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Abstract. Selenium, a potentially toxic trace element, is present in coal fly ash and is accumulated by
plants growing on ash landfills. Application of gypsum (CaSO4·2H2O) can reduce Se accumulation.
The persistence of this effect and the efficacy of repeated gypsum applications were investigated in
forbs and grasses on a soil-capped, fly ash landfill near Lansing, New York. Gypsum was applied
as a top-dressing at a rate of 0 or 11.2 t ha−1 in 1990 to three plots, and one-half of each of
these plots received an additional top dressing of gypsum at 11.2 t ha−1 in 1991, producing four
treatments – no gypsum, gypsum only in 1990, gypsum only in 1991, and gypsum in both years.
Vegetation was harvested in July and October of 1991 and in July of 1992 and analyzed for Se,
S, and Ca. Application of gypsum: (1) decreased Se accumulation by forbs and grasses harvested
later in the season; (2) decreased Se accumulation in a subsequent year; (3) produced no further
decrease when reapplied in a second year; and (4) did not decrease Se accumulation two years after a
single application. The decrease in Se accumulation was not due to dilution caused by S fertilization.
Variation in Se accumulation was not explained by variation in the pH and Se concentration of the
soil and ash.
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1. Introduction

Selenium (Se) is an essential element in animal nutrition but it can also cause
chronic toxicity at dietary concentrations greater than 3 to 20µg g−1 (Ohlendorf,
1989). Some species of plants can accumulate more than 3µg g−1 of Se when
grown on fly ash landfills or in soils amended with fly ash (Tolle and Arthur,
1983; Weinsteinet al., 1989). Techniques for reducing Se uptake by vegetation
may be useful for the management of fly ash landfills and other locations where
plants accumulate Se. Selenium uptake is influenced by edaphic factors including
pH, Eh, soil structure, and the presence of ions such as selenate (Mikkelsenet
al., 1989). It has long been known that sulfate ions can compete with selenate
ions for uptake by roots, in that the presence of sulfate salts may decrease the
uptake and accumulation of Se by plants (Leggett and Epstein, 1956). Application
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of sulfur in the form of gypsum (CaSO4·2H2O) can reduce the accumulation of Se
by several plant species (Arthuret al., 1992a, b, 1993). If such a technique is to
be practical, it must be effective for years or decades since a constant source of Se
is present in the ash. The only previous multi-year investigation of this technique
examined alfalfa, which was planted as an agricultural crop (Arthuret al., 1993).
Because the effect of S addition on Se accumulation varies among species (Davies
and Watkinson, 1966), we undertook the current study to examine several plant
species in the permanent vegetation cover on a fly ash landfill. Specifically, we
investigated whether gypsum application can decrease Se uptake by pasture species
beyond the current growing season, and whether additional applications further
reduce Se accumulation. Additionally, we examined whether the variability in Se
uptake previously observed on the landfill could be explained by spatial variations
in the pH and Se concentration of the underlying soil and fly ash.

2. Methods

2.1. STUDY SITE

The study was conducted on a coal fly ash landfill which had been in operation
from 1976 to 1978 in the Town of Lansing, New York. Upon its completion, the
landfill contained approximately 17 m of fly ash and was covered by 45 to 60 cm
of soil that had been seeded with a mixture of pasture species. The fly ash was
produced from a nearby power plant and derived from coal mined primarily in
Pennsylvania.

2.2. EXPERIMENTAL DESIGN

Twelve plots (each 3.05×3.05 m) were laid out on the landfill in three columns
(north-south) and four rows (east-west) with 2.4 m buffer strips between them. On
6 July 1990, gypsum was applied as a top-dressing at a rate of 0, 5.6, 11.2, or 16.8 t
ha−1; each rate was applied to three randomly selected plots, which resulted in a
one-way layout of four treatments in a completely randomized design. On 18 April
1991, each of the plots that had received either 0 or 11.2 t ha−1 in 1990 was divided
in half, and one half-plot in each of these plots was randomly selected to receive
an additional top dressing of gypsum at 11.2 t ha−1. This resulted in four gypsum
treatments – none, 11.2 t ha−1 only in 1990, 11.2 t ha−1 only in 1991, and 11.2 t
ha−1 both in 1990 and in 1991 – and a split-unit experimental design with replicate
plots arranged in a completely randomized design. The rates of 0 and 11.2 t ha−1

were selected because Se uptake by bird’s-foot trefoil (Lotus corniculatusL.) in
1990 was significantly less in the plots that had received gypsum and there was
no significant difference in response among the three rates of 5.6, 11.2, and 16.8 t
ha−1 (Arthur et al., 1992b).
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2.3. SAMPLING

