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Abstract:
Eight test hole cores of overburden grab samples from the Bear Creek Study Site of the West
Moorhead coal deposit in eastern Montana were received from the U.S. Geological Survey. The
samples were visually inspected for evidence of mineralization, which was aided by an accompanying
geological log for each core. Each sample was ground prior to its analysis for lead content, pH value,
conductivity value, and chemoautotrophic bacteria presence. The mineralization of the core samples
was quantitatively different for the strata, with no consistent relation between physical and chemical
descriptions.

Chemoautotrophic bacteria, both sulfur and iron oxidizing bacteria, were isolated from a number of
core samples. Difficulty was encountered in obtaining pure cultures of these bacteria. Growth was not
enhanced when yeast extract, cysteine, glutathione or IM-MF additives were included. The
fastidiousness of these cultures does not typify sulfur or iron oxidizers in general, and therefore is
characteristic of these isolates. A culture of iron oxidizing bacteria was isolated from a revegetation
study site from the Colstrip coal deposit in eastern Montana. The growth of this culture was similar to
the typical iron oxidizing bacterium, Thiobacillus ferrooxidans.

Leaching studies were performed on samples which exhibited a wide range of lead concentrations, pH
values and conductivities. A <80 mesh ground sample was used in the leaching studies. The study
included the comparison of static and shaking conditions, with and without glucose conditions, and
autotrophic, soil, and no inoculum conditions. The fact that lead values in the leachates were roughly
similar and not proportional to the lead content of the core sample shows that autotrophic oxidation did
not proceed at a rate associated with unbuffered high pyrite ores. Most strata did not develop low pH
values on leaching but a few strata did, with pH values seen as low as pH 1.61.

An algal bioassay procedure was developed to determine the possible toxic effect of the leachates. The
bioassay utilized an inoculum of Selenastrum capricornutum PRINTZ, and included a 1:10 dilution of
the leachate. Growth of the algae was monitored by fluorescence spectrophotometry on daily intervals.
Some leachates produced inhibition , of algal growth, that was explained by low pH values while other
toxic leachates could not be explained by either pH values or lead content of the leachates. For the
majority of leachates no toxicity was observed, instead some leachates produced stimulatory effects. 
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ABSTRACT

Eight test hole cores of overburden grab samples from the Bear 
Creek Study Site of the West Moorhead coal deposit in eastern Montana 
were received from the U.S. Geological Survey. The samples were visu
ally inspected for evidence of mineralization, which was aided by an 
accompanying geological log for each core. Each sample was ground 
prior to its analysis for lead content, pH value, conductivity value, 
and chemoautotrophic bacteria presence. The mineralization of the core 
samples was quantitatively different for the strata, with no consistent 
relation between physical and chemical descriptions.

Chemoautotrophic bacteria, both sulfur and iron oxidizing bac
teria, were isolated from a number of core samples. Difficulty was en
countered in obtaining pure cultures of these bacteria. Growth was not 
enhanced when yeast extract, cysteine, glutathione or IM-MF additives- 
were included. The fastidiousness of these cultures does not typify 
sulfur or iron oxidizers in general, and therefore is characteristic of 
these isolates. A culture of iron oxidizing bacteria was isolated from 
a revegetation study site from the Colstrip coal deposit in eastern 
Montana.. The growth of this culture was similar to the typical iron 
oxidizing bacterium, Thiobacillus ferrooxidans.

Leaching studies were performed on samples which exhibited a 
wide range of lead concentrations, pH values and conductivities. A <80 
mesh ground sample was used in the leaching studies. The study in
cluded the comparison of static and shaking conditions, with and without 
glucose conditions, and autotrophic, soil, and no inoculum conditions. 
The fact that lead values in the leachates were roughly similar and not 
proportional to the lead content of the core sample shows that auto
trophic oxidation did not proceed at a rate associated with unbuffered 
high pyrite ores. Most strata did not develop low pH values on leach
ing but a few strata did, with pH values seen as low as pH 1.61.

An algal bioassay procedure was developed to determine the pos
sible toxic effect of the leachates. The bioassay utilized an inoculum 
of Selenastrum capricornutum PR INTZ, and included a 1:10 dilution of 
the leachate. Growth of the algae was monitored by fluorescence spec
trophotometry on daily intervals.. Some leachates produced inhibition , 
of algal growth, that was explained by low pH values while other toxic 
leachates could not be explained by either pH values or lead content of 
the leachates. For the majority of leachates no toxicity was observed, 
instead some leachates produced stimulatory effects.



INTRODUCTION

The solubilization of metals from mining spoils, including coal 

mine spoils, has been well documented by Galbraith et a I. (13), 

Silverman and Ehrlich (36), Tuovinen and Kelly (49), and Fjerdingstad 

et a I. (12). The metals, as sulfides, will oxidize upon exposure to 

oxygen resulting in the formation of the corresponding metal sulfates, 

by the following reaction . (3,12,33,36,45).

MeS + 202 = MeSO4
The presence of pyrite (iron disulfide,■FeS2) in spoils will cause the 

most vigorous solubilization of metals, as a consequence of bacteria I 

production of ferrous sulfate, ferric sulfate, and sulfuric acid from 

the pyritic material (39,45,46). The ferric iron ion, produced as fer

ric sulfate through bacterial action, is a potent chemical oxidant, re-, 

suiting in the solubilization of minerals (39,45). Members of the bac

terial genus Thiobacillus catalyze the solubilization of metal sulfides 

due to the general ability of the genus to oxidize reduced sulfur com

pounds and to the specific ability of the species, Thiobaci I I us 

ferrooxidans, to also oxidize the reduced ferrous iron ion (36,39,45, 

46), According to Temple and Koehler (46), the overall reaction, 

sequence may be expressed as follows:
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Initial chemical reaction:

FeS + 3t I/202 + H^O = FeSO4 + H2SO4
Bacterial reaction carried out by I. ferrooxidans:

ZFeSO4 + I/ZO2 + H2SO4 = Fe2(SO4)3 + H2O
Subsequent chemical reactions:

Fe2 (SO) +.FeS2 = JFeSO4 + ZS
Bacterial reaction carried out by I. thiooxidans:

S + I - 1/ZO2 + H2O = 2H+ + SO4=

According to Silverman (37) and Beck and Brown (2), the biological oxi

dation of pyrite is thought to proceed by two mechanisms, concurrently: 

a direct contact mechanism which requires physical contact between bac

teria and pyrite particles and an indirect contact mechanism according 

to which the bacteria oxidize ferrous ions to the ferric state, thereby 

regenerating the ferric ions required for chemical oxidation of pyrite. 

Singer and Stumm (39) and Bosecker et a I. (3) postulate that the oxi

dation of metal sulfides in the presence of pyritic material is mainly 

restricted to the chemical oxidation of sulfides via ferric iron. They 

also postulate that the activity of chemoautotrophic bacteria is mainly 

restricted to the reoxidation of chemically reduced ferric iron.

Bryner and Anderson (6) did observe the bacterial oxidation of a metal 

sulfide, molybdenite (MoS2), in the absence of pyrite, but the rate of 

, oxidation was much slower than the rate of oxidation observed when 

pyrite was included. From these references, it could be assumed that 

oxidation of metal sulfides by chemoautotrophic bacteria will occur 

with or without pyrite, but that the rate of oxidation will be more 

rapid when associated with pyrite. Other bacteria and fungi, such as
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Baci I I us species and Peniclllium simp Iicissimum, respectively, have 

been shown to aid in the solubilization of metals, through the produc

tion of organic acids and some unidentified compounds (45,49). How

ever, the contribution of heterotrophic microorganisms in metal solu

bilization may be limited, due to low leaching yields, whereas the 

participation of Thiobacillus species in metal solubilization has been 

widely accepted and exploited (49).

Water.which has been in contact with a particular stratum is in

fluenced by the chemical composition of that stratum and is known as 

the leachate of that stratum. The toxicity of the leachate depends 

upon the minerals present and their rate of oxidation in relation to 

water flow. The identity of toxic elements, such as copper, arsenic, 

boron, zinc, and lead, is highly variable depending upon the. composi

tion of the ore body or the overburden. In the most extreme cases with 

high pyrite. and low carbonate conditions, the leachate is strongly acid 

(45). The acid-forming chemoautotrophic bacteria, ThiobaciI Ius spe- 

cies, are active in acid production of these high pyrite. and low carbo

nate ores (22,23,4.5), as well as being active under neutral or alkaline 

conditions which are due to carbonate minerals (21). In the latter 

circumstance, visible halos may often be seen surrounding metal 

deposits. These halos consist of dissolved and reprecipitated minerals 

which may be acid salts and are often formed by the chemical reaction 

of sulfuric acid resulting from microbiological leaching and with
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carbonates found in the ore or overburden (36). In the case of the low 

carbonate ores, the sulfuric acid and the metal sulfates formed through 

bacteria I leaching would be found in the receiving waters of the ore.

Deleterious influence on the flora and fauna in receiving waters 

is often associated with high gonccntrat-ions of heavy metals and low pH 

(10). One method of assessing this influence is through algal bio

assays, using the green alga, Selenastrum capricornutum, in accordance 

with the Environmental Protection Agency methods (50,51).. This algal 

bioassay procedure has also been utilized in the management of water 

quality, in the evaluation Qf water fertility, and in the determination 

of inorganic or organic compound toxicity (14,30,51), Selenastrum 

belongs to the group of ubiquitous algae which include Chlorel la, 

Scenedesmus, and Ankistrodesmus, which have a wide tolerance towards 

environmental conditions (5|), The parameter used to describe growth 

of the test alga is maximum standing crop, which is defined as the max

imum biomass achieved, during incubation, but for practical purposes is 

less than %  per day (50,51). Biomass can be monitored by several 

methods, which include dry weight (gravimetric,), dry weight (indirect 

electronic particle counting), chlorophyll a (in vivo fluorescence, 

extracted fluorescence, and extracted absorbance), direct microscopic 

enumeration, and turbidity (absorbance at 750 nm)(50,51).
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Statement of Purpose

As, coal mining expands with the current and future energy demand 

a more complete understanding of alkaline and acid mine drainage from 

coal mine spoils is desired. This project studied coal mine spoils 

from eastern Montana which was characterized by alkaline mine drainage. 

The purpose of the project was to determine the microbial effects bn 

leaching of undesirable substances from coal mine spoils by ground 

water, to identify bacteria naturally present in the spoils which may 

be involved in mobilization or immobilization of these substances, and 

to determine the effect of coal mine spoil leachates on the organisms 

in receiving waters. .

Site Description

The major study area was the Bear Creek Coal Study in the West■ 

Moorhead coal deposit of the Fort Union coal formation in eastern Mon

tana (Fig. I). Overburden cores were obtained from an area which, to 

date, is not being mined. One overburden sample was taken from, a re

vegetation study site, 1969-11, at Colstrip, Montana, which is also 

part of the Fort Union coal formation (Fig. I). The sample was ob

tained from an exposed chunk of coal in the overburden which was sur

rounded by an acid salt halo.
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Fig. I. Map showing the West Moorhead area, as well as the Decker area and the Colstrip 
area, and the Fort Union coal region. Adapted from VanVoast and Hedges (52).



MATERIALS AND METHODS

Media

Water util I zed. The water utilized was either double-distilled 

water or reagent grade water that had been processed by a Milli-Q water 

system (Mi I Iipore Corporation, Bedford, Massachusetts) following single 

distillation and was stored in Pyrex glass.

Autotrophic media. The autotrophic media were described by 

Hutchinson et a I. (16,17,18), Silverman and Lundgren (35), and Manning 

(25). These media utilized thiosulfate or ferrous-iron as their energy 

sources, and are listed in Table I.

I SR medium was utilized only as a solid medium, while the other 

media were utilized as both liquid and solid media. To solidify the 

medium, " lonagar" no. 2 (Colab Laboratories, Chicago Heights, Illinois), 

was added at a concentration of I.5% to permit plating of bacterial 

specimens on the often acid medium.

Leachate medium. The basal salt medium of Brierley and 

Brierley (4) was used in the leaching experiments. This medium was 

used with and without glucose added to a final concentration of 0.1$ 

(w/v). The medium pH was adjusted to the measured pH of the core 

sample being leached.

Algal Bioassay Medium. The medium (AAP) utilized in the algal, 

bioassays was prepared as described by U.S. Environmental Protection 

Agency (50).
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Table I. Autotrophic growth media used in these studies.

Reference acidthiosulfate
Medianeutralthiosulfate ferrous-iron

Hutchinson SG SG Fe
Silverman and Lundgren 9K
Manning ISP
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Preparation of Glassware

Al I glassware, except pipettes, was machine washed and air 

dried. Items that were acid washed were soaked in 3 N HG I for a min

imum of thirty minutes, rinsed six times with tap water followed by 

six rinses with double distilled water or Milli-Q- reagent grade water, 

and air dried. Glassware sterilized by autoclaving was either covered 

with aluminum foil or stoppered with gauzed cotton plugs and processed 

for 15 minutes at 15 pounds pressure.

Pipettes were soaked in chromic acid for 30 minutes, rinsed at 

least fifteen times with tap water and air dried. Pipettes and glass 

petri dishes were placed in metal cans or boxes and oven sterilized at 

.350°F for 3 hours.

Samp Iing

Overburden grab samples were obtained from eight test holes of 

the Bear Creek Coal Study of the West Moorhead coal field of the Fort 

Union coal deposit in eastern Montana by the U.S. Geological Survey. 

Each of the eight test hole cores was accompanied by a geological log. 

Each sample consisted of a. portion of the test hole core, between 

known depths, and was placed in plastic bags for transport. .The sam

ples were stored in plastic bags at room temperature in the dark.

A sample was obtained from a revegetation study site (1969-11) 

at Co I strip, Montana. The sample was taken from an exposed area which
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exhibited evidence of iron oxidation in close association with coal 

distributed in the overburdenThis sample.was stored in a plastic 

bag at room temperature.

Sample Analysis

Each sample was visually inspected for evidence of minerali

zation. Core samples were then ground in a mortar and pestle, analyzed 

for pH, conductivity, and lead, and cultured for chemoautotrophic bac

teria.

pH measurement. For pH measurement, 10 g of ground sample were 

mixed with 20 ml of double distilled water and allowed to stand for 

four hours.before making the pH reading with a Radiometer model 25 pH 

meter.

■ Conductivity measurement. Conductivity was measured by adding 

ten g of ground sample to 20 ml of double distilled water of known con

ductivity, and allowing the suspension to stand for. 4 hr prior to mak

ing conductivity readings. The conductivity was obtained using a 

Lab-Line Lecto model MC-1 Mark IV ohm meter. The listed values are 

therefore relative figures representing the conductivity of 20 ml of 

water which has been exposed to contact with IOg of crushed sample. 

These values should not be considered to represent the specific values 

of I each water. The conductivity was recorded as pmhos/cm at 25°C.



