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1. INTRODUCTION

This report summarizes the results of the LBL/UCB investigations at Kesterson Reservoir

for the period frohl October, 1987 to September 1988. The report is divided into four sections
¢ Ecological Studies
¢ Vadose Zone Monitoring and Research
e >Ground Water Investigations
¢ Selenium Chemistry
Due to the fundamentally multidisciplinary nature of these ihvesu‘gau’ons, topics within each one

of the broad categories overlap, and where appropriate, we cross-reference to appropriate sec-

tions.

During the past year the results of these investigations have also been reported in LBL Pro-
gress Reports No. 7 and No. 8. In addition, several topical reports describing the results of these
investigations have also been prepared. These include three papers on the Pond 1 reflooding
experiment (Long et al., 1988a, 1988b, and 1988c) and two papers on the results of the off-site ‘

geophysical investigations (Goldstein et al., 1987, 1988).
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2. ECOLOGICAL STUDIES

2.1 SUMMARY

Over the last year the ecological studies have focussed on two areas, the wet and dry zones.

" Much of our work was devoted to the provision of data for the May, 1988 SWRCB hearings on

the on-site disposal option. These daté are available in previous reports. The studies reported
here are the latest results from the Pond 5E experiment,. which has now been terminated, and the
terrestrial food ck..in sfudy, which has also been terminated. Although most of the data for these
two projects have been collected and analyzed, there remain the last collections (September) to
be fully analyzed. |

Tentative cohclusions from the Pond SE experiment indicate that the decline in selenium
has continued for most biota. The decline, which commenced soon after the introduction of low-
selenium water, has not been a smooth decline. The initial logarimmic decline has shown a
definite seasonal cycﬁng with the winter values being higher than those of summer. Most species
are still apparently not in equilibrium with the selenium in their environment. Tﬁe sources of
selenium in Pond SE are new (from the approximately 1.0 ppb in the groundwater sUpplly).or
recycled selenium (from_excretion of plants ahd animals). Thus a continued declining trend is
appérent for most, but not all, species. The final data pqints will allow calculation of the depura-

tion kinetics for the final stages.

For the terrestrial food chain, tentative conclusions can also be made. The predominant ter-
restrial vegetation (saltgrass, alkali weed) is low in selenium (2-5 ppm) but is underlain by a
large detritus pool which is rich in selenium (averaging about 63 ppm). It is not clear if this

detritus pool is slowly decaying or is being continually replaced, but future studies could clarify

 this aspect. Food chain insects, some of which are heavily contaminated with selenium, but most

of which are not, may reflect the selenium in the detritus pool as well as that in seeds and fresh

material.
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2.2. CONTROLLED CONTINUOUS FLOODING (POND SE) UPDATE

Field sampling of Pond SE--the last remaining wet pond at Kesterson--has continued with
regular monthly sampling visits through September 1988. The pond was sampled twice in June.
Results of selenium analyses are now available for samples collected up to the second June sam-
pling, and in many cases (particularly invertebrates) July data are now available as well. The
latest available data are presented in updated versions of Figures 2-1 through 2-7. Appendix

Table 1 contains the detailed numerical data.

2.2.1. Description of Pond SE during 1988

Since its isolation from the remainder of Pond 5 in May 1986, Pond SE has been continu-
ously flooded with low-selenium and relatively fresh water pumped from the shallow groundwa-
ter beneath the pond. During this time the biota of the pond have gradually adapted to the per-
manently wet conditions in ways that have been described in previous reports in this series. For
example, invertebrate species such as brinefly larvae and rattail maggots formerly occurred in
Pond SE during the summer when temperature and salinity rose, and dissolved oxygen fell. These
species did not occur in the second yéar, when the pond never experienced these environmental
extremes. In their place other forms more typical of a freshwater pond (principally beetles) have
increased in numbers. Typical Pond SE insects such as chironomid larvae and odonate nymphs
were more perennial in the second year. We have also shown that selenium has been steadily

declining in most components of the biota during the first two years.

Pond SE continues to evolve. Pond snails (Physa)--totally absent in 1986 and 1987--were
first observed in January 1988; by midsummer Physa dominated the invertebrate biomass in the
pond. The number of coots feeding and roosting in Pond SE began to increase in March 1988 as
Pond 5 began to dry out. During the summer of 1988 at least 3 dozen coots appeared to be
resident in Pond SE, although they were evidently not nesting (G. Santolo, pers. comm.). Pond 5E
water during the first two years was clear and contained little suspended algae (phytoplankton).
Underwater Chara stands were perennial, subsurface light being available for photosynthesis. In

contrast, during the spring and summer of 1988, Pond SE water was murky with suspended algae,
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and Chara totally disappeared from the pond in early June. Increased plant nutrients from coot

droppings may have been the cause of the increased planktonic microalgal growth.

Chara began-to grow later in June, either from sexual reproduction or from germination of
bulbils. The new growth sprouted from the substrate through root-like holdfasts, the rhizoids.
This was in contrast to Chara growth in the two previous years, which consisted of vegetative
grovﬁh from branchlet tips, remote from the sediments. Rhizoids from which the original growth
began had earlier decayed as layer upori layer of Chara growth shaded out the epibenthic zone.
Chara rhizoids are not true- robts, but are known to be capable of absorption of nutrients frorﬁ

soils and transportation of such nutrients to the rest of the plant.

Ruppia maritima, widgeongrass--a seed plant with true roots--began to colonize Pond 5E
during the summer of 1988. Ruppia has not yet become abundant, but appears to be persisting in

the pond.

Pond SE water levels were inadvertently allowed to drop during August 1988, which dried

the nearshore sediments, killing the aquatic vegetation there (Chara and Ruppia).

2.2.2. Selenium content of water-and biota

With two major exceptions (new-growth Chara and benthic chironomid larvae, both dis-
‘cussed in more detail below) the biota of Pond 5E has continued to decline in selenium content
_since the last report. Dissolved selenium remains at less than 4 ppb, as it has for the last year
(Figure 2-1). Chara remaining in May and earlyb June declined in selenium to ca. 10 ppm dry
weight (Figure 2-1). In contrast, new-growth Chara (arising from rhizoids, see above) was in
most cases much higher when sampled in late Juhe (Figure 2-1). Five samples collected from
various parts of the pond on June 22 had selenium concentrations of 11.4, 27.4, 55.2, 58.5, and
128.5. The increaséd selenium may .have come from the sediments through rhizoid transport,
since selenium in near-surface sediments of pond 5E is known to be high and extremely patchy
(Appendix Table 1, Figure 2-6). Interestingly, Ruppia collected from Pond SE in early June con-

tained only 15 ppm (mean of analyses by two methods). Ruppia roots could be less effective than
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Figure 2-1. Selenium concentrations in water, Chara, and aufwuchs in Pond SE, 1986-1988.
The vertical dashed line indicates when the pond was first isolated from the
main pond. Error bars represent + 2 standard errors.
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Chara rhizoids at transporting sediment selenium upward, but more samples would be needed to
evaluate the importance of sediment patchiness on Ruppia selenium in Pond SE. Aufwuchs
(attached growths) on Chara in May and early June remained less than 14 ppm. New Chara col-

lected in late June had not yet supported enough aufwuchs for selenium analysis.

Most invertebrates continued to decline in selenium content, although in geﬁeral insect
biomass was low in summer. Epifaunal chironomid larvae declined to 22.7 ppm by late July (Fig-
ure 2-2), but benthic chironomid larvae were over twice as contaminated in July as in early June
(Figure 2-2), for unknown reasons; Odonate nymphs showed little change since the last report;
dragonﬁies (Anisoptera) had 15.2 ppm in late June, and damselflies (Zygoptera) 14.5 ppm in July
_ (Figure 2-3).

Mosquitofish continued to decline in selenium, having 25.2 ppm in July (Figure 2-4), the
lovn;est level yet seen in the pond. Tabanid larvae increased slightly in selenium (39.8 ppm in late
June, up from 33.7 ppm in October 1987, Figure 2-4), but such larvae are very rare now.
Significantly, Physa, the pond s‘nail which dominated the invertebrate biomass in summer v1988,

has very low selenilim, less than 10 ppm dry weight (Figure 2-4).

Larvae of Berosus (Coleoptera: Hydrophilidae) declined moderately in seleniﬁm, to 27.2
ppm in July (Figure 2-5), but selenium in small dytiscid beetle adults increased from 13.3 ppm in
April to 34.3 ppm in July (Figure 2-5).

Above-sediment cattail (Typha) parts remain low (less than 4 ppm, see Figure 2-7). Cattail
roots increased in May, to nearly 60 ppm, but declined to ca. 30 ppm by July 1988. Alkali
bullrushes (Scirpus) continued to have less than 2 ppm selenium in leaves, stems, seeds, and
rhizomes; and Scirpus roots decreased to ca. 10 ppm in July 1988, comparable to 1987 minima,

although Scirpus roots were much higher in selenium in June. (Figure 2-8, Appendix Table 1).
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2.3. TERRESTRIAL ECOLOGY STUDY

2.3.1. Introduction

The terrestrial ecology study was begun in March, 1988 to provide some basic data needed
to understand selenium dynamics and effects of selenium contamination in upland areas, and-to
evalnate the effectiveness of proposéd and on-going experimental techniques for decontaminat-
ing dry areas. The approaéh parallels thaf used successfully in the aquatic ecology studies, i.e.,
identifying key components of the food chain, and then monitoring seasonal and long-term
changes in p'opulation. paraxnetérs and selenium levels, and determining how selenium moves

through the food chain.
The 'study was intended to provide the following:

(1) Baseline data on population dynamics (abundance, growth rate, standing-crop
biornass, ﬁming of reprbduction, etc.) and selenium levels of key species in a ‘‘no-
action’’ treatment, contaminated dry area, so that the effectiveness of various experi-
mental écological modification and volatilization treatments now being implemented,
may be independently evaluated;

(2) Information and experience that would be useful to CH2M Hill in designing a long-

term monitoring program; and

(3) General information on selenium dynamics in upland areas that would be applicable

to contamination problems in other areas of the Central Valley.

An area of Pond 11 was selected as the “‘no-action”’ dry index site, and a synoptic survey
encompassing most of the reservoir was conducted to verify the representafiveneSS" of the index
site. Most of the upland area of the reservoir is dominated by stands of salt grass (Distichlis spi-
cata), in which are mixed srnaller patches or isolated individuals of other plant species. Most of
the work reported here was conducted within these meadows of salt grass. 'I'he'basic program
consisted of mohthly quantitative Sampling of vegétat:ion, roots, surfa_ée soil, and insects at the
index site, plus a monthly nualitative survey in Pond 11 of plant phenology and community

developi...nt, and of selenium levels in approximately 30 species of plants collected in a transect
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from one side of the pond to the other. Details of the methods employed are described below.

2.3.2. Methods

23.2.1. -Quantitative Sampling

Quantitative plant samples were collected monthly at the dry index site in Pond 11, within
~4-5 m of a wooden stake installed there. The index site is located at the southern end of the pond,

near the intersection of the pond’s boundary road with the road bisecting Ponds 9 and 10.

The sampling unit was a 1/64th m? area, within which all vegetation, detritus, roots and soil
down to 5 cm below the ground surface were collected. A 1/4 m? iron quadrat frame, divided by
strings into 16 1/64 m’ units was placed on the ground, and three of the 1/64 m? units were
chosen at random for sampling. Above-ground vegetation was clipped off at ground level with
pruning scissors and placed in a plastic bag. Next, loose surface detritus and seeds were collected
by hand and placed in a second bag. Finally, a sharp trowel was used to dig out a square-sided
sample of soil and roots down to 5 cm depth. Thus, three samples consisting of three bags each,
were collected on each sampling day. In addition, three samples of insects were taken by means
of 100 rapid sweeps of a 40 cm diameter heavy sweep net, in three parallel transects separated by
several meters, and always taken by walking uﬁwind from the plant sampling site while sweep-

ing.

2.3.2.2. Qualitative Sampling

On each visit to the reservoir, after the quantitative sampling was completed, a transect was
walked from the dry index site to the northem edge of the pond, following the same route each
time. Along the way, samples of each plant species sighted were taken for selenium analysis and
for developing a voucher collection. Identifications were made by staff of the U. C. Berkeley Her-
barium, especially Barbara Erttér. Notes were made of observec.i changes in growth, reproductive
condition, etc., since the previous visit. Plants obtained in special areas, e.g., formerly wet

depressions, were bagged and analyzed separately.
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2.3.2.3. Laboratory Procedures

Plant samples from the field were refrigerated ovemnight, and insects were frozen. Quantita-
tive plant samples were sorted into live vs. dead vegetation. The live vegetation was separated by
species before drying, weighing, and preparing for selenium analysis. Dead vegetation was dried,
weighed,iland prepared for selenium analysis without attempting to sort it by species. Detritus
samples were sorted into seeds, occasional insects, and detritus before drying and weighing.
Roots were extracted from soil by sieving with a 4 mm mesh screen. Roots were washed with tap
water before drying and weighing.

- After freezing, insect samples were sorted into species or lowest recognizable taxon before
drying and weighing. For selenium aﬁalysis, some combinations of taxa among replicates and of

different but related taxa (e.g., all flies) had to be made to provide sufficient material for analysis.

Qualitative samples were sorted into piles of different species. Specimens representing
different stages of development were dried and pressed for the voucher collection. Others were
cut into piecés of stém, leaves, and roots, which were combined for selenium analysis. On some

occasions seeds or flowering tops of some species were analyzed separately.

2.3.2.4. Synoptic Survey

A synoptic survey of salt grass meadows in the reservoir was conducted on 6 July 1988. A
total of 28 stations from Ponds 4 through 12 were sampled. A stake was installed at each station,
and crews collected three samples of soil and above-ground vegetation within a meter of each
stake. The sampling unit was the rim of é plastic 5 gal bucket (269 mm diameter,} area = 568
cmz). Vegetation was quantitatively sampled by clipping with scissofs, and a non-quantitative
sample of surface soil was then taken with a trowel from each clipped area. In addition, three
50-sweep samples of ihsects were collected at egch‘station. Laboratory procedures were the same |
as for the regular montlﬂy collections, except that detritus and rbots were not céllepted in the

synoptic survey.
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2.3.3. Results

2.3.3.1. Qualitative Samples

To date, 28 species of plants have been identified from Pond 11; these are listed in Table 2-
1. Several species are small annuals which were seen in the first couple of months of the study
and then died as summer progressed. Others such as Cressa truxillensis had not yet germinated in
March, but became abundant later on. Cressa became a dominant plant in Distichlis meadows
throughout the reservoir, as well as in dry, formerly wet playa areas. Cressa seeds from 1987 or
earlier years were abundant in the surface debris throughout Pond 11 and comprised nearly all
the seeds found in the quantitative samples. As summer [Srogressed, the number of Cressa seeds
visible on the ground declined dramatically, and their bioinass in the quantitative samples also
declined (see below). Since the decline occurred long after the germination period, we assume

that the loss was mainly due to seed-eating animals.

Most plants appeared to be growing rapidly in March and April. Distichlis was in bloom by
mid-April in the center of Pond 11. Cressa, Atriplex, Sonchus, and other plants bloomed in May,
 and by mid-June many of the larger plants such as thistles aﬁd mustard were drying up and dying.
Burning bush (Kochia scoparia), the dominant plant in dry piaya areas as well as disturbed areas
that had been experimentally disced or scraped, was still growing and had not yet bloomed in
August, at the time of our last visit. Distichlis, Frankenia, and Cressa were still green in August,

although the Cressa were turning brown and dropping seeds.

Mean selenium concentrations in qualitative plant samples taken in March-June are shown
in Table 2-2 (no qualitativé collections were made in July or August). Complete selenium data
for qualitative samples are provided in Appendix Table 2. The main apparent trend in Table 2-2
is that a number of species had higher concentrations of seleniufn in March, at which time the
plants were small, shallowly rooted shoots, than later in the summer. This trend may be related to
the fact that the upper, organic layer of soil has generally a much higher concentration of
selenium than deepef layers. As the plants grow, their roots penetrate deeper into the soil, so they

would then be extracting water and nutrients from soil with lower levels of selenium. A decline



‘Table 2-1. Scientific and common names of terrestrial plants
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found in Kesterson Reservoir.

Amsinckia sp.
‘Atriplex sp. 1
Atriplex sp. 2

Bromus sp. 1

Bromus sp. 2

(japonicus-mollis group)

Centaurea solstitialis
Cirsium sp.

Cotula coronopifolia
Cressa truxillensis
Cuscuta salina
Distichlis spicata
Erodium cicutarium
Frankenia grandifolia
Heliotropum curassavicum
Hordeum sp.

Kochina scoparia
Lactuca sp.
Lasthenia sp.
Lupinus biocolor
Medicago sp.
Melilotus indica
Rumex sp.

Senecio vulgaris
" Sesuvium sessile

Sida leprosa
Sisymbrium sp.
Sonchus sp.

Scirpus sp.

fiddleneck -

" saltbush- .

saltbush
brome, chess, cheatgrass -

brome, chess, cheatgrass

star thistle

thistle

brass buttons
alkali weed

salt marsh dodder
salt grass

filaree

alkali heath
seaside heliotrope
foxtail barley
burning bush

" lettuce

composite--n0 common nam
lupine ‘
alfalfa

sweet clover

dock

common groundsel

sea purselane

alkali mallow

. mustard

sow thistle
bulrush
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Table 2-2. Seasonal variation in selenium concentration (mean ppm)
in terrestrial plants (qualitative samples), 1988.

Pond 11 Pond 12
Species
March April May June March

Amsinckia 0.9 8.2 0.8

Atriplex 1 2.5 2.6 1.9 0.6 2.6

Atriplex 2 0.0

Bromus 1 1.2 2.7 2.2

Bromus 2 ' 29 3.7

Centaurea 6.3

Cirsium 2.0 5.9

Cotula 5.8

Cressa ' 21 1.3 1.5

Cuscuta 0.5

Distichlis 1.6 0.5 1.1 14 35

Erodium 3.9 3.0 4.1 4.8

Frankenia 3.7 4.0 34 2.1 33

Heliotropum 4.5

Hordeum 1.3 6.8

Kochina 7.4 19 1.6 1.5 7.8

Lactuca 7.4

Lasthenia , 29 3.2
‘| Lupinus ‘ 3.7

Medicago 6.9 14 4.4

Rumex 49

Senecio 53 1.2 5.6

Sesuvium 42 2.5

Sida 39.8 1.9 3.1 9.8 46

Sisymbrium sp. 7.6

Sonchus 2.7 5.8 4.0 5.6 6.4

plant 34 5.0
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in soil selenium concentration during the summer is an unlikely explanation, as the surface soil

concentration measured at the dry index site did not changé during the six months of sampling

(Figure 2-9).

2.3.3.2. Quantitative Samples

Mean biomass values for different components of the quantitative samples are plotted in
Figure 2-10. Complete results are provided in Appendix Table 3. The upper part of Figure 2-10
reflects the increasing biomass of Distichlis and Cressa as the growing season proceeds. The
lower portion shows the decreasing biomass of seeds (Cressa) mentioned earlier. Considerable
variation is evident iﬁ the early phase of sampling, suggesting that the sampling technique

became more refined with practice.

Mean selenium levels in different components of the quantitative plant samples are shown
in Figure 2-9. Data for August are incomplete. There was lime change in concentration in live,
above-ground Distichlis and Cressa during the summer (upper portion of Figure 2-9), both
averaging about 2 ppm. Distichlis roots, however, showed high levels of selenium, averaging
about 32 ppm (lower portion of Figure 2-9---‘‘roots’’ were essentiall}; 100% Distichlis). The sur-

face detritus averaged about 63 ppm and surface soil 20 ppm.

Mean biomass and numbers of insects and other arthropods are plotted in Figure 2-11; com-
plete data are provided in Appendix Table 4. Sweep net sampling was not begun until May. The-
. increasing biomass of arthropods as summer progressed was due almost entirely to grasshoppers,
which increased in both number and body size through July. Selenium levelé in arthropods are
shown in Figure 2-11 and Appendix Table 5, except for July and August, for which the laboratory
results are not yet available. No conclusions may be drawn from the- data available to date, but
we note a few instances of high selenium levels (e.g., one sample of a fly identified as Species B

(67 ppm), and a sample of sowbugs collected by hand in March (44.3 ppm, Appendix Table 5)).
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Figure 2-9. Seasonal variation in mean selenium concentration in components of quantitative
plant samples at the Pond 11 index site. Error bars represent + 2 standard errors.
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2.3.3.3. Synoptic Survey

Mean biomass per pond for the dominant plants Distichlz;s and Cressa are shown in Figure
2-12. Complete data and means per pond and per station are provided in Appendix Tables 6
~ through 8. Figure 2-12 shows that Pond 11 is ét the low end of the scale in terms of Distichlis
biomass, and intermedia‘te for Cressa. Mean values for these species at the index site in July

(Figure 2-10) are typical of Pond 11.

Selenium analyses for plants in the synoptic survey are incomplete at this time, except for
the 10 stations in Pond 11 (Appendix Tables 9-11). Mean selenium concentrations for Distichlis
and Cressa in Pond 11 are 1.4 and 2.0 ppm, respectively, compared to 1.6 and 3.2 ppm at the

index site on the same day (Figure 2-9).

Grasshoppers and leafhoppers were sorted from the synoptic sweep net samples (remaining
insects are still frozen). Complete data on numbers, biomass, and selenium levels are provided in
Appendix Tables 12 through 15. Leafhoppers had declined greatly by July as their plant
resources .died, so that they were found at only a few stations in the synoptic survey.
Grasshoppers were still abundant, and mean numbers, biomass, and selenium levels per pond are
shown in Figure 2-13. Biomass means ranged from 5.3 (Pond 5) to 353.8 mg per 50 sweeps, with
Pond 11 at an intermédiate level of 205.3 mg/50 sweeps. At the dry index site 'mean biomass on

the same day was 662 mg/100 sweeps, or about 330/50 sweeps.

Mean selenium levels in grasshoppers ranged from 2.5 ppm in Pond 11 to 5.9 ppm in Pond
7 (Figure 2-13). Selenium analyses for insects collected in July and August at the index site have

not been completed.

Mean selenium concentrations in surface soils in Ponds 4 through 12 are shown in Figure
. 2-14. Means per station and complete data are provided in Appendix Tables 16 and 17. A gen-
erally higher level of contamination in southem pond soils is evident in Figure 2-14, as expected
from historical considerations. Pond 11 is intermediate in selenium concentration among northern
pond soils, and examination of Figure 2-9 indicates that soils at our index site are typical of Pond

11.
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2.3.4. Discussion

The major purpose of the tcﬁestﬁal 'compohent df the U. C. Berkeley (LBL-SEEHRL)
ecology research program was to determine the biomass and selenium contamination levels in
food-chain organisms in areas which had been exposed to seleniferous drainage water. In partic-
ular, a base line for a ‘‘no ac‘tion” and possible ecological modification actions must be provided
at the level where selenium enters the food web (i.e. at the lowest trophic levels). As in the
aquatic ecosystem, there is little bioconcentration of selenium in mammals and birds in the ter-
restrial system. These higher trophic levels tend to have a selenium contamination similar to their
prey. This contrasts with the plants and bacteria which provide the big step up from parts-per-
billion in the water to parts-per-million in the living organisms.

The above objective has been only partially-fulfilled because the quantitative lower trophic
level sambling has only taken place over the past 6 months. At the time of writing (September,
1988), not all samples have been analyzed for selenium, and some minor identification and litera-
ture work remains to be accomplished. However, sufficient data ha\}e been gathered to indicate
that the spring-summer dynamics of the terrestrial community are of concem and should be fully
analyzed in conjunction with the on-going qualitative monitoring projects (US FWS, CH2M-Hill,
Inc.). For this purpose we h_ave provided a complete data appendix in this report.

If compared with samples taken at similar times, our results can be used as a comparison
with future samples in dry areas anywhere in the Reservoir. They can also be compared with
those from the experimental plots. OQur reservoir-wide synoptic survey in the summer of 1988
provided both the qualitative and quantitative information needed for a risk analysis of the same

type that was previously carried out in 1986 for wet-management options.
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3. VADOSE ZONE MONITORING

3.1. INTRODUCTION

Various studies concerned with soil water and ephemeral pools at the Reservoir have been
outlined in previous reports (e.g. 1987 Annual Report). These activities focused on monitoring
of excavated test plots, playa and saltgrass soil environments, and ephemeral pools. Along with
the continuation of these works which will be updated in following sections, several related stu-
die.s have more recently been initiated. These studies include the determination of bare soil eva-
poration rates and the characterization of distributions of select major ions and trace elements at
new monitoring sites in Ponds 8 and 9. Summaries of all of the abovementioned studies are pro- '

vided in the following sections.

A review of several i.mportam hydrological influences on the Kesterson Reservoir soil -
environment is useful in understanding the physical context in which the various soil processes
to be described take place. As noted in an early (1939) soil survey, soils of this area have been
saline long before operation of the Reservoir (Soil Conservation Service, 1952). fI‘he formation
of saline soils is commonly observed in regions characterized by low rainfall, high evaporation,
and a shallow depth to the water table (U.S. Salinity Laboratory, 1954). All of these factors are
characteristic of Kesterson Reservoir and its surroundings. Annual rainfall at the Reservoir has
ranged from around 200 to 360 mm, while annual pan evaporation has ranged from around 1500
to 2200 mm (1984-1988, USBR personal communication). The shallow water table fluctuates
within 3 m of the soil surface, with seasonal maximum elevations commonly occurring within 1
m from the soil surfaée. In some areas, this seasonal rise extends above the soil surface creating
ephemeral pools. The depth of the shallow water table strongly influences evaporation from bare
soils (e.g. Moore, 1939, Gardner and Fireman, 1957). In this environment where evaporative soil

water losses exceed rainfall leaching, accumulation of salts within the soil profile results. This
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process of evaporative salt concentration must be considered in | assessing any methbd for
management of the Reservoir. As will be discussed in sections 3.2 and 3.6, for unvegetated soils,
the soluble forms of selenium will concentrate near the soil surface with other soluble salts. As
shown in section 3.4, soluble selenium and sait concentration occurs within the root zone in soils

vegetated with saltgrass.

3.2. 1.0 FT EXCAVATION TEST PLOT AT POND 6

As described in previous reports -(6th Progress Report, 1987 Annual Report, 7th Progress
Report), excavations of surface soils to depths of 0.5 and 1.0 ft have been performed to assess the
effects of the ODP on residual soils. The effectiveness of the ODP in the Kesterson Reservoir
envirpnmént appearéd questionable due to three basic principles.‘ These include the-pervasive
occurrence of high concentrations of soluble selenium to depths of about 1 m (Figure 3-1), the
enhaﬁced tendency for capillary rise of soluble salts (including selenium) to the soil surface, and
the enhanced tendency for formation of ephemeral pools due to the increased areal extent of
topdgraphically low regions. As noted previously, the combined effects of a shallow water tablc,
low rainfall, and high potential evaporation have long been recognized in the process of soil
salinization through evaporative concentration of salts. Excavation results in closer proximity of
the water table to the soil surface, and higher rates of evaporatively driven ‘‘capillary’’ flow to
the surface. The effect of evaporative transport of solutes to the soil surface exacerbates the
ephemeral pool problem due to dissolution of these soil salts at potentially high concentrations in

surface waters.

One method of quantifying temporal trehds in surface soil salinity and selenium content is
through periodic analyses of surface soil sample‘s. As described in previous reports, 0.15 m deep
core samples are periodically taken in the residual soil surface of the excavation test plots.
Water-soluble soil constituents are extracted in the laboratory from 5:1 ratios of water to soil
which have been continuously stifred for 1 hr, centrifuged, and filtered (0.45 pm); The extracted

solution is then analyzed for electrical conductivity, selenite, and total selenium, (EC). Occa-
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sional analyses are also performed for major ions and trace elements. EC time trend data from
cores taken in the 1.0 ft excavation test plot in Pond 6 are shown in Figure 3-2a. The EC data are
all normalizéd to soil water contents corresponding to a water:soil mass ratio of 0.20 which
typifies excavated soil surfaces near saturation. The approximately twb-fold increase in ECs dur-
ing 1987 corresponds to an upward evaporative soil water flux of about 0.2 m/yr. While more
recent sets of samples for the present year have yet to be processed, the mean value of 64 dS/m
for the May 1988 ECs are twice as high as the mean of ECs at the beginning of the experiment in

May 1987 which was 32 dS/m (coefficients of variation are < 16%).

Soluble selenium analyses of the surface core samples from the Pond 6, 1.0 ft excavation
test plot are shown in Figure 3-2b. While a slight. increase in surface soil soluble selenium con-
centrations was observed during 1987, the limited 1988.data show no trend. Unlike simpler solu-
ble salts, the soluble selenium concentration is not simply govemed by soil water flow, evapora-
tion, and precipitation. More complex transformations of selenium including strong redox-
dependent solubility, adsorption, and volatilization can result in large spatial and temporal v{aria--

‘tions in the soluble selenium inventory. These complexities may require longer observation
intervals to discem significant patterns. These data nevertheless demonstrate that even witha 1.0 .
ft deep excavation, high concentrations of soluble selenium will persist in the residual surface

soils.

At the 1.0 ft excavation test plot in and 6, the seasonal rise in the shallow water table dis-
placed soil pore waters upwards, and resulted in ponding at the surface from mid-November 1987
to late March 1988. This surface water was reéularly sampled at 3 sites, and analyzed for soluble
selenium and EC. Surface water samples were collected from interior regions of cylindrical rings
inserted into the soil.” The protruding upper end walls of the rings isolated interior waters from
possible lateral contamination duﬁng the initial stages of ponding. Consistent differences in
water levels inside the rings versus outside the rings indicated that thenngs effectively prevented
1atera1 surface water contamination. thle mixing of sﬁrface watéré Qa‘s preven.ted;‘i‘:t should be

noted that the extent of water table rise in the Pond 6 excavation test plots was enhanced by the
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proximity of the adjacent flooded Pond 5. Data from two sampling rings in this test plot are
presented in Figure 3-3a and 3-3b. Soluble selenium concentrations in the surface water are
extremely high, and generally exceed 1000 ppb. Selenatergenerally accounts for at least 90% of
uie soluble selenium from these waters. 'Concentrations of other dissolved salts are also high, as
indicated by the ECs which are generally in eﬁcess of 30 dS/m. Occaéional sampling of surface
waters outside of the rings yielded selenium concentrations and ECs comparable to values for
ring interiors. Temporal fluctuations in both soluble selenium and ECs are partially accounted for
by rainfall and evaporation. During the period of November 1987 through March 1988, 155 mm
of rainfall and 437 mm of net pan evaporation were recorded by the USBR (J. Esget, personal

communication).

Since the surface water at this excavation site primarily originates from pore waters, corre-
lation between surface and pore water quality is expected. General agreement between surface
soil water quality and surface water quality data is apparent upon comparing Figures 3-2a,b and
3-3a,b. The time trend in Figure 3-2a shows a pattern of increasing salinization of the surface
soil as reflected in soil water EC data. Based on the soil core EC data from Nov. 5, 1987, an EC
for surfa;:ing water (in the absence of rainfall dilution) of 71320 dS/m was projected. This salin-
ized soil wéter was eventually displaced to the surface on Nov. 17, 1987, yielding the initially
extremely saline surface waters with a measured EC of 60 dS/m (Figure 3-3a). A similar, though
much less distinct time trend is.observed for soluble selenium in pore waters. From the soil core
data, surface water selenium concentrations in excess of 1000 ppb were projected. The large
scatter in the data, and small sample number of 5 cores precluded more definitive predictions.

The selenium concentrations in surface waters sampled at this site ranged from 700 to 6000 ppb.

Results of this experiment clearly demonstrate that the ODP would not have significantly
lowered selenium concentrations in surface water. The selenium concemratidns in the excava-
tion test plot surface waters were several times higher than the concentrations measured in the
ponds during active disposal of drainage waters into the Reservoir (=300 ppb). Excavation to

depths in excess of 1 m would probably be needed before a low selenium environment could be
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assured (see Figure 3-1 for the depth distribution of soluble selenium). Any excavation will con-
tribute to accelerated salt (and selenium) accumulation in residual soil surfaces, and simultane-

ously increase the probability of ephemeral pool formation.

3.3. POND 9 SOIL MONITORING

Soiis in the playa environment of the northern portion of Pond 9 have been monitored for
nearly 2 years. During this period, no surface waters were introduced. With the absence of
periodic flooding, terrestrial vegetation has become established during the spring in both 1987 -
and 1988. A dense growth of Kochia Scoparia dominated the Pond 9 test plot plant community
in 1988, while a more'sparse mixture of annual shrubs was observed in 1987. Soluble selenium
depth profiles from field soil water samples exhibited considerable fluctuations during this
period. Both increases and decreases as large as five-fold have been measured in soil water
selenium concentrations within particular soil-water samplers (Figure 3-4a,b,c). However, no
distinct time trends in whole prbﬁle soluble selenium inventories are presently evident. Soil
water concentrations in excess of 1000 parts-per-billion selenium commonly persist in the upper
portions of the profiles. These high selenium levels give way to concentrations in the range of

tens and hundreds of parts-per-billion at greater depths.

Water-soluble constituents in Reservoir soil profiles are also commonly extracted in the
laboratory from core samples. As noted in previous work (1987 Annual Report), soluble
selenium extracted by this laboratory method has been found to agree well with analyses of
direct vacuum-extracted field samples in aerated vadose zone soils. Further comparisons of these
two methods of soil solution sampling are presented in the discussion of Pond 11 soils. While
measummeﬂm of soluble selenium concentrations in vadose soils at the Reservoir are essentially
equivalent in field and laboratory extractions, such agreement can not be expected for com-
ponents whjch have been adsorbed or have precipitated due to reaching solubility limits under
field conditions. The addition of distilled water to soils in laboratory extracts shifts equilibria to
favor desorption and dissolution which result in higher recoveries of susceptible species. This

effect on the major ions Na*, Ca?*, and SO%™ is shown in Figure 3-5a,b, and ¢ respectively.
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Cbncentrations of the 5:1 laboratory e€xtracts have been normalized to the original field water
contents to allow comparisons with direct ﬁeid vacuum extracts of soil solutions. The discrepan-
cies between field and laboratory ¢xtracts of Na* and SO5~ demonstrate that precipitates of these
ions are pervasive throughout the soil profile. The maxima for Ca?* and SO3™ at the soil surface
are consistent with independent x-ray diffraction studies_, which show that gypsum (CaSO4-2HZO)
is the dominant evaporite mineral in this zone. The agreement between field and laboratory
extracts for Ca?* and Mg?* (Figure 3-5d) indicate that these species are largely in solution at
depths below 0.30 m at this site. Comparisons of water extraction methods for the trace elements
boron and arsenic ére shqwn in Figure 3-6a and 6b r~<pectively. It is emphasized that the field
. extracts represent concentrations in actual soil solutioné, and that the laboratory extracts
represent the sum of currently and potentially soluble quantities. In both the boron and arsehic
. profiles, the major portion of the potentially water—solubié inventories are in adsorbed or precipi-

tated forms under field conditions at this site. Similar observations have been noted in other soils

of and 8 (Figure 3-19¢), and Pond 9 (Figure 3-20d), for arsenic, and Pond 11 soils for both boron

and arsenic (data not shbwn). It should be noted that concentrations from laboratory extracts do

not provide absolute measures of potentially soluble species due to limited mixihg times and low
solubilities of certain minerals (most commonly gypsum and calcite). Longer mixing times and

larger water:soil ratios would generally yield higher quantities of dissolved species.