In 1991, vegetation was harvested three times during the growing season (10 June,
25 July, and 7 October). Vegetation was clipped 5 cm above the soil surface from
two randomly selected quadrats (each 30× 60 cm) within each half-plot, and the
material from the two quadrats was combined into a single sample and then sorted
by species into four sub-samples: bird’s-foot trefoil, bitterweed (Picris hieracioides
L.), wild carrot (Daucus carotaL.), and mixed grasses, of which the predominant
species were brome grass (Bromus inermisLeyss.), orchard grass (Dactylis glom-
erataL.), and timothy (Phleum pratenseL.). Not all species were sampled at each
harvest because of differences in the phenology of growth and senescence among
plant species. Different quadrats within a half-plot were used for each harvest in
1991 and each quadrat was cut only once.

In 1992, sampling was limited to mixed grasses and bird’s-foot trefoil, the most
commonly occurring legume. A single harvest date (8 July) appropriate for these
species was selected.

Samples of soil and fly ash were obtained (from 11 to 30 September 1992) with
a standard stainless steel corer from the center of each quadrat within a plot or
half-plot where vegetation had been harvested in 1992. The soil was taken from
two strata (0 to 10 cm and 30 to 45 cm below the surface) and the fly ash was taken
from just below the soil-ash interface (approx. 50 to 60 cm).

2.4. ANALYTICAL PROCEDURES

All samples of vegetation, soil, and fly ash were dried to a constant weight at 40◦C
– low enough to avert the loss of selenium (Se) through volatilization (Fourie and
Peisach, 1977). The samples of vegetation were weighed and then ground in a
stainless steel mill to pass a 1 mm sieve. The samples of soil were ground in a
mortar and pestle and then passed through a 2 mm sieve.

The pH of soil or fly ash was measured by mixing 5 g of a sample with 5 mL
of deionized water, shaking the mixture for 10 min, allowing it to stand for 1 hr,
and then inserting a standard glass electrode into the supernatant liquid (Corning
flat-surface combination electrode No. 476550 connected to a Markson Model 800-
528-5114 pH meter).

2.5. SELENIUM

Samples (0.2 g) of vegetation, soil, or fly ash were analyzed for Se by the di-
aminonaphthalene fluorometric method (Olson, 1969). One or two blind samples
of an internal standard reference material or of a National Institute of Standards
and Technology (NIST) certified reference material were included in each batch
of 12 samples analyzed – constituting a total of 10% of all samples. Two internal
reference materials were used with samples of vegetation: one was a mixture of
clover and orchard grass harvested from the landfill in 1988 (0.53±0.03µg g−1)
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and the other was alfalfa harvested from the landfill in 1990 (2.92±0.06µg g−1).
A rice flour certified reference material (NIST 1568a) was used periodically, and
the observed mean concentrations both in 1991 (0.36±0.01µg g−1) and in 1992
(0.35±0.00µg g−1) were within the certified range (0.38±0.04µg g−1). A coal
fly ash certified reference material (NIST 1633a) was used with samples of soil
and fly ash, and the observed mean concentration (9.3±0.1µg g−1) was less than
the certified value (10.3±0.6µg g−1). Analysis of 6 replicates (in 5 batches) of a
single soil sample showed values of 0.37±0.05. The precision of the analysis of
replicate samples of vegetation is indicated by the standard deviation values of the
internal standards presented above.

