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results in essentially barren areas. Deep sandy soils,
however, are permeable and support adiverse vegeta-
tion. Grazing pressure (in places severe), aspect
(direction of slope), and local edaphic and topographic
extremes also contribute to a complex vegetation mos-
aic. Depending on individual sites, therefore, any of
the following species may dominate:

Grasses
Bluteloua gracilis «coccveoeeeeeeaaci. blue grama
Hilaria jamesit - coeoceemenmiiiiaanans galleta
Muhlenbergia torreys ---cceeeceeeeeee-. ring muhly
Oryzopsis hymenoides .---.-.... indian ricegrass

alkali sacaton
sand dropseed

Sporobolus airoides ----eeeeeeee-.
S. cryptandrus -ceeeeceoeieaiaaaann.

Shrubs and Trees

Artemisia tridentatd --cceeeenn.... big sagebrush
Artiplex canescens ----c-eeeee--- fourwing saltbush
A. confertifolia «eeeeeeeenmenneaannann.... shadscale
Ephedra torreyana -..c.ccocococeemvviamaeaaan.
Torrey ephedra (jointfir)

Gutierrezia sarothrae ----...... broom snakeweed
JUNTPETUS SPP. wevememmmmmmeeenecaeas juniper
Pinus edulis ceeeeeeneene it pinon
Sarcobatus vermiculatus --e--cooe---. greasewood
Chrysothamnus nauseosus -------.-. rabbitbrush

REASONS FOR THE STUDY

Lands altered as a result of the activities of strip
mining must now be rehabilitated according to spe-
cific guidelines and regulations. In New Mexico,
rehabilitation of mined lands and rehabilitation
research (Aldon and Springfield, 1975) began in 1972
with the passage of the New Mexico Coal Surface
Mining Act. The establishment of long-term plant
cover and eventual ecosystem stabilization is the first
concern of rehabilitation. Initially, plot studies are
conducted on different plant species and ecotypes for
their ability to successfully germinate, grow, and re-
produce under the sometimes severe arid conditions
that characterize sections of the San Juan Basin
(Aldon and Springfield, 1975). Once these plants are
identified and cover is achieved on favorable sites,
work shifts to specific mine sites having peculiar
overburden characteristics that severely affect, for
one reason or another, the establishment of desirable
species. Such studies seek to identify specific proper-
ties that make altered substrates either toxic or defi-
cient in some essential property for normal plant
growth (Gould and others, 1975, 1977). This type of
work leads to new methods that ameliorate the effects
of the undesirable property. We have attempted, in
thisand similar studies (Gough, Severson, and McNeal,

979), to provide background concentration levels for
.1 large number of elements in native-plant species
“ikely to be utilized in rehabilitation work. Problems
associated with geochemical alterations in soils, spoils,
and rehabilitation species were discussed by Erdman
{1978) and through time may prove just as trouble-
some as the problems associated with achieving accep-
“able plant cover.

This study had the following objectives: (1) To eval-
1ate the natural spatial variability in the element con-
ent of selected native species growing over the Cre-
aceous coal deposits of the Mesaverde Group and the
Truitland Formation. This is the area most likely to be
lirectly affected by the surface mining of coal. (2) To
waluate the natural spatial variability in the element
:ontent of selected native species growing in Shep-
»ard, Shiprock, and Doak soils. From the data pres-
mnted by Maker, Folks, Anderson, and Link (1973) and
Vlaker, Keetch, and Anderson (1973), these substrates
are inferred to be the most desirable native soils for
itockpiling and respreading over rehabilitation sites.
3ecause the Fruitland Formation coals are of greatest
nterest, our sampling sites were restricted to approp-
"late soil types that have developed over this forma-
ion. (8) To evaluate the variability in the element
:ontent of rehabilitation species growing on revege-
-ated mine sites and to compare the biogeochemistry
f rehabilitation plants to native plants.

The results from this study include: (1) observed
ranges and calculated baseline-concentration ranges
‘or asmany as 35 elements in four native-plant species;
2) an assessment of varying distance increments at
which significant proportions of the total variability
secur in the concentration of elements in two native-
slant species growing in a defined soil association; (3) a
romparison of the element content of plants growing
»n native and geochemically altered sites; (4) an
issessment of the forage quality of selected species
zrowing on native and altered sites; and (5) a discus-
sion of soil-plant element relations at both native and
ltered sites.

We use the format of Severson and Gough (1981)and
efer to that part of the study dealing with native
slants collected in the broad region most likely to be
.ffected by energy development as Study 1; reference
~owork on plants growing on the Sheppard, Shiprock,
and Doak soil series is labeled Study 2; and reference
-0 studies at the San Juan mine is called Study 3.
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to collect samples from their San Juan mine rehabili-
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proved invaluable. We acknowledge with gratitude
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METHODS
FIELD

InJuly and August 1977 we sampled various grasses
and shrubs, along with supporting A and C horizons of
soil, at sites throughout the western, southwestern,
and southern parts of the San Juan Basin in north-
western New Mexico. The grasses included the leaves,
culms, and inflorescences of alkali sacaton (Sporobolus
atroidese (Torr.) Torr.) and the entire plant (leaves,
culms, inflorescences, rhizomes, and roots) of galleta
grass (Hilaria jamesii (Torr.) Benth.). The shrub
material consisted of the terminal 10-20 em of stems
with accompanying leaves of fourwing saltbush (Atri-
plex canescens (Pursh) Nutt.) and the whole above-
ground parts (stems, leaves, and inflorescences) of
broom snakeweed (Gutierrezia sarothrae(Pursh) Britt.
& Rusby). Fourwing saltbush is dioecious, and our
collections are a mixture of both male and female
shrubs. None of the samples from female shrubs
included the seeds because on some shrubs the seeds
were so abundant that, had they been included, they
would have dominated the sample. Except for the gal-
leta samples, which consisted of numerous individuals
commonly collected from a 10 or more square meter
area, thesamples were taken from one plant. Voucher
specimens of each species are stored in the herbarium
of the U.S. Geological Survey in Denver, Colo. Three
separate studies were conducted, Study 1, Study 2,
and Study 3.

STUDY 1

Galleta, snakeweed, and saltbush were collected
throughout that part of the basin most likely to be
directly affected by the surface extraction of coal. This
is the area underlain by the subbituminous coal-

bearing Kirtland Shale and Fruitland Formation and
by the undifferentiated Mesaverde Group (Dane and
Bachman, 1965; Fassett and Hinds, 1971), all of Late
Cretaceous age (fig. 2). Within this area, 48 sites for
plantand soil sampling were randomly selected accord-
ing toa five-level, unbalanced, nested-cell, analysis-of-
variance design (Severson and Gough, 1981). This
design utilized the strategic placement of eight cells,
50-km on a side, on the coal-bearing region. Within
each 50-km cell all four 25-km cells were sampled. The
design was unbalanced below the 25-km cell level so
that only a few 5-km and 1-km cells were sampled in
each 25-km cell. Figure 3 shows the location of each
randomly selected site within the nested-cell design.
Because of the absence of of appropriate plant species
at many of the Study 1 sites, an analysis of variance of
the plant element-content data was not performed.
The following numbers of samples for each species
were collected: galleta, 25; snakeweed, 18; and salt-
bush, 10 (fig. 3). These samples are independent from
one another because they were collected at sites chosen
in a random selection process.

STUDY 2

The Kirtland Shale and Fruitland Formation occur
as anarrow crescent within the center of the SanJuan
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FIGURE 2. — Location of the three study areas within the San Juan
Basin. Geology modified from Dane and Bachman (1965). Kkf,
Kirtland Shale and Fruitland Formation; Klmv, Lewis Shale and
Mesaverde Group; all of Late Cretaceous age. Units listed in order
of increasing age.
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RESULTS AND DISCUSSION

STUDY 1, BROAD AREAS MOST LIKELY TO BE
AFFECTED BY ENERGY DEVELOPMENT

ECOLOGICAL NOTES ON THE SPECIES EXAMINED
GALLETA

The physiological ecology, taxonomy, and range-
land importance of galleta (H. jamesii) has been
reviewed by West (1972). Galleta is a coarse perennial
grass that revegetates predominantly by an extensive
rhizome system. West (1972, p. 29) noted that ” Boute-
loua gracilis[blue gramalis probably the only grass of
greater abundance and importance than H. jemesii
throughout northern Arizona and New Mexico.” He
further stated that, although perhaps not preferred
forage, galleta is often essentially the only grass avail-
able on many ranges and does make up a considerable
proportion of the diet of cattle and sheep. Because of its
economic importance, its resistance to drought, and its
general hardiness once established, galleta appears to
be an ideal candidate for use in mined-site rehabilita-
tion. The only factor that prevents the general use of
galleta, however, is the lack of an economical source of
viable seed. W. L. Gould (written commun., 1980)
reported that the seeds ripen gradually, from one end
of the flower spike to the other, and upon ripening the
seeds readily shatter. Consequently, only part of the
seed crop can be harvested by combining a native
stand. Further, the timing of the combining is critical
because much of the seed shatters within a few days.
High germination of seeds will oceur in the field, how-
ever, if the palea and lemma are removed from the
caryopsis during threshing and processing.

FOURWING SALTBUSH

This shrub, also called "chamiza’ in New Mexico, is
one of the most widely distributed western-American
species of the Goosefoot Family. In the San Juan Basin
it oceurs in dry, moderately saline or alkaline sites
where soil permeability is somewhat restricted. It
occurs usually as scattered shrubs; however, extensive
stands are found where it dominates the vegetation-
type. Fourwing saltbush is a highly desirable desert-
shrub browse species for the reasons given by Dayton
(1931, p. 28): "Its importance is due to its abundance,
accessibility, size, agreeable saline taste, evergreen
habit, high percentage of useableness — leaves, stems,
flowers, and fruits all being edible — and tremendous

root development enabling great tolerance of drought,
ability to withstand low temperature, copious produc-
tion of fattening, highly palatable seed, and high
nutritiousness.” Apparently cattle and sheep are more
apt to preferentially browse on fourwing saltbush
than either horses, deer, or rabbits (Elmore, 1976).
These features, plus characteristics that enable the
shrub to germinate, establish itself as a seedling, and
grow on rather unfavorable raw spoil (Aldon and
Springfield, 1973), have made it a highly desirable
species for use in land rehabilitation.