Lead measurement. Each sample was extracted by adding 3 ml of

concentrated HCI and I ml of concentrated HNO^ to I g of ground sample 

in an acid washed screw capped tube. The mixture was boiled for 1-1/2 

minutes prior to the addition of 3 ml of double distilled water, fol

lowed by boiling for another I -1/2 minutes. The extract was cooled and 

filtered through Whatman no. 4 filter paper into an acid washed IO ml 

volumetric flask. The flasks were filled to volume with double dis

tilled water* The extracts were mixed and then stored in acid washed 

screw capped tubes at 4°C until analyzed. Lead was measured by atomic 

absorption spectrophotometry, using an Instrumentation Laboratory, Inc. 

model 151 atomic absorption/emission spectrophotometer. The lead con

centration was reported as yg per g core sample.

Bacterial enrichment. Enrichment cultures for the chemoauto- 

trophic bacteria, thiobacilli, were attempted with each sample. One 

gram of ground sample was added to each of three 125 ml erIenmeyer 

flasks, each flask contained one to 3 media, S6, S3, or Fe. These 

flasks were incubated statically at 28°C in the dark. After two weeks 

incubation, 0.5 ml from each flask was subcultured into 5 ml of fresh 

medium in capped tubes. After one month incubation, pH and thiosulfate 

or ferrous-iron concentration were measured on each of the original 

enrichment flasks (40,42). The amount of both thiosulfate and ferrous- 

iron oxidized was reported as a percent of the uninoculated control 

incubated for the same one month period. The presence of
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chemoautotrophic bacteria was determined from the resulting percentages 

and from elemental sulfur flocculation and from turbidity of the medium 

or from visible iron oxidation. The liquid cultures showing growth 

were transferred to fresh I!quid medium and also plated on solid medium. 

When growth in the liquid medium transfers did not result, transfers 

were made to liquid medium (S6, S5, or Fe) which had been supplemented 

with yeast extract (0.05%, w/v), cysteine (10 mg/100 ml; J . A. Brier ley, 

private communication), glutathione (10 mg/100 ml), or IM-MF additives 

(0.1$; 43). Liquid cultures were subsequently transferred weekly. 

Representative colonies were selected from the plates at weekly inter

vals and restreaked for purification of the culture. Strains were pur

ified by at least three single colony isolations (16). Pure cultures 

were characterized to species according to the scheme of Hutchinson 

et a I. (19) for thiobaciI Ii taxonomy. The resulting pH and percent 

thiosulfate oxidized values for thiobaciI Ii according to the diagnostic 

tests of Hutchinson et a I. (19) are illustrated in Table 2.

The sample from the revegetation study site was cultured for 

ferrous-iron oxidizing bacteria in Fe medium. The culture was subse

quently transferred to 9K medium and 9K medium plus yeast extract ■ 

(0.05$, w/v), cysteine (10 mg/100 ml), glutathione (10 mg/100 ml), or 

IM-MF additives (0.1$). Iron oxidation and final pH were measured 

after incubation for 18 days.
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Table 2. Percent of thiosulfate oxidized and resulting pH values for thiobacilli according to the diagnostic tests of Hutchinson et al. (19) .

Thiobacillus species
Percentthiosulfateoxidized ResultingpH

Thiobkcillus. novellus <30% 6.6-5.0
Thiobacillus denitrificans <90% 6.6-5.0
Thiobacillus thioparus >90% 6.6-3.5
Thiobacillus neapolitanus >90% 3.5-2.8
Thiobacillus thiooxidans >90% <2.0
Thiobacillus ferropxidahs >90% <2.0
Thiobacillus intermedius >90% <2.8->2.0

aValues determined from cultures grown in S6 or S5 medium for a period of 28 days.
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Leaching Studies

Core sample selection. Samples were selected which exhibited' a 

wide range of pH values, conductivity values, and lead contents.

Core sample preparation. Samples to be leached were ground and 

sized to <80 mesh (less than I 17 pm). ^

Autotrophic inoculum. Autotrophic bacteria, both sulfur and 

iron oxidizing bacteria, were obtained from various sources. Sulfur 

oxidizing bacteria were isolated from the Artist's Paint Pot area and 

Geyser Springs, Yellowstone National Park. Iron oxidizing bacteria, 

isolated from the settling pond of the Decker Coal Mine, Decker, Mon

tana, were graciously supplied by Dr; Greg Olson. These cultures were 

maintained separately, and mixed prior to inoculation of the I each 

flasks. .

Soil inoculum. A general soil inoculum was obtained from 

greenhouse pots immediately prior to the inoculation of the I each 

f tasks.

Experimental leaching design. Leaching was performed in erIen- 

meyer flasks, under either static or shaking conditions. Shaking was 

on a New Brunswick model VS gyrotory shaker (New Brunswick Scientific 

Company, New Brunswick, New Jersey) at a speed of 180 revolutions per 

minute. The flask size, the medium volume, core sample weight, and 

inoculum volume or weight were different for the two conditions, as 

shown in Table 3. Six f Ibsks were used for each condition for each



Table 3. Content of the leach flasks for both static and shaking conditions.

15

erlenmeyer core sample mediurn inoculurn sizeflask volume weight volume autotrophic soilCondition ml 9 ml ml g

Static .250 5 150 1.0 5
Shaking 125 2.5 75 0.5 2.5



core sample. Each of the six flasks contained core sample. Three of 

the six flasks contained the I each medium without glucose added, while 

the others contained the I each medium with glucose added. The'inoculum 

was the same for both sets of three flasks; one flask was an uninocu- 

Iated sample control, one flask was inoculated with the mixture of 

autotrophic bacteria, and one flask was inoculated with soil from the 

greenhouse pots. The experiment was incubated for 30 days at room tem

perature in the dark.

Handling and analyses of leachates. Following the leaching per

iod, a 15 to 20 ml portion of each leachate was removed to obtain the 

leachate’s pH reading, and lead content- Prior to lead analysis the 

samples were filtered through Whatman no. 4 filter paper into acid 

washed screw capped tubes and stored at 4°C.

The remaining leachate was used in the algal bioassays. This ■ 

portion of the leachate was prefiltered (Mi I Iipore,' AP25) followed by , 

filtering through 0.45 pm membrane filter (Mi I Iipore, type HAWP) Into 

sterile glassware.. The leachate was stored in acid washed containers, 

either plastic bottles or glass tubes, at 4°C until the bioassay was - 

performed.

The concentration of lead in a leachate is reported as parts 

per mi I l ion lead. The reported values of pg lead .per g 'of core, were , 

determined by using the following relationships.

16
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parts per mi I I ion = mg per I iter = pg/g

Y U g/g = (X mg/1) (150 ml/5 g) (1000 P g/mg)

Y pg/g = 30 (X pg/g).

X = the ppm value of the leachate

Y = the recorded pg/g of the leachate

Al ga I Bioassays

Organ ism util I zed. A culture of Selenastrum capricornutum 

PR INTZ was obtained from the Environmental Protection Agency, Corvallis, 

Oregon.

Culture maintenance. The culture of Selenastrum capricornutum 

PR INTZ was maintained on AAP medium (50) by transfer of 5 ml of culture 

to 100 ml of fresh medium in 250 ml erIenmeyer flasks. The recommended 

routine stock culture transfer schedule of weekly transfer^ (50) was 

initially decreased to 6 days, but after further experiments transfer 

every 2 days was found necessary to maintain a "healthy" culture for 

experimental work.

Test conditions. All flasks, either for maintenance or bio

assay, were incubated at room temperature under continuous cool-white 

fluorescent lighting at 400 ft-c (50). The flasks were continuously 

shaken at approximately 100 oscillations per minute on a GIO gyrotory 

shaker (New Brunswick Scientific Company, Inc.). Growth curve studies 

were performed with 10 replicate 500 ml erIehmeyer flasks containing .
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200 ml of AAP medium. Al I- other bioassays were performed in 250 ml 

erIenmeyer flasks containing 100 ml of AAP medium.

Preparation of jnoculum.. Initially, cells from the stock cul

ture were prepared by washing as described by the U.S. Environmental 

Protection Agency (50). Centrifugation was performed at 10,000 rpm for 

10 minutes using a Sorva I superspeed RC2-B automatic refrigerated cen

trifuge. After some experimentation the inoculum was taken directly 

from the flasks, without washing and centrifuging.

Amount of inoculum. An inoculum giving a starting cell concen- 
' ^  : " • 3tration, in the test flasks of 10 cells per ml was used (50). The cell 

concentration (X) was determined from the f Iuorometer reading (Y) by 

the following equation (II).

' x - X ,_____________
ln3 .. , . 15.4 relative fluorescence units10 cell s/ml

Preparation of glassware. Glassware was acid washed\and steri

lized as previously described. Al I test f lasks were stoppered with 

gauzed cotton plugs.

Biomass monitoring for growth curve studies. Several methods 

were used to determine the biomass during growth curve studies; these ■ 

methods are subsequently described. . '

■Turbidity, ' In vivo optical.density was determined using a Var

tan Techtron model 635 spectrophotometer at 750. nm (50) with a one: 

centimeter path length in the cuvette.
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Fluorescence. Fluorescence was used as one means of measuring 

chlorophyll, with both in vivo and extracted suspensions (50). The 

extraction methods described by Yentsch and MenzeI (54) were followed 

with the following substitutions: 0.45 pm cellulose acetate membrane

filter (Mi I Iipore) for glass fiber filter, sodium bicarbonate (15 mg/I) 

for magnesium carbonate (I g/100 ml), 5 ml of 90% acetone for 2 ml of 

90% acetone added to the grind tube, and after grinding for I to 2 

minutes, samples were frozen overnight prior to centrifuging instead of 

allowing centrifuged samples to stand for I to 2 hours. The tissue 

grinder was a Lightnin model L mixer (Mixer Equipment Company, Inc., 

Rochester, New York). Fluorescence was determined using .a G. K. Turner 

Associates model no. Ill fIuorometer (Palo A I to, California). Chloro

phyll and phaeophytin were measured by reading the initial fluorescence

(F ), and the fluorescence (F ) after the addition of 2 drops of 2 N o a r
HCI.. Chlorophyll a Y F ^ )  was calculated from these readings using the 

formula of Yentsch and MenzeI (54).

ch I I.77 (F F ). o a,

Chlorophyll a_ was used in the plotting of the extracted chlorophyll 

data.

■Absorbance. Chlorophyll was determined by absorbance using the 

Vari.an Techtron spectrophotometer at 665 nm and 750 nm (50,54). Ex

traction and acidification methods were performed as for chlorophyll ia
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fluorescence. Chlorophyll a_ and phaeopIgment a_ were calculated accord

ing to the formula in Weber (53) and Standard Methods (I).

26.7 (665 - 665 ) E
ch I orophy I I a_ = ---------- ----------

26.7 (I.7 (665 ) - 665 ) E 
phaeop i gment a_ = ------------ ---------- -— -

665 = absorbance after acidification ■ '
a

665^ = absorbance prior to acidification
E = volume (ml of 90% acetone added 
V = volume (ml) of extract filtered 
L =  path length (cm) of cuvette, I cm

• Ce I I count. Direct cell count was determined using a Petroff- 

HaUsser bacterial counter (C. A. Hausser and Son, Philadelphia, Penn- 

syI vania).

■ Dry weight. Dry weight and ash-free weight were determined fol

lowing the methods of Weber (53). Five ml of sample were pipetted into 

the tared porcelain crucible.

Biomass monitoring for bioassays. In vivo chiorophyI I â  fluor

escence was used to monitor the biomass in the bIdassay studies. The 

data was reported as percent inhibition, indicated by. a negative value, 

or stimulation, indicated by a positive value, as compared to the maxi

mum standing crop of algal control flasks. The values were calculated 

by the following formula.
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v _ IOO ( A - B )X = ----- g-----

X = tabulated value, percent 
A = leachate bioassay fluorescence reading 
B = algal control fluorescence reading at maximum 

standing crop

Maximum standing crop is defined as the maximum algal biomass reached 

during incubation (50).

■Algal growth studies. The growth of Se Ienastrum capricornutum 

PR INTZ as influenced by either pH, glassware cleanliness, inoculum 

size, inoculum age, or inoculum washing was followed by fluorescence 

readings.

Medium pH. The pH of the AAP medium was adjusted with a sodium 

acetate-acetic acid buffer (27) to 5 pH values, 3.6, 4.2, '4.6, 5.0, and

5.4.

Glassware acid washing. Glassware was washed with boiling 

chromic acid which was swirled to coat the glassware surface, rinsed 

3 times with tap water, rinsed 3 times with a .3:1 concentrated HCI!con

centrated HNO^ solution, and rinsed 6 times with both tap water and 

double distilled water.

Inoculum size. The glassware acid washing study was run in- con-
3 ,

junction with a study in which the inoculum size was doubled from 1.0
3

cells per ml to 2x10 cells per ml.

Inoculum age. The inoculum age was varied from the usual six- 

day-old inoculum to two- and four-day-old inocula.
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Inoculum washing. Inoculum washing was examined by inoculating 

flasks with cells washed in sodium bicarbonate (15 mg/I) and with cells 

unwashed.

Algal bioassays of leachates. Leachate bioassays were performed

using IO ml of filtered leachate, 90 ml of AAP medium, and a volume of
3 -cells as inoculum so that the test flasks contained 10 cells'per ml.. 

The pH of some leachates which produced inhibition in the alga I bio- 

■ assays was raised to pH 8.0 with I N- NaOH. ,



RESULTS

The diversity of the core samples can be observed from the anal

yses presented in Table 4-11. The core samples were composed of some 

combination of shale, sandstone, siItstone, coal, or clay. There was 

visual evidence of mineralization in some samples, which was exempli

fied by the presence of iron oxidized portions and salt crystals. Some 

layers of the overburden cores were composed entirely of coal, as seen 

in Tables 4, 5, 7, and 10, whI Ie each of the cores had coal as a part 

of some of their samples. The coal was often associated with samples 

of lower pH than most of the other samples. The pH of most samples'was 

above pH 6.0, and often as high as pH 8.8, with the highest pH value 

being pH 9.65 (Table 10). The majority of the coal samples had pH 

values of I ess than pH 5.54, although not all of the samples containing 

coal were of these low pH values. The sample with the lowest pH value, 

pH 2.31 (Table II), contained coal along with carbonaceous shale.

While the pH values encompassed a wide range, the lead content of the 

samples covered a much narrower span of values, specifically 0.0 to 

57.0 ug per g of sample. Although lead was measured as high as 49.1 

and 57.0 pg/g (Tables 5 and II), the majority of samples had less than' 

20 yg/g of sample. The amount of lead in the sample did not appear to 

be related to any of the other analyses. Conductivity values ranged 

from the low of 162 pmhos/cm at 25C to the high value of 9232 p mhos/cm

Sample Analysis
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Table 4. Analysis of core sample DH75-102.

