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Abstract:
Four acid sulfate soils from sites in Montana, North Dakota, and Wyoming were studied to determine
chemical and physical properties, mineralogy, genesis, and long-term acid-production potential.
Chemical characteristics were analyzed by atomic adsorption spectrophotometry (AAS),
inductively-coupled plasma emission spectroscopy (ICP), and ion chromatography (IC). Standard
methods of soil analysis were used for other properties. Optical techniques, including scanning electron
microscopy/energy-dispersive analysis of x-rays (SFM/EDAX) and petrography, were used to identify
soil mineralogy. Solubility experiments were performed on selected jarosite samples; results were
analyzed with the computer program GEOCHEM.

Three soils are developing on Late Cretaceous Bearpaw or Pierre shale and one is developing on Early
Cretaceous Mowry shale. Climate at all sites is continental, with an average of 25-40 cm/yr
precipitation. All soils studied are in mid-slope positions.

Vegetative cover ranges from 10 to 70%, with site 2 having the least vegetation and site 3 having the
most. All soils contain jarosite and iron oxides and are dominated by smectite clays.

Severe wind erosion is evident at site 1; site 2 has deep gullies from water erosion.

Soil pHs ranged from 3.6 to 5.1. Only site 2 had high levels of soluble salts, alkaline-earth cations, and
heavy metals. Each soil contained montmorillonite, illite, and kaolinite clays and jarosite
[KFe3(SO4)2(OH)6], goethite [FeOOH], gypsum [CaSO4 2H20], gibbsite [Al (OH)3], and
basaluminite [Al4(SO4)(OH)10] mineralogy.

Weighted means for total liming rates determined from the sum of acid-base accounts and active (SMP
buffer) acidity revealed that soils require from 15 to 56 mt CaCO3/1000 mt soil to neutralize both
current and potential soil acidity. Sulfur forms determined from two different particle sizes (-60 and
-200 mesh) showed some statistically significant differences, but not enough to justify the added time
and expense of grinding samples to smaller than 60 mesh. Results from solubility experiments
indicated that each soil is oversaturated with respect to jarosite. Because of the insolubility of jarosite
and semi-arid climate, these soils should produce additional acid very slowly over geologic time. Soils
are well buffered due to high smectite clay contents and relatively insoluble iron and aluminum oxides
and hydroxyoxides.

However, liming jarositic soils will cause hydrolysis of jarosite to goethite and continuing acid
production that must be considered in reclamation. 
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ABSTRACT

Four acid sulfate soils from sites in Montana, North Dakota, 
and Wyoming were studied to determine chemical and physical 
properties, mineralogy, genesis, and long-term acid-production 
potential. Chemical characteristics were analyzed by atomic 
adsorption spectrophotometry (AAS), inductively-coupled plasma emission 
spectroscopy (ICP), and ion chromatography (IC). Standard methods of 
soil analysis were used for other properties. Optical techniques, 
including scanning electron microscopy/energy-dispersive analysis 
of x-rays (SFM/EDAX) and petrography, were used to identify soil 
mineralogy. Solubility experiments were performed on selected 
jarosite samples; results were analyzed with the computer program 
GEOCHEM.

Three soils are developing on Late Cretaceous Bearpaw or 
Pierre shale and one is developing on Early Cretaceous Mowry shale. 
Climate at all sites is continental, with an average of 25-40 cm/yr 
precipitation. All soils studied are in mid-slope positions.
Vegetative cover ranges from 10 to 70%, with site 2 having the 
least vegetation and site 3 having the most. All soils contain 
jarosite and iron oxides and are dominated by smectite clays.
Severe wind erosion is evident at site I; site 2 has deep gullies 
from water erosion.

Soil pHs ranged from 3.6 to 5.1. Only site 2 had high levels 
of soluble salts, alkaline-earth cations, and heavy metals. Each 
soil contained montmoriI Ionite, illite, and kaolinite clays and 
jarosite [KFe3(SO4)2(OH)6], goethite [FeOOH], gypsum [CaSO4 2H20], 
gibbsite [Al (OH)3], and basaluminite [Al4(SO4)(OH)10] mineralogy.
Weighted means for total liming rates determined from the sum of acid- 
base accounts and active (SMP buffer) acidity revealed that soils 
require from 15 to 56 mt CaC03/1000 mt soil to neutralize both current 
and potential soil acidity. Sulfur forms determined from two different 
particle sizes (-60 and -200 mesh) showed some statistically significant 
differences, but not enough to justify the added time and expense of 
grinding samples to smaller than 60 mesh. Results from solubility 
experiments indicated that each soil is oversaturated with respect to 
jarosite. Because of the insolubility of jarosite and semi-arid climate, 
these soils should produce additional acid very slowly over geologic 
time. Soils are well buffered due to high smectite clay contents and 
relatively insoluble iron and aluminum oxides and hydroxyoxides.
However, liming jarositic soils will cause hydrolysis of jarosite to 
goethite and continuing acid production that must be considered in 
reclamation.
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INTRODUCTION

Acid sulfate soils are characterized by pH values below 4 
and mineralogies dominated by iron and aluminum hydroxy-sulfates, 
hydroxides, and oxides (van Breeman 1982). These soils are 
classified separately from conventional acid soils (e.g., certain 
forest soils) in recognition of their very low pH values and 
sulfate mineralogy inherited from oxidized sulfidic material (SCS 
staff 1987). Most of these soils are concentrated in tidal flats, 
estuaries, coastal plains, and swamps near the equator or in warm, 
moist environments (van Breeman 1982, Pons et al. 1982). However, 
recent research has identified acid sulfate soils in Texas (Carson 
et al. 1982) and in the semi-arid Northern Great Plains (Curtin 
and Mermut 1985, Bingham et al. 1984, Patterson and Arndt 1984,
Opdahl et al. 1975).

Jarosite, a common mineral in acid sulfate soils, is 
frequently found in Cretaceous shales of Montana (Dr. R. B. Berg, 
pers. comm., 1988) and Wyoming (Dr. J. D. Love, pers. comm., 1988).
In North Dakota, jarosite is sufficiently widespread to be used as 
a marker horizon for mapping the contact between the Pierre shale 
and Fox Hills sandstone (Feldman 1972, Daly 1984). Gypsum is 
commonly associated with jarosite in these shales.

Although acid sulfate soils developing on Cretaceous shales have 
been classified in Montana (e.g., Dilts, Julin, and Vaeda series in 
Veseth and Montagne 1980), little is known about the chemistry, 
mineralogy, and genesis of such soils in semi-arid environments.
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Most of the research on acid sulfate soils has been done in the tropics 
(van Breeman and Harmsen 1975, Pons 1972). Researchers from the Northern 
Great Plains (Bingham et al. 1984, Patterson and Arndt 1984, Opdahl et 
al. 1975) and elsewhere (Pons 1972, Brinkman and Pons 1972, Rorison 
1972) have noted the extreme infertility of acid sulfate soils. 
Consequently, detailed information on semi-arid acid sulfate soils is 
necessary to successfully reclaim these soils.

Objectives
Acid sulfate soils from two sites in Montana, one in North 

Dakota, and one in Wyoming were investigated to
1. identify the dominant minerals from each soil;
2. determine the factors causing acidity in each soil; and
3. predict long-term acid-production potential of each soil.
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LITERATURE REVIEW 

History
Acid sulfate soils have been recognized by agriculturists for 

centuries and have been the object of scientific study since the 
early 18th century (Pons 1972). Most of the original research on 
acid sulfate soils was performed in The Netherlands where the Dutch 
had become interested in the peculiar soils that developed in tidal 
flats reclaimed from the Zuidersea. In 1735, Linnaeus described two 
types of clay containing sulfuric acid while he was classifying rocks, 
minerals, and soils in Holland (in Pons 1972). Le Franc van Berkhey 
published a natural history of Holland in 1771 in which he 
distinguished two types of "cat clay", a term used to refer to 
sulfidic peats or muds long known to Dutch farmers (in. Pons 1972). The 
term "cat" is from the Dutch vernacular of the 18th century and is 
connotative of harmful, evil, or mysterious qualities. Acid sulfate 
soils frequently appear to be fertile when they are drained, with 
high organic matter contents and close geographic association with 
productive soils. When Dutch farmers drained and plowed these "cat 
clays" the resulting soils proved to be remarkably infertile, and 
the farmers had been deceived by the original appearances.
Elsewhere in northern Europe and throughout the world in coastal 
plains and deltas, mystery and evil are associated with vernacular 
names for these acidic soils (Pons 1972).
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Genesis and Distribution of Acid Sulfate Soils
Acid sulfate soils develop when pyritic sediments in marshes, 

deltas, and alluvial and tidal flats are exposed to the atmosphere 
and pyrite is oxidized to ferrous sulfate, ferric oxide, jarosite, 
and sulfuric acid. These soils have pH values near 4 somewhere within 
the upper 50 cm of the soil profile and are usually poorly drained, 
highly pyritic, and contain mottles of jarosite and iron oxides (van 
Breeman 1982). Jarosite may persist in acid sulfate soils many years 
after reclamation (Verhoeven 1972).

Millions of hectares of acid sulfate soils and potential acid 
sulfate soils occur in recent coastal plains (van Breeman 1982). 
Although most of these soils are in tropical or moist environments, 
other acid sulfate soils have been described at coal and metal 
mines (Smith and Sobek 1978) and in semi-arid environments 
on the Great Plains (Patterson and Arndt 1984). Recent descriptions 
of soils with acid sulfate mineralogy from eastern Montana (Bingham 
et al. 1984), southwest North Dakota (Opdahl et al. 1975, Patterson 
pnd Arndt 1984), and Wyoming (unpublished SCS soil mapping of 
Weston County, Wyoming) indicate that acid sulfate soils occur in 
the semi-arid continental interior of the United States. These 
soils resemble traditional acid sulfate soils, with pH values 
ranging from 3 to 5, prominent stringers or mottles of jarosite, 
and iron- and aluminum-oxide mineralogy (Patterson and Arndt 1984). 
They differ from traditional acid sulfate soils in their weathering 
rates, moisture regimes, and lack of pyrite (SCS staff 1987).
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Pvrite Formation

Sources and forms of iron and sulfur are two major factors in 
sedimentary sulfide fixation (Rickard 1972). Iron comprises 
approximately 5.1% of the lithosphere (Lindsay 1979). Sources of 
iron for sulfide fixation are primarily ferric oxides and oxyhydroxides. 
These compounds are supplied to the pyritization environment (in which 
either pyrite or marcasite may form, depending on physicochemical 
conditions) as solid-phase and amorphous components that are readily 
adsorbed on organic matter and fixed in inorganic matter by several 
exchange and adsorption mechanisms. Subsequent reactions with organic 
matter in sediments may release dissolved ferrous iron.

Sedimentary sulfide production occurs almost entirely through 
sulfate reduction by bacteria. Heterotrophic sulfate-reducing bacteria 
of the genera Desulfovibrio and Desulfotomaculum use sulfur-containing 
organic molecules (mainly amino acids and proteins) as energy sources 
(Rickard 1972). These bacteria are obligate anaerobes but otherwise they 
tolerate a wide range of physical and chemical conditions, with pHs from 
5 to 9, Eh (redox potentials) from +80 to 400 mV (millivolts), 
temperatures from O to 70°C, and NaCl concentrations of O to 12%
(Rickard 1972). Such broad tolerances explain the ubiquity of these 
bacteria in all anaerobic, sulfidic aqueous environments. Anaerobic 
sulfide-containing zones are commonly found beneath the surface in 
marine and fresh-water sediments, and in many soils.
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Pvrite Oxidation

Pyrite oxidation is a complex biogeochemical process that 
involves several redox reactions and microbial catalysis (Nordstrom 
1982b). Because oxidized pyrite imparts acidity and secondary 
mineralogy to acid sulfate soils, understanding pyrite oxidation 
is crucial to interpreting such soils.

Aeration initially oxidizes pyrite in soils. Below a pH of 4, 
Thiobacillus ferrooxidans is the bacterium responsible for pyrite 
oxidation (Arkesteyn 1980). Non-biological processes (e.g., oxidation of 
Fe2+ to Fe3"1", exposure to O2) initially reduce soil pH from 7 to 4; 
bacteria probably play a minor role in this initial pH decrease.
Although several heterotrophic thiosulfate oxidizers (e.g., Thiobacillus 
thiooxidans and Thiobacillus thiooarus) are found in soils with pH 
values from 4 to 7, Arkesteyn (1980) concluded that they do not 
accelerate pyrite oxidation in soils. However, Nordstrom (1982b) cited 
studies indicating that Thiobacilli may be involved in pH decreases from 
7 to 4.

Pyrite is initially oxidized by atmospheric oxygen, with 
subsequent decreases in pH depending on the oxidation rate of 
sulfur to sulfate. Below a pH of 4.5, ferric iron becomes more soluble, 
begins to act as an oxidizing agent, and becomes the only important 
inorganic oxidizer of pyrite below a pH of 3. At pH values below 4, 
ferric iron and Thiobacilli are the primary pyrite oxidizers (Nordstrom 
1982b, Ivarson et al. 1982).
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Nordstrom (1982b) summarized the overall stoichiometry of 

pyrite oxidation as follows:
FeS2 + 15/4 O2 + 7/2 H2O = Fe(OH)3 + 2 H2SO,.

In acid media (pH< 3) the reactions are 
FeS2 = Fe2"1" + S2 +2 e- 
O2 + e- = O2

In slightly acid to basic media (pH> 4) the reactions are 
FeS2 + 3 H2O = Fe(OH)3 + S2 +3 H+ +3 e- 
O2 + 2 e- + 2 H+ = H2O2.

The acid-generating phase is
S2 + 3 O2 + 2 H2O = SO42" + 4 H+.

The catalytic phase is
FeS2 + 14 Fe3+ + 8 H2O = 15 Fe2+ + 2 SO42" + 16 H+.
These reactions indicate that ferric iron, sulfate, and 

acidity are produced when pyrite is oxidized. Above a pH of 4, the 
inorganic rate-limiting steps are pH-dependent; below a pH of 3, 
oxidation rates are independent of pH changes. For pHs between 3 and 4, 
the rate-limiting steps may or may not be dependent on pH, according to 
the secondary minerals (iron hydroxy-sulfates, iron oxides arid
hydroxides, aluminum hydroxy-sulfates, and clays) present and the

\
resulting solubility relationships (Nordstrom 1982b).

Pyrite reactivity is a function of particle size and surface 
area. Most sedimentary pyrite consists of aggregates of particles 
with diameters ranging from 0.1 to I * (microns)(van Breeman 
1972). Aggregate diameters range from 10 to 40 ^ . These aggregates 
(framboids) exhibit the largest specific surface area (an average of



8

105 cm2/g for framboids of 30 n diameter) of all the crystalline forms 
of pyrite (van Breeman 1972). Stumm and Morgan (1981) noted that 
increasing standard free energy, decreasing stability, and lattice 
defects also make pyrite more reactive as particle size decreases and 
surface area increases.

In some pyritic soils, oxidation does not proceed readily, 
and pyrite may persist for years, even though the soil is exposed 
to the atmosphere (Harmsen et al. 1954). Pyrite preservation in 
these soils probably results from larger particle size (10-100 n 
diameter) and relatively high pH (van Breeman 1972).

The most important oxidant for pyrite is atmospheric oxygen (van 
Breeman 1972); however, at pHs from I to 4, microbial oxidation of Fe2+ 
to Fe3"1" is much more efficient than oxidation by free oxygen. Near 
neutral pH, the rate of pyrite oxidation is slow. Optimum conditions for 
pyrite oxidation in soils are moisture content near field capacity, 
temperatures from 10 to 30°C, and soil flocculation sufficient for 
diffusion of O2 through the soil profile (van Breeman 1972).

Iron Mineralogy and Chemistry
Several iron minerals, ranging from very insoluble iron , 

hydroxides to very soluble hydrated iron sulfates, may form as a 
result of pyrite oxidation (Nordstrom 1982b, Schwertmann and Taylor 
1977). The following relatively insoluble iron minerals are common in 
acid sulfate soils (van Breeman 1972):

Goethite FeOOH,
Hematite Fe2O3,
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Potassium jarosite KFg3(SOa)2(OH)6,
Amorphous iron oxides and hydroxides.

Several highly soluble iron sulfate minerals can form in oxidizing 
pyritic material, but most of these minerals are removed by 
leaching in humid environments (van Breeman 1972).

Jarosite
Jarosite is classified in the hexagonal-ditrigonal (pyramidal) 

system and is characterized by a Mohs hardness of 2.5 to 3.5 and a 
specific gravity of 2.9 to 3.3 g/cm3. Jarosite is the most common 
product of pyrite oxidation and may form within weeks after pyritic 
material is exposed to the atmosphere (Bloomfield and Coulter 1973). A 
general formula for jarosite is AB3(SOa)2(OH)6, where

A= Univalent site containing K+, Na+, Pb2"1", NH4"1", or H3O+
B= Trivalent site containing Fe3+ or Al3+ (alunite).

In the univalent A site, substitution results in a continuous K+- 
Na+-H3O+ solid-solution series (Brophy and Sheridan 1965). Jarosite 
has been found as a pseudomorph after pyrite, indicating direct 
alteration of pyrite to jarosite. More commonly in soils, jarosite 
precipitates directly from solution at a pH of 4 if the activities 
of SO42", K+, and Fe2"1" are adequate (van Breeman 1972). Brophy and 
Sheridan (1965) concluded that a strong preference exists for K+ over 
Na+ or H3O+ in the univalent position of the crystalline 
structure of jarosite. Only after K+ is almost totally depleted 
will Na+ be incorporated into the crystal structure. Hydronium 
jarosite is rare and persists only under low sodium conditions
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(Brophy and Sheridan 1965). Aluminum (Al3+) can substitute for Fe3+ 
in thp trivalent B site to form the mineral alunite [KAl3(SO4)2(OH)6]. 
However, Brophy et al. (1962) performed experiments that indicate a 
strong preference for the uptake of Fe3+ over Al3"1" into the jarosite 
structure.

Jarosite is stable under strongly oxidized (Eh= 0.5 to 1.2 volts) 
and acidic (pH= 2 to 4) conditions (van Breeman 1982, Lindsay 1979). 
Increasing pH will lead to hydrolysis of jarosite and the 
production of ferric oxide, SO42", and K+. Hydrolysis of jarosite may 
also lead to acid production through the following reactions, providing 
that the upper limit of Fe3+ activity is controlled by jarosite (van 
Breeman 1972):

KFe3(SO4)2(OH)6 + 6 H+ = K+ + 3 Fe3+ + 2 SO42" + 6 H2O 
3 Fe3+ + 9 H2O = 3 Fe(OH)3 + 9 H+
3 Fe(OH)3 = 3 FeOOH + 3  H2O.

Thus, I mole of jarosite may produce a net 3 moles of H+, with a final 
hydrolysis product of goethite or hematite. This reaction is 
believed to occur very slowly, but could result in significant acid 
production over geologic time (van Breeman 1972). The solubility product 
(Ksp) for jarosite has been reported by Lindsay (1979) and Vlek et al. 
(1974) as -98.5, indicating that jarosite is only sparingly soluble.

Jarosite Identification
Jarosite can be positively identified by x-ray diffraction, with 

diagnostic d-spacings producing peaks at 3.08 and 3.11 angstroms. Carson 
et al. (1982) report that jarosite gives a strong endothermic peak at
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416°C in differential thermal analysis (DTA) and that scanning electron 
microscopy (SEM) can provide useful information in genesis and 
weathering studies of jarosite. Another useful tool for jarosite 
identification is energy-dispersive an!aysis of x-rays (EDAX), which can 
provide bulk-chemical analyses that can be used to suggest 
stoichiometry.

In the field, jarosite is characterized by yellow color with 
a common Munsell hue of 5 Y, values from 6 to 8, and chromas from 
4 to 6 or more (Carson et al. 1982). In a soil from Thailand, van 
Breeman and Harmsen (1975) report jarosite with a Munsell color 
designation of 2.5 Y 8/4. Because jarosite is commonly found in 
association with goethite, hematite, and amorphous iron and 
aluminum oxides, colors of these mineral associations may range 
from pale yellow to brown, reddish-brown, or even gray (van Breeman 
and Harmsen 1975). Consequently, color alone is not sufficient to 
identify either jarosite or iron oxides.

