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Abstract 
Rillscaie (Atrfpkx suckleyi), the dominant native invader of 

bentonite mine spoil in northern Wyoming, is apparently uniquely 
adapted to this extremely harsh plant growth substrate. The objec- 
tive of this study was to determine which chemical properties of 
spoil influence growth of rillscale. Plant production, foliar and 
spoil chemistry on spoils were treated as a factorial arrangement of 
treatments, each of 3 spoil amendments (gypsum, fertilizer, saw- 
dust). Regression analyses with analysis of covariance and factor- 
ial analysis of variance model were used to control for effects of 
amendments on plant production. Calcium and nitrogen were 
growth-limiting nutrients for this plant. The species was very sensi- 
tive to an increase in the level of spoil molybdenum and in the ratio 
of copper to molybdenum, but was very tolerant of high levels of 
soluble sodium. Riliscale acted as a molybdenum accumulator. 
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The bentonite clay mining industry ranks high among major 
land-disturbance operations in the 3-state region of Montana, 
South Dakota, and Wyoming, where most of the world’s sodic- 
type bentonite is found. Bentonite mine spoil is difficult to revege- 
tate because it poses several problems for plant growth including, 
salinity, sodicity, high percentages of expansive clays, and possible 
elemental deficiencies and toxicities (Bjugstad et al. 198 1). 

Atriplexsuckleyi(Torrey) Rydb., commonly called rillscale, is a 
spreading, annual chenopod limited in range to the northern High 
Plains. It occurs on clayey, saline lands to which few species are 
adapted (Frankton and Bassett 1970) and is the dominant native 
invader of bentonite mine spoil (Sieget al. 1983). Morphology and 
apparent vigor of the species vary considerably from site to site, 
and studies have shown that growth and vigor of the species are 
greatly improved by organic amendments (Smith et al. 1985, 
Voorhees et al. 1987). 

This study was part of a larger project to evaluate suitability of 
rillscale for use in revegetation of bentonite mine spoil. Other 
papers from the project have been published elsewhere and des- 
cribe studies of the effects of amendments on spoil chemistry 
(Voorhees and Uresk, 1990), infiltration rate (Voorhees 1986), 
standing crop of rillscale (Voorhees et al. 1987), and foliar chemis- 
try (Voorhees 1990). 

Method 
The study was conducted on an area west of the central Black 

Hills on the Mowry Shale formation, approximately 2 km north- 
west of Upton, Wyoming. Sites in this region have been mined at 
various times during a period of more than 30 years. Elevation at 
the study area was approximately 1,290 m, and average annual 
precipitation was about 370 mm (NOAA 1983). Undisturbed vege- 
tation is characteristically big sagebrush (Artemisia tridentata) 
grassland interspersed with stands of ponderosa pine (Pinuspon- 
derosa). The area provides forage for livestock and habitat for 
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many species of wildlife. 
A topographically uniform area was selected on unreclaimed 

bentonite mine spoil that had been mined sometime before 1968. 
Topography on and around the site insured minimal runoff and 
runon. Data from the Upton weather station were used as an 
estimate of precipitation during the study period. 

The study site was rototilled to a depth of approximately 5 cm. 
The experimental design was a 23 factorial arrangement of treat- 
ments with each of 3 spoil amendments (gypsum, fertilizer, and 
sawdust with nitrogen) at 2 levels-with and without amendment. 
This design contained a total of 8 treatments: a control, each of 3 
amendments used alone, and all possible combinations of the 3 
amendments. The 8 treatments were replicated twice to give a total 
of 16 plots, 60 cm X 150 cm each. 

The gypsum amendment (CaS04) was applied at the rate of 31 
Mg ha-‘. The fertilizer amendment added nitrogen (N), phospho- 
rus (P), and potassium (K) at rates of 114 kg, 23 kg, and 50 kg per 
hectare, respectively. This P and K fertilization rate was considered 
to be moderate for dryland soils that support rapidly growing 
forbs. The nitrogen rate was high because of low spoil organic 
matter and nitrogen. Nitrogen and phosphorus were added as 
ammonium nitrate (NHdNOs) and diammonium phosphate 
(NH&HPOd) and potassium chloride (KClal). 