BROOM SNAKEWEED

Another common name for this desert half-shrub is
"turpentine weed” — an apt description, because this
member of the Composite Family emits a very pun-
gent, resinous odor. Broom snakeweed is usually found
in well-drained loamy soils, and if abundant is consi-
dered an indication of intensive overgrazing. This is
because the plant itself is avoided and has no forage
value but proliferates at the expense of the loss of the
more palatable species. It has little value as a rehabili-
tation species; however, snakeweed will colonize reha-
bilitated areas. Therefore, it was sampled throughout
the basin (Study 1) and on the Sheppard, Shiprock,
and Doak soil series (Study 2) because of its wides-
pread occurrence and its potential importance as an
interloper.

REGIONAL BIOGEOCHEMICAL PATTERNS

Table 2 gives the summary statistics for the 35 ele-
ments (and ash yield) in three plant species collected.
Differences in the GM and observed range for each
plant indicate variability in the uptake of a number of
elements. For example, the following general obser-
vations are made: elements highest in galleta are
aluminum, arsenic, cobalt, iron, manganese, mercury,
titanium, vanadium, ytterbium, and yttrium; elements
lowest in galleta are boron cadmium, calcium, copper,
magnesium, potassium, scandium, selenium, stron-
tium, and sulfur. Elements highest in snakeweed are
copper, lead, lithium, and sodium; elements (and ash)
lowest in snakeweed are ash, chromium, and nickel;
elements (and ash) highest in fourwing saltbush are
ash, boron, nickel, phosphorus, potassium, selenium,
strontium, and zinc; elements lowest in fourwing salt-
bush are aluminum, arsenic, barium, cobalt, iron,
lead, mercury, titanium, uranium, vanadium, ytter-
bium, yttrium, and zirocnium. Most of these differen-
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TABLE 2. — Summary statistics for the element content of dry
material of galleta, broom snakeweed, and fourwing saltbush from
the San Juan Basin (Study 1)

{G, galleta; S, broom snakeweed; F, fourwing saltbush; ppm, parts per million; <, less than;

>, more than; leaders (--), mean no data; ratio is the proportion of the number of analyses
having values above the lower limit of determination to the total number of analyses]

Element or Geometric Geometric Observed
ash Material Ratio mean deviation range
Ash (percent)-~--- G 25:25 6.8 1.24 4.0 - 10
s 18:18 5.9 1.22 43 - 9.1
F 10:10 12 1.22 8.4 - 16
Aluninum (percent) G 25:25 .097 1.75 .025 - .26
s 18:18 .083 1.76 .023 - .19
F 10:10 .053 1.49 .030 - .098
Argenic (ppm)-—--- G 25:25 .16 1.43 .10 - .30
s 18:18 .13 1.53 .050 - .20
F 6:10  Llio1 1119 <.050 - .10
Barium (ppm)-——— G 25:25 20 1.57 8.6 - 48
s 18:18 44 1.93 8.8 - 98
F 10:10 18 1.44 10 - 30
Boron (ppm)-—===—-— G 25:25 5.1 1.61 1.4 =~ 24
s 13:18 124 1.48 12 - >36
F 9:10 l27 Lise 17 - >70
Cadmium (ppm)-——— G 24125 1064 11.78 <.025 - .26
s 18:18 .23 1.65 .10 - .73
F 10:10 .11 1.27 .048 - .32
Calcium (percent)- G 25:25 .35 1.34 .23 - .65
s 18:18 1.0 1.40 .56 - 1.7
F 10:10 1.4 1.30 1.0 - 2.7
Manganese (ppm)-—- G 25:25 85 1.76 22 - 200
s 18:18 50 1.29 28 - 83
F 10:10 71 1.60 29 - 160
Mercury (ppm)-———-— G 25:25 .25 1.44 a5 - .50
s 18:18 .19 1.51 .10 - W45
F 10:10 .11 1.61 .050 - .20
Chromium (ppm)---- G 25:25 1.0 1.38 +56 = 1.8
s 18:18 .85 1.32 Y A
¥ 10:10 1.1 1.32 81 - L9
Cobalt (ppm)---=-- ¢ 25:25 .26 1.57 .072 - .52
s 18:18 .18 1.86 051 - .35
F 9:10 L L <.085 - 25
Copper (ppm)------ G 25:25 2.4 1.24 1.6 - 4.0
s 18:18 8.1 1.42 46 - 17
¥ 10:10 4.7 1.28 3.3 - 7.0
Furopium (ppm)-—- ¢ 14:25 Lz l1.86 <.080 - .46
s 9:18 13 12.35 <.086 - 40
F 4110 1,24 1y.81 <17 - .61
Fluorine (ppm)---- G 25:25 8.5 1.33 4.0 - 14
s 18:18 9.4 1.36 6.0 =~ 14
¥ 10:10 6.2 1.71 3.0 - 15
Iron (ppm)--=--——= G 25:25 530 1.49 220 - 1,200
3 18:18 420 1.60 190 - 820
F 10:10 220 1.73 87 - 430
Lanthanum (ppm)--- G 20:25 1.3 l1.98 <.59 - 3.8
s 15:18 L 191 47 - 2.4
F s:10 .2 12,79 <1.0 - 4.8
Lead (ppm)-=-=-=-=-— G 224:24 .80 1.45 W40 - 2.0
s 18:18 1.1 1.59 .58 - 3.0
F 6:10 152 .37 <4l - .78
Lithium (ppm)==-——- G 21:25 1,36 .42 .22 - .77
s 18:18 .63 1.73 226 - 1.4
F 5:10 Las 1,58 <42 - .92
Magnesium (percent) G 25:25 .063 1.57 027 - W14
s 18:18 14 1.40 .067 - .36
F 10:10 .58 1.31 36 - .78
Molybdenum (ppm)—- G 321:21 .51 1.50 .25 - 1.2
s 18:18 .54 1.27 .38 - .99
F 10:10 .49 1.64 26 - LS
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TABLE2. — Continued

Element or Geometric Geometric Observed
ash Material Ratio mean deviation range

Nickel (ppm)--—--- G 25:25 .83 1.33 50 - 1.8

s 18:18 .66 1.38 39 - L4

F 10:10 1.2 1.81 50 - 3.4
Niobium (ppm)-—~-- G 22:25 Lo 12.01 .26 - 2,0

s 14:18 La 1.96 .22 - 1.2

F 410 L 13,23 <36 - 2.2
Phosphorns (percent) G 25:25 .056 1.52 016 - .13

s 18:18 .062 1.33 .042 - .10

F 10:10 .091 1.53 .059 - a7
Potassium (percent) G 25:25 .36 1.84 .096 - 1.1

s 18:18 74 1.48 .37 - 2.0

F 10:10 3.0 1.56 1.0 - 4.6
Scandium (ppm)--—- o 22:25 1,25 1,43 <13 - .51

s 18:18 .26 1.41 13 - .61

F 8:10 1,30 .55 <19 - .59
Selenium (ppm)———— G 25:25 .12 1.62 .060 - 45

s 18:18 .27 1.84 .080 ~ 1.2

F 10:10 .81 3.07 A5 - 4.5
Sodium (ppm)--===- G 25:25 77 1.64 35 - 180

s 18:18 110 1.19 84 - 150

F 10:10 72 1.48 26 - 100
Strontium (ppm)--- G 25:25 24 1.29 17 - 43

s 18:18 74 1.57 40 - 150

F 10:10 87 1.70 48 - 240
Sulfur (total)---- G 25:25 .099 1.38 .055 - .22

(percent) S 18:18 .11 1.41 .055 ~ 24

F 10:10 .30 1.39 .15 - .54
Titanium (ppm)---- G 25:25 46 2.01 8.6 - 170

s 18:18 31 2.06 5.5 = 75

F 10:10 10 2.06 3.5 - 29
Uranium (ppm)—=~-- G 420:20 .075 1.32 040 - .12

s 17:18 In 1.66 <.029 - .21

F 4:10  l.oss 1.36 <.034 - .072
Vanadium (ppm)-——- G 25:25 1.3 1.47 63 - 2.7

s 18:18 1.1 1.63 49 - 2.1

F 10:10 .70 +50 40 - 1.2
Ytterbiuwm (ppm)--- o 19:25 1,083 11,61 <.056 - .29

s 14:18 068 11.39 <.047 = .13

F 0:10  -—- - <.080 -  <.13
Yetriwm (ppm)-—-—- G 25:25 .83 1.80 19 - 3.7

s 18:18 .68 1.61 .26 - 1.4

F 7:10 L3 .87 <.22 - 72
Zine (ppm)--————— G 25:25 13 1.44 8.4 - 37

s 18:18 17 1.34 9.6 - 27

F 10:10 19 2.37 6.8 -~ 77
Zirconium (ppm)--~ G 25:25 7.5 2.15 1.5 - 20

s 18:18 5.2 2.10 L2 - 23

F 9:10 15,7 12.06 .52 - 3.4

Imhe technique of Cohen (1959) was used to calculate the mean and
deviation because there were one or more concentration values outside of the
limits of determinatfon of the analytical method used.

2Due to contamination, one sample was eliminated from the calculation
of the summary statistics——see Study | results section on “Regional
biogeochemical patterns”.

3Four of the original 25 samples were eliminated from the calculation
of the summary statistics b they p d 1ly high molybdenum
concentrations—see Study 1 results section on “Regional biogeochemical
patterns”.