Begheijn et al. (1978) describe methods for analyzing sulfur 
compounds in acid sulfate soils that can be used for semi - 
quantitative determinations of jarosite and other dominant sulfur 
fractions. Vlek et al. (1974) developed a modified EDTA method 
to determine the solubility product of various iron hydroxides and 
jarosite. Energy-dispersive analysis of x-rays can be used 
with a standard to provide reasonably accurate estimates of 
jarosite stoichiometry (Dr. Vernon Griffiths, pers. comm., 1988). 
However, because this technique cannot analyze elements below 
sodium in the periodic table, determinations of jarosite
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stoichiometry by EDAX must be considered estimates. These estimates 
may be useful in suggesting a range of jarosite composition.

Aluminum Mineralogy and Chemistry
The role of aluminum in acid sulfate soils has been emphasized 

in the past three decades (Coleman and Thomas 1967, Frink 1972, McLean 
1976). Aluminum is the most abundant metallic element in the earth's 
crust and is commonly found in soils as aluminosilicates, hydroxides, 
and hydroxyoxides (Hsu 1977). Several researchers in the 1940s 
discovered that "hydrogen clays" that impart acidity to soils 
rapidly decompose to form clays partially saturated with aluminum 
(Coleman and Thomas 1967). Aluminum can form a series of soluble 
monomers and polymers with the hydroxyl ion (Frink 1972, Bohn et 
al. 1985), but establishes few other stable complexes with ions 
usually present in soil solutions (Frink 1972).

Several insoluble aluminum hydroxy-sulfate minerals may occur 
in acid sulfate soils (Adams and Rawajfih 1977, Nordstrom 1982a). 
Whereas gibbsite [Al (OH)3] and kaolinite [Al2Si2O5(OH)4] commonly 
regulate aluminum concentrations in natural waters and non-acid 
soils, the presence of sulfate can alter these solubilities under 
acid conditions (Nordstrom 1982a). Among the less soluble aluminum 
minerals likely to cause sulfate retention in acid soils are jurbanite 
[Al (SO4) (OH)-BH2O], al unite [KAl3(SO4)2(OH)6], and basal uminite 
[Al4(SO4)(OH)10 BH2O] (Nordstrom 1982a). Adams and Rawajfih (1977) 
provide strong evidence that one or more of these insoluble aluminum 
hydroxy-sulfate minerals controls sulfate retention in acid soils.
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METHODS -AND MATERIALS

Soil samples were collected from 3 pits at each of 4 sites. Site I 
is southwest of Glasgow in Valley County, Montana; site 2 is northwest 
of Forsyth in Rosebud County, Montana; site 3 is south of Mamarth in 
Bowman County, North Dakota; and site 4 is south of Newcastle in Weston 
County, Wyoming. See Figure I and Site Characterizations for exact 
locations.

Sample Collection and Preparation
Collection

Three soil pits were dug at each site with a stainless steel 
sharpshooter shovel. Soil samples weighing from 0.5 to 1.5 kg were 
collected from 0 to 2 cm, 2 to 10 cm, 10 to 20 cm, 20 to 30 cm, 30 
to 40 cm, and 40 to 50 cm depths. Samples were scooped into bags 
from soil-pit walls that had been scraped with a plastic trowel to 
prevent cross-contamination. In the field all samples were stored 
in coolers with ice until they were returned to the lab and stored 
in a freezer.

Vegetation samples were collected at each site. Plots were laid 
out adjacent to each soil pit, plants within each plot were identified, 
and total plant cover was estimated. Some plants were collected for 
later identification.
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Preparation

After the samples were air dried, suspected jarosite and iron 
oxides were scraped off shale fragments from samples collected from 30 
to 40 and 40 to 50 cm depths in each of 12 pits. These sub-samples were 
crushed by mortar and pestle for analysis in x-ray diffraction, scanning 
electron microscopy, energy-dispersive analysis of x-rays, and 
controlled dissolution solubility experiments. In addition, several 
shale plates from 30 to 40 and 40 to 50 cm depths in pits at extremely 
acid sites 2 and 4 were prepared as thin and polished sections.
Remaining dried samples were flailed to -2 mm size by a small mechanical 
hammer mill. These samples were used for all other analyses.

Mineral Identification
Techniques used to identify soil and bedrock shale mineralogy 

include macroscopic hand-specimen analysis, XRD analysis of random 
powder mounts and oriented clay samples, transmitted- and 
reflected-!ight petrographic microscopy, SEM, and EDAX.

Macroscopic Identification
Some minerals like gypsum and jarosite are readily identified 

in hand specimens. Gypsum forms characteristic diamond-shaped 
crystals that are easily scratched by a fingernail (Hurlbut and 
Klein 1977). Jarosite precipitates as distinctive, pale to bright 
yellow, earthy masses and stringers in acid sulfate soils (van 
Breeman 1982). Although gypsum and jarosite were visually 
identified in many samples, other techniques were used for verification.
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Iron oxides like goethite and hematite exhibit distinctive 
yellow, brown, or reddish-brown cutans or mottles in many acid 
sulfate soils (van Breeman and Harmsen 1975). These weathering 
products were identified in the field, but additional techniques 
were used for verification.

X-ray Diffraction
In x-ray diffraction analysis, crystalline minerals produce 

characteristic peaks in accordance with their d-spacings (Brown 
1951). Some minerals not easily identified by optical techniques (e.g., 
basaluminite) yield diagnostic peaks in XRD analysis. Clay minerals 
are identified in XRD analysis by preparing oriented slides that 
take advantage of the horizontal stacking of tetrahedral and 
octahedral sheets in layer silicates (Grim 1968). The technique of 
Taskey and Harward (1979) was used to prepare clay slides and 
interpret XRD results. Samples containing suspected jarosite, gypsum, 
and iron oxides were crushed by mortar and pestle and affixed to glass 
slides as random powder mounts for XRD analysis.

Many iron and aluminum oxides and hydroxides are amorphous 
and are not amenable to diagnosis by XRD (Hsu 1977, Jackson 1965). 
Amorphous oxides and hydroxides are usually intimately mixed with 
crystalline minerals in soils (Hsu 1977). Because of this association, 
identifying and quantifying amorphous materials is difficult. Diagnostic 
d-spacings for all minerals identified were taken from Johnson and Vand 
(1968).
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Microscopy

Transmitted-!ioht. Transmitted-!ight petrographic microscopy is 
widely used to identify non-opaque minerals (Larsen and Berman 1934). 
Thin sections were prepared from shale samples (30 to 40 and 40 to 50 cm 
depths) from sites 2 and 4. Three thin sections from each site were 
examined.

Reflected-!ioht. Six polished sections were prepared, three each 
from sites 2 and 4. Reflected-Iight microscopy is used to identify 
opaque minerals (Short 1940, Ramdohr 1969). Pyrite is an opaque mineral 
that exhibits several optical properties making it amenable to 
identification by ore microscopy. However, framboidal pyrite is 
frequently too small {< 2 n diameter) to permit optical identification 
(Ramdohr 1969). Rubey (1929) mentioned visible pyrite in the Mowry 
shale, but he gives no details. Davis (1963) noted that pyrite is 
uncommon in the Mowry, although jarosite is frequently found in the 
Mowry above the water table.

SEM/EDAX. Scanning electron microscopy was used for examining 
the micromorphology of soil minerals to better understand weathering 
processes and mineral associations (Kittrick 1965). Eight samples of 
suspected jarosite and iron oxides from sites 2 and 4 were crushed and 
mounted in colloidal graphite atop aluminum disks. Two disks from each 
site were sputter-coated with carbon; these disks were used for chemical 
analysis by EDAX. The remaining four disks were sputter-coated with 
gold, a technique that generally provides better resolution for SEM 
photography. Each sample was scanned by the electron beam, and the 
mineralogy of specific particles was verified by EDAX before photographs
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were taken. An auxiliary feature of the scanning electron microscope 
used in this study is the EDAX equipment. This apparatus and its 
accompanying software allow the user to quickly identify elemental 
compositions of objects under the focus of the electron beam. For 
example, accurate distinctions can be made between clays 
(aluminosilicates), gypsum (CaS0v2H20), jarosite [KFe3(SO4)2(OH)6], 
goethite (FeOOH), and pyrite (FeS2). In this study, samples were scanned 
until particles of suspected jarosite, gypsum, or iron oxides were 
located. Particle mineralogy was then verified by EDAX. Particles or 
crystals exhibiting representative morphologies were identified, then 
photomicrographs were taken at scales that most effectively portrayed 
these morphologies.

Graphs of EDAX spectra were created for representative particles 
or crystals; these graphs provide evidence of specific particle 
mineralogy. In addition, some particles were analyzed by EDAX for bulk 
chemical composition. These analyses are close approximations of actual 
chemical composition for a specific particle (Dr. Vernon Griffiths, 
pers. comm., 1988). Several bulk-chemical analyses were generated by 
EDAX to suggest a range of composition for jarosite particles (i.e., the 
relative percentages of potassium, iron, and sulfur).

Chemical and Physical Analyses
Standard techniques for analyzing soil pH, particle-size 

distribution, electrical conductivity, cations and anions, cation 
exchange capacity, exchangeable acidity, water-holding capacity, 
and organic carbon are referenced in Table I. The following section



18
discusses specific techniques and equipment used. Many analyses 
follow the exact procedures outlined by references in Table I; 
where these procedures have been modified, changes and reasons are 
discussed.

Cations and Anions
Saturated paste extracts were obtained from all samples by 

weighing 150 g of each -2 mm sample into a beaker, saturating with 
double distilled, de-ionized water, and allowing the paste to sit 
overnight. Samples were then placed in Buchner funnels and suctioned 
through number 2 Whatman filters into beakers. This extract was 
collected and forced through syringes containing 0.2 p filters to remove 
solids, particularly aluminosilicates. Two ten-milliliter aliquots were 
made from each extract. One aliqout was analyzed by atomic adsorption 
spectrophotometry (AAS) for soluble copper, iron, manganese, nickel, and 
zinc. Matrices of the other aliquots were stabilized (to prevent 
microbial growth) for ion chromatography (IC) and inductively-coupled 
plasma emission spectroscopy (ICP) analysis by adding 0.1 ml of 2 M HCl. 
The latter samples were analyzed for soluble SOa2', and NO3" on the ion 
chromatograph and for Ca, Mg, Na, K, Al, Si, and S on the ICP.

Sulfur Forms and Acid-Base Accounting
Fifty grams of each -2 mm sample were analyzed for sulfur forms 

(CH2M Mill 1987,). To compare the effects of particle size on sulfur 
results, each sample was split and ground to -60 and -200 mesh. Samples 
were then analyzed in a Fisher sulfur analyzer.



19
Table I. Soil physical and chemical parameters and references.

Parameter Reference
Particle-size distribution (hydrometer method) 
pH (saturated paste extract)
.Electrical conductivity (" " "j
Sodium adsorption ratio (... )
Cation exchange capacity (NH4OAc)
Exchangeable acidity (BaCl2-TEA pH= 8.2)
Active acidity (SMP buffer test)
Organic carbon Snyder
1/3 and 15-bar moisture

Day 1965 
McLean 1982 

Rhoades 1982b 
Richards 1969 
Rhoades 1982a 

Thomas 1982 
McLean 1982 

and Trofymow 1985 
Peters 1965

Organic sulfur was determined by subtracting the sum of hot-water 
rinse-sulfur, HCl-rinse sulfur, and HNO3-Hnse sulfur from total sulfur. 
Pyritic (reduced) sulfur was obtained from the nitric acid rinse. Hot- 
water-rinse sulfur represented Soluble sulfate-sulfur, and insoluble 
sulfate-sulfur was determined from the HCl rinse. Potential acidity was 
determined from the following equation (CH2M Hill 1987):

Potential Acidity= 31.25(HN03-S + Organic-S) + 23.44(HC1-S).

Potential acidity was subtracted from neutralization potential, to give 
the acid-base account (ABA), which is expressed as (±) metric tons of 
CaCO3 required to neutralize 1000 metric tons of soil. Further 
explanation of the ABA is given in Results under Sulfur Forms.
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Solubility Experiments

Soil pits at site 4 contained jarosite that most closely 
resembles classic field descriptions (Bandy 1938, van Breeman and 
Harmsen 1975, Nordstrom 1982b). Here, jarosite formed earthy masses 
on shale fragments and was readily collected and prepared for 
analysis. Two solubility experiments were performed to obtain ion 
activity products for jarosite from this site. In the first experiment,
0.5 g of jarosite from samples collected from 30 to 40 and 40 to 50 cm 
depths was added to 100 ml of 0.01 M NaCl solution in eight 
polypropylene bottles. These samples were mechanically shaken for one 
month and the resulting solutions were forced through 0.2 n filters; pH 
values were then measured in each solution.

In a second controlled dissolution experiment, 0.1 g of jarosite 
was added to 200 ml of 0.01 M NaCl solution in eight beakers.
Solution pH was controlled by a pH-stat (laboratory equipment that 
maintains a constant pH by dropwise addition of either acid or base) at 
4 (for 4 samples) and 4.5 (for the remaining 4 samples). A solution of 
0.1 M HCl was added dropwise by the pH-stat to maintain desired pH.
Each sample was stirred mechanically and the resulting solution was 
collected and filtered when no more acid was being added by the pH-stat 
(i.e., conditions near equilibrium were achieved). Eight solutions 
from each experiment were analyzed on the ion chromatograph for 
total SOa2" and by ICP for total K and Fe. These results were entered 
into the computer program GEOCHEM (Sposito and Mattigod 1979, Parker et 
al. 1987) and the predicted activities were used to calculate an ion 
activity product (IAP) for jarosite. Results from GEOCHEM were plotted



21
against theoretical jarosite solubility conditions (Figures 17 and 18) 
to determine the properties of jarosite at site 4.

Slaking Tests
Weathered shales (Cr horizons) and samples from A horizons 

were assessed for potential slaking and dissolution (Moriwaki 
1979). Shale fragments and aggregates from all depths were immersed 
in beakers of tap water at room temperature and checked daily for 
dissolution, disaggregation, and other slaking behavior.
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SITE CHARACTERIZATIONS

Four sites chosen for soil sampling are described in the 
following section. For each site, the following attributes have 
been considered:

1. Physiography
2. Geologic history
3. Climate
4. Parent material
5. Vegetation.
These traits correspond to the five factors that contribute to 

soil genesis (Jenny 1941). Climatological data are given in Table 2. 
Detailed field descriptions and classifications for each soil are 
included in Appendix A. Field notes follow the format established by the 
Soil Conservation Service staff (1975) for soils mapping.
Classifications adhere to the most recent soil taxonomy for soils in the 
United States (SCS staff 1987).

Site I
This site is in Valley County, Montana, in NW 1/4 SE 1/4 sec.

36, T. 28 N., R. 36 E., approximately 30 km west-southwest of 
Glasgow and I km southeast of an abandoned bentonite processing 
plant at the terminus of a Burlington Northern railroad spur 
(Figures I and 2). Bentonite was mined in this area until the 1970s, and 
hundreds of shallow, mined-out pits provide evidence of past mining.
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The area is characterized by gently rolling hills that are 

dissected by intermittent streams. Major drainages are the North Fork of 
Little Beaver Creek and the South Fork of Brazil Creek.
Several small dammed stock ponds have been created in drainages and 
depressions in the vicinity. Elevations range from 670 to 760 m.

Table 2. Climatological data for Glasgow (site I) and Forsyth,
Montana (site 2), Bowman County, North Dakota (site 3), and 
Newcastle, Wyoming (site 4) (National Oceanographic and 
Atmospheric Administration 1982).

Parameter Site I Site 2 Site 3 Site 4

Mean annual 
temperature (0C)

5.4 7.5 7.2 8.0

Mean annual 
precipitation (cm)

28 26 35 37

Mean max. temperature 
30-yr period (0C)

11.8 16 16.5 15

Mean min. temperature 
30-yr period (0C)

-1.1 -0.5 1.2 2.0

Mean max. precip. 
30-yr period (cm)

40 42 53 50

Mean min. precip. 
30-yr period (cm)

16 14 20 . 23

Mean annual wind speed 
30-yr period (km/hr)

15 10 10 12

Climate type Continental Continental Continental Continental
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Figure I. Location map for study sites in Valley Co., MT (I),
Rosebud Co., MT (2), Bowman Co., ND (3), and Weston Co., WY
(4).

Soils in the study area have developed on Bearpaw shale, a marine 
deposit from shallow continental seas covering western North America 
during the Late Cretaceous about 65 million years ago (Kauffman 1977, 
Berg 1969). The region was covered by the Laurentide ice sheet during 
continental glaciation in the Pleistocene Epoch approximately 10,000 
years ago (Alden 1932, Colton et al. 1961, Fullerton and Colton 1986). 
Glaciation is believed to have occurred in two stages. The first stage 
covered Valley County as far south as the Missouri River valley; the 
second stage was less extensive, reaching only as far south as the Milk



Figure 2. Pit I and associated vegetation plot at site I. Note
unvegetated "blowout", glacial erratic boulder on left, and 
exposed plant roots. View to the southeast shows 
characteristic site physiography.

River valley. Glacial till, gently rolling hills, and an occasional 
pothole all provide evidence of glaciation in the region.

At the study site, glacial till of gypsum, arkosic gneiss, 
quartzite, granite, argillite, and amphibolite is scattered sparsely 
over the surface. Most till has been removed by erosion (Fullerton and 
Colton 1986). Bentonite in the region formed when several Cretaceous 
volcanic centers in western Montana and Idaho deposited ash in shallow 
seas (Kauffman 1977). The ash was later buried and altered to bentonite 
(Berg 1969).
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This series consists of shallow, well drained, extremely acid soils 
developing from acid Cretaceous shales (Veseth and Montagne 1980). 
Bingham et al. (1984) mapped soils in the study area as Lisam and Dilts 
clays, 5 to 35% slopes. This unit consists of about 45% Lisam clays and 
40% Dilts clays. Lisam clays are mildly alkaline (pH from 7.4 to 7.8) 
throughout the profile. Soil complexes are used as mapping units when 
two or more soil series are so intimately associated that separating 
them bn soils maps is not feasible (SCS staff 1975). Lisam-Dilts clays 
comprise 8.6% of the total area in Valley County, making this the 
largest soil mapping unit recognized in the county. .

Dilts clays are very strongly acid (pH< 5) throughout the soil 
profile. In three soil pits at the study site, the A horizon ranged 
from 6 to 15 cm thick, with a Cr horizon (weathered Bearpaw shale) 
immediately below the A horizon. These soils exhibit minimal development 
and, because of the hot summers and dry year-round climate, have been 
classified as Ustic Torriorthents (Bingham et al. 1984). Pale yellow . 
(2.5 Y S/3-8/6 Munsell color) jarosite was noted at 30 cm depth in each 
pit. All soil pits were in "blowouts", aeolian deposits that cover most 
of the study area (Figure 2). Approximately 100 m west of pit I, another 
pit was dug in a bentonite deposit. This pit revealed an A horizon 5 cm 
thick, a Bt horizon (clay accumulation) from 5 to 25 cm, a By (gypsic) 
horizon from 25 to 40 cm, and a Cr horizon below 40 cm. Complete 
soil descriptions are in Appendix A.

Vegetation at this site consists of sedge (Carex pensvlvanica) 
wild rose (Rosa arkansanal. horizontal juniper (Juniper horizontal is).

Soil samples were collected from three pits in Dilts soils.
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prairie sandreed (Calamovilfa lonaifolial. little blwestern 
(Schizachvrium scopariuml. and golden pea (Thermoosis rhombifolia). Wild 
rose and horizontal juniper are the dominant species, with sedge plants 
scattered among the shrubs. Golden pea is randomly distributed 
throughout the plant community.

Adjoining areas containing Lisam soils are dominated by western 
wheatgrass (Aaroovron smithiil. Areas of severe erosion within the 
study site support buckwheat (Eriaonum pauciflorum), whereas areas 
of soil deposition support the grasses prairie sandreed and little 
bluestem. Total plant cover in the three plots ranged from 32 to 
37%.