The third amendment was sawdust with nitrogen, added at the 
ratio of 1 part sawdust to 2 parts spoil (by volume) to the 5-cm spoil 
depth. Depth of tillage was limited so that use of heavy equipment 
could be avoided, and thus efficacy of much less expensive treat- 
ments could be evaluated. Use of heavy equipment is prohibitively 
expensive in reclamation of these spoils on an experimental basis. 
Inorganic nitrogen (NH4NOs) corresponding to 0.6% of sawdust 
by weight (6 kg N Mg-’ sawdust) was added to the sawdust before 
its application to prevent a large increase in the carbon-to-nitrogen 
ratio and subsequent tie-up of spoil nitrogen by microorganisms 
(Allison 1965). 

Introduction of calcium ions (Ca”) in the form of CaSO4 was 
intended to facilitate exchange with monovalent sodium, to 
encourage flocculation and water penetration (Brady 1974), and to 
discourage surface crust formation. The sawdust amendment was 
intended to increase permeability. Organic matter additions greatly 
increase the stability of the substrate where organic matter is less 
than 2% (Marshall and Holmes 1979) as in bentonite mine spoil 
(Uresk and Yamamoto 1986). 

Gypsum and sawdust amendments were manually incorporated 
into tilled spoil, whereas the fertilizer was surface-broadcast. Plots 
were tilled, amended, and seeded in April 1982 and sampled for 2 
growing seasons. The seed had been obtained from sites along the 
Montana-Wyoming border during late summer of 1980. Each plot 
was seeded at the rate of 3 live seeds per cm*. Seeds were surface- 
broadcast and raked into the spoil. 

Estimates of aboveground biomass (production) for riilscale 
were obtained by harvesting different halves of each plot at esti- 
mated peak in standing crop for 2 consecutive years. All harvested 
biomass was oven-dried at 55O C, weighed, ground to pass through 
a 20-mesh screen, and stored for chemical analysis. Biomass sam- 
ples were not washed to remove surface contamination: therefore, 
elemental analysis of these samples represents what herbivores 
would ingest. Spoil samples were collected at a depth of O-10 cm 
immediately after the biomass harvest, air-dried, and stored for 
chemical analysis. This sampling depth was selected to characterize 
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the observed rooting zone of rillscale. 

Spoil and Foliage Analysis 
Determinations of concentrations of elements in spoil (As, B, 

Cd, Cu, Fe, Pb, Mn, MO, Ni, P, K, Se, Na, and Zn) were made on 
an ammonium bicarbonatediethylenetriaminepentaacetic acid 
(AB-DTPA) extract (Soltanpour and Schwab 1977) using induc- 
tively coupled plasma atomic emission spectrometry (ICP-AES) 
(Jones 1977). 

Table 1. Chemical properties of bcntonitc mine spoil. The mean and range 
were computed across controls, l U amendments, and amendment 
combinations. 

Property (units) Mean Range 

Saturated paste extracts were difficult to prepare because of the 
extremely high and variable saturation percentage of spoil. There- 
fore, the sodium adsorption ratio (SAR) of a 15 spoil:water 
extract was measured using ICP-AES. Electrical conductivities 
(EC’s) and levels of soluble Ca, Mg, and Na were also measured on 
the 15 extracts. 

Sulfate content of spoil was measured using a turbidimetric 
method (Rhoades 1982a). Nitrogen percentages were estimated 
using the salicylic acid modification of the semimicro-Kjeldahl 
method to include nitrates (Bremner and Mulvaney 1982). The pH 
was measured on a I:5 spoil extract. Cation exchange capacity 
(CEC) was determined using the sodium acetate method (Rhoades 
1982b). 

Plant tissue analyses included total nitrogen by conventional 
micro-Kjeldahl (Church and Pond 1978) and elemental concentra- 
tions of nitric acid-extractable, Al, As, Ba, B, Cd, Ca, Cr, Cu, Fe, 
Mg, Mn, MO, Ni, P, K, Se, Na, Sr, Ti, and Zn. Elemental concen- 
trations of nitric acid extracts were measured using ICP-AES on 
the nitric digest (Gestring and Soltanpour 1984, Havlin and Sol- 
tanpour 1980). The ICP-AES method operates at temperatures 
between 5700 and 97W C (Fassel and Knisely 1974), and organic 
molecules or complexes in solution would be effectively atomized 
(Havlin and Soltanpour 1980). 