“Five of the original 25 samples were eliminated from the calculation
of the summary statistics b they p d 1ly high uranium
concentrations——see Study 1 results section on “"Regional biogeochemical
patterns”.
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ces aresubtle(less than a factor of two), and may not be
significant; however a few are large. For example, ash
yield of saltbush is two times that of the other plants;
boron in snakeweed and saltbush is four times greater
than in galleta; iron in galleta is two times the levels
found in saltbush; lead is much higher in galleta and
snakeweed when compared to saltbush; the major
essential elements calecium, magnesium, potassium,
phosporus, and sulfur are generally highest in salt-
bush; and, selenium content of saltbush is four times
greater than the levels in galleta or snakeweed.

The distribution of galleta samples in the San Juan
Basin study area enabled us to define some very gen-
eral regional patterns. Such patterns cannot be
defined for snakeweed or fourwing saltbush because
only 18 and 10 samples of each, respectively, were
collected. The regional patterns for galleta are based
on observed differences in concentrations at different
sampling sites: thesignificance of the differences was
not tested by AoV because too few of the 48 sites in
Study 1 contained galleta (fig. 3). Of the elements
examined in galleta, four (manganese, molybdenum,
nickel, and uranium) have discernible trends (fig. 8 A-
8D), and two others (iron and selenium) show possible
trends (fig. 8F and 8F).

The frequency distributions of these six elements
were separated into two or three groups, each repre-
senting approximately equal proportions of the total
number of samples. For example, the manganese data
(fig.8A4)is displayed using three classes, each account-
ing for approximately one-third of the total number of
samples.

These figures show that the concentration of man-
ganese, nickel, and probably iron are highest in the
south-central part of that portion of the San Juan
Basin examined. Selenium in galleta showed a similar
pattern except that two samples west of Farmington
were also high. The molybdenum and uranium data
are unique because the samples can be separated into
two populations. The frequency distribution in figure
8B shows that 21 of 25 samples of galleta had molyb-
denum concentrations between 0.23 and 1.1 ppm
(parts per million). The other four samples, all from
the far western edge of the study area, had unusually
high concentrations. of between 4.5 and 64 ppm. (Re-
analysis of these samples confirmed the high values.)
Figure 8D shows that 20 of 25 samples of galleta have
uranium concentrations ranging from 0.04 to 0.12
ppm, and the remaining samples have slightly higher
concentrations of from 0.16 to 0.19 ppm. Four of these
samples high in uranium were collected west and
southwest of Farmington.

A comparison of the plant-element data to our maps
of regional soil-element trands (Severson and Gough,
1981) shows poor correspondence. However, the west-

¢rn side of the study area was very high in total A-
I orizon molybdenum — this is the area of our highest
recorded concentrations of molybdenum in galleta.
"'he pH of the soil at these high-molybdenum sites,
t owever, was not unusually high, suggesting that
< vailable molybdenum might not be any greater than
¢ t other sites. The concentration of all other elements
in galleta from these high-molybdenum sites was also
1 ot unusual. We conclude that, under certain as-yet-
t ndefined conditions, molybdenum concentrations in
salleta probably reflect total soil molybdenum, and
that galleta is capable of concentrating molybdenum
in its tissues to levels far above those found in fourwing
saltbush, snakeweed, and probably alkali sacaton (see
¢Iso the molybdenum discussion in the section on
" Element toxicity and deficiency considerations”).

Product-moment correlation coefficients were de-
termined for the log concentration of elements in gal-
lata and broom snakeweed samples, each collected at
the same 15 sites (fig. 3) throughout the basin. All
samples were considered independent because each
site was originally selected at random. Only four ele-
iments showed significant correlations: boron,
1 = 0.593; molybdenum, r = 0.624; selenium, r = 0.842;
:nd zinc, r = 0.562. We may assume that the uptake
1nechanisms for these four elements are probably very
similar for galleta and snakeweed. Regional patterns
in the element content of snakeweed throughout the
hhasin were not apparent. Lack of regional patterns
'vas also true for molybdenum and selenium, even
1though these elements showed patterns in galleta, and
their concentrations in the two species were signifi-
cantly correlated.

STUDY 2, ELEMENT CONTENT OF PLANTS
GROWING ON THE SHEPPARD,
SHIPROCK, AND DOAK SOIL SERIES

STUDY OVERVIEW

This study concentrated on the area underlain by
the Kirtland Shale and Fruitland Formation. The
(oals in these geologic units have the greatest potential
1or recovery using surface-mining methods. The native
¢ oils of this region vary as to their quality as media for
lant growth. The Sheppard, Shiprock, and Doak soil
‘ eries is a soil group that could be retrieved from the
:irea to be mined and stockpiled for future replacement.

We sampled galleta and broom snakeweed, as well
.18 A- and C-horizons of the Sheppard, Shiprock, and

Joak soil series, using the procedure detailed in the
""Methods” section for Study 2. The samples were col-
ected at random points defined by a barbell cluster.
[hree barbell clusters were positioned at random
»oints within the study area (fig. 4). The purpose of the
study was to estimate at what distance increment most
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FI1GURES (above and facing page). — Concentrations of manganese, molybdenum, nickel, uranium, iron, and selenjum in galleta grass at
25 sampling locations from Study 1, expressed by symbols as concentration classes and by the geometric mean (GM) and geometric
deviation (GD). The numbers above the frequency diagram are the percentages of the samples in each class. The class boundaries are
indicated by vertical dashed lines. The sites marked with triangles (molybdenum and uranium) possessed concentrations (noted in
parentheses) considered outside the normal range.

of the areal variability in the element content of a plant
species occurred. This information was used to deter-
mine whether or not regional element patterns in
plants were present, and to calculate biogeochemical
baselines where appropriate.

GEOGRAPHICAL DISTANCE-RELATED ELEMENT

VARIABILITY AND BASELINES

Samples of galleta grass were collected at all 30
randomly selected sites and broom snakeweed at 27 of
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30 sites. The absence of three samples of snakeweed
from the unbalanced AoV design made the total
number of samples for each barbell unequal (table 3).
The F test for estimating significant differences be-
tween the barbells was not materially affected because
the absence of the three samples did not appreciably
change the coefficients used to estimate the mean
square. Also, nine of the 35 elements analyzed required
the replacement of censored values prior to the analy-
sis of variance. Table 3 lists these elements and gives
the replacement ratio for each of the three barbells
and for each of the two plant species. For reference

TABLE 3. — Detection ratios for elements in the ash of galleta and
broom snakeweed (Study 2)

[Ratios are the number of values above the lower limit of determination to the number of
samples analyzed; ratios are based on each of the three barbell units (fig. 4)]

Galleta Broom snakewead

Element Barbell 1 Barbell 2 Barbell 3 Barbell 1 Barbell 2 Barbell 3
Boronl-—  10:10 10:10 10:10 8:8 9:10 9:9
Europium-- 6:10 7:10 7:10 6:8 10:10 5:9
Lanthanum— 9:10 10:10 2:10 8:8 10:10 7:9
Lithiwm—— 9:10 10:10 3:10 8:8 10:10 9:9
Molybdenum 10:10 10:10 9:10 8:8 10:10 9:9
Niobium—— 9:10 8:10 7:10 6:8 8:10 8:9
Scandium—- 10:10 10:10 9:10 8:8 10:10 9:9
Uranium—--- 9:10 10:10 10:10 8:8 10:10 9:9
Ytterbium— 9:10 10:10 6:10 8:8 8:10 4:9

Iratios for the number of values below the upper limit of determination
to the number of samples analyzed.

rurposes the barbell locations have been numbered
from north to south (fig. 4).

Tables 4 and 5 give the results of the analysis of
rrariance for element concentrations in galleta and
snakeweed and the summary statistics (GM, GD,
observed range, and the expected 95-percent range)
:or each element. The expected 95-percent rangeis the
"baseline” as first proposed by Tidball and Ebens
11976) and is calculated as a concentration range
yracketed by the GM/GD? to the GM-GD?. Tidball and

Ubens (1976, p. 300) explained that the "*** 95-percent
«xpected range is broader than a 95-percent confi-
tlence interval *** [it] is broader because it accounts
ior the variability among individual samples as mea-
s ured by the standard deviation; the confidence inter-
al reflects the indeterminacy in the mean of the dis-
iribution and is measured by the standard error of the
1nean.”

The proportion of the total log variance that is
explained by each of the five distance increments, plus
the proportion of the variability explained as analyti-
cal error, are given for 35 elements plus ash yield
(tables4 and 5). The three distance increments of most
interest are greater than 10 km (regional component
(r variability between barbell clusters), less than 0.1
I'm (local componentor variability at a distance of less
1than 100 m), and the component associated with vari-
¢ bility due to analytical error (precision). When the

< nalytical error exceeded 50 percent of the total vari-
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TABLE 4.— Vartation in and summary statistics for the element concentrations in dry material of galleta growing in the Shepard, Shiprock
and Doak soil association, San Juan County (Study 2)

[Except as noted, the geometric deviation was calculated from the total variance; *, component of variance was tested as significant at the 0.05 probability level for the specified
geographic distance increment; ratio, the proportion of the number of analyses having values above the lower limit of determination to the total number of analyses. >, greater than; <,

less than; ppm, parts per million]