Depth
( f t ) Description PH

Pb
(ug/g)

Conductivity 
(pmho/cm,25 C)

0- 10 Sandy c lay; yellow, Fe-oxldized 
spots

8.15 6.8 3449

10- 20 Sandy clay 8.64 4.3 3359

20- 30 Clay; yellow, Fe-oxidized 
pebbles

8.43 7.5 1001

30- 40 Sandy c lay, carboniferous 
shale; yellow , Fe-oxidized 
pebbles

8.49 8.2 829

40- 50 Coal 5.47 2.7 4929

50- 60 Shale and sandstone; 
carboniferous specks

8.46 14.4 3059

60- 70 S ilts tone  ( l ig h t  grey) 8.24 5.6 849

70- 80 Shale and s i ltstone 8.63 4.8 1358

80- 90 Shale; carboniferous fragments 7.29 2.8 1429

90-100 S ilts  tone; carbonaceous spots 7.41 4.8 1441

100-110 S ilts to ne ; carboniferous specks 7.48 12.4 2206
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Table 5. Analysis o f core sample DH75-103.

Depth
( f t ) Description pH

Pb
(wg/g)

Conductivity 
(iimho/cm, 25 I

0- 10 Sandy shale; Fe-oxidized spots 8.43 19.3 3133

10- 20 Sandstone; carbonaceous streaks 8.32 23.8 3703

20- 30 Shale; orange (Fe-oxidized) 
spots

8.14 13.2 1714

30- 40 Carbonaceous c lay; coal 7.69 15.1 1803

40- 50 Layered coal 6.51 1.9 1032

50- 60 Coal 5.54 6.3 3922

60- 70 Shale 8.65 15.6 678

70- 80 Shale and sandy s ilts tone 7.42 7.6 1210

80- 90 Shale 8.51 10.6 986

90-100 Sandstone 8.67 4.7 772

100-110 Shaley sandstone; carbonaceous 
streaks

8.49 49.1 1060

110-120 Shale w ith carbonaceous 
specks and coal

6.67 21.8 1830

120-130 Sandy shale 6.23 24.3 2826

130-140 Sandstone and shale 8.59 4.7 1062

140-150 Coal and sandstone 8.92 10.3 892

150-160 Shale; carbonaceous layers 8.65 14.5 1485

160-170 Sandstone w ith Fe-oxidized 
spots; shale w ith carbonaceous 
streaks

7.91 8.6 1775

170-180 S ilty  clay 8.71 7.3 1191

180-188 S ilty  c lay; carbonaceous spots 8.99 6.9 918
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Table 6. Analysis o f core sample DH75-104.

Depth
( f t ) Description pH

Pb
(ug/g)

Conductivity
(umho/cm,

25 0)

0 - 17 Layered, Fe layers (HOI posi
t iv e ) ,  so ft shale layers, sandy 
shale

7.44 24.2 2279

17.5- 32.8 Sandy shale; hard carbonaceous 
shale; clay shale

6.21 17.2 2638

37.9- 53.1 Sandy and clay shale 9.01 17.2 679

53.1- 70.9 Silty-compact shale 8.84 16.3 825

70.9- 85.2 Sandy shale, hard layered 
carboniferous shale

6.24 15.9 2352

85.2-100.2 Nonlayered s i l t y  and clay 
shale

8.84 21.2 1098

100.2-114.4 Mixed layers o f c lay, carboni
ferous shale, Fe spots

8.36 16.2 1354

114.4-131.0 Layered c lay, carboniferous 
shale

5.73 20.0 3485

131.0-153.1 Coal and compact clay 7.61 16.4 754

153.1-169.7 S ilty  sandstone, crumbly coal 6.72 20.7 3065

169.7-187.1 Sandstone 8.91 17.5 1078

187.1-200.1 Sandy clay 7.06 22.8 2929

200.1-219.5 Clay, shale, and sandstone 7.15 18.9 4139

219.5-234.2 Sandy shale 8.44 13.6 1609

234.2-254.9 Compact c lay, Fe spots 8.78 14.0 1482

254.9-284.8 S i l t ,  coal 8.68 9.0 963

284.8-304.5 S ilts to ne , coal 6.69 6.0 3239
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Table 7. Analysis o f core sample DH75-106(A).

Depth
( f t ) Description PH

Pb
(ug/g)

Conductivity 
(pmho/cm, 25 C)

5-10 Yellow sand, spots o f iron , 
dark sand In core middle

8.32 11.7 3881

10-11 Black specks (coa l), may be 
extraneous from pu lling  core 
out; so ft

8.25 11.3 3518

17-25 Natural frac tu re , carboniferous 8.62 7.6 2302

30-31 8.60 6.6 2215

31-32 Carboniferous m a te ria l-frac tu re ; 
sedimentary material with 
organics

8.65 7.9 1514

40 Sandstone, soft-m oist 8.80 0.0 990

40-41 Carbonaceous m ate ria l, so ft 8.73 12.0 1372

59-60 Hard shale 8.98 7.5 874

72-73 Heavy, dense sandstone, l i t t l e  
nonuniformity

8.99 7.6 833

78 8.89 5.8 1064

94 Coal, moldy, supporting more 
l i f e  than usual

8.41 5.8 1506



Table 8. Analysis o f core sample DH75-106(B).

Depth
( f t ) Description pH

Pb
(ug/g)

Conductivity 
(pmho/cm, 25 I

0 - 15 S ilty  shale, s ilts to n e ; Fe- 
oxide chunks, calcareous spots

7.2 11.6 3292

15 - 30 S i l ty ,  moist shale; Fe-oxidized 
s i l t

7.4 8.0 2170

30 - 41 S ilty  sandstone; Fe-oxidized 
s i l t

8.3 6.2 997

41 - 53.5 Carbonaceous shale, coal; Fe- 
oxidized spots

7.1 14.0 1434

53.5- 71 Shale, some carbonaceous; coal 6.7 10.0 2058

S£

Shale, s ilts to n e 8.8 17.0 720

88 -110.5 Shale, sandstone, gray c l aystone 9.1 15.5 858

110.5-115 Shale w ith  Fe spots and carbona
ceous spots: coal

7.9 16.5 2058

115 -133.5 Sandstone and shale; carbona
ceous spots

9.1 14.2 825

133 - 146 Sandstone; carbonaceous streaks, 
mold

9.3 9.0 481

146 - 163 L ight and gray shale, coal 7.3 14.0 2463

163 -178 S ilty  and coal shale, gray clay 
w ith  carbonaceous spot

8.6 11.6 1341

178 -201.8 Carbonaceous shale 8.9 20.0 743

201.8-233.4 Anderson coal; s a lt c rysta ls 4.2 13.0 5678

242.6-270.5 Shale w ith sandstone; carbona
ceous streaks

CO 11.0 582

270.5-280 Carbonaceous shale and sandstone 5.3 9.9 2463
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Table 9. Analysis o f core sample DH76-108.

Depth
( f t ) Description PH

Pb

( p g / g )

Conductivi ty 
(pmho/cm, 25C)

0 - 18 Sandy c lay; Fe-oxide spots 
(active  HCl reaction ), gypsum 
p rec ip ita te

8.46 11.3 3082

18 - 20.3 Soft sandstone 8.59 4.9 774

20.3- 43.8 Shale; Fe-oxidized, calcareous 
and carbonaceous spots

8.09 15.0 2 1 2 2

75.8- 79.2 Very carbonaceous shale 3.43 11.5 3422

79.2- 90 Shale and sandstone 8.53 7.2 507

90 - 94.8 Shale in  layers 8.07 13.3 1150

94.8-105.5 Clayey sandstone 8.27 2 . 8 357

105.5-138.6 Shale, carbonaceous shale, 
l i t t l e  coal

8.72 12.5 595
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Table 10. Analysis o f core sample DH75-109.

Depth
( f t ) Description pH

Pb
(ug/g)

Conductivity 
(pmho/cm, 25 C)

0 - 1 0 Sandy c lay ; tan, black carbona
ceous spots, s a lt spots

8.59 10.1 4512

10 - 15.5 Sandy c lay; black spots, s a lt 
spots, orange (Fe) deposits

8.59 12.2 3397

17 - 22.8 Sandy clay and sand; fine  black, 
s h ite , and orange granules

8.54 9.5 2679

22.8- 38.9 Clay; black specks, Fe-oxide 
deposits, gypsum (separate bag)

7.52 15.7 3190

38.9- 60.0 Clay, coa l, c l inker 8.10 8.2 3014
60 -114.6 S ilts to ne , l ig h t shale; carboni

ferous spots, Fe-oxide, gypsum
6.06 8.5 2937

114.6-122.5 Coal 7.16 3.5 850
122.5-123.1 Shale; coal specks 8.59 14.4 451
123.1-142.3 Sandy s ilts to n e 9.40 6.9 558
142.3-147.5 Shale; carbonaceous streaks 7.83 10.4 1361
147.5-149 S ilts tone 9.51 8.2 472
149 -159 Shale, dark s ilts to n e  w ith coal 

deposits
8.72 10.4 840

159 -167.9 S ilts to ne , clay 9.46 11.1 524

170 Black shale; calcareous 
streaks

9.04 13.2 782

167.9-177.5 S ilty  s ilts to n e  and shale;black 
deposits

9.65 9.2 458

177.5-200 S ilty  s ilts to n e  and clayey 
s ilts to n e

8.85 9.2 590

200 -222.2 Coal, s ilts to n e  w ith  coal 
deposits

7.63 6.8 1129

222.2-230 Sandy s ilts to n e ; black deposits 8.35 6.2 784
230 -243.4 Shale; carbonaceous 8.59 8.8 709
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Table 11. Analysis o f core sample DH76-111.

Depth
( f t ) Description pH

Pb
( p g / g )

Conductivity 
(pmho/cm, 25 C)

0 - 0.5 Sandy c lay; roots 8.50 57.0 162

0.5- 13.4 S il ty  sandstone; few Fe-oxidized 
spots, few calcareous spots

9.24 5.5 1383

13.4- 30.5 Coal, shale; Fe-oxidized 
chunks and streaks

6.93 15.7 3962

30.5- 50 Clayey sandstone 8.89 9.8 1057

50 - 71.7 Carbonaceous shale 8.96 15.4 587

102 -105 Coal and carbonaceous shale 2.31 2 0 . 2 9232

111.5-118 Shale 9.03 12.5 932

126.5-131.7 Carbonaceous s i l t y  shale 8.48 4.8 478

131.7-156.5 Shale 8.19 17.8 1001
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at 25C (Table II), but most of the samples had conductivity values 

below 3000 pi mhos/cm at 25C. As was the case with lead content-, the 

conductivity values did not appear to be consistently related to either 

the physical composition or to the other chemical components'which were 

measured. The samples with pH values less than pH 5.73, except for - 

DH75-I06(B) sample depth 270.5-280 ft (Table 8), also had higher con
ductivities than most of the samples. These high conductivities ranged 

from 3422 u mhos/cm at 25C to the highest conductivity of 9232 pmhos/cm ' 

at 25C. Conductivities, as great as these, also occurred with samples 

which had pH values higher than pH 5.73. '

Enrichment Cultures

Enrichment cultures, enriching .for thiosulfate oxidizing bac

teria in S6 and S5 media and for ferrous-iron oxidizing bacteria in 'Fe 

medium, were incubated for one month. The amount of thiosulfate or 

iron oxidation and the resulting pH were assayed (Tables 12-19). The 

presence of bacteria was substantiated in many cases by microscopic 

examination of wet mounts, and also by observation of sulfur floccula

tion on the surface of the medium or by medium turbidity. As Table 3 

exemplified, the different species of thiosulfate oxidizing bacteria 

can exist over a wide range of pH and oxidize variable percentages of . 

thiosulfate. The S6 medium produced more cultures which oxidized 90% 
or more of the thiosulfate than did the S5 medium, the final pH values

32



Table 12. Percent o f oxidized th io su lfa te  and fe rro us -iro n , and resu lting  pH from
enrichment cu ltures o f core sample DH75-102.

Depth
( f t )

56
Percent

th io su lfa te
oxidized

PH
55

Percent
th iosu lfa te

oxidized

PH
Fe

Percent 
fe rrous-iron  

oxidized

PH

0- 10 33 6.24 90 6.59 46 3.00

10- 20 62 6.14 92 5.59 34 2.96

20- 30 96 4.84 93 5.42 38 2.75

30- 40 90 5.06 95 5.50 35 2.90

40- 50 94 4.06 97 2.57 26 2.29

50- 60 94 4.57 73 4.63 16 2.74

60- 70 91 2.97 42 4.54 10 2.35

70- 80 95 2.90 26 4.49 7 2.38

80- 90 92 5.36 97 2.58 18 2.50

90-100 97 2.46 95 3.42 0 2.45

100-110 100 2.78 95 4.10 0 2.37



Table 13. Percent o f oxidized th io su lfa te  and fe rro u s -iro n , and resu lting  pH from
enrichment cu ltures o f core sample DH75-103.

Depth 56 55 Fe
( f t ) Percent

th iosu lfa te
oxidized

PH Percent
th io su lfa te

oxidized

PH Percent 
fe rrous-iron  

oxidized

PH

0- 10 0 6.43 45 5.88 37 3.02

10- 20 100 3.14 98 4.10 27 2.95

20- 30 98 4.25 95 3.87 16 2.79

30- 40 100 2.92 97 2.87 27 2.28

40- 50 93 5.76 73 4.89 9 2.43

50- 60 88 4.98 95 4.30 4 2.40

60- 70 90 5.05 91 4.16 42 3.80

70- 80 100 2.67 4 4.63 0 2.21

80- 90 0 6.19 77 7.62 6 2.54

90-100 89 3.52 25 4.55 4 2.48

100-110 92 3.60 32 4.75 8 2.82

110-120 81 4.38 91 3.41 3 2.30



Table 13. Continued.

Depth S6 S5 Fe
( f t ) Percent

th io su lfa te
oxidized

PH Percent
th iosu lfa te

oxidized

PH Percent
fe rrous-iron

oxidized

PH

120-130 90 4.15 87 3.82 12 2.38

130-140 95 2.98 87 4.05 7 2.72

140-150 94 4.00 51 4.73 8 2.71

150-160 94 5.39 64 4.02 21 2.68

160-170 20 6.49 54 4.78 6 2.33

170-180 95 3.47 41 4.09 2 2.65

180-188 95 3.12 32 4.28 6 2.75



Table 14. Percent o f oxidized th io su lfa te  and fe rro us -iro n , and resu lting  pH from
enrichment cultures o f core sample DH75-104.

Depth S6 S5 Fe
( f t ) Percent

th iosu lfa te
oxidized

PH Percent
th io su lfa te

oxidized

PH Percent
ferrous-iron

oxidized

PH

0- 17 96 2.65 93 3.04 23 2.40

17.5- 32.8 92 3.99 65 3.90 11 2.53

37.9- 53.1 72 6.34 24 4.20 17 2.50

53.1-70.9 94 4.01 70 4.67 49 3.28

70.9-85.2 95 3.79 63 3.88 34 2.42

85.2-100.2 9 6.35 58 6.08 45 3.07

100.2-114.4 42 6.40 44 6.39 26 2.54

114.4-131.0 97 2.95 89 3.46 10 2.35

131.0-153.1 79 4.05 95 7.15 20 2.65

153.1-169.7 93 6.34 84 4.58 35 2.41

169.7-187.1 93 5.45 96 5.21 60 2.43

187.1-200.1 98 2.45 83 3.80 17 2.30



Table 14. Continued.

