prepared to 

separate and concentrate several trace elements. Aliquot #2 was analyzed by hydride generation 

for selenium, arsenic, antimony, besmuth, germanium, tellurium and mercury. Aliquot #3 was 

diluted and analyzed by direct nebulization. One-gram portions of each sample were dissolved 

by lINO), HCI, and HF treatment and analyzed for total trace element content. 

Separate I-gram portions of sediment samples were extracted with hot concentrated nitric 

acid and uranium was separated from other salts and particularly iron by passing a 5 N lIN03 

solution of the sample (15 ml) through a 25 em x 6 mm J.D. glass column containing an anion 

exchange resin (AGI-X8 100-200 mesh nitrate form). This was followed by the addition of 8 ml 

of 5 N lIN03 to remove salts and then 15 ml of deionized distilled water to remove uranium. 

The solution containing uranium was evaporated to 1.5 ml and analyzed by ICAP-OES. 

Three undisturbed sediment/soil profiles were sampled in Ponds 1,4 and 9 of Kesterson 

Reservoir for characterization of the soil-water interactions controlling trace element solubility. 
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Sequential 1:1 sediment water extracts were prepared from each profile and analyzed for trace 

and major elements. 

4.8.3. Results 

Figure 4.54 shows the sampling locations within Kesterson ponds. Due to usage patterns 

during the period from 1981 to 1986 lower numbered ponds would most likely have received the 

largest amount of drainage water. This is reflected by concentration data for total dissolved 

solids and selected elements shown in Figures 4.55 to 4.69. Areas of highest concentrations are 

outlined on most figures and frequently comprise parts of Ponds 1 through 4 and areas near the 

western boundary of Pond 10. Concentrations of soluble components, with the exception of Ca 

and Si, are often orders of magnitude higher in Ponds 1 to 4 compared to surrounding areas. 

Nitric acid extracted levels of uranium in surface sediments of Kesterson (Figure 4.69) are 

close to the range of total uranium (1 - 4 mg/kg) reported in normal soils (Harmensen and 

deHaan, 1980). 

Figures 4.70 to 4.73 show the variability of trace element solubility with depth and 

sequence of extraction in a profile from Kesterson Pond 9. Vanadium and arsenic concentrations 

are higher by orders of magnitude in the third and fourth sequential water extracts compared to 

the first extract. This solubility pattern is in sharp contrast to that for molybdenum and selenium 

which shows the highest concentrations of these elements in the first extractions. Occlusion of 

these elements with precipitates of major salts and/or association with clay particles are sug­

gested as possible mechanisms controlling their solubility. 

Relatively low ratios of total to water-soluble concentrations of boron, molybdenum and 

uranium (fable 4.40) suggest that these elements are in more soluble chemical forms in the sur­

face sediments compared to other trace elements. 

Table 4.41 lists correlation coefficients between selected trace elements and salinity indices 

in Kesterson sediment extracts. Relatively high positive correlation coefficients are observed for 

boron, selenium and strontium with magnesium, sodium and TDS. Positive associations of nickel 
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Figure 4.54. Configuration of Kesterson Reservoir. 
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Figure 4.57. Distribution of calcium in surface sediments of Kesterson. 

4.8 

3.6 

1.2 

o 
o 

. 98 

Mg (mg 1"'-1) 
1:1 AQUEOUS EXTRACT 

. 18 ·82 
·78 

. 6860243 . 47 

1.5 3 

SOUTH (KM) 

4.5 

Figure 4.58. Distribution of magnesium in surface sediments of Kesterson. 
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Figure 4.59. Distribution of potassium in surface sediments of Kesterson. 
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Figure 4.60. Distribution oflithium in surface sediments of Kesterson. 
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Figure 4.61. Distribution of strontium in surface sediments of Kesterson. 
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Figure 4.62. Distribution of silica in surface sediments of Kesterson. 
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Figure4.63. Distribution of phosphorus in surface sediments of Kesterson. 
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Figure 4.64. Distribution of boron in surface sediments of Kesterson. 
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Figure 4.65. Distribution of selenium in surface sediments of Kesterson. 
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Figure 4.66. Distribution of molybdenum in surface sediments of Kesterson. 
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Figure 4.68. Distribution of nickel in surface sediments of Kesterson. 
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Figure 4.69. Distribution of uranium in surface sediments of Kesterson. 
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Table 4.40. Trace elements in 36 Kesterson sediment samples compared to San Luis Drain sediment (mg/L). 

(Kesterson) 
Water extracts (1:1 m/v) Total Ratio 

San Luis Total/water-
Range Mean Median Range Mean Median Drain soluble 

B 3.0-242 61.0 39.0 34-578 200 160 50 3.28 

Mo 0.01-45.0 10.5 3.0 0.4-49 13 7 1 1.23 

Se 0.01-6.0 .378 1.09 8-306 66 54 2-.90(4) 174 

As 0.001-0.089 0.017 0.015 .17-2.56 .86 .65 1-14(4) 50 
I 

V 0.001-0.135 0.048 0.025 8.0-97 38 34 42 791 IV 
00 
00 

Pb 0.001-0.90 0.0025 0.012 <10-75 16 <10 55 6400 

Cr 0.001-0.012 ·0.004 0.002 8.5-85 26 15 36 6500 

Ni 0.001-0.375 0.104 0.030 4.3-45 19 13 21 183 

Co 0.001-0.034 0.014 0.015 0.2-11 3.0 2 4 214 

Zn 0.001-0.048 0.010 0.005 10-65 44 42 32 4400 

u* 0.030-1.8 0.476 0.150 .38-7.67 4.25 2.9 8.9 

TOS, % 0.1-43 10.86 7. 

*Water extract values for uranium are for nine samples only due to insufficient sample. 
Total U (HN0 3 extractable). 

( ) number of San Luis Drain samples. 
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Table 4.41. Correlation coefficients between selected trace elements and salinity indices in 
Kesterson surface sediment aqueous (1:1 m/v) extracts. 

Ca Mg Na K TDS 

As .48 .42 .32 .55 .34 
B .27 .82 .83 .59 .77 
Li .31 -:rrs A3" .61 75"S" 
Mo .04 .49 .38 .57 .41 
Ni .19 .53 .45 .70 .48 
p .32 .67 .55 .79 .59 
Se .27 .73 .75 .58 .71 
Sr .55 .84 .87 .69 .77 
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and phosphorus with potassium and lithium with magnesium are also evident. 

Knowledge of specific element and salt concentration variability with distance and depth, 

chemical associations and factors controlling solubility is essential for effective management of 

salt-affected areas such as Kesterson. Analyses are planned for major anoins, DOC, and alkalin­

ity in sediment extracts. These data will be analyzed statistically to determine speciation and 

factors controlling solubility such as (a) soluble salt, (b) soluble organic complex, (c) exchange­

able ion, (d) mineral solubility, and (e) coprecipitation with other minerals. 
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4.9. DIFFUSIVE AND CONVECTIVE TRANSPORT OF VOLATILE SELENIUM 
THROUGH KESTERSON RESERVOIR SOILS 

Tetsu Tokunaga, 
Earth Sciences Division, 
Lawrence Berkeley Laboratory 

Throughout this section the various gaseous selenium compounds will be referred to collec­

tively as volatile selenium. Using gas chromatography-mass spectrometry, Frankenberger and 

Karlson (1988) have determined that selenium volatilized from ReselVoir soils used in their stu-

dies is predominantly dimethylselenide, with a minor fraction of dimethyldiselenide. Volatile 

selenium emissions in the work reported here were measured through hydride generation atomic 

absorption spectrometry of alkaline peroxide gas washing solutions (Weres et al., 1989a). Since 

no information on molecular structure of the recovered volatile species is obtained in this pro-

cedure. the selenium recovered throughout most of the work to be described is of undetermined 

composition. Thus reference will usually be made to "volatile selenium" rather than to a partic-

ular species such as dimethylselenide. 