N (%I 
p 643/g) 
K (/.dg) 
Zn @g/g) 
Fe Ws) 
Mn olg/g) 
cu Wl3) 
Ni We) 
MO (cl813 
Na W.8) 
B (/a/d 
Soluble Ca (meq/l) 
Soluble Mg (meq/l) 
Soluble Na (meq/l) 
go4 &3/g) 
Ph @g/g) 
cd @g/g) 
As (fig/g)’ 
Se &g/g)’ 
CEC (meq/ 1OOg) 
PH 
Saturatio; percentage 
i;F m- ) 

0.07 0.03 - 0.10 
10.0 6.0 - 15.0 

218.0 177.0 - 270.0 
4.9 3.0 - 8.0 

35.0 11.2 - 84.6 
16.0 8.2 - 33.8 
4.2 1.8 - 8.3 
2.2 0.5 - 4.1 
0.38 

5626.0 
0.2 
7.5 
2.4 

37.3 
3471.0 

2.2 
0.15 

<0.2 
<0.2 
50.3 

7.4 
238.0 

0.44 
18.8 

0.08 - 0.87 
4610.0 - 6620.0 

0.1 - 0.3 
0.9 - 23.0 
0.6 - 8.5 

18.5 - 48.7 
643.0 - 6000.0 

0.9 - 4.1 
0.05 - 0.25 

39.8 - 69.6 
5.9 - 9.0 

98.0 - 404.0 
0.23 - 0.62 
8.0 - 26.1 

‘Below detection limits for ICP-AES. 

Statistical Analysis 
An element or property was considered limiting to growth if it 

met these 2 criteria (Bannister 1976): (1) a positive correlation 
between concentrations of the element in spoil and production 
estimates, and (2) a positive correlation between concentrations of 
the element in foliage and concentrations of the element in spoil. 
Spoil properties that could not be measured in foliage (EC, CEC, 
pH, saturation percentage, SAR) were subjected to the first criter- 
ion only. 

The second regression analysis characterized the relationship 
between foliage levels and spoil levels of the element, again after 
treatment effects on foliage levels had been entered into the equa- 
tion as dummy variables as discussed above. Partial correlation 
plots of foliage levels of each element against levels of the same 
element in spoil were examined to detect nonlinear relationships. 
No nonlinear trends were observed. 

Results and Discussion 
Production 

The 2 criteria were individually examined using 2 separate 
regression analyses on 16 data points. The first regression analysis 
determined the strength and significance of the correlation between 
production of rillscale and each spoil characteristic, after treat- 
ment effects associated with a full factorial analysis of variance 
model had been entered into the equation as dummy variables. 
Terms for each of the 3 spoil amendments and all associated 
interactions (see 23 factoral design) were included in the analysis of 
variance model. Entering the analysis of variance model terms first 
allowed the analysis to focus on the relationships between produc- 
tion and spoil characteristics after linear correlations between 
production and spoil amendments had first been removed (i.e., 
focus on the partial correlation between production and spoil 
characteristics adjusting for spoil amendments and their interac- 
tions). Partial correlation plots of production against each spoil 
characteristic were examined to detect any nonlinear relationships. 
No nonlinear trends were observed. 

Production of rillscale on amended plots averaged 1,464 kg dry 
matter/ ha (range 267-2,913 kg dry matter/ ha). Variability in pro- 
duction occurred as a result of differences in spoil amendments 
(treatments) (Voorhees et al. 1987) and differences in the prope&s 
of unamended spoil. 

Spoil Chemistry 

This study was exploratory work on bentonite spoils. Therefore, 
the omission of possibly significant relationships between spoil and 
vegetative parameters was considered more detrimental than pos- 
sible misclassification of a relationship as significant. TO protect 
against this Type II error, levels of an element in spoil were COnsi- 
dered significantly related with production estimates if p 5 0.20 
(Hayne 1976, Carmer 1976). This was not meant to indicate a 
conclusive result, but to point the way to needs of further study. 

The chemical analysis of spoil at the study site (Table I) revealed 
several properties that could be limiting to plant growth. Nitrogen 
percentages of spoil were low (0.03-o. 10%) as compared with soil 
nitrogen (4%) of cool, arid shrublands (Charley 1977). Phosphorus 
and potassium content of spoil appeared high (6.0 to 15.0 pg/ g and 
177 to 270 pg/g, respectively) as compared with similar data for 
soils of native and improved range grasslands (Soltanpour et al. 
1979). The value of phosphorus was comparable to levels in spoils 

reported by other researchers (Bjugstad et al. 1981, Dollhopf and 
Bauman 198 1, Smith 1984). Zinc, copper, and manganese concen- 
trations appeared sufficient for plant needs (Soltanpour et al. 
1979). Spoil iron levels were quite high (Soltanpour et al. 1979). 
Boron levels were low but not deficient. 

