


ABSTRACT

Earlier data showed that the Corcoran
flow-through wetland cells removed 70% of
the total Se mass from the agricultural drain-
age water over a 3-year period. The present
study confirms that the sediment was the
maijor sink for Se removal by the wetland;
about 60% of the total Se mass input was
retained in the sediment. Sediment Se concen-
trations were highest in the top 3-cm layer,
and decreased with increasing sediment
depth. Greater amounts of Se were retained
in sediments that were from vegetated regions
of wetland cells compared to sediments that
were from unvegetated areas. The accumula-
tion of Se in plant materials, including living
shoot and root, and standing and fallen litter,
accounted for less than 2% of the fotal Se
mass input, while Se volatilization removed 2-
5% of the total Se mass from the wetland cells.
Selenium speciation by X-ray absorption
spectroscopy showed that a substantial
proportion of selenate in the drainage water
entering the wetland cells was converted to
reduced chemical forms. Most of the Se in the
surface bulk sediment was in elemental and
organic forms, but in the sediment immediately
surrounding the roots Se was mainly in organic
forms. The Se in the tissues of roots, sediment
invertebrates and fish was mainly in the
organoselenium form. The vegetated wetland
cells were generally more effective in Se
removal than the unvegetated wetland cell;
cattail and saltmarsh bulrush were among the
most competitive plant species in the con-
structed wetland cells, compared to rabbit-
foot grass and saltgrass species.

KEY WORDS: selenium (Se), fate, constructed
wetland, sediment, phytoextraction,
speciation, volatilization

INTRODUCTION

The management of large volumes of
selenium (Se)-contaminated agricultural tile-
drainage water is one of the major environ-
mental issues confronting California agri-
culture. Currently, the contaminated drainage
water is disposed into evaporation ponds/
basins, where it is contained and evaporated.

However, previous studies indicated that such
disposal resulted in elevated concentrations
of Se, As, B, and Mo in the evaporation ponds,
which approached current water quality
criteria for hazardous waste (Ong et al., 1997).
The goal of this research program is to test the
idea that flow-through constructed wetlands
can effectively and safely remove Se from
agricultural drainage water before it is
disposed into evaporation ponds.

The idea for this research came from a
study carried out at the Chevron Water
Enhancement Wetland at Richmond,
California; in this study, the flow-through
constructed wetland was shown to remove
89% of the Se from selenite-contaminated oil
refinery effluent (Hansen et al., 1998). The
success of the Chevron wetland study led to a
proposal made to the UC Salinity/Drainage
Task Force to evaluate the use of constructed
wetlands to remove Se from agricultural
drainage water. As a result, a pilot flow-
through wetland project was developed to
determine the efficiency of various wetland
plant systems (e.g., mono- and mixed-cultures
of different wetland plant species) for Se
remediation. Ten wetland cells were built in
May 1996 at Corcoran, California, and nine
wetland cells were vegetated; the unvege-
tated cell was used as control. The monthly-
monitoring program began in May 1997, and
continued through December 1999. Measure-
ments were made of Se concentrations in the
influent and effluent surface waters, sediment
pore water, sediments and plant tissues, plant
population densities and biomass, Se volatiliza-
tion, the total carbon in sediment, and
microbial biomass in sediment. In addition,
measurements were made of some important
physicochemical properties of surface waters,
including water pH, electrical conductivity
(EC), dissolved oxygen (DO), and temperature
in the wetland cells.

Although our previous research at
Corcoran has shown that constructed wet-
lands removed significant amounts of Se from
the agricultural tile-drainage water (Terry,
1998, Terry, 1999, Lin and Terry, 2000), there are
some uncertainties or questions that need to
be elucidated and answered. For example, to
better evaluate the performance of the flow-
through wetland treatment system, an
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accurate Se mass balance model needs to be
developed for the wetland treatment system.
It is important that we obtain an accurate
determination of the accumulation of Se in the
“bulk” sediments and deposition of Se in local-
ized regions of the sediments, such as rhizosphere
region or the surface of sediment in association
with fallen litter or organic detritus layers, in
which Se might be accumulated in amounts
sufficient to provide a significant component
of the mass balance for Se removal. In order to
answer these questions, and in collaboration
with scientists from University of California at
Davis (Tanji Lab), a study was carried out in the
September 2000 to achieve a complete assess-
ment of the partitioning of Se in the wetland.
In addi-fion, Se was speciated using high energy
X-ray absorption spectroscopy to provide
insights info the mechanism of Se immobilization
and deposition in the sediments, as well as the
potential ecotoxic risks to wildlife associated
with Se accumulation in the wetland ecosystem.
Thus, the objectives of this study were 1) to
develop a mass balance for Se in selected
wetland cells, with special emphasis on the
compartmentalization of Se in the sediments
and accumulation in plant materials of standing
and fallen litter and detritus organic layer; 2) to
explore the mechanism of Se retention in sedi-
ments of vegetated wetland cells; and 3) fo
identify major chemical forms of Se in the wet-
land ecosystem, including sediment, plant
materials, and invertebrates.