2.6. SULFUR AND CALCIUM

For the analysis of sulfur (S) and calcium (Ca), samples were wet-ashed in a
mixture of nitric and perchloric acid (HNO3 and HClO4) at 180 to 200◦C for
2 hr. After the digest had cooled, 37% hydrochloric acid (HCl) was added and
the samples were analyzed with a Jarrell Ash inductively-coupled argon plasma
emission spectrometer (ICP). Certified reference materials were included as blind
samples in all batches. In the analyses of samples of vegetation, the NIST rice
flour reference material (used in 1991) gave an observed mean concentration for S
of 1.11±0.02 mg g−1 (less than the certified value of 1.20±0.02 mg g−1) and for
Ca of 0.174±0.028 mg g−1 (greater than the certified value of 0.118±0.006 mg
g−1). Analyses of the citrus leaf reference material (NIST 1572) in 1992 gave
an observed mean concentration for S of 3.75±0.14 mg g−1 (less than the certi-
fied value of 4.07±0.09 mg g−1) and for Ca of 30.7±0.9 mg g−1 (close to the
certified value of 31.5±1.0 mg g−1). Analyses of the NIST fly ash reference ma-
terial (with samples of soil and fly ash) yielded observed mean concentrations of:
for S, 1.9±0.0 mg g−1 (close to the non-certified value of 1.8 mg g−1); for Ca,
4.8±0.1 mg g−1 (less than the certified value of 11.1±0.1 mg g−1).

2.7. STATISTICAL ANALYSES

The data were analyzed by the General Linear Model Procedure in SAS (SAS In-
stitute Inc., 1985) using a model statement and F-tests appropriate for the split-plot
experimental design. For all dependent variables, main effects and contrasts were
evaluated atα = 0.05, whereas interactions were evaluated atα = 0.10. Unequal
variance t-tests were employed to examine the effects of gypsum on the elemen-
tal composition of soil and vegetation. Two-tailed tests were used to determine
whether gypsum altered the concentration of Se in the soil or fly ash. One-tailed
tests were used for the concentrations of S and Ca in soil, fly ash, and plant tis-
sues and for the concentration of Se in plants (with the respective null hypotheses
that gypsum would not increase the concentrations of S or Ca, nor decrease the
concentration of Se).
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TABLE I

The concentration of selenium in plants harvested from the fly ash landfill in 1991 and 1992. Four
gypsum treatments were applied; each treatment consisted of a combination of either 0 or 11.2 t
gypsum ha−1 applied in 1990 or 1991

Element Time of Mean for treatment Standard Significance of

Species harvest Year gypsum applied errora gypsum inb

Neither 1990 1991 Both 1990 1991

(µg g−1)

Bitterweed June 1991 0.97 0.56 0.66 0.40 0.16 0.090 0.108

July 1991 1.46 0.67 1.00 0.42 0.14 0.043 0.030

Wild carrot July 1991 1.03 0.41 0.45 0.43 0.41 0.003 0.308

Mixed grasses June 1991 0.59 0.32 0.27 0.21 0.07 0.150 0.016

July 1991 1.12 0.56 0.28 0.30 0.16 0.161 0.018

July 1992 0.55 0.65 0.09 0.13 0.23 0.383 0.049

Bird’s-foot July 1991 1.89 0.72 1.26 0.44 0.56 0.010 0.229

trefoil Oct. 1991 1.24 0.54 0.97 0.34 0.09 0.008 0.030

July 1992 1.58 0.85 0.42 0.23 0.31 0.089 0.022

a Based on pooled sub-plot variance within treatments.
b Probability of a greater value for the t-statistic derived from a contrast in the ANOVA (one-tailed
test).

Correlation analysis was used to test for association between the concentrations
of each pair of elements within the plant; this procedure was repeated for each
soil and ash stratum. Similarly, for each element, pairwise comparisons were made
to test for associations between the concentration in the plant, soil strata, and fly
ash. Partial correlations were used to test associations of the response variates after
accounting for the effects of the gypsum treatments.

3. Results

3.1. VEGETATION

3.1.1. Selenium
The effect of gypsum on the concentration of Se in the shoots of forbs and grasses
in 1991 and in 1992 (Table I) depended on the species of plant, year of application,
time of harvest, and time elapsed after application.

In the mixed grasses, there was no significant effect of the application of gyp-
sum in 1990 on the concentration of Se in 1991 or 1992, but application of gypsum
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in 1991 significantly decreased the concentration of Se in both harvests (June and
July) of 1991 and in the harvest of 1992.