Analysis of variance

Element Total Percentage of total variance between Summary statistics
Ratio  log1y Farvelts,
or ash variance 10 km 510 km 1-5km 0.1-1 km <0.1 km Geometric  Geometric Observed Expected 95 percent 1
distance distance distance distance distance Analyses mean (ppm) deviation range (pprm) range (baseline, ppm)
Agh----------—  30:30 0.0088 <1 28 <1 15 22 35 7.4 1.24 5 - 1 48 - 11
30:30  .0708 *67 3 3 5 7 16 1,800 1.85 490 - 4,700 530 - 6,200
30:30  .0286 11 *39 <1 5 23 23 .15 1.48 .050 - .25 .070- .32
30:30 L0441 29 11 <1 3 *41 16 25 1.62 9.2 - 57 9.7 - 64
30:30  .0432 <1 *70 7 <1 <1 23 5.0 1.61 32 - 16 2,0 - 13
Cadmivm=--—— 30:30 L1224 <1 16 <1 33 29 22 .092 2.24 .037 - .45 .019~ 45
Calcium=——m——n 30:30  .0282 <1 *71 <1 8 *17 5 3,500 1.47 2,100 - 7,900 1,600 - 7,400
30:30  .0363 <1 8 <1 15 <1 76 1.3 1.55 69 - 2.4 -— - -
30:30  .0634 47 6 4 15 11 17 .27 1.79 .072 - .55 .086- .84
30:30  .0254 <1 36 10 <a *38 16 2.9 1.44 1.6 - 7.3 1.4 - 5.9
20:30 0686 <1 6 <1 <1 24 69 2,19 2111 <12 - .42 - - -
Fluorine--—~-- 30:30  .0204 36 *21 <1 <1 13 30 6 1.39 3.0 - 10 3.1 - 11
Iron-=-------= 30:30  ,0519 *69 4 2 5 9 11 730 1.69 220 - 1,600 260 - 2,100
Lanthanum-—-- 20:30  .1454 34 12 7 <1 2 45 21.1 22.40 <46 - 4.4 .20 - 6.2
Lead-—==----—= 30:30  .0243 24 30 10 <1 <1 36 1.2 1.43 .61 - 2.2 .60 - 2.4
Lithium-=—=—m- 22:30  .0388 29 8 <1 13 <1 51 2,34 21.37 <20 - .60 - - -
Magnes{um----— 30:30  .0271 14 *47 18 <1 *14 7 730 1.46 430 - 1,800 350 - 1,500
Manganese---—- 30:30  .0193 31 19 9 4 *25 12 93 1.38 54 - 200 49 - 170
Mercury------- 30:30  .0570 13 15 10 <1 *54 8 .24 1.73 .070 - .70 .082- 70
Molybdenum—-- 29:30  .0466 <1 14 40 16 *21 8 2,34 2]1.53 <14 - .82 .13 - .90
Nickel-----—— 30:30  .0273 <1 33 24 4 *30 8 .90 1.46 46 - 1.7 43 - 1.9
Nioblugmmmm—mm 26:30 L1162 2 < 23 <1 16 63 2,67 23.02 <26 - 1.9 - - -
Phosphorus--— 30:30  .0140 27 <1 41 8 14 10 510 1.30 320 -- 990 300 - 860
Potassium—--—— 30:30  .0455 4 *52 *27 <1 *11 6 3,100 1.63 1,700 -12,000 1,200 - 8,100
Scandium------ 29:30  .0337 48 11 <L 6 9 26 2,26 21.46 <13 - .57 .11 - .60
Selenium-~=--- 30:30 L0335 4 35 <1 *48 *12 1 .081 1.52 040 - .25 .036~ 18
Sodium=---—--- 30:30  .0307 13 <1 *50 2 20 15 61 1.50 37 - 150 28 - 130
Strontiuwm~---- 30:30  .0180 <1 24 <1 13 13 49 22 1.36 10 - 43 12 - 40
Sulfur (total) 30:30  .0948 *65 7 <1 11 <1 17 1,200 1.87 280 - 2,800 340 - 4,200
Titanfum————-- 30:30  .0334 <1 35 3 *33 <1 29 72 1.47 37 - 160 33 - 160
Uranium----=-- 29:30 1081 <1 *36 *11 <1 *45 8 2,081 2175 <.035 - .27 .018- .36
Vandium-—--—n 30:30  .0569 *66 5 <1 7 11 12 1.2 1.73 47 - 3.1 0.40 - 3.6
Ytterbium----- 25:30  .0381 40 5 <1 <1 *37 18 2,092 21,48 <.050 - .24 .038- .22
Ytterium--—--- 30:30  .0640 48 15 1 <1 20 16 .84 1.79 .22 - 2.2 .27 - 2.6
Zinc-——------- 30:30  .0307 16 14 <1 15 *34 20 12 1.50 5 - 2 5.4 - 26
Zirconium———- 30:30  .1402 *41 <1 <1 <1 32 27 8.1 2.37 1.7 - 36 L4 - 46

lBecause of a significant regionmal variance component (>10 km), the summary statistics for aluminum, irom, sulfur, vanadium, and zirconium are biased if

applied to specific areas of the soil association; they are unbiased if applied countywide.

chrom{um, europium, lithium, and niobium were not calculated.

Because of excessive analytical error (>50 percent), baselinas for

2’l'he technique of Cohen (1959) was used to calculate the mean and deviation because one or more concentration values were outside of the limits of

determination of the analytical method used.

ability for an element, a baseline (expected 95 percent
range) was not calculated. A baseline based on exces-
sive analytical error measures predominantly impre-
cision and not the natural variability in the data.
Tables 4 and 5 show that 14 percent of the elements
in galleta, and none in snakeweed, have asignificant(p
less than 0.05) regional-variance component. This
variation means that the concentrations of aluminum,
iron, sulfur, vandium, and zirconium, in galleta differ
significantly when sampled at sites more than 10 km
apart. Further, greater than 65 percent of the total

variability for all of these elements, except zirconium,
was measured at this distance increment. Of these
elements, only the total zirconium amounts in A- and
C-horizon soils also showed a significant regional
component (Severson and Gough, 1981); however, in
the soils less than 33 percent of the total variability in
the zirconium data was explained. Although the sum-
mary statistics, including the 95 percent expected
range, are given for these five elements, it should be
realized that, because of the significant regional var-
iance component, these data are biased if compared to
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TABLE 5.— Variation in and summary statistics for the element concentr tions in dry material of broom snakeweed growing in the Sheppard,
Shiprock and Doak soil association San Juan County (Study 2)

[Except as noted, the geometric deviation was calculated from the total variance; *, compone 1t of variance was tested as significant at the 0.05 probability level for the specified
geographic distance increment; ratio, the proportion of the number of analyses having values bove the lower limitof determination to the total number of analyses. >, greater than; <,
less than; ppm, parts per million]

Analysis of variance

Element Total Percentage of total variance between Summary statistics
Ratio log _—
10  Barbells,
or ash > 10 km 5~10 km I-5km 0.1-1 km <0.1 km Geometric Geometric Observed Expected 95 percent
variance distance distance distance distance distance Arilyses mean (ppm) deviation range (ppm) range (baseline, ppm)
Agh==-—n—mamee 27:27 0.0126 11 29 17 16 *24 4 7.0 1.29 3.8 - 9.5 4.2 - 11
Aluninum———-~- 27:27 «0435 <1 27 32 *26 5 11 1,600 1.62 710 - 3,300 620 - 4,100
Arsenic--=---- 27:27 <0536 <L 17 31 28 *16 7 .18 1.70 050 - 45 <064~ .51
Bar{um~—-~=—~== 27:27 .0360 <1 21 <1l 65 <1 14 50 1.55 25 - 85 21 - 120
Boron---------  26:27  .0210 <1 27 23 2 <1 48 231 21.34 11 - 42 1 - 4l
Cadm{um-~=~--— 27:27 .0309 <1 28 26 8 *28 10 .23 1.50 <084 ~ .45 .10 - .51
Calcium——----- 27:27 .0387 15 <1 <1 *71 *11 3 12,000 1.57 6,100 -23,000 5,000 -29,000
Chrom{i um~~--=~ 27:27 .0391 <1 <1 *36 <1 12 32 1.4 1.58 .67 - 2.8 .57 - 3.4
Cobalt————-——- 27:27 .0851 <1 13 40 32 <1 15 .27 1.96 .084 - .67 .072- 1.0
Copper-———==== 27:27 .0268 <1 4 <1 *34 <1 62 9.9 1.46 6.6 - 15 - - -
Europium------ 21:27  .0529 <1 13 1 <1 25 61 2,22 21,55 <.084 - .51 - - -
Fluorine-—----- 27:27 .0160 24 3 19 2 *44 8 9.4 1.34 4.0 -~ 14 5.3 - 17
Iron—-—----- -— 27:27 .0360 <1 17 30 *32 *15 6 640 L.55 280 - 1,200 270 - 1,500
Lanthanum—---- 25:27  .0884 5 <1 54 14 12 14 21.4 2177 <.55 - 3.8 .37 - 5.3
Lead~——----——-  27:27 .0363 27 4 <1 9 *48 12 1.6 1.55 .64 - 2.9 .68 - 3.8
Lithiwm—-~--- 27:27 +0370 <1 28 <1 33 34 5 .81 «56 42 - 2.2 o34 - 1.9
Magnes{ium——--- 27:27 .0221 21 *64 <1 5 7 4 1,300 1.41 760 - 2,200 660 - 2,500
Manganese-~——— 27:27 .0173 9 26 *33 <1 17 15 70 1.35 42 - 120 39 - 130
Mercury-—----- 27:27 .0175 <1l <l 10 26 22 42 .19 1.36 .10 - .30 .10 - +35
Molybdenum——~ 27:27 .0400 11 <1 <1 *61 16 13 .35 1.58 .14 - 67 ol4 - .86
Nickel--———-—— 27:27 .0382 <1 <1 *83 6 6 5 .69 1.57 .38 - 2.7 .28 - 1.7
Niob{ um-~—--—- 22:27 .0965 27 2 8 <1 <1 63 2,52 1.74 <.18 - 1.6 - - -
Phosphorus---- 27:27 .0177 30 *50 2 <1 *16 2 610 1.36 340 -- 920 330 - 1,100
Potassium—~--- 27:27 +0429 38 *31 <1 11 *18 1 7,800 1.61 3,800 ~14,000 3,100 -20,000
Scand{um—-~—-- 27:27 .0195 <1 <1 58 8 10 24 «26 1.38 14 - .38 14 - 49
Selen{ ym——--—- 27:27 +0358 36 9 <1 14 *33 8 «25 1.55 .10 - «45 .10 - .59
Sodium=-—-=~=---  27:27 .1022 7 <1 <1 *78 *13 1 100 2.09 41 - 590 24 - 420
Strontium—-—— 27:27 «0429 <1 <1 <1 *79 *17 3 56 1.61 23 - 97 22 - 140
Sulfur (total) 27:27 .0506 <1 2 3 *68 *19 7 1,000 1.66 400 - 2,400 360 - 2,800
Titanium——---— 27:27 .0378 9 *54 12 <1 *16 8 92 1.52 38 - 160 40 - 210
Uranium——---~ 27:27 .0336 30 <1 16 *29 4 20 .098 1.52 049 - .19 043~ .22
Vanadium-—-~---- 27:27 .0386 <1 26 13 *46 8 7 1.2 1.57 59 - 2.4 .84 - 1.7
Ytterbium—~-—- 20:27 <0448 <1 53 7 *29 5 6 2,074 21,42 <.037 - .14 .028- .19
Yetrium——-~-- 27:27 0412 <1 20 41 *27 <1 11 .74 1.60 .35 - 1.4 29 - 1.8
Zinc—————=me—= 27:27 .0221 4 4 <1 *68 *21 4 18 1.41 12 - 35 9.2 - 35
Zirconium——~--- 27:27 .0972 <1 43 9 23 <1 24 5.3 2.05 2.2 - 14 1.3 - 22
lgecause of excessive analytical error (>50 percent), baselines for copper, eur: pium, and niobium were not calculated.
2'l'he technique of Cohen (1959) was used to calculate the mean and deviatio because one or more concentration values were outside of the limits of