Site 2
Site 2 is located in NE 1/4 sec. 29, T. 11 N., R. 39 E.,

Rosebud County, Montana, approximately 60 km north-northwest of 
Forsyth and 45 km northeast of Vananda (Figures I, 3, and 4). The study 
area is northeast of Stellar Creek on the Flat Bottom Coulee NE 1:24,000 
topographic map.

This area is predominantly flat, with prominent shale buttes 
capped by resistant sandstone. The main physiographic feature in the 
vicinity is the Porcupine dome, a Targe anticlinal structure that has 
produced oil and gas. (Bowen 1916). Immediately east and north of the 
site are prominent shale ridges and buttes that have been uplifted on 
the flank of the dome (Figure 3). Deep gullies have been eroded into 
bedrock by intermittent streams. Elevations range from 825 to 915 m.

Samples were collected from three pits in the Bearpaw shale.
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Bergantino (1977) has compiled geologic maps of the area that reveal 
Bearpaw shale bedrock in flat-lying areas, with ridges and buttes capped 
by either Hell Creek formation or Fox Hills sandstone. A series of en 
echelon, northeast-trending faults immediately south of the study area 
are related to uplift of the Porcupine dome (Bergantino 1977).

Soils at site 2 have been mapped as Volborg silty clays, I to 
4% slopes (SCS staff 1983). Typically, the surface of this soil is 
crusted, gray, silty clay about 2.5-cm thick, underlain by 28 cm 
of gray, silty clay. Beneath this clay is consolidated Bearpaw 
shale bedrock. Most of the surface layer has been removed by 
erosion. Volborg soils are slightly to moderately salt-affected to 
a depth of 2.5 cm and are extremely acid (pH< 4.5) throughout the 
profile. Pits I and 3 at this site revealed jarosite from the surface to 
50 cm depth. Stringers of jarosite increase at 30 cm depth. Both 
jarosite and gypsum are exposed in crusts on the surface. Volborg soils 
are classified as Ustic Torriorthents (Appendix A).

Vegetation consists of rubber rabbitbrush (Chrvsothamnus 
nauseoususl. buckwheat, prairie sandreed, western wheatgrass, and 
ground lichen (Parmelia chlorochroa). Total plant cover in three plots 
was 11%, 11%, and 31%, respectively. Rubber rabbitbrush is the dominant 
species, with buckwheat and western Wheatgrass scattered sparsely 
throughout the plant community. Plant productivity is severely limited 
on Volborg soils as a result of shallowness, low pH values, slow 
permeability, and high credibility (SCS staff 1983). Analyses of soil 
samples from this site indicate that high concentrations of manganese, 
nickel, and zinc also may inhibit plant productivity (Table 5).



Figure 3. Pit I and associated vegetation plot at site 2. Note
sparse vegetation and white salt crust on surface in left 
foreground. Sandstone-capped shale knobs in distance 
have been uplifted by the Porcupine dome.

Figure 4. Pit 2 at site 2. Samples from this pit had extremely low pHs, 
high ECs (note salt crust), and high levels of cations and 
heavy metals.
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Site 3 is located in NW 1/4 sec. 20, I. 130 N., R. 106 W.,
Bowman County, North Dakota, approximately 40 km south of Marmarth 
and 0.8 km west of the Little Missouri River (Figures I and 5). This 
locality is included within the Bureau of Land Management (BLM) Big 
Gumbo Management Area, which consists of approximately 8800 hectares 
underlain by some of the most extensive oil and gas reserves in North 
Dakota (Patterson and Arndt 1984).

Physiography of the area is low, rounded hills dissected by 
intermittent streams draining eastward to the Little Missouri 
River, which is the local base level. Big Gumbo Creek is the 
largest drainage in the area. The major geomorphic feature is the 
Cedar Creek anticline (Vuke-Foster et al. 1986), whose southeastern 
flank extends into the southwest corner of Bowman County. Total 
relief in the area is about 60 m; elevation is 915 m.

Soils are developing on marine Pierre shale, the Late Cretaceous 
time-equivalent of the Bearpaw shale (Shultz et al. 1980, Shultz 1977, 
Clayton et al. 1980). In this area, the Pierre shale consists of 
off-shore and near-shore deposits laid down during three major marine 
transgressions/regressions. Mixed-layer clay comprises from 50 to 80% of 
the Pierre shale, with about 20% quartz and minor amounts of potassium 
feldspar, plagioclase, dolomite, cristobalite, and organic matter 
(Shultz et al. 1980). Ironstone concretions and pyrite are found 
locally, as are the secondary minerals gypsum and jarosite.

Oil and gas deposits occur along the southeastern flank of the 
Cedar Creek anticline. This northwest-trending structure has uplifted

Site 3
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sediments along its margin (Vuke-Foster et al. 1986). Locally, the 
Little Missouri River has created a floodplain from I to 3 km wide in 
soft Cretaceous shales (Opdahl et al. 1975, Clayton et al. 1980).

Figure 5. Pit 3 and associated vegetation plot at site 3. Robust
plant community in foreground contrasts with barren steeper 
slopes on Pierre shale knob in background.

Soils at this locality have been mapped as Dilts and Lisam clays,
3 to 9% slopes (Opdahl et al. 1975). Dilts clays have 12-cm-thick A 
horizons of olive gray clay and are extremely acid (ph< 4.5) below the A 
horizon. Pit 2 exhibited a Bt (clay accumulation) horizon from 6 to 26
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cm, with a Cr horizon of weathered Pierre shale below 26 cm. Other soil 
profiles consist of A horizons from 0 to 10 cm underlain by Cr horizons 
that contain lenses and stringers of jarosite increasing at 30 to 40 cm 
depth. Siderite concretions from 15 to 60 cm diameter are common in the 
study area.

Lisam clays resemble Dilts clays except for the mildly alkaline 
(pH from 7.4 to 7.8) soil reaction (Opdahl et al. 1975). Dilts soils 
are classified as clayey, montmorillonitic (acid), frigid, shallow 
Ustic Torriorthents; Lisam soils are classified similarly, except 
they are montmorillonitic (calcareous) (Patterson and Arndt 1984). 
Detailed descriptions are in Appendix A.

Vegetation at site 3 consists of wild rose, sedge, prairie 
sandreed, bastard toadflax (Comandra umbel!atal. ground lichen, 
buckwheat, big sagebrush (Artemisia tridentata). plains bluegrass 
(Poa arida), and western yarrow (Achilla millifolium). Total plant 
cover ranged from 32 to 55% in three plots. Dominant plants are sedge 
and wild rose, with grasses scattered throughout the community.

This mid-slope community, which was the most productive of all 
sites sampled in this study, occurs on Dilts and Lisam clays, 3 to 9% 
slopes. Dilts and Lisam clays, 6 to 30% slopes, are higher in the 
landscape and support less vegetation.

Site 4
Site 4 is located in NW 1/4 NW 1/4 sec. 7, T. 41 N., R. 60 W., 

Weston County, Wyoming, approximately 40 km south of Newcastle and 
3 km southeast of the junction of Beaver and Stockade Beaver creeks
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(Figures I and 6). Access is by old U.S. Hwy 85 south from Newcastle; 
the study area is located about 300 m west of the old highway, just 
before the road approaches a washed-out bridge that once spanned Beaver 
Creek.

This area is on the boundary between the Powder River basin 
and the Black Hills uplift. Approximately 4 km west of the site are 
gently rolling shale hills typical of this part of the Powder River 
basin. The site itself is in the mid-slope position on two small knobs 
of Mowry shale (Love et al. 1987).

Cretaceous sediments upturned by the Black Hills uplift approach 
vertical attitudes. The resulting topography is dominated by sharp, 
narrow, north-south ridges separated by flat valleys in soft shale.

Figure 6. Pit I and associated vegetation plot at site 4. Surface
is paved with cobbles of alluvial chert and limestone. Barren 
Mowry shale knob in background is typical of steeper slopes on 
these Grummit soils.
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Several small intermittent streams feed Beaver and Stockade Beaver 
creeks, two major drainages in the vicinity. Elevations range from 1100 
to 1200 m.

Bedrock at this locality is Mowry shale, a hard, siliceous, 
silver gray unit of late Early Cretaceous age (Rubey 1929). About 
I km from the site on the south side of Beaver Creek are pits from 
an abandoned bentonite mine in the Belle Fourche shale. Bentonite beds 
are common in the uppermost Mowry shale, and the Mowry is usually 
hardest just below these beds (Rubey 1929). Rubey mentions that joint 
planes in the Mowry are frequently stained yellow and brown, a feature 
that was noted when samples containing abundant jarosite and iron oxides 
were collected from three soil pits. Limestone and chert from pebble to 
cobble size cover as much as 80% of the surface at the site. Cherts 
examined under a black light and with a scintillometer fluoresced 
brightly and showed radiation slightly above background levels. This 
radioactivity is common in OTigocene lag gravels deposited by streams in 
northeast Wyoming (Dr. J. D. Love, pers. comm., 1988).

The Mowry shale is unique in its high silica and organic 
matter content (Rubey 1929). Silica may have come from altered 
volcanic ash, some of which formed bentonite beds in the upper 
Mowry and lower Belle Fourche shales. However, Davis (1963) found 
evidence that silica in the Mowry is derived from radiolarian tests, and 
he disputes Rubeyzs identification of glass shards from volcanic ash. 
Chemical and microscopic examinations of the Mowry reveal about 20% 
carbonaceous clay, 35% cryptocrystalline silica, 40% devitrified 
volcanic glass, and 1% iron oxides (Rubey 1929). In addition, fish
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scales and radio!aria are common throughout the Mowry shale. Organic 
matter up to 1.21% by weight has been analyzed in the Mowry shale. 
Schrayer and Zarrella (1968) analyzed many surface and subsurface Mowry 
shale samples for organic carbon. They found an average organic carbon 
content of 1.5% for the Mowry south of Newcastle. The Mowry shale 
exceeds other Cretaceous sedimentary rocks in the Powder River basin in 
organic carbon content and is generally considered a petroleum source 
rock by oil explorationists.

Soils have been mapped as Grummit clay loam, 2 to 30% slopes 
(SCS 1985). This soil is shallow, well drained, and forms in clayey 
residuum from acid shale. The surface layer is typically 10 cm 
thick, with weathered shale from 10 to 38 cm. Shale bedrock begins 
at 38 cm. All pits in this soil revealed jarosite from 5 to 10 cm, 
with a noticeable increase at 30 cm. Jarosite coats joint planes 
and forms masses as thick as I cm. Munsell color of the jarosite 
ranges from 2.5 to 5 Y 8/3-8/8, with rare mottles of iron oxides.
Soil reaction is extremely acid (pH< 4.5). These soils are 
developing in a mid-slope landscape position (Appendix A).

Vegetation consists of sedge, buckwheat, and little bluestem, 
with sedges dominant. Plant cover in three plots was 20, 28, and 32%.
In shallow erosion channels filled with sheetwash, little bluestem 
produces scattered, robust stands. Vegetation on steeper slopes is 
extremely sparse. Immediately west of the study area, thick stands of 
big sagebrush were observed. Field pH analyses revealed that these 
plants are growing in soils with pH> 6.5.
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RESULTS AND DISCUSSION 
Soil Mineralogy

Macroscopic Mineralogy
Jarosite and iron oxides were visually identified at all 

sites. At site I gypsum crystals were observed in all three pits. 
Ironstone concretions were common surface features at site 3, 
although none were collected from soil pits.

X-rav Diffraction
Clays. Figure 7 depicts x-ray diffractograms of clay minerals 

identified from. O to 2 and 40 to 50 cm depths at each site. Al I four 
sites contained montmoriI Ionite, illite (hydrous mica), and 
kaolinite. Site 2 had minor amounts of vermiculite. Sites I, 3, 
and 4 contained montmoriI Ionite as the dominant clay mineral; site 
2 had proportionally more illite than other sites (Table 3).

Table 3. Relative percentages of clay minerals identified by X-ray
diffraction. Percentages are overall means from 0 to 2, 20 to 
30, and 40 to 50 cm depths in three pits at each site (n= 9); 
-- , not identified.

Site Montmorillonite Vermiculite Illite Kaolinite
1
2 
3

60
40
70

30
30
20

10

20
10

4 70 10 20
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4 0 -90

40-90

Site I Site 2
10.0 14.7 19.0
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40-90

Site 3 Site 4

Angstroms (A)

Figure 7. X-ray diffractograms of clay minerals identified at sites 1-4 
M= montmorilIonite; I= illite; K= kaolinite; V= vermiculite. 
See Table 3 for relative percentages of each clay mineral. 
Diffractograms compiled from Mg-saturated glycerol treatments 
Samples analyzed were from O to 2 and 40 to 50 cm depths.
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Kaolinite is common in all samples and indicates the prolonged 
weathering each soil has undergone since the Cretaceous. Sites I and 4 
are contiguous to bentonite mining areas, and both sites had samples 
with strong montmorillonite XRD peaks. Sites I, 2, and 3 had surface 
crusts and cracks common to montmoriIIonitic soils.

MontmoriTlonite clay, with its high shrink-swell capacity, is 
important in weathering at each site (K1ages and Montagne 1985).
Physical breakdown of shale is enhanced by shrink-swell cycles of 
smectite clays. However, because surface (0 to 5 cm) soils may be frozen 
at each site for 3 to 5 months each year, weakly developed profiles 
characteristic of Entisols have developed. Ustic and torric climatic 
regimes at each site further restrict soil development from physical 
breakdown caused by shrinking/swelling clays. Montmorillonite, with 
potentially high cation exchange capacities (CECs), contributes most of 
the CEC to each soil, whereas kaolinite and illite contribute relatively 
little (Bohn et al. 1985).

Random powder mounts. Figure 8 shows x-ray diffractograms from 
random powder mounts. Each sample analyzed has strong jarosite 
(3.08 a ) and goethite (4.79 a ) peaks. All samples contain gibbsite 
[Al (OH)3], a common mineral in weathered soils. All samples have 
moderate gypsum peaks. Lepidocrocite [v-FeOOH], which is generally found 
only in reduced environments (Schwertmann and Taylor 1977), occurs in 
minor amounts in all samples. Basaluminite, which may control sulfate 
retention in acid sulfate soils, was found in small quantities in all 
samples. Neither pyrite nor marcasite was identified by XRD. Table 4 
lists relative mineral percentages from random powder mounts.
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Figure 8

J

Site 4

Site 3

Site 2

Site I

4.1« 4.79 7.8« 9.40

xTray-diffractoQrams of minerals identified from each 

amMt^to'so cm̂ depths from 20 to 30
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Minerals identified in random powder mounts are consistent with those 
identified from acid sulfate soils throughout the world (van Breeman 
1972, van Breeman and Harmsen 1975, Carson et al. 1982).

The absence of optically or X-ray identifiable pyrite or marcasite 
is an important difference between these semi-arid acid sulfate soils 
and more reduced soils common in moist or tropical environments. 
Glaciation at site I and local uplifts at sites 2, 3, and 4 have created 
environments in which reduced sulfides have weathered to oxides and 
hydroxyoxides. Site I was under a continental ice sheet within the last 
10,000 years and has experienced well documented climatic changes 
(Fullerton and Colton 1986). Sites 2 and 3 are on the flanks of local 
uplifts that have been eroding steadily since the latest Cretaceous, 
about 65 million years ago (Bergantino 1979, Vuke-Foster et al 1986).

Table 4. Relative percentages of minerals identified by X-ray 
diffraction from random powder mounts.1

Site Al ,.(SO,.H O H h n  Gvosum V-FeOOH AKOHln s-FeOOH SiO3 Jarosite
I <5 20 <1 10 20. 35 20

2 5 20 <1 10 25 10 30

3 <5 25 <1 5 25 20 20

4 5 20 <1 10 10 20 35

1Minerals in random powder mounts
Basaluminite= AIa(SO4)(OH)10; gypsum= CaSO4 ZIHgOilepidocrocite= v-FeOOH; 
gibbsite= Al(OH)3; goethite= a-FeOOH; quartz= SiO2; jarosite= 
KFe3(SO4)2(OH)3. Means are from 20 to 30 and 40 to 50 cm depths in 3 pits 
at each site (n= 6).
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Site 4 is on the southwest flank of the Black Hills uplift and is 
covered with gravels deposited by Oligocene (26 to 38 million years ago) 
streams (Dr. J. D. Love, pers. comm., 1988). Geologic and mineralogic 
evidence suggest that past conditions have been sufficient to produce 
suites of oxidized minerals in each soil.

Microscopy
Thin and polished sections. Figures 9 and 10 are photographs of 

thin sections from sites 2 and 4, respectively. Figure 9 shows woody 
plant tissue imbedded in a characteristic matrix of silty quartz.
Other thin sections from this site had occasional hematite (Fe2O3) 
crystals in the same groundmass. Figure 10 exhibits the large 
content of carbonaceous material common in the Mowry shale.

Pyrite was not identified in any of the polished sections.
Crystals of rutile (TiO2) were rarely encountered in polished 
sections. Polished sections yielded little significant information 
under microscopic examination, so no photographs have been included.

SEM/EDAX. Photomicrographs from SEM work reveal weathered 
morphologies that further confirm the highly oxidized state of 
soils at sites 2 and 4. Figure 11 from site 2 shows a euhedral gypsum 
crystal coated with particles of jarosite and clay. Gypsum is common at
site 2 in all samples (Figure 8). Figure 12 displays EDAX spectra that

\confirm the identities of the minerals potassium jarosite 
[KFe3(SOzi)2(OH)6], gypsum (CaSOzî H 2O), and aluminosilicates in Fig. 11.
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Figure 9. Thin-section photo of sample from site 2, pit I, 40 to 50 
cm depth. C= carbonaceous plant material; Q= quartz. Matrix 
is primarily silty quartz, with minor amounts of woody plant 
tissue.

Figure 10. Thin-section photo of sample from site 4, pit I, 30 to 40
cm depth. Matrix is predominantly carbonaceous plant matter, 
with about 20% quartz. S= spore; Q= quartz.
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Figure 11. SEM photomicrograph of euhedral gypsum crystal coated
with jarosite and clay particles, site 2, pit 3, 40 to 50 cm 
depth. See Figure 12 for EDAX spectra from this image.

Energy (KeV)

Figure 12. EDAX spectra for sample from site 2, pit 3, 40 to 50 cm
depth. Strong calcium, potassium, iron, sulfur, and aluminum 
peaks confirm the presence of gypsum, potassium jarosite, and aluminosilicates.
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This photograph contains evidence that the soil solution is 
oversaturated with respect to jarosite, which is precipitating on other 
mineral surfaces. Supersaturation with respect to jarosite is confirmed 
by solubility experiments. Figure 13 provides additional evidence of 
this phenomenon. In this photo, a gypsum crystal from another pit at 
site 2 is coated with jarosite and clay. The enlarged half of Figure 13 
shows highly weathered jarosite that has precipitated on the gypsum 
crystal. Several of these small particles were analyzed by EDAX to 
confirm their identity as jarosite. Based on theoretical jarosite 
stoichiometry, the ratio of K:Fe:S is 8:34:14. Bulk analysis by EDAX for 
jarosite shown in Figure 13 revealed a ratio of 3:42:18, indicating that 
some K has been leached and that Fe and S are enriched beyond the 
theoretical composition of jarosite. Each particle is strongly 
weathered, in contrast to the sharp edges of the euhedral gypsum 
crystal. All jarosite noted from this site is highly weathered. 
Unweathered jarosite usually forms distinct hexagonal crystals (Carson 
et al. 1982). Figure 14 shows highly weathered potassium jarosite 
crystals from site 4, pit 2, 30 to 40 cm depth. Weathering produces 
these anhedral crystal forms in which edges and faces of the crystal are 
blurred as the mineral undergoes dissolution. Figure 15 provides the 
accompanying EDAX spectra for Figure 14. The strong aluminum and silicon 
peaks denote clays, which were ubiquitous in all samples examined by 
EDAX. As noted for site 2, no euhedral jarosite crystals were observed 
from site 4.
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Figure 13. Gypsum crystal (left) magnified 135X (area within window
enlarged to 675X), site 2, pit I, 40 to 50 cm depth. Enlarged 
area shows weathered jarosite that has precipitated on 
surface of crystal.