Volatilization of selenium from ReselVoir soils is recognized as a significant pathway for 

depletion of the currently high selenium inventory (Frankenberger and Karlson. 1988). Currently 

there are considerable differences in estimates of volatilization rates obtained from different 

approaches. For example. estimates of volatile losses of selenium based on changes in surface 

soil concentrations are considerably larger tn",,~ depletion estimates based upon direct sampling 

of volatile emissions. This area of uncertainty will not be addressed here. Another large 

difference has been noted between methods of di~ctly sampling volatilized selenium. In particu-

lar, sampling of volatilized selenium by pumping (evacuation) of the soil atmosphere into a sur-

face headspace collector appears to yield higher estimates of emission rates than a method which 

relies primarily on diffusive transport into a headspace collector. The fact that forcing a convec-
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tive flow of soil air into a headspace sampler results in sampling an effective area larger than the 

projected area of the headspace chamber is recognized. This effect of extending the sampling 

area will not be considered in the present work. While there are numerous uncertainties in other 

aspects of the collection and recovery of volatilized selenium, a possible correlation between 

headspace pumping rate and volatile selenium emission rate was suggested by differences in 

results from the convection-based and diffilsion-base techniques. Due to large differences in esti­

mates of volatile selenium emission rates obtained from the two methods, it is warranted to sys­

tematically study the possible influence of measurement techniques on the observed volatiliza­

tion rates. The work described in this section attempts to address the potential influence of soil 

air flow rates on measured volatile selenium emission rates. Emission rates obtained under a 

range of convective soil air flow rates and under static, diffilsive conditions will be examined. It 

is unlikely that soil air flow rates imposed by the convective sampling method (in the range of 0.4 

m/h, bulk gas flow velocity) are experienced under ordinary field conditions of interest. On the 

other hand, gaseous transport solely by molecular diffilsion is probably inadequate to account for 

natural gas exchanges at the soil surface. The actual field environment is one where both con­

vective and diffilsive transport contribute to the release of volatile selenium off the soil surface. 

Ultimately, an evaluation of the emission rate dependence on gas flow velocity will be deter­

mined in order to more confidently interpret emission rates obtained from both convective and 

diffilsive samplers. 

If selenium volatilized within the soil profile were not subject to further interactions, the 

measured emission rates would be relatively insensitive to sampling diffusively or convectively. 

However, with the presence of other competing chemical i~:"ctiOns or, physical interactions the 

imposition of a forced convection through the soil gas phase can have several effects on the fate 

of volatilized selenium. The potential exchange of volatilized selenium between the soil gas 

phase and both solid phase surfaces and the liquid phase would provide such an interaction. The 

work of Zieve and Peterson (1985) demonstrated the large capacity for soils to adsorb dimethyl­

selenide gas. As much as 4.6 Jl.g/(g soil) was reported sorbed on a soil with high organic matter 
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content (29%). The mineral soils used in their study sorbed dimethylselenide in amounts of 

about 1 J1g/(g soil). This latter quantity would be equivalent to about 0.1 g/m2 in a 0.1 m deep 

increment of low density soil. The soil in their study was equilibrated with as much as 2000 

J1gSe/m3 concentrations in the gas phase. This concentration, equivalent to a partial pressure of 

about 0.06 Pa is within a range of partial pressures estimated from selenium emission data in the 

present study (3XlO-3 Pa up to 0.8 Pa). Thus. a potentially high capacity to both store and release 

volatile selenium can be found in soils. This storage capacity can also complicate interpretation 

of volatile selenium emission data. While storage is attributable to both dissolution in the soil 

solution and to adsorption on surfaces (mineral and organic). the distinctions between these vari­

ous fOIms of partitioning are merely speculative when working with macro-scale observations . 

. Therefore. in this work the postulated storage of volatile selenium in condensed phases is 

referred to collectively as "adsorbed" only out of convenience. 

A possible mechanism for an emission rate correlation with flow rate involves perturbing 

the local (pore scale) equilibrium between gas phase and sorbed phase volatile selenium. The 

direction of perturbation depends on the direction of the induced chemical potential difference of 

volatile selenium between the phases. Since a convective flow is likely to purge an initially vola­

tile selenium-enriched gas phase. which is then replaced with air of lower selenium content, the 

local (pore scale) chemical potential gradient for volatile selenium would result in vaporization 

from the adsorbed phase. The rate of vaporization would to a first approximation be proportional 

to the depression of the local volatile selenium partial pressure relative to its local equilibrium 

value. This partial pressure depression would in tum be approximately proportional to the 

imposed convective air flow rate. If the initial adsorbed phase inventory i~ !?rge relative to the 

quantity of volatile selenium emitted. convection-induced vaporization of volatile selenium may 

behave in a way which is indistinguishable from a steady microbial volatilization rate. An 

adsorbed dimethylselenide inventory on the order of that reported by Zieve and Peterson (1985) 

would satisfy this criterion. 

The postulated interaction between adsorbed volatile selenium and soil air flow rate is 
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amenable to testing, especially in the laboratory environment. After a period of incubation with 

adequate aeration and moisture, volatile selenium emission rates could be measured from a 

column of Kesterson Reservoir soil over a range of soil air flow rates (including zero flow, the 

diffusion limit). If the hypothesis is valid, increased air flow rates would yield higher rates of 

volatile selenium emission from the soil. Furthennore, when stepping up the air flow rate to a 

higher value, then maintaining the flow rate at the new level for an extended time, it is expected 

that an initial enhanced emission rate will gradually damp down to a quasi-steady rate. The ini­

tial pulse is associated with enhanced volatilization due to suddenly increased local chemical 

potential gradients. The enhancement is due to a transient release of adsorbed volatile selenium, 

and does not represent a sustainable source of volatilization. The quasi-steady emission rate 

should more accurately reflect microbial volatilization than the initial transient pulse associated 

with physical degassing from the condensed phase. Hysteresis in volatile selenium emission 

rates when cycling through a range of gas flow rates can be expected as an outcome of desorption 

during accelerated flow rates, and adsorption during deceleration of air flow rates. All of these 

features have now been tested at a preliminary level. In the following, a detailed description of 

the experimental design and a review of preliminary results are presented. 

4.9.1. Methods 

Soil from a cattail area bordered by fill material in Pond 4 was used for the column study. 

The soil sampled to a depth of 0.15 m, included some moderately decomposed cattail ster.1s. 

Coarse crushing of the soil to pass through a 9.5 mm sieve was done to preserve some soil struc­

ture, yet also pennit relatively homogeneous packing. The initial field water content was 0.110 

gig. Distilled water was added to bring the final soil water content up to 0.510 gig. The wetted 

soil was packed into the test column in 5 increments to assist in maintaining a unifonn packing 

density. The 0.196 m column has a cross-sectional soil area of 0.182 m2• The packed column 

had an equivalent dry bulk density of 0.833 Mg/m3. Based on a solid density measured as 2.43 

Mg/m3, the total porosity and air-filled porosity were calculated to be 0.657 and 0.232 respec­

tively. 

I 
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The water-soluble selenium content of the soil was detennined in two separate ways. In 

one method, duplicate samples of the soil were water-extracted at a 5:1 water:soil ratio. In 

another method, the soil was packed into a 0.11 m 1.0., 0.15 m length column into which a 

ceramic soil solution sampler with a 48 mm 0.0., 60 mm length tip was inserted to obtain a 

vacuum extract of the soil at porosity and water content conditions identical to that of the test 

column described in Section 3.5. The 5:1 water extracts gave a soluble selenium concentration 

of 1435±40 ~g (kg soilrl. The vacuum extract soluble selenium concentration was equivalent to 

135000 ~g (kg sOil)-l. Given a soluble selenium concentration of 1.40 mg (kg soilr1 (l.40 

ppm soil), the test column inventory of water-soluble selenium would be equal to 3.12 mg. On a 

per unit area basis, this quantity is equivalent to 171 mg m-2. 

The system used to monitor flow-emission rate relations is depicted in Figure 4.74. The 

main components to the system are submerged in a constant temperature water bath. While the 

bath temperature can be maintained within 0.1 ° C of the target temperature, temperature fluctua­

tions in the laboratory resulted in bath temperature fluctuations of up to ±O.2°C. Selenium-free 

gases (compressed air and nitrogen) are used as input gases. Inflow gas pressures are triple regu­

lated, with the final regulation applied with a nullmatic regulator (item 4 in the figure). After 

pressure regulation, the gas flow is prehumidified (item 6), and thennally equilibrated (item 7) 

before entering the test column (item 1). Gas flow is routed either to the back port (item 9) in the 

case of flow-through (convection) experiments, or to the front port (item 8) in the case of 

diffusion experiments. In either case, gas is pumped out of the cell through a single outflow port 

(item 10). In the case of convective flow tests, the test chamber operates as a simple flow­

through cell. In the case of diffusion experiments, the front end plate can provide either a zero­

concentration boundary condition, or a well-stirred boundary condition. During volatilization 

measurements, outflow from the column is sent through a pair of alkaline peroxide traps (item 

12) for collection of selenium. Inmore recent tests, only a single peroxide trap was used, since 

the backup trap never yielded more than 1 % of the selenium obtained in the primary trap. A per­

istaltic pump (item 16) is used to pull gas from the test column through either the peroxide traps 
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Figure 4.74. System for measuring volatile selenium emissions from soils under diffusive and 
convective conditions. 
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or the oxygen analyzer system (items 13, 14, and 15, to be described later). Peristaltic pump flow 

rates and inflow regulators were balanced such that the test column gas phase was at atmospheric 

pressure (checked via water manometers, item 11), and flow rates were of the desired magnitude 

(checked through inflow and outflow flow meters, items 5 arid 17). In most tests, the outflow gas 

is vented into the laboratory air after passing through the last flowmeter. 