determination of the analytical method used.

anewly collected sample from a specific area of Study
2.They are unbiased, however, if the baseline is used to
characterize typical concentrations from the entire
Study 2 area. Although none of the elements in snake-
weed possessed a significant regional component,
variability at the 5-10-km increment was significant
for potassium, magnesium, phosphorus, and titanium.

Most of the variability in the element data was asso-
ciated with the local component (less than 0.1 km).
Thirty-six percent of the elements in galleta and 44
percent in snakeweed showed significant local var-
iance. This significant variance means that samples of

gt lleta and snakeweed more than 10 km apart vary in
their content of these elements little more than plants
sampled as close together as 0.1 km. For most ele-
m2nts, therefore, the uniformity in the content of these
tv-oplant species indicates that only a few samples are
n¢ eded to characterize a rather large area. The gross
av ailability of these elements in the Sheppard, Ship-
rcck, and Doak soil series is assumed, therefore, to be
si nilar throughout the Study 2 area.

The AoV described above was designed to assess the
veriability in the element data of the plants at six
distance-related increments. An assessment of only
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the difference between barbell clusters, as calculated
by a multiple-mean comparison test (Natrella, 1966),
is given in table 6. Many elements in galleta showed
significant differences in the element means between
barbells. Fourteen of the elements (aluminum, arsenic,
barium, cobalt, fluorine, iron, lead, manganese, scan-
dium, sulfur, vanadium, ytterbium, yttrium, and zir-
conium) were highest in their concentrations at bar-
bells 1 and 2 and lowest at barbell 3 (table 6). Other
elements (nickel, niobium, and strontium) and ash
showed differences between barbells 1 and 3 but not
between barbells 2 and 3. Again, the southeastern
most barbell (barbell 3) was lowest in the average
concentration of these three elements. For most ele-
ments in snakeweed, no difference between the bar-
bell means was found, and, therefore, no trends (as for
galleta) are apparent.

STUDY 3, SAN JUAN MINE

Our study at the San Juan mine had the following
objectives: (1) to compare the element concentrations
infourwing saltbush growing at a mine rehabilitation
site to basin-wide control samples; (2) to assess the
partitioning of the distance-related variability in the
element concentration of fourwing saltbush and alkali
sacaton at a mine rehabilitation site; and (3) to exam-
ine soil-plant element uptake relationships at both
altered and native sites.

PLANT-ELEMENT CONCENTRATION COMPARISONS

The geometric mean and observed ranges in the
concentration of 35 elements in the dry material of
basin-wide fourwing saltbush controls and San Juan
mine saltbush samples are listed in tables 2 and 7,
respectively. These data show that concentrations of
aluminum, arsenic, boron, cobalt, copper, fluorine,
iron, lead, manganese, sodium, and uranium in sam-
ples of fourwing saltbush growing over spoil at the
mine generally exceed the concentrations in control
samples growing in native soils. The mine samples are
commonly two to five times higher in these elements
than the control samples. Of particular interest are the
concentrations of sodium in saltbush: the mine sam-
ples have concentrations that are 100 times higher
than the control samples. The relations between mine
samples and control samples for these 11 elements are
depicted in figure 9. In this figure, element concentra-
tions increase from left to right (along a logarithmic
scale) and from the bottom of the figure to the top
(from arsenic to aluminum). The GM for the controls is
based on 10 samples, whereas the values for the six
mine samples are individually plotted (dots). Geomet-

TABLE 6.— Multiple-mean comparison of barbell units of the average
element concentrations in galleta and broom snakeweed (Study 2)

[GM, tric mean tration of el ts (and ash yield) in dry plant material;
values preceeded by alpha superscript are not significantly different at the 0.05 proba-
bility level; all measurements are in parts per million unless otherwise noted; n, number
of samples]

Galleta Broom snakeweed

Elenent @1, @, @1, @1, @, @,
barball 1  barbell 2 barball 3 barball 1  barball 2  barball 3

or ash (n=10) (n=10) (n=10) (o=8) (2=10) (n=9)
ashl 23,1 aby 4 bs.8 b6.4 b6.7 ag.1
Alwminm-——-—- 22,600 82,200 bgsg 21,700 21,500 21,600
Arsentc——--—— 8,17 2,18 b1 a1 a17 216
Barium-——-—-- 232 a9 b16 asg absg b4s
Boron b4.8 bs.3 86,2 b7 a2 a3
Cadmium-——-— 2,10 2,093 8,083 ab 24 b,19 227
Calciuwm~——-—= 23,300 23,400 23,600 bg, 500 ab; 2,000 213,000
Chroatum-—--—- 21.3 21,3 a1.4 als 81,3 21,4
Cobalt 2,34 8,34 b1z a,33 ab 3o b2y
Copper-~—-~=== 83,0 82.8 2.7 210 29,5 210
Buroplum—-— 8,20 8,20 a9 abp2 2,26 b, 067
Fluorine----—  #7.0 8.5 bs.7 a1 a0 b7.s
Iron -——- 8930 2930 5430 2710 2640 8580
Lanthamm——— 1.3 82.1 .56 a7 21,6 b.95
Lead=———m=mm=m— 81,4 a2 b.92 216 a3,0 b1
Lithfume———m-—— .42 b,34 €21 2,92 ab,gs b,69
Magnesium——— 5640 bg30 2960 51,200 b1,300 a1,700
Manganese--—--- 2120 ajlo b72 bsg a7 a76
Marcury~ a,29 b,18 2,27 8,20 a.18 8,20
Molybdenum--———  8.33 a,39 2,30 ab, 3¢ 2,42 b,28
Nickel a1l ab, go b.7s a,62 a,78 2,68
Nioblum-—~———— .91 ab, 59 b, s b.36 b.49 a.75
Phosphorus—— €430 bs510 8500 bs00 bs7o a770
Potassium--—— 92,500 b2,700 24,300 6,400 bg, 500 212,000
Scandium-—--- 8,33 2,30 b7 2,2 a,27 a 27
Selenium--——-  2.068 2,080 210 b8 2,28 2,29
Sodium————-= 867 bsp 259 2100 agp a110
Strontiwm~—-— 325 abyy brg asg asg asg
Sulfur (total) 21,600 21,800 bsgo 21,300 21,100 agoo
Titanium— ags a7 ags b7g bgo b120
Urantuw—-—- 3,10 2,066 2,080 b, 087 2,13 b, 080
Vandiua— a7 a1.6 b.72 a4 a2 al.1
Yeterbium—— 8.11 a1 b,063 8,074 a,075 2,064
Yeerim——-——-—- 31,1 2.1 b, 50 b,77 8,84 b.62
Zinc 24 b1y ab)3 a6 ag a8
Zirconium-—-- 212 a1 b3.8 as.2 as,3 85,4

1v.1uu are in percent.

ric mean values for arsenic, boron, lead, and uranium
were calculated using the technique of Cohen (1959)
because of the occurrence of at least one value outside
of the limit of analytical determination (table 2). The
very narrow range of values for arsenic(GD 1.19)and
the occurence of four censored values (table 2) caused
the seemingly unusual positioning of the arsenic GM
(fig. 9).