Depth SG S5 Fe
( f t ) Percent

th io su lfa te
oxidized

pH Percent
th io su lfa te

oxidized

PH Percent
fe rrous-iron

oxidized

PH

200.1-219.5 92 4.04 62 3.96 33 2.45

219.5-234.2 94 5.02 33 4.22 10 2.50

234.2-254.9 97 5.61 73 4.63 24 2.60

254.9-284.8 95 2.84 23 4.93 8 2.54

284.8-304.5 90 5.06 95 4.65 56 2.50



Table 15. Percent o f oxidized th io su lfa te  and fe rro us-iro n , and resu ltin g  pH from
enrichment cultures o f core sample DH75-106(A).

Depth S6 SB Fe
( f t ) Percent

th io su lfa te
oxidized

PH Percent
th io su lfa te

oxidized

pH Percent 
fe rrous-iron  

oxidized

PH

5- 10 89 2.72 10 4.31 13 2.46

10- 11 93 5.64 30 4.45 42 2.90

17- 25 0 6.59 0 5.97 38 2.90

30- 31 0 6.51 0 6.02 32 3.00

31- 32 25 6.85 0 5.80 12 3.45

40 97 6.02 3 6.07 0 2.73

40- 41 97 5.56 12 6.33 5 2.83

59- 60 96 5.74 7 6.12 23 3.28

72- 73 88 5.89 29 7.40 15 3.27

78 95 5.99 6 6.00 3 3.19

94 97 5.74 15 6.56 I 3.11



Table 16. Percent o f oxidized th io su lfa te  and fe rro us-iro n , and resu lting  pH from
enrichment cu ltures o f core sample DH75-106(B).

Depth 56 55 Fe
( f t ) Percent

th io su lfa te
oxidized

PH Percent
th io su lfa te

oxidized

pH Percent
fe rrous-iron

oxidized

PH

0- 15 97 4.95 26 6.68 6 2.75

15- 30 96 5.80 7 6.08 5 2.55

30- 41 93 4.90 3 5.73 0 2.60

41- 53.5 97 5.05 70 6.76 8 2.61

53.5- 71 82 4.70 33 4.91 24 3.26

71- 88 33 6.31 0 6.30 37 3.41

88-110.5 96 5.42 98 4.70 0 3.25

110.5-115 97 6.27 96 5.69 19 2.90

115-133.5 54 6.28 14 6.57 47 3.28

133-146 95 5.41 7 5.59 22 3.72

146-163 66 5.56 49 7.17 35 3.07

163-178 95 4.00 98 3.73 22 3.05



Table 16. Continued.

Depth
( f t )

56
Percent

th iosu lfa te
oxidized

PH
55

Percent
th io su lfa te

oxidized

PH
Fe

Percent 
fe rrous-iron  

oxidized

PH

178-201.8 90 5.80 47 6.30 7 2.51

201.8-233.4 89 4.51 92 5.82 0 2.34

242.6-270.5 93 5.16 36 5.07 0 2.66

270.5-280 84 3.73 69 4.05 0 2.95 o



Table 17. Percent o f oxidized th io su lfa te  and fe rro us -iro n , and resu lting  pH from
enrichment cultures o f core sample DH76-108.

Depth
( f t )

56
Percent

th iosu lfa te
oxidized

PM
55

Percent
th io su lfa te

oxidized

PH
Fe

Percent
fe rrous-iron

oxidized

PH

0- 18 28 5.44 12 5.82 50 3.22

18- 20.3 96 5.61 0 5.87 5 3.34

20.3- 43.8 96 5.49 33 6.05 48 2.60

75.8- 79.2 68 7.07 74 7.03 3 2.21

79.2- 90 47 4.80 45 5.05 26 2.71

90 - 94.8 68 6.82 45 6.97 I 2.38

94.8-105.5 98 3.47 12 6.41 0 2.39

105.5-138.6 96 4.41 55 5.05 0 2.82



Table 18. Percent o f oxidized th io su lfa te  and fe rro us -iro n , and resu lting  pH from
enrichment cultures o f core sample DH75-109.

Depth S6 SB Fe
( f t ) Percent

th iosu lfa te
oxidized

PH Percent
th io su lfa te

oxidized

PH Percent 
fe rrous-iron  

oxidized

PH

0- 10 46 6.73 19 6.92 0 2.75

10- 15.5 18 6.71 16 6.07 33 3.05

17- 22.8 44 6.73 9 6.24 69 3.30

22.8- 38.9 95 5.35 19 6.36 0 2.49

38.9- 60.0 24 5.87 8 5.99 0 2.52

60-114.6 95 2.62 61 4.30 0 2.37

114.6-122.5 96 5.79 95 7.10 0 2.60

122.5-123.1 59 6.14 45 7.14 0 2.27

123.1-142.3 97 5.76 9 6.10 27 3.35

142.3-147.5 21 7.12 39 6.86 0 2.23

147.5-149 96 5.88 4 6.07 33 3.48

149-159 95 6.45 33 5.25 0 2.65

159-167.9 20 6.32 10 6.19 17 3.34



Table 18. Continued.

Depth
( f t )

56
Percent

th io su lfa te
oxidized

PH
55

Percent
th io su lfa te

oxidized

PH
Fe

Percent 
fe rrous-iron  

oxidized

PH

170 22 6.99 22 6.76 95 7.88

167.9-177.5 50 6.32 20 6.65 0 2.35

177.5-200 96 5.70 18 5.35 42 3.34

200-222.2 96 3.97 41 5.10 I 2.58

222.2-230 96 4.71 29 6.75 0 2.37

230-243.4 95 4.90 96 6.00 0 2.64



Table 19. Percent o f oxidized th io s u lfa te  and fe rro us-iro n , and resu ltin g  pH from
enrichment cu ltures o f core sample DH76-m.

Depth
( f t )

56
Percent

th iosu lfa te
oxidized

pH
55

Percent
th iosu lfa te

oxidized

pH
Fe

Percent
fe rrous-iron

oxidized

PH

0- 0.5 98 5.43 91 4.07 73 2.33

0.5- 13.4 86 5.87 93 5.45 28 3.18

13.4- 30.5 90 3.87 31 5.03 18 2.51

30.5- 50 92 4.95 91 4.57 39 2.95

50 - 71.7 38 5.92 35 5.55 20 2.66

102 -105 77 7.37 89 6.06 0 2.23

111.5-118 96 5.67 95 5.47 19 2.69

126.5-131.7 94 3.91 4 5.81 0 2.49

131.7-156.5 97 4.78 5 5.75 0 2.48
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from '90% oxidation of thiosulfate in SG medium, varied, f 170m pH 6.45 to 
pH 2.45,which encompassed three groups of Thiobacillus species. The 

two groups which oxidize less than 90% of the thiosulfate were a Isq 

represented in the S6 enrichment cultures. ' The S5 medium also pror ■ 
duced representative cultures of these same groups, but the,distribu

tion was altered so that the latter.two groups were more prominent. .

The two extreme Iy acidophilic groups were not represented in the 

thiosulfate enrichment cultures, since none of the resulting pH values 

were less than pH 2.0. . The percentage of iron oxidized' did not exceed 

73% when the pH remaihed below pH 3.0 (Table' 19). There was one sample 

that oxidized 95% of the iron, but the final pH was pH 7.88 (Table 18). 

However, purification of the bacteria by repeated streaking was unsuc

cessful due to failure of the bacteria to grow adequately on solid 

media.

.Growth of the thiosulfate oxidizing bacteria'was seen on- subse

quent transfer of the liquid culture to fresh I!quid.medium; as well as 

on transfer by streak plating of the,liquid culture to solidified thio

sulfate medium.; Growth Was a I so seen when single, well-isolated, colp- 

nies' from the solid medium were streaked on fresh solid .med i Limi The 

subsequent re-streaking of single, well-isolated colonies for purifi

cation resulted in the development of multiple- colony types, which - 

occurred repeatedly with numerous attempts to purify cultures by streak 

plate. When single, well-isolated colonies were transferred'to 5 ml of
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liquid thiosulfate medium in tubes, ho growth would result. The S6 and 

S5 media were supplemented with yeast extract, but this did not enhance 

the development of cultures in liquid medium after growth on solid 

medium.

Iron oxidizing bacteria grew in the initial enrichment medium, 

which also contained the core sample, but growth on subsequent trans

fers decreased until the cultures finally failed to transfer to fresh 

liquid medium. Yeast extract, cysteine, glutathione, or IM-MF addi

tives were included in some Fe media in an attempt to enhance the 

growth of the cultures, but the cultures again failed to grow. Purifi

cation of the cultures was hindered due to the failure of cultures to 

grow on the solid ISP medium, even after prolonged incubation.

An iron oxidizing bacterial culture was isolated from the reveg

etation site (1969-11) at Co I strip, Montana. This culture was not lost 

on subsequent transfer in 9K or Fe medium. This isolate also grew in 

9K medium when yeast extract, cysteine, or glutathione was included, 

although these growth additives were not necessary for growth of the 

culture. No growth occurred when IM-MF additives were included in the 

medium. The culture oxidized 99$ of the ferrous iron and produced a 

final pH of pH 1.84.
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Algal Growth

Algal growth curves. Figure 2 shows the-a I gal growth curves of 

Selenastrum caprIcornutum RRINTZ determined prior to any of the algal 

bioassays or leachates. The studies compared i n vi.vo ch Iorophy I I a 

fluorescence, extracted chlorophyll ^  fluorescence, extracted phaeog- 

pigment a_ absorbance, turbidity, cell count and ash free weight. In. 

vivo fluorescence indicated a maximum standing crop on day 5, although 

the extracted chlorophyll a_ fluorescence and the absorbance both 

reached maximum values on day 4. Ce I I number and turbidity curves 

showed a similar rise, but they failed to. reach maximum standing crop. 

Extracted phaeopigment a_ absorbance and ash free weight did not follow . 

the growth of the algal culture.

Algal growth studies. Algal growth studies to determine the influ

ence of pH, glassware acid washing, inoculum size, inoculum age, and 

inoculum washing are illustrated in Figure 3. In the pH study, a six- 

day-old culture was used as inoculum. The pH values (3.6, 4.2, 4.6,

5.0, and 5.4) of the medium were inhibitory to the algae. When the 

inoculum was doubled, again using a six-day-old culture as inoculum, 

the standing crop obtained was similar to the maximum standing crop of 

the regular inoculum size. The studies using a two- or four-day-old 

culture as inoculum obtained a greater-maximum standing crop than those 

using a six-day-old inoculum. There was no appreciable difference 

between the two- and four-day-old inoculum growth curves with the same
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Figure 2. Algal growth curves Of Selenastrum capricornutum PRINTZ, comparing six methods of biomass monitoring; in vivo chlorophyll afluorescence (o-- o), extracted chlorophyll a fluorescence (□— -D ),extracted chlorophyll a absorbance (Accg.A-- A), extracted phaeopigment
a absorbance (A^gc.o-- o), turbidity (/$750,0— 0 ), cell count (o---o),and ash free weight ( □ — □).
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—  - Q- -

Figure 3. Algal growth studies O f Selensatrum capricornutum PRINTZ, determining the influence of five factors on algal growth, as measured by i n  vivo fluorescence method; two-day-old inoculum (□): washed inoculum ( □ — □) and unwashed inoculum ( □ — □); four-day-old inoculum(o): washed inoculum (o— o) and unwashed inoculum (o-- o); and six-day-old inoculum (A): IX inoculum (A— A) and 2X inoculum (A-- A) in chronic-HCI-HNO3 acid washed glassware, and composite of AAP medium at pH 3.6, 4.2, 4.6, 5.0, and 5.4 (A*•*A) and AAP medium at pH 7.6 (A— A).
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maximum standing crop obtained. Washing the inoculum as described by 

the EPA (50), or not washing the inoculum, had ho effect on the maximum 

standing crop.

Algal bioassay control curves. Figure .4 shows the growth curves • 

of the algal controls used with the different sets of leachate bio

assays. This shows the irregularity observed in the growth of the 

algae, when a six-day-old culture was used as the inoculum. Some 

irregularity in the maximum standing crop was also observed when using 

the two-day-old culture, but the growth seemed to be more reproducible. 

There was an increased biomass when the culture was maintained and 

used on two day intervals compared to that obtained when maintenance 

was on the six day interval.

Leaching Studies’

There were 30 of the M O  core samples used in the leaching studies, 

representing a wide range of pH value, lead content, and conductivity 

value. Tables 20 through 27 show the results of the chemical analyses 

of the samples of the cores used in the leaching studies and of the 

leaching of the core samples, and of the f Iuorometric analysis of the 

algal bioassays using Selenastrum capricornutum PRINTZ of these core 

sample leachates. The pH values of the core samples selected for 

leaching studies ranged from pH'2.31 to pH 9.3 (Tables 24 and 24, 

respectively), with most Cf the pH values between pH 5.3 and 8.5. The .
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Figure 4. Algal control growth curves Of Selenastrum capricornutum 
PRINTZ, used with different leachate bioassays as determined by in 
vivo fluorescence measurements; six-day-old inoculum (o and A):12-5-76 (o o ), 1-8-77 (A---A), 2-16-77 ( o — o ) , 3-25-77 (A— A),4-29-77 (o- - - o); and two-day-old inoculum (□); 1-21-78 (□-- □),1-31-78 ( □ — □)» and 2-11-78 (□— - —  D ).



Table 20. Results of the analyses of samples of core 0H75-102, samples in leaching studies, leachates of the core samples,
and algal bioassays of the sample leachates.

GS V I-V II Mediim Algal Bioassavsa
Depth Sample Inoculum With o r W ithout S ta tic Leachate Shaking Leachate S ta tic  Leachate 

Percent"
Shaking Leachate

( f t ) pH Pb (ug /g ) D escrip tion 0.1% Glucose pH Pb (ug/g) pH Pb (ug/g) Percent6

«0- 50 5.47 2.70 Uninoculated With 5.80 1.50 4.83 2.40 498 -86

A uto troph ic
inoculianC

5.72 1.50 2.90 1.95 818 -98

S o il inoculum 5.06 2.10 4.43 2.70 586 308

SO- 60 8.46 14.40 Uninoculated With 8.35 1.50 8.02 2.40 39 418

A uto trophic
inoculum

8.26 2.10 7.89 3.45 -12 8

S o il inoculum 6.97 2.40 5.91 4.65 -14 22

80- 90 7.29 2.80 Uninoculated With 8.01 2.40 6.41 1.80 715 535

A uto troph ic
inoculum

7.67 1.80 5.59 3.30 0 249

S o il inoculum 6.09 2.40 5.71 4.20 . -4 43

90-100 7.41 4.80 Uninoculated With 8.03 2.10 7.83 2.70 0 51

A uto troph ic
inoculum

8.06 2.10 7.35 3.75 373 469

S o il inoculum 6.15 2.25 5.77 4.05 16 35



Table 20. Continued.