Several preliminary tests of the system were done prior to the experiments on the Kesterson 

Reservoir soil. Two of the more important tests will be mentioned here. Due to the manner in 

which gas is circulated across the column headspace during diffusion-limited runs (via items 8 

and 10), the possibility that this cross flow would perturb diffusion-limited transport within the 

column was of concern. To insure that the system functioned properly in the diffusion mode, the 

counter diffusion of oxygen and nitrogen gas was monitored over a range of temperatures. For 

this purpose, the test cell was packed with a bundle of plastic straws to minimize convective mix­

ing within the column. The column was equilibrated with air (20.95% oxygen) and temporarily 

isolated from the rest of the system. An external closed loop connecting the oxygen electrode 

(item 13), peristaltic pump (item 16), return-flow heat exchanger (item 19), and supplemental 

mixing cell (item 20) was purged with nitrogen gas prior to an oxygen-nitrogen diffusion test. 

Diffusion experiments involved monitoring the transient oxygen concentration response when the 

loop was connected with the test cell. The oxygen-nitrogen binary diffusion coefficient (at 

atmospheric pressure, and at the regulated temperature) was then obtained through inversion of 

the oxygen concentration data. Comparisons of measured oxygen-nitrogen diffusivities with data 

in the literature (Marrero and Mason, 1972) demonstrated agreements within 5%, and commonly 

within 3%. Thus, the diffusion mode of the system was considered functional. 

A spike-recovery test using dimethylselenide gas was also performed. In this test, an aque­

ous solution of dimethylselenide was prepared. Half of the sample was placed in a sealed flask 

with an air inflow and outflow line (both of 1/4 inch stainless steel tubing). The outflow line was 

connected to the alkaline peroxide traps via the test chamber. The flask headspace air was 

pumped through the test system and into the peroxide traps with the peristaltic pump while the 
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aqueous dimethylselenide solution was evaporated on a hot plate. The air inlet line was formed 

into a coil which rested on the hotplate with the flask. The inclusion of an air inflow line served 

to prevent losses of dimethylselenide via counter diffusion out of a simple vent port. The line 

was heated to minimize sorption on the tubing walls. The half of the aqueous solution which was 

not introduced into the flask was directly oxidized by addition of alkaline peroxide solution, and 

served as the reference concentration. An essentially full spike recovery (l02±5%) was obtained 

from the test system alkaline peroxide traps. 

4.9.2. Results 

In one of the preliminary tests, a range of soil air flow velocities from 0 (diffusion only) up 

to 720 mm h-1 were performed at 25.0oC, over a period of 15 hours (Figure 4.75). Individual 

flow rates were run for about 1 hour. Nine individual steady flow conditions were tested, includ­

ing replicates of the 0 and 228 mm 111 runs. This particular set of experiments was performed 

only 1 day after packing of the column. It was suspected that the microbial volatilization rates 

may not have attained a near steady-state which would be ideal for purposes of this worlc Time 

trends in microbial volatilization rates would obscure interpretation of emission rate dependen­

cies on any other variable which is monotonically increased or decreased. Therefore, the range 

of flow velocities was covered in random sequence in this set of experiments. The order of the 

individual runs is shown in the sequential numbering of data points. While considerable scatter 

is observed in the data, a general correlation between flow velocity and volatile selenium emis­

sion rate is suggested. This flowrate effect has also been observed in recent experiments by O. 

Weres (Sonoma Research Co., Vineburg, CA. Oct. 1989 personal communication). From the 

sequence in which the runs were performed, it also appears that the volatile selenium emission 

rates exhibit hysteretic behavior. 

The possibility of hysteretic behavior indicated by the previous data set prompted a series 

of volatile selenium emission studies where flow velocities were quickly stepped through a 

sequence of increasing values up to a maximum flow. rate, then stepped down sequentially back 

to 0 mm h-1• The results of this test, shown in Figure 4.76, are qualitatively consistent with a 
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soil P4X, 0-0.15 m, 
column length 0.196 m, 
total porosity 0.657, 

~ 200 i- 8 
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air-fill porosity 0.232, 
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Figure 4.75. Laboratory volatile selenium emission rates from a Pond 4 soil, (P4X) at 25 C. 
Soil gas flow rates randomly varied from 0 to 720 mm/h. 
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Figure 4.76. Hysteresis in volatile selenium emission rates under systematically varied 
soil gas flow rates. Soil P4X, 25.2 C. 
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model of desorption/adsorption behavior influencing the volatile selenium emission rates. In the 

following, a possible explanation of the behavior shown in Figure 4.76 is presented. The 

assumption is made that, over the course of the experiment (20 hours), the rate of selenium vola­

tilization by microbes was practically constant. Several independent experiments support this 

assumption as a reasonable approximation. It is also assumed that the quantity of volatile 

selenium which is involved in the proposed adsorption/desorption mechanism is a relatively 

small fraction of the adsorbed/dissolved inventory of volatile selenium. Presently indirect evi­

dence (to be presented later in this section) suggests that this assumption is valid. As the soil air 

flow rate is increased, the soil air phase becomes progressively more dilute with respect to vola­

tile selenium. This depletion of volatile selenium from the gas phase should result in enhanced 

desorption of volatile selenium due to the induced chemical potential gradients at pore-scale 

gas-liquid interfaces. The higher flow rates appear to more than compensate for the lower gas 

phase concentrations of volatile selenium during short periods of measurement, thus resulting in 

enhanced emission rates at higher flow rates. The same mechanisms, operating in the reverse 

direction may account for the hysteresis loop shown in Figure 4.76. When the flow rate is 

stepped down to. a lower velocity, an increased concentration of volatile selenium in the soil 

occurs under the postulated constant generation rate. This increased concentration is partitioned 

between both the flowing gas and the effectively nonmobile surface and aqueous phases. Only 

the gas phase component is emitted from the soil column while surface and aqueous phases serve 

as sinks (during flow deceleration). The mechanisms suggested here are currently merely 

hypothetical. Furthermore, the local minima observed in both the increasing and decreasing air 

flow cycles can not presently be explained. Work is presently being conducted to test all com­

ponents of the model. 

In light of the results obtained from the flow velocity cycling experiment, it seemed 

worthwhile to study volatile selenium emission rates at fixed flow velocities for sustained periods 

of time. It was anticipated that, when a steady soil air flow as imposed on an initially static soil 

atmosphere, an approximately exponential decay of the volatile selenium emission rate from an 
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initially high rate to a lower steady-state rate would be observed. Preliminary work has been 

completed on this aspect of the study, and is summarized here. The experiment consisted of 

monitoring volatile selenium emission rates over three flow velocities (inclusive of zero velo­

city). During the first 38 hours, no soil air flow was imposed. The soil column head space was 

continuously swept to monitor diffusion-limited emission rates. This first stage was followed by 

a step-increase of the soil air flow rate up to 250 mm/h. Volatile selenium emission rates were 

continuously monitored for a period of 24 hours during this second stage. The third stage 

involved a further step-increase of the soil air flow rate to 500 mm/h, with volatile selenium 

emission rate monitoring for 38 hours. All work was perfonned at 25.2°0 ± 0.2°C and atmos­

pheric pressure. 

Results from the diffusion-limited stage are shown in Figure 4.77. The soil chamber had 

been maintained in a partially isolated condition for 3 days prior to the beginning of this test. 

The restricted venting during this period maintained the soil at atmospheric pressure, but hin­

dered the diffusive exchange of volatile selenium, oxygen, and other gases between the soil and 

the laboratory atmosphere. The soil gas phase volatile selenium concentration increased during 

this period as a result of the restricted diffusion. This is reflected in the initial peak emission rate 

obtained by freely venting the column headspace to the selenium traps at the beginning of the 

experiment (Figure 4.77). The volatile selenium emissions rates slowly decline to approximately 

250 ~g m-2h-1• At 28.5 hours, the headspace gas cycling rate was increased by a factor of 3 

(from 7.5 to 22.5 L/h). It should be noted that no flow of air through the soil column as a whole 

was occurring during this stage. Some convective mixing of gases within the soil surface may 

have occurred, and could explain the associated local maxima in selenium emission rate. This 

increase appears to be transient. 