Figure 14. Strongly weathered potassium jarosite crystals from site
4, pit 2, 30 to 40 cm depth. See Figure 15 for EDAX spectra.
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4000

Energy (KeV)

Figure 15. EDAX spectra for Figure 14. Strong primary and secondary 
potassium peaks verify that these crystals are potassium 
jarosite.

The Mowry shale at site 4 is at least 20 million years older than 
the Pierre (Bearpaw) shale at the other three sites. Despite this age 
difference, jarosite at site 4 is only slightly more weathered than 
jarosite from site 2. Soils at site 4 also appear to be oversaturated 
with respect to jarosite. Jarosite forms one-centimeter-thick masses on 
bedrock Mowry shale. The bright yellow (2.5 Y 8/8) color of jarosite and 
the paucity of goethite of lower values and chromas suggest that 
jarosite at site 4 has undergone relatively little dissolution to 
goethite. However, goethite peaks were noted in XRD (Figure 8). 
Undoubtedly, amorphous iron oxides are also present. These amorphous 
iron oxides contribute to the strong iron peaks in Figure 15.
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Figure 16 is a plot of redox potential vs. pH that shows stability 
fields for jarosite and various iron oxides. All soils in this study are 
highly oxidized and would most likely have Eh values from 500 to 1200 mV 
(van Breeman 1982). Thus, these soils would plot in the region of 
jarosite/ferric oxide stability. Clearly, the soils would be above the 
pyrite stability field that occurs only under reducing conditions. The 
predominance of jarosite and goethite in all soils suggests that pyrite 
is not likely to be encountered in large amounts. However, the presence 
of lepidocrocite (Figure 8) and the small, but measureable, amounts of 
"pyritic" sulfur from HNO3 rinses (Appendix B, Tables 11-14) indicate 
that minor amounts of reduced minerals exist in all soils studied.

1200 -

-2 .3

8 0 0-

400 -
Ferric oxide

"< * Pyr I te .
-400 —

Figure 16. Eh-pH diagram of ferric oxide (pKS0= 39.9), jarosite,
and pyrite at 25°C. Solid phases are indicated by shading. 
Broken hatched area shows extension of the Fe2O3 field at 
pKso= 42.6 (goethite). From van Breeman 1982.
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Chemical and Physical Soil Properties 

Table 5 lists unweighted means and standard deviations from each 
site for pH, EC, SAR, cations and anions, organic carbon, 1/3- and 
15-bar moisture, CEC, exchangeable and active (SMP) acidity, and base 
saturation. Weighted means and standard deviations for sulfur forms from 
both -60 and -200 mesh particle sizes are given in Table 6 (i.e., values 
from 0 to 2 cm were multiplied by 2, values from 2 to 10 cm were 
multiplied by 8, all values from 10-cm increments were multiplied by 10, 
and the resulting sums of 6 depth increments in each pit were divided by 
50 to obtain weighted means for each parameter). Means and standard 
deviations were calculated from the 18 samples (3 soil pits, 6 samples 
per pit) collected at each site to give values representative of the 
entire site. To check precision, duplicates of one sample from each pit 
were analyzed for every parameter listed in Tables 5 and 6. Tables 10 to 
14 and Table 16 (Appendix B) contain data from duplicate analyses. Table 
17 (Appendix B) lists means of the relative percent differences between 
original samples and their corresponding duplicates. Relative percent 
differences were calculated from the following equation:

(Original value- Duplicate value)/(0riginal+ Duplicate * 2) x 100.

Relative percent differences were calculated for each original/duplicate 
pair and an arithmetic mean was determined for each parameter. Precision 
ranged from ±.01% (Mg) to +23% (Ni), with most parameters having a 
relative percent difference of from 2 to 4% (Table 17). Results from
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paired T-tests comparing sulfur forms for -60 and -200 mesh sizes are in 
Appendix C.
Chemical Properties

fiti. Site 2 had the lowest mean pH values (3.6), closely followed 
by site 4 (3.7) (Table 5). Sites I and 3 were still very strongly acid 
(pH< 5.5), although surface samples were near neutral (pH> 7) and 
decreased with depth. Sites 2 and 4 also had jarosite nearer the surface 
than did the other two sites. Site 3 had the most vegetative cover and 
highest mean pH value (5.1).

Active (SMP Buffer) Acidity. Mean active acidity determined from 
the SMP. buffer test (McLean 1982) ranged from 12 mt CaC03/1000 mt soil 
(site 3) to 45 mt CaC03/1000 mt soil (site 4) (Table 5). These values 
were analyzed from -60 mesh (<250 microns) samples and were then added 
to acid-base accounts to determine total liming rates. If soils had pH 
values >7, active acidity was considered to be zero. If soils had 
positive acid-base accounts but also indicated active acidity from SMP 
buffer results, the lime rates from SMP buffer tests were used to 
neutralize current acidity. Results from SMP buffer tests indicate that 
active acidity comprises 80 to 95% of the total liming rate for each 
soil, with potential acidity from jarosite dissolution and weathering of 
pyrite and organic sulfur comprising the remaining total lime rate.

EC. Only soils from site 2 had mean elevated electrical 
conductivities (3.2 mmhos/cm). All other sites were low in soluble 
salts. Pit 2, site 2 had extremely high levels of magnesium and sodium 
sulfates, probably as the soluble salts kieserite [MgSO4- H2O] and 
thenardite [Na2SO4], respectively.
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M S -  None of the soils studied can be classed as sodic, although 
site 2, pit 2 had a mean SAR of 5.6. Site 2 had the highest mean SAR 
(2.5) (Table 5).

Table 5. Unweighted means and standard deviations (n= 18) for pH, EC 
(mmhos/cm), SAR, cations and anions (mg/1, saturated paste 
extract), organic carbon (%), 1/3- and 15-bar moisture (%), CEC 
and exchangeable acidity (meq/100 g), lime rates from SMP 
buffer acidity (mt CaC03/1000 mt soil) and base saturation (%) 
(see Appendix B for complete data).

Parameter Site I Site 2 Site 3 Site 4

pH 4.6±.3 3.6±.2 5.111.1 3.71.2
EC 0.2±.I 3.2±.6 0.21.1 0.61.5
SAR 1.6±.7 2.5±.6 1.01.2 0.71.1
Al <1 70±53 <1 <1
Si 31±9 12±2 26+8 29+8
S 9±6 208712871 9+2 8+6
Ca 4±1 3251100 7+5 211
Mg „ 2±.3 163211117 3+1 <1
Na 12±8 6301184 12+2 5+1
K 7±1 17+11 9+3 10+6
Cu .24±.08 .161.15 .121.09 <.01+0
Fe .23±.18 .441.29 .031.01 .131.10
Mn .02±.01 26.4+41.7 .021.01 .011.001
Ni <.02 71 9 <.02 <.02
Zn .20±.16 21132 .051.005 .031.001
so/- * 27±15 23,160+38,373 43+10 21+5
NO," * 9±6 16+4 512 31123
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Table 5. Continued.

Parameter Site I Site 2 Site 3 Site 4

Org. C** .55±.09 1.3±.09 .751.25 .621.08
1/3-bar** 31±i:4 21±1.5 4713.0 27+3.5
15-bar** 19±.9 11±1 27+2 17+1
CEC** 26±2 9±1 30+2 201.9
Exch. 
acidity**

17±5 13±3 15+5 24+2

Lime rate, 
SMP buffer 32±4.2 34±6.3 12+8.4 45+2.0

Base
saturation**

35±23 0 49+22 0

*n= 3 
**n= 6

Cations and Anions
Individual cations and anions are discussed below. AlT values are 

from saturated paste extracts. Cations were measured on the ICP; anions 
(sulfate and nitrate) were determined on the ion chromatograph.

Al I sites except site 2 had mean soluble aluminum concentrations 
of <1 mg/1 (Table 5). Site 2 had a mean soluble aluminum concentration 
of 70 mg/1. This result suggests that basaluminite [Al^SOJ(OH)10] may 
be controlling aluminum solubility at site 2.
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Soluble silica was high at all sites, as would be expected 

for extremely acid soils. Mean values at sites I, 3, and 4 ranged 
between 26 and 31 mg Si4+/1 solution (Table 5). Site 2 had much lower
values that may result from severe erosion flushing soluble silicic acid 
from the soils.

Soluble sulfur probably occurs as sulfate in accordance with 
oxidized mineral suites identified at each site. Site 2 had a mean 
of 2087 mg sulfur/1 solution, with pit 2 having a mean of 5360 mg/1 
(Table 5). These values and the high ECs confirm the presence of high 
levels of soluble sulfate salts in soils at site 2. Sulfur at all four 
sites is also contained in insoluble sulfate minerals like jarosite.

Site 2 had the highest mean levels of soluble calcium (325 mg/1). 
Other sites had low soluble calcium, although site 3, which had surface 
PHs as high as 7.3, had a mean of about 7 mg/1 soluble calcium (Table 
5). All sites contained relatively insoluble gypsum. Low soluble calcium 
levels are expected in extremely acid soils (Bohn et al. 1985).

All sites except site 2 had low (<2.5 mg/1) mean soluble magnesium 
(Table 5). Site 2 had extremely high mean levels of magnesium (1632 
mg/1), with most of the contribution coming from pit 2 (4500 mg/1)
(Table 9). White salt crusts on the surface at site 2 probably contain 
kieserite, a common soluble magnesium salt in saline soils (Richards 
1969).

Site 2 had high mean soluble sodium (630 mg/1), with other sites 
ranging from 5 to 12 mg/1 (Table 5). The results from site 2 suggest 
that thenardite (Na3SO4 ) occurs in surficial salt crusts.
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Mean soluble potassium ranged from 7 mg/1 (site I) to 17 mg/1 
(site 2) (Table 5). Dissolution of jarosite has probably contributed 
most of the potassium in each of these soils.

Soluble heavy metals at sites I, 3, and 4 were low (Table 5). Site 
2 contained high mean levels of manganese (26 mg/1), nickel (7 mg/1), 
and zinc (21 mg/1).

Site 2 had a mean of 23,610 mg soluble sulfate/1 solution, 
although the standard deviation for this value (38,373) reflects the 
high variability between pits (Table 5). Other sites had mean sulfate 
concentrations ranging from 21 mg/1 (site 4) to 43 mg/1 (site 3).
Results for sulfate from the IC (ion chromatograph) are higher than for 
sulfur analyzed on the ICP. Ion chromatography specifically measures 
SO42 species, whereas ICP measures total soluble sulfur (Dr. W.P. 
Inskeep, pers. comm., 1989). In these soils most sulfur occurs as 
sulfate; reduced sulfides were not identified by any of several optical 
or x-ray techniques used in this study, although very small amounts of 
pyritic' sulfur (HNOg-sulfur, Tables 11 to 14) were determined by the 

Fisher sulfur analyzer. Only 12 samples were analyzed for sulfate by ion 
chromatography; all 72 samples were analyzed for sulfur by ICP. Measured 
ICP sulfur values are lower than IC sulfate values by 10 to 20%
(allowing for stoichiometric adjustments between S and SO4 2 "). Thus,
ICP sulfur results in this study may be about 15% too low.

Mean nitrate values ranged from 5 mg/1 (site 3) to 31 mg/1 (site 
4) (Table 5). Sites 2 and 4 had the highest mean nitrate values and the 
least vegetative cover.
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Sulfur Forms

All sulfur values determined on the Fisher sulfur analyzer are 
percent sulfur from whole soil (Table 6). Neutralization potentials 
represent soil carbonates available to neutralize soil acidity. These 
values are given in (±) metric tons of GaCO3 available per 1000 metric 
tons of soil materials. Acid-base account calculations are based on the 
stoichiometry of pyrite and organic sulfur oxidation and jarosite 
hydrolysis. A sample containing 0.1% sulfur (as sulfide and/or organic 
sulfur) will require 3.125 metric tons of CaC03 -equivalent to 
neutralize acidity produced by 1000 metric tons of soil. Similarly, a 
sample containing 0.1% sulfur (as jarosite) will require 2.344 metric 
tons of CaCO3 to neutralize acidity produced by 1000 metric tons of 
soil. To determine potential acidity, the following equation was used:

Potential Acidity= 31.25(Pyrite-S + Organic-S) + 23.44(Jarosite-S).

The coefficients 31.25 and 23.44 assume a sulfur content of 1% in the 
form of pyrite, organic sulfur, and jarosite. Potential acidity is 
subtracted from neutralization potential to give the acid-base account. 
When results are expressed as a negative number of metric tons of CaCO-, 
per 1000 metric tons of soil, the soil contains acid-producing materials 
and requires liming to raise the pH. By convention, values less than -5 
mt/1000 mt indicate that a soil requires liming to neutralize potential 
acidity and raise soil pH to levels favorable for plant growth (Sobek et 
al. 1987). The acid-base account was obtained by subtracting potential 
acidity (see Methods) from neutralization potential. If the
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Table 6. Weighted means and standard deviations (n= 18) for sulfur

forms from the Fisher sulfur analyzer. All values are percent 
sulfur except neutralization potential, acid-base account 
(ABA), and total lime rate, which are given as (±) metric tons 
of CaCO3 per 1000 metric tons of soil (see Sulfur Forms section 
in text for complete explanation). Particle sizes are -60 and -200 mesh. --, not analyzed.

Parameter Site I Site 2 Site 3 Site 4

Total S
-60 .091.02 .631.23 .231.15 .471.15-200 .101.03 .581.15 .241.13 .581.25
Neut. Pot. 
-60 (mt CaC03/1000 mt) 

-2.611.9 -1.911.5 1.313.1 -6.511.5-200 -3.411.9 -1.711.5 I.5+5.0 -5.7+1.5
Hot H2O-S
-60 .021.001 .301.23 .051.05 .071.05-200 .021.002 .25+.26 .031.04 .061.10
HCl-S
-60 .031.001 .231.04 .131.10 .291.23-200 .021.002 .17+.05 .121.11 .331.35
HNO3-S
-60 .021.04 .041.04 .011.01 .061.04-200 .031.02 .111.04 .021.02 .151.11
Organic-S
-60 .031.001 .061.01 .041.001 .041.01-200 .031.01 .061.02 .041.01 .041.02
Potential
Acidity (mt CaC03/1000 mt) 
-60 2.01.60 8.611.2 4.512.3 10.4+6.6-200 2.31.83 8.6+2.I 4.913.3 12.9+10.8
ABA (mt CaC03/1000 mt) 
-60 -2.0l.60 -8.6+1.2 -3.214.8 -10.5+6.6-200 -2.31.83 -8.6+2.I -3.4+5.6 -12.9+10.8
Total Lime
Rate (mt CaC03/1000 mt) 
-60 34+9.3 43+10.8 15+9.1 56+5.7-200 — —
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neutralization potential was less than zero, insufficient carbonates 
were available to neutralize acidity and, for ABA calculations, the 
neutralization potential was zero (Sobek et al. 1978).

Total 5 . Sites 2 and 4 had the highest total sulfur values (0.63 
and 0.47%, respectively). Variability was high for all sites (see 
standard deviations for total S in Table 6). Only small amounts of 
pyrite were identified in this study because most sulfur has been 
oxidized to sulfate; nevertheless, the sum of pyritic, organic, and HCl- 
rinse sulfur (representing insoluble sulfates like jarosite) should be 
used to predict long-term acid production from these soils.

Neutralization Potential. Site 3 had mean positive neutralization 
potentials, indicating that some carbonates are available to neutralize 
soil acidity. Mean negative neutralization potentials for all other 
sites are consistent with pH values that are too low for the existence 
of carbonates (Bohn et al. 1985, Lindsay 1979)..

Acid-Base Account. Soils at sites 2 and 4 had mean ABAs less than 
-5, indicating that these soils would be limed to neutralize potential 
acidity under current reclamation practices. Incongruent dissolution of 
jarosite to iron oxides produces 3 moles of acidity per mole of 
jarosite:

KFe3(SO4)2(OH)6 + '6H+ = K+ + SFe3+ + 2S042" + 6H20 
SFe3+ + 9H20 = SFe(OH)3 + 9H+
SFe(OH)3 = 3Fe00H + 3H20.

The summary reaction for this incongruent dissolution is 
Jarosite = 3 FeOOH + 3H+ + K+ + 2S042".



57
Liming soils that contain large amounts of jarosite will push this 
reaction to the right by raising the pH and causing jarosite to 
hydrolyze to goethite. Thus, acid-base accounts for jarositic soils 
should be determined from the sum of HCl-rinse sulfur, organic sulfur 
(Dr. D.J. Dollhopf, pers, comm., 1989), and pyritic sulfur.

Hot-water-rinse S . Mean water-soluble sulfur was highest at sites 
2 (0.30%) and 4 (0.07%) (Table 6). Site 2 contained soluble sulfate 
salts visible as surface crusts. Site 4 had the highest concentrations 
of jarosite. Both other sites had low water-soluble sulfur values.

HCl-rinse S . Mean sulfur from a hydrochloric-acid rinse (insoluble 
sulfates) was high for Sites 2 and 4 (0.23 and 0.29%, respectively) 
(Table 6). These results are consistent with the large amounts of 
jarosite noted at both sites. Insoluble sulfate-sulfur measured by an 
HCl rinse is an important parameter in determining long-term acid- 
production potential for jarositic soils.

HN0,-rinse S . Mean sulfur determined from a nitric-acid rinse 
represents pyritic (reduced) sulfur (Table 6). Low values for pyritic- 
sulfur are consistent with oxidized soil mineralogy; no pyrite or 
marcasite was identified by optical or x-ray techniques in this study. 
However, XRD peaks for lepidocrocite, an iron oxide usually found in 
reduced environments, and low values for HN03-rinse sulfur suggest that 
some reduced conditions still exist in all soils studied. Pyrite in 
these soils probably occurs as micron-sized particles. The few samples 
analyzed by optical and x-ray techniques in this study are not 
sufficient to rule out the existence of minute quantities of pyrite.
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Potential Acidity. Potential acidity results are consistent with 
ABAs mentioned previously. Soils at sites 2 and 4 have the highest mean 
potential acidity (Table 6), whereas soils at sites.I and 3, although 
currently acidic, have much lower potential to produce long-term 
acidity.

Total Lilming Rate. To obtain total liming rates, the acid-base 
account (representing potential acidity) was added to the liming rate 
for active acidity determined from the SMP buffer test (McLean 1982). 
These values (Tables 6 and 15) are given in metric tons of CaCO3 per
1000 metric tons of soil. This liming rate will neutralize both current 
and long-term soil acidity which, for soils in this study, will be 
produced as jarosite hydrolyzes to iron oxides and organic sulfur (Dr. 
D.J. Dollhopf, pers. comm., 1989) and pyrite weather. Total weighted 
mean liming rates varied from 15 mt CaC03/1000 mt soil (site 3) to 56 
mt CaC03/1000 mt soil (site 4). Sites 2 and 4 had the highest total
mean liming rates. The lower mean liming rate from site 3 resulted from 
higher pH values in the upper 20 cm of each soil pit.

Other Chemical Properties
Organic C . Site 2 contained the highest mean concentrations of 

organic carbon (Table 5). Much of this measurement came from plant 
material that has been brought in by sheetwash. Organic carbon at all 
sites was incorporated into the shales as they were deposited in shallow 
Cretaceous seas. Site 4 contained less organic C than samples from the 
same area analyzed by Schrayer and Zarrella (1968).
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CEC- Site 3 had the highest mean CEC (30 meq/100 g) (Table 5). 
Sites I and 4 had moderately high mean CECs (26 and 20 meq/100 g, 
respectively). Sites 2 and 4 had mean CEC values lower than exchangeable 
acidity, which resulted in negative base saturation percentages for both 
sites (these values are reported as zero).

Exchangeable Acidity. Site 4 had the highest mean exchangeable 
acidity (24 meq/100 g) (Table 5). Sites I and 3 were intermediate (17 
and 15 meq/100 g, respectively), whereas site 2 had the lowest (13 
meq/100 g). Only site 2 had high concentrations of soluble aluminum, 
indicating that most acidity at the other three sites was caused by 
hydrogen ions on exchange sites and in solution, not soluble aluminum.