In bird’s-foot trefoil, on the other hand, the application of gypsum in 1990
significantly reduced the concentration of Se in both harvests (July and October)
of 1991, and there was an indication that it decreased the concentration of Se in
1992, but this effect was not significant. The application of gypsum in 1991 had
no significant effect on the concentration of Se in the harvest of July 1991 but
significantly decreased the concentration of Se in the harvest of October 1991 and
in the 1992 harvest.

In bitterweed, there was no significant effect of the application of gypsum (in
1990 or 1991) in the harvest of June 1991, but gypsum applied in 1990 or 1991
significantly decreased the concentration of Se in the harvest of July 1991. In wild
carrot, gypsum applied in 1990 significantly decreased the concentration of Se, but
gypsum applied in 1991 had no effect in July of 1991.

Two kinds of comparisons were made of individual treatments. First, for those
plots that received gypsum in 1990, we compared plots that received gypsum again
in 1991 with those that did not. A second year of gypsum application did not pro-
duce a further, significant decrease in the accumulation of Se by any plant species
for any harvest in either 1991 or 1992. The second comparison was made between
plots that received gypsum only in 1990 and those that received gypsum only in
1991. A lack of significant differences for this comparison in 1991 indicated that
the effect of gypsum application persisted from one year to the next.

Whether gypsum affected the growth of plants could not be tested directly ow-
ing to the variable distribution of the species among the plots. An indirect test was
made by determining whether the total amount of Se in above-ground vegetation
per unit of ground area in the 1991 harvests was altered by gypsum treatments. The
application of gypsum in 1990 or in 1991 did not significantly decrease the total
amount of Se accumulated in the harvest of June 1991; however, both applications
significantly reduced the total amount of Se accumulated in the harvest of July 1991
(p = 0.025 for 1990 and p = 0.053 for 1991). The total amount of Se in vegetation
was greatest in the plots that had never received any gypsum. Equivalent estimates
were not made for the harvest of October 1991 or of July 1992 because all species
except bird’s-foot trefoil were senescent in the former and only bird’s-foot trefoil
and mixed grasses were collected in the latter.

In 1992, we tested whether the concentration of Se in plants was correlated with
that in the underlying soil. There was weak evidence of such a correlation for both
mixed grasses (r = 0.818, p = 0.091) and bird’s-foot trefoil (r = 0.832, p = 0.081)
in only the uppermost layer of soil.

3.1.2. Sulfur and Calcium
Application of gypsum in 1990 produced an increase in the mean concentration of
S for all species and harvests in 1991 but had no statistically significant effect in
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TABLE II

The concentration of sulfur in plants harvested from the fly ash landfill in 1991 and 1992. Four
gypsum treatments were applied; each treatment consisted of a combination of either 0 or 11.2 t
gypsum ha−1 applied in 1990 or 1991

Element Time of Mean for treatment Standard Significance of

Species harvest Year gypsum applied errora gypsum inb

Neither 1990 1991 Both 1990 1991

(mg g−1)

Bitterweed July 1991 3.6 6.9 6.6 7.8 0.8 0.001 0.035

Wild carrot July 1991 3.4 3.7 8.3 4.7 0.3 0.490 0.021

Mixed grasses June 1991 1.8 3.2 2.9 2.9 0.1 0.421 0.001

July 1991 2.5 4.2 4.6 4.2 0.3 0.04c

July 1992 1.7 1.6 2.6 2.6 0.1 0.484 0.001

Bird’s-foot July 1991 2.2 3.3 3.6 4.5 0.2 0.040 0.002

trefoil Oct. 1991 1.9 2.5 5.1 4.5 0.3 0.476 0.001

July 1992 1.3 1.5 2.3 2.2 0.1 0.499 0.000

a Based on pooled sub-plot variance within treatments.
b Probability of a greater value for the t-statistic derived from a contrast in the ANOVA (one-tailed
test).
c Probability of a greater value for the F-statistic for an interactive effect of gypsum application in
the two years.