The second stage consisted of imposing an air flow through the soil equal to 250 mm/h. 

The measured volatile selenium emission rates are shown as a function of elapsed time in Figure 

4.78. Beginning with a rate of 200 ~g m-2h-1, emission rates increased steadily. The rate of 

increase diminished with time, but a steady state was not observed within 24 hours. The trend 
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Figure 4.77. Volatile selenium emission rates under diffusion-limited conditions. Soil 
P4X,25.2C. 
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suggests a possible steady-state in the vicinity of 500 J.lg m-2h-1 may have been reached with a 

longer testing time. However, this pattern is contrary to expectation, and to all other tests per­

fonned in this study to date. A possible explanation is that the imposition of the steady air flow 

increased the soil atmosphere oxygen activity (concentration), resulting in stimulation of fungal 

activity and hence selenium volatilization (Prof. M. Firestone, Dept. of Soil Science, U.C. Berke­

ley, personal communication, Oct. 13, 1989). The trend in Figure 4.78 remains to be explained, 

and is presented here for completeness and as an indication of the preliminary nature of this 

study. A repeat of the 250 mm/hr experiment perfonned one month later exhibited an exponen­

tial decay to a steady-state volatile selenium emission rate of 270 J.lg m-2 h-1
• 

The final stage of this sequence involved stepping the soil air flow rate up to 500 mm/h. 

The results of volatile selenium emission monitoring during this stage are shown in Figure 4.79. 

An initially high rate (significantly higher than the last measurement taken for the 250 mm/h 

case) of 700 J.lg m-2h-1 declines (roughly exponentially) to an apparent steady-state rate of about 

300 )lg m-2h-1. This pattern was expected from the perspective of flow-induced desorption. 

From the perspective of this model, the quantity of volatile selenium desorbed during this stage 

can be obtained by integration of the instantaneous selenium emission rate curve, and subtracting 

out the steady-state component. This procedure results in an estimated areal equivalent desorp­

tion of 1.0 mg m-2 of volatile selenium. This amount is on the order of 1 % of that estimated from 

the work of Zieve and Peterson (1985), and suggests that flow-induced desorption does not 

appreciably alter the sorbed/dissolved volatile selenium inventory. If the desorbed quantities are 

relatively small, linear approximations can be applied in tests of different models of the system's 

response to soil air flow rates. 

A possible practical implication of Figure 4.79 concerns the use of convective samplers for 

measuring field selenium volatilization rates. The results indicate that this technique may be 

used reliably only after pumping for long periods of time. The short-tenn (1 hour) measurements 

could be overestimating the actual microbial volatilization rates by about 200%. Under isother­

mal conditions, a pre-pumping period of about 12 hours, followed by the actual gas collection, is 
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suggested from the data. Pre-pumping selVes to eliminate the flow-induced inventory of volatile 

selenium, so that the rate-limiting microbial volatilization can be measured without interference. 

However, diurnal temperature fluctuations introduce further complications which appear to make 

pre-pumping impractical. 

On the other hand, lateral flow from the above-ground atmosphere leaking into the field 

sampler headspace will lessen the flow-induced bias by decreasing the extent of upwards flow of 

soil air. Recent studies by W. T. Frankenberger, Jr. (personal communication, April 1990) 

involving a sequence of short-time (10 minute) field gas collections in a single chamber suggest 

that flow-induced volatile selenium desorption does not occur to any significant extent. How­

ever, the temperature was not controlled in the field test. A similar experiment with a field 

chamber over soils brought into the laboratory will be performed to help resolve this issue. 

While lateral leakage into a loosely fitted headspace sampler is advantageous from the standpoint 

of minimizing large convective disturbances, it also introduces ambiguous positive biases from 

effectively sampling an area larger than that of the head space. Both disadvantages of soil air 

convection and lateral leakage biases could conceivably be eliminated by providing an extra air 

inlet or by recirculating the headspace air. This approach was described in a newly designed 

sampler described in Section 4.1. 

From another possible perspective, if the results of the 250 mm/h flow stage (Figure 4.78 

are in fact representative rather than anomalous, then sampling with any convection of soil air 

may yield data which are difficult to both reproduce and interpret 

It is emphasized that this worle is in a preliminary stage, and requires considerable cross­

checking of procedures and results. Along with modifications and extensior: of the work 

described here, other potentially related areas of study are being pursued. Specifically, the litera­

ture in the areas of radon gas and volatile organic gas transport in soils is being reviewed for use­

ful analogs to the volatile selenium case. 
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5.0. CHEMICAL ANALYSIS 

Development of improved analytical techniques for speciation of selenium in soil and pore 

water samples has been an integral part of the Kesterson Reservoir investigation since 1985. 

This year, we continued this effort along two lines, including development and application of soil 

fractionation techniques and application of techniques for separation of organo-selenium com­

pounds in pore water. The results of these and related studies, along with discussion of our 

QNQC statistics are presented in this section. 

Major results from these investigations are summarized as follows: 

(1) Approximately 60 percent of the selenium contained in the top six inches of soil is in 

refractory fonns that are expected to resist transfonnation to more soluble or volatile 

fonns. Further speciation and fractionation studies are in progress to identify the 

labile and refractory fonns of selenium, and to detennine rates of volatilization from 

the various pools of selenium. 

(2) Phosphate extraction of soils indicates the presence of a significant pool of adsorbed 

selenite throughout the soil profile. Only a small fraction of the selenite (10%) 

appears to be mobile. 

(3) Pore waters collected by vacuum cup samplers do not have a significant fraction of 

organo-selenium compounds «5%). Consequently, selenate concentration in the 

pore water is accurately detennined from the difierence between the "total 

selenium" in the pore water and the selenite. 

(4) A Reservoir-wide sampling of the top 0.15 m of soil (54 sampling sites) revealed that 

the average fractions of water extractable selenium in the fill, grassland, and fonner 

cattail areas of the Reservoir are 7%, 8% and 5% respectively. Average total 
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selenium concentrations for each of the habitats are 2.1 mg/kg, 6.6 mg/kg, and 17.3 

mg/kg, respectively. However, within each habitat type there is a broad range of 

values. 
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5.1. FRACTIONATION OF SELENIUM IN KESTERSON SOILS 

A.Yee 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

5.1.1. Objective 

Recent investigations on microbial volatilization of selenium by various workers (Weres, 

1989, Frankenberger, 1988, and Karlson and Frankenberger, 1989) have shown great promise as 

one of the more attractive methods for removing selenium from the Kesterson soil. However, 

most of these investigations have focused on volatilization of labile fractions of selenium, which 

may only comprise about 50% of the selenium inventory in Kesterson soils. In order to estimate 

realistically the volatilization rate, improved knowledge of the distribution of selenium between 

thevarious soil fractions needs to be obtained, as well as, an improved understanding of the rela-

tive volatilization rates between the various species of selenium present in the Kesterson soils. 

To this end, we have attempted to characterize the Kesterson soil into two fractions, one contain-

ing labile and other containing refractory form of selenium. The procedure used is a modification 

that described by of Chao et al. (1989). In the coming year, volatilization experiments will be 

carried out in the laboratory to determine relative rates of volatilization for the labile and refrac-

tory pools of selenium. The effort described is a first-step to develop the methodology that will 

be used for these experiments. 

5.1.2. Experimental Procedure 

5.1.2.1. Preparation of Soil 

A surface sample (0-5 em) from pond 1 was collected and air dried. After grinding with a 

mortar and pestle the soil was mixed and sieved through a 44 mesh screen and then stored in a 

plastic container. 
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5.1.2.2. Sequential Extraction of Selenium 

The sequential extraction procedure used is illustrated in Figure 5.1. The soluble selenium 

was removed by sequential extraction with O.lM KCl. Samples (0.5 gm) were placed in an Oak 

Ridge type centrifuge cones to which 30 m1 of 0.1M KCl were added. The cones were immersed 

in a 50°C shaking water bath and extracted for 30 minutes with moderate agitation. After cooling 

in an ice bath they were spun down in a Serval centrifuge for 15 minutes at 5,500 rpm. Superna­

tants was carefully withdrawn using a syringe. Extraction continued three more times. Then the 

soil was washed once with deionized water. The combined supernatant was collected in a 100 ml 

volumetric flask, diluted to mark and then set aside for chemical analysis. 

The potentially labile portion of the selenium which is associated with metal oxides, car­

bonates, and soluble organic matters was extracted sequentially with 0.1M potassium phosphate 

at pH 9.0, 0.1M potassium EDTA at pH 9.0, and O.lM phosphoric acid at pH 1.0. The order of 

extraction on some samples were reversed to see the effect of each solvent on the soil samples. 