While the Pond 9 monitoring site has largely beco.me revegetated during the past two years,
one test strip at fhe site has been maintained as a bare soil environment through periodic
(rnahual) w.eeding. Comparison of the hydrological differences between vegetated and inon-
vegetated Pond 9 test plots -are provided in hydraulic hgad profiles Figure 3-7a,b. The tensiome-
ter data demonstrate that plant root uptake of soil water in the control plot is effectively dewater-

ing the upper 1.5 m of soil (Figure 3-7a). In contrast, vthe u'nvégetated soil profile loses water
only through ev.aporation at the soil surface and to drainage towards the declining water table
(Figure 3-7b). An estimated 0.15 to 0.2 m more water has been'extra_cted in the vegetated soil

compared to the unvegetated soil. In an environment where formation of ephemefal pools is of
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concem, plant growth on Reservoir soils can significantly assist in delaying pool formation
through dewatering of the soil profile. As will be noted in discussions of Pond 11 soils, vegeta-

tion also assists in minimizing surface accumulations of salts.

3.4. POND 11 SALTGRASS SOIL MONITORING SITES

Mo'nitoriqg'of the densely vegetated, and infrequently flooded upland saltgrass environ-
ment in Pond 11 is continuing. Due to the infrequency of flooding with drain waters, and to tran-
spirative removal of soil water through plant roots, the region of salt accumulation is observed
within the rooted zone. This is in sharp contrast to salt distributions in bare soil profiles at the
Reservoir where accumulation occurs largely at the surface. In the Pond 11 saltgrass soils, solu-
ble selenium is also distributed considerably more uniformly throughout the upper meter of soil.
With nearly two years of soil water data from the Pond 11 saltgrass sites, time trends in soluble
selenium inventories, soil salinity, and vitality of the plant community are becoming apparent.
General increases in the soluble selenium profiles in the Pond 11 sites suggest that remobilization
of selenium from insoluble to soluble forms has taken place (Figure 3-8a,b,c). The early (Nov.
1986) surficial treatment of the three sites (control, disked, harvested saltgrass) have not per-
sisted. The initially rapid saltgrass regrowth has obscured differences between the various Pond
11 test plots so that the three monitored plots can be treated as replicates. Depth-averaged solu-
ble selenium inventories at these sites under comparable late winter and early spring conditions
show increases in the range of aboﬁt 50%. Uncertainty in the percentage increase for selenium in
solution is largely due to uncertainties in the soil water content profiles. An insufficient amount
of soil water content data at these sites precludes quantitative evaluation of the influence of
differenices in soil water contents. Evapotranspirative drying of the soil profile will generally
yield more concentratéd soil .solutions simply due to the selective removal of water, without
actual increases in solute content. However, it is unlikely that lower soil water contents could
account for most of the apparent increase in selenium in solution for several reasons. First, ten-
siometer data during the periods in question are comparable, indicative of c'ompa'rable soil water

contents. Second, the measured rainfall during the 1987/1988 season at Kesterson Reservoir of
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229 mfn is slightly greater than that of the 1986/1987 season (195 mm). Third, during both
periods, water table rise in the Pond 11 test site was nearly identical, with maxima at 0.9840.01
m below the soil surface. A minor mechanism for soluble selenium increases in the lower por-
tions of the Pond 11 profiles is that of upward movement of selenium from below the monitored
depth (1.2 m). This upwards flow is due to saltgrass and alkali weed uptake of soil water, and is
clearly indicated by tensiometer data (not shown), and temporal changes in EC profiles. Due to
the measured low selenium concentrations at the deepest soil water samplers, upward flow of
selenium from below 1.2 m is expected to result in only minor contributions to the soil selenium
inventory. All c;f these abovementioned considerations indicate that formerly immobile selenium
in the Pond 11 soils is moving into solution. Among the po§sible mechanisms for this increase in
sélenium in solution is that of oxidation of adsorbed selenite. Experiments directed at measuring

the adsorbed selenite inventory in various Reservoir soils are currently being pursued.

The previously mentioned comparisons between field and laboratory extractions of soil
solutions have also been performed on Pond 11 soils. As shown in Figure 3-9a, 5:1 water:soil
laboratory extracts provide reliable indications of selenium in solution under vadose conditions.
The water extraction procedure does not readily oxidize or desorb selenium. As previously
noted, the laboratory water extraction does dissolve and desorb numerous other species (major
ions and other trace eiements). This is reflected in the discrepancies in EC profiles obtained from
field and laboratory water extractions ‘(Figure 3-9b). The major ions which contribute most to the
higher laboratory extract ECs are Na*, Ca?*, and SO% . ‘Signiﬁcant quantities of boron and

arsenic are also solubilized in the water extraction process.

Soil .water EC data are indicative of increased salinization of the Pond 11 soil profiles (Fig-
ure 3-10a,b,c). Comparison of early spring data from i987 and 1988 show profile-averaged
increases in soil water ECs of 8 dSﬁn. This increase could be attributed to a. combination of a
drier soil profile in 1988 and plant root uptake of deeper saline soil waters into the monitored
profile. As previously mentioned, tensiometer data indicate that the soil water content profiles

were comparable during the two periods in question. This leaves inflow of salts from below the
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monitored zone as the only explanation for the observed EC increases. Assuming upward flow of
deeper soil water having an. EC of 20 dS/m resulted in increased salinization of soils with an
average volumetric water content of 0.30, a calculated upward flow of 0.16 m of water is
obtained. Use of a higher inflow EC of 40 ds/m results in an estimated upwards flow of 0.08 m.
The reasqnableness of the selected range of inflow water ECs is based on ECs measured in the

deepest (1.22 m) soil water samplers.

Increased salinization of the soil profile will result in a generally less favorable plant and
rﬂicrobial environment through decreasing the soil water potential. The previously mentioned
EC increase of 8 dS/m corresponds to about a -300 J/kg (-3 bar) decrease in the soil water poten-
tial. Increased salinization of the Pond 11 soils may already be adversely affecting growth of the
saltgrass. Comparisons of tensiometer data from late spring and summer of 1987 and 1988 indi-
cate that transpirative removal of soil water in the 0.46 to 1.22 m depth interval was slower and
less complete during the current year. The lack of sufficient leaching of these soil profiles will

result in further salinization, which will further constrain plant growth.

3.5. EPHEMERAL POOLS

Ephemeral pools at Kesterson Reservoir form as a result of several factors. These sources
for surface water formation are (1) runoff from adjacent (intentionally) ﬂooded areas, (2) soil
‘water’ displaced upwards by the seasonally rising water table, and (3) rainfall. In many pools, all
three of these factors contribute simultaneously. From extensive field monitoring during the
1987/1988 wet season, it has been observed that the majority of ephemeral pools formed as a
result of runoﬁ‘/leakage from adjacent flooded ponds. Due to below average precipitation during
the recent wet season, the contribution of rainfall to ephemeral pool formation was below aver-
age this season. While a small fraction of the poolé were formed solely by the rising water table,
this seasonal phénomenon will always contribute tb the tendency for ephemeral pool formation
through diminishing the hydraulic' potential gradient which dr‘ivés infiltration, and thereby
decreasing seepage rates. Agajn,.it should be noted that moét ephemeral pools at Kesterson

Reservoir form as a result of a combination of the abovementioned factors.
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In the interest of highlighting differences in ephemeral pool water quality associated with
different dominant water sources, two of the monitored sites will be described. The first of these
sites formed as a result of overflow from intentional water applications in Pond 7. The second

site (in Pond 6) formed as a result of water table rise and rainfall.

The Pond 7 ephemeral pool site *“7PA’’ is located in an elevated region adjacent to Pond 8.
Due to continued flooding of Pond 7 with local well water, site 7PA was reflooded in October
1987. Time trends for pool water depth, solﬁble selenium concentratién, and EC at this site are
shown in Figure 3-11a. Diséolution of surface salts, including selenium salts, at the inception of
flooding contributes to high initial concentrations of these solutes. Soluble seleniufn concentra-
tions were initially in excess of 300 ppb. The initially high pool water selenium concentrations
are rapidly diminished, primarily as a result of dilution with waters with low selenium concentra-
tions, and also due to displacement into the soil. Similar, though less pronounced time trends
were observed for salinity, as indicated by EC trends. An approximately steady-state, with
respect to soluble selenium concentration and salinity, was observed for about 5 months. During
this time, selenium concentrations remained less than 20 ppb, and ECs were about 10 dS/m. In
preparation for implementing the ODP, dewatering of the reservoir began on January 24, 1988.
The water level in pool 7PA began receding in late March 1988, and was accompanied by
increases in both soluble selenium concentrations and salinity. Increases in selenium concentra-
tions are probably due to mixing of the remaining surface waters with remobilized selenium from
exposed surface sediments, as well as from evaporative concentration. Salinity increases are due

to evaporative concentration.

A very different set of water quality data were obtained in ephemeral pools formed from ris-
ing groundwater and rainfall, in the absence of overflow waters from intentional flooding.
F~hemeral pool site 6PC, near the east edge of Pond 6, developed under thgse conditions. This
pool emerged in late November of 1987, and persisted through early March, 1988. This pool per-
sisted with a fairly stable depth of about 0.2 m, during a relatively dry rainy season. (The

recorded total rainfall at Kesterson Reservoir from October 1987 to January 31, 1988 was 155
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Figure 3-11a,b. Ephemeral pool water quality; (a) surface water source in Pond 7; (b) water table

source in Pond 6.
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mni. Pan evaporation during this same p.:iod amounted to 437 mm.) Due to the persistence of
this pool, as well as to observed rises in its water level even in the absence of rainfall, it can be
concluded that the principle cause of this pool was the rising water table. As in the case of the
Pond 6, 1.0 ft excavation test plot However, the extent of water table rise at site 6PC was
enhanced by its proximity to the flooded Pond 5. Time trends for ponding depth, selenium con-
centrations, and ECs at site 6PC are summarized in Figure 3-11b. Soluble selenium concentra-
tions persist in the range of the initial high levels of about 300 ppb throughout most of the
ponded period. High ECs in the range of 20 to 60 dS/m persisted throughout this period as well.
These phenomena can generally be expected when rising groundwater displaces saline soil pore
waters containing high selenium concentrations up to the surface. A number of ephemeral pools
of this type were observed during the recent wet season, as well as during the previous year (LBL
5th Progress Report, March 1987; LBL 1987 Annual Report, Dec. 1987). Direct comparisons of
water quality data between ephemeral pool site 6PC and the Pond 6, 1.0 ft excavation site are not
justified since their soil environments are not comparable. The pool at site 6PC formed over a
small ‘‘playa’’ region, while the nearby 1.0 ft excavated site was originally vegetated with cat-

tails.

3.6. ACCUMULATION OF SALTS AND TRACE ELEMENTS THROUGH

EVAPORATIVE FLOW AT AND NEAR THE SOIL SURFACE

Due to the proximity of the water table to the soil surface and high pan evaporation rates
during most of the year, evaporative flow is an important mechanism in the redistribution and
concentration of soluble salts and trace elements near and at the soil surface. Drying of the soil
surface creates a substantial upward soil water potential gradient, the shape of which is govemed
by the potential evaporation, soil characteristics, and the depth to the groundwater table. The
need for estimating soil evaporation rates became apparent when a rise in the concentrations of
salts and selenium was observed over a period of approximately one year, even though no drain
water was applied. Salinization of soils due to evaporative flow from a saline aquifer is a com-

" mon problem. The problem is compounded when the soils are fine-textured, since they have a
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relatively high unsaturated hydraulic conductivity (Hillel, 1980). The accumulation of salts at the

soil surface will be accompanied by an accumulation of selenium and other trace elements.

36.1. Measuring Evaporation Rates from Bare Soils

The microlysimeter method was used to measure evaporauon rates from Kesterson soils.
(Methods of Soil Analysis, C.A. Black Chlef Ed., American Society of Agronomy, 1965). This
procedure involves the placing of a small plastic (or metal) tube in the ground, removing it with
the soil intact, sealing the bottom of the'tube, weighing the tube with the soil core and bottom
cap, and placing it back in the soil, such that the surface of the soil in the tube is level with the
surrounding soil. After a certain period of time, prefera_bly in multiples of 24 hours and not more
than a few days, the tube with the soil is removed from theground and weighed. The diﬁ_érence in
weight is due to the loss of water through evaporation, since the bottom of the tube is sealed off

from the environment.

Measurements of bare soil evaporation rates commenced in late June 1988. At that time,
the surface soil in most parts of the Reservonr was very dry. Ttus made it dlfﬁcult to take surface
soil cores without a mechamcal tool e.g. auger. Since a plastlc microlysimeter i is preferred over a
metal one, because of the tendency of metal to create an unnatural thermal environment inside
the tube, microlysimeters for this project »uere made out of PVC pipe. The tubes have an inside
diameter of approximately 5.1 cm and are approx_imately 10_‘cm long. The walls are 5 mm t.hick.
The bottom 1.5 to0 2.0 cm on the outside of the tube were bevelled to make the bottom edge sharp.
While in many ways desirable, these were not sturdy enough to be pounded into very dry soil.
Therefore, several attempts at measuring evaporation rates in Pond 6 failed. }Because of the sub-
stantial depth to 'fhe groundwater table at the raked and control plots in Pond 9, the soil evapora-
tion rates in those plots were found to be between 0.1 and 0.2 mm/day. These rates were low
enough to be very close to the range of error for this method. Since the rates were expected to fall
even more during the summer as the water table declined further, monitoring bare soil evapora-

tion in these plots was abandoned.
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Bare soil evaporation rates have been monitored during the months of July, August, Sep-
tember,; ‘and early October in Pond 8 (plot EP, a centrally located playa) and Pond 9 (plot BE,
located just north-east of the junction of Ponds 8, 9, and 10). Soils in both of these plots, espe-
cially plot 8EP, contain high concentrations of salts and selenium. Since they are both topograph-
ically low, the depth to the groundwater table is relatively small and the surface soil was moist
enough to insert and remove microlysimeters. After the 24-hour.measurement period, the micro-
-. lysimeters were removed, sealed on top, and taken to the laboratory. The soil was then homogen-
ized and the following soil properties and moistﬁre characteristics were determined: bulk density,
solid density, porosity, gravimetric moisture content, volumetric moisture content, and relative
saturation. Over the months of July, August, and September, bare soil evaporation rates ranged

from 0.25 mm/day to 0.95 mm/day at Pond 8EP and from 0.3 mm/day to 1.4 mm/day at Pond S0E.

Measured evaporation rates, plotted as a function of the saturation in the soil, are shown in
Figures 3-12a and b. The decline in the groundwater table during the time is shown in Figure 3-
13a for plot 8EP. Figure 3-13b relates the measured evaporation rates to the depth to the water -
table. Even though the trends in these figures are clear, the evaporation rates are quite variable.
During any given sampling period, variability of evaporation rates can, at least in part, be attri-
buted to the spatial variability of soil properties. Otherwise, the limitations of this method for
estimating bare soil evaporatien in the field must be invoked to account for scatter in the data.
The progressive drying of the soil profile at plots 8EP and 9BE is illustrated by the changes in

soil water potential as shown in Figure 3-14.

3.6.2. Monitoring Changes in Salt and Trace Element Concentrations

Soil water extracts were also made with the soils collected for the evaporation rate meas-
urements. The procedure for making such extracts is described in Section 3.1. In contrast to
those procedures, extracts were made using a 10 to 1 mass ratio of water to soil and the solution
was stirred for two hours instead of one hour. The higher water to soil ratio was used in an
attempt to dissolve as close to 100% of precipitated salts as possible. The electrical conductivi-

ties of the extracts were measured and normalized to the actual field water content (Figure 3-15).



Evaporation Rate, mm/day

Evaporation Rate, mm/day

-55-

1.0 5
3 u]
0.9-§ .- a
0.8 9 m]
: m]
0.7 1 .D
0.6 3 u
0.4 A A‘ A o 7188
0.3-5' a’a W 7/29/88
0.2 4 A 8/25/88
E 9/29/88
0.1+ A
0.0 T e
0.1 02 03 04 05 0.6 o7 0.8 0.9 1.0
Saturation of top 10 cm of soll
1.4§ &
124
105 C
.04 A
s .
0.8 4 A B )
E A A
0.6
: A
3 AAdAA N
0.4 4 A .
3 A W 7/29/88
0_2_2 A 872588
3 A 92988
0.0 T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Saturation of top 10 cm of soll

Figure 3-12a. Bare soil evaporatxon rates at Pond 8EP (a) and Pond 9BE (b) asa functlon
of the saturation of the top 10 ¢cm of soil.



-56-

Pond 8EP, Depth to Groundwater Table, July-September
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Pond 8EP, Electrical Conductivity of soll water in the top 10 cm of soil
(normalized to field water content)
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Figure 3-15. Electrical conductivity of soil water in the top 10 cm of soil at Pond 8,
' plot EP (a), and Pond 9 plot BE (b) from July to September, 1988.
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In spite of the large variability in the electrical conductivity data, it is still clear that a large
increase in salt concentration has occurred over the three months of July, August, and September.
The trend seen in Figures 3-15a and 3-15b is due to two separate factors: the reduction in the
vdlume of water in the top 10 cm of soil and the transport of salts towards the soil surface. In
order to separate these two effects, the concentration Qf dissolved solids needs to be normalized
to the mass of soil in each microlysimeter. At the time of writing, complete chemical analyses of
the soil samples from the microlysimeters in plot 9BE were not available. Tﬁe concentrations of
total dissolved solids in extracts from surface soil in plot 8EP, normalized to field water content,
are shown in Figure 3-16a. The same concentrations, but normalized to the mass of soil, are
shown in Figure 3-16b. From the latter figure an increase in salt mass near the soil surface is
apparent. Once more, there is substantial vaﬁability in the data: this dbes not mean that salt con-
centrations in certain spots are not ch;mging or even decreasing. It is simply related to the fact
that there is substantial varizibility of salt concentrations at the soil surface even on the scale of 1
m?. Even greater variability is seen in the totgl water-soluble selenium concentrations (Figure 3-.
17a), boron concentrations (Figure 3-17b),"and arsenic concentrations (Figure 3-17¢). Neverthe-
less, nét increases in these concentrations over a two-month period are 6bserved. Due to the great
vaﬁability in trace element concentrations, a statistically large number of samplés needs to be
taken to determine, from field data, the rates of trace element accumulation at the surface.
Becaﬁse periodic collection of such a lafge data set is not feasible with our present level of effort,
laboratory column experiments will be used to determine the rate at which trace elerﬁents accu-

mulate under controlled conditions.

" 3.6.3. Estimating Evaporative Flux of Salts and Selenium Toward Soil Surface

Evaporative transport of salts and selenium may be estimated in two ways: (i) by looking at
changes in mean values of sait concentrations for each sampling period, and (ii) by estimating a
concentration of salts and selenium in soil water entering the top 10 cm of the soil surface, based
on measured evaporation rates. The ﬁrst method is quite straightforward: mean values of salt

concentrations in plot 8EP soils may be estimated from the data presented in Figure 3-16b. Table
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Pond 8EP, Total Dissolved Sdlids in soil water of 10 cm surface cores
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Pond 8EP, Total Mass of Water Soluble Boron in the top 10 cm of soll

(normalized to mass of soll)
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3.1 summarizes changes in salt content over the months of July and August.

Table 3.1. Change in salt content in surface soil cores at Pond 8EP.

Sampling date = Mean salt mass/soil mass ratio Mean mass of salts

7/1/88 0.06704 g/g 16.5g
7/29/88 0.07170 g/g 17.7¢g
8/25/88 0.07789 g/g 192¢

The mean mass of salts is calculated using a mean soil mass of 246.3 g. Thus, the mass of salts in
the top 10 cm of soil had increased by 1.2 g over the month of July and an additional 1.5 g during
the month of August. The soil in the microlysimeter tubes has a surface area of approximately
20.26 cm?, which means that the accumulation rate of salts in the surface 10 cm of plot 8EP soils
was on the order of 0.0024 g/cm?/day, or 24 g/m?/day. Over the period of July and August, the
total mass of salts in this depth interval increased by approximately 1.4 kg/m? (16%). The chemi-
cal analyses of soils from plot 9BE were not complete at the time of writing and thus a sirﬁilar

estimation of salt flux for that plot cannot be made yet.

The second method requires the knowledge of salt concentrations in soil water at depth.
This information has been collected for several months at plot 8EP through soil water éamplers.
In addition, complete soil cores have been collected from both plots 8EP and 9BE. The samples
were taken from the soil surface to below the water table in 10 cm intervals, with the exception
of the soil in the top 30 cm which was sampled on a finer scale. These soils were homogenized
within each interval in the laboratory and water extracts were made of each interval. The results
of some of the chemical analyses performed on this material are shown in Figures 3-18, 3-19, and
3-20. Total soluble species are those which were measured in the soil extracts. Dissolved species
are those which were measured in water from soil-water samplers. The distinction between the
two gives an estimate of the precipitated or adsorbed mass of each species. It is quite apparent,
for example, from Figure 3-18b, the sodium profile, that at a depth of 20 cm approximately 50%

. of the sodium inventory is not dissolved in the soil water. On the other hand, most of the water-
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soluble selenium at that depth is dissolved in the soil water (Figure 3-19a). A very different pat-
tern is exhibited by the arsenic profile at plot 8EP. The arsenic dissolved in the soil water
represents only a minor fraction of the total arsenic inventory which appears to be in a sorbed
phase. This is ;upponed by the fact that the peak in the arsenic profile coincides with the peak in
relative glay content of the soil (Figure 3-19). (Soil-water samplers have only fecently been

installed at plot 9BE and have not yielded any data yet.)

Using an estimate of total dissolved solids concentrations in soil water at depth, the mass of
salts moving upward due to an evaporative flux may be calculated by multiplying the evaporation
rate by the concentration of salts dissolved in the pore water. The values calculated with this

method are summarized in Table 3.2,

Table 3.2. Salt accumulation rates for Pond 8EP and 9BE based on soil
evaporation rates

Plot Concentration of salts Mean evaporation rate Accumulation rate
in soil water P of salts at surface
| 8EP 50,000 mg/l 0.65 /m?/day 32.5 g/m?/day
9BE 30,000 mg/l 0.90 1/m?/day 27.0 g/m?/day

The value of accumuiation rate obtained for plot 8EP soils using the above method agrees well.
with the same value obtained through direct measurement (32.5 vs. 24 g/mz/day). The difference
betwee.n these two values is probably within the range of field variability and is also the result of
an approximation of salt concentration in soil water. The accumulation rate in plot 9BE cannot
be confirmed yet for reasons already mentioned. Data presented in Figure 3-16b give a clue as to
the relative increase of salt mass over the two month period. It appears that the total mass of salts

in the top 10 cm of soil at plot 8EP increased by 16% from July 1st to August 25th.

A similar comparison may be made for selenium and boron, aithough spatial variability
. makes quantitative evaluation more difficult. The total mass of water-soluble selenium in the top

10 cm of soil increased by 15% over the two month period, while the total mass of boron
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increased by 17% over the same period. It needs to be emphasized that an increase of 15% in the
soluble inventory does not imply an increase of 15% of the total selenium inventory because

much of the selenium is presently in insoluble forms.

3.6.4. The Effects of Evaporative Transport on the Whole of Kesterson Reservoir

The rate at which salts and trace elements will accumulate at the soil surface depends on
two factors: (i) the bare soil evaporation rate, and (ii) the current concentration of salts and
selenium in the soil water. From that st'a:'hdpoinAt, the data obtained in plots 8EP and 9BE will be
two points in a large spectrum of evaporative flux values. On one hand, the concentrations in soil
water at these two sites are quite high. On the other hand, while pan evaporation rates are highest
during the summer months, as showh in Figure 3-21, bare soil evaporation rates are more depen-
dent on the position of the groundwater table and soil chafacteristics. While potential evapora-
tion affects the bare-soil evaporation rates, it is the depth to the groundwater table and the unsa-
turated permeability of the soil which limit bare soil evaporation rates (Gardner, 1958). There-
fore, as the water table rises, bare soil evaporation rates are expected to increase over the next
few months. As more data are collected, better estimates of bare soil evaporation rates and corre-
lation with water table fluctuations and soil properties will be possible. Since 50% of the Reser-
voir has been filled with heterogeneous, yet mostly coarse-fextured, non-native soil, bare soil
evaporation rates will be, on the average, reduced in the filled areas due to the increased distance
between the soil surface and the water table. In vegetated parts of the Reservoir, transpiration
through plants will tend to concentrate salts and selenium in the root zone. A study of the affect
of transpiration on the selenium inventory is now underway in both the laboratory and at Kester-

son Reservoir.
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4. GROUNDWATER INVESTIGATIONS

4.1 INTRODUCTION

As a result of groundwater investigatig;ns conducted during 1986, and 1987, we concluded
tﬁat selenium would not persist in a soluble form in the aquifer underlying the Reservoir unless
nitrafe—nitrogen was also present (LBL Annual Répon, 1987). This conclusion was supported by
a series of field and laboratory experiments, as wéll as USBR monitoring data that indicated bdth
nitrate and selenium concentrations in the shallow aquifer were declining 'rapidly.' During this
past year we have continued our investigations to provide additional information pertihent to
evaluating the effects of Kesterson Reservoir operations on the underlying aquifer. Specifically,

we have focussed our efforts on four areas;

e quantifying the parameters and processes that disperse solutes as they migrate through

the aquifer;

e developing a better understanding of the factors that allow the small plumes of

selenium to persist in the groundwater;

e using non-instrusive geophysical methods for locating the plume of saline drainage

water that seeped into the aquifer and migrated to the east of the Reservoir; and

o quantifying the rate at which the reducing conditions and selenium immobilization

occur after fully saturated conditions are established.

- summary of these investigations is provided below.

4.2. MULTIWELL TRACER EXPERIMENTS

The multiwell tracer experiments conducted at Kesterson Reservoir were designed for two
primary purposes. The first objective was to evaluate the factors controlling transport of non-

reactive chemical species in the shallow aquifer underlying Kesterson Reservoir. Specifically,
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the experiments were intended to:
e provide information about the micro-scale (0.1 to 1 m) structure of the sediments; |

e measure the longitudinal dispersivity of the individual flow paths within the aquifer;

and
e identify the major dispersive me’éhanisms in the aquifer.
This information, when integrated with larger scale geological and hydrological information con-

stitutes the data base for predicting the rate at which the saline drainwater plume will migrate

downgradient.

The second objective of these tracer experiments was to provide information on the interac-
tion between selenate, nitrate, and the aquifer sediments. Specifically, they provided information

about:

e the rate at which selenate is removed from solution by interaction with the aquifer sedi-

ments in the presence of nitrate;
e the rate of denitrification in the aquifer;
» retardation of selenate, nitrate, and fluorescein by reversible sorptive mechanisms.

To meet these 6bjectives, two tracer experimehts have -been conducted. For both experi-
ments, an injection/withdrawal well pair was used to create a controlled flow field. A schematic
of the flow field generated by the injection/withdrawal well pair is shown in Figure 4-1. After a
steady flow field was established, a short pulse of tracer was injected along with the flow stream
into the injection well. Tracer breakthrough curves were monitored at several passive observa-
tion bbreholes located midway between the injection and withdrawal wells. Injection/withdrawal
continued until complete tracer breakthrough curves were obtained for all of the observation
wells. |

- The first experiment, which was conducted during July 1986, was designed to investigate

only the non-reactive transport properties of the aquifer. Fluorescein dye, a relatively non-

reactive and weakly sorbed tracer was used during this experiment (Gaspar, 1987, Smart and
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Figure 4-1. Schematic of the flow field between production/injection well pair.
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Laidlaw, 1977). Preliminary results of this experiment were reported in LBL Progress Report
No. 3. Results from this experiment will not be repeated here. See Benson (1988) for a

comprehensive discussion of this experiment.

The second experiment, which was conducted during April, 1988, was designed to investi-
gate further the transport properties of the aquifer and to provide information on reactive tran-
sport of selenium and nitrate in the shallow aquifer. This experime_nt was carried out in two
phases and took approximately three weeks. During the first phase, fluorescein dye was used as a
non-reactive tracer. This phase of the experiment was similar to the 1986 experiment, except
that the injection/withdrawal wells were located in such a way that the flow field was rotated 90°
with respect to the flow field generated during the first experiment. During the second phase of
the experiment, a mixture of sodium selenate and sodium nitrate was introduced into the injec-
tion stream. The experiment continued until breakthrough curves.were obtained for selenate and

nitrate. This report discusses the results from phase 1 and phase 2 of Experiment No. 2.

4.2.1. Experimental Design

4.2.1.1. Test Site Configuration

A plap view of the pumping/injection wells and the monitoring boreholes is illustrated in
Figure 4-2. A cross-sectional view of these wells and monitoring boreholes is shown in Figure
4-3. Well depths, casing sizes, slotted intervals and local coordinates are provided in Table 4-1.
Wells I2 and 16 were used for the first experiment as the pumping/injection pair. Wells 14 and
I8A were the injecfion/withdra‘wal pair for the second experiment. The monitoring boreholes,
named well 1 through well 8 were constructed to sample fluids from several different depths
within the flow field created by the pumping and injection well. A schematic of the different
sampling intervals and their relation to the pumping and injection wells is illustrated in Figure 4-
3. The monitoring boreholes consisted of 2 inch diameter (0.051 m) PVC casing with a 1.52 m

slotted interval at the bottom of the casing.
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Figure 4-2. Plan view of the pumping, injection, and monitoring wells used for the tracer
experiment. o : :
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Table 4.1. Depth, casing size, slotted interval and local coordinates for the withdrawal, mjectlon

and monitoring boreholes used for the multiwell tracer experiments.

Borehole Use Depth  Slotted interval  Casing diameter  x coordinate y coordinate
' ' (m) (m) (m) (m) (m)
LBL-I2 - Injection 12.19 6.10-12.19 0.10 -0.48 16.11
LBL-I4 Injection 12.19 6.10-12.19 0.10 14.21 0.0
LBL-I6 Withdrawal ~ 12.19 6.10-12.19 0.10 -3.40 -13.87
LBL-I8a  Withdrawal 12.19 6.10-12.19 0.10 -14.21 0.0
Well 1 Observation 7.62 6.10- 762 0.05 -3.38 -0.96
Well2  Observation 9.14 7.62-9.14 0.05 -3.44 337
Well3  Observation  10.67 9.14-10.67 0.05 -0.65 -0.05
Well4  Observation 12.19 10.67-12.19 0.05 0.09 0.0
- Well5  Observation  13.72 12.19-13.72 0.05 -1.36 -0.03
Well6  Observation 6.10 4.57-6.10 0.05 2217 0.0
Well 7 Observation 9.14 7.62-9.14 0.05 091 0.1
Well 8 Observation 12.19 10.67-12.19 0.05 -1.83 5.63
LBL-I1 Observation  12.19 6.10-12.19 0.10 -0.75 3.28




-76 -

4.2.1.2. Tracer Sampling Method and Frequency

The tracer sampling installation was designed to create a well-mixed fluid volume within
the slotted interval of the borehole and to collect periodic samples of the borehole fluids from
each of the monitoring wells. A schematic of the sampling unit and borehole installation is illus-
trated in Figure 4-4. A similar apparatus has been used by Grisak et al., 1977, for poinf dilution

experiments.

The samples were collected automatically with a computer-controlled, solenoid-activated
valve system. All of the monitoring wells were attached to the same sampling unit, to ensure uni-
formity in sample collection procedures and timing. The samples were collected in 100 ml

polyethylene bottles with polypropylene caps. Bottles were capped within a short time after col-

lection; however, during the night, some samples remained open for up to 8 hours. All of the

samples were protected from direct exposure to sunlight due to concemns regarding degradation

of the fluorescein dye.

Samples V;'ere collected hourly for the first part of the experiment. After the tracer retumns
were observed at all of the monitoring wells, the sampling rate was lowered to once every 2
hours. Fluorescein analyses were made using a spectrofluorometer (model Kontron
Spectrofluorometer SFM-23). Seienite and total selenium concentrations were measured using
the procedures described in Seqtion 5. Nitrate analyses were performed by Soil and Plant Labs,

Inc., using the cadmium reduction method.

4.2.1.3. Description: Tracer Experiment 2 - 1988

. This experiment was conducted in two phases. During the first phase of the experiment,
fluorescein dye was used as the tracer to identify flow paths, fluid velocities and dispersivity of
the individual flow paths. During the second phase of the experiment, a mixture of sodium selen-
ate and sodium nitrate was injected into the aquifer to establish rates of immobilization and the
extent to which nitrate interfered with transformation and 'immobilization of selenate. The two

experiments were not conducted simultaneously because several single well tracer experiments
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conducted earlier had indicated that nitrate may interfere with measuring fluorescein concentra-
tions. To avoid analysis problems created by mixing fluorescein and nitrate, the experiment was

conducted sequentially.

Prior to the first phase of the experiment, the injection/withdrawal system was operated for
24 hours to create a steady flow field. During this time and throughout phase 1 and phase 2 we

maintained a steady pumping rate of 5.05 x 107> m3/s (80 gpm).

On April 19 a 3825 s (63.75 minute) pulse with 140 ppm fluorescein was injected into well
LBL-I4. The tracer solution was introduced into the flow stream by pumping 3.3 x 109 m3/5 (0.2

/minute) of a highly concentrated fluorescein solution into the injection stream.

" Fluid samples were collected at 3600 s (1 hour) intervals from the monitoring boreholes

during phase 1. Approximately 1500 samples were collected and analyzed.

Fluorescein breakthrough curves for the monitoring wells 1, 2, 3,4, 5, 7 and 8 are shown in .
Figures 4-5 through 4-11. The data presented in Figures 4-5 through 4-11 are normalized to the
average input concentration of 140 ppm. No tracer returns were observed in observation well 6,
which was slotted in the 1.52 m interval above the slotted interval of the injection well. As illus-
trated in these figures, the tracer returns consisted of a set of distinct peaks, superimposed on one
another. The fastest tracer returns arrived in observation well 3 at around 1.5 x 10° (55 hours) .
after the tracer slug was injected into the aquifer. Tracer returns typically continued for several .
days after the first arrivals. Fluorescein concentrations weré measured for =7 x10° (8 days) after

the injection pulse.