MATERIALS AND METHODS
CONSTRUCTED WETLAND

Ten unlined wetland cells were constructed
in 1996, each measuring 15 m wide and 77 m
long (approximately 0.29 acres per wetland
cell). Eight cells were constructed to have a
constant water depth of 30 cm, and the remain-
ing wetland cells (Cells 8 and 9) had variable
water depths of 30 fo 60 cm. The wetland
inlets consisted of a 5-cm PVC irrigation pipe
with a PVC butterfly control valve and a 5-cm
impeller flow meter installed inside the inlet
pipe to regulate and monitor inlet water-flow.
Each wetland outlet consisted of a 25-cm
galvanized metal pipe with a measured v-
notch werr. Tile-drainage water was pumped
from a central collection basin under relatively
constant pressure via a submerged pump to

all wetland cell inlets. Initially the residence
time was low and variable (i.e., ranging from
1.5 to 10.0 days) due to low water depths in
some cells and fast water flow rates in other
cells. The residence time was adjusted for all
wetland cells on August 1997, by increasing
water depth, to achieve a residence time of 5
to 7 days on all cells except for Cells 8 and 9,
which had an average residence time of 21
days, and for Cell 10 with a residence fime of
14 days.

The 10-wetland cells were tilled and fertil-
ized with 16-16-16 type granular ferfilizer at a
rate of approximately 100 Ib. per acre. The
wetland cells were then flooded, and frans-
plants of cattail (Typha latifolia L.) (Cells 7 and
10), baltic rush (Juncus balticus Willd) (Cell 2),
cordgrass (Spartina alternifolia Loisel) (Cell 4)
and saltgrass (Distichlis spicata (L.) Greene)
(Cell 6) were planted by hand into the cells at
a plant spacing of 50 to 100 cm depending on
the plant type. Saltmarsh bulrush (Scirpus
robustus Pursh) (Cell 1) and rabbitfoot grass
(Polypogon monspeliensis (L.) Desf.) (Cell 5)
were planted from seeds. Monotypic stands of
individual wetland plant species were planted
in all vegetated wetland cells, exceptin Cells 8
and 9. Cell 8 had a combination of saltmarsh
bulrush and widgeon grass (Ruppia maritime
L.), and Cell 9 contained cattail, widgeon
grass, and tule (Scirpus lacustris L.). Cell 3
remained unplanted as a conftrol. The soil was
classified as a Westcamp loam (a fine-silty,
mixed, calcareous, thermic Typic Endoaquepts).

SAMPLING STRATEGY

The sampling and in sifu measurements
began in May 1997, about 10 months after the
wetland was initially vegetated in June 1996
and continued until December 1999. Further
details of the sampling strategy are given
previously (Terry, 1998). Briefly, monthly measure-
mentsincluded in-field physical-chemicall
measurements of water pH, EC, DO, and
temperature. Sampling also included whole
plant (root and shoot) grab samples, sediment
profiles (0-15 cm depth), inlet and outlet water
samples, and sediment pore water (0-10 cm)
samples. All samples were transported and
stored at 4 °C until analyzed for Se. The above-
ground plant biomass was determined
seasonally over three randomly selected 0.25
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m? areas in each cell by the harvesting method
(Cheremisinoff et al., 1980), while the under-
ground root biomass was estimated by the
ratio of shoot biomass to root biomass of the
plant species.