Depth
( f t )

Sample Inoculuei
D escrip tion

GS V I-V II Mediirn 
W ith o r W ithout 

O .H  Glucose
S ta tic Leachate Shaking Leachate

A lga l Bioassays
S ta tic  Leachate Shaking Leachate 

Percent PercentpH Pb tvg/g) pH Pb (ug /g ) PH Pb (ug/g)

100-110 7.48 12.40 Unlnoculated With 7.02 1.80 6.24 3.00 49 -27

A u to troph ic 7.66 2.25 5.70 3.00 198 4
Inoculum

S o il inoculum 5.66 2.85 6.37 3.60 10 20

^ In h ib it io n  is  Ind ica ted  by a negative va lue, whereas s tim u la tio n  is  ind ica te d  by a p o s itiv e  value. V i

b Inoculum taken from a s ix -d a y -o ld  c u ltu re .

cA u to troph ic  irtocula  are a m ixtu re  o f s u lfu r  and fe rrous iro n  o x id iz in g  b a c te ria .



Table 21. Results of the analyses of samples o f core 0H75-103, samples In leaching studies, leachates of the core samples,
and algal bioassays of the sample leachates.

GS V I-V II Medium A lga l Bloassaysa
Depth Sample Inoculisn With o r W ithout S ta tic  Leachate Shaking Leachate S ta tic  Leachate Shaking Leachate
( f t )  pH Pb (ug /g ) D escrip tion  0.11 Glucose pH Pb (ug /g ) pH Pb (ug /g ) Percentb Percentb

1.80 -9  610- 20 8.32 23.8 Uninoculated

A uto troph ic
inoculumC

S o il inoculum

Uninoculated

A uto troph ic
Inoculum

S o il inoculum

100-110 8.49 49.1 Uninoculated

A uto troph ic
Inoculum

S o il inoculum

Uninocul ated

A uto troph ic
inoculum

S o il inoculum

W ithout 6.19 2.10 6.91

6.71 1.50 7.16

6.17 2.10 7.48

With 8.59 2.70 6.06

8.65 2.40 6.92

8.21 2.70 7.24

Without 5.65 3.00 7.83

7.25 3.30 7.96

6.37 3.00 7.96

With 8.18 3.00 5.92

8.17 3.00 6.18

7.45 3.60 6.89

1.80 -47 31

1.80 -35 28

2.40 21 79

2.10 162 44

2.10 -30 12

2.10 -30 618

2.70 -17 188

3.60 -55 83

1.50 3 169

1.80 -10 102

2.70 -62 79

U i



Table 21. Continued.

GS V I-V II Medinn _________ A lga l Bioassaysa________
Depth Sample Inocu lim  With o r W ithout S ta tic  Leachate Shaking Leachate S ta tic  Leachate Shaking Leachate
( f t )  pH Po (ug/g) D escrip tion  0.1* Glucose pH PE- TugTgT pH Kb- TugTgT Percent" Percent”

120-130 6.23 24.3 Unlnoculated Wi thou t 6.88 3.00 7.36 3.00 -25 -10

A uto troph ic
inoculum

6.85 3.90 6.67 3.60 -10 73

S o il inoculum 5.23 4.05 7.06 3.90 -37 60

Uninoculated With 6.83 3.90 6.97 2.40 6 51

A uto troph ic
Inoculum

6.54 4.05 6.68 3.90 -0 .3 62

V l
S o il inoculum 6.70 4.50 6.59 3.90 11 27 V l

‘ in h ib it io n  Is  ind ica te d  by a negative va lue , whereas s tim u la tio n  is  ind ica ted  by a p o s itiv e  value. 

bInocuItm  taken from a s ix -d a y -o ld  c u ltu re .

cA u to troph ic  inocula are a m ixtu re  o f  s u lfu r  and fe rrous iron  o x id iz in g  b ac te ria .



Table 22. Results of the analyses of samples o f core DH75-104, samples In leaching studies, leachates of the core samples,
and algal bioassays of the sample leachates.

GS V I-V II Medium Alga I Bioassaysa
Depth Sample Inoculum With o r W ithout S ta tic  Leachate Shakino Leachate S ta tic  Leacha te  Shaking Leachate
( f t ) p« Pb (vg /g ) D escrip tion 0.11 Glucose pH Pb (vg/g) pH Pb (vg /g ) Percent*1 PercenlF

0- 17 7.44 24.2 Uninoculated W ithout 7.63 1.50 6.62 1.50 -9 144

A uto troph ic
Inoculumd

7.71 1.50 6.15 1.80 25 6

S o il inoculum 6.57 1.80 7.05 2.10 -27 15

Unlnoculated With 7.80 2.10 5.95 4.65 -67 83

Auto trophic
inoculian

7.57 2.40 6.87 2.40 -10 31

S o il inocultan 6.74 2.70 7.44 2.10 -30 -7

11«.4-131.0 5.73 20.0 Uninoculated W ithout 3.22 3.90 3.25 3.30 -95 -99

Auto trophic
inoculum

3.17 2.40 2.54 4.80 -95 -99

S o il inoculum 4.01 2.10 7.04 4.20 -96 -34

Uninoculated With 3.31 2.40 2.89 5.10 -95 -99

A uto troph ic
inoculum

3.31 2.10 2.56 4.80 -96 -99

S o il inoculum 4.92 1.80 7.17 3.66 -93 -58

U lo



Table 22. Continued.

GS Y I-V II Hediun A lgal Bioassaysa
Depth Sample Inoculian With o r Without S ta tic  Leachate Shaking Leachate S ta tic  Leachate Shaking Leachate
( f t ) pH Pb (yg /g ) D escrip tion 0.1» Glucose PH Pb (yg /g ) pH Pb (yg /g) Percentb Percents

153.1-169.7 6.72 20.7 Uninoculated W ithout 7.35 1.20 7.41 2.70 58 -78

A uto troph ic
Inoculum

7.36 1.80 7.49 3.30 46 -96

S o il inoculum 6.13 2.40 7.16 2.40 8 -77

Uninoculated With 8.06 1.80 7.70 3.00 139 -69

A uto trophic
Inoculum

8.17 2.10 7.60 3.60 SO -77

S o il inoculum 7.33 2.40 7.46 3.30 54 -70

200.1-219.5 7.15 18.9 Uninoculated W ithout 6.97 0.60 7.07 I . SO -9 -82

Auto trophic
inoculum

7.02 0.90 7.35 2.10 31 -83

S oil inoculum 5.33 0.90 6.85 2.70 45 57

Uninoculated With 8.19 I . SO 7.67 2.10 61 -83

A uto troph ic
inoculum

8.05 2.10 7.22 1.50 46 -79

S o il inoculum 7.90 2.10 6.87 2.70 20 45

" in h ib i t io n  is  ind ica ted  by a negative va lue, Wiereas s tim u la tio n  is  ind ica ted  by a p o s itiv e  value. 

6Inoculum taken from a s ix -d a y -o ld  c u ltu re . 

c Inoculum taken from a tw o-day-o ld  c u ltu re .

Au to trophic  Inocula are a m ixtu re  o f s u lfu r  and fe rrous iro n  o x id iz in g  b ac te ria .



Table 23. Results of the analyses o f samples of core DH75-106(A), samples In leaching studies, leachates of the core samples,
and algal bioassays of the sample leachates.

GS V I-V II Mediun ________ A lga l Bioassaysa________
Depth Sample Inoculum With o r W ithout S ta tic  Leachate Shaking Leachate S ta tic  Leachate Shaking Leachate
( f t )  pH P b[pg7gT D escrip tion  0.1% Glucose pH Pb-TwgTgT pH Pb (ug/g) Percentb Percentc

2.70 85 -775 10 8.32 11.7 Uninoculated

A uto troph ic
Inoculumd

S o il inoculum

Uninoculated

A uto troph ic
inoculum

S o il inoculun

10- 11 8.25 11.3 Uninoculated

A uto troph ic
inoculum

S o il inoculum

Uninoculated

A uto troph ic
inoculum

S o il inoculum

W ithout 7.78 0.90 7.76

7.75 1.50 7.62

5.51 2.10 6.85

With 8.16 1.80 8.28

8.04 2.10 8.11

6.96 2.40 7.07

W ithout 8.08 0.90 8.09

8.09 0.90 8.00

6.04 1.50 7.06

With 8.58 1.20 8.40

8.52 1.80 8.64

7.89 1.50 7.39

3.00 -57 -85

3.90 335 48

2.70 68 -83

2.70 205 -83

3.60 95 51

0.60 -10 88

0.60 8 68

1.50 -63 86

3.60 650 -81

3.60 -90 0

1.50 30 54

U l
CO



Tible 23. Continued

OS V I-V I I Medliax Algal Bioassays
Depth Sample Inoculum W ith o r W ithout S ta tic Leachate Shaking Leachate S ta tic  Leacnate Shaking Leachate
( f t ) P« Pb (vg /g ) D escrip tion 0.11 Glucose pH Pb (ug/g) pH Pb (ug/g) Percent Percent

<0 8.80 0.00 Unlnoculated W ithout 8.01 0.60 8.14 2.10 43 297

A uto troph ic
Inoculum

7.99 0.60 8.22 0.90 2 176

S o il Inoculum 5.42 0.90 7.07 1.50 18 -17

Uninoculated With 8.39 1.20 8.17 1.20 250 - I

Au to trophic  
Inoeul i *

8.33 0.90 8.35 3.00 48 208

S o il inoculum 8.16 1.20 5.82 4.20 70 - i

«0- Al 8.73 12.0 Unlnoculated W ithout 7.98 0.90 8.11 1.20 79 -62

Auto trophic
Inoculiax

8.03 1.80 6.92 1.20 44 146

S o il Inoculum 5.30 1.80 7.99 1.50 53 114

Uninoculated With 8.20 I . SO 8.39 0.90 33 -91

Auto trophic
Inoculiin

8.13 1.80 8.41 0.90 7 241

S o il inoculian 7.28 1.80 7.22 0.90 -67 -86

1 In h ib lt Io n  is  Ind ica ted  by a negative va lue , whereas s tim u la tio n  is  Ind ica ted  by a p o s it iv e  va lue. 

^Inoculum taken from a s ix -d a y -o ld  c u ltu re . 

c In o c u lii i  taken from a two-day-o ld  c u ltu re .

^A u to troph ic  Inocula are a m ixture  o f s u lfu r  and fe rrous Iron  o x id iz in g  b ac te ria .



Table 24. Results of the analyses o f samples of core DH75-106(B), samples in leaching studies, leachates of the core samples,
and algal bioassays of the sample leachates.

OS V I-V II Mediim Algal Bioassaysa
Depth Sample Inoculum With o r Without S ta tic  Leachate Shaking Leachate S ta tic  Leachate Shaking Leachate
( U ) PH Pb (ug/g) D escrip tion 0.11 Glucose pH Pb (ug/g) pH Pb U g /g ) Percentb Percent6

71-88 8.80 17.0 Uninoculated W ithout 7.10 3.60 6.60 1.80 16 -99

Auto trophic
inoculimiC

8.47 4.80 7.21 3.00 14 68

S o il Inoculum 5.85 5.40 7.98 2.70 14 17

Uninoculated With 8.80 4.50 8.26 2.40 32 -9

Auto trophic
inoculim

8.61 4.20 5.75 4.50 29 51

S o il inoculim 7.61 3.00 8.34 2.40 29 48

133-146 9.30 9.00 Uninoculated W ithout 8.43 3.00 8.41 0.00 75 4

Auto trophic
inoculum

8.32 2.70 7.65 0.00 19 38

S o il inoculim 5.92 4.20 6.91 0.00 83 -62

Uninoculated With 8.69 3.00 8.06 0.00 29 -83

Auto trophic
inoculum

8.61 2.70 7.82 3.00 42 28

S o il inoculum 7.47 3.00 8.21 3.00 53 -98



Tible 24. Continued.

Depth
( f t )

178-201.8

201.8-233.4

Simple
pH PbTugTgT

8.90 20.0

4.20 13.0

SS V I-V II M edliii A lo i l  B lo is s iy t
In o c u lw

D escrip tion
With o r W ithout 

0 .1 *  Glucose
S t i t ic
PH

L e ic h ite
Pb (ug/g)

Shaking
pH

L e ic h ite
Pb (ug/g)

S ta tic  Leacnate 
Percent

Sh illing  L e ic h ite  
Percent

Unlnoculated W ithout 6.04 3.00 6.22 3.60 46 -49

Auto trophic
In o c u lw

5.87 1.50 6.14 3.60 - I -35

S o il Inoculum 5.26 3.60 5.75 3.30 66 -84

U nlnocu lited With 8.07 1.50 7.72 2.70 66 - i

A u to troph ic
In o c u lw

7.62 2.10 3.53 5.40 -7 -62

S o il inoculum 6.43 2.70 7.49 2.70 55 42

U ninoeu lited Wlth o u t 2.83 3.00 3.18 4.50 -99 -100

A uto troph ic
Inocu lw i

2.35 0.00 2.31 6.00 -99 -100

S o il ino cu lw i 2.31 2.10 4.41 3.00 -99 -98

U ninoeu lited W ith 2.77 6.60 3.91 3.00 -100 -59

A uto troph ic
In o c u lw

2.36 5.10 2.75 4.50 -99 -96

S o il inoculum 2.45 6.00 3.94 3.00 -99 -14



Table 24. Continued.

Depth
( f t )

Sample Inoculum
D escrip tion

OS V I-V II HediUi 
With o r W ithout 

0.1% Glucose
S ta tic Leachate Shaking Leachate

Algal
S ta tic  Leachate 

Percent

Bioassays
! Shaking Leachate 

PercentpH Pb (vg /g ) PH Pb (ug/g) PH Pb (ug/g)

270.S-Z80 5.30 9.90 Uninoculated W ithout 7.06 1.20 7.19 2.70 6 4

Auto trophic 7.20 2.70 6.37 3.00 -12 -64
Inocul led

S o il in o c u lin 5.21 2.40 4.92 2.70 6 -98

Uninoculated With 6.49 3.00 4.52 5.10 6 -86

Auto trophic 5.97 2.70 4.92 4.50 I -98
Inoculun

S o il inoculum 5.05 3.00 6. 54 3.00 12 3

^ In h ib it io n  Is  Ind ica ted  by a negative va lue , whereas s tim u la tio n  Is  ind ica ted  by a p o s it iv e  value. 

b Inoculta i taken from a tw o-day-o ld  c u ltu re .

cA u to troph ic  i nocola are a m ixtu re  o f  s u lfu r  and fe rrous iro n  o x id iz in g  b ac te ria .