Phase 2 began on April 25,5.2 x10° (6 days) after the fluorescein slug was injected into the
aquifer. A mixture of 301 ppb selenate (Se*‘) and 41.8 pprﬂ nitrate (NO3) was introduced with
the injection stream for 20160 s (5.6 hours). | Pumping and injection were not interrupted during .
the transition from phase 1 to phase 2, to prevent any disturbance to the steady flow field gen-
erated by the doublet. Fluid samples were collected at hourly intervals for the first 3 days after

the selenate/nitrate mixture was injected. Thereafter, samples were collected every two hours.
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Selenium and nitrate (NO3) returns from observation wells 1, 2, 3, 4, 5, 7, and 8 are shown
in Figures 4-12a,b through 4.18a,b. Concentrations are normalized to the input concentration of
301 ppb, and 41.8 ppm, for selenium and nitrate, respectively. Peak concentrations reached
approximately 15% of the input concentrations. The character of the breakthrough curves are
similar to those observed for the fluorescein tracer. In general the number of peaks and arrival
times are roughly comparable, showing a consistency between the two phases of the experiment.
Note thai the maximum concentration of selenate and nitrate exceeds maximum fluorescein con-
centrations because a nearly six hour input pulse was used for phase 2, in cohpMson to a 1 hour

pulse for phase 1.

4.2.2, Analysis Method

4.2.2.1. Conceptual Model

The tracer breakthrough curves (Figures 4-5 to 4-11, 4-123,b to 4-18a,b) consist of a series
of peaks, superimposed on one another. The Shapes of these breakthrough curves are indicative
of the presence of multiple flow paths, each with a different average fluid velocity. The break-
through curves can be viewed as a signature of sediments through which the tracer traveled on its
way to the monitoring borehole. The more permeable the pathway, the faster the fluid velocity.
The objective of this analysis procedure is to gain information about the structure and transport

properties of aquifer sediments by deciphering the tracer signature.

A simplified schematic showing how a two well tracer test in a purely stratified aquifer
could result in tracer breakthrough curves like the ones observed during these experiments is
illustrated in Figure 4-19a. While the tracer pulse is injected, the tracer migrates away from the
borehole at a rate that is proportional to the permeability distribution, according to the fbllowin’g

relationship (Russell and Prats, 1967).
L 2L : 4.1)

where v; is the velocity in layer i, v is the average velocity, k is the permeability of layer i and k

is the average permeability. After the pulse of tracer is injected, the tracer continues to travel
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towards the withdrawal well, at a velocity thét is' governed by Equation 4.1. Within each layer,
the tracer pulse niaintains its integrity, except for small amount of 'di‘spersion created by pore-
_le,vel mixing Molz et al., 1986). The tracer may also be retarded or transformed by interaction
: with the aquifer sediments. For a monitoring well located midway between .injection aﬁd with-
drawal wells, the pulsés would pass by, in succession, creating the type of signature shown in

Figure 4-19b.

4.2.2.2, Mathematical Model

The following assumptions were employed in developing the analysis procedure for inter-

preting these data.

- e The fluids were completely mixed in the wellbore at all times during the tracer experi-
ments. This assumption requires essentially instantaneous mixing of fluids that enter

the borehole with the fluids in the remainder of the borehole.

_e Flow into the wellbore occurs in well-defined discrete layers, with thickness h,, velo-
city v,, and concéntration of C,(t). The number of flow paths, thickness of each flow

path, and velocity are not restricted by the model.

¢ Flow out of the wellbore occurs in well defined discrete flow paths, each with the same
thickness and flow velocity as the flow paths that enter the wellbore. Flow out of the

wellbore occurs at the mixed concentration C(t) in the wellbore.

e The cross sectional area across which fluids enter and leave the wellbore is equal to the
area that the wellbore projects on a plane nommal to the direction of flow. Accordingly,:

the area for each flow path is equal to 2rh,, ; where r is the radius of the wellbore.

* The volume in which the fluids are mixed is equal to the sum of two volumes; the
volume between the bottom of the packer and the bottom of the wellbore (1t12h) and the

volume of the surface plumbing of the sampling unit.

e The length of the flow path is independent of the heterogeneity of the aquifer and is

determined only by the geometry of the doublet flow system. For some highly complex
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aquifers this assumption may appear to be overly restrictive. However, it does not seem
unreasonable for the shallow aquifer underlying Kesterson because of the limited pres-
ence of very low permeability sediments amidst the higher permeability sands and the

flat-lying nature of the sandy layers.

e Transverse dispersion is neglected.

e Within a flow path, flow of non-reactive solutes is govermned by the one-dimensional
advection-dispersion equation

aC _ 9%C_ oC
ot ! g2 ox

where C is the tracer concentration, Dy is the longitudinal dispersion coefficient, v is the

4.2)

fluid velocity, t is time and x is the distance along the flow path.

o -Flow of reactive solutes is governed by the one-dimensional advection-dispersion equa-

tion with first order-decay of the solutes given by

9C _p &C _ oC _
o ! ax? ox

where A is the first order decay coefficient and the other terms are defined as before.

AC 4.3)

The vali'dity of the l_ast two assumptions is addressed by Benson (1988).

‘With these assumptions, the mass balance for the tracer in the aquifer/well system is

developed as follows:

dz

where AM, is the change in the mass of the tracer in the borehole in the time interval At, M; is

8l
AM, = [— M, — Mm)] dz 4.4)

o

the time-averaged (over At) mass of tracer that flows into the wellbore in the interval dz, M,, is
the time-ayeraged ‘mass of tracer that flows out of the wellbore in the interval dz, and h is the
thickness of the slotted interval. Assuming that the interval h is divided into a set of discrete
layers, each with tﬁickness hﬂv’ Equation 4.4 can be written as

No. of layers
AM,= Y My -M,, (4.5)

n=|
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The mass of tracer entering from each layer can be written
My, = PaVaAnCr(DAL (4.6)

where A, = h, 2r,, v, is the average fluid velocity in layer n, p, is the fluid density, and C,(t) is
the average concentration of tracer in layer n over the time period At. The mass of tracer that
flows out of each layer is given by

My, =P Va Ap CO) At @.7)
where E(t) is the concentration of the tracer in the wellbore. Combining Equations 4.5 and 4.6,
the mass balance can be written

AM, No. of layers —
=2y X PnVaha(Gi(D) - C) 4.8)

St n=1
The appropriate expression for the left hand side of the equation includes .the mass of tracer
in both the slotted interval of the weli and in the volume of the sampling unit. In the most gen-
eral form the mass of tracer in these two volumes is given by |
M, = pV,C,(®) + pV,,C(t) R 4.9)
where the V, and V,, are the volumes of the sampler plumbing and packed off interval of the
wellbore, respectively, and Cp(t) is the concentration of tracer in the plumbing volume of the
sampling unit. The concentration of solute is nearly the same in the wellbore and surface plumb-
ing, therefore

M, = (Vy, + V) C)p N (4.10)

.and

A— 2r,,  No.oflayers ' - ‘
B = T v (€ - CO) @.11)
w P .

n=1

In order to evaluate C,(t), the one dimensional solution to the advective-dispersion (Eq.
4.2) was used. For a pulse input of duration t,, the concentration at any point along the flow path

can be evaluated from

Co X -Vt vx/Dy X+ vt
= — —R=VE e | —2Evt_
Ca(x,1) > erfc 2D erfc [Z(Dlt)m
C, x=v(t—t,) vx/D, X+v(t—t,
- _— erff¢c [————— 4.12)
2 |7 [2(D1<t—to»”2 [2(D1(t—to»"2 } @k
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fort > t, (Ogata and Banks; 1961).
For the case where a solute is removed from solution by a first order chemical reaction, the

solution is given by

!V—le

C C !v+u[x
. Lo 2py X—ut Co "o, X+ut
1) = —— rf Tt — . At w

C(x;t) , ¢ . erc [ 2O t5 ¢ 2Dy

Co "y X—u(t—t, G oY (x+ut-t,)) .

-—¢ erfc PySRY b e erfc T TTTan (4.13)

2 2(Dy(t—to)) 2 2(Dy(t-1t))

where
4D )12
u=v {1 + ? ]
_ Vv

(van Genuchten and Alves, 1982).

A computer program was written to solve Equations 4.11, 4.12 and 4.13 for the-purp_o'se of
calculating the tracer concentration at the monitoring wells. A complete description of the com-
puter program is available in Benson (1988).

A history matching procedure was used to interpret the test data. Comparison between the
ﬂudrescein, selenate, and nitrate breakthrough curves was used as the basis for assessing. the
extent to which selenate and nitrate were being removed from solution by interaction with the

sediments.

4.23. ’I‘récer Data Analysis - Experiment No. 2
The results of phase 1 'and phase 2 of the experiment are described together because con-
sideration of each of the three solutes together provided better resolution of the structure of the
sediments and degree to which denitrification or selenate immobilization occurred. When neces-.
sary, the fpllowing principles were applied to aghieve an integrated analysis of the tracer break-
through data from the three solutes.
- o The structure of the flow paths was identical for each of the solutes (i.e., n and h, were

identical).
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e The value of the longitudinal dispersivity was the same for each of the solutes.

» The flow velocity may be different for each of the solutes. In practice, fluorescein and
selenate velocities were within + 5% of each dther. Nitrate was transported at essen-
tially the same rate tﬁat selenate was. These small differences between the velocity of
.selenate and fluorescein can be attributed to retardation of the fluorescein (R = 1.05) or
anion exclusion of selenate (Smart and Laidlaw, 1977; Gaspar, 1987; Goldhamer et al.,

1986).

e A first order decay term was introduced when adjustment of these parameters, within
the confines of the above-mentioned stipulations, did not result in a satisfactory match

between the predicted and actual tracer breakthrough curves.

By using these principles it was nearly always possible to achieve an excellent match between

the predicted and observed tracer breakthrough curves for fluorescein, selenate, and nitrate.

4.2.3.1. Tracer Recovery Calculations

The amount of tracer sampled by each well was evaluated by numerically integrating the
concentration versus time curve. Values are listed in Table 4-2 for fluorescein, selenate, and
- nitrate. Expected values for fluorescein, selenate. and nitrates are v3825 s, 20160 s, and.20160 S,
fespectively. The different values for fluorescein and selenate (nitrate) are due to the different
duration of the tracer pulses for Phase 1 and Phase 2 of the experiment. The percentage of the
ideal response is also listed for each of the solutes in Table 4-2. For fluorescein, values range'
from'73% to 125%, with an average value of 96%. For selenate, values range from 91% to
112%, with an average value of 98%. Nitrate values are significantly lowcr, with values ranging

from 34 to 84%, and an average value of 64%.

A single explanation for the wide range of tracer recovery values for the fluorescein tracer
is not available at this time. For some of the observation wells, such as well 3 and well 8, it can
be explained by the presence of flow paths with velocities too slow for the tracer to have reached

the monitoring wells, and is indicated by the non-zero tracer concentration at the end of the mon-



Table 4.2. Summary of the values for 1/C, ICdt for fluorescein, selenate, and nitrate during Experiment No. 2.
Observation Fluorescein Selenate Nitrate
Well :
1 600,000 s o 1 600,000 - 1 600,000 s
— J cdt %Mldea | =— [ Cdt %Ideal | — [ cCdt = % Ideal
G (] Response G 0 Response G 0 Response
(s) . (s) (s)
Well 1 3180 83% 22190 110% 14980 | 74%
Well 2 4207 110% 18790 93% 16940 84%
Well 3 2799 73% 16190 80% 11850 59%
Well 4 3769 99% - 21840 108% 12560 62%
Well 5 4791 125% 22660 112% 6802 34%
Well 7 3444 99% 18830 93% 12580 62%
Well 8 - 3174 83% 18420 91% 15300 76%
1 1 1
Average o Y, =96% o Y, =98% o 3y =64%

-L6.
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itoring period. Two of the wells, well 2 and well 5 have recovery values in excess of 100%. This
could be the result of 3 factors, including: analytical errors; transverse mixing between flow
paths; or incomplete mixing in the borehole. Without additional information, which one or com-

bination of the factors is responsible for the field observations can not be resolved.

Selenate recovery ranged from 80% to 112%. Values of less than 100% recovery are indi-
cative of removal of the solute from solution and/or slow flow paths. Resolution of these two
possibilities is made possible by detailed history matching of the breakthrough curves. This is
discuséed in greater detail in the well-by-well analysis. Recovery values in excess of 100% indi-
cate one or more of the following: analytical errors; remobilization of selenium already
sequestered in these sediments; transverse mixing between the flow paths; and/or incomplete
wellbore mixing.

Nitrate recoveries, ranging from 34% to 84% indicate clearly that nitrate was being

removed from solution during this experiment. On average, 32% of the nitrate was consumed

.during the 8 day monitoring period.

4.2.3.2. Analysis of Tracer Breakthrough Curves from Individual Wells

A detailed description of the analysis procedure is provided using the data from monitoring
well 2 as an example. More complete discussion of the analysis of each of the wells is provided

.in Benson (1988).

Tracer breakthrough curves for fluorescein, selenate, and nitrate for well 2 are shown in
Figures 4-6 and 4-13a,b. All three of the breakthrough curves have similar features, two large
peaks, which upon closer examination reveal that they are each composed of the superposition of

two flow paths.

The data from well 2 provide excellent examples of two common differences between the
fluorescein and selenate breakthrough curves, including; different flow velocities and immobili-
zation of selenate. The history match of the fluorescein breakthrough curve is shown by the solid

line in Figure 4-20a. The parameters used to generate this match are listed in Table 4-3. If these
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Table 4.3. Summary of the data analyses of the tracer breakthrough curves from indi-
vidual weeks during tracer Experiment No. 2.

Selenate Nitrate
Longitudinal Fluorescein
Observation Flow Path Thickness  Dispersivity Velocity Velocity Decay Coefficient Velocity Decay Coefficient

Well h(m) a, (m) valms X 1075) | vp(mf x 10°%) A(s! x 10°) va (/s x10%) As™! x 10°)
1 1-1 03 0.035 6.19 6.39 - 6.34 0.75
1 1-2 0.8 0.03 5.68 6.26 - 6.26 075 -
1 1-3 0.22 0.04 452 5.03 - 5.03 0.75
1 14 0.20 0.035 3.87 445 - 4.45 0.75
2 2-1 0.12 0.03 . 7.87 8.39 - 8.39 -
2 22 031 0.03 6.83 7.09 0.75 7.15 1.0
2 2-3 0.51 0.03 455 446 06 4.64 0.75
2 24 0.46 003 429 436 0.6 436 0.75
2 2-5 0.12 0.03 amn 397 0.6 3.97 0.75
3 3-1 0.06 0.035 8.05 8.92 - 8.92 04
3 32 0.04 0.035 6.89 8.92 - 8.92 04
3 33 0.18 0.08 534 5.95 275 595 2.75
3 34 0.10 0.03 3.19 3.19 0.5 3.19 0.5
3 3-5 0.24 0.025 2.81 3.19 0.5 3.19 05
3 3-6 0.20 0.05 2.47 2.76 - 2.76 0.5
3 3-7 0.70 0.2* 1.74 2.03 - 2.03 0.5
4 4-1 032 0.035 6.22 6.22 - 6.22 . 1.25
4 42 0.15 0.03 3.87 3.87 - 3.87 - 1.25
4 4-3 0.36 0.027 : 3.58 3.65 - 3.58 1.25
4 44 0.33 0.03 3.13 2.76 - 2.83 1.25

4 4-5 0.36 0.04 2.68 2.76 - 2.83 ) 125
5 5-1 0.11 0.02 592 562 1.0 5.60 5.0
5 5-2 0.38 0.018 492 492 1.0 4.92 35
5 -5-3 0.08 0.03 4.30 430 - 4.30 3.0
5 54 0.19 0.01 4.02 4.02 - 4.02 0.25
5 5-5 0.39 0.01 3.62 3.65 - 3.65 3.0
5 56 0.26 0.06 353 3.4 - 3.4 2.0
5 57 0.11 0.03 34 33t - 331 2.0
7 7-1 0.33 0.025 513 5.35 - 5.35 1.0
7 7-2 0.37 0.025 4.44 4.7 - 4.7 1.0
7 73 0.25 0.04 3.83 4.05 - 4.05 2.0
7 74 0.29 0.2¢ 3.21% 353 | - . 353 2.0%
7 7-5 0.28 0.2+ 1.99* 219 . - 2.19 2.0%
8 8-1 0.03 0.028 4N 471 - 47N 0.75
8 8-2 0.10 0.028 3.86 47 : - 47 0.75
8 83 0.63 0.04 3.86 392 - 392 0.30
8 84 0.50 0.04 . 3.37 3.50 - 3.50 0.30
8 8-5 0.26 0.3* 2,12+ 2.26 - 226 - 0.3
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Figure 4-21. Comparison between the selenate breakthrough curve for well 2 and the
theoretical curve generated using the transport parameters determined
from the fluorescein analysis.
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parameters are used to generate a breakthrough curve for selenate, during Phase 2 of the experi-
ment, the curve shown by the solid line in Figure 4-21 is obtained. For comparison, Figure 4-21
also shows the measured breakthrough curve for selenate. As demonstrated, the predicted peaks
are both too high and the arrival times are too slow. By adjusting the velocities of the individual
flow paths to the values listed in Table 4-3, the match between the calculated and observed data
shown in Figure 4-22 is obtained. Here the velocity of the flow paths matches the observed
arrival times but, the tracer peaks are too high. To lower them to match the observed data, the
first order decay coefficients (A) listed on Table 4-3 had to be introduced. The final history match -

for selenate is shown in Figure 4-20b. The history match for nitrate is shown in Figure 4-20c.

A summary of the analyses from all of the wells is provided in Table 4-3. Figures showing
the match between the calculated and observed concentration for all of the wells are provided in

Appendix B.

4.2.4. Discussion - Tracer Experiment No. 2

The results of tracer Experiment No. 2 are reviewed to assess the information obtained

about
e the structure and velocity distribution of the flowpaths,
o the longitudinal dispersivity values measured in the individual flow paths, and

¢ the first order decay constants for nitrate and selenate.

4.2.4.1. Structure, Velocity Distribution and Dispersivity Values

The results from this experiment confirm the structural complexity of these sediments that
was previously identified from Experiment No. 1 (LBL Progress Report No. 3). Thirty eight indi-
vidual flow paths were idenﬁ fied within the 7.62 m thick interval of the aquifer tested during this
experiment. The ihicknéss of the flow paths ranged from 0.03 to 0.7 m, with an average thick-

ness of 0.28 m (s.d. = 0.19 m).

Flow velocities (nomalized to the expected velocity for location of each monitoring well)
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Figure 4-22. Comparison between the selenate breakthrough curve for well 2 and the
theoretical breakthrough curve using the velocity distribution listed in
.. Table 4-3. (Note: no decay term was included in these calculations.)
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ranged from 0.26 to 1.19 times the expected value,' indicating a wide range of flow velocities and
the heterogenéity of the sediments. The average normalized flow velocity was 0.67 times the

expected value (s.d.= 0.24).

Dispersivity values for individual flow paths ranged from 0.01 m to 0.08 m (note that the
values listed in Table 4-3 that are asterisked are not included in this range). The average value

was 0.032 m (s.d. = 0.01).

4.2.4.2. First Order Decay Constants for Nitrate

As indicated in Table 4-3, in all but one flow path, nitrate was removed from solution as it
was transported from the injection well to the monitoring wells. Denitrification is caused by
chemical and biochemical processes that reduce nitrate to NO, or N (Freeze and Cherry, 1979).
In an ideal system described by reversible thermodynamics, denitrification would be expected to
~occur in 25° C water with a pH of 7 at redox potentials of less than +250 mv (Freeze and Cherry,
1979). Redox potentials ranging from 126 to 266 mv (and pH of 6.5 t0 6.7) héve been measured
at the experimental site (LBL Provgress Report No. 2), indicating that the extensive denitrification
observed during this experiment is not unexpected. Although denitrification has been observed
extensively in near surface soils, little is known about the processes that control denitrification
within an aquifer. In the limited literature on denitrification in aquifers, biological processes have

been cited as the controlling factor (Edmunds, 1973; Gillham and Cherry, 1978).

As mentioned earlier, an average of 32% of the nitrate was not recovered from the monitor-
ing wells during the eight day monitoring period. Detailed history matching of the breakthrough
curves yielded first order decay constants for nitrate ranging from 0 to 5 x 10°s7!, ‘The average
value for the 38 flow paths was 1.24 x 10 s7! (s.d. = 0.9 x 10 s7!). In general, there was a
slight trend towards i'ncreasing decay coefficients, with greater depth below the ground surface.
This is consistent with an oxidation-reduction controlled process where the redox potential
decreases at greater depths in the aquifer. Field measured redox potentials in the aqu-ifer under

Kes_térson Reservoir follow this general trend (LBL Progress Report No. 2).
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The wide range of first otder decay coefficients measured at all depths ‘within the 7.62 m
thick section of ‘the aquiféf- -is:uggest that denitrification rates are strongly dependent on the
mineralogical and biological makeup of the sediments. This conclusion is supported further by
the lack of correlation between the decay rates and any of the other transport-parametersv(Beri-

son, 1988).

4.2.4.3. First Order Decay Constants for Selenate

Like nitrate, the speciation and mobility of selenium are strongly controlled by the redox
potential (Geering et al., 1968; Sharma and Singh, 1983; LBL, 1986; and Elrashidi, et al., 1987).
Selenate (Se*%) is the thermodynamically stable form of selenium under strongly oxidizing con-
ditions. Sélenite (Se*“) is the stable form under mildly oxidizing condifions. Bdth of these
species aré highly soluble but selerﬁte is more strongly adsorbed than selenate. Selenite adsorp-
tion is influenced by the organic content of the soil, clay content, corhpeting anions, and pH (Bal-
istrieri and Chao, 1987, .Singh et al, 1981; and Neal et al, 1987). Compared to selenite, selenate
is weakly édsorbed at pH’é in exéess of 6 (Balistrien' and Chao, 1987). Under reducing coﬁdi-
tions, elemenfal seleﬁium (Se) and selenide (Sez‘), which are both extremely insoluble, a;re, the

stable forms of selenium (Geering et al, 1968; Elrashidi, 1987).

In the aquifer underlying Kesterson Reservoir, the redox measurements fall in the stability
field of selenite and elemental Selenium. Therefore, there are two potential immobilization
-mechamsﬁls. for removing selenate from solution. Selenate can be reducéd to selehite and then
adsorbed on the minergl grains or it caﬁ be transformed to the highly insoluble elemental
selenium. The precise mechanisms by which the transformations take blace reméins uncertain.

Possibilities include both biological and inorganic processes.

In an effort to elucidate the prirﬁary immobil;'zaﬁon mechaniém, both selenite and total
sc;lerﬁum (essenﬁéliy selenate blus selenite) concentrations were measured in the fluid samples
covllected‘ from the monitoring weué. Without excéption, selenite concentrations remained at
backgrouhd concentrations throughout the experiment (-ﬁ 1 ppb). How;:ver,, the lack of elevated

selenite concentrations does not in itself provide insight into which of the two primary
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mechanisms was respbnsible for immobilizing seleniur;l. If the primary mechanism for immobili-
zation involv¢s transformation of selenate to selenite, folowed by adsorption of selenite, the lack
of selenite in the fluid samples would only indicate that adsorption quickly follows the transfor-
mation. Balistrieri and Chao (1987 demonstrated that equilibrium conditions for selenite
«:dsorptiqn on goethite were reached in less than 2 hours. This reaction time is signiﬁcanﬂy fas-
ter than the time scale of the tracer experiment, suggesting that rapid adsorption of selenite may
account for the lack of elevated selenite concentrations in the fluid samples. Alternatively, the
lack of selenite may indicate that the transformation of selenate involves biological reduction to

elemental selenium.

The single well selenium injection/withdrawal experiments conducted during FY 87 showed
that in the reducing native groundwater and in the reducing areas of the drainage water plﬁme
both selenate and selenite were quickly immobilized (LBL Annual Report, 1987). Groundwater
quality data frém Kesterson indicate that high concentrations of nitrate contribute to creating oxi-
dizing conditions in isolated areas of the Reservoir (LBL Progress Report No. 5; LBL Progress
Report No. 7) 1987). During this experiment, nitrate was introduced with selenate to aliow us to
measure the rate of selenium immobilization under the artificially high redox potentials created

by the presense of nitrate.

As indicated by the results of the detailed history matching of the breakthrough curves
rliste-d in Table 4-3, clear evidence for transformation and immobilization of selenate was present
only in 3 of the 8 monitoring wgus. Within these wells, only 8 of 19 flowpaths indicated a
significant degree of immobilization. First order decay constants for these flow paths ranged

from 0.5 x 10010 2.75 x 10% s71.

One of the objectives of this experiment was to determine the correlation between selenate
and nitrate decay rates. Figure 4-23 shows the decay rate for nitrate plotted as a function of the
selenafe decay rate, measured from individual flow paths. Two general observations can be made
from this graph. Firét, the decay constants for selenate never exceeded the decay constants for

nitrate (as is indicated by the data points that fall on or above the solid line shown in Figure 4-
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Flgure 4-23. Comparison between nitrate and selenate first-order decay coefficients
for the individual flow paths identified from these tracer experiments.
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| 23). Second, when the decay constant for nitrate was greater than 3 x 1079571, sélenate decay
constants were greater than zéro. Due to the limited extent of selenate immobilization that was
observed during this experiment, it is difficult to draw additional conclusions regarding correla-
tions between the decay constants for nitrate and selenate in this environment. Nevertheléés, itis
clear that the presence of nitrate inhibits selenium immobilization. This is particularly evident
when the results of the single well tracer experiments are compared to this experiment. A decay
constant of approximately 5 x 107 s} was measured during the single well injection/withdrawal
experiment conducted at this location. This is about 2 times larger than the fastest rate observed
for selenate during this experiment. This large difference, along with the majority of observa-
tions indicating a complete lack of immobilization, strongly support the conclusion that the pres-
ence of nitrate strongly inhibits transformation and immobilization of selenate in the shallow

aquifer.

4.3. GEOPHYSICAL INVESTIGATIONS FOR PLUME MONITORING

A reconnaissance ground conductivity survey was conducted in October, 1987 in an
attempt to locate the plume of saline drainage water that seeped from the Reservoir into the
underlying shallow aquifer. The survey was conducted on the Freitas Ranch property, adjacent
to Kesterson Ponds 1, 2, and 5, where lateral migration of the plume had been anticipated but no
groundwater samples héve been collected (LBL Progress Report No. 2). The results of this sur-
vey have been described in detail by Goldstein et al (1988a,b). Only a brief summary of the

results of this investigation will be provided here.

4.3.1. Geophysical Methods

A location map showing the survey lines is provided in Figure 4-24. The purposes of the
survey were to determine the background electrical conductivity of the near-surface soils and to
identify anomalies that could be attributed to migration of the drainage water plume. Two instru-
ments were used to conduct the survey, the Geonics' EM31 and: L‘hc“E’M34-3. Both of these.

instruments consist of a transmitter that produces a time-varying magnetic field and a} receiver
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Figure 4-24. Location map of the area investigated during the 1987 geophysical survey.
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that detects the signal from the transmitter after it has traveled through the ground. The spacing -

between the transmitter and receiver controls the depth of investigation for these measurements.
Three different spacings were used, to achieve depths of investigation of 7, 15, and 30 m. Based
on the water quality data obtained under the Reservoir; this range of depths should be adequate to

detect the presence of the drainage water plume.

4.3.2 Results

Background soil conductivities are in the range 150 mS/m everywhere in the survey area.
Similar values have been measured in the Mendota area by Hanéon and Grismer (1987). Several
individual anomalies of 300 to 400 mS/m were mapped within the survey area. The conductivity
anomalies can be grouped into two categon'e_s, shallow anomalies that are not attributed to migra-
tion bf the ‘drainage water plume and deepér anomalies that are attributed to migration of the
plume. Deeper anomalies were indicated when elevated conductivities were measured at all
three depths of investigation. Shallow conductivity anomalies are attributed to salinization of the
near surface soils due to evaporative accumulation of salts in shallow depressions. There is no
indication that Lhesé shallow salinization features are related to operation of Kesterson Reservoir.
However, in the region immediately adjacent to The Reservoir, we expect that the artificially
elevated water table created by flooding the ponds would contribute to an accelerafed rate of eva-
potraﬁsf)iration accumulation of salts. A map showing the location of these anomalies is pro-

vided in Figure 4-25.

As shown in Figure 4-25, there is an elongated region adjacent to the Reservoir where the
ground conductivity measurements indicate the presence of a deep conductivity anomaiy. The
leading edge of this conductivity anomaly (defined as the point where conductivity measure-
ments deviate from the background levels) appears to extend approximately 350 m from the edge
of the Reservoir. The lateral extent of the deep conductivity is consistent with the predicted
extent of the drainage water plume (LBL Progress Report 3, 1986). In the absence of water qual-
ity data from this area it is not possible to determine conclusively: the éx_tﬂér‘_iitv»to which the

drainage water plume has migrated. However, the ground conductivity measurements indicate

v
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Figure 4.25. Interpretive map showing the inferred locations of the drainage water plume
and the areas of nearsurface salinization.
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that the maximum probable distance that the drainage water plume has migrated is 350 m from

the edge of the Reservoir.

The ground conductivity survey is being repeated during October of 1988 in an attempt to
map migration of the drainage water plume and to detect changes in the conductivity of the

near-surface soils.

4.4. POND 1 REFLOODING EXPERIMENT

In the Summér of 1986 we began an experiment designed to evaluate the potential for creat-

ing unacceptably high concentrations of selenium in the groundwater when a dry pond was
| reflooded. This experimeht is now complete and several reports provide detailed descriptions of
the éxperimem, the analysis method used to interpret the data, and the results of this analysis
(Long, 1988; Long et al, 1988a,b). This experiment has also been described in detail in LBL Pro-
gress Reports 4 throggh 8 and the 1987 Annual Report. A brief summary of the major findings

of this experiment are listed below.

e Prior to reﬁooding Pond. 1, selenium concentrations in vadose zone soil water ranged
from 1000’s of parts-per-billion in the top 0.3 m down to 10’s of parts-per-billion at a
depth of 1.2 m.

. Sevéral months after flooding the Pond, the total quantity of soluble selenium in the top
1.2 m of soil had ‘droppe,d to an average .value of less than 15% of the initial post-
flooding inventory. |

e [n situ redox measurements obtained during the 1987-1988 phase of the reflooding
experiment showed fhat reducing conditions were established within several days to

several months after flooding.

¢ Chloride concentrations in the pore water changed slowly, indicating that rapid seepage
could not account for the observed decline in the concentration of soluble selenium.
Detailed advective-dispersive modeling of the migration of chloride ir_ldic'ated that the

mean seepage velocity (pore velocity) was 1.13 m/year (coefficient of variation =

LS
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300%).

When the pond was allowed to dry out the concentrations of soluble selenium increased

to pre-flooding values within weeks after unsaturated conditions were established.

Consideration of the facts indicates that, following flooding, soluble selenium is quickly
’transfonned to insoluble or readily adsorbed species and immobilized in the soil profile.
Mass balance calculations indicate that between 60 to 80% of the initial inventory was
immobilized in the top 1.2 m of soil in the first month after flooding. Over the follow-
ing months the immobilization rate decreased but, overall, between 66 and' 100% of the

soluble inventory was immobilized within 7 months.

The above conclusion is supported by the lack of widespread elevated levels of

selenium in groundwater monitoring wells in and around Pond 1.
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5. SELENIUM CHEMISTRY

~ 5.1. REDUCED SULFUR COMPOUNDS AND THE SOIL CHEMISTRY OF

SELENIUM

It is demonstrated that zero-valent selenium becomes soluble under strongly reducing con-
ditions by reacting with hydrogen sulfide, and this process explains downward migration of
selenium be_ldw‘ portions of Pond 2. Organic sulfur compounds also increase the solubility of
selénium, and this reaction is an important link in the microbial cycling of selenium in soil.
Adding organic sulfur compounds to soil strongly increases the rate of selenium volatilization.
The solubility of selenium with organic sulfur compounds depends strongly on pH, and acid con-

ditions block the reaction, decreasing the solubility and biologiéal availability of selenium.

Several me;hods for determining total selenium in éediments and biological materials have
been tesfedI and éompared. X-fay fluorescence is the preferred analytical method for samples
containing greater than 3 ppm selenium. If atomic absorption spectroscopy is uséd, magnesium
nitrate decomposition is very convenient and precise, althoﬁgh it under’estimates the true con-
centration with certain sample métn'cés. Sodium peroxide decomposition is preferred for sedi-
ment samples. None of these methods involve the extremely hazardous reagents perchlo'ric\acid

or hydrofluoric acid.

5.1.1 Introduction

In the absence of nitrate and oxygen, selenate and selenite are quickly removed from pore-
water by microbial reactions and selenite adsorption. These processes account for the absence of
selenium from the groundwater undemeath Kesterson Reservoir. In'‘the past, very strongly
reducing conditions existed undemeath thick deposits of peat or algal ooze in permanently wet

terrains. In some historically wet areas of Kesterson Reservoir with thick organic deposits and
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strongly reducing conditions - notably in the interior of Pond 2 - penetration of substantial
amounts of selenium up to two feet deep has been obserQed (see Figure 5-1, note that spatial vari-
ability precludes quantitative assessment of the extent of downward migration). These concen-
tration profiles strongly suggest that selenium regains at least limited mobility under strongly

reducing conditions.

Above pH 7 eiemental sulfur will react with H,S to form polysulfide anions; e.g.:
Sg(s) + 2 HS™ + 2 OH™ — 2 S3(aq) + 2 H,O ' (1)

This reaction is used in the commercial production of polysulfide compounds, and the pres-
ence of polysulfides in mildly alkaline, sulfidic pore waters in nature has been convincingly
documented (Boulegue and Michard, 1979). Because selenium is very similar to sulfur in its

chemistry, an analogous reaction of selenium is to be expected:

Se, + HS™ + OH™ — Se,_; + SeS™ + H,0 @)
In fact, elemental selenium readily dissolves in a solution of sodium sulfide to form a dark red
solution. ThlS reaction is routinely used in the determination of Se?, and it ihcreases the solubil-
ity and mobility of Sel in nature. as well. In sulfidic waters in nature the dominant species of dis-
solved selenium will probably be selenium substituted polysulfide anions; that is, S;,SeS; where

m+n+1=2106.

The symbol Se? is used to represent zero-valent selenium, a category which includes ele-
mental selenium but also other compounds where a formally zero-valent selenium atom is
bonded to one or more selenium or sulfur atoms; e.g. SeS,, (C¢HsSe), or aminoacid dimers
bridged by the group -SSeS- (Ganther, 1968). In analytical work, Se° is operationally defined as
selenium which is preferentially extracted by thiophyllic reagents; e.g. Na, S, NaCN, Na,SO; all

of which dissolve elemental sulfur as well (Davis, 1968, Weres and Tsao, 1983).

This laboratory has extensive experience with H,S and polysulfides (Weres, et al., 1985)
and the chemistry of polysulfides and related compounds has been reviewed elsewhere (Weres

and Tsao, 1983). Polysulfide anions are intensely colored, and even dilute solutions are bright
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Figure 5-1. Selenium profiles in Kesterson Reservoir Pond 2. Dry weight selenium 1n sbil

(ppm) vs. _depth in inches. The superficial material is peat of relatively low density
but very high selenium content.
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yellow. Acidifying the solution decomposes the bolysulﬁdes releasing H,S and precipitating

colloidal sulfur:

Si +2 H* > H,S + S2_1 (pp) 3)
The acidified solution loses most of its yellow color, and develops a bluish white haze of col-
loidal sulﬁir which may be removed by filtering the solution through a 0.22 or 0.45 um filter.