Total selenium and the major cations from these extracts were monitored by hydride generation 

and ICP. The steps of the extraction procedure are the same as for the KCl extraction described 

above. 

After the phosphate extractions the sample was digested with 3 ml of concentrated nitric 

acid in a heated aluminum block overnight. Then selenium was repeatedly extracted with 10 to 

20 ml 6N HCl until the yellow color of iron no longer appear in the solution. The combined 

extract, which was collected in a 100 ml volumetric flask, was diluted to mark for total selenium 

analysis. 

5.1.3. Results and Discussion 

From the sequential extraction we found the KCl soluble fraction to contain 7.6 ppm 

selenium, the potentially labile fraction 8.6 ppm, and the refractory portion, 24.9 ppm when 

extracted in the sequence of EDTA-buffer-phosphoric acid. When extracted in a different order, 

buffer-EDTA-phosphoric acid, the potential labile fraction was 7.7 ppm, and phosphoric acid-
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Sequential Extraction I'rocedure 

EDTA Buffer "3P04 

pH 9.0 pH 9.0 pH 1.0 

-
Sample KCI Buffer EDTA "3P04 
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Figure 5.1. Sequential extraction procedure for Kesterson soil samples. 
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EDTA-buffer, the potential labile fraction was 9.5 ppm (see Table 5.1). The average total 

selenium content in the soil sample determined from sequential extraction was 40.7 ppm. This 

value compared well with both XRF analysis (42.5 ppm) and the acid extraction method of V.C. 

Riverside (40.2 ppm). 

The average ICP results of the major elements indicate phosphoric acid and EDTA have 

similar extraction characteristics (Figure 5.2). Phosphoric acid, at pH 1.0 dissolved all the car-, 

bonates and metal oxides present in the samples and effectively released the selenium bound in 

the carbonate. Selenium extracted by phosphoric acid was predominantly in the selenite form. 

Phosphate buffer, at pH of 9.0, functions as a chelating agent, and help extract selenium from the 

organic matter. At this alkaline pH it should not dissolve the metal oxides. EDTA, at pH 9.0, has 

dual functions; it chelates the metal io~ and facilitates dissolution of organic matter, such as 

humic acid adsorbed from the mineral surfaces. Therefore, one would expect to get more 

selenium from EDTA extraction than from either phosphoric acid or from phosphate buffer, 

assuming there is a relatively large amount of organic matter in the soil samples. 

The results of this preliminary investigation suggest that about 60% of the selenium in this 

soil sample was in a refractory form, presumably, not readily available for plant uptake orvolatil­

ization. TIlls is in general agreement with early findings described by the LBL 1987 and 1988 

annual reports. Additional fractionation work is now underway, along with volatilization experi­

ments using one or a combination of these' 'pools" of selenium. 
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Table 5.1. Sequential extraction of selenium using EDTA, phosphate buffer, and H3P04. 

Selenium (mg/kg) 

KCI EDTA Buffer H3P04 Residual Total 

7.55 ± 0.16 6.62 ±O.tO 1.46 ± 0.07 0.47 ± 0.01 24.87 ±0.53 40.97 
(4.42 ± 0.06 (4.64 ± 0.09 (0.34 ± 0.01 (0.19 ± 0.01) 

KCI Buffer EDTA H3P04 Residual Total 

7.55 ± 0.16 1.59 ± 0.01 5.55 ± 0.03 0.57 ±0.03 26.38 ± 1.6 41.64 
(4.42 ± 0.06 (0.78 ± 0.01 (3.04± 0.03 (0.23 ± 0.00) 

KCI H3P04 EDTA Buffer Residual Total 

7.55 ± 0.16 3.75 ± O.ot 3.97 ± 0.04 1.78 ± 0.02 22.52±0.08 39.57 
(4.42 ± 0.06 (3.25 ± 0.11 (0.93 ± 0.00 (0.60 ± 0.02) 

NaOH Residual Total 

11.92 ± 0.36 30.15 ± 0.55 42.07 
(9.88 ± 0.16 

( )= Seot 
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Figure 5.2. Comparisons of cations extracted by 0.1 m H3P04, 0.1 m potassium phosphate 
buffer, and 0.1 m potassium EDTA. 
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5.2. PHOSPHATE-EXTRACTABLE SELENITE AND ARSENATE 

T. Tokunaga 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

In order to estimate the inventory of adsorbed selenite which may be susceptible to oxida-

tion to selenate, a set of selenite extraction experiments have been perfonned. The approach 

used for this purpose utilizes the phosphate anion for displacing selenite into solution. Before 

proceeding to describe the approach taken, it is worth noting that the distinction between water-

soiuble and adsorbed (and/or precipitated) selenite is operationally defined, not only by the 

extraction technique for the adsorbed component which commonly receives attention, but also by 

the method for detennining the water-soluble fraction. Extraction of the soil solution at field 

moisture, or as a saturation paste, or at any number of water:soil mass ratios will commonly yield 

essentially identical selenate contents. On the other hand, the water-extractable selenite content 

is sensitive to both water:soil ratios and mixing times. 

5.2.1. Method 

Phosphate extractions for selenite were perfonned using 1 mM disodium phosphate 

(Na2HP04) equilibration solutions at neutral to slightly alkaline pH. Samples were mixed in 

ratios of 10.00 g soil per 200.0 g phosphate solution for 24 hours in a reciprocating shaker (room 

temperature). Separate samples were water-extracted for soluble-selenium detennination at a 5:1 

water:soil mass ratio. After centrifugation, the samples were filtered (0.45 J.Un) and analyzed for 

both selenite and total dissolved selenium by hydride generation atomic absorption spectrometry. 

Phosphate-extractable selenite was obtained by differences in selenite concentrations from the 

two extraction procedures. While the procedure is generally similar to phosphate-based selenite 

extraction step used in sequential extraction techniques reported by others (Fujii et al., 1988, 
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Chao and Sanzolone, 1989), it difiers primarily in the use of a lower concentration of phosphate 

(1 mM rather than 32 mM up to 0.1 M). This modification was suggested by Prof. G. Sposito 

CU.C. Berkeley, Dept. of Soil Science, personal communication, March 1989), and serves to 

minimize chemical weathering of the solid phase while still utilizing the ligand exchange 

mechanism for displacing selenite with phosphate. Due to similarities in adsorption behavior of 

selenite, arsenate, and phosphate, the phosphate extracts were analyzed for arsenic as well. 

Experiments in which phosphate concentrations were varied from 0 through as much as 1 M, in 

duplicate, at fixed background (NaCl and Na2S04) electrolyte concentrations confinned the 

occurrence of local plateaus in both extractable selenite and arsenate in the vicinity of 1 mM 

phosphate (Figure 5.3). Blank solutions spanning the range of phosphate and background elec­

trolyte concentrations were included in all analyses. Analysis for, and the detection of a large 

increase in dissolved silica with phosphate concentrations in excess of about 5 mM was inter­

preted as chemical weathering of the solid phase (Figure 5.3). In a separate set of tests, 

efiectively 100% seleni~e spike recovery was confinned using the present procedure. Using the 

method of Glaubig and Goldberg (1988), the arsenic extracted with 1 mM phosphate was deter­

mined to be in the arsenate, As(V), oxidation state. Spike tests with sodium arsenate indicated 

that the 1 mM phosphate extractions were not quantitatively reliable at high arsenate concentra­

tions (above 500 Ilg/(kg soil». Incomplete desorption and/or read sorption of some arsenate at 

high concentrations is suspected (e.g. Kheboian and Bauer, 1987, and Gruebel et al., 1988). 

It should be noted that even with considerable circumstantial evidence that this procedure 

is efiectively yielding adsorbed selenite, contribution to the selenite yield from dissolution of 

selenite minerals can not be completely ruled out. This is a deficiency in most all macroscopic 

analytical procedures (cf. Sposito, 1984, pp 122-128). Thus, while adsorbed selenite is the 

intended target of this method, the excess selenite yielded in phosphate solutions is more prop­

erly referred to as phosphate-extractable selenite. 
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soil: PIle, 0.10·0.15 m 
extraction: 24 h @ 20 kg/kg 

duplicate trials 

0.001 x silica 
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Figure 5.3. Dependence of extractable selenite, arsenate, and silica on phosphate concentration. 
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5.2.2. Soil Profile Data 

Profiles of water-soluble and phosphate-extractable selenite from the Pond 11 Control test 

plot are shown in Figure 5.4. It is evident from these profiles that while water-extractable selen­

ite is a minor constituent in the total water-extractable selenium inventory, phosphate-extractable 

selenite comprises a much more significant fraction. Similar profiles, with and without phos­

phate, have been determined at other locations, both on and off the Reservoir. The on-site 

profiles exhibit generally similar patterns as that shown in Figure 5.4. The one off-site profile 

analyzed to date was low in both water-extractable and phosphate-extractable selenium. 