Table 25. Results o f the analyses of samples of core DH76-108, samples in leaching studies, leachates of the core samples,
and algal bioassays of the sample leachates.

GS V I-V II Medium Alga l Bioassaysd
Depth Sample Inoculum With o r W ithout S ta tic Leachate Shaking Leachate s ta t ic  LeacMte 

Percent6
Shaking Leachate

( f t ) pH Pb (wg/g) D escrip tion 0.1% Glucose pH Pb (ug/g) PH Pb (ug/g) Percent6

O- 18 8.46 11.3 Uninoculated W ithout 8.56 4.20 6.96 3.90 -54 ISO

Auto trophic
inoculumc

8.48 2.70 7.71 2.40 -53 140

S o il Inoculum 5.70 2.70 7.54 2.10 -74 241

Uninoculated With 5.78 2.10 7.51 3.00 -76 195

Auto trophic
inoculum

6.65 3.90 7.65 1.80 38 411

S o il inoculum 6 22 5.10 7.52 2.10 -32 64

.3 -43 .8 8.09 15.0 U nlnoculited W ithout 7.67 2.70 7.86 1.20 70 61

Auto trophic
inoculum

7.84 2.10 5.98 2.70 113 39

S oil inoculum 5.42 4.50 6.74 1.80 -59 114

Uninoculated With 8.50 2.10 8.55 1.20 43 57

Auto trophic
Inoculian

8.18 4.50 8.32 1.50 -16 82

S o il inoculisn 5.67 3.90 7.17 2.70 -42 286



Table 25. Continued.

GS V I-V II Mediun Algal Bioassavs
Depth Semple Inoculun With o r W ithout S ta tic  Leachate Shaking Leachate S ta tic  Leachate Shaking Leachate
( f t ) pH Pb (ug/9) D escrip tion 0.11 Glucose pH Pb (ug/g) PH Pb (ug/g) Percent Percent

75.8-79.2 3.43 11.5 Un inoculated Wlthou t 2.98 5.40 2.88 7.20 -96 -77

A uto troph ic
inoculian

2.83 5.10 2.29 4.50 -94 -77

S o il Inoculimi 4.71 3.00 4.41 2.10 -77 159

lfr lnocu la ted With 3.02 2.10 2.76 1.50 -87 -80

A uto troph ic
Inoculun

3.06 2.70 2.24 2.40 -91 -86

S o il inoculum 6.03 1.20 4.40 1.20 46 -45

^ In h ib it io n  Is  Ind ica ted  by a negative va lue , whereas s tim u la tio n  is  ind ica ted  by a p o s it iv e  value. 

b InocultaB taken from a s ix -d a y -o ld  c u ltu re .
cA uto trophIc inocula are a m ixtu re  o f s u lfu r  and fe rro us  iro n  o x id iz in g  bac te ria .



Tible 26. Results o f  the analyses o f samples of core DH75-109, samples In leaching studies, leachates of the core samples,
and algal bioassays of the sample leachates.

GS V I-V II Medium Algal Bioassaysa
Depth Sample Inoculum W ith o r W ithout S ta tic  Leachate Shaking Leachate S ta tic  Leachate Shaking Leachate
( f t ) pH Pb (ug/g) D escrip tion 0.1% Glucose pH Pb (vg /g ) PM Pb (ug/g) Percent" Percentc

22.8-38.9 7.62 16.7 Uninoculated Wi thou t 5.91 0.90 7.63 2.10 -86 -53

Auto trophic
Inoculumd 5.97 1.20 7.74 2.10 -90 2

S o il Inoeulimi 6.13 2.10 4.86 3.30 -53 -6

Uninoculated With 8.30 1.50 8.06 3.60 -77 1413

Auto trophic
Inoculiin

8.24 2.40 8.22 3.00 -55 IS

S o il inoculum 6.43 2.40 6.93 2.40 -58 1746

60-114.6 6.06 8.50 Uninoculated W ithout 7.36 1.50 8.17 0.30 2 NO*

Auto trophic
inoculum

5.93 2.40 7.88 0.90 -3 102

S o il inoculum 6.26 2.70 4.48 0.30 6 291

Uninoculated With 7.93 2.10 7.49 0.90 -46 9

A uto trophic
Inoculum

7.93 2.70 6.65 0.30 -50 -7

S o il inoculum 6.74 2.40 4.61 1.20 0.4 ND

^ In h ib it io n  is  ind ica ted  by a negative va lue, P e rea s  s tim u la tio n  is  Ind ica ted  by a p o s itiv e  value. 

bInoculiae taken from a tw o-day-old c u ltu re . 

c Inoculum taken from a s ix -d a y -o ld  c u ltu re .
^A u to troph ic  inocula are a m ixtu re  o f s u lfu r  and fe rrous iro n  o x id iz in g  b ac te ria .

S o t  determ ined.



Tible 27. Results o f the analyses of samples of core 0H76-111, samples In leaching studies, leachates of the core saaples,
and algal bioassays o f the sample leachates.

GS VI-VII Nedlian Algal Bloassavsa
Depth Sample Inoculum With o r W ithout S ta tic  Leachate Shaking Leachate S ta tic  leactw te Shaking Leachate 

Percent0( f t ) pH Pt (ug/g) D escrip tion 0.11 Glucose pH Pb (ug/g) PH Pb (ug/g) Percent®

0-0 .5 8.50 57.0 Uninoculated W ithout 6.20 1.20 6.13 1.80 -30 136

A uto troph ic
Inoculimid

6.19 2.10 6.24 3.60 -10 255

S o il Inoculum 5.19 0.90 6.42 3.00 -36 84

Unlnoculated With 8.47 2.70 6.14 2.10 58 132

A uto troph ic
inoculun

8.47 0.90 7.08 2.70 22 155

S o il Inoculian 6.00 0.90 6.77 3.30 20 150

13.«-30.5 6.93 15.70 Unlnoculated Without 7.64 2.10 7.77 3.30 -29 355

A uto troph ic
Inoculum

7.55 0.90 7.80 2.40 -88 150

S o il inoculum 5.36 1.80 7.31 2.40 -46 86

Un inocu lated With 7.51 1.80 7.39 2.10 -65 118

Auto trophic
Inoculum

7.44 3.30 7.43 1.80 -96 655

S o il inoculum 5.53 3.60 6.64 3.90 -50 655



Table 27. Continued.

Inoculum
GS V I-V II Median

S ta tic
Algal Bioassavs

Depth Sample With o r W ithout Leachate Shakinq Leachate S ta tic  Leachate Shaking Leachate
( f t ) pH Pb (ug/g) D escrip tion 0.1$ Glucose pH Pb (ug/g) PH Pb (ug/g) Percent Percent

102-105 2.31 20.20 Uninoculated W ithout 2.27 2.10 2.09 8.40 -100 -86

A uto troph ic
lnocultae

2.26 2.10 1.62 10.5 -100 -98

S o il InocuI tan 2.71 1.80 1.85 9.00 -100 -93

Uninoculated With 2.33 3.00 2.14 5.70 -100 -100

A uto troph ic
inoculm t

2.18 2.70 1.61 9.30 -100 -98

S o il inoculum 2.96 3.60 1.95 9.30 -100 -89

131.7-156.5 8.13 17.80 Uninoculated W ithout 7.37 3.00 7.16 4.50 -10 -4

A u to troph ic
inoculum

7.05 1.20 6.03 2.40 -7 9

S o il inoculian 4.87 2.40 3.94 6.00 -SI 25

Uninoculated With 6.79 2.70 5.48 3.90 -7 3

A uto troph ic
inoculum

6.35 3.90 4.67 4.50 -10 -13

S o il inoculim 5.38 0.90 5.71 3.60 -44 -7

' in h ib i t io n  is  ind ica ted  by a negative va lue , whereas s tim u la tio n  is  ind ica ted  by a p o s it iv e  va lue. 

bInoculum taken from a tw o-day-o ld  c u ltu re . 

c Inoculum taken from a s ix -d a y -o ld  c u ltu re .

dAuto trophic  inocula are a m ixtu re  o f s u lfu r  and fe rro us  iro n  o x id iz in g  bac te ria .
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lead content of the selected core samples ranged from 0.0 pg/g of 

sample to 57.0 Ug/g of sample (Tables 23 and 27, respectively), with 

most of the samples between 9.0 yg/g and 20.7 pg/g.' ..Conductivity 

values of the samples ranged from 162 pmhos/cm, 25C, to 9232 pmhos/cm, 

25C (Table 27), with most of the samples between 1372 pmhos/cm, .250, 

and 3962 pmhos/cm, 250. The core samples selected represented the 

entire range of all three of the chemical parameters analyzed, pH, lead 

and conductivity.

Table 20 shows the pH values and lead content of the leachates 

from core sample DH75-102. The I each medium for this core contained 

glucose. Two flasks had the autotrophic inoculum and two had the soil 

inoculum. The recorded values are an average of the two respective 

results. The shaking autotrophic control of the 40-50 ft. sample 

caused a decrease in pH, resulting in a pH value below pH 4.0, which 

was considered the separating pH for low and high pH values. Some of 

the other controls caused a decrease in pH, but none of these resulted 

in a low pH. The lead content of the leachates were roughly similar 

and not proportional to the Pb content of the core sample. The highest 

Pb was in the leachate of the shaking soi I control of the 50-60 ft. 

sample, which was 4.65 pg/g. The average amount of Pb in the leachates 

was 2.60 pg/g, with the stationary leachates averaging 2.07 pg/g and 

the shaking leachates averaging 3.I 3 pg/g. The Pb values grouped 

according to inoculum were: uninoculated 2.16 pg/g, autotrophic
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inoculum 2.52 wg/g, and soil inoculum 3.l2yg/g. Stationary and shak

ing conditions were: stationary uninoculated 1.86 ug/g, stationary

autotrophic inoculum 1.92 Pg/g, and stationary soil inoculum 2.40 ug/g, 

and shaken uninoculated 2.46 yg/g, shaken autotrophic inoculum 3.09 

yg/g, and shaken soil, inoculum 3.84 yg/g.

Table 2 1 shows the results of the leaching of DH75-103. The pH 

values and Pb content of the leachates were roughly similar to each 

other, with none of the leachates resulting in a pH below 4.0 and Pb 

concentrations which were proportional to the Pb content of the core 

sample. The average amount of Pb in the leachates was 2.86 yg/g, with 
the stationary leachates averaging 3.10 yg/g and the shaking leachates 

2.62 yg/g. The three different leachates, averaging stationary and 

shaking conditions together, produced average Pb concentrations in the 

uninoculated flasks of 2.58 yg/g, in the autotrophic inoculum flasks of 

2.84 yg/g, and in the soil inoculum flasks of 3.26 yg/g. The addition 

of glucose produced little changes in Pb values. Specifically, the 

flasks without glucose were 2.79 yg Pb/g and the flasks with glucose 
were 2i93 yg Pb/g.

The leaching of DH75-I04 resulted in an average Pb concentration 

of 2.46 yg/g with some leachates going below pH 4.0 (Table 22). Several 

of the flasks in the I 14.4-131.0 ft. sample produced acid, with pH 

values as low as pH 2.54. the soil inoculum flasks for this sample 

depth did not produce these low pH values. However, the shaken flasks



70
whether uninoculated or with an autotrophic inoculum produced gener

ally low pH values. The shaken controls also showed higher Pb concen

trations than did the stationary controls, 3.96 yg/g and I .94 yg/g, re

spectively. When the Pb values for shaken and stationary flasks were 

combined and arranged by inoculum, the results were: uninbcuIated

2.43 yg/g, the autotrophic inoculum 2.48 yg/g, and the soil inoculum . 

2.47 yg/g. The flasks with glucose added to the medium had a composite 

Pb value of 2.69 yg/g, where the flasks without glucose had 2.27 yg/g.

In Table 23 leachates from DH75-106(A) show similar pH values to 

the pH values found in other leachates, but less Pb concentrations than 

were found in the previous leachates. The average Pb content of the 

leachates was I.74 yg/g.' The stationary and shaken flasks had average 

lead concentrations of 1.31 yg/g and 2.06 yg/g, respectively. The 

average Pb concentrations from the flasks with the three different 

inocula were 1.51 yg/g for the uninoculated flasks, 1.71 yg/g for the 

autotrophic inoculum flasks, and I.99 yg/g for the soil inoculum 

flasks. The medium without glucose resulted in an average Pb concen

tration of I.47 yg/g, while the medium with glucose resulted in 2.00 

yg/g.

From Table 24 core samples from DH75-106(B) are shown to produce 

some leachates below pH 4.0 and some with Pb concentrations as high as 

6.0-6.6 yg/g. ' Leachates with pH values below pH 4.0 were observed in 

several of the 201.8-233.4 ft, sample flasks and in the 178-201.8 ft
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sample with shaking incubation of the autotrophic inoculum with glucose. 

The average Pb concentration in the leachates was 3.09 pg/g. The sta

tionary and shaking flasks had Pb concentrations of 3.21 pg/g and 

2.97 pg/g, respectively. The inoculum flasks had average Pb concen

trations of 2.91 pg/g for the uninoculated flasks, 3.30 pg/g for the 

autotrophic inoculum flasks, and 3.06 pg/g for the soil inoculum 

flasks. The average Pb concentrations for the different media was 

2.77 pg/g when glucose was omitted and 3.41 pg/g when glucose Was 

included.

Core sample DH76-I08 in TabIe 25 had one sample depth, 75-8-79.2 

ft, with leachates of pH values below 4.0. The leachate from this 

sample depth, resulting from the flask which was uninoculated, without 

glucose, and incubated on the shaker, had a Pb concentration of 7.20 

pg/g. The average Pb concentration in the leachates was 2.93 pg/g, 

with stationary leachates and shaking leachates having 3.35 pg/g and 

2.52 pg/g, respectively. The flasks with the different inocula showed 

3.05 pg/g for the uninoculated, 3.03 pg/g for the autotrophic inoculum, 

and 2.70 pg/g for the soil inoculum. The flasks with the different 

media had 3.41 pg/g and 2.50 pg/g for the without and with glucose 

media, respectively.

The leaching of DH75-109 in Table 26 resulted in an average Pb 

concentration of 1.87 pg/g with no pH decreases below pH 4.0. Station

ary and shaking flasks had average Pb concentrations of 2.03 pg/g and
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1.70 ug/g, respectively. The different inocula had Pb concentrations 

of I.62 ug/g for the uninoculated flasks, 1.88 ug/g for the autotrophic 

inoculum flasks, and 2.10 ug/g  for the soil inoculum flasks. The dif

ferent media, without glucose and with glucose, resulted in I.65 ug/g  

and 2.08 u g / g > respectively.

Most of the sample depths of core DH76-II I (Table 27) ,resulted 

in pH values that were roughly the same. The leachate from sample 

depth, 102-105 ft, had pH values below pH 4.0 with Pb concentrations as 

high as 10.50 u g /g .  The shaking autotrophic inoculum flasks of this 

sample depth had Pb concentrations of 10.5 ug /g  and 9.30 ug /g  for the 

without and with glucose media flasks, respectively. The average Pb 

concentration found in the leachates from this core was 3.36 u g /g .  