In September 2000, 4 years after the wet-
land’s inception, a special effort was made fo
perform a complete characterization of the
wetland. The results from this sampling will
allow a complete mass partitioning of the Se
in the wetland system to be determined. For
the biomass measurements, five sampling
areas (0.5 m?) were randomly assigned for
each vegetated wetland cell. All above-
ground shoots, standing litter and fallen litter
were collected in each of these sampling
areas, and the fresh weight and dry weight
were recorded. The plant coverage was
determined for each plant species (planted or
invaded) in each wetland cell using a 2 x 2-m
grid-map. At least 5 samples of each sample
type (e.g. living shoots and roots, and stand-
ing and fallen litter) from each cell were
brought back to the laboratory for total Se
analysis. Additionally, five sediment cores were
collected from Cells 2 (baltic rush cell), 3
(unvegetated confrol cell), and 5 (rabbitfoot
grass and invasive cattail cell), respectively.
The cores included plant material and any
overlying layers of detritus and organic material.
Rhizosphere sediment attached to plant roofs
was also collected. These sediment core
samples were collected in order to determine
the accumulation of Se in localized areas of
the wetland sediments, such as rhizosphere
sediments and detritus layers on the surface of
sediments.

COLLECTION OF SEDIMENT AND PLANT SAMPLES
AND TOTAL SE ANALYSIS

Sediments (0-25 cm depth) were collected
with a sediment core sampler equipped with a
replaceable butyrate liner (30cm Lx 5cm D).
The thin-walled probe was inserted into the
sediment beyond the desired depth. The probe
was then removed from the sediment, and the
liner was removed from the probe and capped.
The cores were then brought back to the lab
with dry ice, and frozen at =20 °C. After
defrosting, the cores were sectioned info the
following layers: deftrital or sediment organic
layer (0-3 cm), mixed/transition layer (3-5 cm)

for the top 5-cm, and then every 5-cm up to a
depth of 25 cm. Sub-samples (1-g) of each
layer were kept frozen at —-80°C for XAS analysis
(discussed below). Samples were air-dried and
ground to fine powder. Sediment samples were
acid-digested with HNO,/H,O,/HCl according
to EPA method 3050B (USEPA, 1996), followed
by Se measurements with AAS-hydride genera-
fion in adherence to Varian's procedure for
the VGA-77 vapor generator.

Whole plants were removed using a spade.
During the growing season, plant samples
consisted of aboveground green shooft (leaf
and stem) and root tissues. During the fall and
winter months, dead plant litter (standing and
fallen litter) was collected along with root
samples. Dry weights of shoots and roots were
recorded for seasonal biomass measurements.
After roots were rinsed on-site fo remove sedi-
ments, all plant samples were placed in Ziploc
bags. Wetland plant samples were dried at
60°C, and ground in a Wiley Mill fo pass a 0.43-
mm mesh screen. Ground samples were acid-
digested with HNO,/H,O,/HClI according fo
EPA method 3050B (USEPA, 1996), followed by
Se measurements with AAS-hydride generation
following Varian's procedure for the VGA-77
vapor generator.

MEASUREMENT OF SELENIUM VOLATILIZATION

To measure Se volatilization in the wetland
cells, Plexiglas chamber systems were set up in
the wetland. The sampling chamber enclosed
a ground surface area of 0.5m? (0.71x 0.71-m),
and a total internal volume of 0.38 m3 or 0.75
m? (for cattail plants). A complete description
of chamber design and calibration is given
elsewhere by Lin ef al. (1999). Volatile Se was
collected by pulling air under suction from the
Plexiglas chamber through the charcoal filters
with a vacuum pump, which allowed an air
outflow rate of 0.85 m*h! from the chamber.
Sun canopies (EZ Up DOME) were used to shade
chambers from direct sunlight in the field. The
sun canopy shading helped reduce the tem-
perature buildup inside the chamber due to
high air temperature in the San Joaquin Valley
in the summer.

On a monthly basis, the Se volatilization
measurement was conducted in each cell
over 24 hours. The open-bottom chambers
were inserted 3-5 cm info the sediment,
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thereby sealing off the sampling area from the
surrounding weftland. At the end of the collec-
tion period, charcoal filters were collected
from the chambers, placed into Ziploc bags,
labeled, and stored in a cooler at 4 °C. To
analyze volatfile Se from the charcoal trap
material, the Se-containing charcoal filters were
weighed and cut into sub-samples. The sub-
samples were then placed into labeled 500 ml
Nalgene bottles. The charcoal filter sub-samples
were immersed in 200 ml of extraction solution
(160 ml 0.05 M NaOH + 40 ml 30% H,0,). After
extraction for two days, the extraction solution
was filtered with 1 mm filters. H,O, was added
to the aliquots, and then boiled off at 21°C for
30 min. Selenium in the sample was then
reduced by adding equal volume of concen-
trated HCI and heating at 21°C for 30 min.
Total Se was determined by AAS with hydride
generation following the Varian's procedure. A
detailed description on analysis of the volatile
Se samples was reported previously by Lin et al.
(1999).