Base Saturation. Base saturation percentages were calculated by 
difference. Exchangeable acidity was determined for six samples from pit 
2 at each site; these values were divided by cation exchange capacity 
and the result was subtracted from 100% to give base saturation 
percentage (Table 10). Sites I and 3 had moderately high mean base 
saturation percentages (35 and 49%, respectively) (Table 5). Sites 2 and 
4 had mean base saturation percentages of zero. These results can be 
explained by exchangeable acidity determinations. Exchangeable acidity 
was measured by the BaCl3 -TEA method buffered at pH= 8.2 (Thomas 1982). 
However, certain acidic cations (e.g., soluble aluminum from sulfates at 
site 2 and H+ from the hydrolysis of Al3+ at site 4) may have been 
included with exchangeable acid cations in the BaCl2 -TEA procedure.
Thus, exchangeable acidity from sites 2 and 4 probably includes 
components of acidity not actually on exchange sites. Consequently, mean 
base saturation percentages were calculated as zero for these sites.
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Because contributions from alkaline-earth cations to total CEC were not 
measured directly, base saturation was calculated by difference. 
Alkaline-earth cations should be extremely low at pHs of 3.6 and 
3.7 (sites 2 and 4, respectively) (Bohn et al. 1985).

Physical Properties
Physical properties measured in this study were soil texture, 

slaking, and 1/3- and 15-bar moisture contents, which correspond to 
field capacity and wilting point, respectively.

Slaking Tests. All samples from 0 to 30 cm depths exhibited mild 
to strong slaking or disaggregation after immersion in water for two 
weeks. Samples from 30 to 50 cm depths softened, but no physical 
breakdown occurred. This result is consistent with soil horizonation at 
each site. Below 30 cm at all sites, shale fragments are harder, larger, 
and less weathered than samples above 30 cm. All pits had Cr 
horizons beginning between 10 and 30 cm. Upper Cr horizons showed 
minimal soil development (weak aggregation), whereas Cr horizons 
from'15 to 40 cm are most accurately described as weathered shale.

Samples below 15 cm at site 4 did not slake or soften due to high 
silica content and resulting hardness. Ready disaggregation of all 
surface (0-10 cm) samples indicates advanced weathering. With the 
exception of site 4, weathering is weak to moderate from 5 to 30 cm; 
below 30 cm, bedrock shale is dominant. Jarosite and iron oxides at 
depths below 30 cm indicate oxidation, but soil development 
(aggregation) is absent.
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1/3-bar Moisture. Sites 3 and I had the highest mean 1/3-bar 
moisture percentages in agreement with their high contents 
of expandable clays (Table 3). Available water-holding capacity was 
calculated by subtracting 15-bar from 1/3-bar moisture and multiplying 
the result by 1.3 (which represents soil bulk density in g/cm3). This 
procedure converted moisture percent from a weight to volume basis. All 
soils had high (>6 cm available water/50 cm depth) moisture-holding 
capacities resulting from 50-80% clay contents (Montagne et al. 1982). 
Water-holding capacity does not appear to be a limitation to plant 
growth at any of the four sites studied. However, each of the four soils 
studied is currently developing under an ustic climatic regime in which 
soils are dry much of the year. The combination of dry soils, hot 
temperatures, and windy conditions during the summer limits plant 
growth, particularly at sites 2 and 4.
15-bar Moisture

Wilting-point moisture percentage was consistent with 1/3-bar 
moisture. Mean values for 15-bar moisture ranged from 11% (site 2) to 
27% (site 3).

Solubility Experiments
Table 7 contains values calculated by GEOCHEM from one-month 

solubility and pH-stat experiments (site 4 only), and ICP cation 
and IC anion values (all 4 sites; Table 5). Values are expressed as 
negative logarithms (base 10) of activities (p-values). In addition, p- 
values for ion activity products (IAPs) are given for each sample.
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These values were calculated from the following expression for jarosite 
dissolution (derived from Lindsay 1979):

PFe3+ = 4.17 - 0.33(pK+ ) + 2pH - 0.67(pS04 2 ").

The predicted p-value for jarosite solubility is 12.5 (Lindsay 1979). 
Figure 17 shows solubility relations among goethite, jarosite (pS04 2 ” = 
2 and 4, plotted as separate lines), and amorphous iron oxides when 
PFe3+ is plotted against pH. Figure 18 plots jarosite dissolution 
(pFe3+ vs. 2pH - 0.67pS04 2 ").

One-Month Dissolution. Al I samples are oversaturated with respect 
to jarosite (i.e ., jarosite will continue to precipitate from the soil 
solution until equilibrium is reached). This oversaturation is reflected 
both by points that plot in the oversaturation region above the 
predicted line for jarosite solubility (Figures 17 and 18) and by pIAPs 
that are uniformly lower than 12.5. Samples appear to be near 
equilibrium with respect to amorphous Fe-oxide. Errors for cation/anion 
balance from these calculations in GEOCHEM ranged from 0.8 to 1.2%.

pH-stat Experiment. This experiment was conducted at pHs of 4.0 
and 4.5, which most accurately reflect the current soil pH. Figures 
17 and 18 show that all samples from this experiment are slightly 
oversaturated with respect to jarosite and near equilibrium with respect 
to amorphous iron oxide. These results are consistent with the results 
from the one-month dissolution experiment.
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Table 7. P-values (negative logarithms, base 10) of activities for K+, 

Na+, Cl", Fe , SOa2", NO3", H+, and ion activity products 
calculated by GEOCHEM from one-month dissolution experiment, 
pH-stat experiment, ICP cation and IC anion data (saturated 
paste extract)(--, value not determined).

Data
source

Depth
(cm)

pK+ pNa+ pCl" pFe3+ pS0A2" IO
5

ZCL pH pIAP

One-month 30-40 4.24 2.0 2.0 6.27 4.97 4.3 8.39experiment 40-50 4.35 2.0 2.0 6.04 4.69 — — 4.2 7.31(Site 4, 30-40 4.42 2.0 2.0 6.27 5.15 — — 4.35 8.52pits 2&3) 40-50 4.43 2.0 2.0 6.14 4.50 - - 4.10 7.58

pH-stat 30-40 4.77 2.0 2.0 6.27 5.64 4.0 10.88
experiment 40-50 4.37 2.0 2.0 5.97 5.61 — — 4.0 9.57
(Site 4, 30-40 4.80 2.0 2.0 5.97 5.21 — — 4.5 7.82
pits 2&3) 40-50 4.69 2.0 2.0 5.54 5.06 “ - 4.5 6.12

ICP cations/ Al I 3.76 2.9 4.0 7.80 3.44 3.95 4.3 .34
IC anions All 3.64 1.2 2.2 7.23 2.63 3.78 3.7 1.04
(Sites 1,2 , All 3.74 3.2 3.7 9.26 3.50 3.97 4.3 4.15
3, and 4) All 3.64 3.6 4.1 7.70 3.74 4.14 3.3 7.88

Negative logs of ion activity products also are lower than the 
predicted 12.5, although they are in closer agreement with the predicted 
pIAP than pIAPs from the one-month dissolution experiment. Errors for 
the cation/anion balance calculated by GEOCHEM ranged from 0.5 to 1.6%.

ICP Cations and IC Anions. Both cation and anion data from one pit 
at each site were combined and plotted on Figures 17 and 18. Although 
these data also indicate oversaturation with respect to jarosite, errors 
for cation/anion imbalances calculated by GEOCHEM ranged from 28 to 92%. 
These errors reflect an imbalance between cations and anions in 
solution, not errors in GEOCHEM calculations.
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Coefhlte
Jaroelfe pSO  ̂—2 
Jaroelte pSO  ̂=4  
Fe(OH)j amorphoue

Figure 17. Plot of pFe3+ vs. pH in reference to goethite, amorphous
Fe(OH)3, and jarosite solubility lines (pK+= 4.00). Samples 
are from one-month dissolution experiment (triangles), 
pH-stat experiment (circles), and ICP cations and IC anions 
(crosses; data from saturated paste extracts)(modified from 
Karathanasis et al. 1988).

SpH -2/3 pSO/

Figure 18. Soluble Fe3+ as a function of 2pH-2/3pS0A2' relative to
the solubility of jarosite (see Table 7 for K+ activities). 
Symbols same as for Figure 17 (modified from Karathanasis et 
al. 1988).
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EFFECTS OF PARTICLE SIZES ON SULFUR ANALYSES 
Appendix C contains results of paired T-tests! used to compare the 

effects of particle size on sulfur values. Al I samples were split and 
ground to -60 ( 250 m) and -200 ( 74 m) mesh sizes. For each paired T- 
test in Appendix C, the first label (e.g., "HCl") represents the -60- 
mesh size and the second label (e.g., "HC12") represents the -200-mesh 
size. The null hypothesis is that no difference in sulfur values results 
from the two different particle sizes at the 95% confidence interval. 
Thus, p-values in Appendix C less than 0.05 are significant.

Paired T-tests for Sulfur Forms
For site I, neutralization potential (Table 11) was significantly 

higher in the larger particle size, and hot-water-soluble sulfur, HNO3 - 
S, potential acidity (Table 11) and acid-base account (Table 15) were 
significantly higher in the smaller particle size. For samples from site 
2, total sulfur and HCl-S (Table 12) were significantly higher in the 
larger particle size, whereas HNO3 -S (Table 12) was significantly 
higher for the smaller particle size. In samples from site 3, the larger 
particle size gave significantly higher results for hot-water-soluble 
sulfur (Table 13) and HNO3 -S was higher for the smaller size. Samples 
from site 4 gave significantly higher results for the smaller particle 
size in total sulfur, HNO3-S, and potential acidity (Table 14), and 
acid-base account (Table 15) was higher in the larger particle size.
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Overall results showed no consistent trends. The considerable 
increase in cost and labor to grind samples to -200 mesh and lack of 
evidence that the smaller particle size produces consistently higher 
sulfur values suggest that the -60 mesh size should be used to determine 
soil sulfur forms.
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CONCLUSIONS

The four acid sulfate soils in this study are relicts of original 
environments similar to those in which acid sulfate soils form today. 
However, these relict soils differ from modern acid sulfate soils 
because they contain few reduced sulfides and are highly oxidized. Soils 
in this study are strongly buffered by primary and secondary minerals 
(smectite clays and insoluble iron and aluminum sulfates, oxides, and 
hydroxyoxides). Solubility studies and SEM/EDAX results indicate that 
these soils are oversaturated with respect to jarosite and that jarosite 
will continue to precipitate from soil solutions. Total weighted mean 
liming rates calculated for all four soils indicate that from 15 to 56 
mt CaCOg/lOOO mt soil should be added to neutralize both current and 
long-term soil acidity, with most of the total liming rate required to 
neutralize current acidity. Although jarosite, pyrite, and organic 
sulfur in these soils will produce additional acidity, the strong 
buffering and semi-arid climate at all sites suggest that any future 
acid production will occur very slowly over geologic time.

Results from sulfur analyses on -60 and -200-mesh soil fractions 
revealed some significant differences. However, these differences were 
not consistent for all samples. Consequently, grinding samples to -200 
mesh is not recommended.

Recommendations
I. Any efforts to reclaim or disturb these soils must account for the 

jarosite, pyrite, and organic sulfur content of each soil.
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2. Sulfur forms determined by the Fisher sulfur analyzer should be 
run on -60 mesh fractions. The additional time and cost to prepare 
finer fractions is not justified based on results from this study.

3. Future studies should concentrate on the kinetics of pyrite 
weathering to jarosite and jarosite weathering to iron oxides. 
Studies should be done on pyritic/jarositic materials both with 
and without the application of lime (or other neutralizing agents) 
to assess the effects of liming on the kinetics of pyrite/jarosite 
weathering.
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DETAILED SITE AND SOIL PROFILE DESCRIPTIONS
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Location: Site 1.NW1/4 SE1/4 sec. 36,T. 28 N.,R. 36 E.,Valley Co., MT 
Parent material: Bearpaw shale (Late Cretaceous)
Climate: Continental
!Physiography, slope, aspect: Shale hills; 5%; north 
Erosion: "Blowouts" from wind erosion 
Permeability: Slow
Drainage, depth to water: Moderately well drained; > 10 m 
Moisture: Dry surface; moist from 10 to 50 cm 
Root distribution: Few fine roots to 50 cm 
Saltiness, alkalinity, or reaction: Very strongly acid 
Stoniness: Class 0 (<0.01%); glacial erratics and sparse till 
% clav: 50-80 
% organic matter: I
% coarse fragments: <15% from 0 to 10 cm; 15-70% from 10 to 50 cm
Classification: Di Its series: clayey, montmorillonitic, acid, frigid, shallow Ustic Torriorthent
Additional notes: Site is about I km east of old bentonite processing plant. Soil pit about 100 m west 
of pit I W  A, Bt, By, Cr, R horizons, with deep cracks in bentonitic surface. All soil pits were in 
"blowout" area, with plant roots exposed by erosion. Horizontal juniper was dominant species. Mottles of jarosite (5 Y S/3-8/6) and iron oxides (2.5 YR 4/6) become prominent at 30 cm in all pits.

Field Soil Profile Descriptions

Site !--Field Soil Descriptions and Classifications

Date: 6/17/88

Pit Horizon Depth Color Texture Structure pH BoundaryI A 0-10 10YR5/1 C med.subang 3.3 gradual15 cm b locky 3.5Cr 10-40 10YR3/2 C med p Iaty 3.5 gradualR > 40 10YR3/2 C shale 3.5
2 A 0-15 10YR3/1 C med.subang 3.3 gradual15 cm b locky 3.6Cr 15-40 10YR3/2 C med platy 3.2 gradualR > 40 10YR3/2 C shale 3.2
3 A 0-6 10YR3/1 C med.subang 4.3 gradual10 cm b locky 4.6■ Cr 6-40 10YR3/2 C med platy 4.3 gradualR > 40 10YR3/2 C shale 4.3

Typical profile
0-10 cm. Dark gray (10 YR 3/2) clay; moderate, medium subangular blocky structure; sticky (moist); gradual boundary.
10-40 cm. Dark gray (10 YR 3/2) clay with mottles of jarosite (5 Y 8/3) and iron oxides (2.5 YR 4/6); sticky (moist); gradual boundary.
> 40 cm. Dark gray (10 YR 3/2) shale with mottles of jarosite (5 Y 8/6) and iron oxides (2.5
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Site Z--Field Soil Descriptions and Classifications

Date: 6/16/88
Location: Site 2, NE1/4 sec.29, I. 11 N., R. 39 E., Rosebud Co., MT 
Parent material: Bearpaw shale 
Climate: Continental
Physiography, slope, aspect: Flat; 0-1%; slight southerly aspect 
Erosion: Moderately eroded by deep (1-3 m) gul.leys 
Permeability: Slow
Drainage, depth to water: Moderately well drained; > 10 m 
Moisture: Dry 0-10 cm, moist 10-50 cm 
Root distribution: Few fine roots from 0 to 50 cm 
Saltiness, alkalinity, or reaction: Extremely acid 
Stoniness: Class 0 (< 0.01%) ■
% clay: 50-80 
% organic matter: 1-2
% coarse fragments: None from 0 to 5 cm, 20-70% below 5 cm
Classification: Dilts series: clayey, montmoriIlonitic, acid, frigid, shallow Ustic Torriorthent
Additional notes: Least vegetative cover of all four sites occurs here. Pit 2 was in run-in material 
with a surface salt crust and fine roots distributed uniformly from 0 to 50 cm. Sandstone-capped shale 
knobs north and east appear to contain coal seams. Field pHs are lowest measured in study. Jarosite becomes prominent at 30-40 cm. Plant pedestals were noted.

Field Soil Profile Descriptions
Pit Horizon Depth Color Texture StructureI A 0-6 

10 cm
7.5YR3/0 sic med.subang 

blockyCr 6-30 2.5Y3/0 C massive
R > 30 2.5Y3/0 C shale

pH Boundary 
2.8 gradual 
3.1
3.5 gradual
3.5

2 A 0-35 
15 cm

7.5YR3/0 sic med.subang
blocky

3.5
.3.0

gradual
Cr 35-50 2.5Y3/0 C massive 2.8 gradualR > 50 2.5Y3/0 C shale 2.8

3 A 0-8 7.5YR3/0
15 cm

Cr 8-30 2.5Y3/0
R > 3 0  2.5Y3/0

sic med.subang 3.4 gradual
blocky 3.7

c massive 3.1 gradual
c shale 3.1

Typical profile
A 0-15 cm. Light gray (7.5 YR 3/0) silty clay; moderate medium subangular structure; sticky

(moist); gradual boundary.
Cr 15-35 cm. Dark gray (2.5 Y 3/0) clay; jarosite (5 Y 8/6) mottles prominent; gradual boundary.
R > 3 5  cm. Dark gray (2.5 Y 3/0) shale; stringers of jarosite (5 Y 8/3-S/6) increase at 53

cm; fine roots common to 50 cm.
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Location: Site 3, NW1/4, sec. 20, T. 130 N., R.106 W., Bowman Co., ND 
Parent material: Pierre shale (Late Cretaceous)
Climate:'' Continental
Physiography, slope; aspect: Hilly; 6%; north 
Erosion: Slight 
Permeability: Slow
Drainage, depth to water: Moderately well drained; > 10 m
Moisture: 0-2 cm moist; 2-50 cm wet
Root distribution: Few fine roots to 50 cm
Saltiness, alkalinity, or reaction: A horizons in pits 2 & 3 neutral; all other depths strongly to very strongly acid
Stoniness: Class 0 (<0.01%)
% clay; 50-80 
% organic matter: 2-3
% coarse fragments: 5-10 in top 10 cm; 10-70 below 10 cm
Classification: Dilts series: clayey, montmorillonitic (acid), frigid, shallow Ustic Torriorthent
Additional notes: Siderite (FeCO3 ) concretions are common on surface. Jarosite increases noticeably 
from 40 to 50 cm in all pits. Upper slopes are almost barren of vegetation; run-in areas support thick stands of grass.

Site S--Field Soil Descriptions and Classifications
Date: 6/14/88

Field Soil Profile Descriptions
Pit Horizon Depth Color Texture Structure pH Boundary
I A 0-10 2.5Y3/0 C med.subang 4.8 gradual15 cm blocky 4.9

Cr 10-40 2.5Y3/0 C massive 4.7 gradualR > 40 2.5Y3/0 C shale 4.7
2 A 0-6 2.5Y3/0 C med.subang 6.4 gradual15 cm blocky 4.7Bt 6-26 2.5Y3/0 C weak.med

prismatic
4.6 gradual

Cr 26-40 2.5Y3/0 C massive 4.6 gradual
R > 40 2.5Y3/0 C shale 4.0

3 A 0-10 2.5Y3/0 C med.subang 6.0 gradual15 cm blocky 4.4Cr 10-40 2.5Y3/0 C massive 4.2 gradualR > 40 2.5Y3/0 C shale 4.2

Typical profile
A 0-10 cm. Dark gray (2.5 Y 3/0) clay; moderate medium subangular structure; sticky (moist);gradual boundary.
Cr 10-40 cm. Dark gray (2.5 Y 3/0) clay; jarosite (5 Y 8/6) and iron oxide (2.5 YR 4/4) mottles common below 25 cm; sticky (moist); gradual boundary.
R > 4 0  cm. Dark gray (2.5 Y 3/0) shale; occasional jarosite

(5 Y 8/6) stringers; many fine roots common to 50 cm.
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Location: Site 4, NW1/4NW1/4 sec.7, T. 41 N., R. 60 W., Weston Co.,WY 
Parent material: Mowry shale (Early Cretaceous)
Climate: Continental
Physiography, slope, aspect; Weathered shale knobs; 6%; south 
Erosion: Slight 
Permeability: Slow
Drainage, depth to water: Well drained; > 10 m 
Moisture: 0-5 cm dry, 5-50 cm moist 
Root distribution: Few fine roots from 0 to 30 cm 
Saltiness, alkalinity, or reaction: Extremely acid 
Stoniness: Class 5 (surface essentially paved with stones)
% clay: 30-60.
% organic matter: 1-2
% coarse fragments: 20-50 from 0 to 10 cm, 50-90 below 10 cm
Classification: Grummit series: clayey, montmorillonitic, acid, frigid, shallow Ustic Torriorthent
Additional notes: Surface is paved with cobbles of alluvial chert, agate, and limestone. All three
pits contain earthy masses of jarosite below 30 cm. Bedrock Mowry shale is dense, hard, siliceous, gray 
shale that contains few roots below 30 cm. About 100 m due west of area is a robust stand of big sagebrush growing in calcareous (pH> 6.5) soil.