This reaction allows polysulfide-bound selenium to be easily estimated as described below.

While H,S and polysulfides are the most abundant reduced sulfur compounds in sulfidic
water, organic sulfur compounds may also be present. A variety of thiols, including cysteine,
glutathione, mercaptoacetic acid and both isomers of mercaptopropionic acid have recently been
identified in water extracted from mildly sulfidic ocean bottom sediments (Shea and MacCrehan,
1988). Thiols possess the weakly acidic -HS group, which will react with Sel as does H,S, form-

ing a selenium containing organic anion; in the case of 3-mercaptopropionate ion:

HSCH,CH,COO™ + Se, + OH™ — “SeSCH,CH,;COO™ + H,0 + Se;; )]
Because thiols that contain oxygen or nitrogen will be less susceptible to oxidation than HS™,

they may exist and influence the chemistry of selenium over a wider range of conditions.

Selenium associated with aminoacids and peptides has been reported in ocean water
- (Cutter, 1982). The tripeptide glutathione (glutamic acid, cysteine, glycine) is of particular
interest. Glutathione is an important cofactor in the metabolism of selenium (Garberg and Hog-
berg, 1986). Like other thiols, glutathione reacts with selenite to form a dimer bridged by the
selenotrisulfide group -SSeS- (Ganther, 1968). This reaction is believed to be the first step in

biochemical assimilation of selenite ion (Garberg and Hogberg, 1986).

5.1.2. Experimental

Many of the experiments described in this section involve air sensitive reagents and sélu-
tions. Air sensitive sohit_ions of Na; S, .N‘az SO;, organic sulfur compouhds, H,S and Na; S, were
prepared just befd’fe starting the" ekpeﬁmgnt. Procedures with air sensitive samples wefe exe-

cuted as quickly as possible.
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5.1.2.1. Total dissolved selenium - Method 1

If presence of organic selenium compounds is expected, the sarhple is digested with an

excess of H,O, to convert all of the selenium to selenate.

" To 25 ml water samplé add 1 ml IN NaOH and 1 ml 30% H,0;, heat to decompose H,0,
(that is, until fine oxygen bubbles are gone), add 1 ml 1.5 N HC], restore volume to 25 ml, com-
bine 5 ml of this solution with 5 ml 12 N HCJ, heat in a tighly sealed container at 100°C for 20

minutes, analyze by hydride generator AAS.

5.1.2.2. Total dissolved selenium - Method I

Polysulfides and polyselenides are relatively resistant to oxidation. In this method, the
sodium sulfide opens up any polysulfide or polyselenide species that may be present, ensuring

complete oxidation of selenium by H,0,.

Prepare Naz_S/NaOH reagent immediately before use: 1M Na,S plus 1M NaOH. Filter 3
ml of sample into a screw cap culture tube, add 1 r_nl. Na,S/NaOH reagent, then add 1 ml.30%
H,0,, heat at 100°C to decompose H,0,, add 5 ml 12N HCI, heat 20 minutes at 100°, then

analyzé using hydride generator AAS.

5.1.2.3. Total dissolved selenium - Method II

As in Method II, but use 1 N NaOH in place of the NaZS/NaOH reagent. Method IIl is a

streamlined version of Method 1.

5.1.2.4. Solubility of selenium compounds in hydrogen sulfide solutions.

A brine was prepared with major ion composition similar to San Luis Drain water but
without selenium or nitrate. A portion ofvthe brine was deaerated and the right amounts of Na,S
solution and HCI were added without exposure to air to produce a solutioh containing 100 ppm
total sulfide with pH 7-.4. The selenium compounds tested were elemental Se, SeS,, and
diphenyldiselenide (CgHsSe);. About 15 mg of the giveh compound was plaéed in é 15 ml plas-

tic centrifuge tube, the tube was filled with the sulfide solution, then capped and alternatively
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shaken and sonicated for about 20vminutes. Then the tube was centrifuged and opened. The
liquid phase was carefully removed and filtered Lhrough a 0.22 um filter, then analyzed for total
Se using Method' IT above. In each case a parallel test was run using the brine without H,S to

determine the extent of contamination by solid particles of selenium which may be carried over.

5.1.2.5. Estimation of polysulfide-bound selenium in sulfidic pore water

Acidifying a sample of sulfidic water will decompose polysulfides producing filterable col-

loidal sulfur particles which will contain any polysulfide-bound selenium initially present.

Black, very sulfidic peat and pond-bottom muck were collected at Kesterson Reservoir and
stored in air-tight containers. ‘The oxidized superficial material was removed and only water-
saturated material was taken for analysis, as contact with air will precipitate polysulfides by oxi-
dizing them to sulfur. About 100 g of slurry with associated water was scooped into each of twd |
8 oz. centrifuge bottles, and centrifuged for about 10 rfxinutes to press sulfidic water out of the - ".
slurfy. Prolonged centrifugation was avoided to avoid excessive contact with air. The bétﬂes '

-were removed from the centrifuge, and the water decanted and immediately filtered through
paper to remove coarse partic_l_éé. Then about 50 ml of water was filtered through 0.22 pm mem-

brane filters, producing a clear, yellow, foul smelling water sample.

An aliquot was immediatgly removed for‘ determination of total selenium using Method II
above. The remaining water was acidified by adding 0.2 ml 6N HC], stripped with N; for a few
."_minutes, then filtered again (0.22 um) and analyzed for total Se by Method II. The difference
between the two values approximates the initial concentration of polysulfide bound selenium ini-

/

tially present in the water.

To confirm that the selenium removed by the second filtration is associated with colloidal
sulfur particles, the filter was extracted by forcing through it 10 ml of freshly prepared 0.5 M
Na,;S0; solution with pH adjusted to about 7.7. Sulfite is also a thiophyllic reagém capable of

dissolving colloidal sulfur and Se¥. Selenium in the sulfite extract was determined by Method II.
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5.1.2.6.. Solubility of selenium in the presence of sulfur compounds -

Solubility values were determined by reacting elemental Se with a buffered solution of the
given compound for four days, and determining selenium dissolved in the resulting solution. Test
solutions were prepared by adding 2.5 mM sulfur compound to a deaerated buffered brine con-
taining 0.04 M Na; SOy, 0.03 M NaCl, 5 mM citric acid, 5 mM disodium phosphate, and S mM .
boric acid. The initial pH was near 3.5, and pH was progressively increased by adding NaOH to

_ the solution while maintaining it anoxic by continually bubbling nitrogen through it. 5 ml ali-
quots were removed as needed for tests at different pH values, and pipetted into 10 ml glass
ampoules. A small amount of powdered glass was added to the ampuole to nucleate smooth gas
release, the ampoule was briefly evacuated, about 20 mg of gray Se (325 mesh) was added,

vacuum was reapplied, and the ampoule sealed using a torch while still under vacuum.

The ampoules were placed upon a shaker table. After four days of shaking the ampoules
were removed and opened, the liquid was carefully removed using a plastic syringe and blunted
17.5 gauge needle, and selerlium particles were removed by filtering it through a 0.45 um syringe

filter. The filtered solution was immediately analyzed for total selenium using Method III above.

5.1.2.7. Speciation of selenium in sulfidic water

'i'he method described for estimating polysulfidic selenium was later 'modiﬁed f_o allow two
classes of organic selenium compounds to be estimatéd as well. Samples §vere obtained by cen-
trifuging sulfidic materials collectgd at Kesterson Reservoir and filtering the superatant through
0.45 um membrane filters just pﬁor to use.v Reference solutions of selenium/sulfur‘compounds
were prepared by reacting a deaer'a.ted 4mM sdlufion of the given sulfur compoﬁnd in water with
powdered Se in ampoules for three days or longer. The following sulfur compounds were used to
prepare the standards: reduced glutathione, 3-mercaptopropionic aéid, and sodium tetrasulfide
(Na;S4). Solutions of the two organic compounds were adjusted to near pH 8.1, but the
polysuiﬂde solution was used at its initial pH (near 10). Immediately before use, the ampoule
was opened, part of the solution was extracted and filtered to remove selenium particles (0.45

pm) and then dilutedVZ ml into 50 6f deaerated Na,S04/NaCl brine (0.04M/0.03M). This dilute
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solution was then analyzed in parallel with the actual sulfidic water samples.

~ Sodium tetrasulfide was prepared immediately before use by dissolving 0.96 g of Sg in 50
ml of 0.2 M Na;S in a 50 ml screw-cap culture tube at 100°C. The reaction typically requires
one hour and is helped by occasionally shaking or sonicating the tube. The resulting solution
nominally contained 0.2 M Na,;S4. It was cooled to room temperature and filtered 0.45 pum

before use.

The experiment was performed four times with minor variations. In the final run,-three

preparations were made from each sample:
e The sample was analyzed for total Se using Method II.

e 25mlof 0.2M Na, S, was added to 10 ml sample, allowed to stand for about 2 minutes,
then acidified by adding 1 ml 6N HCL. After about two minutes of blowing N, through
it to remove H,S, the sample was filtered (0.45 um), and filtered a second time a few
minutes later to remove the secondary colloidal sulfur haze which sometimes formed.

The final filtrate was analyzed for total selenium by Method II.

e 0.5 mlof 6N HCl was added to approximately 30 ml of sample remaining from previous
tests. The sample was allowed to stand for 1 to 3 minutes, then filtered (0.45 um) and

analyzed for total Se by Method II.

Increasing reaction time has little effect on the amount of Se precipitated; nor does heating

the sample mixed with Na,S4 (B) have much effect.

5.1.2.8. Effect of sulfur compounds upon volatilization of Se

'Starting material was surface soil collected in May 1987 from the waste pile at the 0.5 ft
s'crépé plot near the SW corner of Pond 11 in Kesterson Reservoir. The soil was crushed and
sieved 30 mesh. Twelve tests were run simultaneously in open 250 ml wide-mouth plastic bottles
in an open box at room temperature. In each test, 25 g of soil was wetted with 5 ml of a solution
of glucose plus NaNOj; in water (5% plus 0.75%; C/N ='16). In tests 11, 15, 16 and 18, 200 ppm

penicillin-G and 200 ppm streptomycin added to glucose/nitrate solution. This combination of
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antibiotics controls both gram positive and negative bacteria, and the concentrations were
respectively triple and double those typicaﬂy used in biomedical research. Test compounds were
added as 2% solution in water adjusted to pH 7.5 - 8.0, 1 ml at start, and 1 ml seven times during
the experiment, plus distilled water as needed to replace water lost by evaporation.

Glucose/nitrate solution was used in place of test solution in control experiments.

After five Weeks, soluble selenium was extracted with Na;SO4/NaCl brine (0.04 M/0.03
M), the residue was dried to constant weight, crushed, and analyzed for total Se and Se®. Soluble
selenium in the Na;SO4/NaCl brine extract was determined using Method I above. Total
selenium values were determined by X-ray fluorescence, corrected for soluble selenium

extracted; statistical uncertainty in individual total Se values was approximately 0.6 ppm.

5.1.2.9. Analytical method for Se®

Equipment and supplies. Full facilities for analyzing selenium in water using AAS witﬁ .
hydride generation. A fume hood. Pipettors ar;d ﬁps, 0.2 ml, 1 ml, and 5 ml. Screwv-capped 50
ml centrifuge tubes. Céntrifuge with appropriate rotor. Spatula. Laboratory balance.' Shaker
table with attachments ﬁeeded to hold centrifuge tubes. IQO ml stopped cylinders. lbO ml beak-

. ers. Funnels. Filter paper. Screw-capped glass culture tubes. Hot-plate. Large beak’_cri

Reagents. Concentrated hydrogen peroxide (30%). 0.3 M Na,S, prepared daily from
Na;S-9H;0. IN NaOH. 6N HCL. Concentrated HCI (12N). ‘Caustic brine C"’, containing 0.16

M NaOH, 0.16 M NaCl, 0.14 M Na,SOs.

Procedure. Parallel extractions are performed, one using sodium sulfide, the other using
caustic brine C. Sodium sulfide extracts Se®, but Se*®, Se**, and organic Se may interfere. The
caustic brine matches the pH and ionic strength of the spdium sulfide reagent, and will extract
Se*S, Se**, and organic Se to the same extent, but it will not touch Se®. Therefore, the difference

between the two determinations corresponds to the amount of Se? present.

Caution. Na, S is toxic and releases highly toxic H,S if mixed with acid. All steps of the

procedure involving the Na,$S reagent in open containers should be performed inside the fume
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hood. Destroy unused sulfide reagent by adding an excess of c. H;O,, or by adding a soluble

iron salt and bubbling air through it for several hours.

Weigh identical 0.200 g aliquots of dry, pulverized sediment into two labeled centrifuge
tubes. Add S ml of Na;S reagent to one tube, and 5 ml caustic C to the other tube. Cap tubes
secur'ely and shake 10 minutes. Put 0.2 ml IN NaOH into each of two labeled beakers. Centri-
fuge and decant liquids into separate beakers. Add another 5 ml of the appropriate solution to
each tube, resuspend sediment, centrifuge again, add supernatants to the beakers. While swir-
ling, add 2 ml c. H,O, to beaker with Na, S extract. Immediately cool down the beaker by plac-
ing it in a container with cold tap water after first and second portion of H,O;. Similarly add 1

ml ¢. H, O, to beaker with caustic brine extract.

Under the fume hood, add 1 ml 6N HCI to each beaker. Place funnels with filter paper in
25 ml cylinders. Pour liquids from beakers into the funnels. Rinse beakers into the funnels with
a small amount of water. Rinse beakers under running tap water. After liquid has drained frorh
funnels, rinse filter paper with a small amount of w"atér. Rémove funnels, make up total volume
in each cylinder to 25 ml. Pour liquids back into the.beakers. Add 5 ml of c. HCI to each of two
labeled culture tubes. Pipette 5 ml of liquid from each beaker into the corresponding culture
tube. Cap culture tubes loosely. Bring half of a large beaker-full of Water to a boil on the hot
plateb. Pléce culture tubes in boiling water. Wait until éharacteristic bubbles from decomposition
of H,0, éubside. Keep tubes in boiling water for additional 10 minutes. Remove tubes from
water, allow to cool, tighten caps. Analyze for total seleniﬁm’by AAS. The difference between
the two readings will correspond to Se® in the sediment. One ppb difference corresponds to 1

ppm Se? in the sediment.

Explanation. The hydrogen peroxide oxidizes the exfracted selenium to selenate and des-
tfoys excess sulfide. The small amount of NaOH added ensures that the solution will remain
alkaline; otherwise some colloidal sulfur will be produced and may entrap part of the selenium.
Less H, 0, suffices for the‘caustic brine extract which contains no sulfide. Acidifying the extract

after oxidizing it serves to precipitate organic colloids, which are then removed by filtering the
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extract. If no precipitate forms and the extract remains clear, the filtration step may be elim-

inated.

Because the result is calculated as the difference of two numbers, the effective Limit of
Quantification (LOQ) will depend more on their relative value than on the theoretical LOQ for
the separate readings, which is 1 ppm. Ten percent of the larggr reading is a fair estimate of
actual LOQ. When samples low in total selenium are to be analyzed (e.g. playa sediments)
theoretical sensitivity may be increased by using 25 or 50 ml graduated cylinders, thereby reduc-

ing the dilution factor.

5.1.3. Results

The effect of hydrogen sulfide upon the solubility of selenium is illustrated in Table 5-1.
Several compounds of Se® were contacted with a 3mM solution of H,S at pH 7.4 for 20 minutes.
Parallel experiments using brine without sulfide allowed the maximum interference by selenium
particles carried-over to be estimated; it is small. Clearly, H,S markedly enhances the solubility |

of Se°; these values are low estimates because of the short reaction time.

Table 5-2 illustrates the effect of acidifying sulfidic water upon its selenium content. The
water used in the experiment was centrifuged from Pond 2 peat which had been allowed to stand
water-logged in a sealed jar fbr sevefal weeks prior to the experiment. The original filtrate (a) ,
was clear, bright yellow and had a sulfidic smell. The acidified filtrate had a bluish §vhite haze.
The refiltered acidified brine (b) was clear with a very faint yellow color. This procedure
removed 114 ppb Se from the water, corresponding to 58% of that initially present. There was no
visible discoloration of thé filter membrane, suggesting that precipitation of humic acid is not a
factor here. The selénium‘ recovered from the filter by extracting with sodium sulfite corresponds
to 96 ppb in the initial brine.sample, or 84% of that removed from the brine by acid. A parallel
analysis demonstrated that volatile compounds represented only 4 pbb of the selenium in the
water. Four detgrminations on four separate water samples centrifuged from peat gave an aver-
age of 160 ppb Se precipitated by acid, corresponding to an average of 60% of the total dissolved

selenium.
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Table 5-1. Sulfide increases the solubility of selenium.

Apparent solubility (ppb Se)
Solute
pH Brine with NaSH  Brine
' 74
Se(black) 1391 89
SeS, 1481 10
(C¢H,Se), 3050 12

Table 5-2. Speciation of selenium in peat water.

Sample Se (ppb)
(a) Raw filtrate 198
(b) Acidified and refiltered 84
(a) - (b) = polysulfidic Se 114
(c) Recovered for filter 96
(d) Volatile Se recovered 4
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The solubility of selenium in the presence of sulfur compounds is illustrated in Figure 5-2.
The three thiols (cysteine, 3-mercaptopropionic acid, and glutathione) dramatically .binclrease the
solubility of selenium, particularly above pH 7. Increasing reaction time with cysteine from 4 to
7 days had little effect, indicating that chemical equilibrium had been closely approached. At pH
9.1, the extent of reaction is 4-8%; that is, 4-8% of the sulfur compound has reacted with the
excess of selenium. The pH dependence of the equilibrium is consistent with reaction (4);
becausé the reaction requires hydroxide ioﬁ, increasing pH favors it. The solubility of selenium
drops-off rapidly with decreasing pH. In the case of mercaptopropionic acid the curve flattens
out below pH 6, as increasing protonation of the carboxylic group decreases the average negative
charge of the molecule, favoring formation of the negatively charged ~SSe™ group. The effects
of the aminoacids serine (the 6xygen analog of cysteine) and methionine are practically indistin-
guishable from the control, i.e., buffered brine with no compounds added. While methionine is a

sulfur compound, the sulfur atom is methylated, and there is no thiol group.

Polysulfidic selenium produced by dissolving the element in sodium tetrasulfide solution is
quantitatively precipitated by acid (Table 5-3). Roughly half of the selenium dissolved in the
glutathione solution is also precipitated by acid, but acid has no effect upon selenium dissolved
by reaction with 3-mercaptopropionic acid. Adding a large excess of Na; Sy té the solution quan-
titatively converts the seleniﬁm from thiol-bound to polysulfidic. Practically all of the selenium
dissolved by glutathione or 3-mercaptopropionic acid is precipitated by acid after reaction with

Na, S, solution. The small "B" value in this case probably represents a reagent blank.

These data suggest a simple analytical procedure to estimate three chemical classes of
water soluble selenium under reducing conditions. The ‘selenium precipitated by acid alone
corresponds to polysulfidic Se plus some fraction of thiol-bound Se. The additional selenium
precipitated by Na,S4 plus acid corresponds to the bulk of the thiol-bound Se. The selenium
which cannot .be precipitated eithér way corresponds to still other species, where the selg:nium is

not associated with thiol groups.

Five samples of sulfidic and/or organic rich water squeezed from Kesterson sediments were
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Figure 5-2. Solubility of selenium in the presence of sulfur compounds vs pH. Each solution
consisted of deaerated Na,SO4/NaCl brine with 2.5mM sulfur compound and citrate/
phosphate buffer with pH adjusted to value desired. Solution deaerated and sealed
with small amount of gray Se under vacuum in glass ampoule, and nlaced on shaker
table. Total dissolved Se concentration determined after four days.



Table 5-3. Speciation of Se in Sulfidic Water
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%C-B

%A-C %8B
Sample Day A B C AC CB Poly SSe  =pptOrgSe  non-pptSe

Na2S4 + Se 1 992 6 6 986 0 99’ 0 1
2 591 24 5 586 - 99 -

Glutathione 1 174 5 81 93 76 53 44 3

2 170 8 104 66 96 39 56 5

3 202 8 76 126 68 62 34 4

3-HS Prop.Acid 2 183 9 190 - 181 - 99 5

3 256 7 328 - 321 - 125 3

4 . 135 6 147 - 141 - 104 4

Pond 5 muck 1 267 66 8 178 23 67 9 25

Pond 2 mud 3 218 86 102 116 16 53 7 39

3 226 86 111 115 25 51 11 38

Peat slurry 3 183 117 126 57 9 31 5 64

3 170 98 136 34 38 20 22 58

Oxid. P2 peat 4 162 117 158 4 41 2 25 72

4 180 120 177 3 57 2 32 66

Jxid. PS muck 4 176 72 181 - 109 - 62 41

4 66 177 0 111 0 63 37

177
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analyzed in this way. The "Pond 5 muck" and "Pond 2 mud" were strongly sulfidic materials
easily maintained in that condition by prolonged storage in a water-logged state in a closed jar.
In either case, polysulfidic selenium was the major dissolved species, followed by non-
precipitable Se and a much smaller amount of thiol-bound Se. The "peat slurry" was less strongly
reducing, having. stood in a bottle for nearly a year, and the fraction of polysulfidic Se was
smaller. The "oxidized P2 peat" had been stored in a partially saturated state for several weeks
with limited air contact. In that sample, non-precipitable Se predominated, with a lesser amount
of thiol-bound Se>but practically no polysulfidic Se. Finally, "oxidized P5 muck” had been
exposed to air to the point of changing color frorp black to grey-green. Here thiol-bound Se
predominated, with a lesser amount of non-precipitable Se also present. This sample probably
had the largest and most active population of microbes, aggressively decomposing the organic
matter in the sediment. It most closely resembles an aerated peat soil. Note, however, that in the
absence of H, S, selenite and methane selenium acid may also be present and will also register as

part of ‘‘C-B’’ together with thiol bound Se.

- The volatilization of selenium from soil provides a convenient assay of the bioavailability
of selenium (Table 5-4). In most cases slightly more selenium was volatilized with antibiotics
‘added, but the difference was not statistically signiﬁcant. This observation suggests that bacteria
are not the organisms responsible for volatilization and, indeed, suppressing the growth of bac-
teria might enhance volatilization by favoring competing microorganisms. Results with and

without antibiotics were combined in analyzing the data.

Results with serine or glutamic acid added were not significantly différent from the control
experiments. All four sulfur compounds dramatically increased the amount of selenium lost to
the atmosphere, averaging 29% of the total inventory in just five weeks, or roughly four times
more than in the contrdl. While the percentagé lost in control experiments is scarcely greater
than the experimental uncertainty, the percentage lost with sulfur compounds added is rhuch
largef than the uncertainty, and so is the increase caused byvaddivng sulfur compounds. The

amount of Se® decreased by 26% in the control experiments, and 50% with sulfur compounds
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Table 5-4. S-Compounds and volatilization of Se.

N Tot.Se Average ' Soluble Se’ Average 0
Experi t Test % Se gone % Sc” gone
perimen Ana (ppm) (ppm) & Se(ppm)  (ppm) (ppm) o3¢ 8

Start - 3 7304035 - 3.26+0.34 -
Control 1 1 7.23 241

8 1 6.64 2.36

11 1 7.10 2.28

18 1 6.20 6.80+0.30 7 0.12+0.01 2.25 2.32+0.04 26
Serine 2 3 6802035 7 0.20 2.66 18
Glutamic Acid 3 2 6.67+0.42 9 0.17 2.29 30

Average 6.7610.21 - 7+6 0.16+0.02 242+0.12 26t11

Methionine 4 3 4994029 32 0.42 : 1.55 52
3.HSProp.Acid 5 1 558 1.79

15 1 512  535+035 27 0.30+0.08 1.65 - -1 724007 47
Cysteine 6 1 5.64 ‘1.56

16 1 4.68 5.16£035 29 0.21+0.03 153 1.5410.02 53
Glutathione 7 2 5158035 29 0.15 1.66 49
Avérage 5.16£0.17 2915 0.2710.06 1.62+0.05 - 50+10
Difference 1.60£0.27 2244 -0.11+0.06 0.80+0.13 2444
Notes to Table 4:

Starting material saline surface soil collected in Kesterson Reservoir pond 11, crushed and seived 30

mesh.

In tests 11, 15, 16 and 18, 200 ppm penicillin-G and 200 ppm streptomycin added to glucose/nitrate

solution.

First average includes values for control, serine, glutamic acid. Second avefage' includes values for
four sulfur compounds, and "difference” is between the two averages.

Soluble selenium values determined by analyzing Na,SO,/NaCl brine extracts made at end of the
experiments. ‘Total selenium values by X-ray fluorescence,.corrected for soluble selenium extracted;
statistical uncertainty in individual total Se values approximately +0.6 ppm, decreased by averaging
repeat analyses and grouped tests. Se’ values by.preferential extraction in 0.3 M Na,S.
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added. While some of the Se® may have been converted to other species rather than volatilized,
Se® is clearly reactive under these conditions, and adding sulfur compounds increases its reac-
tivity. As expected, adding sulfur compounds increased the amount of soluble selenium in the

soil.

5.1.4. Discussion

The ability of reduced sulfur compounds to sol@bilize Se? and increase its biological avai-
lability has been amply demonstrated. A substantial concentration of dissolved selenium may be
present in the pore water of organic-rich sediments under reducing conditions. Very strongly

_ reducing, sulfidic conditions favor selenium substituted polysulfide ions as the major species.

_ Poiyﬁulﬁdic selenium probably is responsible for the limited downward migration of selenium
observed undemeath parts of Pond 2. Polysulﬁdié Se does not represent a threat to groundwater,
because polysulfides exist dnly in the presence of H,S, whiéh is rapidly removed from water by

reaction with iron oxides in carbon-poor mineral soil.

In less reducing, but still organic-rich environments polysulfidic Se disappearé and
selenium associated with organic compounds preddminates. While the speciation shifts draméti-
cally, the tota1 amount of selenium present remains roughly constant. Thiol-bound selenium
(operationally defined as Se precipitated by Na,S4 and acid, but not by acid alone) and nonpre-
cjpitable Se are présent in subequal amounts. Selenite and methane seleninic acid may also be
présent under these conditions and will interfere with the determination of thiol bound Se. This
residual category of "nonprecipitable Se" (B in Table 5-3) will include selenoethers (e.g.
selenomethionine) and, in oxidizing environments, selenaté ion. Mahy other compounds of
selenium and sulfur may be present where dxygen and organic matter coexist, .and many of them
will fall into this category.

The dramatic, pH-dependent effect of organic thiols upon solubility of selenium ass.ures an
important role in soil chemistry of selenium. While it is not necessarily a unique explénation, the
ability of thiols to solubilize selenium does explaih the ability of microorganisms to oxidize Se’

(Sarathchandra and Watkinson, 1981) and to volatilize it. Selenoglutathione was reported as a
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major species of selenium in pore water extracted from selenium-poor peat soil (van Dorst and
Peterson, 1984). Extracts were made of soil spiked with Se’5 and analyzed using high voltage
electrophoresis (Petersnnand Butler, 1962), a technique which is unable to resolve correspond-
ing sulfur and selenium aminoacids (Ibid.). It is very possible that the Se-glutathione complex
containing the group —SSe”, was misidentified as selenoglutathione, containing the group —Se™.
Since the ability of glutathione to form selenium complexes is central to the intracellular
biochemistry of selenium (Garberg and Hogberg, 1986), it is entirely likely that microbes use
glutathione or related thiols to mobilize Se® in the extracellular environment as well. The large
effect of sulfur compounds upon the volatilization of selenium, including Se®, supports the role of

thiols in making selenium biologically available.

It is noteworthy that methionine, which has no effect upon the solubility of selenium, stimu-
lates volatilization as do the other sulfur compounds, which dissolve Se®. The volatile species of
selenium produced is probably dimethylselenide, formed by methylatin.grselenium. Methionine
is the major source of methyl groups for biochemical transmethylation reactions, and thereby
may directly stimulate the volatilization process. The product of demethylating methionine is the
thiol homocysteine. Despite its inébiljty to solubilize seleninm microorganisms convert

methionine to a thiol which does have that ability.

The increment in total selenium volatilized in the presence of sulfur componnds was twice
the increment of additional Se® removed. 'Evidently, thiols indirectly stimulate the bioavailabil-

ity of other species of selenium in soil as well.

The 'large effect of pH upon selenium vsolubility with thiols explains the large decrease of
soluble selenium in soil with decreasing pH (van Dorst and Peterson, 1984). An analogous effect
has been reported in aquatic ecnsystems (Cherry, et al., 1979); decreasing the pH of water in a.
pond decreases the selenium content of invertebrates living in the pond. These observations sug-
gest that dissolution of Se® by reaction with thiols is a critical step in the geochemical cycling of
seleniuin, one which may be blocked by simply decreasing pH. Itis likély that the small but con-

tinuous recycling of selenium from sediment to surface water and biota under Wet-Flex condi-
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tions involves forniation of soluble organic' selenium compounds. Knowi.ng the role of thiols and
the large effect of pH upon the solubility and bioavailability of selenium in vitro, in soil, and in
aquatic ecosystems, we now realize that the relativeiy high pH of Kesterson water favored recy-
cling of selenium to the_surface water and biota. With lower pH, particularly with more acidic
pond-bottom sediment, the recycling of selenium would have been smaller. Low salinity water,
and particularly water low in sulfate, would enhance the immobilization oi selenium in pond-
bottom sediment by favoring the rapid deposition of organic-rich, acid sediment, and not allow-
ing the production of H,S. This observation may find practical application in the control of

selenium toxicity in freshwater bodies contaminated with selenium, e.g. from fly ash.

While enhanced volatilization of selenium in the presence of sulfur compounds does not
necessarily translate into a practical soil clean-up process, it does provide a critical insight into
the geochemical cycling of selenium in soil, and suggests how these processes may be con-
trolled. The application of thiophyllic reagents and their precursors to removing selenium from

San Luis Drain sediments will be investigated in the coming months.

5.2 Analytical Methods for Biological Samples and Sediments

5.2.1. introduction

Over the past three years the Kesterson project zit LBL has required the chemical analysis
of several thousand samples of biological material and sediment or soil for seleniﬁm. Several
analytical procedures have been developed or modified in the course of this work. Over the past
year these procedures have been formally tested and documented. Thé results of the test work

.4

are summarized here.
¢ X-Ray fluorescence

Sediments and biological materials are routinely analyzed using X-ray fluorescence
spectroscopy if sufficient sample material is available, and the concentration of selenium
in the dried material is > 3 ppm. Approximately 2 g of sediment is required for analysis,

or 0.2 g dry biological material. The sediment is pulverized in a ball mill and pressed
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into a pellet for analysis. Dried biological samples are crushed, if that is sufficient to
allow representative subdivision and a coarsely uniform sample texture, or else pulver-

ized. The detailed XRF procedure is described in Appendix C. )

Samples too small for XRF analysis or containing < 3 ppm Se are analyzed by
Atomic Absorption Spectroscopy (AAS) with Hydride Generation. The major step in
preparing solid samples for analysis by AAS is the decomposition reactiorll. An oxidiz-
ing liquid or melt is used té completely oxidize selenium and organic matter in the sam-
ple, converting the selenium to selenate ion dissolved in water. Ultimately this extract is
diluted up to a standard volume and reacted with HCI to convert the selenium in it to
selenious acid which is determined using the hydride generator/AA. Three decomposi-

" tion methods have been developed or modified at LBL, and are presently used. None of
these methods require perchloric acid or HF, and were developed in part to eliminate the
need for these extremely hazardous reagents. Nor do they require overnight digestion.

The decomposition methods reported here are:
¢ Magnesium nitrate deCompbsition
Magnesium nitrate decomposition used with biological samples is described in
Appendix D. This is a well-established, widely used technique (Ref. 1, and references
therein) which we modified to perform all opératidns within a single test-tube, making it
more reliable and quite fast. Our version allows biological samples as small as 3 hlg to
be analyzed. Practically all biological samples smaller than 0.2 g grams were analyzed
by AAS preceded by magnesium nitrate decomposition.
e Sodium peroxide decomposition
| .'Sodium peroxidev decomposiﬁon used with sediment samples, ‘is described in
Appendix E. This technique has good sensitivity gnd a relatively low blank, and is the

preferred decomposition method for sediment samples.

e (Carbonate/nitrate decomposition
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Carbonate/nitrate decomposition described in Appendix F, may be used for either
biological samples or sediments. While it is quite reliable, it is also relatively laborious

and suffers from a relatively high blank value with biological samples.

The descriptions of the decomposition methods presented in the appendices are taken
directly from our updated laboratory standard operationg procedures manual and are complete

and accurate.

5.2.2. Control of blank readings

The bulk of the work in this laboratory involved numerous samples containing > 3 ppm Se,
and methods were chosen accordingly. Under these circumstances moderately elevated blank
readings are to be expected, but for the'most part are also acceptable. Several sources of contam-

ination contribute to blank readings with AAS analysis.

Selenium in the reagents makes a small contribution to the blank. Analyses of the reagent
chemicals indicated that reagents contribute roughly 0.01 ppm and 0.03 ppm to the blank with

the Na,; O, and carbonate/nitrate decomposition methods, respectively.

After some months of heavy use, the box furmace required by all methods may'become con-
taminated with selenium, sometimes causing large, erratic blank readings. This source of con-
tamination is minimized by using a large enough box furmnace and occasionally burning-off accu-
mulated selenium oxides by increasing temperature to 1100°C for one hour with the furnace
empty. |

Cross-contamination of the glass culture tubes is a problem with all decompositioﬁ methods
reported here, but especially with magnesium nitrate decomposition, where the entire reaction
takes place inside the tube. Careful cleaning of the tubes as described in Appendix D will elim-
inate most of this problem. Using clean tubes and discarding them after one analysis would in
principle eliminate this source of contamination completely. Segregating tubes used for the mag-
nesium nitrate procedure would eliminéte caﬁy-over of selenium from this procedure to the other

procedures.
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The Na, O, and vcarbonate/nitrate decomposition reactions are carried out inside of metal
tubes (zirconium and Inconel, reSpectively) which are coated with an oxide layer that adsorbs
some amount of selenium. Here as well, proper cleaning as described in Appendices Dand E is
very eﬁecﬁve in reducing the .bla.nk value. The problem is particularly acute with samples of low
seleniuml content, and may be controlled by designating "clean" tubes for low Se samples, and

"dirty" tubes for high Se samples. This was done during the present study.

With the sodium peroxide decomposition method, "clean" tubes were used with samples
and controls containing < 3 ppm and associated blarks, and dirty tubes were used with samples

and controls containing > 3 ppm Se.

With the carbonate/nitrate method applied to sediments no distinction was made between
clean and dirty tubes; the tubes used for production samples and blanks were interchanged after

every rumn.