TOTAL CARBON IN SEDIMENTS

Measurements of total carbon in sediments
were primarily focused on the top 5-cm depth.
Sub-samples of air-dried sediments were ground
to a very fine powder, and 50 mg of sediment
was weighed on a balance with 1-mg accu-
racy. The sediment samples were wrapped in a
tin capsule and flash-combusted using a Carlo-
Erba NC 2100 analyzer equipped with a mass
spectrometer to determine total percent
carbon content.

SELENIUM SPECIATION BY HIGH ENERGY X-RAY
ABSORPTION SPECTROSCOPY (XAS)

The XAS analysis was conducted at beam
line 4-3 at the Stanford Synchrotron Radiation
Laboratory (SSRL). Sediment and plant samples
were frozen with dry ice immediately after
collection in wetlands. Plant shoots and roots
were rinsed in deionized distilled water, frozen
in liquid nitrogen, and then ground to a fine
texture and stored at -80°C. Samples were care-
fully packed into Lucite sample holders with a
2-mm path length and sealed with mylar tape.

Samples were placed in a sample chamber
at a 45° angle to the X-ray beam and were
maintained at 15K in a flowing liquid helium
cryostat. The source electron energy was about

3.0 GeV with a current ranging from 70 to 100
mA. A Si (220) double crystal monochromator
was used, with 50% detuning for harmonic
rejection, and positioned with a 1-mm
enfrance slit that produced a beam of about
1 eV band width. A Canberra 13 element
Germanium X-ray fluorescence detector was
used to increase X-ray resolution. Fluorescent X-
ray spectra were obtained by a series of
replicate scans for samples and for appropriate
standard reference materials (Pickering et al.,
1995). The energy was calibrated with the
spectrum of hexagonal Se(0). Data were
collected and analyzed using the program
suites XAS-Collect (George, 2000) and EXAFSPAK
(http://www-ssrl.slac.stanford.edu/exafspak.
html), respectively.

Quantitative analysis was carried out using
an edge-fitting method (Pickering et al. 1995),
in which the normalized edge spectrum of a
sample containing unknown Se species was fit
to a linear combination of the spectra of
standard Se compounds by using a least-
squares minimization procedure. The fractional
contribution of a standard spectrum to the fit
was equivalent to the fractional abundance
of Se in that chemical species in a sample. In
the present work, spectra were fit to 10 mM
solutions of selenate, selenite, selenomethionine
(SeMet), and selenocysteine (SeCys), chosen to
be representative of potential Se species
present (Pickering et al. 1999). It is important to
note that the use of selenocysteine in a fit does
not necessarily quantify this particular compound,
but rather aliphatic diselenides in general. The
precision of the determined fractional abun-
dances of Se chemical species are three times
the estimated standard deviations, calculated
from the diagonal elements of the variance-
covariance matrix, and are equivalent to the
95% confidence limits. The accuracy of the
values obtained depend upon the degree of
similarity between the standard spectra
chosen and their counterparts in the plant
spectra, and are generally larger than the
precisions.

MASS BALANCE OF SE

A conceptual model of Se mass balance
for a flow-through constructed wetland is
illustrated in Figure 1. Expressing the total Se
mass partitioned in different components as a
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plants (i.e., rhizosphere region) compared to
the bulk sediment at the same depth of
unvegetated regions of the wetland cell.
Thirdly, Se concentration in the sediments
increased with fime as the wetland cells
matured. As the wetland matured from 1997
to 2000, sediment Se concentrations increased
from 0.5 (background level) to 5 mg kg™, with
most of increase occurring during the last two
years (Fig. 4). Of the Se accumulated in the
sediment and plant systems, most was retained
in the top 3-cm layer of the sediment (i.e.,
about 59% of the Se flowing into the wetland
cells), followed by about 15% in the 3-5 cm and
the 5-10 cm layer, respectively. This finding
agrees with other observations, showing that
the Se concentration decreased with increasing
depth of sediment in this wetland (Gao et al.,
2000), as well as in other wetlands (Zhang and
Moore, 1996). Additionally, our study showed
that root zone sediment accumulated from 2-
to 5-fold more Se than the bulk sediment at
the same depth in an unvegetated area (Fig.
5, Fig. é).