Extractable arsenic profiles have been performed for several sites at the Reservoir, and at 

one off-site location within Kesterson National Wildlife Refuge. An example from Pond 9 is 

shown in Figure 5.5. Included in this plot are arsenic concentrations obtained from a variety of 

approaches. The data shown are from field soil solution samplers, water extracts (replicates of 

5:1 extracts, and 20:1 extracts), phosphate extracts, and from XRF analysis. These profiles are 

typical of those measured at other locations on the Reservoir. Arsenic concentrations in soil pore 

waters are typically less than 50 Ilg/L (the drinking water standard for As). The soil solution As 

concentration plotted in Figure 5.5 was converted to a soil mass referenced concentration by 

assuming a field gravimetric water content of 0.25 gig. The sensitivity of the water-extractable 

arsenic content to the water:soil ratio used is clearly depicted by the enhanced recoveries 

obtained in going from field-moist conditions (::::().25:1), to 5:1, and to 20:1. Roughly a 10 to 50-

fold increase in extracted arsenic is commonly observed in changing from direct soil solution 

samples to 5:1 water extracts. Similar increased yields are obtained in comparing water extracts 

with phosphate extracts. In view of incomplete spike recoveries at higher concentrations, larger 

uncertainties are associated with the arsenate concentrations in excess of about 500 Ilgl(kg soil). 

The strong tendency for arsenate to sorb on soil particle surfaces has been observed in all sites 

where comparisons between direct soil solution samples and laboratory extracts have been possi­

ble. Also included in Figure 5.5 is the total soil arsenic content determined by XRF analysis. 

Unlike selenium, neither the total soil arsenic or its various extractable forms are concentrated at 



E 

N 

e 
.. 

N 

- 319-

0.0 

-0.2 

-0.4 

-0.6 

-0.8 

-1.0 

, 0 -• 
I 

~. /) . 
~ / ~ -'" 

PI ~ ~ .., 
f? 
.~ 

a Se4, H20 extracted t---

-1.2 --0- soluble Se, H20 extracted t--

-1.4 

-1.6 
o 

) . 

) 
• 

50 100 

Se4, phosphate extracted t---

150 200 250 300 

concentration. per mass or soil, J.1g/kg (ppb) 

Figure 5.4. Site PI 1 C, water-extractable and phosphate-extractable selenium. 

0.0 

-0.2 

-0.4 

-0.6 

-0.8 

-1.0 

-1.2 

-1.4 

-1.6 

-1.8 

-2.0 

-2.2 
.1 

--0--

soli extracts from 
12·7·88 cores 

1 10 100 1000 10000100000 
As, ~g/(kg soli) (ppb) 

6 

6 

* D--.. 

direct soil water 
5:1 H20 extract 
5:1 H20 extract 
20:1 H2O extract 
20:1 P04 extract 
tetal As by XRF 

Figure 5.5. Site P9C, soluble arsenic, phosphate-extractable arsenic, and total arsenic. 



- 320-

the soil surface in the Reservoir profiles sampled to date. On the contrary, the Reservoir profiles 

analyzed to date exhibit arsenic concentration minima at the surface, and generally increase with 

depth. For comparison, water-extractable and phosphate-extractable arsenic profiles from an 

off-site location are shown in Figure 5.6. This off-site profile was sampled within Kesterson 

National Wildlife Refuge, 1.1 km (0.7 miles) directly north of the intersections of Ponds 11 and 

12, and the San Luis Drain. While the extracted concentrations of arsenic are within the range 

observed at locations within the Reservoir, the profiles have concentration maxima with the top 

meter of soil, unlike the Reservoir profiles. This may reflect slow leaching of arsenate while the 

Reservoir was in operation. More extensive analyses of both on-site and off-site profiles would 

be needed to test this concept. (The average extractable selenium content in the off-site profile 

was about 4 J.lg/(kg soil) (Ppb) with a maximum value of 15 J.lg/kg.) The soils analyzed to date 

have had total arsenic concentrations in the range of 1 to 20 mg/kg (ppm). These concentrations 

are within the nonnal range for uncontaminated soils. Ganje and Rains (1982) cite a range of 0.2 

to 40 mg/kg, with an average of about 5 mg/kg in common soils. All of the abovementioned fac­

tors, along with lack of detection of high arsenic concentrations in the original San Luis Drain 

waters indicate that drainwater contributions of arsenic to the Reservoir were minor. 

From the perspective that oxyanion adsorption/desorption can occur through the common 

mechanism of ligand exchange in the cases of phosphate, selenite, arsenate, and molybdate (e.g. 

Hingston. 1981), it appears reasonable to test phosphate extraction techniques with the latter 

oxyanion as well. 
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5.3. ANALYSIS FOR ORGANIC SELENIUM IN WATER 

A. Yee 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

The analytical methods we typically use to determine the concentration of selenium in the 

pore waters is a two step procedure that provides information regarding selenite and total 

selenium concentrations. In the most general sense, in alkaline environments. the total selenium 

represents the sum of selenate, selenite. plus any number of organoselenium compounds. 

Researchers studying soils in similar environments. in particular in the central valley. have con­

cluded that selenate is the dominant form of selenium present in pore water (Fio and Fujii. 1988). 

However in some samples, a significant fraction of organoselenium compounds have been 

observed. Due to the important role that speciation plays in the mobility, environmental availa-

bility. and toxicity of selenium. we have recently attempted to quantify the fraction of organo-

selenium compounds present in the pore-water samples collected from ceramic samplers in the 

vadose zone at Kesterson Reservoir. Pore water samples from 4 sites at the Reservoir were 

chosen for the initial screening. These included samples from the 0.15 m sampler at site UZ-5 in 

Pond 1, the 0.3 m sampler site UZ-9 in Pond 1, the 0.15 m sampler at UZ-8 in Pond 1 and the 0.15 

m sampler at the Pond 10 gully site. In addition. two samples of a phosphate-extracted soil solu-

tion were evaluated. 

5.3.1. Methods 

Pore-water samples having selenium content 800-1000 ppb were tested for the presence of 

organoselenium following the general procedure of Fio and Fujii (1988). Samples were first 

acidified to a pH of 2.2 and then 5 ml aliquots were applied onto activated charcoal and XAD-8 

columns followed by 5 ml wash with O.OIN HCl.The eluents were collected in 25 ml volumetric 
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flasks and then set aside for selenium determination. The adsorbed organoselenium, if present, 

were desorbed with 5 ml O.2N NaOH and the eluent collected in separate volumetric flasks. 

Selenium was determined by hydride generation atomic absorption spectrometry. 

Since the XAD-8 resins adsorb only the hydrophobic type of selenium associated with 

humic acid, we introduced a cation exchange resin column to remove the hydrophilic type of 

selenium associated with proteins, peptides, and amino acids. The latter procedure is the well 

known method of amino acid analysis by Moore, et al. (1958). 

The cation exchange columns were packed with AG 5Dx2 resin (Bio-Rad Lab.). The 2% 

cross link was selected over the usual 8% because it has larger porosity to accommodate the pro­

tein and peptide molecules, and it works equally well with smaller molecules like the amino 

acids. To get the highest exchange capacity the columns were converted to the hydrogen form 

and equilibrated with D.DIN HCl prior to use. 

To test the effectiveness of these columns as adsorbers we passed standard solutions of 

selenite, selenate, and seleno-amino acids through the columns and cOllected the effluents in 

volumetric flasks for total selenium analysis. We found the activated charcoal columns irreversi­

bly adsorbed selenite as well as selenate (see Tables 5.2 and 5.3); the same finding was also 

reported by Fio and Fujii (1988). Thereafter, charcoal columns were eliminated from the analysis 

procedure. XAD-8 columns retained about 5% of the inorganic selenium and less for the 

seleno-amino acids (see Table 5.2, 5.3 and 5.4). The small amount of adsorption found was most 

likely due to slow equilibration of the trapped samples inside the resin matrix, and not due to 

actual column adsorption. In contrast, the cation exchange columns adsorbed the selenoamino 

acid very well, and recoveries were complete upon elution with O.2N NaOH. 

5.3.2. Results 

Analysis of the four pore water samples collected from Kesterson Reservoir are shown in 

Table 5.5. In each case, total selenium concentrations in the eluates were within the analytical 

precision of the measurement techniques and the fraction recovered from the NaOH wash was 
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small. The combination of these two factors indicates that organo-selenium compounds 

comprise only a small fraction (at most on the order of several percent) of the selenium contained 

in pore water samples collected with the porous cup samplers. Consequently, for practical pur­

poses, we may assume that the selenate fraction can be determined from the difference between 

the total soluble selenium and selenite. 