"Because of the much larger reducing power of biological samples, the carbonate/nitrate
method had to be modified as described at the end of Appendix F. The nitrate content of the flux
was increased, and the sample size was decreased from 0.2 g to 0.05 g. Because biological sam-
ples were frequently high in selenium, sensitivity was not a problem, but high blank readings
~ were encountered. This problem was controlled by designating “clean” Inconel tubes used only
with samples containing < 10 ppm Se, and "dirty" tubes used only with samples containing > 10

ppm Se.

5.2.3. Study design.

A variety of reference materials were used as test samples, most of Lﬁem from Kesterson
ReS_ervoir, plus some certified reference materiais. These. are described in Table 5-5. Both LBL
iheemal references and feference mateﬁals provided by the US Bureau of Reclamation were
used. The reference materials were selected o eevef a.variety of matﬁces (sediment, aquatic

vegetation, terrestrial vegetation and fish) and a range of concentrations from low to high,

Most of the samples were analyzed by XRF in triplicate and average values reported. The
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biological samples were analyzed by XRF in two different ways: the powder method used in rou-

tine work, plus the more accurate (and laborious) pelletized method (Appendix C).

Sediment samples were analyzed by AAS using two decomposition methods: Na, 0, and
carbonate/nitrate. Biological samples were analyzed by AAS using two decomposition methods:
Mg(NOs), and carbonate/nitrate. The study design was basically similar in all four cases. Two

series of runs were made for each case.

In the first series (Tables 5-6, 5-8, 5-11 and 5-13), the same samples were analyzed six
times in six separate runs together with corresponding blanks and controls, and the results were
averaged. In some cases the same reference materials were used for controls as for samples. In
these cases, "controls” and "production samples" were designated beforehand. While all analyti-
éal values are reported here, the results for the éontrol samples and blanks were used only to
determine whether to accept or reject a particular set of data, as they would be in routine analyti-
cal‘work. Only the reéults of the "production” sambles were carried forward to the summary
Tables 5-10 and 5-15. These series of analyses most closely reproduced routine laboratory prac-
tice; indeed, in the case of the magnesium nitrate decomposition tests, samples for this study
were c‘o(mbined,in sets together with samples routinely being analysed for SEEHRL. These

series accurately reflect the entire variance in the analytical results, including interset variance.

In the second series, a sample was analyzed several times (usually 6) in a single run
together with 6 blanks (Tables 5-7, 5-9, 5-12 and 5-14). Thése series provide an estimate of the

intraset variance for the various analytical methods.

. Spiked samples were not run. The céntral problem is to.eliminate the effects of matrix and
selenium speciation upon the result. If one adds a spike of, say, sodium selenite, the chemical
form ‘of the selenium added will be so different from most of the natural selénium that the analyti-
cal results‘may be meaningless or even dangerousiy misleading. Therefore, we instead chose to

| rely on reference materials and an absolute and highly reliable method (pelletized XRF) to docu-

ment accuracy.
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Table 5-5. Origin and description of samples analyzed.

r
" Sediments:

KC9-1
KS1-S
1633a
KC2-2
KS12-E

PACS-1

S4/Gambusia

DOLT-1

RM-50/Tuna

S1/Algae

S2/Typha

S3/Scirpus

Biological materials:

LBL intemal reference material. Deep Chara ooze, S. edge Kesterson
Pond 4, flooded, December 1985.

USBR supplied reference material; aka STJVDP6876. Soil, S. edge of
Kesterson Pond 1. o

US-NBS Standard Reference Material 1633a - Coal Fly Ash. Certificate
of analysis dated 4-18-197, revised 1-5-1985.

LBL intemnal reference material. Dry soil from playa area S. edge Kes-
terson pond 1, 1-2 inches depth; collected August 1985.

USBR supplied reference material, soil from E. edge of Kesterson pond
12.

National Research Council (Canada), Division of Chemistry, Marine
Analytical Chemistry Standards Program - Marine Sediment Reference
Material PACS-1; certificate of analysis dated January 1981, revised
October 1987.

LBL internal reference material. Mosquito fish collected alive at Kester-
son pond 8, July 1986; oven dried and pulverized.

National Research Council (Canada), Division of Chemistry, Marine
Analytical Chemistry Standards Program - Dogfish _
material DOLT-1; certificate of analysis dated December 1986.

NBS Reference Material RM-50 - Albacore Tuna; aka SJVDP6877.

LBL internal reference material. Mixture of Chara and aufwuchs col-
lected alive at southern edge of Kesterson pond S, summer 1986; oven
dried and pulverized.

LBL intemnal reference material. Live cattail leaves collected 1986 at
Kesterson Reservoir; oven dried and pulverized.

T BL internal reference standard. Bullrush seeds collected at Kesterson
-.cservoir summer 1986. Separated from chaff, oven dried and pulver-
ized.
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KV101/Algae

KV102/Cressa

KV103/Dist.

KV104/Frank. -

KV105/Scirpus.

KV106/Typha

USBR supplied reference material aka SJVDP6879 aka S8/Algae; simi-
lar to LBL S1/Algae. B

USBR supplied reference rﬁateri_al - alkali weed; aka S7/Cressa.
USBR supplied reference material - saltgrass; aka SS/Disti\chalis.
USBR supplied reference material - alkali heath; aka S6/Frankenia.
USBR supplied referenée matedal - bullrush; aka S9/Scirpus.

USBR supplied reference material aka SIVDP6878 aka S10/Typha. Cat-
tails; emergent part.




- 141 -

Table 5-6. Repeated analyses of sediment samples using carbonate/nitrate

decomposition.

Run 1 2 3 4 5 6

Date | -.0/88 520/88 572388 5/24/88 5/25/88 5i2¢/88 | Mean  S.D.
Sample :
Samples _ ,

KC9-1 | 6539 5970 6169 6294 5753 6255 | 61.63 273
KS1.S | 6212 5511 5459 5768 6203  57.53 | 5818 327
16332 9.45 9.65 $88 1011 1032 1057 | 983 062
KC2-2 277 2.62 2.6 257 2.86 303 | 269 027
KSI2-E | 3.08 3.35 2.88 342 3.79 358 | 335 032
PACS-1 | 095 110 084 125 1.07 126 | 108 017
Controls

KC9-1 | 64.08 - 57.28 _ - 6028 | 6055 341
KS1-S - 55.94 - 5799 6242 - 5878 331
16332 - _ - 10.22 _ 1032 | 1027 - 0.07
KC2-2 278 - _ 2.63 - 285 | 275 o011
. KSI12-E _ _ 2.90 _ 3.67 _ 329 054
1633a - 1.05 1.01 - - - 1.03 003
Blanks

B-1 0.86 0.30 028 0.38 0.32 026 | 040 023
B-2 0.64 0.35 0.44 0.30 0.52 022 | 041 015
B-3 _ _ 0.61 0.50 079  lost 063 0.5

Each run included 10 to 12 tubes consisting of 6 production samples, 2 or 3 controls, and 2 or 3
blanks. No distinction was made between "clean" and "dirty” tubes. Blank values were averaged
and subtracted from values < 12 ppm Se. ‘
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carbonate/nitrate decomposition accompanied

by six blanks.
Sample Accompahyihg | Seconc.
blank (ppmi)
Se(ppm)
PACS-1 0.14 £ 0.08 1.17 £ 0.08
1633a 007+005 | 10.54+0.12
KC9-1 - 67.68 £0.43

Three samples were chosen at random and processed in three separate runs, each consisting of 6
blanks and 6 analyses of the same sample. Blank values were subtracted from values < 12 ppm-

Se.
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Table 5-8. Repeated analyses of sediment samples using sodium peroxide

decomposition.
Run 1 2 3 4 § 6 6 runs
Date 7/15/88  7/18/88  7/19/88  7/20/88 . 7/20/88 7/21/88 | Mean  S.D.

Sample .
Samples _

KC9-1 6324 5847  60.13 64.59 lost 7038 | 6336 4.61
KS1-S 61.16 lost 58.16 6036 6533  68.56 | 6271 4.17
1633a 10.40 11.03 10.76 11.93 12.56 1400 | 1178 135
KC2-2 2.62 251. 263 246 2.88 291 267 0.19
KS12-E 2.92 3.08 3.10 301 3.11 3.82 317 032
PACS-1 1.03 1.06 1.08 1.23 1.27 1.26 1.16 0.11
Controls

KC9-1 6464 5975  59.04 - ~ 70.80 | 6356 5.43
KS1-S - - 58.10  62.94 6480  70.14 | 64.00 498
1633a 10.29 11.51 - 11.92 12.70 - 1161 101
KC2-2 2.54 2.97 235 . - lost 254 | 260 026
KS12-E - 3.00 - 3.18 - - 309 0.13
PACS-1 1.04 - 1.01 1.22 - - 1.09 0.11
Blanks (1-12)

B-1 0.09 0.36 0.23 0.16 0.18 0.21 021 0.09
B-2 0.13 0.52 0.16 0.18 0.14 0.23 023 0.15
Blanks (1-12)

B-3 0.11 0.04 0.15 0.08 009 017 0.11 0.5
B4 0.13 0.07 0.14 0.11 0.12 0.10 011 002

Each run of 14 tubes included 6 samples, 2 controls with Se > 3 ppm, 2 controls with Se < 3 ppm,
2 blanks in "clean" tubes, and 2 blanks in "dirty" tubes. Blanks were subtracted from values < 8

ppm Se.
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sodium peroxide decomposition with
corresponding blanks.

Sample Blank Se conc.
Se(ppm) (ppm)

KC9-1 | 0.13+£0.05 | 59.58 £0.83
KS1-S - 56.60 £ 0.65
1633a - 10.69 £0.19
KC2-2 | 005£001 | 2.36+003
KS12-E - 2.97+0.17
PACS-1 - 1.17£0.05

Data from four runs of twelve tubes each are compiled here. Two runs included six analyses of a
single sample and six blanks, and two runs included six analyses of two samples only. Two of
the runs were in "clean" tubes, and two in "dirty" tubes.
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Table 5-10. Summary of results for sediment samples.

’ Na, 0, Carbonate/
' oxidation nitrate Other
Sample method oxidation XRF laboratories
: method

Mean S.D. | Mean S.D. | Mean S.D. Mean S.D.

KC9-1 | 6336 461 | 6163 273|622 09 | - -
KSI-S | 6271 417 | 5818 327 | 585 08 | 630° 59
1633 | 11,78 135 | 983 062 | - ~ | 103® o6
KC22 | 264 022 | 269 027 275 o048 | - -
KSI2E | 317 032 | 335 032| 35 06 | 25% 009
PACS-1 | 1.16. 011 | 108 017 | 137 o052 | 1.0° o011

a. XRF value from USGS Denver (2).
b. From US-NBS certificate of analysis.
c. From National Research Council (Canada) certificate of analysis.



- 146 -

Table 5-11. Repeated analyses of biological samples using m:gnesium nitrate

decomposition. :
Run 1 2 3 4 5 6
Date 6/10/88  6/13/88  6/14/88 6/14/88  6/15/88 6/16/88 | Mean S.D.
Sample
Samples
. S$4/Gambusia 90.97 78.10 105.48 98.78 88.82 95.51 9294 937
DOLT-1/Dogfish 5.62 464 6.08 5.78 5.93 4.63 544  0.65
Sl/Algae 54.19 59.15 53.57 63.21 51.34 51.80 5554 4,67
KV106/Typha 29.92 35.36 36.16 35.51 35.27 33.02 3421 236
Controls ‘
S2/Typha 48.27 45.49 48.46 4991 45.09 4382 | 4684 237
KV102/Cressa - - 22.82 24.45 21.73 lost 23.00 137
KV106/Typha 34.18 32.53 - - - - 3336 117
Blanks
Bl 0.24 022 0.23 032 0.36 0.17 026 0.07
B2 0.19 0.16 0.25 0.30 0.46 0.09 024 0.13

Data from 6 runs of 16 tubes are summarized here. Each run included 4 samples repbrted here, 2 controls,
2 blanks, and 8 routine production samples of biological r terial. In all respects, these were handled as
routine production runs.

Blank values were subtracted from values < 10 ppm Se. Se concentrations were corrected for the blank in
the liquid extracts, before Se concentrations in the solid samples were calculated. Blank readings in the
liquid extracts were converted to reported ppm Se in the solid by assuming sample weight = 70 mg.
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. . Six simultaneous analyses of biological samples using
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magnesium nitrate decomposition.

Set No. of Se(ppm)
No. Sample analyses | Mean £ S.D.
S4/Gambusia 5 96.10+£2.77
1 DOLT-1/Tuna 6 6.49+£0.33
Blank 5 0.30+0.10
S1/Algae 6 | 5259+1.62
2 | KV106/Typha 6 3378+ 1.38
Blank 3 0.37.£0.22

Data from two additional sets of analyses are summarized here. The values determined for sample
DOLT-1 were corrected for the blank by using the average of blank readings in that set. Values deter-
* mined for the other samples were not corrected for the blank. Otherwise blanks handled as described

beneath Table 5-11.
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Table . §-13. Repeated analyses of biological samples using
carbonate/nitrate decomposition.
Run 1 2 -3 4* 5* 6 Mean S.D.
Set Date .
9/22/88  9/22/88 ° 9/23/88  9/26/88  9/26/88 9/27/88 | Mean S.D.
Set Sample
Samples _
~ S4/Gambusia 7797 75.53 66.71 56.79 75.15 75.64 7043 8.73
Sl/Algae 67.32 64.75 61.57 5643 56.67 63.53 6171 441
KV106/Typha | 29.02 27.75 25.77 28.84 28.97 3530 | 2928 320
1 Controls
S2/Typha 40.29 40.80 41.00 46.56 46.37 51.16 | 4442 441
KV101/Algae 9523 98.41 93.64 85.43 84.09 90.33 91.19 564
Blanks
B1 . 2,67 2.53 » 1.77 2.14 2.62 149 220 049
B2 - - 148 275 248 2.53 231 ° 0.57
Sample
DOLT-1 6.05 679 - 520 542 lost 6.01 5.89  0.62
2 Controls
$3/Scirpus 3.70 246 197 3.30 2.22 245 268 0.67
Blank
Bl 091 1.03 1.08 1.05 1.64 2.46 136 0.60
B2 1.05 1.13 1.21 1.33 1.24 1.65 1.27 0.21

*Extracts reheated and reanalyzed.

Six sets of 10 or 11 tubes are summarized here. Each set included 1 or 2 blanks, 3 samples and 2 controls
with Se > 10 ppm in the dirty tubes, plus 2 blanks, 1 sample and 1 control with Se < 10 ppm in the clean

tubes. Values of Se < 40 ppm were corrected by subtracting the corresponding averaged blank.
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Table 5-14.  Six simultaneous analyses of biological .
samples using carbonate/nitrate
decomposition method.

Sample Mean | S.D.

S4/Gambusia 70.71 | 3.60
DOLT-1/Dogfish | 528 | 050 |
S1/Algae 5698 | 2.02

KV106/Typha 30.58 | 2.99

Blanks set 1 1.80 | 0.27

Blanks set 2 1.06 | 0.08

Six blanks were simultaneously run in "clean” tubes, and 6 in "dirty" tubes. Then each sample
was analyzed 6 times in a single run using the corresponding tubes. The blank values were sub-
tracted from values < 40 ppm Se. '
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Table 5-15. Summary of results for biological samples.

Mg(NO3), carbonate/ XRF (LBL) Other
oxidation nitrate oxida- ““Routine”’ pelletized laboratori

Sample method tion method | powder method method atories
Mean S.D. | Mean S.D. Mean S.D. | Mean S.D. | Mean S.D.

S4/Gambusia 9294 937 | 7043 8.73 108 2 116 1 C= -
DOLT-1/Dogfish 544 065 | 589 062 7.1 0.5 - - 7342 042

RM-50/Tuna - ~ - - 3.7 0.4 43 0.1 - -
" 443 03| - - - - - - | 36 o4

Sl/Algae 55.54 467 | 61.71 441 670 . 12 713 0.7 - -

KV101/Algae - - 91.19 564 97 2 104 2 - -
. 7708 380 | - - - - - - | 7185° 196

" 7638  3.89 - - - - - - - -

KV102/Cressa - - - - 232 0.4 24.7 1.2 - -

‘ " 2330 0.53 - - - - - L= - -

KV103/Dist. - - - - 54.3 24 548 29 - -

. 4782 291 - - - - - - - -

'K_V104/Frank. - - - - 24.4 0.5 234 1.2 - -

" . 2062 123 - - - - - - = - -

KV105/Scirpus - - - - 51.2 22 48.1 0.7 - -

" 4598 2.06 - - -~ - - - - -

KV106/Typha 3421 236 | 2928 3.20 37.6 0.2 348 06 - -
" 422 078 | - - - - - ~ | 3599 356

‘ 33.17 1.68 - - - - - - - -

a. National Research Council (Canada) certificate of analysis.

b. NBS Certificate of Analysis quoted in Ref. 2.

c. Ref. 2; average of hydride generator AAS values only; average of all values'is 86.7ppm.
d. Ref. 2; average of all analyses reported. _

For each sample in the Table, the ﬁrst'line contains values generated or compiled in the course of the
present study; following lines contain values generated during earlier method testing work.
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The QA/QC protocol employed was basically the same for all AAS work, and can be sum-

marized as follows:

L.

The blank values were checked for each set, and were considered acceptable if below

a specified limit. This limit varied with the decomposition method and sample:
a.  NayO,; method (sediments only): -

1. Acceptable blank < 0.4 ppm for samples containing > 3 ppm Se.

2.  Acceptable blank < 0.2 ppm for sampies containing < 3 ppm Se. |
b. Mg(Nd3)2 method (biological only):

Acceptable blank < 0.5 ppm for all samples. Sample aliquots of variable size
are analyzed using this method, and the blank values reported in the Tables

were calculated assuming a typical sample size for the given set, usually 70 mg.

c. Carbonate/nitrate method for sediments:

Acceptable blank < 0.75 ppm for all samples.

d. Carbonate/nitrate” method for biological materialé:
1.  Acceptable blank < 2.5 ppm for samples containing > 10 ppm Se.
2. Acceptable blank < 1.5 ppm for samples containing < 10 ppm Se.

During the present study no data were rejected for high blank readings.

The values determined for both control samples were required to be within 20% of

_established values for those samples. - If not, the HCI extract was again heated at

100°C for 20 minutes and reanalyzed. If that did not correct the problem, the entire
run was rejected and the analysis repeated from scratch.. In practice, reheating usu-
ally corrected the problem, and complete reanalysis is rarely called for. During the
present study, only two sets of tubes required reheating (both in Table 5-13) and no

complete reanalyses were required.
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5.2.4. Results

- 'While some inconsistencies remain to be explained, the pelletized XRF values for all sam-
ples with > 3 ppm Se are believed to be the most reliable, and the AAS results will be compared

with them.

Results for sediment samples are presented in Tables 5-6 through 5-9 and summarized in
Table 5-10. With both decomposition methods intraset variance is much smaller than interset
variance. The Na, O, decomposition gives lower blank readings, but moderately higher variance
for samples with > 9 ppm than does the carbonate/nitrate method. The coal ash reference
maten'.al (1633a) could not be reliabiy. analyze'd by XRF because it contains a substantial amount
of germanium, which interferes with determination iof selenium. Below about 3 ppm XRF runs

out of sensitivity and becomes unreliable.

Test results for biological samples are presented in Tables 5-11 to 5-14. As with sediments,
interset variance is greater than intraset variance, particularly with magnesium nitrate dec.ompo-
siton. Test fesults for biological samples are summarized in Table 5-15. This Table also
includes summary results from earlier method validation studies, including the results of an inter-

laboratory round-robin.

With biological samples the different methods do give moderately differenf results. With
terrestrial vegetation the divergence is small: the two XRF methods agree within 10%, and the

magnesium nitrate/AAS results are 0-15% lower.

Matters are more complex with fish tissue and aquatic vegetation; both samples of "algae"
are a mixture of Chara and aufwuchs, and coﬁtain a substantial amount of calcium which
increases the X-ray density of the sample and interferes with XRF analysis. For fish and aquatic
vegétation, powder XRF gives values that are consvistently a few percent lower than frém pellet-
ized XRF. For the sample RM-50/Tuna magngsium nitrate/AAS agreed well with pelletized
XRF, but for S4/Gambusia and the two algae samples, the magnesium nitrate/AAS values were
lower by 20-25%. In all three cases the variance of the magnesium nitrate value was consider-

ably smaller than the discrepancy, indicating a bias rather than a random -error. The
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carbonate/nitrate method gave higher values for the two algae samples than magnesium nitrate,
but a lower value with S4/Gambusia. The Gambusia reference material is rather greasy, and

probably exceeds the oxidizing power of thg carbonate/nitrate flux mixture.

It is noteworthy that the average of values for KV101/Algae reported by several labora-
tories is practically equal to our result using the magnesium nitrate method. This suggests that
the problem is more a gene_:ric one affecting hydride generator AAS than one specific to our mag-

nesium nitrate decomposition method.

While the magnesium nitrate method gives readings that are rhoderately but consistently
low with some samples, it is quite preciée; for example, samples - KV101/Algae and
KV106/Typha Wgre analyzed in two or three method validation studies spanning a period of over

a year but produced very consistent results.

Finally, Table 5-16 compares results obtained using'powdevr XRF with results obtained
using magnesium nifrate/AAS for a series of biological samples. These data were extracted from
routine production data over a period of several weeks. The magnesium nitrate method - particu-
larly applied to vegetétion samples - gives results that are, on the average, slightly lower than

from powder XRF.

5.2.5. Conclusions and recommendations

Overall, XRF is the best analytical method for samples that éontain > 3 ppm Se, whether
biolpgical or sediment. Powder XREF is adeqﬁate for routine biological work, but at least initially
it should be validated against pelletized XRF or neutron activation analysis to test for possible
- matrix effécts.

In the near future several of our test samples will be analyzed by neutron activation to
finally resolve lingering inconsistencies between the XRF results and AAS results for biological
materials.

For sediment §amples containing < 3 ppm Se, Na, O, decomposition/AAS is preferred.

With all of the AAS methods LOD and LOQ are limited by the blank reading; with the lowest
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Table 5-16. Comparison of powder XRF and magnesium nitrate/AAS results in rou-
tine analytical work. .

Sample Sample Se(ppm) Se(ppm) Mg(?\}&)z
# Type XRF MgNOy), | —
XRF
Animals
3064 Gambusia 359+29 33.7 0.94
3065 Gambusia 242+19 25.0 1.03
3067 Berosus larvae - | 38.5+3.1 38.8 1.01
3141 Grasshoppers 1.9£02 19 1.00
3150 Grasshoppers 20x0.8 2.3 1.15
3155 Tabanid larvae 4!1.1 £33 385 | 0.94
3157 Anax nymphs 185+1.5 11.9 0.64
3159 Gambusia 38.8+3.1 375 0.97
3161 Gambusia 227+138 24.0 1.06
| Plants
3054 Typha rhizomes 32108 3.0 * 094
3057 | Scripus seeds 247 17 0.71
3082 Aufwuchs 151214 12.5 0.83
3083 Ruppia 169+14 13.2 0.78
3110 Dist. Roots 56.7+45 | 502 0.89
3134 Sida 82110 11.4 1.39
3308 | Dist. Roots 184115 15.31 0.83
Geometric mean - animals o 0.9610.16
Geometric mean - plants ‘ 0.89+£0.20
Geometric mean - all samples 0.93+0.18
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blank, the Na, O, is very attractive for wbrk below 3 ppm. Both the Na, O, method and the
carbonate/nilrate method are reliable in the sense that one does not seem to encounter samples
that refuse to give anything like the correct result, something that other laboratories using mixed
acid digestion methods have encountered. This reliability must be balanced against the problem
of the blank and the reiatively more laborious procedure, particular complaints in the case of the

carbonate/nitrate method.

Magnesium nitrate is the preferred decomposition method for AAS analysis of biological
samples. While the magnesium nitrate method gives moderately low results with certain
matrices, the precision is good. The variant used in our laboratory allows very small samples to

be routinely analyzed (of particular importance with insects), and it is very quick and convenient.

The carbonate/nitrate method _will rarely be the method of choice, but it pr;)vides a useful
alternative to compare other methods against. it is unique among the decomposition methods in
allowing either sediments or biological samples to be processed with minorchange in procedure,
and ihe only known matrix effect is the low reading obtained with exceptionally greasy animal
tissu_e. qu this reason, it can be very useful if matrix effects are suspected, and neither XRF or

NAA is available.
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Appendix Table 1. Total selenius concentratjons {mean, n, sd) in water (ppb), biota,
and sediments {both ppa dry veight) in the 0.8-acre enclosure (Pond 5E) from its formation

in May 1986 to July 1988.

Hater’ Chara Aufwuchs Sediments
22 Nay 86 65.6, 2 32.8, 51.2, 3 &.8, 53.6, 3 4.2, 1.4, 3 5.9,
28 May 86 66.2, 3 10.5, 62.5, 3 4.2, 68.3, 3 5.5,
11 Jun 86 3.1, 3 L8,
18 Jun 86 3.6, 3 3.2, 51.1, 3 3.4, 55.0, 3 13.0,
26 Jun 86 9.8, 3 7.6, :
8 Jul 86 8.9, 3 6.7, 9.8, 3 1.1, 8.0, 3 3.9,
S Aug 86 6.9, 3 4.3, 23.3, 3 1.4, 6.1, 3 6.0,
11 Sep 86 §.4, 3 2.1, 28.6, 3 5.4, $5.2, 3 4.9, 10.3, 3 &.5,
1 Oct 86 6.9, 3 0.3, 15.6, 3 3.7, 29.4, 3 3.1, 23,2, 3 16.3,
19 Nov 86 6.7, 3 0.3 15.2, 3 3.7, 27.2, 3 4.7, 6.9, 3 13.7,
17 Dec 86 2,03 0., 2.2, 3 L, 27.8, 3 2.8, 68.6, 3 61.6,
25 Feb 87 .4, 3 0.4, 13.7, 3 2.1, 21.2,-3 2.8, 31.6, 3 45.2,
24 Mar 87 6.2, 3 3.6, 7.4, 3 3.2 12.9, 3 2.4,
14 Apr 87 3.3, 3 0.0, 1.6, 3 3.7, 6.1, 3 3.4,
28 Apr 87 3.1, 3 0.4, 8.0, 3 2.5, 10.5, 3 2.2, 5.3, 2 38.3,
2 Jun 87 2.6, 3 0.2, 5.9, 3 1.7, 9.7, 3 2t 29.5, 3 17.9,
21 Jul 87 4.1, 3 0.7, 7.7, 3 1.2, 8.2, 3 5.9, 86.4, 3 95.4,
8 Sep 87 2.9, 3 0.8, 9.1, 3 1.5, 15.3, 3 3.3, 8.7, 3 8.7,
20 Oct 87 2.9, 3 0.1, 18.6, 3 1.9, 13.5, 3 1.2, 30.1, & 263, -
14 Dec 87 2.2, 3 0.1, 10.4, 3 1.5, 22.3, 3 1.5, 3.8, -3 3.2,
25 Jan 88 2.3, 3 0.0, 13.8, 3 1.2, 16.2, 3 1.3, 80.3, 3 11.9, -
2 Mar 88 1.5, 3 0.2, 16.0, 3 0.9, 26.1 3, 6.9, 53.1, 3 29.5,
7 Apr 88 2.9, 3 0.5, 12.2, 3 0.3, 13.5 3, 0.3, 76.7, 3 50.4,
18 May 88 3.0, 3 0.7, 16.7, 3 2.1, 13.6- 3, 4.5, 29.2, 3 15.5,
8 Jun 88 3.6, 3 0.6, - 10.0, ¢ 1.2, 13.8 1, 73.8, & 38.6,
22 Jun 88 6.2, 5, &4.9,
26 Jul 88

22 Nay - 26 June 1986 unfiltered uater;'rest filtefed
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Appendix Table 1 (continued}. Pond SE seleniun.

Gambusia _ Tabanid Tabanid
larvae & pupse . adults
22 May 86 91.3, 2 1.7, 126.8, 1
28 Nay 86 113.7, 2 1.1,
18 Jun 86 8.3, |
8 Jul 86 90.4, 2 0.6,
5 Aug 86 91.7, 2 &5, 50.6, 2 0.6,
11 Sep 86 96.9, 3 23.3, 5.9, 2 6.8,
1 Oct 86 66.9, 3 30.0, : 39.4, 3 6.7,
19 Nov 86 64.8, 6 12.8, 3.1, 3 3.9,
17 Dec 86 65.5, 1 23.3, 1
25 Feb 87 68.2, 3 17.5, 37.3, 2 3.%,
28 Mar 87 43.1, & 10.%1, 35.1, 1
14 Apr 87 ° 3.6, 3 18.8, 1.6, 1
28 Apr 87 45.5, 2 3.3, 30.9, 1
28 May 87
2 Jun 87 28.1, 7 4.5, 19.5, 1!
21 Jul 87 29.4, 3 5.9,
8 Sep 87 39.4, & 3.5,
20 Oct 87 30.5, 2 : 3.7, 1
14 Dec 87 37.7, 2 0.9,
25 Jan 88 §6.0, 3 9.0,
2 Mar 88 4.6, 2 &5,
7 Apr 88 37.2, . & 5.0,
18 May 88 37.7, 3 3.8,
8 Jun 88 30.0, 3 5.1, - : 1.5,
22 Jun 88 30.1, 5 6.2, 39.8, 1
26 Jul .88 25.2, 7 8.5 '
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Appendix Table 1 (continued), Pond SE selenium.

Chironoaid Chironomid Chironosid
larvae & pupae larvae & pupae adults
(epifaunal) {benthic)
22 nay 86 136.2, 1
28 May 86 116.3, |
18 Jun 86 119.6, 1
"8 Jul 86
5 Aug 86
11 Sep 86
1 Oct 86
19 Nov 86 99.6, 1
17 Dec 86 28.0, 1 :
25 feb 87 51,3, 5§ 7.1, v 8.6, 1 123.0, 1
26 Mar 87 25.6, & 4.0, 58.8, 1
14 Apr 87 35.9, 1
28 Apr 87 36.2, 2 1.7, ¢8.5, 1
28 May 87 25.5, 1
2 Jun 87 8.4, 1 - 71.5, 5 13.8,
21 Jul 87 51,7, 1
8 Sep 87 85.6, 1
20 Oct 87 6.1, 1 51.0, 1
14 Dec 87 §9.3, 1 47.8, 2 6.1,
25 Jan 88 42,4, 2 10.3, 6.9, 1
2 Mar 88 37.1, & 4.9, 47.8, 3 '
7 Apr 88 33.2, & 5.7, 38.3, 3 )
18 May 88 35.8, 1 38.5, 3 ,
8 Jun 88 26.9, 1 30.3, 1
22 Jun 88 3.3, 220,
26 Jul 88 22.7, 1 69.0, 2 18.5
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Appendix Table 1 (continued}. Pond SE selenius.

lygopteran lygopteran Anisopteran Anisopteran
nyaphs adults : nyaphs sdults

22 Nay 86 97.5, 6 31.9, 67.2, 1

28 May 86 66.0, 2 2.3, 106.0, 1 66.6, 2 10.0, 72.7, 1
18 Jun 86 99.6, 1

8 Jul 86 ‘ _

5 Aug 86 56.4, 1

11 Sep 86 0.9, 1 _ _

1 Oct 86 _ : 30.6, 1

19 Nov 86 30.4, 2 5.2, 23.1, 1

17 Dec 86
25 Feb 87 26.2, 2 10.5,
24 Mar 87 20.0, 1 v 20.9, 1

14 Apr 87 13.4, 1 15.3, 1
28 Apr 87 22.8, 2 0.9, 50.2, 1
28 May 87

2 Jun 87 15.8, 1 14.7, 1
21 Jul 87 22,2, 1

8 Sep 87 36.8, 1 18.0, 1
20 Oct 87 25.8, 1 17.3, 1 5.1, 1
14 Dec 87 29.1, 1
25 Jan 88 28.9, 2 3.2, 25.6, |

2 Mar 88 2.1, 3 2.6, 19.5, 2 7.1,

7 Apr 88 32.3, 1 21.3, 3 5.0,

18 May 88 16.4, 2 4.2, 1.2, 2 4.5,

8 Jun 88 6.8, 1

22 Jun 88 26.4, 1 15.2, 1
26 Jul 88 14.5, 2 0.7, 18.5, 2 19.¢



Appendix Table 1 {continued). Pond SE seleniua.

22
28
18

8

5
11

1
19
17
2
2%
1
2
28

2
21

8
20
14

©o

22

Hay
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Feb
Mar
Apr
Apr
May
Jun
Jul
Sep
Oct
Dec
Jan
Mar
Apr
May
Jun
Jun

86
86
86
86
86
86
86
86
86
87
87
87
87
87
87
87
87
87
87
88
88
88
88
88
88

26 Jul 88

Ephydrid

larvae & pupae

135.0,

64.6,
127.3,

b

!
1

Ephydrid
adults
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Stratiomyid
larvae

Syrphid

larvae & pupae

63.9,

2 3.9,



Appendin Table 1 (continued). Pond S5E selenium.

22
28
18

11

19
17
25
%
14
28
28

21
20
14
25

18

22
26

Nay
Nay
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Feb
Mar
Apr
hor
May
Jun
Jul
Sep
Oct
Dec
jan
Nar
Apr
Hay
Jun
Jun
Jul

86
86
86
86
86
86
86
86
86
87
87
87
87
87
87
87
87
87
87
838
LH]
88
88
88
88
88

Corixig Epheaeropters
adults & nymphs nyaphs
19.9, 1
.7, 1
16.1, 1
17.4, 1
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Physa

2.7,
5.3,
6.0,
5.4,
6.4,
6.4,

= D P e s

Plankton
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Appendix Table 1 (continued). Pond SE selenium.

Notonectid o Isopods Bees
adults & nymphs

22 May 86
28 May 86
18 Jun 86
8 Jul 86
5 Aug 86
11 Sep 86
1 Oct 86
19 Nov 86
17 Dec 86
25 Feb 87
24 Mar 87
14 Apr 87
28 Apr 87
28 May 87
2 Jun 87
21 Jul 87
§ Sep 87
20 Oct 87
16 Dec 87
25 Jan 88
2 Mer 88
7 hpr 88
18 May 88
8 Jun 88
22 Jun 88 5.8, 1 39.6, 1
26 Jul 88 ' 7.3,
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Appendix Table i (continued). Pond SE selenium.

22
28
18

i1

19
17
25
24
14
28
28

2
20
14
25

18

22
26

May
Hay
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Feb
Mar
Apr
Apr
Hay
Jun
Jul
Sep
Oct
Dec

Jan

Mar
Apr
May
Jun
Jun
Jul

36
8
86
86
86
86
86
86
86
87
87
87
87
87
87
87
87

87

87
88
88
88
88
88
88
88

Dytiscid
larvae

83.4,

1.0,
17.2,
17.8,

17.2,
16.9,

Dytiscid Colepteran Coleopteran
adults larvae adults

74.9, 1

51.3, 1 .