Site 4--Field Soil Descriptions and Classifications

Date: 6/15/88

Field Soil Profile Descriptions
Pit Horizoni Depth Color Texture Structure BH BoundaryI A 0-10 10YR5/1 C wk p Iaty 3.0 gradual

15 cm 3.0Cr 10-30 10YR5/1 C massive 3.0 gradualR > 30 2.5Y6/0 C shale 2.5
2 A 0-8 10YR5/1 C wk p Iaty 2.9 gradual15 cm 2.6

Cr 8-30 10YR5/1 C massive 2.6 gradualR > 30 2.5Y6/0 C shale 2.7
3 A 0-10 10YR5/1 C wk p Iaty 3.0 gradual15 cm 2.8Cr 10-30 10YR5/1 C massive 2.7 gradualR > 30 2.5Y6/0 C shale 2.7

Typical profile
A 0-10 cm. Gray (10 YR 5/1) clay; surface paved with cobbles of chert and limestone alluvium;

weak p Iaty structure; sticky (moist); gradual boundary.
Cr 10-30 cm. Gray (10 YR 5/1) weathered siliceous shale; prominent masses of jarosite (2.5 Y 8/8); 

few fine roots common to 30 cm.
R > 3 0  cm. Hard, siliceous, gray (2.5 Y 6/0) shale;jarosite (2.5 Y 8/8) forms coats up to I cm

thick on shale fragments; fine roots uncommon below 30 cm.
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Table 8 Soil texture, pH, EC, and SAR. C= clay; CL= clay loam; SIC= 
silty clay.

Depth ECSite/Pit (cm) Texture pH (mmhos/cm) SAR

Valley County, MT
Pit I

Pit 2

Pit 3

Rosebud County, MT 
Pit I

Pit 2

Pit 3

0-2 C 4.9 0.91 0.6
2-10 C 4.9 0.10 1.3

10-20 C 4.8 0.12 1.4
20-30 C 4.5 0.10 2.5
30-40 C 4.3 0.24 4.0
40-50 C 4.3 0.34 5.6
0-2 C 5.0 0.08 0.6
2-10 C ■ 5.3 0.10 1.1

10-20 C 5.0 0.08 1.1
20-30 C 4.7 0.14 1.2
30-40 C 4.3 0.20 1.5
40-50 C 4.2 0.22 1.6
0-2 C 4.2 0.14 0.6
2-10 C 4.5 0.11 0.6

10-20 C 4.6 0.11 0.8
20-30 C 4.5 0.14 0.8
30-40 C 4.3 0.15 0.7
40-50 C 4.1 0.17 0.8

0-2 SIC 3.4 4.05 0.8
2-10 SIC 3.6 1.50 0.6

10-20 C 3.5 1.00 0.5
20-30 C 3.6 1.20 0.5
30-40 C 3.4 2.60 0.5
40-50 C 3.2 3.80 0.7
0-2 SIC 4.3 5.15 5.1
2-10 SIC 3.8 3.17 4.2

10-20 C 3.7 0.14 4.8
20-30 C 3.7 0.16 5.9
30-40 C 3.9 0.16 6.6
40-50 C 3.7 0.16 7.2
0-2 SIC 3.7 4.00 1.0
2-10 SIC 3.8 3.00 0.9

10-20 Cl 4.0 3.00 1.2
20-30 Cl 4.1 3.00 1.2
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Table 8. Continued.

Depth ECSite/Pit (cm) Texture pH (mmhos/cm) SAR

Rosebud County, MT
Pit 3 30-40 C 4.0 3.50 1.4

(Continued) 40-50 C 3.6 4.00 2.5
Bowman County, ND

Pit I 0-2 C 4.5 0.17 1.1
2-10 C 4.8 0.11 1.0

10-20 C 4.2 0.18 1.1
20-30 C 4.2 0.18 1.3
30-40 C 4.3 0.18 1.3
40-50 C 4.3 0.19 1.4

Pit 2 0-2 C 7.3 0.42 .0.6
2-10 C ■ 7.3 0.30 0.8

10-20 C 6.6 0.14 1.4
20-30 C 4.7 0.13 1.3
30-40 C 4.5 0.14 0.9
40-50 C 2.9 0.93 0.8

Pit 3 0-2 C 7.3 0.28 0.5
2-10 C 7.1 0.18 0.7

10-20 C 5.1 0.12 0.9
20-30 C 4.7 0.12 1.0
30-40 C 4.6 0:14 1.1
40-50 C 4.2 0.15 1.1

Weston County, WY
0-2 Cl 4.1 4.32 0.7
2-10 Cl 4.1 1.65 0.7

10-20 C • 3.6 0.76 0.7
20-30 C 4.0 0.55 0.8
30-40 C 3.3 0.48 . 0.8
40-50 C 3.3 0.19 1.0
0-2 Cl 3.4 0.19 0.4
2-10 C 3.5 0.09 0.7

10-20 C 3.6 0.22 0.5
20-30 C 3.4 0.46 0.7
30-40 C 3.2 0.13 0.8
40-50 C 3.4 0.12 0.7

t
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Table 8. Continued.

Depth ECSite/Pit (cm) Texture PH (mmhos/cm) SAR

Weston County, WY
Pit 3 0-2

2-10
10-20
20-30
30-4040-50

Cl
Cl
CC
C
C

3.8 0.12 0.54.0 0.11 0.34.1 0.09 0.34.0 0.38 0.74.1 0.16 0.64.2 0.42 0.8



Table 9. Soil cation/anion concentrations (mg/1, saturated paste extract).

Depth
Site/Pit (cm) Al Ca Cu Fe K Mg Mn Na Ni Si S Zn

Valley County, MT 0-2 <1 4 .06 .07 7.3 2 .08 6 .02 20.1 5 2.03Pit I 2-10 <1 2 .29 .03 5.9 <1 .01 8 <.02 20.5 3 .0910-20 <1 3 .38 .17 5.1 <1 <.01 10 <.02 23.1 5 .09
20-30 <1 i .04 .83 4.1 <1 .01 12 <.02 40.3 6 .0730-40 <1 3 .03 .88 7.1 I .03 31 <.02 48.8 19 .17
40-50 <1 3 .05 .08 8.1 2 .04 51 <.02 46.1 30 .10

Pit 2 0-2 <1 3 .02 .05 4.6 I .01 5 <.02 23.4 3 .072-10 <1 4 .06 .04 5.6 <1 <.01 9 <.02 24.2 4 .0910-20 <1 2 .02 .07 4.2 <1 <.01 7 <.02 26.4 4 .0420-30 <1 5 .02 .08 7.5 2 .02 13 <.02 32.4 10 .09
30-40 <1 5 .02 .03 9.4 2 .03 16 .02 35.9 15 .2840-50 <1 5 .04 .03 8.8 2 .06 17 <.02 36.3 15 .22

Pit 3 0-2 <1 5 .18 - .18 8.2 I .02 6 <.02 22.9 6 .112-10 <1 4 .02 .01 7.6 I .01 5 <.02 20.3 4 .0810-20 <1 4 .10 .54 7.0 <1 .01 6 <.02 31.0 7 .1520-30 <1 5 .08 .40 7.6 <1 .01 7 . <.02 34.4 9 .0630-40 <1 6 .40 .14 9.5 I <.01 7 <.02 41.0 10 .07

Rosebud County, MT
40-50 <1 6 .20 .06 8.8 I <.01 8 <.02 39.2 12 .08

Pit I 0-2 49 383 .08 .33 18.1 414 3.32 95 3.66 17.8 734 8.85
2-10 16 182 .03 .16 6.8 '89 1.34 38 .90 15.8 258 1.7710-20 7 HO .09 .18 7.5 51 .76 27 .60 18.5 155 1.1120-30 12 127 .05 .14 9.7 68 1.03 . 30 .74 18.7 191 1.4330-40 80 378 .09 .48 16.1 211 2.74 52 2.22 22.8 691 3.9040-50 107 370 .16 .85 19.5 308 4.07 77 3.36 25.3 841 8.55

Pit 2 0-2 15 286 .21 .93 66.0 10,900 98.8 2,490 13.4 14.1 11,500 46.82-10 64 315 .26 .70 34.0 4,240 90.8 1,300 17.4 10.2 5,450 62.8
10-20 HO 361 .29 .78 10.8 2,760 64.0 1,210 17.6 15.1 3,500 57.020-30 203 343 .21 .69 12.5 2,990 67.2 1,550 19.7 18.2 3,850 60.8
30-40 231 352 .16 .68 12.3 3,260 68.2 1,800 20.5 16.1 4,120 63.8
40-50 307 346 .16 .80 12.5 2,850 58.4 1,860 18.0 17.1 3,940 57.5

Pit 3 0-2 25 248 .04 .14 23.9 ' 203 2.73. 90 1.10 16.0 630 1.85
2-10 11 342 .06 .16 9.7 236 3.44 92 1.46 15.9 480 2.1210-20 3 391 .03 .16 9.1 214 2.58 114 1.02 15.9 540 1.74
20-30 2 391 .05 .12 10.0 204 2.24 115 .94 15.7 530 1.5830-40 5 448 .04 .14 11.9 211 1.76 142 .84 17.5 580 1.6640-50 14 473 .09 .28 17.0 169 1.05 253 .62 22.3 580 1.83

NO3 SO4

16 19

5 17

7 44

13 552

26 67,907

CO
CO

44 2,371



Table 9. Continued

Depth
Site/Pit (cm) Al Ca Cu Fe K

Bowman County, ND
Pit I 0-2 <1 5 .02 .02 8.6

2-10 <1 3 .01 .09 6.6
10-20 <1 5 .02 .04 9.2
20-30 <1 4 <.01 .03 7.9
30-40 <1 5 .04 .02 6.9
40-50 <1 5 .01 .03 7.2

Pit 2 0-2 <1 42 .02 <.01 21.3
2-10 <1 12 .02 .29 10.5
10-20 <1 4 .02 .03 7.6
20-30 <1 4 <.01 .01 6.2

■ 30-40 <1 4 <.01 .01 6.0
40-50 <1 18 .04 .18 8.6

Pit 3 0-2 <1 27 .02 <.01 13.3
2-10 <1 15 .05 .04 9.7
10-20 <1 4 .02 .03 7.0
20-30 ■ <1 4 .02 <.01 7.5
30-40 <1 5 .02 .02 5.9
40-50 <1 5 .35 .01 5.6

Weston County, WY
Pit I 0-2 <1 3 <.01 .02 32.5

2-10 <1 3 <.01 .04 31.5
10-20 <1 3 <.01 .07 10.2
20-30 <1 2 <.01 .04 9.0
30-40 <1 2 <.01 .07 8.1
40-50 <1 2 <.01 .03 9.0

Pit 2 0-2 <1 11 .01 .03 7.5
2-10 <1 3 .04 .14 . 5.3
10-20 <1 7 <.01 .15 , 4.4
20-30 <1 5 <.01 .66 3.5
30-40 <1 4 <.01 .31 3.0
40-50 <1 6 <.01 .65 3.6

Pit 3 0-2 <1 2 <.01 .01 9.1
2-10 <1 2 <.01 .02 7.9
10-20 <1 3 <.01 .15 7.2
20-30 <1 3 <.01 .22 7.8
30-40 <1 3 <.01 .11 7.9
40-50 <1 2 <.01 .15 7.4

Mg Mn Na Ni Si S Zn NO3 SOa

2 .02 11 <.02 22.5 9 .11
2 .01 9 <.02 27.2 7 .04
2 .02 11 <.02 35.7 10 .07
2 .02 13 <.02 34.6 13 .07 4 522 .02 14 <.02 32.9 12 .06
3 .03 16 <.02 32.3 13 .06
12 <.01 17 <.02 9.3 6 .01
2 <.01 11 <.02 13.7 11 .02I <.01 12 <.02 19.3 8 .04I <.01 11 <.02 26.7 9 .02
4 <.01 11 <.02 30.5 10 .06 4 396 .07 16 <.02 34.7 10 .16
2 <.01 10 <.02 12.7 7 .01I .02 11 <.02 14.3 8 .05I .01 8 <.02 21.9 7 .04I <.01 9 <.02 29.5 7 .05I .01 10 <.02 33.7 10 .04I .02 10 <.02 31.3 10 .66 7 39

2 .03 6 <.02 18.5 43 .03 25 52<1 .02 . 5 <.02 19.4 5 .04
<1 .01 5 <.02 35.5 7 .04
<1 <.01 5 <.02 42.5 8 .01
<1 <.01 5 <.02 42.9 7 .03
<1 <.01 6 <.02 43.4 7 .02
I .06 5 .02 17.6 3 .10

<1 <.01 5 <.02 20.6 3 .01
<1 .01 5 <.02 27.7 4 .03 16 34<1 <.01 6 .02 34.1 6 .02
<1 <.01 6 <.02 34.2 6 .02
<1 <.01 7 <.02 29.2 7 .02
<1 .02 3 <.02 17.6 3 .03
<1 <.01 2 <.02 18.2 4 .03
<1 <.01 2 <.02 29.5 5 .01
<1 <.01 5 <.02 34.0 8 .01
<1 <.01 4 <.02 32.2 7 .01
<1 <.01 5 <.02 36.3 6 .01 5 22

8



Table 10. Organic carbon, 1/3- and 15-bar moisture, saturation percent, CEC and exchangeable acidity, 
and base saturation;---,- not analyzed.

Site/pit Depth 
(cm)

Organic C % 1/3 bar 15 bar
wt.% wt.%

Saturation % CEC Exch. Acidity Base
(meq/100 g) (meq/100 g) Sat.%

1-1 0-2 0.60 — — 65 — — — -

1-1 2-10 0.49 — — 63 - ~ — — -

1-1 10-20 0.68 — — 65 - - — — -

1-1 20-30 0.40 - - — 67 — —  - - -

1-1 30-40 0.56 - - — 60 — —  — — —

1-1 40-50 0.41 60 —

1-2 0-2 0.66 31 17 64 25 10 60
1-2 2-10 0.65 33 19. 65 29 10 66
1-2 10-20 0.52 29 20 65 29 19 34
1-2 20-30 0.58 33 19 66 25 20 20
1-2 30-40 0.49 32 19 65 25 21 16
1-2 40-50 0.51 30 19 63 24 21 13

2-1 0-2 1.17 53
2-1 2-10 1.05 — — — 55 — - - - -

2-1 10-20 1.09 —  - — 56 -  - —  - — —

2-1 20-30 1.20 . — — -  - 55 -  - —  - — —

2-1 30-40 1.21 - — -  - 52 -  “ — — —

2-1 40-50 1.25 — 50 —

2-2 0-2 1.25 23 11 55 8 8 0
2 - 2 2-10 1.47 22 10 52 8 10 0
2 - 2 10-20 1.55 19 10 54 10 13 0
2-2 20-30 1.36 21 12 54 10 14 0



Table 10. Continued.

Site/pit Depth
(cm)

Organic C % 1/3 bar, 
wt.%

15 bar 
wt.%

2-2 30-40 1.29 21 12
2-2 40-50 1.25 23 13

3-1 Or2 0.95
3-1 2-10 0.71 — —

3-1 10-20 0.58 _  _

3-1 20-30 ' 0.52 _  _

3-1 30-40 0.55 —  M
3-1 40-50 0.53

3-2 0-2 1.34 42 24
3-2 2-10 1.22 44 25
3-2 10-20 0.78 46 27
3-2 20-30 0.64 49 28
3-2 30-40 0.61 49 28
3-2 40-50 0.56 49 29

4-1 0-2 0.51
4-1 2-10 0.50 - -

4-1 10-20 0.36 _ _

4-1 20-30 0.55
4-1 30-40 0.37
4-1 40-50 0.41

4-2 0-2 0.71 21 15
4-2 2-10 0.76 25 17
4-2 10-20 0.72 29 19

Saturation % CEC Exch. Acidity Base
(meq/100 g) (meq/100 g) Sat.%

55
52

71 
70
72 
68 
65 
65

70
73
75
76 
75 
75

38
40
41
39 
30 
23
36
30
34

10 15 0
10 16 0

O
O

O



Table 10. Continued.

Site/pit Depth
(cm)

Organic C % 1/3 bar 
wt.%

15 bar 
wt.%

Saturation % CEC
(meq/100 g)

Exch. Acidity 
(meq/100 g)

Base 
Sat. %

4-2 20-30 0.86 30 18 33 21 26 0
4-2 30-40 0.92 29 18 33 21 26 0
4-2 40-50 0.74 27 17 30 20 23 0
Duplicate data

1-2 30-40 0.46 30 19 65 24 21 13 '
2-2 30-40 1.31 20 13 55 12 15 0
3-2 30-40 0.59 46 28 75 28 20 29
4-2 30-40 0.81 29 . 18 35 20 25 . 0

PO



Table 11. Sulfur forms from Site I, Valley County, Montana (%S, except as indicated).

Mesh
Depth
(cm) Pit

Hot H2O HCl
Total Soluble Soluble

HNO3
Soluble

Organic-S
Residual

Neut. pot. 
mt CaC03/1000 mt

Pot. Acidity 
mt CaC03/1000 mt

-60 . 0-2 I .05 <.01 .03 <.01 .02 -4.13 1.33
-60 2-10 I .08 .02 .02 <.01 .02 -4.28 1.56
-60 • 10-20 I .08 .02 .02 .01 .03 -.69 1.72
-60 20-30 I .12 .03 .05 .03 .01 -4.65 2.42
-60 • 30-40 I .08 .02 .02 .01 .03 -6.03 1.72
-60 40-50 I .09 .02 .03 .01 .03 -6.27 1.95

-60 0-2 2 .1 .01 .03 .03 .03 1.99 2.58
-60 2-10 2 .1 .01 .03 .03 .03 3.69 2.58
-60 10-20 2 .07 .03 .01 <.01 .03 -4.77 1.17
-60 20-30 ' 2 .09 . .02 .02 .02 .03 ' -2.26 2.03
-60 30-40 2 .07 .02 .02 <.01 .03 -2.58 1.41
-60 ■40-50 2 .08 .03 .01 .01 .03 -2.71 1.48

-60 0-2 3 .16 .03 .06 • .04 .04 -1.40 3.91
- 60 2-10 3 .13 .02 .06 .02 .03 - .89 2.97
-60 . 10-20 3 .08 .02 .01 .02 .03 .96 1.79
-60 20-30 3 .1 .03 .02 .02 .03 . -3.03 2.03
-60 30-40 3 .1 .01 .03 .03 .03 -2.39 2.58
-60 40-50 3 • .08 .02 .02 .01 .03 -2.04 1.72

-200 0-2 I .07 .01 .02 <.01 ' .04 -4.38 1.72
-200 2-10 I .07 .01 .02 <.01 .04 -5.21 1.72
-200 10-20 I .09 .02 .05 <.01 . .02 .02 1.80
-200 20-30 I .09 .01 .03 .02 .03 -4.43 2.27
-200 30-40 I .1 .02 .02 .01 .05 -6.42 2.35
-200 40-50 I .11 .03 .02 .01 .05 -5.98 2.35



Table 11. Continued.