The pH values ranged from slightly acidic to moderately basic 
and was considered acceptable for most plants (Table 1). In the 
presence of large amounts of sodium, these pH levels indicated a 
high content of neutral soluble salts (Buol et al. 1980). Because of 
the high concentration of sulfate salts present, soluble salt content 
is likely to vary with the soil:water ratio. Therefore, the conductivi- 
ties of the 1:5 extracts were not used to estimate soil salinity. 

The high concentration of sulfates in spoil was a result of the 
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Table 2. Chemical properties of foliage of rillscale grown on bentonite 
mine spoil. The mean and range were computed across controls, all 
amendments, and amendment combinations. 

Property (units) Mean Range 

Kjeldahl N (%) 1.78 1.51 - 2.18 
P (%) 0.18 0.14 - 0.22 
K (%) 1.11 0.94 - 1.30 
Zn (cc8/8) 64.0 0.0 - 99.0 
Fe W g) 9056.0 3110.0 - 18600.0 
Mn (Irgl8) 396.0 150.0 - 1020.0 
Cu Wg) 6.0 4.0 - 8.0 
Ni @g/g) 7.0 5.0 - 12.0 
Mo @g/g) 17.0 3.0 - 52.0 
Na (%) 8.37 7.64 - 9.21 
B (/&g) 38.0 32.0 - 48.0 
Ca (%) 0.45 0.37 - 0.54 
Mg (o/o) 0.95 0.68 - 1.08 
Al Wg) 1151.0 620.0 - 1670.0 

z:;;$) 
4.0 3.0 - 6.0 
9.0 6.0 - 12.0 

Cd olgi 8)’ 1.0 
As (erg/g)* 
Se olg/g)* 
Sr (erg/ 8) 70.0 39.0 - 123.0 
Ba (J&g) 34.0 12.0 - 58.0 
Cu:Mo 0.7 0.1 - 2.3 

~Below detection limits for ICP-AES. 
*High iron and aluminum caused seven spectral interferences for arsenic and selc- 
nium, making it impossible to determine these elements. 

accumulation of salts, especially Na2S04 (Mengel and Kirkby 
1982) or the oxidation of naturally occurring iron, nickel, and 
copper sulfides, which are common in soils with restricted drainage 
(Brady 1974) (Table 1). Jarosite, a hydrous potassium iron sulfate 
that has been shown to be present in bentonite mine spoil (Smith 
1984, Smith et al. 1985) accounted for some of the sulfate content. 

The CEC of spoil was variable but quite high on the average at 50 
meq/ 100 g, a value intermediate between those that might be 
expected for montmorillonite and illite clay minerals (Brady 1974) 
(Table 1). Mineralogical analysis has shown both of these clay 
types as well as kaolinite to be present in bentonite mine spoil 
(Uresk and Yamamoto 1986). The saturation percentage of spoil 
was extremely high. 

Foliage Chemistry 
Nitrogen, phosphorus, potassium, zinc, copper, boron, and 

magnesium in tissue of rillscale were at levels within the range 
considered normal for most plants (Epstein 1972, Larcher 1980, 
Mengel and Kirkby 1982). The extremely high iron content of 
9,000 pg/ g is more than 9 times the normal range for most plants 
@archer 1980) but is probably partially due to presence of spoil on 
unwashed foliage (Table 2). The concentration of aluminum in 
foliage was also very high at 1,15 1 pg/ g: the usual amount found in 
the tissues of higher plants is about 200 pg/g (Mengel and Kirkby 
1982). Average manganese levels were near the high end of the 
normal range (300 pg/g). Levels of nickel, chromium, molybde- 
num, and sodium were higher than normal but were not considered 
to be toxic for plants. The copper to molybdenum ratio was low at 
0.7, which could lead to molybdenum induced copper deficiency in 
cattle and could limit the use of rillscale as forage. Calcium levels in 
foliage were marginally low (Larcher 1980). 