Stationary and shaking flasks had average Pb concentrations of 2.15 

Ug/g and 4.57 Ug/g, respectively. The inocula flasks had average Pb 

concentrations of 3.16 ug /g  for the uninoculated, 2.40 ug /g  for the 

autotrophic inoculum, and 3.53 ug /g  for the soil inoculum. The flasks 

with the different media were very similar in average Pb content with 

3.29 Ug/g in the without glucose flasks and 3.43 ug /g  in the with 

glucose flasks.

From Tables 20-27 the similarity between the leaching of the dif

ferent core samples can be observed. Many samples had a decrease in pH 

to below 4.0, while most samples did not alter the pH of the leaching 

solution appreciably. The pH of the leachates ranged from the pH 1.61
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to 8.8 (Tables 27 and 24, respectively). Pb concentrations of the . 

leachates ranged from 0.0 yg/g to 10.50 yg/g (Tables 24 and 27, respec

tively), with the overall average Pb concentration of 2.66 yg/g.

Algal Bioassays of Leachates-

The results of the algal bioassays determining the toxicity of 

the leachates from the core samples are included in Tables 20-27. The 

bioassays, using Selenastrum capricornutum PRINTZ, are reported as per

cent inhibition, shown by a negative value, or percent stimulation, 

shown by a positive value- The inoculum of the bioassay experiments 

was taken from a six-day-old culture or a two-day-old culture; this is 

noted on each table.

The algal bioassays of the leachates from core DH75-102, using 

a six-day-old culture as inoculum, are shown in Table 20. Toxicity was 

seen with some of the leachates, but most leachates showed either no 

effect or a stimulatory effect on the algal growth. Stimulation was as 

high as 8 18% for the stationary, autotrophic inoculum flask and 586% 

for the stationary, soil inoculum flask of sample depth 40-50 ft and 

715% for the stationary, uninoculated flask and 535% for the shaking, 

uninoculated flask of sample depth 80-90 ft. The inhibition of 86% and 

98% by the sample depth 40-50 ft was associated with the leachates from 

the shaking, uninoculated and autotrophic inoculum flasks, which had pH 

values of pH 4.83 and pH 2.90, respectively, and Pb contents of
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2.40 yg/g and I.95 Ug/g, respectively. The other leachates showing in

hibition had pH values above pH 6.09 and Pb values below 2.40 pg/g.

Table 2 1 shows the bioassays of samples from core DH75-I03, 

using a six-day-old culture as inoculum. Stimulation was observed with 

most leachates with values as large as 618%'for the shaking, uninocu

lated, without glucose flask of sample depth .100-110 ft and 162% for 

the stationary, autotrophic, with glucose flask of sample depth 10-20 

ft. Inhibition was as much as 55% with the stationary, soil inoculum, 

without glucose flask of sample depth IOO-IIO ft. The pH values of the 

leachates ranged frtim pH 5.23 to pH 8.21 and the Pb concentration 

ranged from 1.50 pg/g to 4.05 pg/g.

Table 22 shows the results of the algal bioassays of core 

samples from DH75-I04, using a six-day-old culture as inoculum for the 

stationary leachate bioassays and a two-day-old culture as the inoculum 

for the shaking leachate bioassays. Stimulation was observed with high 

values of 139% for the stationary, uninoculated, with glucose flask of 

sample depth 153.1-169.7 ft and 144% for the shaking, uninoculated, 

without glucose of sample depth 0-17 ft. Most of these leachates pro

duced toxicity, with many having inhibition values of 90%. The 

leachates of sample depth I 14.4-131.0 ft, which had greater than 90% 

inhibition, had pH values below pH 4.92 and Pb values ranging from 

1.80 pg/g to 5.10 pg/g. The other inhibitory leachates had pH values 

ranging from pH 6.57 to pH 7.80 and Pb values ranging from 0.60 pg/g
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to 3.60 T-tg/g. The leachate of the stationary, un inoculated, without 

glucose flask from sample depth 200.1-219.5 ft had a pH value of pH ' 

6.97 and a Pb content of 0.60 Ug/g and produced 9$ inhibition. The 

leachate of the shaking, autotrophic inoculum, without glucose flask 

from sample depth 153.1-169.7 ft had a 98% inhibitory effect.

In Table 23 the algal bioassays of leachates from core DH75- 

106(A) are illustrated with the stationary leachates using a six-day- 

old culture as the inoculum and the shaking leachates using a two-day- 

old culture as the inoculum. Stimulation was as much as 650% for the 

stationary, uninocuIated, with glucose flask of sample depth- IO-II ft,. 

335% for the stationary, soil inoculum, without glucose flask of sample 

depth 5-10 ft, and 297% for the shaking, uninoculated, without glucose 

flask of sample depth 40 ft. The pH values and Pb concentrations for 

these flasks showing stimulation were pH 8.58 and I.20 u g / g ,  pH 5.51 

and 2.0 yg/g, and pH 8.44 and 2.10 u g /g ,  respectively. The inhibition 

observed from these core leachates ranged from I % to 91%. The leach

ates showing inhibition had pH values, ranging from pH 5.82 to pH 8.52, 

and Pb content, ranging from 0.90 ug /g  to 4.20 u g /g .

In Table 24 the bipassays for core DH75-106(B), using a two-day- 

old culture as inoculum, resulted in less stimulation than that seen in 

the other cores. The leachates produced a stimulatory effect as high 

as 83%, and had a pH range of pH 5.05 to pH 8.80 and a Pb content range 

of. 0.00 u g /g  to. 5.40 u g /g .  Some flasks produced total inhibition (100%)
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of the algal growth. Most of the flasks from sample depth 201 .8-233.4 

ft showed greater than 90% inhibition. The pH and Pb content of these 

leachates ranged from pH 2.31 to pH 4.41 and 0.00 yg/g to 6^60 pg/g. 

Inhibition was observed with leachates of pH range from pH 2.31 to 

pH 8.41 and of Pb content range from 0.00 y-g/g to 6.60 yg/g.

The bioassays of core sample DH76-108 in Table 25 used a six- 

day-old culture as inoculum. Stimulation was observed as great as 

411%, as was the case of the shaking, autotrophic inoculum with glucose 

flask of sample depth 0-18 ft, which had a pH of 7.65 and a Pb content 

of 1.80 yg/g. Other stimulation was seen when the leachate was pH 4.41 

to pH 8.50 with Pb content of I.20 yg/g to 3.90 yg/g. Inhibition was 

observed in leachates of pH 2.24 to pH 8.56 and of Pb content I.20 yg/g 

to 7.20 yg/g. The leachate from sample depth 75.8-79.2 ft had inhibi

tion of 45% to 96%, resulting from the pH range of pH 2.24 to pH 6.03 

and from the Pb content range of I.20 yg/g to 7.20 yg/g.

Table 26 shows the algal bioassays of core DH75-109, using a 

two-day-old culture for the stationary leachates and a six-day-old cul

ture for the shaking leachates. Stimulation was as great as 1413% and 

1746% in the shaking, with glucose flask of both the uninoculated and 

soil inoculum from sample depth 22.8-38.9 ft, respectively, which have 

pH's of 8.08 and 6.93 and Pb concentrations of 3.60 yg/g and 2.40 yg/g, 

respectively. Leachates,showing stimulation, had a pH range of pH 4.48 

to pH 8.22 and a Pb content range of 0.90 yg/g to 3.60 yg/g.
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Inhibition was observed with leachates with a pH range of pH 4.86 to 

pH 8.30 and with a Pb range of 0.30 Ug/g to 2.70 yg/g.

Algal bioassay results of leachates from core DH76-1 I I are seen 

in Table 27. A two-day-oid culture was used as inoculum for the sta

tionary leachate bioassays, while a six-day-old. culture was used for 

the shaking leachate bioassays. Stimulation was as great as 655% in 

the bioassays, specifically the autotrophic and soil inocula of the 

shaking, with glucose flasks which had pH values of 7.43 and 6.64 and 

Pb concentrations of I.80 yg/g and 3.90 yg/g, respectively. Inhibition, 

as seen in all of the flasks of sample depth 102-105 ft, often exceeded 

86%. The leachates from sample depth 102-105 ft had a pH range of . 

pH I.61 to pH 2.96 and a Pb content range of I.80 yg/g to 10.50 yg/g. 

Inhibition was seen from leachates of the pH range, pH 1.61 to pH 7.64 

and of Pb content range, 0.90 yg/g to 10.50 yg/g.

The algal bioassays of the leachates resulted, in stimulation of 

as high as 1746% and in inhibition of 100%. The pH and Pb content 

ranges of the leachates,showing stimulation were pH 3.94 to pH 8.80 and 

0.00 yg/g to 6.00 yg/g. The ranges of pH and Pb content for those 

leachates showing inhibition were pH 1.61 to pH 8.56 and 0.00 yg/g to 
10.50 yg/g. The extreme stimulation and inhibition percents seen when 

using a six-day-old culture or a two-day-oId culture as inoculum were ■

1746% and 297%. for stimulation, respectively, and 100% for inhibition 

for both culture ages utilized.
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The algal bioassays of the low pH leachates, when adjusted to 

pH 8.0 with 0.I N NaOH, are seen in Table 28. The leachates adjusted 

were original Iy pH 2.18 to pH 5.10 with Pb contents of 0.00 g/g to 

6.00 g/g. These bioassays resulted in rough Iy 42$ showing at least 

a 30$ decrease in inhibition, roughly 46$ showing no sizable (1$ to 

22$) decrease.in inhibition, and roughly 13$ showing an increase in 

toxicity of 36$ to 60$.



Table 28. Results of algal bioassays of leachates of core samples following pH adjustment to pH 8.0 percent stimulation or inhibition.b

GS VI-VII MediumDepth Inoculum With or Without Stationary ShakingCore sample (ft) Description 0.1% Glucose Leachate3 Leachatea

DH75-102 40- 50 Uninoculated
Autotrophicinoculum

DH75-.104 114.4-131.0 Uninoculated
Autotrophicinoculum

. Soil inoculum
Uninoculated
Autotrophicinoculum
Soil inoculum

With

Without

With

-15
-64

355
-52

-70
-66

-57
-59



Table 28. Continued.

GS VI-VII MediumDepth Inoculum With or Without StationaryCore sample (ft) Description 0.1% Glucose Leachate

DH76-111 . 102-105 Uninoculated Without -99
Autotrophic -47inoculum
Soil inoculum -90
Uninoculated With -99
Autotrophic -67inoculum

ShakingLeachate

Soil inoculum -99



Table 28, Continued.

Core sample Depth
(ft)

InoculumDescription
OS VI-VII Medium With or Without 0.1% Glucose StationaryLeachate ShakingLeachate

DH75-106(B) 178-201.8 Autotrophicinoculum With -65

201.8-233.4 Uninoculated Without -67 -98 .
Autotrophicinoculum -53 -98

Soil inoculum -81 -77
Uninoculated With -98
Autotrophic inoculurn -91

Soil inoculum -74

a Inhibition is indicated by a negative (-) value, whereas stimulation is indicated by a positive value.
^Bioassays with leachates from core samples DH75-102 and DH75-104 used a six-day-old inoculum, while bioassays with leachates from core samples DH76-111 and DH75-106(B) used a two-day-old inoculum.



DISCUSSION

The solubilization of metals from mining spoils, including coal 

mine spoils, by microorganisms has been well reviewed by Silverman and 

Ehrlich (36), Tuovinen and Kelly (49), and Dugan (10). This leaching 

of minerals' occurs through the oxidation of a substrate, inorganic or 

organic, with the production, and subsequent .excretion, of an acid end 

product (49). Many microorganisms have been studied in relation to 

their production of acid and the resulting solubilization of metals. 

These microorganisms include the chemoautotrophic bacteria as 

Thiobacillus species (7,13,22,23,45) and a thermophilic Sulfolobus-Iike 

bacterium (5), the fungus Pen id I Iium simp Iicissi mum (38), and the 

heterotrophic bacteria as Baci I I us species (49). The ThiobaciI I us 

species play an important role in the solubilization of metals by 

greatly accelerating the oxidation of metal sulfides in mineral and 

suIfide-bearing coal deposits through acid and ferric iron production 

(36,45). The rate and amount of observable leaching is influenced by 

the composition of the deposit, for example, by the amount of pyrite or 

carbonate present in the deposit (10,41). The toxicity observed from 

ground water with high acid and/or metal concentrations will therefore 

be influenced by the overall composition of the strata through which 

the ground water percolates (10).

The cursory analysis of the core samples from the West Moorhead 

coal field showed a great diversity in the overburden composition. A
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wide variety of sedimentary type deposits was seen by the visual in

spection of the overburden samples, as well as a diverse chemical com

position of the deposits seen with the pH, conductivity, and Pb analy

sis. A general relationship between the composition of a natural water 

and the strata with which the water has been in contact is'certain Iy to 

be expected (15).

The pH values of the core sample, slurries encompassed a wide 

range as seen by values of pH 2.31 and pH 9.65 (Tables IO and II). The 

pH values seen in the water percolating through the particular zone of 

each sample would reflect these measured values, but the ground water, 

having percolated through overburden exhibiting a range of pH values, . 

would reflect a composite effect of this pH range. The ground water 

would therefore not exhibit such a wide pH range, as generally seen 

with values ranging from pH 5.3 to pH 8.4 in the ground water-of the 

West Moorhead coal field (unpublished data, U.S. Geological'Survey, 

Billings Division). The localized areas in the cores demonstrating low 

pH values, below pH 5.0, could prove very valuable in the isolation of 

acidophilic chemoautotrop.hic bacteria and/or the leaching of' metals 

from the core samples. Low pH values found in spoils may be due to the 

presence of metal sulfide's, such as pyrite, which when exposed to oxy

gen, will oxidize to the corresponding meta I sulfate and sulfuric acid 

(.12,36,45). This acid production would effectively . lower the pH of the
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sample and ground water passing through it, depending upon the buffer

ing capacity of the sample and the amount of acid produced from the 

sample.

Conductivity of the core samples was determined as an easily- 

made, general indication of the ion concentration, although conductance 

can not be expected to be simply related to ion concentration without 

a thorough analysis of the samples (15). There appears to be a general 

trend associating conductivity readings with total ion concentration in 

the ground water associating conductivity readings with total ion con

centration in the ground water of the West Moorhead coal field (unpub

lished data, U.S. Geological Survey, Billings Division). The core 

samples had high conductivities when compared to pure water, which has 

a conductivity approaching 0.05 u mhos/cm at 25C, and to ordinary single 

distilled water or water passed through a deionizing exchange unit, 

with the conductivity approaching I.0 p mhos/cm at 25C (15). While the 

listed conductivity values are relative figures representing the con

ductivity of 20 ml of water which has been exposed to contact with IOg 

of crushed overburden and should not be considered to have any implica

tions for specific values of I each waters exposed to the entire over

burden core, the listed conductivity, and that of natural surface and 

ground waters, have a similar wide range (15). From the relatively 

high conductivity values observed, one could.postulate that, along with 

a high ion concentration, the general nutrient level in the core
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samples was high, although the quality of nutrients would remain ambig

uous. A large quantity of nutrients in a core sample could support a 

large bacteria I population, perhaps chemoautotrophic, and aid in the 

amount of leaching, perhaps of metals. The conductivity readings could 

also reflect the acid salts resulting from the neutralization of bac

teria I Iy produced acid by the carbonates in the overburden.