, 9.0, 2

9.1, 2 1.1,

66.3, 2 27.6,

¢1.0, 1 20.3, 1

1.5,
3.3, 1
22,0, 1
13.3, 1 0.0, 1
25.3, 1 .
5
3.3, 3 23.3
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Appendix Table 1 (continued). Pond SE selenium.

Berosus Berosus Hydrophilid Hydrophilid
larvae adults larvae adults

22 May 86
28 May 86

18 Jun 86 170.4, 1

8 Jul 86 137.6, 1 :

5 Aug 86 103.4, 1 61.8, |
11 Sep 86

1 Oct 86

19 Nov 86 2.1, 1 16.5, 1
17 Dec 86 75.2, | '

25 Fed 87 .6, |

24 Mar 87

16 dpr 87 0. 8.8, |

28 Apr 87 45.7, | £3.0, 1
28 May 87

2 Jun 87 28.1, 1 26.0, 1
21 Jul 87 - 28.5, 1

8§ Sep 87 37.5, 1

20 Oct 87 39.5, 1 20.1, 1t 2.1, 2
14 Dec 87 6“1, 1 :
25 Jan 88 37.8, 2 3.5,

2 Mar 88 4.0, 3 7.0,

7 Apr 88 3.5, 2 13.4, 30.6, 1
18 May 88 0.0, 2 0.8, 50.3,

8 Jun 88 -36.5, 2 3.1, 30.9, .1, 1
22 Jun 88 27.3, 2 5.4, ‘ : .

26 Jul 88 27.2, & 3.9, 20.9, 2 21,0 7.7, 1
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Appendix Table 1 (continued). Pond SE seleniunm.

Typha g Tyoha - Trphe " Typha
leaves stems - izomes roots
22 Nay 86 25.2, 1 52.6, 1 81.1, 1
28 May 86

18 Jun 86

8 Jul 86

5 Aug 86
11 Sep 86

1 Oct 86 ' 21,1, 2 6.1, 28.5, 1 92.2, !

19 Nov 86 16.7, 1 11.5, 1 36.8, 1
17 Dec 86 8.2, 1 2.3, 1 2.7, 1
25 Feb 87 5.8, 1 3.6, 1 6.2, 1 13.8, 1
24 Mar 87 5.0, 1 6.0, 1 26.5, 1
1¢ Apr 87 3.9, 1 1.0, 1 5.9, 1 18.8, 1
28 Apr 87 6.9, 1 3.9, 1 6.3, 1 31.6, 1
28 May 87

2 Jun 87 6.1, 2 0.3, 2.7, 2 1.8, 3.0, 3 0.5, 32.8, 2 2.8,
21 Jul 87 2.1, 1 8.2, 1 0.8, 2 0.1, 3.7, 1 :

8 Sep 87 3.3, 2 1.3, 1.2, 2 2.1, 3 0.3, 26,0, 2 5.7,
20 Oct 87 3.8, 2 0.7, 1.6, 2 1.3, &1, 2 0.1, 21,4, 2 5.8,
14 Dec 87 2.3, 1 1.4, 1 .0, 1 20.2, 1
25 Jan 88 3.4, 1 1.2, 1 3.0, 1 28.9, 1

2 Mar 88 6.2, 1 2.6, 1 7.1, 1 65.6, 1

7 Apr 88 3.9, 2 1.9, 1.0, 2 0.t .8, 2 0.7, . 23.0, 2 15.4,
18 May 88 3.6, 1 0.5, 1 0.4, | : 57.8, 1

8 Jun 88 7.9, 1 1.7, 1 31, 5.9, 1
22 Jun 88 2.8, 1 0.9, 1 9.5, 1 3.4, 1
26 Jul 88 3.5, 1 0.4, 1 2.6, 1 30.9, 1

re
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Appendir Table t (continued}. Pond 5E selenium.

Scirpus
leaves & steas

22 Hay 86
28 May 86 9.7, 1
18 Jun 86
8 Jul 86
5 Aug 86
“11 Sep 86 5.3, 2 2.1,
-1 Oct 86
19 Nov 86 6.5, 1
17 Dec 86 6.1, 1
25 Feb 87
24 Mar 87
14 Apr & 6.6, |
28 Apr 87
28 Hay 87
2Jun 87 .67, 2 5.8,
21 Jul 87 7.7, 1
8-Sep 87 1.6, 2 0.2,
20 Oct 87 2.3, 2 0.5,
14 Dec 87
25 Jan 88
2 Mar 88
7 hApr 88 6.0, 2 1.1,
18 May 88 2.5, 2 1.2,
8 Jun 88 3.5, 2 3.3,
22 Jun 88 5.1, 2 4.8,
26 Jul 88 1.5, 2 0.1,

Scirpus
seeds

2.4,
5.0,

2.9,
2.0,
2.4,
1.71

LS L
[= B A

—_ e e PO
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0.1,

Seirpus

rhizomes

6.0,
3.8,
1.5,

5.9,
3.3,
5.8,
8.5,
1.6,

[ o

Scirpus
roots

9.8,
5.4,

26.6,
258.5,
69.9,
66.8,
10.1,
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Appendix Table 2. Selenium concentration (ppa dry wt), qualitstive plant samples, Ponds
11 and 12. .

Pond Date Location Spp § Species Wt (g) Set Se2 Sel Mean
11 03/02/88 Mound 10 Aasinckia 1.3 0.9 0.9
11 03/02/88 Mound 11 Distichlis 2.00 1.3 1.3
11 03/02/88 Ory index site A 2 Erodium 0.10 2.5 2.5
11 03/02/88 Mound 2 trodium 0.97 1.8 1.8
11 03/02/88. Ory index site A 6 Frankenia 2.04 4.3 6.3
11 03/02/88 Mound 6 Frankenia §.38 1.1 1.1
11 03/02/88 Central site 13 Heliotropua  0.80 4.5 6.5
11 03/02/88 Dry index site A 5 Lactuca 1.06- 8.2 8.2
11 03/02/88 Mound 5 Lactuca 3.0 2.2 2.2
11 03/02/88 Dry index site A 3 Medicago 2,02 149 12,7 13.8
11 03/02/88 Mound 3 Medicago 1.68 2.7 2.7 2.7
11 03/02/88 Hound 8 plant spp 8 1,60 4.0 .0
11 03/02/88 DOry index site A 7 Senecio 1.35 6.1 5.1 6.8 5.3
11 03/02/88 Mound 7 Senecio 0.12 1.6 1.6
11 03/02/88 Centrai site 7 Senacio 0.8 5.9 5.9
11 03/02/88 Central site 12 Sesuvium 347 &2 6.2
11 03/02/88 North site 1 Sisymbrium 13 11,0 11.0
11 03/02/88 Mound 9 Sisyabrium 2.9 1.7 1.7
11 03/02/88 Central site 14 Sisyabriva 1.47 4.7 £.7
{1 03/16/88 Transect 21 Atriplex | 0.48 - 2.5 2.5
11 03/16/88 Transect 28 Bromus 1 1.8 1.2 1.7
11 03/16/88 Depression 1 11 Distichlis .37 1.9 1.9
11 03/16/838 Transect 2 Erodiun 1.8 7.5 7.5
11 03/16/88 Depression ! 6 Frankenia 2.7 5.1 5.1
11 03/16/88 Transect ¢ Frankenia 6.47 .1 6.1
11 03/16/88 North edge 26 Kochia 0.97 8.4 6.7 7.6
11 03/16/88 Depression | 26 Kochia 1.9 - 7.8 6.7 7.3
11 03/16/88 North edge 5 Lactucs - 0.50 9.2 9.2
11 03/16/88 Depression | 5 Lactuca 2.07 10.9 9.4 10.2
11 03/16/88 Transect 19 Lasthenia 0.26 2.9 2.9
11 03/16/88 Transect 3 Medicago 5.5 4.3 6.3
11 03/16/88 Depression i 7 Senecio 0.80 10.8 9.3 10.1
11 03/16/88 Transect 7 Senecio 3.30 3. 3.4
11 03/16/88 North edge 25 Sida 0.55 41.0 38.6 39.8
11 03/16/88 North edge 1 Sisysbrium 2.99 12.8 12.8
11 03/16/88 Transect 24 Sonchus §.87 2.7 2.7
11 06/20/88 Transect 21 Atripler § 0.92 4.8 ‘.8
11 04/20/88 Depression 1 21 Atriplex | 3.6 0.3 0.3
<11 04/20/88 Oepression 1 31 Atriplex i 5.33 2.6 2.6
11 04/20/88 Transect 28 Brosus 1 2.7 2.0 3.3 2.7
11 04/20/88 Transect 30 Broaus 2 2.09 2.9 2.9
11 0&/20/88 Transect 16 Cirsium 2,23 2.0 2.0
11 04/20/83 Transect 27 Cressa 3.95 0.9 0.9
11 04/20/88 Depression 1 27 Cressa 3.83 2.0 2.0
11 04/20/88 Depression 1 27 Cressa €05 3.5 3.5
11 04/20/88 Depression i 11 Distichlis 246 0.5 0.5
11 04/20/88 Transect 2 Erodius 2.73 - 3.0 3.0
11 04/20/88 Transect 6 Frankenis 5.73 2.8 2.8
11 04/20/88 Depression | 6 Frankenia .01 5.2 5.2
11 06/20/88 Transect 18 Hordeun 3.8 1.0 1.0
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Appendix Table 2 {continued). Selenium, qualitative plant samples, pond 11 and 12.

Pond Date - Location Spp § Species Wt (g) Sel  Se2  Sel  Mean
11 06/20/88 Depression 1 26 Kochia .89 1.9 1.9
11 04/20/88 Transect 3 Nedicago RIS I Y} 1.4
11 0&/20/88 Transect 7 Senecio 1,80 1.2 1.2
11 04/20/88 Transect 25 Sida 1.7 1.9 1.9
11 04/20/88 Transect § Sonchus 1,92 5.0 6.5 5.8
11 05/18/88 Transect 10 Amsinckia 1.20 8.2 8.2
11 05/18/88 Depression ! 31 Atriplex 1 1.81 2.2 2.2
11 05/18/88 Depression 1 21 Atriplex | 2.03 0.0 0.0
11 05/18/88 Transect 21 Atriplex 1 1,61 3.6 1.6
11 05/18/88 Transect 28 Bromus ! 0.17 2.4 2.2 2.3
11 05/18/88 Transect 30 Bromus. 2 0.5 - 3.7 3.7
11 05/18/88 Depression 1 27 Cressa 1.57 1.6 1.6
11 . 05/18/88 Transect 27 Cressa "0.82 1.0 1.0
11 05/18/88 North site 11 Distichlis 0.32 1.1 0.6 0.9
11 05/18/88 North site 11 Distichlis 1.16 1.3 1.3
“11  05/18/838 Transect 2 Erodium 0.89 §.1 §.1
11 05/18/88 Depression 1 6 Frankenia 2.25 39 4.0 4.0
11 05/18/88 Transect 6 Frankenia 1.96 2.8 2.8
{1 05/18/88 Depression | 26 Kochia 2,63 1.6 1.6
11 05/18/88 Transect 25 Sida 1.47 3.1 3.1
11 05/18/88 Transect ¢ Sonchus 0.9¢ 4.0 .0
11 06/08/88 North edge 21 Atriplex 1 3.97 0.5 0.5
11 06/08/88 Transect 21 Atriplex | §.99 1.2 1.2
11 06/08/88 Depression 1 21 Atriplex | 1.72 0.0 0.0
11 06/08/88 Transect 21a Atriplex 2 7.6 0.0 0.0 0.0
11 - 06/08/88 Transect 33 Centaurea 7.01 7.5 5.0 6.3
11 06/08/88 Wet index site 27 Cressa 6.60 2.8 2.8
11 06/08/88 North edge 27 Cressa 3.66 0.4 1.5 1.0
11 06/08/88 Transect 27 Cressa 6,98 2.1 2.1
11 06/08/88 Depression 1 27 (ressa 6.5 0.3 0.3
11 06/08/88 Dry index site A 32 Cuscuta .40 0.5 0.5
11 06/08/88 Wet index site 11 Distichlis 6.68 0.9 8.9
11 06/08/88 North edge 11 Distichlis 1.47 1.0 1.0
11 06/08/88 Transect 11 Distichlis 1.11 0.4 0.4
't 06/08/88 Transect 11 Distichlis 2.68 1.9 1.9
.1 06/08/88 Transect 11 Distichlis 0.5 3.7 1.8 2.8
11 06/08/88 North edge 6 frankenia 3.06 2.1 2.1
11 06/08/88 Transect 6 Frankenia 5,61 2.3 2.3
11 06/08/88 Depression 1 6 Frankenia 7.81 2.0 2.0
11 06/08/88 Wet index site 26 Kochia 6.15 0.8 0.8
11 06/08/88 Depression 1 26 Kochia 7.49 2.2 2.2
11 06/08/88 Transect 3¢ plant spp 36 4.78 5.0 5.0
i 06/08/88 Transect 25 Sida 5.13 8.2 114 9.8
11 06/08/88 Transect & Sonchus 9.60 6.8 6.8
11 06/08/88 Transect § Sonchus 5.10 4.4 §.4
11 07/06/88 Frankenberger site 8  Citrus 93.25 6.1 6.9 6.5
11 07/06/88 Frankenberger site 26  Manure 76.80 4.5 §.5
11 07/06/88 Frankenberger site 5  Strav 93.98 4.8 6.8
12 03/02/88 10 Amsinckia 2,37 0.8 0.8
12 03/02/88 21 Atriplex | 0.35 2.6 2.6
12 03/02/88 16 Cirsiua 0.07 5.9 5.9
12 03/02/88 15 Cotula 2.41 5.8 5.8
12 03/02/88 : 11 Distichlis 1.63 3.5 3.5
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Appendix Table 2 (continued}. Selenium, qualitative plant samples, pond 1l and 12.

Pond Date

12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88
12 03/02/88

12

03/02/88

Spp ¥ Species

2 Erodium
20 Erodiun

2 Erodium

6 Frankenia
18 Hordeus
26 Kochis

19 Lasthenia
22 Lupinus

3 Medicago
17 Rumex -
23 Rumex

7 Senecio
12 Sesuvium
25 Sida

24 Sonchus

W

t {qg)
1.14
1.66
1.35
1,44
1.07
1.64
0.69
0.32
3.22
1.38
1.25
3.09
3.95
0.73
1.42

O~ B~ PO O O~ N O e e

Sel
2.6

oo
s

.~ O UV O PO D OO 00 e OO

Se2
2.0

6.2

Sel Mean

2.

O B~ P U O B i~ O M e Oo

9*0‘(}'0‘009\\"\)_@@(}4@’*@
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Appendix Table 3. Biomass (¢) and seienjua cdncentration (ppa dry wt), auantitative
plant samples, Pond 11,

Pond Date Location Repl Sample type Wt (¢)- Sel-  Se2

Nean
11 03/02/88  Ory index site a 1 Distichlis 0.27 1.8 1.8 1.8
11 03/02/88  Dry index site & 2 Distichlis 0.13 2.3 - 2.3
11 03/02/88 Dry index site a 3 Distichlis 0.47 1.9 1.9 1.9
11 03/02/88  Dry index site a 1 dead vegetation  4.11 3.1 3.1
11 03/02/88  Dry indexr site a 2 dead vegetation 4.22 9.3 3.3
11 03/02/88 Dry index site a 3 dead vegetation 5.82 3.8 3.8
11 03/02/88 Dry index site a 1 Cressa seeds 1.68 2.4 2.4
11 03/02/88  Dry index site a 2 Cressa seeds 0.97 8.8 8.8
11 03/02/88 Ory index site a 3 Cressa seeds 1.39 5.6 5.6
11 03/02/88  Dry index site a 1 detritus 10.92 2.1 2.2 2.2
11 03/02/88 Dry index site a 2 detritus 16.20 38.5 38.5
11 03/02/88  Dry index site.a 3 detritus 15.61  32.8 32.8
11 03/02/88  DOry inder site a 1 roots .83 2.0 2.0
11 03/02/88  Dry index site a 2 roots 5.88 28.7 28.7
11 03/02/88  Ory index site a 3 roots 6.32  42.5 2.5
11 03/02/88 Dry index site 8 1 soil 293.18 27.3 273
11 03/02/88 Ory index site a 2 soil 212.92  21.¢6 21.6
11 03/02/88  Dry index site a 3 soil 271.96 226 22.6
11 03/02/88  Dry index site a sveep seeds 5.66 2.0 2.0
11 03/02/88  Dry index site a sveep seeds 10.79 1.0 1.0
11 03/16/88 Dry index site 8 1 Distichlis 0.06 ¢.5 6.2 WY
11 03/16/88 Dry index site 8 2 Distichlis 0.26 2.9 2.7 2.8
11 03/16/88 Ory index site a 3 Distichlis - 0.92 2.8 2.8
11 03/16/88  Dry index site & 1 dead vegetation 14.74 27.5 22.5
11 03/16/88  DOry index site a 2 dead vegetation 13.51 71.0 7.0
11 03/16/88 Dry index site a 3 dead vegetation 14.60 28.1 28.1
11 03/16/88  Dry index site a 1 Cressa seeds 0.26 5.1 5.1
11 03/16/88  Dry index site & 2 Cressa seeds  26.52 120.0 120.0
11 03/16/88  Ory index site & 3 Cressa seeds 0.0¢ 3.7 3.7
11 03/16/88  Dry index site a 1 .detritus 17.32 109.0 109.0
11 03/16/88  Dry index site a 2 detritus 0.09 7.9 7.9
11 03/16/88 Ory index site a 3 detritus 12.65 81.6 81.6
11 03/16/88  Dry index site a 1 roots 52.33 24.8 25.1 25.0
11 03/16/88 Dry index site a 2 roots 43.58  37.6 37.%
11 03/16/88 Dry index site & 3 roots 58.27 54.7 5.7
11 03/16/88 Dry index site a 1 soil 483.46 18.5 18.5
11 03/16/88  Dry index site a. 2 soil §13.72 1.1 14.1
11 03/16/88 Dry index site a 3 soil 172.3  51.1 511
11 04/20/88  DOry index site a 1 Cressa 0.29 3.2 3.2
11 0é/20/88  Ory index site a 2 Cressa 0.3 2.5 2.5
11 04/20/88  Ory index site a 3 Cressa 0.2 4.2 0.2
11 06/20/88  Dry index site a & Cressa 0.57 2.0 2.0
11 04/20/88  Ory index site a 5 Cressa 0.23 3.1 3.1
11 04/20/88  Dry index site a 6 Cressa 0.67 2.7 4.2 3.5
11 04/20/88  Ory index site a 1 Distichlis 0.62 3.1 : 3
11 04/20/88  Dry index site a 2 Distichlis 0.08 4.6 66
11 04/20/88  Dry index site a 3 Distichlis . 0.75 4.9 €9
11 04/20/88  Dry index site a & Distichlis 0.03° 3.8 3.8
11 04/20/88  Dry index site a 5 Distichiis 0.65 4.8 ‘.8
11 04/20/88  Dry index site a 6 Distichlis 1.2 2.9 2.9



Appendix Table 3 (continued].

Pond Date

11
11
i1
11
11
1
11
11
11
11
11
11
11
11
1
1
11
11
11
11
11
11
11
11
i
11
11
11
11
11
1
11
i1
11
11
11
11
11
11
11
11
11
11
11
11
1
11
11
Y
i1
11
1
i1

11

06/20/88
04/20/88
04/20/88
04/20/88
04/20/88
04/20/88

" 04/20/88.

04/20/88
04/20/88
04/20/88
04/20/88
04/20/88
04/20/88
04/20/88
04/20/88
04/20/88
06/20/88
04/20/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
05/18/88
06/08/88

06/08/88 .

06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88
06/08/88

Location

Ory
Dry
Dry
Dry
Dry

ory

Dry
Ory
Dry
Dry
Dry
Dry
Ory
Dry
Dry
Ory
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Ory
Dry
Ory
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Ory
Dry
Ory
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Ory
Dry
Dry
Dry
Ory
Dry
Dry
Dry
Dry
Dry

index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
inde:

index’

index
index
index
index
inder
index
index
index
index
index
index
index
index
index
inderx
index
index
index
index
index
index
index
index

site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site

site-

site
site
site
site
site
site
site

site

site
site
site
site
site
site
site
site
site
site
site
site
site

o O O O » O O & O D O O 0 O O 0 O O O O O O O O OB b O O O O B D O B O O O B D B O 00 O O O O O D OB O O G ™

- 180 -

Ouantitative'piant saaples, Pond 11.

Repl Sample type Wt (g) Sel  Se2 Nean
1 dead vegetation 11.43 50.6 50.6
2 dead vegetation 8.21 63.2 63.2
3 dead vegetation 13.63 18.5 19.6 18.1
¢ dead vegetation 14.42 9.3 9.3
5 gead vegetation 17.14 48.2 8.2
6 dead vegetation 20.70 2.0 2.0
1 Cressa seeds - 0.06 §.0 .0
2 Cressa seeds 0.06 7.4 7.4
3 Cressa seeds 74,12 _

1 detritus 8.72 64.5 63.4 64.0
2 detritus 10.09 66.4 66.4
3 detritus 11.50  66.7 66.7
1 roots 14.06  37.5 37.5
2 roots 13.84 21.6 21.6
3 roots 12.75  40.2 40.2
1 soil §13.43  16.8 16.8
2 soil 478,35 12.5 12.5
3 soil 413,90 12.3 12.3
1 Cressa 0.92 0.0 0.0
2 Cressa 1.35 3.5 3.5
3 Cressa 1.73 1.8 1.8
1 Distichlis 3.28 1.1 1.1
2 Distichlis 1.08 1.2 1.2
3 Distichlis 2.02 1.2 1.2
1 dead vegetation 8.18 2.8 2.8
2 dead vegetation 6.61 2.7 2.7
3 dead vegetation 9.52 3.5 3.5
1 Cressa seeds 0.70 6.2 6.2
2 Cressa seeds 1.05 6.0 6.0
3 Cressa seeds 2.96 7.4 7.4
1 detritus 7.19  37.1- 37.1
2 detritus 10.86 76.8 76.8
3 detritus 19.02 80.2 80.2
1 roots 13.49 51.1  51.7 51.4
2 roots 11,32 16.7 16.7
- 3 roots 11,46 32.9 32.9
1 soil 393.16 214 21.4
2 soil 392.08 17.9 17.9
3 soil 318.67 27.1  26.6 26.9
{ Cressa 1.08 1.2 1.2
2 Cressa 1.00 1.§ 1.5
3 Cressa 0.86 1.3 1.3
1 Distichlis 0.90 2.1 1.4 1.8
2 Distichlis 2.4 0.9 0.9
3 Distichlis 1.728 0.9 0.9
{ Frankenia 0.26 3.9 3.9
2 Frankenia 0.38 2.5 2.5
3 Frankenia 0.00 i
1 dead vegetation 6.8t 19.9 19.9
2 dead vegetation 9.93 7.2 7.2
3 dead vegetation 10.14 9.1 19.1
1 Cresss seeds 0.15 9.7 9.7
'3 Cressa seeds 0.06 2.0 2.0
2 Cressa seeds 0.00 12.1 12.1



Appendix Table 3 (continued].

Pond Date

11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88

11 06/08/88

11 06/08/88
11 06/08/88
11 177/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 07/06/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88
11 08/09/88

Location

Dry

" Dry

Dry
Dry
Dry
Dry
Ory
Dry
Dry
Dry
Ory
Dry
Dry
Ory
Dry
Dry
Dry

. Dry

Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Ory
Dry
Dry
Dry
Dry
Dry
Ory
Dry
Dry
Dry
Dry
Ory
Ory
Dry
Ory
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Ory
Dry

index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index
index

‘index

index
index
index
index
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index
index
index
index

site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
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site
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site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
site
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site
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site

site-
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site
site
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Quantitative plant sasples, Pond 11.

Repl Sample type

1 detritus

3 detritus

2 detritus

{ roots

2 roots

3 roots

1 soil

2 soil

3 soil
1 Cressa
2 Cressa
3 Cressa
1 Distichlis
2 Distichlis
3 Distichlis
{ Frankenia
2 Frankenia
3 Frankenia
1 dead vegetation
2 dead vegetation
3 dead vegetation
1 Cressa seeds
2 Cressa seeds
3 Cressa seeds
1 detritus
2 detritus
3 detritus
1 roots
2 roots
3 roots
1 soil
2 soil
3 soil
sweep seeds
sweep seeds
Cressa
Cressa
Cressa
Distichlis
Distichlis
Distichlis
Frankenia
Frankenia
Frankenia
dead vegetation
dead vegetation
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Cressa seeds
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roots
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Appendix Table 3 (continued). Guantitative plant samples, Pond 11.

Pond Date Location . Repl Sample type Wt (g) Sel  Se2 Hean
11 08/09/88  Dry index site a 2 roots 21.20
11 08/09/88  Dry index site a 3 roots 22.29
11 "08/09/88  Ory inder site a . soil §33.62 16.2 16.2
11 08/09/88  Dry index site s 2 soil 359.66  14.5 14.5
11 08/09/88  Ory index site & 3 soil 425.70  17.4 17.4

L 23



Appendix Table 4.

Fond 11.

Pond Date

11 05/18/88

11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88

11 05/18/88

11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88

11 05/18/88

11 05/18/88
11 05/18/88
11 . 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 05/18/88
11 06/08/88
11 06/08/88
11 0&/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 06/08/88
11 0e/08/88

Afthroood

Location

Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dty
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Dry

DPY

Dry
Dry
Dry
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Dry
Dry
Dry
Dry
Dry
Dry
Dry
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Dry
Dry
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index
index
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index
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site
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site
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site
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biomass (mg) and
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Appendix Table 4 (continued). Arthropod biomass and numbers, Pond 11.
Pond Date Location Repl Species N Wt (mg)
11 06/08/88 Dry index site a 3 Earwig o] o
11 06/08/88 Dry index site a 1 Fly 1 1
11 06/08/88 Dry index site a 2 Fly &6 8
11 06/08/88 Dry index site a 3 Fly Q a
11 06/08/88 Dry index site a 1 Grasshopper 56 657
11 06/08/88 Dry ir:ex site a 2 Grasshopper 32 214
11 06/08/88 Dry index site a 3 Grasshopper 0 0
11 06/08/88 Dry index site a 1 Hemiptera 0 0
11 06/08/88 Dry index site a. 2 Hemiptera 1 1
11 06/08/88 Dry index site a 2 Hemiptera o 0
11 06/08/88 Dry index site a 1 tLeafhopper 27 20
11 06/08/88 Dry index site a 2 Leafhopper 27 17
11 06/08/88 Dry index site a 32 Leafhopper 0 0
11 06/08/88 Dry index site a 1 Sowbug 0 0
11 06/08/88 Dry index site a 2 Sowbug 0 0
11 16/08/88 Dry index site a 3 Sowbug @] 0
11 16/08/88 Dry index site a 1 Spider 1 1
- 06/08/88 Dry index site a 2 Spider 2 2
11 06/08/88 Dry index site a 3 Spider 0 0
11 06/08/88 Dry index site a 1 Weevil 0 (n}
11 06/08/88 Dry index site a 2 Weevil 0 n]
11 06/08/88 Dry index site a 3 Weevil 0 0
11 07/06/88 Dry index site a 1 Ant 2 3
11 07/06/88 Dry index site a 2 Ant 0 0
11 07/06/88 Dry index site a 3 Ant 1 1
11 07/06/88 Ory index site a 1 Fly 0 n)
11 07/06/88 Dry index site a 2 Fly u} 0
11 07/06/88 Dry index site a 3 Fly- 2 4
11 07/06/88 DOry index site a 1 Grasshopper 24 434
11 07/06/88 Dry index site a 2 Grasshopper 33 702
11 07/06/88 Dry index site a 2 Grasshopper 36 850
11 07/06/88 Dry index site a 1 Hemipotera @] 0
11 07/06/88 Dry index. site a 2 Hemiptera O 0
11 07/06/88 Dry index site a 3 Hemiptera 1 12
11 07/06/88 Dry index site a 1 Leafhopper 1 2
11 07/06/88 Dry index site a 2 Leafhopper 0 0
11 07/06/88 Dry index site a 2 Leafhopper o o
11 07/06/88 Dry index site a 1 Spider 2 10
11 07/06/88 Dry index site a 2 Spider 0 0
11 07/06/88 Dry index site a 3 Spider 1 6
11 08/08/88 Dry index site a 1 Grasshopper 13 576
11 08/08/88 Dry index site a 2 Grasshopper 8 331
11 08/08/88 Dry index site a 3 Grasshopper 15 668
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Appendit Table 5. Arthropod selenium concentration (ppm dry wt), Pond 1!

Pond Date Location Repl Species N Bt (g} Sel Se2 Mean
11 03/16/88 Upland site Earvig 10,011 9.9 9.9
11 03/16/88 Upland site Grasshopper 2 0.304 9.2 9.2
11 03/16/88 Uplend site Sowbug 5 0.036 &4.3 6.3
11 05/18/88 Ory index site a 1 Ants ¢ 0,003 9. 9.1
11 05/18/88 Dry index site a 1 Caterillar (green) 1 0.005 «&.i 01
11 05/18/88 Dry index site a 1 Fly spp a 42  0.055 6.1 6.1
11 05/18/88 Ory indexr site a 1 Fly spp b 86  0.037 67.0 67.0
" 11 05/18/88  Dry index site a 1 Flysppcdd 20 0.005 8.0 8.0
11 05/18/88 dry index site a 1 6rasshopper S 3 0,191 2.6 2.6
11 05/18/88 Dry index site a 2 Hemipters 10,003 6.3 6.3
11 05/18/88 Dry index site a 1 Leathopper 121 0.068 1.6 1.8 1.7
1  05/18/88 Dry index site a 2 Spiders 3 0.016 7.9 7.9
11 05/18/88 Dry index site a 1 Neevil 2 0.003 4.2 £.2
11 06/08/88 DOry index site a 3 Beetles 3 0.006 1.5 1.5
11 06/08/88 Dry index site a 2 Damselfly 5 0.071 4.3 6.3
11 06/08/88 Ory index site a 2 Fly 1 0.005 1.8 1.8
11 06/08/88 Dry index site a 3 Fly 1 0.001 2.8 2.8
11 06/08/88 Dry index site a 2 Fly spp a 2 0.002 23.3 23.3
11 - 06/08/88 Dry index site a 3 Fly spp a 5 0.008 6.7 6.7
11 06/08/88 Dry index site a 1 6rasshopper 56 0.657 1.9 1.9 1.9
11 06/08/88 DOry index site a 2 Grasshopper 32 0.2 1.6 1.6
11 06/08/88 Dry index site a 3 Grasshopper 38 0411 2.0 2.3 2.2
11 06/08/88 Dry index site a 2 Hemipters t  0.001 9.6 9.6
11 06/08/88 Dry index site a 1 Leafhopper 27 0.020 2.0 2.0
11 06/08/88 Dry index site a 2 Leafhopper 27 0.017 1.6 1.6
11 06/08/88 Dry index site a 3 Leafhopper 27 0.021 1.9 1.9
11 06/08/88 Dry index site 2 2 Spiders 2 0.002 5.7 5.7
11 07/06/88 Dry index site a 1 Spiders 3 0.01
11 07/06/88 Dry index site 8 1 Grasshopper spp 1 22 0.377
11 07/06/88 Dry index site a 1 6rasshopper spp 2 1 0.047
11 07/06/88 Dry index site a 1 6rasshopper spp 3 1 0.050
11 07/06/88 Dry index site a 2 6rasshopper spp | 32 0.665
11 07/06/88 Dry index site a 2 6rasshopper spp 2 2 0.041
11 . 07/06/88 Ory index site a 3 6rasshopper spp 1 35  0.846
11 07/06/88 Ory index site a 3 Hemiptera 1 0.012
11 08/08/88 Dry index site a 1 6rasshopper spp 1 13 0.576
11 08/08/88 Dry index site a 2 6rasshopper spp 1 g8 0.33
11 08/08/88 Dry index site a 3 6rasshopper spp 1 15 0.668
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Appendix Table 6. Synoptic survey, mean plant biomass (9/:2) per pond, (6 July 88).

_Pond

o0 ~4 O~ N &~

11
12

Pond

oo ~3 O~ v

11
12

Distichlis

Mean N SD
270.1 7 122.7
263.4 3 251.3
53¢.8 9 332.9
726.5 9 284.3
178.3 6 68.8
364.0 3 175.5
191.9 9 121.5
110.2 33 72.4
319.2 9 177.3
Atriplix

Mean N S0
-0.0 7 0.0
65.4 3 103.3
0.0 9 0.0
1.0 9 2.4
5.9 6 14.5
‘0.0 3 0.0
0.0 9 0.0
0.0 33 0.0
6.0 9 0.0

Y

46.
145.
111,
9%.
28,
101.
40.
12.
59.

— O U N OO0 D - e

(21a)
SE

0.0
59.7

0.0

0.8
5.9
8.0
0.0
0.0
0.0

Cressa
Mean N SD
0.0 7 0.0
0.0 3 0.0
1.3 % 2.6
6.0 ¢ 0.0
74.8 6 63.2
0.0 3 0.0
76.0 9 1.8
62.2 33 3.7
28.4 9 3.9
Sida
Mean N $D
0.0 7 0.0
0.0 3 0.0
6.0 ¢ 0.0
6.227 9 0.8
0.0 6 0.0
0.0 3 0.0
0.0 9 0.0
0.0 33 0.0
0.25 9 0.76

SE

0.0
0.0
0.9
0.0
25.3
0.0
13.9
12.8
10.6

0.0

0.0

0.0
0.3
0.0
0.0
0.0
0.0
0.3

Frankenia
Nean N SD
0.0 7 0.0
0.0 3 0.0
13.5 9 21.0
0.0 9 0.0
0.0 6 0.0
0.0 3 0.0
6.6 9 15.4
§.4 33 11.0
0.0 9 0.0

Sonchus
Nean N SD
0.0 7 0.0
0.0 3 0.0
1.82 9 5.46
0.0 9 0.0
0.0 ¢ 0.0
0.0 3 0.0
0.0 9 0.0
0.0 33 6.0
0.0 9 0.0

SE

0.0
0.0
7.0
0.0
0.0
0.0
5.1
1.9
0.0

SE

0.0
0.0
1.8
0.0
0.0
0.0
0.0
0.0
0.0

sb -

Sesuvium
Mean N
0.0 7 0.0
0.0 3 0.0
0.959 9 2.87¢
0.0 9 0.0
0.0 ¢ 0.0
0.0 3 0.0
0.0 9 0.0
0.0 33 0.0
0.0 9 0.0

St

0.0
0.0
0.959
0.0
0.0
0.0
0.0
0.0
0.0

Il
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Appendix Table 7. Synoptic survey, mean plant biomass (o/a°) per station, (6 July 1988).