Mesh
Depth
(cm) Pit Total

Hot H2O 
Soluble

HCl
Soluble

HNO3
Soluble

Organic-S
Residual

Neut. pot. 
mt CaC03/1000 mt

Pot. Acidity 
mt CaC03/1000 mt

-200 0-2 2 .11 .01 .03 .04 .03 1.75 2.89
-200 2-10 2 .11 .01 .02 .03 .05 2.73 2.91
-200 10-20 2 .09 .01 .02 .01 ' .05 -5.90 2.35
-200 20-30 2 .10 .03 <.01 .06 .01 -2.71 2.19
-200 30-40 2 .08 .02 <.01 .04 .02 -3.27 1.88
-200 40-50 2 .10 .02 .02 .01 .05 -3.64 2.35

-200 0^2 3 .14 .01 .04 .07 .02 . -2.24 3.75
-200 2-10 3 .12 .01 .02 .08 .01 -1.77 3.28
-200 10-20 3 .10 .01 .02 .02 .05 -1.99 2.66
-200 20-30 3 .10 .03 .02 .03 .04 -3.15 2.66
-200 30-40 3 .14 .02 .03 .04 .05 -3.22 3.51
-200 40-50 3 .09 .01 .01 .02 .05 -3.20 2.40

Duplicate data

-60 0-2 I .05 <.01 .03 <.01 .02 -4.10 1.33
- 60 10-20 2 .07 .03 .01 <.01 .03 -4.70 1.17
-60 40-50 3 .08 .02 .02 .01 .03 -2.00 1.72
-200 0-2 I .07 .01 .02 <.01 .04 -4.35 1.72
-200 10-20 2 .09 .01 .03 .01 .02 -5.90 2.35
-200 40-50 3 .09 .01 .01 .02 .05 -3.20 2.40



Table 12. Sulfur forms from Site 2, Rosebud County, Montana (%S, except as indicated).

Mesh
Depth
(cm) Pit Total

Hot H2O 
Soluble

HCl
Soluble

HNO3
Soluble

Organic-S
Residual

Neut. pot. 
mt CaC03/1000 mt

Pot. Acidity 
mt CaC03/1000 mt

- 60 0-2 I .55 .14 .18 .16 .07 -4.35 11.41
-60 2-10 I .44 .10 .23 .04 .07 -4.16 8.83
-60 10-20 I .47 .13 .25 .02 .07 -2.95 8.67
-60 20-30 I .48 .17 .23 <.01 .08 -3.32 7.89
-60 30-40 I .85 .53 .21 <.01 .05 -4.08 7.89
-60 ' 40-50 I 1.02 .62 .30 .03 .07 -3.89 10.16

-60 0-2 2 1.04 .78 .17 .06 .03 -.57 6.79
-60 2-10 2 .73 .45 .17 .07 .04 -1.72 7.42
- 60 10-20 2 .70 .42 .16 .08 .04 -1.33 7.50
-60 20-30 2 .44 :04 .30 .01 .09 -1.45 10.16
-60 30-40 2 .95 .61 .24 .05 .06 1.08 9.07
-60 40-50 2 .84 .50 .22 .06 .06 -.74 . 8.91

-60 0-2 3 .37 .06 .24 <.01 .07 -1.35 CMOO

-60 2-10 3 .43 .15 .20 .02 .06 -1.67 7.19
-60 10-20 3 .42 .14 .17 .06 .05 - .10 . 7.42
-60 20-30 3 .40 .10 .19 .06 .05 .12 7.89
-60 30-40 3 .50 .18 .24 .04 .04 -.76 8.13
-60 40-50 3 .69 .29 .26 .10 .04 -.89 11.18

-200 0-2 I .43 .07 .13 .18 .05 -3.89 10.24
-200 ' 2-10 I .41 .11 .10 .14 .06 -3.94 8.59
-200 10-20 I .44 .08 .21 .09 .06 -3.17 9.61
-200 20-30 I .41 • .02 .19 ■ .14 .06 -3.35 10.70
-200 ' 30-40 I .54 .09 .28 .12 .05 -3.71 11.87
-200 40-50 I 1.07 .69 .19 .13 .06 -3.17 10.39



Table 12. Continued.

Mesh
Depth
(cm) Pit Total

Hot H2O 
Soluble

HCl
Soluble

HNO3
Soluble

Organic-S
Residual

Neut. pot. 
mt CaC03/1000 mt

Pot. Acidity 
mt CaC03/1000 mt

-200 0-2 2 1:02 .83 .05 .08 .06 - .12 5.55
-200 2-10 2 .71 ' .42 .14 .09 • .06 - .88 7.97
-200 10-20 2 .71 .44 .10 .12 .05 -2.25 7.65
-200 20-30 2 .44 .16 .14 .08 .06 -1.75 7.66
-200 30-40 2 .89 .59 .16 .08 .06 - .65 8.13
-200 40-50 2 .80 .51 .14 .10 .05 -1.49 7.97

-200 0-2 3 .38 .18 .09 .05 .06 - .48 5.55
-200 2-10 3 .46 .24 .12 .04 .06 -.65 5.94
-200 10-20 3 .35 .08 .15 .07 .05 .07 7.27
-200 20-30 3. .37 .08 .15 .09 .05 . .30 7.90
-200 30-40 3 .45 .11 .21 .14 .02 .17 9.92
-200 40-50 3 .65 .18 .20 .23 .04 - .68 13.13

Duplicate data

-60 0-2 I .58 .14 .20 .15 .07 -4.35 11.41
-60 10-20 2 .70 .43 .15 .08 .04 -1.33 7.50
-60 40-50 3 .69 .30 .26 .10 .04 -.89 11.18
-200 0-2 I . .45 .06 .13 .18 .05 -3.90 10.24
-200 10-20 2 .70 .45 .10 .06 .05 -2.25 7.65
-200 40-50 3 .68 .20 .20 .23 .04 -.70 13.13



■Table 13. Sulfur forms from Site 3, Bowman County, North Dakota (%S, except as indicated).

Depth Hot H2O HCl HNO3 Organic-S Neut. pot. Pot. Acidity
Mesh (cm) Pit Total Soluble Soluble Soluble Residual mt CaC03/1000 mt mt CaC03/1000 mt

-60 0-2 I .26 .05 .15 .02 .04 2.73 5.40
-60 2-10 I .15 .02 .09 <.01 .04 .68 3.36
-60 10-20 I .13 .01 .07 .01 .04 -1.46 3.20
-60 20-30 I .06 .01 .01 .01 .04 - .02 1.79 ■
-60 30-40 I .11 .01 .06 .01 .04 .25 2.97 :
-60 40-50 I .07 .01 .02 <.01 .04 .90 1.72

-60 0-2 . 2 .18 .03 .11 <.01 .04 9.17 3.83
-60 2-10 2 .34 .06 .22 .02 .04 4.99 7.04
-60 10-20 2 .37 .10 .23 <.01 .04 2.53 6.64
- 60 20-30 2 .28 .09 .15 <.01 .04 -. 46 4.80
-60 30-40 2 .15 .02 .09 <.01 .04 -.10 3.36
-60 40-50 2 .52 .11 .36 .04 .01 - .75 . 10.00

-60 0-2 3 .17 .04 .07 .03 .03 19.40 3.52
-60 2-10 3 .22 .01 .15 .02 .04 6.00 5.40
-60 10-20 3 .40 .06 .30 <.01 .04 .39 8.28
-60 20-30 3 .07 .01 .01 <.01 .05 2.10 1.79
-60 30-40 3 .08 .02 .02 <.01 .04 .22 1.72
-60 40-50 3 .47 .21 .22 <.01 .04 .20 6.41

-200 0-2 ' I .30 .03 .16 .07 .04 2.97 7.19
-200 2-10 I .17 .02 .09 .05 .01 .97 3.99
-200 10-20 I .15 .02 .08 .01 .04 .02 3.44
-200 20-30 I .07 .01 .02 <.01 .04 .54 1.72
-200 30-40 I .10 .04 .02 <.01 .04 1.00 1.72
-200 ■ 40-50 I .06 .00 .02 .01 .03 1.22 1.72



Table 13. Continued.

Mesh
Depth 
(cm) . Pit Total

Hot H2O 
Soluble

HCl
Soluble

HNO3
Soluble

Organic-S
Residual

Neut. pot. 
mt CaC03/1000 mt

Pot. Acidity 
mt CaC03/1000 mt

-200 0-2 . 2 .18 .02 .09 .03 .04 9.10 4.30 ■
-200 2-10 2 .33 .03 .19 .10 .01 5.58 7.89
-200 10-20 2 .37 .05 .28 .02 .02 3.71 7.81
-200 20-30 2 .31 .03 .22 .03 ■ .03 .10 7.04
-200 30-40 2 .17 .02 .10 .02 .03 .05 3.90
-200 40-50 2 .54 .04 .42 .04 .04 -1.48 12.34

-200 0-2 3 .17 .02 .09 .05 .01 19.60 3.99
-200 2-10 3 .25 .01 .07 .03 .04 6.25 3.83
-200 10-20 3 .42 .01 .06 .02 .04 .98 3.29
-200 20-30 3 .06 .00 .04 <.01 . .04 1.25 2.19
-200 30-40 3 .07 .04 .03 <.01 .03 i 3 0 1.64
-200 40-50 3 .46 ' .14 .07 .03 .04 -1.16 3.83

Duplicate data

-60 0-2 I .25 .05 .15 .02 • .04 2.75 5.40
- 60 10-20 2 .35 .10 .23 ■ <.oi .04 2.55 6.64
-60 40-50 3 .45 .20 .22 ■ <.01 .04 . .20 6.41
-200 0-2 I .30 .03 .16 .07 .04 2.95 7.19
-200 ■ 10-20 2 .30 . 06 .28 .02 .02 3.70 7.81
-200 40-50 3 .50 .14 .07 .03 .04 -1.20 3.83



■Table 14. Sulfur forms from Site 4, Weston County, Wyoming (%S, except as indicated).

Depth Hot H2O HCl HNO3 Organic-S Neut. pot. Pot. Acidity
Mesh (cm) Pit Total Soluble Soluble Soluble Residual mt CaC03/1000 mt mt CaC03/1000 mt

-60 
-60 
- 60 
-60 
-60 
-60

0-2 I
2-10 I

10-20 I
20-30 I
30-40 I
40-50 I

.33 .03 

.23 .04 

.33 .09 

.26 .06 

.27 .05 

.13 .03

.17 .08
, 14 .04
.12 .09
.13 .02
.11 .07
.03 .03

.05

.01

.03

.05

.04

.04

-7.48
-6.79
-7.43
-7.60
- 8.66
- 8.02

8.04
4.84
10.55
5.24
6.02
2.89

- 60 
-60 
-60 
-60 
-60 
-60

0-2 2
2-10 2

10-20 2
20-30 2
30-40 2
40-50 2

.53 .04

.81 .10

.72 .12

.75 .06

.76. .09
1.24 .23

.38 .07 

.59 .07 

.50 .05 

.60 .04 

.54 .08 

.76 .22

.04

.05

.05

.05

.05

.03

-5.81
-6.15
-6.91
-7.85
-7.18
-6.45

12.35
17.58
14.85
16.87
16.72
25.62

-60
-60
-60
-60
-60
-60

0-2 3
2-10 3

10-20 3
20-30 3
30-40 3
40-50 3

.27 .04

.28 .06

.40 .05

.44 .06

.27 .06

.18 .01

.11 .06

.13 ,04

.25 .06

.25 .08

.14 .05

.14 <.01

.06

.05

.04

.05

.02

.03

-4.33
-4.72
-5.44
-5.63
-4.90
-4.01

6.53
5.86
8.99
9.92
5.47
4.22

200 0-2 I
200 2-10 I
200 10-20 I
200 20-30 I
200 30-40 I
200 40-50 I

.37 .01 .16 

.26 .02 .06 

.40 .04 .16 

.30 .02 .12 

.31 .05 .10 

.14 .03 .04

.15

.11

.16

.12

.12

.03

.05

.07

.04

.04

.04

.04

-6.69
-2.76
-4.01
-5.14
-4.72
- 8.21

10.00
7.04
10.00
7.81
7.34
3.13



Table 14. Continued.

Mesh
Depth
(cm) Pit Total

Hot H2O 
Soluble

HCl
Soluble

HNO3
Soluble

Organic-S
Residual

Neut. pot. 
mt CaC03/1000 mt

Pot. Acidity 
mt CaC03/1000 mt

-200 ' 0-2 2 .60 .10 .32 .13 .05 -4.55 13.13
-200 2-10 2 .92 .16 .59 .13 .04 -5.72 19.14
-200 10-20 2 .72 .10 .49 .12 .01 - 6.82 15.55
-200 20-30 2 .85 .10 .59 .14 • .02 -6.75 -18.83
-200 30-40 2 .95 .10 .65 .19 .01 - 6.99 21.49
-200 40-50 2 1.97 .00 1.38 .55 .04 - 6.70 50.79

-200 0-2 3 .29 .05 .10 .10 .04 -4.82 6.72
-200 2-10 3 .28 .04 ; 14 .08 .02 -5.38 6.41
-200 10-20 3 .49 .08 .22 .15 .04 -6.26 11.10
-200 20-30 3 .54 .09 .28 . .13 .04 -5.62 11.87
-200 30-40 3 .32 .05 .18 .05 .04 -5.40 7.03
-200 40-50 3 .26 .06 .10 .09 .01 -4.50 5.47

Duplicate data

-60 0-2 I .33 .03 .17 .08 .05 -7.50 8.04
- 60 10-20 2 .72 .10 .50 .05 .05 -6.90 14.85
-60 40-50 3 . .20 .02 .14 <.01 .03 -4.00 . 4.22
-200 0-2 I .35 .01 .16 .15 .05 -6.70 10.00
-200 10-20 2 .75 .12 .32 .13 .05 -6.85 15.55
-200 40-50 ■ 3 .25 .05 .10 .09 .01 -4.50 5.47
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Table 15. Acid-base accounts, lime rates from SMP buffer test, and total 
lime rates from all four sites. Units for acid-base account, 
lime rate for active acidity from SMP buffer test, and total 
lime rate are metric tons of CaCO3 per 1000 metric tons of soil. --, not determined.

Site Depth
(cm) Pit Mesh

size Acid-base account Lime rate, 
active (SMP) 
acidity

Total lime 
rate

I 0-2 I -60 -i .33 42 43.33I 2-10 I -60 -1.56 42 43.56I. 10-20 I -60 -1.72 29 30.72I 20-30 I -60 ' -2.42 40 42.42I 30-40 I -60 -1.72 40 41.72I 40-50 I -60 -1.95 40 41.95
I 0-2 2 -60 -0.59 19 19.59I 2-10 2 -60 1.11 . 17 15.89I 10-20 2 -60 -1.17 40 41.17I 20-30 2 1 -60 -2.03 40 42.03I 30-40 2 -60 -1.41 40 41.41I 40-50 2 -60 -1.48 40 41.48
I 0-2 3 -60 -3.91 19 22.91I 2-10 3 -60 -2.97 20 22.97I 10-20 3 -60 -0.83 20 20.83I 20-30 3 -60 ' -2.03 34 36.03I 30-40 3 -60 -2.58 34 36.58I 40-50 3 -60 -1.72 35 36.72
I 0-2 I -200 -1.72 __
I 2-10 I -200 -1.72 — _
I 10-20 I -200 -1.78 — — —
I 20-30 I -200 -2.27 — — —
I 30-40 I -200 -2.35 — — _ _

I 40-50 I -200 -2.35 — --
I 0-2 2 -200 -1.14I 2-10 2 -200 -0.18 —  — —

I 10-20 2 -200 . -2.35 — — —
I 20-30 2 -200 -2.19 . — — _
I 30-40 2 -200 -1.88 — _
I 40-50 2 -200 -2.35 — —
I 0-2 3 -200 -3.75I 2-10 3 ' -200 • -3.28 — — —
I 10-20 3 -200 ■ -2.66 _ _
I 20-30 3 -200 . -2.66 — — __
I 30-40 • 3 -200 -3.51 — — — —
I 40-50 3 -200 -2.40 — — —
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Table 15. Continued.
Site

2
2
2
2
2
2
22
2
2
2
2

2
2
2
2
2
2
2
2
2
2
2
2

Depth(cm) Pit Mesh
size Acid-base account Lime rate, 

active (SMP) 
acidity

Total lime 
rate

0-2 I -60 -11.41 . 28 39.412-10 I -60 -8.83 30 38.8310-20 . I ' -60 -8.67 30 38.6720-30 I -60 -7.89 38 ■ 45.8930-40 I -60 -7.89 40 47.8940-50 I -60 -10.16 40 50.16
0-2 2 -60 -6.79 11 17.792-10 2 -60 -7.42 17 24.4210-20 2 -60 -7.50 22 29.5020-30 2 -60 -10.16 29 39.1630-40 2 -60 -7.99 34 41.9940-50 2 -60 -8.91 ■ 37 45.91
0-2 3 -60 -7.82 35 42.822-10 3 -60 -7:19 35 42.1910-20 3 -60 -7.42 37 44.4220-30 3 -60 -7.77 45 52.7730-40 3 -60 -8.13 50 58.1340-50 3 -60 -11.18 50 61.18
0-2 I -200 -10.242-10 I -200 -8.59 —  — —

10-20 I -200 -9.61 — —  —

20-30 I -200 -10.70 — —

30-40 I -200 -11.87 — —  —

40-50 I -200 -10.39 — —
0-2 2 -200 -5.55
2-10 2 -200 -7.97 — —  —

10-20 2 -200 -7.65 — —

20-30 2 -200 -7.66 — —

30-40 2 -200 -8.13 — —

40-50 2 -200 -7.97 — —
0-2 3 -200 -5.552-10 3 -200 -5.94 — —

10-20 3 -200 -7.20 —  — —

20-30 3 -200 -7.60 — — -

30-40 3 -200 ■ -9.75 — —  —

40-50 3. -200 -13.13 — —  -



103
Table 15. Continued.

Site Depth Pit
(cm)

Mesh Acid-base account Lime rate, Total lime 
size active (SMP) rate

acidity

3 0-2 I -60 -2.67 13 ' 15.67
3 2-10 I -60 -2.68 15 17.68
3 10-20 I -60 -3.20 17 20.20
3 ■ 20-30 I -60 -1.79 13 14.79
3 30-40 I -60 -2.72 IS 17.72
3 40-50 I -60 -0.82 IS 15.82
3 0-2 2 -60 5.34 0 0.00
3.. 2-10 2 -60 -2.05 0 2.05
3 10-20 2 -60 -4.11 15 19.11
3 20-30 2 -60 -4.80 15 19.80
3 30-40 2 -60 -3.36 19 22.36
3 40-50 2 -60 -10.00 19 29.00
3 0-2 3 -60 15.88 0 0
3 2-10 3 -60 0.60 0 0
3 10-20 3 -60 -7.89 7 14.89
3 20-30 3 -60 0.31 15 14.69
3 30-40 3 -60 -1.50 19 20.50
3 40-50 3 -60 -6.21 23 29.21
3 0-2 I -200 -4.22 — —  —

3 2-10 I -200 -3.02 — —

3 10-20 I -200 -3.42 — —
3 20-30 I -200 -1.18 — —

3 30-40 I -200 -0.72 — —
3 40-50 I -200 -0.50 — —
I3 0-2 2 -200 4.80 __ - -

3 2-10 2 -200 -2.31 - - —

3 10-20 2 -200 -4.10 — —

3 20-30 2 -200 -6.94 — —

3 30-40 2 -200 -3.85 - - —

3 40-50 2 -200 -12.34 — —
.3 0-2 3 -200 15.61 - - —

3 2-10 3 -200 2.42 — —
3 10-20 3 -200 -2.31 —
3 20-30 3 -200 -0.94 — —
3 30-40 3 -200 -1.34 - - —

3 40-50 3 -200 -3.83 — - -
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Table 15. Continued.