Several mechanisms may account for the
retention of Se from the water column to the
surface sediments. These include various
physical-chemical and biological processes
(Bowie et al., 1996): 1) the precipitation of Se-
associated particulates from water to the
sediment, 2) the reduction of soluble selenate
to less soluble chemical forms, and 3) the
decay of Se-laden biological materials and
their transfer to the surface sediment. Selenium
can be sorbed onto suspended particulate
matter (both mineral and organic) that flows
info the wetland. As the water filters through
the wetland, the particles will settle on the
sediment surface. This has been shown to be
the major input of Se to sediments in two
wetlands located in the San Francisco Bay in
California (Zawislanski et al., 2001). Selenium
solubility is lowest under reducing conditions
and highest under oxidizing conditions
(Masscheleyn et al., 1991). Selenate can be
reduced to selenite (SeO,*) biologically or
chemically under moderately reducing
condifions (Tokunaga et al., 1996). Selenite is
strongly adsorbed onto surfaces of common
soil minerals and organic matter (Christensen
et al., 1989). Our results showed that about 10
to 20% of the Se retained in the surface
sediments was present as selenite. Selenate

can also be reduced to organic Se (e.g.
selenomethionine) or to elemental Se through
both chemical and biological mechanisms
(Frankenberger and Karlson, 1994; Myneni et
al., 1997). Insoluble elemental Se will be
precipitated info the surface sediments. It has
been proposed that the dissimilatory reduction
of selenate to elemental Se carried out by
microbes is the major process for the selenate
removal from waters and retention in the
surface sediments (Zhang and Moore, 1997;
Steinberg and Oremland, 1990; Weres et al.,
1989; Tokunaga et al., 1998). Our results were
consistent with those early observations,
showing that nearly half of the total Se was
present largely in the elemental form in the top
2-cm layer of sediment.

The decomposition of algae, bacteria, or
plant materials containing high levels of Se on
the surface of sediment will also contribute to
the large proportion of Se mass retained in the
surface sediment. Gustafsson and Johnsson
(1992) reported that higher Se retention in the
top sediment layer was associated with high
organic maftter in the sediment. A correlation
between the Se distribution and the sediment
organic matter content was also observed at
Kesterson Reservoir by Tokunaga et al. (1991).
The organic maftter in the surface sediments
results from the decay of many different types
of organism including plants, algae, bacteria
and invertebrates. Our analysis of total carbon
in the sediments showed that the total carbon
content was highest in the fop 3-cm sediment
and increased with time as the wetland
became mature (Figs. 11 and 12). A similar
distribution pattern or temporal increase in
total carbon content as the one in Se
accumulation in sediments supports those
previous findings that organic matteris a
significant factor affecting Se accumulation
and distribution in the wetland sediment.

POTENTIAL ECOTOXICITY OF SE SPECIES IN THE
WETLAND ECOSYSTEM

The ecotoxicity of Se is determined by the
bioaccumulation of Se and its biotransforma-
tion as it passes through the food chain
(Skorupa and Ohlendorf, 1991). The protein-
bound forms of Se are generally considered o
be more toxic, particularly concerning chronic
toxicity, than free selenoamino acids (USEPA,
1998; Fan et al., 1998). At prevailing environ-
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mental concenfrations, dissolved selenate and
selenite are only moderately toxic to aquatic
organisms (Lemly, 1985). Organoselenium forms
on the other hand, particularly selenomethionine
(SeMet), are much more toxic within the food
chain, despite their lower concentrations in
water and soil (Hoffman and Heinz, 1988;
USEPA, 1998). While plants and microorganisms
may fake up Se directly from the soil or water,
most organisms at higher trophic levels, such
as birds, obtain most of their Se from organ-
isms containing protfein-bound Se. Fairly high
concentrations of Se were found in the Corcoran
wetland study. Selenium concentrations in
living plant fissues were generally less than 5
mg kg, except in rabbitfoot grass roots where
the maximum concentration reached up to 25
mg kg (one sample only, Fall 2000). In addi-
tion, high levels of Se were found in plant
fallen litter (10-17 mg kg') and in the top 3-cm
of sediment (8-15 mg kg'). Our XAS study
showed that most of the accumulated Se in
rabbitfoot grass roots (about 75%) and fallen
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