_ Distichlis - Cressa Frankenia
Pond Mean N SD SE Mean N SD SE Mean N SD SE
pé-27 344.2 3 68.9 9.8 0.0 3 0.0 0.0 0.0 3 0.0 0.0
pé-28 214.5 4 1317 65.9 0.0 ¢ 0.0 0.0 6.0 ¢ 0.0 0.0
p5-26  263.4 3 251.3 145.1 6.0 3 0.0 0.0 0.0 3 0.0 0.0
p6-23 7342 3 263.7 152.2 .0 3 0.0 0.0 0.0 3 0.0 0.0
p6-2¢  762.1 3 35.3 20.4 0.0 3 0.0 0.0 0.0 3 0.0 0.0
p6-25 128.2 3 22.4 129 39 3 34 L9 4063 117 6.8
p7-18  907.7 3 217.2 125.4 .0 3 0.0 0.0 6.0 3 0.0 0.0
p7-19 52,9 3 339 19.6 0.0 3. 0.0 0.0 0.0 3 0.0 0.0
p7-20  740.9 3 405.5 23é.t 0.0 3 0.0 0.0 0.0 3 0.0 0.0
p8-21 155.0 3 5.8 3.6 19.2 3 18.8 10.9 0.0 3 0.0 0.0
p8-22 201.5.3 85.0 49.1 130.3 3 18.910.9 8.0 3 0.0 0.0
p9-14  364.0 3 175.5 101.3 0.0 3§ 0.0 0.0 6.0 3 0.0 0.0
p10-15 334.2 3 63.0 36.4 656 3 47.327.3 6.0 3 0.0 0.0
p10-16 122.9 3 55.0 31.7 106.6 3 32.018.5 19.8 3 23.513.6
pi0-17 118.5 3 80.5 6.5 39.9 3 23.113.3 0.0 3 0.0 0.0
pii-1 146.8 3 267 15.4  99.1 3 39.0 22.5 8.8 3 15.2 8.8
pl1-2 463 3 185 107 119.1 3 70.7 40.8 167 3 25.5 14.7
p11-3  99.4 3 517 29.9 75.2 3 2.2 13.¢ 6.0 3 0.0 0.0
pii-¢ 221.8 3 56.4 32.6 189.7 3 124.8 72.0 0.0 3 0.0 0.0
pii-éa 16.8 3 29.2 16.8 132.1 3 23.113.3 0.0 3 0.0 0.0
p11-5 1043 3 16,7  9.¢ 0.0 3 0.0 0.0 8.5 3 14.7 8.5
pil-6 198.9 3 87.9 50.8 6.0 3 0.0 0.0 2.5 3 4.3 25
pt1-7 108.2 3 4.8 2.8 1.6 3 11.8 6.8 10.8 3 18.710.8
p11-8 3.0 3 200 1.5 10.5 3 11.8 6.8 0.0 3 0.0 0.0
pi1-9 102.5 3 54.7 3l.6 9.7 3 4325 2.7 3 67 2.7
p11-10 135.5 3~ 57.0 32.9 3.3 3 15.4 8.9 0.0 3 0.0 0.0
pl2-11 445.8 3 101.3 58.5 54.9 3 20.8 12.0 0.0 3 0.0 0.0
pi2-12 30%.3 3 217.8 125.7 2.2 3 38.4 22.2 0.0 3 0.0 0.0
p12-13 202.3 3 152.6 88.1 1.3 03 2.2 1.3 0.0 3 0.0 0.0



Appendix Table 7 (continued).

Pqnd
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Synoptic survey, mean plant biomass (o/a2) per station, (6 July 1988).

Nean

- 0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.822
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
8.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.763

Sida

Gt b (M G G Gt G G G i G (i G G Gd G G (M G QM G M G e G e B~

SD

0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.423
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1,321

St

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.822
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.060
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.763

Nean

0.00
0.00
0.00

0.00
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Sonchus -

S0

0.00
0.00
0.00
0.00
0.00
9.45
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

SE

0.00
0.00
.00
0.00
0.00
5.46
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Mean

0.00
0.00
0.00
0.00
0.00
2.88
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00-

0.00
0.00
0.00

M K Cd N o s v M (i M v i G i e i it G iGN N i M G i e e B e

Sesuviua

SO

0.00
0.00
0.00
0.00
0.00
£.98
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

SE

0.00
0.00
0.00
0.00
0.00
2.88
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
g.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
8.00
0.00



Appendix Table 8.

Date

07/06/88
07/06/88
07/06/88

07/06/88

07/06/88
57/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
07/06/88
n7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88

07/06/88 ¢

07/06/88
07/06/88
07/06/88

p6-23
p6-23
p6-23
p6-24
p6-24
pé&-24
p6-25
p6-25
p6-25
p6-23
pP6-23
P6-23
pé6-24
p6-24
pé-24
p6-25
p6-25
p6~25
p10-15
p10~-15
p10-15
pl10-16
pl10-16

‘p10-16

pl0-17
pl0-17
p10-17
pll-1
pll-1
pll-1
pll-2
pll1-2
pll-2
pl1-3
pl1-3
p11-3
pll-4
pll-4
pll-4
plli-da
pll-da
plli-d4a
p11-5
pll1-5
p11-5
pll1-6
plli-6
pll-6
pli-7
pll1-7

Station Repl Spp

NP ANRPWUNRPWENREANRANBURBAENRP AN R URNRPUNRERN R OENRWON P GNP NP WRN -

Synoptic survey,
concentration (ppm dry wt).

0‘0\0\0‘0\0‘-’3\0‘0\0\0\0\0‘0\0\.0\0\0\0\0‘0\0\0_\0‘0\0*0\0\0\0‘0‘0\0\0‘0\0‘0‘0\0‘0\O\J-\J-\J-\&\&\L\L\&\hit
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Species
Sonchus
Sonchus
Sonchus
Sonchus
Sonchus
sSonchus
Sonchus
Sonchus
Sonchus
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia

Frankenia

Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia

Frankenia
Frankenia

Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia
Frankenia

Wt

Or-»00000»00000O00O00O0OONMNODODO»ODD0OMNMNOOODOON"NOOOOOOOOOOOOOOO

plant biomass

(g) sell

.00
.00
.00
.00
.00
.00 .
.00
.00
.93
.00
.00
.00
.00
.00
.00
.93
. 60
.35
.00
.00
.00
.77
.00
.60
.00
.00
.00
.50
.00
.00
.00
.51
.00
.00
.00
.00
.00
. Q0
.00
.00
.00
.00
.45
.00
.00
.00
.0G
.42
. 84
.00

(I

[l V]

Sel2

(g) and selenium

Mean

e
N

=
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Appendix Table 8 (continued). Synoptic survey, plants.
Date Station Repl Spp # Species Wt (g) Sell Sel2 Mear
07/06/88 pl11-7 3 & Frankenia 0. 00
07/06/88 pl11-8 1 6 Frankenia 0. 00
07/06/88 pl11-8 2 & Frankenia 0.00
07/06/88 pl11-8 3 6 Frankenia 0.00
Q7/06/88 pl1-9 1 6 Frankenia 0.46 2.7 2.7
07/06/88 . pll-9 2 6 Frankenia 0.00
07/06/88 pli-9 3 6 Frankenia 0.00
07/06/88 p11-10 1 6 Frankenia 0.00
Q7/06/88 pl11-10 2 & Frankenia 0.00
07/06/88 pl1i1-10 3 6 Frankenia 0.00
07/06/88 p4&—-27 1 11 Distichlis 18.82
07/06/88 p&—-27 2 11 Distichlis 23.78
07/06/88 p4-27 3 11 Distichlis 16.06
07/06/88 pP4-28 1 11 Distichlis 6.95
07/06/88 p4-28 2 11 Distichlis 5.83
07/06/88 p4—~28 3 11 Distichlis 13.91
07/06/88 pPa-28 4 11 Distichlis 22.04
07/06/88 p5-26 1 11 Distichlis 31.44
'07/06/88 p5-26 2 11 Distichlis 6.92
07/06/88 p5-26 3 11 Distichlis 6.52
07/06/88 pP6-23 1 11 Distichlis 34.29
07/06/88 p6-23 2 11 Distichlis 58.94
p7/06/88 p6-23 3 11 ° Distichlis 31.88
07/06/88 p&—24 1 11 Distichlis 44.19
07/06/88 pé6-24 2 11 Distichlis 40.18
07/06/88 p6-24 3 11 Distichlis 42.08
07/06/88 p6-25 1 11 Distichlis 5.81
07/06/88 pP6-25 2 11 Distichlis 8.06
07/06/88 p&-25 3 11 Distichlis 7.97
0D7/06/88 p7-18 1 11 Distichlis 57.30
07/06/88 p7-18 2 11 Distichlis 59.98
07/06/88 p7-18 3 11 Distichlis 37.40
07/06/88 p7-19 1 11 Distichlis 30.55
07/06/88 p7-19 2 11 Distichlis 31.26
07/06/88 pP7-19 3 11 Distichlis 27.63
07/06/88 .p7-20 1 11 Distichlis 66.02
Q7/06/88 p7-20 2 11 Distichlis 20.08
07/06/88 p7-20 3 11 Distichlis 40.15
07/06/88 p8-21 1 11 Distichlis 12.14
Q7/06/88 p8-21 2 11 Distichlis 5.98
Q7/06/88 p8-21 3 11 Distichlis 8.30
07/06/88 p8-22 1 11 Distichlis 16,32
07/06/88 p&-22 2 11 Distichlis 11.34
07/06/88 p8-22 3 11 Distichlis 6.67
D7/06/88 pPo-14 1 11 Distichlis 27.68
07/06/88 - p9-14 2 11 Distichlis 9.26
07/06/88 pS-14 3 11 Distichlis 25.08
07/06/88 p10-15 1 11 Distichlis 17.44
07/06/88 p10-15 2 11 Distichlis 16.43
07/06/788 p10-15 32 11 Distichlis 23.07
07/06/88 . pl1l0-16 1 11 Distichlis 10.46
07/06/88 p10-16. 2 11 Distichlis 6.07
p7/06/88 pl10-16 3 11 Distichlis 4.472
07/06/88 pP10-17 1 11 Distichlis 11.26
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Appendix Table 8 (continued). Synoptic survey, plants.
Date Station Repl Spp # Species Wt (g) Sell sSel?2 Mean
07/06/88 pl10-17 2 11 Distichlis 2.12
07/06/88 pl10-17 3 11 Distichlis 6.81
07/06/88 pl11-1 1 11 Distichlis &6.47 2.4 A
07/06/88 pil-1 2 11 Distichlis 3.09 2.6 2.1 2.4
07/06/88 pli-1 3 11 Distichlis 9.11
07/06/88 pli-2 1 ‘11 Distichlis 2.38 1.8 1.8
07/06/88 @ pll-2 2 11 Distichlis 3.63 2.7 2.7
07/06/88 pl11-2 3 11 Distichlis 1.54 4.1 3.6 3.9
07/06/88 pP11-3 1 11 Distichlis 6.81 1.5 1.5
07/06/88 pl11i-3 2 11 Distichlis 7.82 2.4 2.4
07/06/88 p11-3 3 11 Distichlis 2.30 1.6 1.6
07/06/88 pll-4 1 11 Distichlis 8.93 2.2 2.2
07/06/88 pli-4 2 11 Distichlis 14.03 1.4 1.4
p07/06/88 pll-4 3 11 Distichlis 14.84 .6 1.6
07/06/88 pll-4a 1 11 Distichlis 0.00

.D7/06/88 pli-4a 2 11 Distichlis 0.00

07/06/88 pll-4da 3 11 Distichlis 2.87 0.8 0.4 0.6
07/06/88 p11-5 1 11 Distichlis 6£.73 0.8 0.8
07/06/88 Pl11-5 2 11 Distichlis 6.17 1.3 _ 1.3
07/06/88 pP11-5 3 11 Distichlis 4.88 0.8 0.1 0.5
07/06/88 pl1-6 1 11 Distichlis 16.84 1.1 1.1
07/06/88 pll1-6 2 11 Distichlis 7.14 1.0 1.0
07/06/88 pli-6 3 11 Distichlis 9.92 1.2 1.2
07/06/88 pl1-7 1 11 Distichlis 5.83 0.4 0.4
07/06/88 pl1-7 2 11 Distichlis 6.29 0.9 0.9
07/06/88 pl1i-7 3 11 Distichlis 6.32 0.8 .8
07/06/88 p11-8 1 11 Distichlis 2.39 0.8 0.8
07/06/88 p11-8 2 11 Distichlis 0.78 0.8 0.8
07/06/88 pl11-8 3 11 Distichlis 2.97 0.7 0.7
07/06/88" pl1-9 1 11 Distichlis 4.19 1.1 1.1
07/06/88 p11-9 2 11 Distichlis 3.40 1.5 1.5
07/06/88 p11-9 2 11 Distichlis 3.87 1.1 1.1
07/06/88 p11-10 1 11 Distichlis 4.18 0.7 0.7
07/06/88 p11-10 2 11 Distichlis 10.55 1.0 1.0
07/06/88 pl11-10 3 11 Distichlis 8.36 1.2 1.2
N7/06/88 p12-11 1 11 Distichlis 31.32

07/06/88 pl2-11 2 11 Distichlis 19.85

07/06/88 p12-11 3 11 Distichlis 24.80

07/06/88 pl2-12 1 11 Distichlis 27.77

07/06/88 pl12-12 2 11 Distichlis 21.13

07/06/88 p12-12 3 11 Distichlis 3.81

07/06/88 p12-13 1 11 Distichlis 4.72 3.2 2.2
07/06/88 pP12-13 2 11 Distichlis 8.49

07/06/88 p12-13 3 11 Distichlis 21.26

07/06/88 p6—-23 1 12 Sesuvium 0.00

- 07/06/88 p6-23 2 12 Sesuvium 0.00

07/06/88 p6-23 '3 12 Sesuvium 0.00

07/06/88 p6&=-24 1 12 Sesuvium 0. 00

07/06/88 p6—24 2 12 Sesuvium 0.00

Q7/06/88 p6-24 3 12 Sesuvium 0.00

07/06/88 p6-25 1 12 Sesuvium 0. 00

07/06/88 p6-25 2 12 Sesuvium 0.49 7.1 7.1
Q7/06/88 p6-25 3 S Sesuvium 0.00

07/06/88 pP5-26 1 21a  Atriplex2 0.00



Appendix Table 8 (continued).

Date

07/06/88
07/06/88
07/06/88
p07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
pD7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
o7/06/88
07/06/88
07/06/88
p7/06/88
07/06/88
07/06/88
07/06/88
07/06/88

Station Repl Spp #

p5-26
p5-26
p7-18
p7-18
p7-18
p7-19
p7-19
p7-19
p7-20
p7-20
p7-20
p8-21
p8&8-21
p8-21
p8~-22
p8-22
p8—-22
p7-18
p7-18
p7-18
p7-19
p7-19
p7-19
p7-20
p7-20
p7-20
pl2-11
pl12-11
pl2-11
pl2-12
plz2-12
pl2-12
pl2-13
pP12-13
pl2-13
pP6-23
p6&-23
p6-23
p6—-24
p6-24
p6-24
p6-25
p6—-25
p6-25
p8-21
p8-21
p8-21
pP8-22
p8-22
p8-22
pl10-15
pP10-15
P10-15
pl0-16

PANPERNREWERNPONPANRPORNRPURNPONROERNR ONRP AR P ERN P URNRPUNRPRENP WENRP WN RPN

21a
2l1la
21la
2l1la
213
2la
21a
21la
2la
21a
2la
2la
2la
21a
21a
21a
2la
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
27
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Species

Atriplex?2
Atriplex2
Atriplex?2
Atriplex2
Atriplex2
Atriplex2
Atriplex2
Atriplex2

-Atriplex2

Atriplex2
Atriplex?2
Atriplex2
Atriplex?2
Atriplex?2
Atriplex2
Atriplex2
Atriplex2
Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida

Sida
Cressa
Cressa

Cressa

Cressa
Cressa
Cressa
Cressa
Cressa
Cressa
Cressa
Cressa .
Cressa
Cressa
Cressa
Cressa
Cressa
Cressa
Cressa
Cressa

' -
W ONNDODOONO- 000000000000 0DO0O0O0O0OO0D0O0DO0OO0COO0OO0DODO0O0DOODDOOONODODOOODODDODOOO

Wt

(g)

.66
. 48
.00
.00
.11
.00
.41
.00
.00
.00
.00
.02
.00
.00
.00
.00
.00
.00
.00
.00
.00
.14
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.13
.00
.00
.00
.00
.00
.00
.00
.00
.35
.31
.13
.00
.14
.19
.23
.79
.70
.77
.70
.92

Synoptic survey, plants.

11.

20.

19.

11.

11.

20.

19.
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Appendix Table 8 (continued). Synoptic survey, plants.

Date Station Repl Spp # Species Wt (g) Sell Sel?2 Mean
07/06/88 pl0-16 2 27 Cressa 7.43 ’

07/06/88 p10-16 3 27 Cressa 6.48

07/06/88 pP10-17 1 27, Cressa 1.54

07/06/88 p10-17 2 27 Cressa 3.78

07/06/88 pl10-17 3 27 Cressa 1.48

07/06/88 @ pil-1 1 27 Cressa 8.16 3.1 3.1
07/06/88 pl11-1 2 27 Cressa 4.67 3.2 3.2
Q7/06/88 pil-1 3 27 Cressa 4.05 2.6 2.6
07/06/88 pl1-2 1 27 Cressa 11.13 2.7 2.7
07/06/88 plil-2 2 27 Cressa 3.22 5.0 5.0
07/06/88 p11-2 3 27 Cressa 5.95% 4.2 4.2
07/06/88 pl11-3 1 27 Cressa 5.79 1.9 1.9
07/06/88 pP11-3 2 27 Cressa 3.56 2.4 2.4
07/06/88 p11-3 3 27 Cressa .46 2.0 2.0 2.0
Q7/06/88 pll-4 1 27 Cressa 3.63 3.3 3.3
07/06/88 pll-4 2 27 Cressa 17.80 3.1 3.1
07/06/88 pll-4 3 27 Cressa 10.90 2.3 2.3
07/06/88 plli-4a 1 27 Cressa 8.62 0.9 0.9
07/06/88 plil-d4da 2 27 Cressa 7.83 1.3 1.3
07/06/88 pli-4a 3 27 Cressa 6.06 0.8 .8
07/06/88 p11-5 1 27 Cressa. 0.00

07/06/88 pll-5 2 27 Cressa 0.00

07/06/88 pli-5 3 27 Cressa 0.00

07/06/88 pl1l1-6 1 27 Cressa 0.00

07/06/88 pli-6 2 27 Cressa 0.00

07/06/88 pl11-6 3 27 Cressa 0.00

07/06/88 pl11-7 1 27 Cressa '0.23 0.5 0.5
07/06/88 p11-7 2 27 Cressa 1.55 0.6 0.6
07/06/88 pll1-7 3 27 Cressa 0.68 0.3 ) 0.3
07/06/88 p11-8 1 27 Cressa 1.32 0.5 0.5 0.5
07/06/88 pli-8 2 27 Cressa 0.47 0.5 0.5
07/06/88 p11-8 3 27 Cressa 0.00

Q7/06/88 pll-9 1 27 Cressa a. 32 2.3 2.3
07/06/88 pl11-9 2 27 Cressa 0.53 3.1 3.1
07/06/88 pll-9 3 27 Cressa 0.81 1.8 1.8
07/06/88 pll1-10 1 27 Cressa 2.48 1.1 1.1
07/06/88 p11-10 2 27 Cr >ssa 0.94 1.9 1.9
Q7/06/88 pl1l1-10 3 27 Cressa 2.43 1.0 1.0
D7/06/88 p12-11 1 27 Cressa 2.47 '
07/06/88 pl12-11 2 27 Cressa 2.40

07/06/88 pl12-11 3 27 Cressa 4.48

Q7/06/88 plz2-12 1 27 Cressa 0. 84

07/06/88 p12-12 2 27 Cressa G. 00

Q7/06/88 plz2-12 3 27 Cressa 4.13

Q7/06/88 pP12-13 1 27 Cressa 0.22 12.4 12.4
07/06/88 plz-13 2 27 Cressa 0.00

07/06/88 pl12-13 3 27 Cressa 0.00
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Appendiy Table 9. Synoptic survey, mean plant selenium concentration (pps dry wt) per pond, partisl data (6 July 1988).

Distichlis Cressa  Frankenia
Pond Mean N SD SE Hean N SO SE Mean N b St

1 0 0 1]
5 i 0 0
6 0 0 0
7 0 ] 0
8 0 0 ]
9 0 0 0
10 0 _ 0 0
i1 1.6 30 0.77 0.1 2.0 26 1.2¢ 0.2¢ 2.4 6 1.520.62
12 3.2 1 12 1 0
Atriplix (21a) $ida Sonchus Sesuviua

Pond Mean N Sp St .Mean N $D SE Mean N SO SE Mean N $D St

) 0 0 0 i}
5 8.0 2 1.411.00 0 0 0
6 it 0 3.5 1 7.1 1
7 10.3 2 1:451.02 0.2 1 0 0
8 1.3 1 il 0 0
S 0 0 0 0
10 -0 0 0 1]
11 0 0 0 0
12 0 19.2 1 0 0
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Appendix Table 10. Srnoptic survey, mean plant selenium concentration (ppa dry wt) per station, pertion data (6 July 1988).

Distichlis ' Cressa ' Frankenia
Pond Mean N SD SE fean N 0. SE Mean N D SE

pé-27
pé-28
p5-26
p6-23 -
pb-24
p6-25
p7-18
p7-19
p7-20
p8-21
p8-22
p9-14
p10-15
p10-16
p10-17
pil-1 2.4
pii-2 2
pi-3
pli-¢ 1.7
pil-da 0.6
pi1-5 0.9
pli-6 1.1
pii-?

pi1-8

pl1-8 .
pi1-10 1.0
p12-11"
pi2-12

pi2-13 3.2

0.32 0.19 5.1
1.17 0.67 3.0
0.26 0,15
0.53 0.31
0.26 0.15

0.06 0.03 3.0
1.03  0.59 4.0
0.49 0.28 - 2.1
0.2 0.2 2.9
1.0
0.43  0.25
0.10 0.06
0.26 0.15 0.5
0.06 0.03 0.5
0.23 0.13 2.4
0.25 0.15 1.3

Lo S
e e

0.15 0.09
0.00 0.00
0.66 0,38 2.7
0.49 0.28

—_ 0D D N L = e OO0 0 O 000 000 0 0 0o o
O O O = O OO0 O - = 0000000000 00000

—_ O O LN R MO O MWUN N OOODOODODODODOOO0OD OO 0O
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Appendix Table 10 (continued). Synoptic survey, mean plant seleniua concentration (ppa dry wt) per station, (6 July 1988).

Atriplix (21a) Sida ' Sonchus Sesuvium
Pond Mean N S0 SE . Mean N sD SE . Mean N S0 St Mean N SD SE

pé-27

pé-28

p5-26 8.0
p6-23

p6-24

p6-25

p7-18 9.3
p7-19 11.4
p7-20

p8-21 1.3
p8-22

p9-14

“p10-15

p10-16

p10-17

p11-1

p11-2

p11-3

pli-¢

pii-éa

pl1-5

pil-6

pil-7

pl11-8

pii-9

p1i-10

p12-11

p12-12

p12-13

1.41 1.00

3.5 7.1

20.2

0O OO0 OO0 OO0 OO OOQO OO0 OO0 OO0 0O OO0 ™ O OO0 0 D OO

—
O
~>
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Appendix Table 11. Synoptic survey, mean insect numbers per station and pond (S0 sweeps).

Mean N SD
Station Grasshopper Leafhoppers 6rasshopper Leafhoppers 6rasshopper Leafhoopers
pé-27 2.3 0.0 3 3 0.6 0.0
pé-28 6.0 0.0 ¢ ¢ 6.3 0.0
p5-26 0.3 0.0 3 3 0.6 0.0
p6-23 3.3 0.0 3 3 6.2 0.0
p6-24 5.7 0.0 3 3 1.2 0.0
p6-25 27.3 0.0 3 3 8.3 0.0
p7-18 11.3 0.0 3 3 2.1 6.0
p7-19 6.0 19.3 3 3 7.2 5.9
p7-20 2.7 17.0 3 3 2.5 16.5
p8-21 16.3 0.0 3 3 3.8 0.0
p8-22 5.3 0.0 3 3 1.5 0.0
p9-14 7.7 0.0 3 3 8.1 0.0
p10-15 22.7 0.0 3 3 8.6 0.0
p10-16 6.7 0.0 3 3 0.6 0.0
p10-17 29.0 0.0 3 3 8.7 0.0
pii-1 14.7 0.0 3 3 10.1 0.0
p11-2 11.0 0.0 3 3 2.6 0.0
pi1-3 28.7 0.0 3 3 5.5 0.0
pii-¢ 6.3 7.0 3 3 3.5 2.6
pii-éa 3.7 6.0 3 » 3 2.9 0.0
pii-$5 6.3 0.0 3 3 3.5 6.0
pii-6 0.7 13.0 3 3 1.2 16.8
pi1-7 1.7 0.0 3 3 1.5 0.¢
pii-8 2.3 &7 3 3 1.5 2.1
pi1-9 12.0 0.0 3 3 2.6 0.0
pi1-10 14.0 0.0 3 3 10.5 0.0
p12-11 2.0 0.0 3 3 1.0 0.0
pi2-12 8.3 0.0 3 3 5.1 0.0
pi2-13 26.7 0.0 3 3 12.1 0.0
Nean . | sh
Pond  -6rasshopper Leafhoppers Srasshopper Leafhoppers 6rasshopper Leafhoppers
1 €63 0.00 7 7 1.25 0.00
5 0.33 0.00 3 3 0.09 0.00
6 12.11 0.00 9 9 3.65 0.00
7 6.67 12.11 9 9 1.62 3.7
.8 10.83 0.00 6 6 1.53 0.00
9 7.67 0.00 3 3 1.20 0.00
10 18.78 0.00 9 9 3.69 0.00
11 9.21 2.2 33 33 5.31 3.52
12 12,33 0.00 9 $

3.80 0.00
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Appendix Table 12.. Synoptic survey, mean insect biomass (mg) per station and pond {50 sveeps).

Mean -~ N S0
Station 6rasshopper Leathoppers trasshopper Leafhoppers Grasshopper Leafhoppers
pé-27 34.0 0.0 3 3 12.5 0.0
pé-28 109.3 6.0 ¢ ¢ 116.4 0.0
p5-26 9.3 0.0 3 3 16.2 0.0
p6-23 "M.7 0.0 3 3 104.8 0.0
p6-24 155.7 0.0 3 3 50.8 0.0
p6-25 621.7 0.0 3 3 271.5 0.0
p7-18 141.7 0.0 3 3 58.6 0.0
p7-19 124.3 15.3 3 3 163.8 6.8
p7-20 §4.0 16.3 3 3 39.4 16.4
p8-21 308.3 0.0 3 3 §3.1 0.0
p8-22 113.7 0.0 3 3 10.1 0.0
p9-1é 258.7 0.0 3 3 283.% 0.0
pl10-15 380.7 0.0 3 3 207.7 0.0
p10-16 82.3 0.0 3 3 15.9 0.0
p10-17 510.3 0.0 3 3 148.¢ 0.0
pit-1 288.0 0.0 3 3 162.5 0.0
pil-2 270.0 - 0.0 3 3 66.0 0.0
pli-3 500.3 0.0 3 -3 60.3 0.0
pi1-4 102.7 3.0 3 3 36.9 1.0
pil-da 9.7 0.0 3 3 75.7 0.0
p11-5 221.3 0.0 3 3 72.0 0.0
pii-6 17.3 10.0 3 3 30.0 12.5
pi1-7 28.0 0.0 3 3 25.6 0.0
pl1-8 22.7 3.0 3 3 13.6 1.0
pll1-9 456.3 0.0 3 3 218.5 0.0
p11-10 275.7 8.0 3 3 133.9 0.0
p12-11 72.3 0.0 3 3 62.8 0.0
p12-12 203.7 0.0 3 3 254.3 0.0
pi2-13 785.3 0.0 3 3 407.2 0.0

Nean N sD
Pond Grasshopper Leafhoppers Grasshopper Leafhoppers 6rasshopper Leathoppers
¢ 77.0 0.0 7 7 23.% 0.0
5 9.3 0.0 3 3 2.4 0.0
6 283.0 0.0 9 9 87.3 0.0
7 103.3 10.6 9 9 29.5 3.3
8 211.0 0.0 6 6 25.7 0.0
9 258.7 0.0 3 3 £1.9 0.0
10 32¢.4 0.0 9 9 67.5 0.0

11 205.3 1.5 33 33 109.9 2.6
8 0.0 9 9 120.4 0.0

12 353.
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Appendir Table 13. Synoptic survey, mean insect selenium concentration {ppm dry vt} per station and pond (50 sveeps).

Mean N S0
Station Grasshopper Leafhoppers 6rasshopper Leathoppers 6rasshopper Leafhoppers
pé-27 3.7 3 0 1.01
pé-28 2.9 3 0 0.42
p5-26 3.5 1 0
p6-23 3.2 2 0 0.1¢4
pb-24 2.7 3 0 0.40
p6-25 6.6 3 ] 0.9%
p7-18 5.4 3 0 0.78
p7-1% 7.5 5.6 2 3 3.18 0.15
p7-20 3.6 2.8 2 2 0.57
p8-21 31 3 0 0.95
p8-22 ¢.0 3 0 1.00
p9-14¢ 5.0 3 e 0.86
p10-15 5.1 3 0 0.69
p10-16 2.9 . 3 0 0.57
pi10-17 §.5 3 0 0.50
pii-1 2.1 3 0 0.61
pi1-2 3.2 3 0 0.40
p11-3 2.0 3 0 0.3%
pti-¢. 2.8 3.0 3 i 0.40
pli-da 2.5 3 0 0.66
p11-§ 3.3 3 0 0.68
pli-6 2.3 1.9 1 2 0.28
pit-7 1.9 2 1] 0.07
p1i-8 1.8 1.7 3 i 6.12
pil1-9 3.5 ' 3 0 0.40
pi1-10 1.8 3 0 0.5¢
p12-11 2.7 3 0 0.2
pi2-12 2.9 3 0 0.81
p12-13 5.8 3 0 0.26
Mesn N S
Pond Grasshopper Leafhoppers 6rasshopper Leafhoppers Grasshopper Leafhoppers
é 3.3 6 0 0.2¢
5 3.5 i ] 0.00
6 6.3 8 0 0.69
7 5.9 6.5 7 5 0.68 0.40
8 3.6 6 ] 0.29
9 5.0 3 0 0.16
10 ¢.1 9 0 0.40
11 2.8 2.1 30 ¢ 0.52 0.1¢
12 3.8 9 0 0.57
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Appendix Table 14. Synoptic survey, insect numbers, biomass (g).
and selenium concentration (ppm dry wt).

(g)

Date Station Repl Sample N Wt Sel Se2 Mean
07/06/88 pL-27 1 Grasshopper 2 0.030 4.6 4.6
07/06/88 p4-27 2 Grasshopper . 2 0.024 2.6 2.6
07/06/88 p4—-27 3 Grasshopper 3 0.048 3.8 3.8
07/06/88 . p4-28 1 Grasshopper 14 0.263 3.0 2.0
07/06/88 p4-28 2 Grasshopper 8 0.132 3.2 3.2
07/06/88 pP4~28 3 Grasshopper 2 0.0472 2.4 2.4
07/06/88 p4&-28 A Grasshopper 0 0.000
07/06/88 p5-26 1 Grasshopper 0 0.000
07/06/88 p5-26 2 Grasshopper o 0. 000
07/06/88 pP5-26 3 Grasshopper 1 0.028 3.5 3.5
07/06/88 pP6E-23 1 Grasshopper 2 0.023 3.3 . 3.3
07/06/88 p6-23 2 Grasshopper 0 0.000
07/06/88 P6~23 3 Grasshopper 8 0.192 3.1 3.1
07/06/88 p6-24 ! Grasshopper S 0.214 2.9 2.9
07/06/88 p6&-24 2 Grasshopper 5 0c.121 2.9 - 2.9
07/06/88 p6&-24 3 Grasshopper 7 0.132 2.2 2.2
07/06/88 p6-25 1 Grasshopper 18 0.210 6.0 6.5 6.3
07/06/88 p6-25 2 Grasshopper 30 0.748 7.7 7.7
07/06/88 p6-25 -3 Grasshopper 34 0.807 5.9 5.9
07/06/88 p7-18 1 Grasshopper 13 . 0.120 6.9 6.9
07/06/88 p7-18 2 Grasshopper 9 0.037 5.5 5.5
07/06/88 p7-18 3 Grasshopper 12 0.208 6.8 6.8
07/06/88 p7-19 1 Grasshopper 0 0. 000
07/06/88 p7-19 2  Grasshopper 4 0.063 5.2 5.2
07/06/88 p7-19 3 Grasshopper 14 0. 310 3.7 9.7
07/06/88 p7~20 1 Grasshopper 0 0.000
07/06/88 p7-20 2 Grasshopper 5 0.076 4.0 4.0
07/06/88 p7-20 3 Grasshopper 3 0.056 3.2 3.2
07/06/88 p7-18 1 Leafhoppers 0 C. 000
07/06/88 p7-18 2 Leafhoppers 0 0.000
07/06/88 p7-18 3 Leafhoppers 0 . 000
07/06/88 pP7-19 1 Leafhoppers 26 0.023 5.8 5.8
07/06/88 p7-19 2 Leafhoppers 17 0.013 5.6 5.6
07/06/88 p7-19 3 Leafhoppers 15 0.010 . 5.5 5.5
07/06/88 p7-20 1~ Leafhoppers ®] 0. 000
07/06/88 p7-20 2 Leafhoppers 18 0.022 2.8 2.8
07/06/88 p7-20 3 Leafhoppers 33 0.027 2.8 2.8
07/06/88 p8-21 1 Grasshopper 19 0. 356 2.6 2.6
07/06/88 p&-21 2 Grasshopper 18 0.237 2.5 2.5
07/06/88 pl8-21 3 Grasshopper 12 0.272 4.2 4.2
07/06/88 p8-22 1 Grasshopper 4 0.123 5.0 5.0
07/06/88 pP8-22 2 Grasshopper 7 0.115 3.0 3.0
07/06/88 p8-22 3 Grasshopper 5 0.103 4.1 4.1
07/06/88 pP9-14 1 Grasshopper 4 0.154 6.1 6.1
07/06/88 p9-14 2 Grasshopper 17 0. 580 5.2 5.2
07/06/88 pPS-16- 3 Grasshopper 2 0.042 5.8 5.8
07/06/88 pP10-15 1 Grasshopper 32 0.616 4.9 4.9
07/06/88 p10-15 2 Grasshopper 21 0. 303 4.2 4.7 4.5
07/06/88 p10-15 3 Grasshopper 15 0.223 5.8 5.8
07/06/88 pl0-16 . 1 Grasshopper 4 0.064 3.5 3.5
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Appendix Table 14 (continued). Synoptic survey, insects.
Date Station Repl Sample N Wt (g) Sel
07/06/88 pl0-16 2 Grasshopper 5 0.092 2.7
07/06/88 pl0D-16 3 Grasshopper 5 0.091 2.4
07/06/88 p10-17 1 Grasshopper 24 0. 342 4.0
07/06/88 pPl10-17 2 Grasshopper 24 0.567 4.5
07/06/88 p10-17 3 Grasshopper 39 0.622 5.0
07/06/88 pll-1 1 Grasshopper 20 0.424 1.4
07/06/88 plli-1 2 Grasshopper 3 0.108 2.2
07/06/88 pll-1 3 Grasshopper 21 0.332 2.6
07/06/88 pl11-2 1 Grasshopper 9 0. 221 3.3
07/06/88 p11-2 2 Grasshopper 14 0.244 2.8
07/06/88 pll-2 3 Grasshopper 10 0. 345 3.6
07/06/88 p11-3 1 Grasshopper 34 0.493 2.2
07/06/88 p11-3 2 Grasshopper 29 0. 564 2.5
07/06/88 pl11-3 3 Grasshopper 23 0. 444 1.6
07/06/88 pli-4 1 Grasshopper 10 0.134 2.6
£D7/06/88 pll-4 2 Grasshopper 3 0.112 2.6
07/06/88 pli-4 3 Grasshopper ) 0.062 3.3
07/06/88 pll-é4a 1 Grasshopper 2 0.034 3.1
07/06/88 pli-4a 2 Grasshopper 2 0.038 1.8
07/06/88 pli-4a 3 Grasshopper 7 D.167 2.6
07/06/88 p11~5 1 Grasshopper 3 0. 220 3.8
07/06/88 p11-% 2 Grasshopper 10 0.294 2.5
07/06/88 pl1-5 3 Grasshopper 6 0.150 2.5
p7/06/88 pli-6 1 Grasshopper 2 0.052 2.3
07/06/88 pll-6 2 Grasshopper 0 0.000
07/06/88 pl1-6 3 Grasshopper ] 0.000
07/06/88 p11-7 1 Grasshopper (8] 0. 000
07/06/88 pl11-7 2 Grasshopper 2 0.021 1.9
07/06/88 pl11-7 3 Grasshopper 3 0.051 1.8
07/06/88 pll-8 1 Grasshopper 4 0.037 1.7
07/06/88 pl11-8 2 Grasshopper 2 0.021 1.9
07/06/88 p11-8 3 Grasshopper 1 0.010 1.9
07/06/88 pll1-9 1 Grasshopper S Q.227 3.1
07/06/88 pll-9 2 Grasshopper 13 0.662 3.6
07/06/88 pl11-9 3 Grasshopper 14 0. 480 3.9
07/06/88 »11-10 1 Grasshopper 25 0.381 1.2
07/06/88 p11-10 2 Grasshopper 13 0.321 2.2
07/06/88 P11-10 3 Grasshopper 4 0.125 1.9
D7/06/88 pli-1 1 LLeafhoppers 0 0. 000
07/06/88 pl11-1 2 Leafhoppers o 0.000
07/06/88 pli-1 3 Leafhoppers 0 0.000
07/06/88 pl11-2 1 Leafhoppers 0 0.000
D7/06/88 pl1-2 2 Leafhoppers 0 0.000
07/06/88 pll-2 3 Leafhoppers 0 0.000
07/06/88 pP11-3 1 Leafhoppers u] 0. 000
07/06/88 P11-3 2 Leafhoppers 0 0.000
07/06/88 p11-3 3 Leafhoppers o 0. 000
07/06/88 pPll-4 1 Leafhoppers 9 0.003 3.0
07/06/88 pll-4 2 Leafhoppers 8 0.004
07/06/88 pll-4 3 Leafhoppers 4 0.002
07/06/88 pll-4a 1 Leafhoppers a 0. 000
07/06/88 pll-da 2 Leafhoppers 0 0.000
07/06/88 pli-4a 3 Leafhoppers 0 0.000
07/06/88 P11-5 1 Leafhoppers 0 0.000
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Appendix Table 14 (continued). Synoptic survey, insects.