1992 (Table II). Application of gypsum in 1991 produced a significant increase in
the concentration of S in the shoots of plants both in 1991 and in 1992 (Table II).

Although the applications of gypsum resulted in an increased concentration of
S and a decreased concentration of Se in shoots, there were no significant correla-
tions between S and Se in the shoots of any species (after adjustment for gypsum
treatments) except for a negative correlation in mixed grasses in 1992 (r = –0.914,
p = 0.030).

Application of gypsum did not consistently increase the mean concentration of
Ca in vegetation.

3.2. SOIL AND FLY ASH

In the plots that had not received gypsum, the concentration of Se was significantly
higher in the ash than in the lower soil stratum (p = 0.003), but did not differ
significantly between the ash and the upper soil stratum (p = 0.095). Although the
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TABLE III

The pH and the concentrations of selenium (Se), sulfur (S), and calcium (Ca) in samples of fly
ash and soil obtained from the landfill in 1992 with reference to the application of gypsum at
11.2 t ha−1 in 1990 or 1991

Analyte Stratuma Mean for treatment Standard Significance of

Year gypsum applied errorb gypsum inc

Neither 1990 1991 Both 1990 1991

(pH)

pH Upper soil 7.51 7.57 7.50 7.50 0.10 0.838 0.710

Lower soil 7.89 7.92 7.75 7.82 0.04 0.340 0.046

Fly ash 7.96 7.86 7.70 7.77 0.03 0.053d

(µg g−1)

Se Upper soil 1.65 3.77 0.83 2.68 0.57 0.409 0.170

Lower soil 0.48 1.64 0.37 1.25 0.14 0.273 0.149

Fly ash 3.77 4.10 3.98 3.47 0.16 0.061d

(mg g−1)

S Upper soil 0.50 0.53 0.55 0.57 0.0 0.305 0.076

Lower soil 0.39 0.43 0.46 0.47 0.0 0.209 0.045

Fly ash 0.32 0.32 0.37 0.37 0.0 0.472 0.036

(%)

Ca Upper soil 0.82 1.19 1.85 0.78 0.51 0.345 0.286

Lower soil 1.74 2.17 1.70 1.59 0.27 0.384 0.154

Fly ash 0.25 0.33 0.33 0.38 0.03 0.270 0.067

a Fly ash was taken immediately below the soil-ash interface; soil was sampled 0 to 15 cm and
30 to 45 cm below the soil surface.
b Based on pooled sub-plot variance within treatments.
c Probability of a greater value for the t-statistic derived from a contrast in the ANOVA (one-
tailed test).
d Probability of a greater value for the F-statistic for an interactive effect of gypsum application
in the two years.

concentration of Se was greater in the upper soil stratum than in the lower soil
stratum, this difference was not significant (Table III).

Gypsum application altered some soil analytes in the subsequent year, but these
effects differed among strata. In the upper soil, gypsum produced a trend toward an
increase in S, but did not alter pH, Se, or Ca. In the lower soil, gypsum significantly
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increased S and decreased the pH but did not alter Se or Ca. In the fly ash, gypsum
significantly increased S and produced a trend toward an increase in Ca. These
effects of gypsum did not persist for more than one year (Table III).

Changes in the elemental composition of one stratum were not significantly
associated with changes in another (after adjustment for gypsum treatments) except
for a positive correlation between the upper and lower layers of soil with respect
to Se (r = 0.971). Within a stratum, the degree to which a change in one analyte
was associated with change in another (after adjustment for gypsum treatments)
differed among strata. In the upper soil, Ca was positively correlated with S (r =
0.460) and pH (r = 0.449). In the lower soil there were the same correlations of Ca
with S (r = 0.485) and pH (r = 0.508), but there was also a negative correlation of
Se with pH (r = –0.472). In the fly ash, Ca was negatively correlated with Se (r =
–0.445).