Some caution is warranted in drawing this conclusion, because the vacuum extraction sam­

pling procedure has the tendency to de-gas the solution as it enters the sample cup. Partitioning 

of the volatilized selenium between the soil solution and the void space of the samplers volume 

will be different than when the soil solution is in direct contact with the soil matrix. However, 

preliminary assessment suggests this is not a significant factor because the volatile species of 

selenium only comprise a small fraction of both the total and water extractable selenium in the 

soil. 

A significant fraction of organically-bound selenium appears to be present in the 

phosphate-extracted soil solution (see Figure 5.4). Further analysis of the significance of this 

observation is underway. 
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Table 5.2. Adsorption of selenite by activated charcoal (AC) and XAD-8 resin columns. A 10 
Ilg/l standard was used for these trials. 

Eluate 
HOwash NaOHwash Total Se % Recovery 

(Ilg/l) (Ilg/l) (Ilg/l) 

ACcolumn#1 1.21 4.84 6.05 60.5 
ACcolumn#2 2.51 5.05 7.56 75.6 
XAD-8 column #1 9.36 0.69 10.05 100.5 
XAD-8 column #2 9.44 0.73 10.17 101.7 

Table 5.3.Adsorption of selenite by activated charcoal and XAD-8 columns. A 20 Ilg/l standard 
was used for theses trials. 

Eluate 
HO wash NaOHwash Total Se % Recovery 

(Ilg/l) (Ilg/l) (Ilg/l) 

ACColumn#l 7.77 6.99 14.76 73.8 
ACcolumn#2 7.21 9.32 16.53 83.0 
XAD-8 column #1 19.33 0.77 20.10 101.0 
XAD-8 column #2 19.48 0.86 20.34 102.0 

Table 5.4. Adsorption of selenoamino acids by XAD-8 and cation exchange resins. 

Se-Cystine . Se-Methionine 
XAD-8 Ion-exchange XAD-8 Ion-exchange 
(Ilg/l) (Ilg/l) (Ilg/l) (Jl.g/l) 

Initial Conc. 25.73 25.73 22.65 22.65 
after acid wash 25.64 0.38 22.96 0.28 
after NaOH wash 0.79 26.35 0.31 24.25 
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Table 5.5. Analysis ofIX>rc-water samples for organoselenium compounds. 

Pore-Water 

Sample No. Total Se AfterXAD-8 After Ion-exchange 
(~g/1) (~g/1) (~g/1) 

1. 1,077 1,067 1,156 
2. 944 886 1,025 
3. 1,360 1,315 1,440 
4. 1,904 2,036 insufI sample 

Table 5.6. Analysis of phosphate extracted soil samples for organoselenium compounds. 

XAD-8 Ion-Exchange 
Sample No. Total Se O.OINHCl NaOHwash O.OIN-HCl NaOHwash 

(~g/1) (~g/1) (~g/1) (~g/1) (~g/1) 

5. 71.6 17.9 8.9 61.6 1.9 
6. 20.7 16.4 4.1 34.8 0.7 
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5.4. SYNOPTIC SURVEY OF WATER-EXTRACTABLE AND TOTAL SELENIUM 
CONCENTRATIONS IN KESTERSON SOILS 

John Daggett and Sally Benson 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

Soil samples from each of three tri-sections covering Kesterson Reservoir were collected 

by CH2M Hill (one below Gun Club Road; one covering fonner ponds 5, 6, 7, and 8; and one 

covering ponds 9, 10 11 and 12). Each tri-section contains six sites; each site contains three 

habitat types; and, each habitat type on every site was sampled in triplicate. LBL analyzed 54 

samples (one sample for each habitat type from each site) for total water extractable selenium 

and water extractable selenite, and 52 samples for total selenium (54 less 2 due to sample deple-

tion). The extracts used in the total water extractable selenium and water extractable selenite 

analyses were made using a 5:1 water to dry soil mass ratio following procedures described 

extensively in previous progress reports. Total selenium analyses were perfonned using x-ray 

fluorescense. The three habitat types are: 

• fill (a filled area); 

• grasslands (a salt grass or uplands area); and, 

• open (an area previously populated by cattails). 

Eighteen samples of each sOil/habitat type were analyzed. 

Histograms showing the distribution of total selenium concentration and water extractable 

selenium concentration for each soil/habitat type are given in Figures 5.7 and 5.8. Figure 5.7 

shows that the total selenium concentration in most of the fill samples lies in the range of 0 to 2 

parts per million parts dry solid mass. (Note: all concentrations listed here will be units of parts 

per million parts dry solid mass unless noted otherwise.) The rest of the fill samples are roughly 

clustered around the 4 tQ 6 ppm range. The grasslands and open data plotted in Figure 5.7 have a 

broader distribution with the open samples weighted more towards the higher values. The histo-
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Figure 5.7. Comparison of the distribution of total selenium concentrations for each habitat 
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grams of water extractable selenium shown in Figure 5.8 indicate distributions similar to the total 

selenium histograms in Figure 5.7. 

In order to assess if selenium levels could be correlated with habitat types, average values 

and 95% confidence limits on these averages are compared in Figures 5.9, 5.10, and 5.11. The 

water extractable fractions of total selenium for each soil/habitat type are shown in Figure 5.9 to 

be 7.0%, 7.7%, and 4.6% for the fill, grasslands, and open soil/habitat types respectively. How­

ever, due to the range of variability present. these values are not significantly different at the 95% 

confidence limit. Note that the average extractable fraction values for the fill in Figure 5.9 have 

not included data for which the XRF values were equal to zero. Figures 5.10 and 5.11 show the 

averages of the total selenium and extractable selenium concentration data from each soil/habitat 

type. The averages of total selenium are 2.1, 6.6, and 17.3 ppm for the fill, grasslands, and open 

soil/habitat type respectively, and the averages of extractable selenium are 0.16, 0.4, and 0.54 

ppm in the same order. On average, 27%, 21 %, and 11 % of the soluble selenium in the fill, 

grasslands, and open soil/habitat types respectively is in the fonn of selenite. Figure 5.11 illus-

trates the extractable selenium/selenite relationship for each soil/habitat type; the average con-

centration of water extractable selenite is 0.029, 0.054, and 0.05 ppm for each soil/habitat type, 

ordered as above. Selenate is the major fraction of water extractable selenium. 

Taken together, Figures 5.7 through 5.12 indicate that the average levels of selenium at 

Kesterson Reservoir listed in ascending order with respect to soil/habitat type are fill, grasslands, 

and open. The water extractable fraction of the selenium inventory is not statistically different in , 

any of the soil/habitat types. This is more clearly seen in Figure 5.13 where water extractable 

selenium vs. total selenium is shown. Figure 5.13 exhibits no definite patterns to speak of. 

A broad range (0 ppm to 9 ppm) in selenium concentration in the fill material was not anti-

cipated. However, upon considering the the various factors which effect the composition of the 

fill material, this range is not unexpected. There are many factors which contribute to the varia-

bility of the composition of the fill material including: 
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• in situ material on the reservoir has been displaced by earth moving equipment; 

• some sampling sites were located at a boundary between two different soil types; 

• multiple sources of fill material applied to the reservoir, and; 

• uncertainty in the depth of fill material. 

Data from the fill sites were reviewed to assess the rate of evapotranspiration accumulation 

of selenium in the surface-most 0.15 m of soil. Only 12 of the 18 samples could clearly be 

identified as off-site fill dirt with a sufficiently large fill depth to create an unmixed sample. In 

these samples the extractable selenium and water extractable selenite concentrations are 40 ± 20 

ppb and 11 ± 7 ppb per dry solid mass. Changes in these values upon subsequent sampling will 

be monitored. 

/ 
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5.5. QUALITY CONTROL AND QUALITY ASSURANCE FOR CHEMICAL ANALYSIS 
IN THE KESTERSON PROGRAM 

Leon Tsao, Quality Assurance Manager 
Earth Sciences Division 
Lawrence Berkeley Laboratory 

5.5.1. Introduction 

A quality assurance program for the LBL Kesterson effort has been in place for over two 

years. We now have a large body of statistics and can demonstrate improvement in operation and . . ~ . 

have increased confidence over time in the selenium measurements made. In the last year we 

have extended the quality assurance program to include boron analyses. 

As an external system of control we are required to participate in the San Joaquin Valley 

Drainage Program Analytical Round-robin Program operated by the Department of Land, Air and 

Water Resources at the University of California, Davis. Results of this program for 1989 are not 

yet available. 
, .' 