Production and Spoil Chemistry 
Spoil molybdenum was the most significant @I = 0.018) spoil 

parameter for predicting production of rillscale (Table 3). Although 
concentrations in spoil molybdenum did not appear excessive, 
high levels of available molybdenum were associated with low 
growth of rillscale (r = -0.76). Demonstrations of plant yield 
decrease caused by excessive molybdenum are rare (Murphy and 

Table 3. Partial linear correlation coefficients (r), probability levels (p), 
and regression coefficients(b) between A) production of rillscale grown 
on bentonite mine spoil and each spoil chemical property, and B) elemen- 
tal level in foliage of rillscake and spoil level of each element. Correlation 
cbefficientr were estimated after adjusting for the effects of treatment. 
Spoil properties that are not listed were not signiflcantly~0.20) related 
to production of rillskale grown on spoil. 

Spoil Chemical 
Prooertv Production (A1 Foliage concentration fB1 

r P 6 r P b 
Extractable MO 
Extractable Ni 
Soluble Ca 
Extractable Cdl 
Saturation 

percentage 
Extractable Na 
Cu:Mo* 
Extractable Cu 
Extractable PW 
Extractable K 
PH* 
SAR* 
Extractable Mg 
Total N 

-0.76 (0.018) 
+0.69 (0.041) 
+0.38 (0.048) 
+0.67 (0.047) 
-0.67 (0.048) 

-0.64 (0.061) 
+0.64 (0.062) 
+0.63 (0.069) 
-0.6 I (0.084) 
+0.57 (0.110) 
a.54 (0.132) 
-0.32 (0.147) 
+0.52 (0.156) 
+0.51 (0.156) 

-1961.0 +0.57 (0.11) 
t395.6 -0.30 (0.435) 

65.09 0.42 (0.106) 
t6945.4 - - 

-4.5 - - 

-0.7 -0.55 (0.126) 
tl4.8 to.61 (0.081) 

t216.5 -0.18 (0.646) 
-443.9 - - 

t25.0 -0.49 (0.183) 
-350.7 - - 

-53.00 - - 
t49.4 -0.14 (0.717) 

t18707.8 to.34 (0.365) 

t29.9 
-0.5 

-.002 

-0.0 
to.0 
AI.7 

4.0 

4.6 
t2.8 

‘Below ICP-AES detection levels in foliage (1.0 rg/g). 
*Not analyzed for plant tissue. 

Walsh 1972). Standing crop decrease with increased spoil molyb- 
denum may have been associated with increased pH. Molybdenum 
availability is very dependent on and increase with pH (Brady 
1974). 

Wood residue amendment has been associated with decreased 
spoil MO and with increased standing crop (Voorhees et al. 1987, 
Voorhees and Uresk 1990). Foliage levels of molybdenum increased 
as molybdenum levels of spoil increased (r = 0.57). This indicated 
that rillscale was a molybdenum accumulator, which may limit its 
use as forage on areas with high levels of available molybdenum. 

Plant accumulation of molybdenum and the apparent negative 
effects of molybdenum on growth might be mitigated by the addi- 
tion of copper to spoil containing high levels of molybdenum 
(Table 3). Increases in the copper to molybdenum ratio of spoil 
were associated with increased production (r = 0.64) and an 
increase in the copper to molybdenum ratio of foliage (r = 0.61). A 
decrease in pH of spoil would increase availability of Ca and 
decrease availability of MO. 

Increases in the extractable amounts of several divalent cations 
(Ni, Cd, Cu, Mn) were associated @50.20) with increases in yield 
of rillscale. Increased amounts of potassium in spoil were also 
associated with increased growth @lo. 11) although potassium 
levels in spoil were high (Table 1). Foliage concentrations of these 
elements were generally not correlated with spoil concentrations 
(cadmium was below ICP-AES detection levels in foliage) (Table 
3). Rillscale production was negatively correlated with levels of 
extractable spoil sodium and spoil saturation percentage. These 
relations indicate that these bivalent ions were not limiting as 
nutrients, but reflected improved spoil structure for the benefit of 
plant growth because of their (1) presence on exchange sites in lieu 
of sodium, (2) presence in solution as salts, or (3) relationship to 
increased organic matter content or decreased pH of spoil. 

Although production of rillscale was positively correlated @ = 
.048) with levels of soluble calcium in spoil (r = 0.38), foliage 
concentrations of calcium were negatively correlated @ = 0.106) 
with levels of soluble calcium (Table 3). Foliage calcium levels in 
this study were low, and calcium in foliage is generally not affected 
by levels in the nutrient medium when the calcium supply in the 
substrate is adequate (Loneragan and Snowball 1969). Therefore 
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