4. Discussion

The effect of addition of S on the accumulation of Se varies among species of plants
(Shennanet al., 1990; Davies and Watkinson, 1966). In a previous investigation
with alfalfa, gypsum application significantly decreased accumulation of Se two
years after application (Arthuret al., 1993). In the current study we found that
gypsum application is effective for only one year after its application, at least for
some species that commonly occur on fly ash landfills, as shown in Table I. Such
differences among plant species could be either physiological or morphological
– for example, alfalfa is deeper rooted than most of the other species that have
been examined. However, differences among species in their uptake of Se are more
likely due to physiological than to morphological differences such as rooting depth.
We found that a commonly-occurring legume – bird’s-foot trefoil – as well as
two other commonly-occurring species not only accumulated Se more readily than
did grasses but differed from the grasses in their responses to gypsum. Although
grasses may in general have shallower rooting systems than legumes, differences
in the depth of the rooting systems do not offer a ready explanation because the
soil cap was shallow (less than 60 cm) and the concentration of Se in the upper soil
tended to be greater than that in the lower soil.

Competition between sulfate and selenate ions for uptake could be the mech-
anism by which gypsum reduces the uptake of Se by vegetation. However, our
results suggest that competition between sulfate and selenate for uptake by roots
is not the sole mechanism causing the gypsum effect. If uptake were the only
important factor, one would expect to find a negative correlation between sulfur
and selenium in the foliage, yet we rarely found such correlations. One might also
expect that applications of greater amounts of gypsum in one year, or additional
applications in a second year, would further decrease Se uptake. However, we
found no such effect in this study or in previous studies (Arthuret al., 1992a, b,
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1993). A similar lack of effect has also been observed in wheat (Triticum aestivum
L.) when elemental S and selenate were added to a clay soil (Hurd-Karrer, 1935,
1938), and in raya (Brassica junceaCoss.) when the addition of sulfate to pots
of sandy soil (pH 7.9) to produce a ratio of S:Se of 30:1 was no more effective
than a ratio of 10:1 (Singhet al., 1980). Such a lack of a monotonic relationship
between the addition of sulfate (in the form of gypsum) and the accumulation of Se
in foliage suggests that edaphic processes as well as plant processes are important
mediators of gypsum’s effect.

Gypsum apparently moves down through the soil into the ash within a year
after application as indicated by significant increases in S in the ash and lower
soil, but not in the upper soil. Because the same general pattern occurred with the
accumulation of Se by the plant, the effectiveness of gypsum application seems to
depend on maintaining a high ratio of S to Se in the soil, and the Se appears not to
leach as readily as does the sulfate in gypsum.

In this study, we found some indication that plants may be promoting movement
of Se from the fly ash to the upper soil, in that the concentration was greater in the
upper soil than in the lower soil even though the source of Se is the fly ash. Such
movement of Se upward in the soil column could occur due to mass flux of Se
upward in soil solution, due to evapo-transpiration, and/or to deposition of Se-
containing plant matter on the soil surface and its subsequent incorporation into
the surface soil.

We found no correlation between the concentration of Se in plants and that in
the fly ash but there was weak evidence of a positive correlation with Se in the
upper layer of soil, possibly indicating that Se is being taken up from the soil
solution rather than by direct contact with the fly ash. Such correlations of the
concentration of Se in soil, as well as soil pH, with plant Se concentration have been
found for alfalfa grown on agricultural soils with elevated Se in the San Joaquin
Valley of California (Severson and Gough, 1992). Although the pH of the fly ash
and lower layer of soil were reduced by the application of gypsum in our study, the
changes were slight and there was no correlation between the pH of the soil and
the accumulation of Se by plants.

5. Conclusions

Application of gypsum: (1) decreased Se accumulation by forbs and grasses har-
vested later in the season; (2) decreased Se accumulation in a subsequent year;
(3) produced no further decrease when reapplied in a second year; and (4) did
not decrease Se accumulation two years after a single application. The observed
decrease in Se was due to decreased accumulation rather than dilution caused by
S fertilization. Variation among replicate plots in the concentration of Se could not
be explained by variation in the pH and Se concentration of the underlying soil
and ash. Because Se will be present in the underlying soil and fly ash until it is
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removed by leaching or microbially-induced volatilization, sulfate must be added
regularly, perhaps every other year, in order to mitigate Se uptake from soil-capped
fly ash landfills. These results may be applicable to management of locations where
plants accumulate Se from sources other than fly ash to concentrations that may be
deleterious to herbivores.
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