5.5.2. Measurement Statistics 

Analytical chemistry has a number of means to judge the quality of the measurements 

made. Here we are considering the entire measurement process which includes the performance 

of the analyst and preparation of samples prior to measurement. This means that blind quality 

control samples must be used. We use standard solutions to gauge accuracy and precision, dupli­

cates to gauge precision with the natural matrix, blanks to gauge contamination and' spiked sam-

pies or known addition to gauge interference. 

5.5.3. Operations 

Selenium analysis is performed by hydride generator AAS. Samples are feed untreated into 

the instrument to measure selenite (Se03 -2) concentration. Total selenium is here defined as the 
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sum ef selenite and selenate. It is analyzed by treating a 5.0 ml sample with 0.2 ml ef a 2% w/v 

selutien ef ammenium persulfate and 5.0 m1 ef concentrated HCl. Our studies indicate that the 

concentratien ef erganic ferms ef selenium in ground water and seil-water samples is usually net 

significant (see Sectien 5.3). Beron analysis is perfermed by inductively coupled plasma AAS. 

Samples are feed untreated into' the instrument. Fer both selenium and boron analyses it is eften 

necessary, after an initial reading, to' dilute samples to' bring them into the linear calibratien range 

ef the instrument. 

The analyst prepares and runs control standards consisting ef standards, blanks and spiked 

samples every tenth sample analyzed. In additien, 15% efthe sample lead consists efblind qual­

ity control samples prepared by the Quality Assurance Manager in containers intended to' be 

indistinguishable frem the ethers. These consist ef standards, spiked samples, duplicates and 

blanks placed in the containers. 

Calibratien standard selutiens with 10 and 20 ppb selenium are prepared fresh daily frem a 

1000 ppm (as selenite) selenium reference standard ebtained frem the Ricca Chemical Cempany. 

Blind standards containing both selenite and selenate are prepared frem a stock selutien which is 

itself prepared frem a high concentratien er "super" stock selutien, which is itself prepared frem 

dry sedium selenite and sedium selenate. The blind standard selutiens are also' used fer spiking 

samples. 

Beren analyses are made by inductively coupled plasma AAS. Centrol samples are 

prepared in the same proportiens as fer selenium analyses. Sample sets fer which both selenium 

and boron analyses have been requested have both selenium and boron in the control samples. 

Beren calibratien standards ef 5.00, 10.00 and 20.00 ppb B are prepared frem VWR Beron 

Reference Standard, let J8-04, with 1000 ppm boron as H3B03 in water. 

5.5.4. Blanks 

It is important to' distinguish between the instrument limit ef detectien and the whele pro­

cess limit ef detectien. The instrument limit ef detectien is determined by analyzing a series ef 



- 339-

standards prepared to contain known amounts of the analyte. The whole, process limit is deter­

mined by analyzing blanks prepared blind in the same manner as any research sample. In the 

case of total selenium analyses contamination can occur during sample preparation. Splashing 

and incomplete cleaning of reaction tubes are the most likely causes. 

The whole process limits of detection for selenite and total selenium are 0.25 ppb and 0.87 

ppb respectively. For boron it is 1.199 ppm. 

5.5.5. Selenium Standards 

We have established standards with both selenite and selenate because speciation of 

selenium has been important in many of the studies we have perfonned. Because selenite solu­

tions with concentrations in the range of 40 ppb or less oxidize rapidly we make up each standard 

from a concentrated stock. We report statistics on total selenium rather than selenate because it is 

a direct analytical measurement Selenate concentrations may be derived from selenite and selen­

ate but this should incorporate the error of both direct measurements. The ratio of selenite to total 

selenium is useful for control. 

The standard deviation in these measurements includes errors in fonnulating these stan­

dards each time. One identifiable source of error is in the adjustable pipettes used. This is 0.36% 

relative deviation in the range used. 

Statistics on 308 detenninations using a 10 ppb calibration standard give a value of 10.04 

ppb with a standard deviation of 0.14 ppb. Statistics on 381 detenninations using a 20 ppb cali­

bration standard give a value of 20.05 ppb with a 0.16 ppb standard deviation. The calibration 

values are within one standard deviation of the nominal value of standards prepared from the 

Ricca solution. These statistics have been accumulated over several years and indicate our accu­

racy over that time. 

Table 5.7 gives the relative deviations of series of repeat measurements of sets of standard 

solutions run during the last part of fiscal 1988 and the first part of fiscal 1989. They were run 

blind to the analyst and, for total selenium, subject to all sample preparation procedures. They 
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indicate that our precision varies with the concentration of selenium and that we have generally 

had a slight improvement over time. Table 5.8 contains statistics for a similar set of standards run 

in 1989. The smaller number of analyses of selenite for the more recent set of standards is the 

result of researchers request for analyses of total selenium only in many of the recent sets, and 

not due to rejection of more points. The greater relative differences of total selenium measure-

ments in all standards, in spite of more analyses being perfonned, is most likely due to diver-

. gence generated by sample preparation. 

Table 5.7. Selenium standard statistics (5/11/88 - 3f22/89) 

Se+4 l: Se 

Label Cone. r.d.· No. of analyses 95% e.i. Cone. No. of analyses r.d.· 95% e.i. 

SeVlla 4.50 6.2% 37 12.6% 9.69 40 10.4% 21.0% 
SeVllb 9.13 4.1% 43 8.3% 19.15 46 7.3% 14.8% 
SeVlle 18.42 3.9% 35 7.9% 37.86 39 6.9% 13.9% 
Se VIII a 50.05 6.2% 40 12.5% 97.97 41 4.4% 8.8% 
Se VIII b 98.27 5.1% 37 10.3% 190.75 39 5.6% 11.3% 

·r.d = relative difference 

Table 5.8. Selenium standard statistics (lf24/89 - 9f2l/89) 

Se+4 l: Se 

Label Cone. r.d.· No. of analyses 95% c.i. Cone. No. of analyses r.d.· 95% c.i. 

SeIX a 4.57 6.3% 28 12.8% 9.29 42 9.7% 19.6% 
SeIXb 8.90 5.8% 34 11.8% 18.09 41 5.9% 11.9% 
SeIXe 17.71 4.2% 30 8.6% 35.61 44 7.2% 14.5% 
SeXa 49.13 4.7% 36 9.5% 94.96 44 5.1% 10.4% 
SeXb 100.46 3.7% 30 7.5% 195.43 46 4.9% 9.8% 

·r.d = relative difference 
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5.5.6. Boron Standards 

For boron, Table 5.9 gives the relative deviations of series of repeat measurements of 

different sets of standard solutions with different boron concentrations. All standards are prepared 

from the same stock solution. 

Table 5.9. Boron standard statistics 

Standard Conc. (ppm) r.d.* No. of analyses 95% c.i. 

B I a 2.354 12.7% 24 26.2% 
BIb 4.659 7.1% 23 14.7% 
B Ic 9.172 16.6% 16 35.0% 

*relative difference 

The wider confidence intervals for boron are due to fewer determinations done to begin with and 

the need to reject a substantial number of points due to technical problems with our ICP. The 

problems have been cleared up but it is still necessary to wait while we accumulate more statis-

tics. 

5.5.7. Spike Recoveries 

A persistent drawback in our spike recovery measurements has been the difficulty in know-

ing a priori what the selenium concentrations of many samples are. Ideally the spike of analyte 

added is equal to the amount of the original analyte. Spikes less than X or more than 4 of the ori-

ginal analyses are not statistically meaningful. Though we attempted 155 selenite and 199 total 

selenium spiked sample analyses, only 44 selenite analyses and 60 total selenium analyses were 

in a statistically meaningful range Our average recovery for a selenite spike was 88.2% and for a 

total selenium spike it was 84.4%. We believe this is significant and an indication of unknown 

organics complexing with selenium. 

For boron spike recoveries the same problem of appropriate spike level occurred. Out of 44 

spike recovery analyses, only 24 had spikes within the meaningful concentration range. The 

average spike recovery for boron was 94.7%. 
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5.5.8. Duplicates 

Duplicates provide a measure of our analytical precision which includes factors such as 

foaming, which repeated measurements of standards do not reflect The average relative 

difference for duplicate selenite analyses perfonned in 1989 was 5.4% and for duplicate total 

selenium analyses 14.2%. Duplicates for which both values were less than the whole-process 

detection limit were discarded. As with measurements of standards, the greater relative 

differences of total selenium duplicates compared to selenite is most likely due to divergence 

generated by sample processing. The average relative difference for duplicate boron analyses was 

4.3%. 
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