Site Depth(cm)
Pit Mesh

size
Acid-base account Lime rate, 

active (SMP) 
acidity

Total lime rate

4 0-2 I -60 -8.04 48 56.04
4 . 2-10 I -60 -4.84 48 52.84
4 10-20 I -60 -10.55 46 56.55
4 20-30 I -60 -5.24 50 55.24
4 30-40 I -60 -6.02 46 52.02
4 40-50 I -60 -2.89 48 50.89
4 0-2 2 -60 -12.35 42 54.35
4 2-10 2 -60 -17.58 45 62.58
4 10-20 2 -60 -14.85 46 60.85
4 20-30 2 -60 -16.87 46 62.87
4 30-40 2 -60 -16.72 44 60.72
4 40-50 2 -60 -25.62 46 71.62
4 0-2 3 -60 -6.33 44 50.33
4' 2-10 3 -60 -5.86 45 50.86
4 10-20 3 -60 -8.99 46 54.99
4 20-30 3 -60 -9.92 46 55.92
4 30-40 3 -60 -5.47 46 51.47
4 40-50 3 -60 -4.22 46 50.22
4 0-2 I -200 -10.00 — —

4 2-10 I -200 -7.04 — —

4 10-20 I -200 -10.00 _ _ —
4 20-30 I -200 -7.81 — —
4 30-40 I -200 -7.34 —
4 40-50 I -200 -3.13 —
4 0-2 2 -200 -13.13 — —

4 2-10 2 -200 -19.14 — —

4 10-20 2 -200 -15.55 —
4 20-30 2 -200 -18.83 _ _

4 30-40 2 -200 -21.49 —
4 40-50 2 -200 -50.79 —

4 0-2 3 -200 -6.72 — —

4 2-10 3 -200 -6.41 —

4 ' 10-20 3 -200 -11.10 — —
4 20-30 3 -200 -11.87 — —

4 30-40 3 -200 -7.03 — —

4 40-50 3 -200 -5.47 — —



Table 16, Duplicate data, soil cation/anion concentrations (mg/1, saturated paste extract)

Depth
Site/Pit (cm) Al Ca Cu Fe K Mg Mn Na Ni Si S Zn NO3 SO4

1/1 0-2 <1 4 .06 .07 7.0 2 .07 7 .02 20.5 5 2.00 17 201/2 10-20 <1 3 .02 .06 4.1 <1 <.01 7 <.02 25.1 4 .051/3 40-50 <1 6 .25 .07 .8.2 I <.01 7 <.02 40.3 13 .08
2/1 10-20 7 115 .08 .31 9,9 415 3.51 62 1.50 18.0 130 1.75 15 5502/2 0-2 17 290 .20 .95 63.9 10,950 99.10 2,,500 13.00 14.1 11,550 47.002/3 40-50 15 475 .09 .30 17.0 170 1.10 250 .70 22.3 580 1.90
3/1 0-2 <i 5 .02 .02 9.0 2 .02 11 <.02 22.0 10 .113/2 10-20 <1 45 .02 .03 8.0 I <.01 12 <.02 20.1 9 .043/3 40-50 <1 25 .37 .01 5.5 I ' .02 10 <.02 31.0 10 .09 7 40
4/1 0-2 <i 3 <.01 .02 33.0 2 .03 5 <.02 19.0 40 .03 50 254/2 10-20 <1 7 <.01 .20 4.5 <i .01 5 <.02 28.0 4 .034/3 40-50 <1 2 <.01 .15 7.8 <i <.01 5 <.02 36.0 5 .01
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Table 17. Means of relative percent differences of duplicate analyses for 
cations, anions, organic carbon, 1/3- and 15-bar moisture %, 
saturation %, CEC, exchangeable acidity, base saturation %, and sulfur forms.

Parameter No. of Duplicates Mean %, relative percent difference

Al 12 1.0Ca 12 4.0Cu 12 3.0Fe 12 7.0K 12 4.0Mg 12 .01Mn 12 7.0Na 12 4.0Ni 12 23.0Si 12 2.0S 12 4.0Zn 12 4.0NO3 4 7.0SO4 4 2.0Organic C 4 4,01/3 Bar 4 3.015 Bar 4 O
Saturation % 4 1.0CEC 4 4.0
Exch. Acidity 4 2.0
Base Saturation % 4 0
Total S 24 2.0
Neut. Potential 24 .04Hot H2O S 24 5.0
HCl S 24 3.0
Organic S 24 5.0
HNO3 S 24 2.0
Pot. Acidity 24 0
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APPENDIX C

PAIRED T-TESTS FOR SULFUR FORMS
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Site 1-- Valley County, Montana
Paired T-tests

T-TEST- TOTAL S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

TOTAL .9222E-01 .2410E-01 1.073 4.322 .5000E-01 .1600TOTAL2 .1006 .3355E-01 .5040 2:979 .7000E-01 .1400
CORRELATION = .7013 
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: T0TAL2
COMPARED TO TOTAL

DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

.8400E-02 

.3981E-02 

.1673E-01 

.6628E-04 
-0.980 
.3118

T-TEST- NEUTRALIZATION POTENTIAL I.I
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

NEUT -2.604 1.944 .5860 2.876 -6.270 3.690NEUT2 -3.445 1.938 .7814 3.113 -6.420 2.730
CORRELATION = .5541 
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: 
COMPARED TO

NEUT2
NEUT

DIF IN MEANS = .8410
SE FOR DIF .18400.95 LOWER LMT= .2523
0.95 UPPER LMT= 1.029T (DF = 17)= -3.48
P-VALUE .0029
T-TEST-HOT H20 S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN ' MAX

H20 .2222E-01 .0140E-01 .9148 3.218 .OOOOE .0300
H202 .2356E-01 .0207E-01 .6806 2.750 .IOOOE-Ol .0300

CORRELATION = .9240
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: H202

COMPARED TO H20
DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

.1343E-02 

.3131E-02 

.1994E-01 

.6727E-02 
2.515 
.0270
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Site 1-- Paired T-tests (continued);
T -TEST- HCL S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

HCL .3389E-01 .0178E-01 -.3970E-01 2.418 .1000E-01 .6000E-01HCL2 .2389E-01 .0252E-01 -.5345 3.110 .OOOOE .5000E-01
CORRELATION = .5352

TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: HCL2
COMPARED TO ' HCL

DIF IN MEANS = .IOOOE-Ol 
SE FOR DIF = .2915E-02 
0.95 LOWER LMT= .2615E-01 
0.95 UPPER LMT= .1385E-01 
T (DF = 17)= 2.021P-VALUE = .0515
T-TEST- HN03 S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

HN03 .2278E-01 .4483E-01 -2.348 7.412 .0000 .4000E-01HN032 .3157E-01 .2495E-01 -.6037 1.870 .0000 .8000E-01
CORRELATION = .3478
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: HN032COMPARED TO HN03
DIF IN MEANS = .8789E-02
SE FOR DIF .3695E-020.95 LOWER LMT= .1668E-01
0.95 UPPER LMT= .1093E-02T (DF = 17)= -2.478
P-VALUE .0363
T-TEST- ORGANIC S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ORG .3111E-01 .0143E-02 .2115 1.960 .0100 .4000E-010RG2 .3125E-01 .1396E-01 .8127 2.711 .0100 .5000E-01
CORRELATION = .8150 
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: 0RG2COMPARED TO ORG

DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

.1411E-03 

.4493E-02 

.2059E-01 

.1631E-02 
1.232 
.2781
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Site 1-- Paired T-tests (continued).

T-TEST- POTENTIAL ACIDITY (-60/-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

PA 2.004 .6045 1.267 3.395 1.170 3.600PA2 2.431 .4737 1.045 3.994 1.700 3.500
CORRELATION = .2572

TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: PA2
COMPARED TO PA

DIF IN MEANS = .4270
SE FOR DIF = .4613E-020.95 LOWER LMT= .2490E-02 
0.95 UPPER LMT= .2195E-01 T (DF = 17)= -4.482 
P-VALUE = .0001

T -TEST- ACID-BASE ACCOUNT (-60/-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ABA -2.004 .6045 1.267 3.395 -1.17 1.11ABA2 -2.431 .4737 1.045 3.994 -3.51 -0.30
CORRELATION = .2572

TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: ABA2
COMPARED TO ABA

DIF IN MEANS = .4270
SE FOR DIF = .4613E-02 
0.95 LOWER LMT= -.2490E-02 
0.95 UPPER LMT= -.2195E-01 
T (DF = 17)= 4.482
P-VALUE = .0001
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Site 2-- Rosebud County, Montana
Paired T-tests

T-TEST- TOTAL S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

TOTAL .6301 .2167E-01 .5868 1.894 .3700 1.040TOTAL2 .5840 .3308E-01 .8972 2.485 .3500 1.070
CORRELATION = .7211
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: T0TAL2
COMPARED TO TOTAL

DIF IN MEANS = .4619E-01SE FOR DIF .1826E-01
0.95 LOWER LMT= .5364E-020.95 UPPER LMT= .8241E-01
T (DF = 17)= 2.400P-VALUE .0239
T-TEST- NEUTRALIZATION POTENTIAL I!
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS . MIN MAX

NEUT -1.931 1.522 -.2331 1.966 -4.350 1.080NEUT2 -1.749 1.510 -.3562 1.596 -3.940 .3000
CORRELATION = .8287
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: NEUT2
COMPARED TO NEUT

DIF IN MEANS = . 1820 ■■SE FOR DIF .1608
0.95 LOWER LMT= .5053
0.95 UPPER LMT= .1731
T (DF = 17)= -1.914
P-VALUE .0731
T -T ES T - HOT H20 S (-60)/(-200)
VARIABLE MEAN :STD-DEV SKEWNESS KURTOSIS MIN MAX

H20 .3021 .2303 .3811 2.069 .1000 ■ .7800H202 .2519 .2634 .3647 2.567 .0200 .8300CORRELATION = .4596
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: H202COMPARED TO H20
DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (OF = 17)= 
P-VALUE

.5020E-01

.1504E-01.1729E-01'

.4618E-01
1.052
.3024
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Site 2-- Paired T-tests (continued).
T-TEST- HCL S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

HCLHCL2 :2341.1741
.0411.0535

1.979.9422
8.0193.454

.1700.1000
.3000.2800

CORRELATION = .5831
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: HCL2
COMPARED TO HCL

DIF IN MEANS = .6000E-01
SE FOR DIF .9044E-02
0.95 LOWER LMT= .7519E-01
0.95 UPPER LMT= .3703E-01
T (DF = 17)= 6.340
P-VALUE .0001

T-TEST- HN03 S OOJ?

VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX
HN03 .4355E-01 .4029E-01 .1158 2.158 .0000 .1000
HN032 .1143 .4339E-01 -2.037 7.148 .4000E-01 .2300

CORRELATION = .3129
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: HN032

COMPARED TO HN03
DIF IN MEANS = .7075E-01
SE FOR DIF .3451E-02
0.95 LOWER LMT= .2837E-02
0.95 UPPER LMT= .1173E-01
T (DF = 17)= -6.084
P-VALUE .0001
T-T ES T -  ORGANICI S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ORG .6032E-01 .1131E-01 1.122 4.416 .0300 .0900
0RG2 .6128E-01 .2143E-01 1.034 4.082 .3000E-01 .0800

CORRELATION = .8457 
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: 0RG2

COMPARED TO ORG
DIF IN MEANS = .9600E-03
SE FOR DIF .9818E-02
0.95 LOWER LMT= .8127E-01
0.95 UPPER LMT= .3984E-01
T (DF = 17)= 1.292
P-VALUE .2401
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Site 2-- Paired T-tests (continued).
T-TEST- POTENTIAL ACIDITY (-60)/(-200)
VARIABLE ' MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

PA 8.648 1.234 .6468 1.896 ■ 6.800 11.4PA2 8.921 1.403 .9216 2.490 5.500 11.9
CORRELATION = .8522

TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: 
COMPARED TO

PA2.
PA

DIF IN MEANS = .2730SE FOR DIF .2269E-01
0.95 LOWER LMT= .5101E-01
0.95 UPPER LMT= .1468
T (DF = 17)= -1.075P-VALUE .3420

T-T ES T -  ACID-BASE ACCOUNT (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ABA -8.648 1.234 .6468 1.896 -11.4 -6.80ABA2 -8.921 1.403 .9216 2.490 -11.9 -5.50
CORRELATION = .8522

TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: ABA2
COMPARED TO ABA

DIF IN MEANS = .2730
SE FOR DIF = .2269E-01 
0.95 LOWER LMT= -.5101E-01 
0.95 UPPER LMT= -.1468 
T (OF = 17)= 1.075 
P-VALUE = .3420
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Site 3 -  Bowman County, North Dakota

Paired T-tests
T-TEST- TOTAL S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

TOTAL
T0TAL2 .2339 .1517 .6777 2.273 .6000E-01 .5200

.2411 .1346 .5508 2.208 .6000E-01 .5400
CORRELATION = .9637
TESTS FOR EQUALITY IN PAIRS

FOR VARIABLE: 
COMPARED TO

T0TAL2
TOTAL

DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

.7200E-02 .3981E-02 

.1673E-01 

.6625E-04 
-2.091 
.0603

T -T E S T - HOT H20 S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

H20
H202 .0532 .0527 .6979 2.636 .0000 .2100

.0340 .0410 .6059 2.471 .0000 .1400
CORRELATION = .5204 
TESTS FOR EQUALITY IN PAIRS
FOR VARIABLE: 

COMPARED TO H202
H20

DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

. 1920E-01 ' 

.8501E-02 

.4571E-01 

.9843E-02 
2.397 
.0305

T-TEST- NEUTRALIZATION POTENTIAL (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

NEUTNEUT2 1.324 3.118 2.367 8.310 -1.480 19.601.537' 5.001 2.301 8.130 -1.480 19.60
CORRELATION = .8711
TESTS FOR EQUALITY IN PAIRS
FOR VARIABLE:. COMPARED TO NEUT2

NEUT
DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

.2130

.1625

.5556

.1301
-1.461
.1511
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Site 3-- Paired T-tests (continued).
T-TEST- HGL S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

HCL .1303 .1044E-01 .5428 1.755 . IOOOE-Ol .3600HCL2
CORRELATION

.1222 
= .7623

.1275E-01 .9868 3.329 .2000E-01 .2800
''

TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: HCL2
COMPARED TO HCL

DIF IN MEANS = .8100E-02 
SE FOR DIF = .4631E-02
0.95 LOWER LMT= .2255E-01 
0.95 UPPER LMT= .3008E-02 
T (DF = 17)= 0.871
P-VALUE = .3890

T-TEST- HN03 S (-60)/(-200)
VARIABLE MEAN STD-DEV . SKEWNESS KURTOSIS MIN MAX

HN03 .1133E-01 .1239E-01 -2.702 10.90 .0000 .4000E-0:HN032 .2327E-01 .2210E-01 -1.047 2.588 .0000 .IOOOE
CORRELATION = .2095

TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: HN032COMPARED TO HN03
DIF IN MEANS = .1194E-01
SE FOR DIF .3234E-020.95 LOWER LMT= .1561E-03
0.95 UPPER LMT= .1349E-01
T (DF = 17)= -3.532
P-VALUE .0029
■T-TEST—  ORGANIC S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ORG .4011E-01 .0142E-01 1.187 3.369 .0100 .5000E-010RG2 .4112E-01 .1242E-01 1.146 4.050 .0100 .0500

: 'I
• T .. '■

• %  
•' -T:

CORRELATION = .7785 ' 
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: 0RG2

COMPARED TO ORG
DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

.1010E-02

.5511E-02.3107E-01

.7817E-02
2.068
.0602
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Site 3-- Paired T-tests (continued).
T-TEST- POTENTIAL ACIDITY(-60/-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

PA
PA2 4.50074.909 2.321

3.344 .7084.7284 2.290
2.361 1.70 . 1.60 10.0

12.3
CORRELATION = .6643
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: 
COMPARED TO PA2

PA
DIF IN MEANS = .4893SE FOR DIF .4932E-020.95 LOWER LMT= .5962E-020.95 UPPER LMT= . 1485E-01T (DF = 17)= -0.083P-VALUE .7944

T -TEST- ACID-BASE ACCOUNT (-60/-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ABA -3.2327 4.831 .7084 2.290 -10.0 15.80
ABA2 -2.932 5.614 .7284 2.361 -12.3 15.60

CORRELATION = .2345 '
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: ABA2
COMPARED TO ABA

DIF IN MEANS = SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (DF = 17)= 
P-VALUE

.3007

.4932E-02
•5962E-02
.1485E-01
.8341
.4455
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Site 4-- Weston County, Wyoming

Paired T-tests
T-TEST- TOTAL S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

TOTAL 
TOTAL2 .4726

.5822 .1515
.2512

1.225
2.107 ' 3.855 

7.544 .1300
.1400

1.240
1.970CORRELATION = .6324 

TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: T0TAL2
COMPARED TO TOTAL

DIF IN MEANS = .1096 
SE FOR DIF = .3877E-01 
0.95 LOWER LMT= .1801 
0.95 UPPER LMT= .1653E-01 
T (OF = 17)= -2.544 
P-VALUE = .0283
T -TEST- HOT H20 S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN • MAX

H20 .0723 .0533 1.016 3.060 .0100 . .230H202 .0633 .1044 2.463 9.175 .0000 .160
CORRELATION = .9002

. TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: H202

COMPARED TO H20
DIF IN MEANS = .0090 
SE FOR DIF = .5127E-01 
0.95 LOWER LMT= .2132 
0.95 UPPER LMT= .3164E-02 T (OF = 17)= 0.3252 
P-VALUE = .6034

T-TEST- NEUTRALIZATION POTENTIAL (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

NEUT
NEUT2

-6.523
-5.722

1.542
1.506

.2266

.1394
1.958
2.839

-8.660
-8.210

-4.010
-2.760

CORRELATION = .2349
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: 

COMPARED TO NEUT2
NEUT

DIF IN MEANS = .8010SE FOR DIF .37790.95 LOWER LMT= 1.5930.95 UPPER LMT= .1829E-02T (OF = 17)= 2.102P-VALUE .0555
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Site 4-- Paired T-tests (continued).
T-TEST- HCL S (--60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

HCL .2922 .2342 1.452 6.622 .3000E-01 .7600
HCL2 .3321 .3505 3.019 12.22 .4000E-01 1.380

CORRELATION = .7074
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: HCL2
COMPARED TO HCL

DIF IN MEANS = .0399
SE FOR DIF .1754E-01
0.95 LOWER LMT= .1092
0.95 UPPER LMT= .3522E- Ol
T (DF = 17)= -0.914
P-VALUE .3670
T-TEST- HN03 S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX '

HN03 .6021E- Ol .4044E-01 -.9066 3.169 .0000 .2200
HN032 .1523 .1144 -.1508 2.893 .3000E-01 .5500

CORRELATION = .3755 
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: HN032
COMPARED TO HN03

DIF IN MEANS = .0902 
SE FOR DIF = .5672E-02 
0.95 LOWER LMT= .6411E-02 
0.95 UPPER LMT= .1752E-01 
T (DF = 17)= -4.714 
P-VALUE = .0003
T-TEST- ORGANIC S (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ORG .0411 .0142 2.185 8.954 .0100 .0600
0RG2 .0413 .0245 3.075 12.45 .IOOOE-Ol .0700

CORRELATION = .9823 
TESTS FOR EQUALITY IN PAIRS:
FOR VARIABLE: 0RG2

COMPARED TO ORG
DIF IN MEANS = .0002 
SE FOR DIF = .1650E-01 
0.95 LOWER LMT= .1126 
0.95 UPPER LMT= .4296E-01 
T (DF = 17)= 0.983 
P-VALUE = .2801
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Site 4-- Paired T-tests (continued).
T -T E S T -  POTENTIAL ACIDITY (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

PA 10.4311 6.6374 1.069 3.068 2.90 25.60PA2 13.4007 11.2441 1.590 5.142 3.12 51.40
CORRELATION = .3446
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: PA2COMPARED TO PA
DIF IN MEANS = 2.9696
SE FOR DIF .2412E-01
0.95 LOWER LMT= .7700E-01
0.95 UPPER LMT= .2478E-01
T (OF = 17)= -2.203
P-VALUE .0412

T -TEST- ACID-BASE ACCOUNT (-60)/(-200)
VARIABLE MEAN STD-DEV SKEWNESS KURTOSIS MIN MAX

ABA -10.4311 6.6374 1.069 3.068 -25.60 -2.90
ABA2 -13.4007 11.2441 1.590 5.142 -51.40 -3.12

CORRELATION = .3446
TESTS FOR EQUALITY IN PAIRS:

FOR VARIABLE: ABA2
COMPARED TO ABA

DIF IN MEANS = 
SE FOR DIF 
0.95 LOWER LMT= 
0.95 UPPER LMT= 
T (OF = 17)= 
P-VALUE

2.9696
.2412E-01

-.7700E-01
-.2478E-01

2.203
.0412
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