In addition to the 11 elements above, concentrations
of barium, cadmium, chromium, molybdenum, nickel,
zinc, and a few others were slightly higher in mine
samples than in control samples based on a compari-
son of their GM values only. However, a comparison of
their observed ranges shows both mine and control
samples to be similar. The fact that the GM values for
these six elements in the mine samples are higher than
the control samples should be noted; however, the fol-
lowing discussion concentrates only on those 11 ele-
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TABLE 7.— Variation in and summary statistics for element concentratic ns in dry material of fourwing saltbush growing over spoil at the
San Juan mine ( Study 3)

[Except as noted, the geometric deviation was calculated from the total variance; *, componer t of variance was tested as significant at the 0.05 probability level for the specified
geographic distane inecrement; ratio, proportion of the number of analyses having values abov : the lower limit of determination to the total number of analyses; leaders (e¢), no data
available; ppm, parts per million; <, less than]

Analysis of variance

Percentage of total variance

between Summary statistics
Element Total loglo 25-100m  5-25m <5 m distance Geometric Geometric Observed
plus
or ash Ratio variance distance distance analytic:l splits mean (ppm) deviation range (ppm)
Agh——————==— 6:6 0.0013 <1 60 {0 13 1.09 12 - 15
Aluminum---—--- 6:6 0175 <1 51 9 1,200 1.36 880 - 1,700
Arsenic---———— 6:6 .0080 4 <1 <6 .24 1.23 .20 -~ .30
Barium——-===-- 6:6 .0373 <1 50 ‘0 26 1.56 17 - 42
Boron=—-==-=-=  4:6 .0213 27 *72 1 Is7 11,27 40 - 65
Cadmium——--~-- 6:6 .1469 6 <1 <4 .17 2.42 .052 - «26
Calcium————~-- 6:6 .0121 *43 <1 7 10,000 1.29 9,100 - 14,000
Chrom{ um~——~-- 6:6 .0047 56 <1 4 21 1.17 1.8 - 25
Cobalt—————~—- 6:6 .0278 60 16 o4 47 1.47 .28 - <65
Copper———==~-— 6:6 .0041 12 <1 {8 9.7 1.16 8.4 - 12
Europium-—-——— 3:6 - - - - 19 13,27 <.24 - T4
Fluorine----—- 6:6 .0177 <1 7 '3 20 1.36 15 = 34
Iron——=mm—=—— 6:6 .0108 <1 <1 '9 780 1.27 620 - 1,100
Lanthanum--~—- 2:6 - - - - i1 L.si <l.2 - 1.8
Lead~————==--- 6:6 .0158 <1 <1 ‘9 1.2 1.34 .096 ~ 1.7
Lithium—-===~-- 6:6 0284 10 <1 ‘0 1.7 1.47 1.1 - 2.5
Magnesium—-——- 6:6 .0029 <1 64 16 7,200 1.13 610 - 8,400
Manganese~——--- 6:6 .0410 <1 92 8 160 1.59 90 - 240
Mercury~-—----—- 6:6 .0396 <1 <1 19 .13 1.58 .080 - 20
Molybdenum——-- 6:6 .0389 <1 <1 9 .73 1.57 «53 - 1.3
Nickel-———=—— 6:6 0442 24 <1 '6 1.9 1.62 1.1 - 3.4
Niobium—----——  4:6 +2039 57 *42 a .0 12,62 <.52 - 3.0
Phosphorus—~-—-- 6:6 .0108 16 <1 b4 840 1.27 650 - 1,200
Potassium————- 6:6 .0090 <1 50 0 26,000 1.24 21,000 - 34,000
Scandium=--—-—-— 6:6 .0070 <1 74 6 .43 1.21 34 - .51
Selenium—————— 6:6 .1032 *90 2 8 .22 2.10 .10 - 45
Sodium—-———-—- 6:6 «5355 17 <1 313 7,400 5.39 540 - 20,000
Stront ium———-—- 6:6 .0199 73 <1 17 48 1.38 35 - 71
Sulfur (total) 6:6 .0046 <1 <1 19 4,500 1.17 4,000 - 5,200
Titanium——---- 6:6 .0315 <1 23 7 43 1.50 25 - 64
Uranium——-=—--- 6:6 .0107 38 <1 52 .11 1.27 .072 - .13
Vanadium——----—-  6:6 .0107 <1 41 39 1.9 1.27 1.5 = 2.7
Ytterbium-----  0:6 -— - - - = - <11 - ==
Yetrium——~——==- 6:6 .0232 <1 50 50 .81 1.42 .60 - 1.3
Zinc~——m—————v 6:6 .0543 <1 *95 5 56 1.71 27 - 86
Zirconiumr---- 6:6 .0428 <1 12 38 5.1 1.61 3.1 - 8.6

1'l‘he technique of Cohen (1959) was used to calculate the mean and deviation because there were one or more
concentration values outside of the limits of determination.

ments (fig. 9) that showed the greatest differences. f-om the mine. A discussion of this trend follows in the
Only selenium was consistently higher in saltbush | s:ctionon”Element toxicity and deficiency considera-
samples from the basin when compared to samples | t ons.” Trends for strontium and the major essential
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F1GURE9. — Concentrations of elements (dry-weight basis) in four-
wing saltbush at the San Juan mine (dots) that generally exceed
values obtained in control samples from the San Juan Basin. Bars
represent the observed concentration range in basin-wide sam-
ples, and triangles are the geometric mean of the ranges (10
samples). Arrows indicate that either the lower or upper end of
the range is indeterminate because at least one value exceeded the
lower or upper limit of determination for the analytical methods
used. >, greater than.

elements calcium, potassium, and phosphorus, are
similar but less pronounced than those for selenium.

Alkalisacaton, a perennial bunchgrass, wassampled
only at the mine, so we are unable to compare its
summary statistics in table 8 with control samples.
Provisional comparisons can be made, however, be-
tween sacaton collected at the mine and galleta grass
collected throughout the basin (table 2). We recognize
that these two grasses are genetically distinct; how-
ever, a comparison of the two is reasonable because
their ash yields are similar and little difference was
noted in their overall element concentrations. Only the
concentrations of sodium show large differences be-
tween these two species — the mine sacaton samples
are 20 times higher in sodium than the basin-wide
galleta samples. Other elements, such as sulfur, ura-
nium, and lead, showed slightly elevated levels in mine
samples; however, concentrations of manganese, phos-
phorus, and selenium were slightly less in mine
samples.

Comparisons of element concentrations between
shrubs and grasses, both on and off altered sites, may
be helpful in assessing gross soil-element availability
differences. Interspecific inherent differences also

govern element uptake and must be considered when
assessing the following observations. Mine-sampled
sacaton has similar element content to basin-wide
saltbush samples but is very much below the concen-
trations of elements in mine saltbush. Concentrations
of mercury, lead, and uranium were the exceptions;
these elements showed slightly higher concentrations
in mine sacaton than in basin-wide saltbush or mine
saltbush. These three elements (plus perhaps molyb-
denum) were the only elements that were elevated in
their concentrations in sacaton tissue over concentra-
tions observed for saltbush. Basin-wide galleta sam-
ples showed a similar tendency to accumulate mer-
cury and molybdenum in particular, and lead and
uranium to a lesser extent. This tendency may be a
unique characteristic of these two grass species and
merits additional study. Further discussions of the
selective uptake of certain elements by the species
sampled are included in the following section.

SOIL-PLANT ELEMENT RELATIONS

A detailed discussion of the extractable and total
concentrations of more than 30 elements in native soils
and mine soils from northwestern New Mexico is
given in Severson and Gough (1981). The purpose of
this discussion is to evaluate element concentration
levels in soils and mine soils as they may affect plant-
element levels.

Figure 9 shows the concentration of 11 elements in
saltbush that had elevated levels in San Juan mine
samples when compared to basin-wide samples. As-
suming that the basin-wide samples are a good mea-
sure of background levels of these elements in salt-
bush, then the higher concentrations observed in the
mine samples reflect a greater degree of availability of
these elements in the replaced topsoil or spoil or both.
Figures 10,11, and 12 show the GM values for the total
concentration of 10 of these 11 elements (concentra-
tions of fluorine were below the detection limit of 400
ppm)inbasin-wide A and C horizons of soil and in San
Juan mine replaced topsoil and regraded spoil. These
figures also give the DTPA-extractable concentra-
tions (ppm in soil) of cobalt, copper, iron, manganese
and lead, the water saturation-extractable amounts
(meqg/L of extract) of sodium, and the hot water-
extractable levels (ppm in soil) of boron.

As shown in figure 10, in general, the total concen-
tration of copper, iron, manganese, sodium, alumi-
num, and uranium were higher in the mine samples
than in the basin-wide samples. Extractable levels of
copper, iron, manganese, and sodium showed a similar
trend (we do not have extractable data for aluminum
or uranium). Figure 11 gives trends for cobalt and
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TABLE 8.— Variation in and summary statistics for element concentrat: ons in dry material of alkali sacaton growing over spoil at the San

Juan mine (S udy 3)

[Except as noted, the geometric deviation was calculated from the total variance; *, componi nt of variance was tested as significant at the 0.05 probability level for the specified
geographic distance increment; ratio, proportion of the number of analyses having values ab ve the lower limit of determination to the total number of analyses; leaders (e¢), no data

available; ppm, parts per million; < , less than]

Analysis of variance

Percentage of total var: ance

between Summary statistics
Element Total 10310 25-100 m 5-25 m <5 m d stance Geometric Geometric Observed
or ash p- us
variance distance distance analyticil splits mean (ppm) deviation range (ppm)
Ash~————————m 0.0037 6 66 '8 5.1 1.15 - 5.7
Al umi num~=~=~= .0814 <1 61 ‘9 500 1.93 - 1,000
Arsenic~===~=- .0116 <1 33 17 .12 1.28 - .15
Bariunle—eee- - - - - 14 1.24 - 17
Boron—======u- .0131 9 <1 ‘0 9.1 1.30 - 12
Cadmiugr——-—~——- .0909 9 21 ‘0 .048 2.00 - .15
Calcium~==—=—-- .0028 <1 *97 3 4,100 1.13 - 4,600
Chromi um—————- .0273 <1 <1 '9 .71 1.46 - .91
Cobalt——————- .0210 <1 <1 ‘9 .23 1.40 - .34
Copper———————- .0067 <1 <1 ‘9 2.4 1.21 - 2.8
Europium------ - - - - 2.1 22,30 - .33
Fluorine~~=~~—~~ .0050 23 <1 7 7.8 1.18 - 9
Iron——=——==—=— .0311 <1 49 1 310 1.50 - 510
Lanthanum--——- .2187 5 <1 4 2,72 23.30 - 2.3
Lead-=======- .0108 <1 19 o1 1.4 1.27 - 1.8
L1 thi up——————m .0551 <1 <1 ‘9 .29 1.72 - 46
Magnesium---—- .0083 28 <1 2 1,000 1.23 - 1,200
Manganese——-—— .0325 50 <1 .9 50 1.51 - 74
Mercury~———--—- .0135 <1 82 7 .20 1.31 - .25
Molybdenum—~—— .0123 19 4 7 .70 .29 - .90
Nickel====—=—m .0154 <1 75 5 .71 1.38 - 1.1
Niobium—————— .0891 29 <1 1 .65 1.99 - 1.3
Phosphorus———- .0033 52 17 i1 340 1.14 - 390
Potassium————- .0158 <1 44 6 2,400 1.34 - 3,500
Scandium—~—~—— .0148 <1 *97 3 .19 1.32 - .24
Selenium--———- .0027 14 <1 6 .096 1.13 - .10
Sodium———————— .1119 40 <1 0 1,500 2.21 - 4,500
Strontium————— .0090 <1 51 -9 21 1.24 - 27
Sulfur (total) .0061 41 <1 8 1,500 1.20 - 1,800
Titanium————— .1713 <1 70 0 16 2.59 - 44
Uranium~-————- .0076 <1 73 7 .13 1.22 - .16
Vanadium——————- .0278 <1 31 8 <94 1.47 - l.4
Yeterbdum-—-—- - - - - 2046 21.32 - .068
Yttrium———— .0261 <1 48 2 47 1.45 - .68
Zing~-mm—m————m .0131 5 <1 15 14 1.30 - 17
Zirconium-~—~=- .1576 <1 45 5 1.9 2,49 - 5.3

lBecause of an erroneous concentration value, these statist cs are based on five samples, not six.