Date
07/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
Q7/06/88
07/06/88
Q7/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88
07/06/88

Station Repl

p11-5
P11-5
pli-6
pll1-6
pli-6
pli-7
p11-7
pl11-7
p11-8
p11-8
pP11-8
pl11-9G
pl1-9
Pl11-9
p11-10
r11-10
pl11-10
p12-11
pl2-11
pl12~-11
pl2-12
pi2-12
pl12-12
p12-13
pPl12-13
pP12-13

WP WEHNPFPWENPOENPFPENPWENDEPEWENP,WENDPEWEN
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Sample
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Leafhoppers
Grasshopper
Grasshopper
Grasshopper
Grasshopper

Grasshopper .

Grasshopper
Grasshopper
Grasshopper
Grasshopper
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Appendix Table 15. Synoptic survey, mean soil selenium
concentration (ppm dry wt) per pond and station (6 July 1988).

Pond Mean N sD 2SE

4 75.1 7 44.10 33.34

5 51.7 3 16.31 18.84
YA 9 33.56 22.37

7 43.3 9 33,37 22.24

8 19.6 6 6.40 5.22

9 56.8 3 30.31 35.00

10 22.4 9 7.20 4.80

11 25.5 33 15.17 5,28

12 21.9 9 12.17 - 8.11
"Station Mean N sD 2SE
p4&—-27 30.7 3 13.25 15.30
PL-28 108.5 4 17.60 17.60
P5-26 51.7 3 16.31 18.84
p6-23 36.0 3 5.80 6.70
pPE—24 71.3 3 52.50 60.63
p6&E-25 25.9 3 3.17 3.66
p7-18 35.2 3 23.98 27.69
p7-19 77.0 3 322.88 37.96
pP7-20 17.7 3 3.35 3.87
p&-21 14.8 3 3.23 3.74
p8-22 24.5 3 4.61 5.32
p9-14 56.8 3 30.31 35.00
P10-15 17.7 3 6.10 7.04
pl10-16 19.7 3 1.62 1.87
p10-17 29.7 3 6£.47 7.48
pli-1 41.7 3 8.01 9.25
p11-2 20.9 3 4.63 5.35
£11-3 50.2 3 19.32 22.30
pll-é 40.8 3 12.7% 14.72
pll-4a 11.0 3 5.30 6.12
p11-5 26.0 3 5.31 6.13
pll-6 17.3 3 6.91 7.97
pl11-7 12.8 3 4.92 5.68
pP11-8 8.9. 3 5.82 6,72
pP11-~-9 31.1 3 0. 86 1.00
p11-10 19.5 3 6. 00 6£.93
pl2-11 36.2 3 7.38 8.52
pl12-12 18.0 3 6.43 7.42
p12-13 11.5 3 1.78 2.05
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Appendix Table 16. Synoptic survey, soil selenium concentration
(ppm dry wt ).

Date Station Repl Sample Sell Sel2 Mean
07/06/88 p4-27 1 Soil 27.3 27.0 27.2
07/06/88 p4—-27 2 Soil 16.5 : 19.5
07/06/88 p4-27 3 Soil 45.3 45.3
07/06/88 p4-28 1 Soil 107.0 107.0
07/06/88 p4-28 2 Soil . 130.0 130.0
07/06/88 pP4-28 3 Soil 87.0 87.0
07/06/88 p4-28 4 Soil 110.0 110.0
07/06/88 pP5-26 1 Soil 59. 4 59.4
07/06/88 p5-26 2 soil 33.0 33.0
07/06/88 p5-26 3 Soil 6£2.8 62.8
07/06/88 p6—-23 1 Soil 30.6 28.2 29.4
07/06/88 - p6&-23 2 Soil 40.3 40. 3
07/06/88 p6-23 3 soil 38.3 38.3
07/06/88 p&~24 1 Soil 50.'8 50.8
07/06/88 p6-24 2 Soil 32.2 32.2
07/06/88 p6—24 3 Soil 131.0 131.0
07/06/88 p6-25 1 Scil 22.6 22.6
07/06/88 p6—25 2 Soil 26.3 26.3
07/06/88 p6-25 3 Soil 28.9 28.9
07/06/88 p7-18 1 Scil 12.6 12.6
07/06/88 p7-18 2 Soil 61.0 59.7 .60.4
07/06/88 p7-18 3 Soil 2.6 32.6
07/06/88 p7-19 1 Soil $9.5 $3.5
Q7/06/88 p7-19 2 Soil 39.3 39.3
07/06/88 p7-19 3 Soil $2.3 92.3 s
07/06/88 p7-20 1 Soil 17.9 17.9
07/06/88  p7-20 2 Soil 21.0 21.0
07/06/88 p7-20 3 Soil 14.3 14.3
07/06/88 p8-21 1 Soil 13.0 13.0
07/06/88 p8-21 2 Soil 12.8 12.8
N7/06/88 p8-21 3 Soil 18.5 18.5
D7/06/88 p8-22 1 Soil 21.0 21.0
07/06/88 p8-22 2 Soil 29.7 29.7
07/06/88 p8-22 3 Soil 22.7 22.7
07/06/88 pPS~14 1 Soil 63.5 63.5
07/06/88 pPS-14 2 Soil 83.2 83.2
07/06/88 p9-14 3 Soil 23.7 23.7
07/06/88 p10-15 1 Soil 24.8 24.6 24.7
07/06/88 pP10-15 2 Soil - 13.9 . 13.9
07/06/88 P10-15 3 Soil 14.4 14.4
07/06/88 pl0-16 1 Soil 20.6 20.6
07/06/88 p10-16 2 Soil 20.6 20.6
07/06/88 p10-16 3 Soil 17.8 17.8
07/06/88 pP10-17 1 Soil 28.6 28.6
07/06/88 plO-17 2 Soil 23.9 23.9
07/06/88 p10-17 3 Soil 36.7 36.7
07/06/88 p11-1 1 Soil 40.6 40.6
07/06/88 pll-1 2 Soil 49.5 50.9 50.2
07/06/88 P11-1 3 Soil 34.3 34.3
07/06/88 pl11-2 1 Soil 19.6 19. 6
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Appendix Table 16 (continued). Synoptic survey, soil selenium.
Date Station Repl Sample Sell Sel?2 Mean
07/06/88 p11-2 2 Soil 26.0 26.0
07/06/88 p11-2 3 Soil 17.0 17.0
07/06/88 p11-3 1 Soil 38.7 38.7
p7/06/88 p11-3 2 Soil 39.4 29.4
07/06/88 p11-3 3 sSoil 72.5 72.5
07/06/88 pll-4 1 Soil 36.5 36.5
07/06/88 pll-4 2 Soil 55.1 55.1
07/06/88 p1l-4 3 Soil 30.7 30.7
07/06/88 pll-4a 1 Soi. 9.6 9.6
07/06/88 pll-4a 2 Soil 6.6 6.6
07/06/88 pll-4a 3 Soil 16.9 16.9
07/06/88 p11-5 1 Soil 32.1 22.1
07/06/88 p11-5 2 Soil 22,9 22.9
07/06/88 p11-5 3 soil 22.9 22.9
07/06/88 pll-6 1 Soil 24.4 24 .4
07/06/88 pll-6 2 Sail 10.6 10.6
07/06/88 pll-6 3 Soil 17.0 17.0
07/06/88 pl11-7 1 Soil 10.6 10.6
07/06/88 p11-7 2 Soil 18.4 18.4
07/06/88 p11-7 3 Soil 9.5 9.1 9.3
07/06/88 p11-8 1 Soil 6.0 6.0
07/06/88 p11-8 2 Soil ‘5.1 5.1
07/06/88 p11-8 3 Soil 15.6 15.6
07/06/88 p1l1-9 1 Soil 31.9 31.9
07/06/88 p11-9 2 Soil 30.2 30.2
07/06/88 pli-9 3 Soil 31.3 31.3
07/06/88 pl11-10 1 Soil 21.1 21.1
07/06/88 p11-10 2 Soil 25. 4 23.5 24.5
07/06/88 pP11-10 3 Soil 12.8 12.8
07/06/88 p12-11 .1 Soil 27.7 27.8 27.8
07/06/88 pl12-11 2 Soil 41.3 41.3
07/06/88 p12-11 3 Soil 39.6 "29.6
07/06/88 pl12-12 1 Soil 11.1 11.1
07/06/88 pl12-12 2 Seoil ~ 23.8 23.8
07/06/88 pl12-12 2 Soil 19.2 19.2
07/06/88 p12-13 1 Soil 13.5 13.5
07/06/88 p12-13 2 Soil 10.7 10.7
07/06/88 p12-13 3 Soil 10.2 10.2
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APPENDIX B.
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Figure B-1a,b,c. History matches of tracer breakthrough curves for fluorescein, selen-
ate and nitrate for well 1. '
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APPENDIX C. X-RAY FLUORESCENCE ANALYSIS

The Kesterson project has required determination of selenium in very many samples of sed-

iment and biological material, frequently with little time allowed.

For the purpose of expediting the Se determinations of the routine biological samples, a
technique was used that would in most cases yield results that could be low in the range of 1 -
10% of the amount present. The method applied and the calibration procedures used have been
reported elsewhere (Davis, 1968). The biological samples were spread as very thin layers and as

uniformly as possible on 0.2 mil thick polypropylene film stretched taught in plastic sriap ring

- holders. The typical mass thickness of the samples was in the range of 10 - 20 mg/cmz.

Molybdenum K excitation radiation was used for the x-ray fluorescence determinations. A sem-
iconductor detector was employed to measure the fluorescence radiation intensities. The inten-
sity of backscattered Mo K radiation served as a measure of the amount of sample in the X-ray
beam path. This was possible since the incoherent mass scattering coefficients typically do not
vary by more than a few percent for most light elements to be expected in biological samples
(Davis, 1968). The intensity of the Se K alpha radiation was a measure of the quantity of the
selenium in the x-ray beam path. For the routine samples, no matrix absorption corrections were
made. The potential errors associated with sample heterogeneity probably were much larger in

some cases.

A different method was used to accurately determine the selenium in the biological refer--

. 2
ence samples (Weres and Tsao, 1983). Sample pellets ¢: mass thickness 40 mg/cm™ were
prepared, and X-ray transmission measurements were made to correct for matrix absorption

effects.

The sediment samples were prepared in an entirely different manner. Several grams of

finely pulverized samples were pressed in Lucite cells that had Mylar tape windows. The
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samples prepared were of infinite thickness for all radiations of interest. The method utilized has
been reported (Weres et al., 1985). USGS Geochemical Reference Materials were used to cali-
brate the spectrometer for the determinations.

For the results reported here, triplicate samples were prepared for the XRF selenium deter-

minations.
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APPENDIX D. MAGNESIUM NITRATE DECOMPOSITION

Magnesium nitrate may be used}as an oxidizing agent to decompose biological material for
selenium analysis. This method will give consistently low readings when applied to sediments,
and should not be used with sediments. We have modified the technique so that ali reactions take
place in a single test tube, and samples of small and variable size can be conveniently decom-
posed for analysis in batches of 6 or 10. We have used this . .cedure for selenium only, but
essentially the same procedure should work for arsenic as well. This procedure has been suc-

cessfully used in our laboratory for approximately three years.

The same procedure may also be performed in a beaker using a larger sample aliquot, a

common practice in other laboratories.

Equipment. A glassware drying oven and ball mill or mortar and pestle are used to

prepare the samples for analysis.

The decomposition reaction is run in Pyrex screw-capped culture tubes 20 x 150 mm or 25
x 150 mm. The reaction runs faster using the smaller tubes and less reagent. There is less trou-
ble with boiling over or particles being carried up in the tube using the larger tubes. The tubes

are numbered or otherwise labeled with a diamond scribe before use.

At first the tubes are heated in an aluminum heating block set upon a hotplate. A different
block is used for each tube size, witﬁ héles drilled to provide a moderately snug fit for the tubes
(13/16 inch and 1 inch diameter, respectiv.ely). The blocks are 2" thick. The block for the 20 x
150 tubes holds twelve of them, and the block for thé 25 x 150 tubebs holds sixteen. Block tem-
peraturc ‘s monitored using a mercury thermometer, and may be precisely controlled using a ther-
_‘mocouple, each set in a hole of apprbpriate sizé drilled in the block. The block has a detachable
metal handlé, used 'to put it in and out of tﬁe furmace. When used, thermocouple is connected to a

_ proportionating 10 amp electronic temperature controller. The hot plate used should allow the
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block to reach at least 300°C at full power. A thermostatted 750W hot plate with a 6.25" square
cast aluminum top is normally used in our laboratory. Precise temperature.control is not neces-
sary, and the built-in thermostat in the hotplate allows adequate control without the electronic

controller. 10-20 degrees of temperature overshoot can be tolerated.

" The second stage of the reaction takes place in a box furnace at 510°C. Select a furnace
large enough to put the whole block with tubes into it. (CAUTION: Remember that pure alumi-

num melts at 660°C, and aluminum alloys, lower.)

During the procedure magnesium nitrate decomposes to magnesium oxide, releasing copi-
ous amounts of highly toxic and irritating nitrogen oxides. THE HOTPLATE WITH THE HEAT-

ING BLOCK AND THE BOX FURNACE MUST BE SET UP INSIDE A FUME HOOD.

The last part of the reaction requires a boiling water bath. A large beaker on a hotplate is

used.

An analytical balance, 1 ml and 5 ml pipettors, a wash bottle, test tube racks, and a 25 ml

graduated cyclinder are also required.
An ultrasonic bath is useful but not essential.

Reagents. Magnesium nitrate reagent solution is prepared by dissolving 65g of

Mg(NO,),-6H,0 in 100 ml of 70% ethanol (USP grade).

Pure ethanol, 7N HCIl, 12N HCI, and either clean quartz sand or boiling chips are also

required.

Procedure. The samples are prepared by drying them under air at 100°C using a glass-
drying oven. Samples above 200 mg are pulverized in a ball mill (a mortar and pestle may also
be used), and a 30-100 mg split is analyzed. Pulverizing the sample homogenizes it and makes it
easier to take a representative split; otherwise pulverization is unnecessary, and actually makes
the samples hardér to process. Smalleri samples are coarsely crushed in an agate mortar to
"expedite processing; e.g. whole mosquito fish or large insects. Samples smaller than about 100

mg are normélly anélyzed undivided. Samples 100 to 200 mg are usually crushed and mixed,
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and a 30-100 mg split is analyzed.

The amount of reagent and tube size depend on the size of the sample, as summarized in
Table C1. The analytical recipes are scaled to ensure roughly constant ratios of sample : mag-
nesium nitrate : HCl. The proportions in this table are adequate even to decompose fatty animal
tissues. With samples above 200 mg, take a 30-40 mg split and analyze it as a 20-40 mg sa::ple,

or take a 40-100 mg split and analyze it as that size sample.

Table C1. Recipes for magnesium nitrate decomposition.

Sample Tube MgNitrate 7N HCl
size (mg) (mm) (ml) (ml)
0-20 20x150 1 S
21-40 20x150 2 10
41-100 25x150 5 25
100-200 25x150 10 30

Usually, samples are run in sets of 16, which include 13 production samples, two standard

reference materials, and one reagent blank. Test chemicals for blank value before using.

Set the controller to 150°C, allow the temperature of the heating block to stabilize near that
value. (Or set hotplate to 450°F.) Weigh samples into tared culture tubes, record sample weight.
Pipette magnesium nitrate reagent into the tube. Add small amount of clgan quartz sand or an
amorphous carbon boiling chip. Briefly hold tubes in ultrasonic bath to help reagent penetrate
the solid sample. (Pulverized fish samples disperse with difficulty. In this case mix sample with
1-2 mls pure ethanol and disperse before adding reagent.) Place tubes in block. Wait_until rapid
boiling subsides (about 20 minutes). Foaming of the liquid and adhesion of particles to the sides
of the tube is a particuiar nuisance with pulverized samples. Reset temperature controller to
250°C (of the hotplate to 600°F). Wait until block température reaches 250°C, and boiling sub-
sides to geﬁtle foaming action at the bottom of the tube. By this time solid sample should have

largely dissolved in the viscous, yellow molten salt liquid that remains. Turn controller up to



-220-

300°C (or the hotplate to "High"). The liquid will start to foam, sometimes rising in the tube.
Bubbles of dark fed nitrogen dioxide will escape from the foam. Gradually the foam will dry out
and collapse. This part of the reaction has been completed when the foam and the liquid remain-
ing at the bottom of the tube have turned into a beige or yellowish solid. At this time there
should be no solid remnants of the sample. If solid parﬁcleé remain stuck to the sides of the tube,
wash them dowﬁ with a small amount of concentrated nitric acid and continue heating until the

salt cake again dries out.

Using the metal handle, place block with tubes inside the preheated furnace (510°) for 20
minutes. This part of the reaction is cofnplete when the generation of red fumes ceases, and the

- dark red color dissipates from the tubes. Remove the tray from the furnace and allow it to cool so
 the tubes may be handled. At this time the solid material in the tubes should be pure white, con-
sisting predominantly of magnesium oxide. All selenium is now in the form of magnesium selen-
ate. Excessive foaming or boiling 6ver in the furace indicates insufficient heating time on thev

hot plate before going into the furnace. ‘

Add appropriate amount of 7N HCl to each tube. Cap the tubes and shake if necessary to
dissolve all of the white magnesium oxide. After all of the magnesium oxide has been dissolved,
loosen the caps and transfer tubes to boiling water bath for 20 minutes. (Twenty minutes are
required inétead of ten because the magnesium-oxide neutralizes part of the HCl, reducing its
concentration.) After 20 minutes remove tubes from bath, allow then to cool, and seal the caps.
This last reaction reduces selenic acid to selenious acid. Place tape labels on tubes, as inscribed

labels will be hard to read.

Analyze the liquid using an atomic absorption spectrometer equipped with a hydride gen-

erator. Convert analytical results to concentration of selenium in the sample using the formula:

Vo (mD
C,(ppm)=C(ppb) ™
W (mg)

where
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C,= pprh selenium in solid sample

C, = ppb selenium in liquid analyzed
VHCI = volume of thé liquid in mls

‘Ws = weight of the solid- sarﬁple inmg

After discarding the liquid, clean the tubes with glass cleaning liquid and water and brush.

The tubes will become frosted inside with répeated use; this is unimportant.

Sources of error. The magnesium nitrate method should not be used with sediment sam-
ples because it will give consistently low readings. Probably, the magnesium oxide reacts with

clay minerals to produce magnesium silicate phases that sorb selenium.
Several sources of error have been identified and eliminated:

e The detailed procedure varies with sample size and confusion is possible. Never mix -
recipéé, for different size ranges in one batch. If necessary to combine samples of
different size, lump smaller samples into the next larger size range and use the recipe
appropriate to the latter for all. Before beginning to enter sample I.D.’s and weights in
the notebook, write down range of sample size, tube size, volume of reagent, and

volume of HCL.

e Part of sample may lost to excessive foaming, boiling over or burping. Be sure to use
boiling chips. Avoid excessive hot plate temperature in the early part of the procedure.
Wash particles down with nitric acid as needed. Heat liquid to dryness before transfer-

ring tubes to the oven.

e Part of magnesium oxide cake may remain undissolved if stuck to the upper part of the
tube. Cap and shake tube after adding HC1 until MgO has dissolved completely, then

loosen cap and place tube in boiling water bath.

e Solid residues may carry over between determinations to cross-contaminate samples.

Clean tubes thoroughly between uses using cleaning liquid and brush.
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e An experienced opérator can process four batches in one day. To avoid confusing the
different batches, we use a dual labeling System; for example, "6-291" means that tube
no. 6 in this batch corresponds to sample 291. The single digit number corresponds to
the number permanehtly inscribed on the tubé. This dual label is written on the tape
Ilabel placed on the tube at the end of the procedure, in the notebook, and in the first

stage log sheets.

Reagent blanks usually read about 0.6 ppm, and the blank reading‘détermines the useful
limit of detection, which is approximately 1 ppm. The LOD determined by the sensiti;/ity of the
AAS is approximately 0.2 ppm. While the LOD is moderately large, this method is reliable, and
samples as small as 3mg dry weight to be analyzed, a tremendous convenience when dealing

with difficult to collect insect specimens.
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" APPENDIX E. SODIUM PEROXIDE DECOMPOSITION METHOD

Sodium peroxide is a strong oxidizing agent that can be used both for decomposition of
minerals and oxidation of organic materials. The method described here is normally used for
analysis of selenium in sediments containing less than 3 ppm selenium, but can also be used to

determine higher selenium concentrations.

Equipment and supplies. Laboratory balance. Permanently .labeled zirconium tubes, 1x4
in. Metal tray to hold tubes in furnace. No. 4 rubber stoppers to fit the tubes. A laboratory centri-
fuge with rotor to accommodate the zirconium tubes. A laboratory furnace capable of reaching
500° C. A hot plate. Universal pH paper. Adjustable 5 ml hand held pipettor and tips. Adjustable
5 ml bottle top pipettor. Screw top glass culture tubes 20x125 mm or similar. Facilities to analyze

selenium in water by hydride generator AAS.

Each zirconium tube is made from a 4" long piece of 1" O.D., 0.0625" wall zirconium tube
stock. The bottom of the tube is disk of 0.0625" zirconium sheet welded to that end of the tube.
The tubes are stamped for identification and matched by weight before use. If necessary, the open

end of a tube may be filed to match the weight.

Chemicals needed. Reagent grade sodium peroxide. SN HCL 12N HCL SN NaOH. 2%
solution of ammonium persulfate prepared weekly. Amorphous silica powder prepared by drying

out DuPont Ludox TM colloidal silica sol, then crushing and sieving to S0+ mesh.

Procedure. Preheat the fumace to 510° C. Weigh 0.1 gm sample aliquots into zirconium
tubes and weigh 1.0 gm sodium peroxide directly into tubes along with samples. Matrix blanks
are prepared by loading tubes with 1.0 gm of silica powder. Place zirconium tubes in the mefal
tray and set in furnace for fifteen minutes at 500° C. After rémoving the zirconium tubes frorh the
furnace, allow them to cool, then add 5 mi of distilled or dionized water to each tube to dissolve

the fused cake at the bottom. Allow the bubbling to subside before adding 5 ml of SN HCL Test
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the pH of each solution with the universal pH paper and adjust the pH to 8-10 by adding a few
drops of 5N NaOH as needed. The mildly alkaline condition at pH 10 favors the polymerization
and flocculation of dissolved silica. This is done at this stage to prevent the formation of silica
floc at later steps in the procedure when it may adsorb silica or plug the tubes of the hydride gen-
erator AAS. Place the rubber stoppers in the zirconium tubes and place them in a boiling water
bath for ~ 20 minutes to destroy the remaining peroxide and accelerate the polymerization of sil-
ica. |
Remove the zirconium tubes and allow them to cool before centrifuging them to separate
the silica floc. After the floc has been precipitated, pipette 5 ml of the supematant liquid into one
of the glass culture tubes, add 5 ml of 12N HCl and 0.2 ml of the 2% ammonium peroxide solu-
‘tion, to oxidize any remaining reducing agents and organic selenium compounds. A noticeable
fine silica gel forms at this stage but this does not interfer with the hydride generator AAS. Place
the culture tubes in a boiling water bath for about 10 minutes and, when cool, analyze the con- .
tents for selenium using the hydride generator AAS. For this process 1 ppb of selenium in the

final solutionvanalyzed on the AAS corresponds to 210 ppb selenium in the sediment.

Blanks and cleaning. Zirconium has a tendency to absorb selenium, resulting in high blank
values for tubes that have previously been used to process samples with high selenium concen-
trations. When approximate levels of selenium in samples are known a priori, the simplest and
most reliable technique is to dedicate sets of tubes to samples of certain expected selenium con-
céntration ranges. After long use, the fumace chamber may accumulate enough selenium oxides
to contaminate subsequent samples. This source of contamination may be eliminated by occa-

sionally heating the empty furnace to 1100°C for one hour to drive-off the contaminants.

Since it is not always possible to know in accurately in advance the selenium concentration
of a sample, occasionally a tube may become contaminated. It is then necessary to clean it. The

following methods have been developed:

Sodium peroxide cleaning. This method cleans most thoroughly. Load the tubes to be

cleaned with 1 to 2 grams of sodium peroxide. Place the tube in a preheated furmace at 510° C.
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for 15 minutes. Remove the tube and allow it to c061_ béfore adding distilled water to dissolve the
cake. Place tubes in a sonic bath for 10 minutes and rinse thoroughly with distilled water when
complete. |

Sodium nitrate cleaniﬁg.- Load the tubes to be cleaned one quarter full with a mixture of
three parts potassium 'hydroxid_e_ and one part sodium nitrate. Place the tubes in a furnace -
preheated to 350° C. for 10 m_inutés. After removing the tubes and allowing thém to cool, fill the
tubes with distilled _wéte; and place them in a sonic bath for 10 minutes. Remove and rinse

thoroughly with distilled water.
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APPENDIX F. CARBONATE-NITRATE DECOMPOSITION METHOD

In this method the sample is decomposed by reacting it with a partially molten mixture of
sodium and potassium carbondtes and nitrates. The procedure appropriate for analyzing sedi-
ments is described here, The modifications needed to analyze biological samples are described

at the end of the Section.

Equipment needed. Muffle fumace capable of safely operating at 1000°C. Reaction tubes
of Inconel 600, 1 inch O.D., 4 inches tall, 0.0625" wall. Bottom of tube made from 0.0625"
Inconel sheet welded to the tube. Stainless steel tray suifable for putting tubes in ahd out of the
fumace.‘ Rubber stoppers to fit reaction tubes. Shaker table. Centrifuge configured for 50 rﬁl
tubes. Plastic 50 ml centrifuge tubes. Analytical balanc.e.' Hot plate set up inside a fume hood.
A 1 ml pipettor and tips, a S ml pip'etto.r and tips, a 5 ml glass pipette and rubber pipette bul-b, as
ml bottle-top pipettor, a large asbestos tile (to set hot tray and tubes on), pliers (to take tray in and

out of furnace), sérew-capped culture tubes 20x150 or 25x150 mm, rubber gloves. |

Weigh tubes, and adjust weight By filing edges to closely maich pairs of tubes. Stamp an
identiﬁéation number on each reaction tube. ‘The tubes must be }properly annealed before use.
Anneai tubes overhight in muffle fumace at 700°C to eliminate local stresses from metal.
Without rémoiling tubes from furnace, increase temperature'setting to 950°C, and anneal for one
hour at this temperatﬁre. The second annealing .produces an inert oxide coating which confers
éorrosion resistance. Properly treated, these tubes will survive quite a few runs Before théy fail.

~ Avoid exposing them to strong acids, particularly HCI or HNO,.

Chemicals needed. The composition of the flux is:
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Weight %
NaNO, 10
KNO, 10
Na,CO; 40
K,CO, 40

First weigh and grind the nitrates. Then add the carbonates, mix thoroughly, and grind the
mixture. Dry the mixture overnight at 200°C. Briefly grind and mix the dried mixture and store

it in a tightly sealed container.
Hydrogen peroxide, 30%, reagent grade.‘
Concentrated HCL.
Procedure.‘ Set muffle fumace and allow to stabilize at 700°C.

Process the samples in sets of twelve, including a standard reference material, a blank, and
a duplicate sample in each set. Weigh 0.200g of the dry, pulverized sample into tube. Add 2.0g
of the flux mixture, and mix flux and sample well usihg a clean metal spatula. Load tubes into -
trays and place into muffle furnace. Allow 'to react '20 minutes._ The nitrate salts will fuse, and
paﬁ of ihe}carb(.)nates will dissolve in the nitrate melt. This alkaiine nitrate melt will complétely
decompose and oxidize organic matter in the sediments and dissolve most of the clay. The

fusion reaction converts most (or all) of the selenium in the sample into sodium selenate.

After 20 minutes remove trays with tubes from the furnace. Set them on the asbestos tile
and let them cool for about 15 minutes. Add 20 ml of deionized water to each tube. Plug with
rubber stoppers, and mount on shaker table. Shake 30 minutes or however long it takes> salt cake
to dissolve. Bﬁeﬂy shake stoppered tube by hand to resuspend sediment, and pour confents over
into a 50 ml centrifuge tube. Using glass pipette, slowly add 5 ml c. HCI to each centrifuge tube
to decompose carbonates and dissolve calcium carbonate precipitate. (Overly rapid addition of
the acid using pipettor would cause the liquid to foam and spill.) Allow foaming to subside, then
centrifuge briefly to settle the sediment. Pipette 5 ml of liquid from each tube into a labeled cul-

ture tube. Add 2 ml 30% H,0, and 5 ml c.HCl. The hydrogen peroxide oxidizes residual
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organic matter and elirﬁinates interference by nitrite which may be formed from residual nitrate
in the solution. Loosely cap tubes, and simmer in boiling water bath. Watch the tubes for disap-
pearance of fine bubbles characteristic of H,0, decomposition. Continue heating tubes for 10
minutes after fine bubbles have disappeared. This final reaction reduces selenate to selenite,
which is the foxm that is directly determined by hydride generator - AA. Remove tubes from
bath and allow to cool. Analyze liquid for selenium using hydride generator AA on the same
day. | |

We have in effect taken 0.200g of sample to 61.2 ml of the solution that is actually
analyzed. Volume of 20.0 ml water + 2.0 g flux + 5.0 ml c. HCI = 25.5 ml. Volume of 5.0 ml of
this sotution + 5.0 ml ¢. HCl + 2.0 ml 30% H,0, = 12.0 ml. Dilution factor = 25.5 (12.0/5.0) /0.2
; 61.2/0.2 = 306. Therefore, 1ppb Se in the soluti(;n analyzed corresponds to 0.306 ppm Se in

the dried sediment.

The acid washed solid residue from the fusion reaction consists mostly of quartz with

subordinate felspar and possibly clay, containing very little selenium.

Analysis of biological samples. Pulverized biological samples may also be analyzed in

this manner. In this case, the method is modified as follows:

¢ 50 mg of sample is used (instead of 200 mg) giving a sample:flux ratio of 1:40.

¢ The flux composition is changed to 20% NaNO,, 30% Na,CO,, 20% KNO;, and 30%

K,CO,.

¢ To reduce the problem of high blank readings, two separate sets of Inconel tubes are used

for samples containing Se < 10ppm and Se > 10ppm.
e After the cake is dissolved in water and acidified no precipitate forms and centrifugation
is not necessary.

The doubled concentration of nitrate in the flux increases the risk of rapid reaction and pos-

sible deflagration. While we have never observed deflagration of the sample-flux mixture in our
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laboratory, be aware of the possibility, and exercise necessary precautions.

Blanks and clean-up. The blank reading practically limits the LOD with this method.
Commonly some solid residue remains in the Inconel tube, and should be cleaned out before the
using the tube again. The following technique gives consistent and relatively low blank values.
Add approximately 20 ml deionized water and 2 ml liquid laboratory detergent to each tube -and
boil on the hot plate for approximately ten minutes. Decant liquid and place in ultrasonic clean-
ing bath for about ten minutes, then rinse with D.I. water. The screw-cap of the culture tube may
also carry-over cross contamination with selenium. Boil the caps in water with detergent

between uses.
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