2'I.’he technique of Cohen (1959) was used to calculate :he mean and deviation because there were

concentration values outside of the limits of determination.

lead. These two elements differ somewhat from the
elements shown in figure 10 because cobalt and lead

one oOr more

I ave similar total levels between native soils and mine
s)ils, but the extractable levels in mine soils (particu-
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FIGURE 10. (above and right).— Differences between the average
values for basin-wide native A- and C-horizon soils (47 samples)
and replaced topsoil and spoil from the San Juan mine (12 samples)
for extractable and total concentrations of copper, iron, manga-
nese, and sodium, and total concentrations of aluminum and uran-
ium (from Severson and Gough, 1981).

larly for cobalt) are much less than in native soils.
Figure 12 shows the soil and spoil levels of boron and
arsenic. These elements are notable because they show
lower amounts in mine samples than in basin-wide
samples, whereas the extractable boron in mine soil is
greater.

In summary: (1) except for cobalt and lead, mine
samples are higher in extractable-element concentra-
tions than are basin-wide control samples; (2) both
total- and extractable-element concentrations are gen-
erally higher in spoil samples than in native topsoil,

§2'°' Sodium (percent) - T §

N7

TN 2\

M
— \260

fuj § Z Uranium (ppm)

2ol %SZ‘ 7 §

native C-horizon soil, or replaced topsoil; and, (3)little
difference was noted between the total amount of these
elements in basin-wide A horizons of soil and in
replaced topsoil at the mine; however, much greater
differences were noted between the total amount of
these elements in basin-wide C horizons of soil and in
mine spoil.

Simple correlation analysis showed that few strong
relations existed between extractable- or total-element
concentrations in mine soil and mine-sampled plant-
element concentrations. This fact, coupled with the
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I IGURE 12. — Differences between the average values for basin-
wide native A- and C-horizon soils (47 samples) and replaced top-
soil and spoil from the San Juan mine (12 samples) for extractable
and total concentrations of boron, and total concentrations of
arsenic (from Severson and Gough, 1981).

small sample number of each material (n = 6), pre-
cludes the usefulness of prediction equations. Poor
‘nine soil-plant element correlations occur, even
“hough, compared with basin-wide soils, generally
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elevated extractable- and total-soil levels are reflected
in elevated levels in mine-sampled plant material
(table 2). Plant material analyses are, therefore, pre-
ferred to conventional soil analyses as indicators of
element availability. This availability will vary with
time, however, and the values we report for August
1977 will change as explained by Cornwell and Stone
(1969, p. 118):

Availability [in minesoils] is controlled not by storage and release
from a relatively stable reserve, or an organic matter cycle, as in
natural soils, but by rate of solution from fresh mineral surfaces or
freshly-exposed subsoil particles. Hence, element availability can-
not be predicted from tried and tested parameters such as pH,
because relationships between the two are unknown for spoil bank
materials.

A linear regression analysis between 10 soil and plant
samples from the basin was possible, and such soil-
plant relations under native conditions should be more
stable with time than are relations under reclamation
conditions. Prediction equations for native systems,
therefore, are more reliable. As examples, the strong
positive soil-plant availability relations for cobalt and
copper follow:

Logio basin saltbush cobalt =-0.05 + 0.44 logio
basin A-horizon DTPA-extractable cobalt (r* = 0.67).

Logio basin saltbush copper = 3.1 + 1.8 logwo
basin A-horizon DTPA-extractable copper (r* = 0.54).

Generally higher extractable levels in spoils (and
not replaced topsoil) are assumed to be the source of
the elevated levels of these elements in mine-sampled
plants. An extreme example is sodium, which shows
anincrease of two orders of magnitude over basin wide
C horizons of soil (fig. 10) that is also reflected by a
similar increase of two orders of magnitude in sodium
in mine-sampled saltbush (fig. 9). For a deep-rooted
species like saltbush (Dayton, 1931, reported fourwing
saltbush roots at a depth of 6 m below ground level),
topsoiling to a depth of about 20 em apparently does
little to ameliorate the plant-uptake of elevated levels
of some metals in spoil.

GEOGRAPHICAL DISTANCE-RELATED
ELEMENT VARIABILITY

Tables 7 and 8 give estimates of the three compon-
ents of distance-related variability in the element con-
centration of mine-sampled fourwing saltbush and
alkali sacaton. These estimates are based on six sam-
ples and are therefore provisional. This variation is

partitioned into components representing distances of
25-100 m, 5-25 m, and 0-5 m (loeal). The local compo-
nent includes variation due to sample processing and
analytical procedures (analytical error). Sixty-seven
percent of the elements in saltbush (table 7) and 62
percent in sacaton (table 8) show that the local compon-
ent accounts for 50 percent or more of the total varia-
bility. Excessive censoring of europium, lanthanum,
and ytterbium concentrations in saltbush; europium
and ytterbium insacaton; and an error in one value for
barium insacaton, resulted in no AoV calculations for
these elements. Several other elements in both salt-
bush and sacaton had values either above or below the
detection limit for the analytical method used; how-
ever, nomore than one-third of the values were substi-
tuted prior to the AoV calculation.

Eventhough the analytical-error component cannot
be separated from the local component, it would
appear that plants spaced relatively close together
vary greatly in their element compositions. Thus,
samples of saltbush and sacaton as far apart as 100 m
will probably vary in their element composition little
more than plants sampled only a few meters apart.
This observation is undoubtedly a reflection of the
heterogeneous composition and element availability of
the spoil material from place to place in the rehabili-
tated area (Severson and Gough, 1981).

None of the elements in sacaton show a significant(p
< 0.05) component of variability associated with a dis-
tance of 5-100 m, and only calcium and selenium are
significant in saltbush for this distance. Therefore,
calcium and selenium levels in saltbush differ over
broad areas within the mine, whereas saltbush samp-
led close together varies only a little. Total calcium in
replaced topsoil at the mine has significant variation
at 25-100 m (Severson and Gough, 1981); and spoil
material showed a large, but nonsignificant variation
at5-25 m. There appears, therefore, to be a correspond-
ence between mine-soil caleium differences and salt-
bush caleium. Selenium occurs in concentrations too
small to be commonly detected in soils by the methods
we used, so saltbush-mine soil selenium comparisons
are not possible. Several additional elements (boron,
manganese, niobium, and zinc in saltbush; and cal-
cium, europium, and scandium in sacaton) show sig-
nificant variation at 5-25 m, and, therefore, plants
separated by this distance can be expected to differ
significantly in their composition of these elements.
Further, sacaton has large but nonsignificant varia-
tion at 5-25 m for ash, aluminum, mercury, nickel,
titanium, uranium, and ytterbium, whereas saltbush
shows similar trends for ash, aluminum, magnesium,
and scandium.
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ELEMENT TOXICITY AND DEFICIENCY CONSIDERATIONS

Excess boron in alkaline and saline soils can adver-
sely affect plant growth. Our boron data for the grass
(sacaton) and for the shrub (saltbush) at the San Juan
mine do not appear excessive when compared to sim-
ilar material collected elsewhere in the western Unit-
ed States (U.S. Geological Survey, unpublished data).
The total and hot-water extractable levels of boron in
mine soils (GM for replaced topsoil, 0.6 ppm; spoil, 1.8
ppm) also indicate that boron toxicity problems are
probably minimal — atleast in the area we sampled.
A few extractable values exceeded 2 ppm (toxicity
threshold for some citrus species), and one value
exceeded 11 ppm in spoil, which is high but probably
not detrimental to nonagricultural species (Gough,
Shacklette, and Case, 1979).

Boron levels in plant tissue are also diagnostic of
potential plant toxicity problems. Boron concentra-
tions in fourwing saltbush sampled at the mine are
elevated (nearly double) when compared to basin-wide
samples(tables 2 and 7). These values, however, donot
exceed the range of values reported as suggestive of
boron toxicity (Gough, Shacklette, and Case, 1979).
Total boron in basin-wide soils is much greater than
total boron in mine soils, yet the extractable levels of
boron in the basin are far below those found at the
mine (fig. 12). These levels suggest that in basin-wide
soils boron is in a form (reservoir) not available to
plants — this is certainly reflected by plant levels of
boron (table 2). Mine spoil, however, is much higher in
extractable boron than is mine topsoil, indicating that
more boron in spoil should be available for plant
uptake than in topsoil.

Mine soils, although highly variable, were predomi-
nantly alkaline, having a mean pH of 8.0 for topsoil
and 7.6 for spoil. The observed pH ranges for topsoil
and spoil, however, were 6.7-9.3 and 5.9-9.3, respec-
tively. The occurrence of oceasional low-pH soils at the
mine may explain why mine-sampled plants were
generally low in molybdenum and selenium when
compared with basin-wide plant materials whose
accompanying soils were never below a pH of 7.1
(tables 2, 7, and 8).

Erdman and others (1978) found that copper-
molybdenum ratios (dry-weight basis) in sweetclover
from rehabilitated spoil sites at eight mines in the
northern Great Plains were low enough to warrant
concern for the health of grazing ruminants. They
pointed out that various metabolic imbalance diseases,
generally termed "molybdenosis,” are caused by either
low copper in forage coupled with slightly elevated
molybdenum or normal copper levels with very much

hi rher molybdenum. They noted that copper-molyb-
denum ratios below about 5:1 are thought to be criti-
ca ; therefore, they viewed with concern the ratios at
th :se mines that ranged from about 0.4:1 to 5:1. Our
co)per-molybdenum ratios for alkali sacaton and
forrwing saltbush at the San Juan mine varied greatly —
ra;ios for saltbush were commonly more than 14:1
(d 1e to relatively high copper levels), whereas those of
sa :aton ranged from 2.2:1 to 5.8:1. Because of these
generally acceptable ratios and also because of uni-
formly low molybdenum concentrations (usually less
th in 1.0 ppm) in the plants sampled at the mine and
th "oughout the basin, there appears to be little need
for concern for potential molybdenosis in animals that
m ght range over these rehabilitated areas. It should
be noted that our mine and basin samples did not
in:lude any legumes, which are known to be generally
hi;ther in molybdenum than other forbs or grasses.

Figure 10 illustrates the large amount of extracta-
bl: sodium in these soils. We reported in Chapter C
(Saverson and Gough, 1981) that the mine soils, in
general, may be classified assaline sodic(U.S. Salinity
L: boratory Staff, 1954) and possess the characteris-
tic s listed in table 9. Sodium-dominated alkaline soils
arereported by Sandoval and Gould (1978) to have the
fo lowing properties which are unfavorable to plant
growth: (1) potential loss of phosphorus through the
fo mation of highly soluble sodium phosphate com-
pcunds, (2) low availability of water because of either
os motic potential limitations, or decreased soil per-
m2ability properties, or both, (3) formation of unde-
si 'eable sodium humates, and (4) inhibition of cal-
¢i 1im, magnesium, and potassium uptake.

2pssible deficiencies of elements essential to plant
growth at rehabilitation sites were assessed both by the
ex:ractable levels in mine soils and by the levels in
pliint tissue. In Severson and Gough (1981) we reported

T. BLE 9. — Saline-sodic characteristics of San Juan mine soils
(Study 3)

Soil Geometric Geometric
Parameter Material mean deviation Range
Water saturation Topsoil-— 21 3.15 6.5-120
¢ ktractable sodium---~-  Spoil--——— 260 1.69 97 =500
(milliequivalents
fer liter)
Socium adsorption Topsoil-- 7.6 2.26 2.7- 25
1atio———-——-—-—--——-———  Spoil-—— S5t 1.56 20 -70
Exc hangeable sodium Topsoil-— 4.8 2.48 1.5- 18
[ excentage (percent)---  Spoil-——- 32 1.68 9.4- 49
Specific conductance-—-—-- Topsoil-— 2.8 2.37 1.3- 11
{nillimhos per Spoil--—- 9.6 1.70 4.0- 17

centimeter)
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that extractable zinc levels in mine soils were low and
potentially limiting to the growth of certain plants.
Sacaton and saltbush, however, appear to be assimilat-
ing enough zinc, although the saltbush levels are four
times greater than thelevels in sacaton (tables 7 and 8).
Potassium levels in sacaton appear unusually low for
grasses in general (GM 0.24 percent) and may be
depressed because of high levels of mine-soil
sodium. Our X-ray fluorescence method for the de-
termination of total phosphorus in soils registered
concentrations for all of our samples below the detec-
tion limit of 0.5 percent. It is well known that low
available phosphorus levels in reclamation soils can be
limiting to plant growth. The phosphorus levels in
both sacaton and saltbush appear somewhat depressed;
however, their healthy appearance indicates that, for
these species, available phosphorus is adequate. As
cattle pasturage, the phosphorus levels of both species
and the copper and zinc levels in sacaton are inade-
quate, whereas levels of cobalt (Hodgson and others,
1962), calcium, magnesium, iron, and manganese
appear acceptable (Munshower and Neuman, 1978;
Erdman and Ebens, 1979). Because the sacaton sam-
ples were washed and the saltbush samples were
Jjudged not to be excessively contaminated, these data
represent material perhaps atypical of common for-
age. Grazing animals can greatly supplement their
intake of trace metals by consuming vegetation with a
coating of dust.

CONCLUSIONS

1. Samples of native galleta grass, broom snake-
weed, and fourwing saltbush, from that part of
the San Juan Basin most likely to be affected by
energy development (Study 1), show large vari-
ability in their concentrations of 35 elements.
The summary statistics for these elements can
be used to judge the degree of change that future
land-surface alterations may have on these
plants. Plant-element composition, therefore,
may be viewed as one measure of changes in the
element availability in soils.

2. In Study 1, the concentrations of manganese,
molybdenum, nickel, and uranium (and possibly
iron and selenium) in galleta show regional
trends. Concentrations of manganese, nickel,
iron, and selenium are highest in the south-
central part of the Study 1 area (selenium also
shows high values just west and south of Farm-
ington). The molybdenum and uranium data are
unique, because two populations of values were

defined. Concentrations of molybdenum in gal-
leta were highest in the western edge of the study
area, whereas uranium was highest in galleta
samples collected west and southwest of Farm-
ington.

3. Trends in the element composition of snakeweed
and fourwing saltbush across the basin were not
observed. For saltbush, however, the presence
of such trends could not be measured because of
too few samples. Of the species collected, how-
ever, saltbush exhibits the strongest relations
between soil-plant element concentrations. For
example, linear regressions for cobalt and cop-
per between DTPA-extractable soil levels and
plant levels explained 67 percent and 54 per-
cent, respectively, of the total variability in the
data.

4. Differences in the concentration of elements be-
tween Study 1 plant species are generally less
than a factor of two except for the following: ash
yield of saltbush is two times that of the other
plants; boron in snakeweed and saltbush is four
times greater than in galleta; iron in galleta is
two times the levels found in saltbush; lead is
much higher in galleta and snakeweed when
compared to saltbush; the major essential ele-
ments calcium, magnesium, potassium, phos-
phorus, and sulfur are generally highest in salt-
bush; and selenium in saltbush is four times
greater than the levels in galleta or snakeweed.

5. For plants growing in the Sheppard, Shiprock,
and Doak soil series (Study 2), the GM, GD,
observed range, and 95-percent expected range
(baseline) for the concentration of 31 elements
(and ash yield) in galleta and 32 elements (and
ash yield) in snakeweed are given (tables 4 and
5). Concentrations of aluminum, iron, sulfur,
vanadium, and zirconium in galleta, however,
show a significant regional (more than 10 km)
variance component, indicating that the base-
line estimates are biased if compared to a newly
collected sample from a specific area of Study 2.
They are unbiased, however, if the baseline is
used to estimate the most typical concentrations
from the entire Study 2 area.

6. Most of the variability in the element-concen-
tration data from Study 2 was at the distance
increment of less than 0.1 km. This means that
samples of galleta and snakeweed further apart
than 10 km vary in their element composition
little more than plants sampled as close together
as 0.1 km. For most elements, therefore, the



BIOGEOCHEMICAL VARIABILITY OF PLAN IS, SAN JUAN BASIN, NEW MEXICO 25

analysis of only a very few samples of these two
species can effectively characterize their ele-
ment composition for a rather large area.

7. In Study 2, the southeasternmost cluster of galleta
samples (barbell 3) is generally lowest in the
concentration of nearly half of the elementsana-
lyzed, however snakeweed does not show a sim-
ilar trend.

8. The concentrations of 35 elements (and ash yield)
in alkali sacaton and fourwing saltbush col-
lected on a spoil rehabilitation plot at the San
Juan mine (Study 3, tables 7 and 8) are com-
pared tosamples of similar material from native
(control) sites from throughout the San Juan
Basin. Concentrations of aluminum, arsenic,
boron, cobalt, copper, fluorine, iron, lead, man-
ganese, sodium, and uranium in samples of salt-
bush growing over spoil generally exceed the
levels of these elements in control samples.
These element levels are elevated in plant sam-
ples from spoil sites by factors of from two to five
times. Sodium concentrations in saltbush, how-
ever, are 100 times higher on spoil sites; and on
the same sites the extractable-sodium levels in
spoil material are also 100 times higher than
C-horizon controls.

9. Simple correlation analysis shows that few signifi-
cant positive correlations exist between either
extractable- or total-element concentrations in
mine soils and plant-element concentrations.
Poor correlations occur even though generally
elevated levels of elements are found in both the
mine soils (extractable and total forms) and the
mine-sampled plants. The generally higher
extractable levels in spoils (and not replaced top-
soil) are assumed to be the source of the elevated
levels of these elements in mine-sampled plants.

10. Mine-sampled plants, spaced relatively close to-
gether (5 m or less), vary greatly in their ele-
ment compositions. This variation reflects the
heterogeneous composition and element availa-
bility of the spoil material.

11. As pasturage for cattle, mine-sampled fourwing
saltbush is low in phosphorus, and sacaton is low
in copper and zinc. Levels of cobalt, calcium,
magnesium, iron, and manganese appear ade-
quate in both plant species. No potential ele-
ment-toxicity problems for grazing animals were
noted. Except for some high boron and sodium
levels, the mine soils do not contain element lev-
els that are judged to be potentially toxic to
native plant growth and development.
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