Lead was tested as an easily measurable parameter of metal com

position, not with the idea that high levels were present. From the 

analysis, it can be seen that small quantities of Pb were present, in 

the ug/g range, but that mineralization was quantitatively different in 

the strata. The solubility of Pb, whether present as a sulfide, hy

droxide, or carbonate, would .be affected by acid concentration in the 

I each water. If leaching in the core samples was due to acid produc

tion, one could use Pb concentration in the leachate as a means of 

determining the amount of leaching.

The overburden strata of the West Moorhead coal field, and more 

generally the Fort Union coal deposit, are composed of low-sulfur sub- 

bituminous and lignite coal (26). Chadwick et a I. (8) found variations 

over short distances in vertical distribution of trace elements and 

sulfur content, which was probably dependent on delicate changes in the 

geological and chemical environment, particularly those involving pro

cesses which postdate consolidation of the coal. Chadwick et a I. (8) 

also noticed an enrichment of sulfur in the basal footage of the seams
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which relates to visible concentrations of pyrites, as well as certain 

other metal sulfides, in vertical fractures in the coal. The bicarbo

nate level of the ground water from overburden and coal is relatively 

high, suggesting high carbonate levels in the strata of the West 

Moorhead coal field (unpublished data, U.S. Geological Survey,

Bill!ngs Division). The alkalinity of the ground water can be ex

plained from the low sulfide and high carbonate concentrations in the 

Fort Union coal deposit. There may be no relation between the amount 

of metal sulfide leached and metal concentration in the ground water> 

due to the buffering, or neutralizing, capacity of the carbonate 

strata and bicarbonate in the ground water.

Thiobaci I Ius species are often found in association with coal 

mine overburden and coal mine drainages (10,44). The extreme Iy acido

philic species are numerous often associated in coal mines, due to 

their ability to produce great quantities of acid from the sulfide 

minerals present in the spoils and also to tolerate these quantities 

of acid (9,10,45). The extremely acidophilic ThiobaciMus species 

include T. thiooxidans and T. ferrooxidans. The spoils, from which 

large quantities of acid are produced, have a high sulfur content with 

pyrite as the predominant sulfide mineral. When the spoils contain 

large quantities of carbonates, acid production is decreased and often 

hard to quantify (20). Along with this apparent decrease in acid pro

duction is the increase in population of other Thiobaci I I us species.
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species similar to T_. intermedi us and T. th ioparus (22,29,44).

Karavaiko (21) found Thiobacillus thiooxidans in high carbonate sulfur 

deposits, but not until he analyzed for their distribution in micro

zones, instead of in bulk samples. Olson (28) found T_, ferrooxidans 

in alkaline coaI strip mine drainage in numbers that were equal to 

those found in certain acid mine drainages. Studies of strata prod'uc-. 

ing alkaline drainage indicate the presence of Thiobacillus species, 

which are associated with acid drainage, but their acid producing 

activity is masked by the composition of the strata (21,28).

The present study indicated a wide distribution of the chemo- 

autotrophIc bacteria, both sulfur and iron oxidizing bacteria belong

ing to the genu's Thiobaci I I us, in the overburden cores from the high 

carbonate coal fields of eastern Montana (Tables 12-19). It would be 

possible to implicate a large number of the Thiobacillus species from 

the percent thiosulfate oxidized and the resulting pH observed in the 

enrichment cultures on the media of Hutchinson et a I. (16;17,19). From 

our results, the two extreme Iy acidophilic species can not be impli

cated. Karavaiko (20,21) found microzones in the high carbonate sulfur 

deposit with high populations of T_. thiooxidans and with pH values less 

than pH 4.0. Unfortunately, the micromethods of Karavaiko (21) were 

not employed in these studies. T.. ferrooxidans was implicated in the 

ferrous, iron enrichment cultures of the overburden cores by the occur

rence of ferrous iron oxidation at pH values below pH 4.0. A ferrous
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iron oxidizing bacterium, resembling T. ferrooxidans, was isolated from 

a revegetation site (1969-11) at Colstrip., Montana, which oxidized 99$ 

of the ferrous iron and produced a final pH of pH 1.84. This isolate 

has qualities similar to the T\ ferrooxidans cuItures iso I ated from 

alkaline ground waters of the Decker coal field by Olson (28). The 

actual Thiobacillus species in the overburden can only be postulated 

from the enrichment culture analysis given here.

Purification of the chemoautotrophic enrichments from the over- . 

burden cores were unsuccessful due to failure of the bacteria to grow 

adequately. Thiosulfate cultures would grow on repeated transfers in 

liquid medium and also on transfers from liquid medium and solid medium 

to solid medium. However, transfer of well isolated colonies to fresh 

solid medium resulted in multiple colony type formation, while their 

transfer to liquid medium would not result in growth. When yeast 

extract was included in the liquid thiosulfate medium, transfers of 

cultures growing in liquid medium produced growth, but transfers from 

well isolated colonies again did not produce growth. The difficulty 

encountered in the purification of these thiosulfate oxidizing bacteria 

is not understood.

The purification of. the ferrous iron cultures from the overbur

den cores was also unsuccessful. This was due to the failure of the 

bacteria to grow on repeated transfers in liquid media, even when 

yeast extract, cysteine, glutathione, or IM-MF additives were included
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in the iron medium to enhance growth. The growth additives were in

cluded to supply some hypothetical growth factor found in the overbur

den samples, that was lost through dilution in repeated transfers. The 

revegetation isolate grew on repeated transfer in liquid medium.

Growth of the revegetation isolate was also observed when the additives, 

except for the IM-MF additives, were included. The overburden isolates 

would not grow on ISP medium after prolonged incubation. The diffi

culty encountered in the purification of the iron oxidizing bacteria 

from the overburden cores was also not understood.

The fastidiousness of the overburden cultures does not typify 

sulfur or iron oxidizing bacteria in general, or even an atypical iron 

oxidizing bacterium isolated by J . A. Brierley (private communication), 

which required yeast extract or cysteine for growth. The revegetation 

culture grew similarly to the typical iron oxidizing bacterium, 

Thiobacillus ferrooxidans. Therefore, the fastidious nature of the 

overburden cultures is characteristic of these isolates, but is not a 

general rule for the Thiobacillus species found in the Fort Union coal 

deposit (28).

The algal bioassay, following the algal assay procedure Cf the 

Environmental Protection Agency (50), has been used to manage water 

quality, to evaluate the fertiIity of water, and to determine the tox

icity of inorganic or organic compounds (14,30,51). The EPA (50,51,) 

recommends the use of Selehastrum capricornutum PRINTZ, a green a Iga
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(ChIorophyceae) of the order ChIorococcales, as the test alga. 

SeIenastrum belongs to the group of ubiquitous algae which include 

Ch lore I la, Scehedesmus, and Ankistrodesmus, which have a wide tolerance 

towards environmental conditions (51). The parameter used to describe 

growth of the test alga is maximum standing crop, which is defined as 

the maximum biomass achieved during incubation, but for practical pur

poses is assumed to be obtained whenever the increase in biomass is 

less than 5% per day (50,51). Biomass can be monitored by several 

methods, which include dry weight (gravimetric), dry weight (indirect, 

electronic particle counting), chlorophyll a_ (in vivo fluorescence,, ex

tracted fluorescence and extracted absorbance), direct microscopic 

enumeration, and absorbance (turbidity at 750 nm)(50,51).

Several of the methods for algal biomass monitoring were com

pared to determine which would be the simplest, yet reliable, method 

to use for the leachate bioassays. The three methods of monitoring 

chlorophyll a_ were very comparable in that they all reached maximum 

standing crop, whereas the other monitoring methods did not. The fact 

that maximum standing crop was obtained indicated that chIohophyIl a_ 

should be used as the biomass monitoring parameter. The three curves . 

resulting from the different methods of monitoring chlorophyll a_ were . 

considered to be very similar. Therefore, in vivo, fluorescence was 

selected as the method to use in subsequent experiments, due to the 

simplicity and rapidity of the method.
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Algal growth curve studies were performed to determine the in

fluence of pH, glassware acid washing, inoculum size, inoculium age, 

and inoculum washing (Fig. 2). ■ These studies were undertaking due to 

irregularity observed in the growth curves from the algal bioassay con

trols used with the leachate bioassays inoculated from six-day-old cul

tures of the alga (Fig. 3). - From the curves seen in Figure 2, glass

ware acid washing, inoculum size, and inoculum washing did not affect 

the maximum standing crop obtained. The pH values of the medium, which 

were less than pH 5.3, were observed to be greatly toxic to the algal 

cultures. When a two- or four-day-old inoculum was employed,, instead 

of the six-day-old inoculum, approximately a doubling in maximum stand

ing crop was observed. The transfer of algal cultures on two, four, or 

even six day intervals was not consistent with the seven day interval 

recommended by the ERA, but the transfer of cultures on a shorter time 

schedule resulted in the production of a more continuously logarithmic 

culture which also produced more reproducible results, as observed in 

Figure 3 (50,51).

Leaching of the overburden core samples was performed with sam

ples ground to the mesh size of. <80 mesh, or <117 pm. Particle size 

has been found to inf luence the rate' of leaching (6,45). The particle

size used was consistent with .that used in the microbiological’, leaching
" . Iof copper and molybdenum minerals with particle sizes ranging from <60 

mesh (6). to 63 to 200 pm (3). There were basically three sets of
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inocula, which included an uninoculated flask, an autotrophic inoculum 

flask, and a soil inoculum flask. The uninoculated flask was used to 

differentiate the leaching resulting from the natural bacterial popula

tion of the core samples from that seen when inoculum was added. The 

autotrophic inoculum was a mixture of sulfur and iron oxidizing bac

teria, as was the inoculum Bosecker (3) used in metal leaching experi

ments. The soil inoculum was included to represent the effect an 

actively growing heterofrophic bacterial and fungal contingent, through 

the excretion of organic acids, would have on the leaching of the over

burden samples. Glucose was not included in all of the I each media, 

since organic compounds can have inhibitory effects on autotrohpic 

growth (24). Leaching of sulfide minerals, chemical or biological, has 

been followed by measuring some combination of pH, acidity concentra

tion, metal concentration, bacterial presence, or sulfate concentration 

of the resulting leachate (3,22).

The present study used pH and Pb concentration of the leachate 

to evaluate the leaching in overburden core samples. The leachates 

were also used in algal bioassay experiments to determine the potential 

toxic effect, which could include low pH, various metal concentrations, 

or other factors, of the leachate on inhabitants of surface and ground 

water. The fact that most leachates did not show an appreciable pH 

decrease could be caused by the high carbonate concentrations found in 

the overburden of the West Moorhead coal field (26). Some samples did
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yield acid leachates, with pH values extending as low as pH 1.61 

(Table 27). The Pb values in the leachates were roughly similar and 

not proportional to the Pb content of the core samples, which implies 

that autotrophic oxidation did not proceed at a rate associated with 

unbuffered high p'yrite ores;

Toxicity was observed in the algal bioassays of some leachates, 

while some leachates had a stimulatory effect on algal growth, and 

others had no effect on algal growth. This toxicity could be explained 

by the low pH of some leachates, although toxicity was also seen with 

leachates of high pH, as well as with low pH leachates after the pH 

has been adjusted to pH 8.0. Pb concentrations could influence the 

observed toxicity, but no relationship between leachate Pb concen

trations and algal growth inhibition was observed. The Pb concen

tration in the leachates was probably well below toxic levels of Pb, 

since Pb levels were initially low and there was a ten-fold dilution 

of the Pb in the bioassays. Some of the toxicity was not explained 

through the analyses of leachates in this study.’

Chemoautotrophic bacteria were found.to be widely distributed 

in the overburden, cores from the Bear Creek Study Site of the West 

Moorhead coal field in the Fort Union coal deposit located in eastern 

Montana. This group of bacteria was also found in the drainage from 

the Decker coal strip mine, also located in the Fort Union coal 

deposit in eastern Montana (28). The presence of these bacteria means
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that they are producing acid in these core strata, which requires the 

conclusion that leaching in these overburden cores is accelerated by 

this bacterial action. However, in this study most strata did not 

develop low pH values on leaching, which, along with the widespread 

occurrence of chemoautotrophic bacteria, means (a) there is a rela-, 

tively small amount of acid-producing sulfide present or (b) there is 

a relatively large amount of neutralizing mineral (presumably carbo

nates) in most strata... This study has not defined which of these- 

explanations is the case, although Matson and Blumer (26) show a low 

sulfide and a high carbonate level in strata in this area. If toxic 

elements are present, their leaching should be accelerated by the 

action of the chemoautotrophic bacteria whose presence has been demon 

strated. Toxicity studies on our leachates, using an algal bioassay, 

show several effects. Some leachates had a stimulatory effect on 

algal growth, suggesting an unexplained eutrophication of the receiv

ing water. Other leachates produced an inhibitory effect on algal 

growth, which was explained by the low pH of these leachates. Inhibi 

t ion, which Was reproducible, was observed with other leachates, but 

was explained by the data gathered during this study. All of this 

suggests that the -potential for acid pollution does exist in eastern 

Montana, but that its development into a pollution problem would be

doubtful.



SUMMARY

Eight test hole cores of overburden grab samples from eastern 

Montana coal fields were received from the U.S. Geological Survey.

The samples were visually inspected for evidence of mineralization, 

which was aided by an accompanying geological log for each core. Each 

sample was ground with a mortar and pestle. This ground sample was 

examined for lead content, pH value, conductivity value, and chemoauto- 

trophic bacteria presence. Lead content of sample extracts was meas

ured using atomic absorption spectrophotometry. Conductivity and pH 

values were obtained from IO g of sample exposed to 20 ml of double 

distilled water of known conductivity. The conductivity values are 

relative-figures representing the conductivity of 20 ml of water which 

has been exposed to contact with 10 g of crushed core and should not 

be considered to have any implications for specific values of . I each 

water. Results for the analysis of the core samples, given in Tables' 

4-11, show quantitatively different mineralization in the strata and 

conductivity values varying over a wide range. These results had no 

consistent relation to the physical description of the strata and 

cou Id "not be anticipated by the visual examination of the core samp.le. 

The pH values encompassed a much wider range than either Pb or conduc

tivity.

Chemoautotrophic bacteria, both sulfur and iron oxidizing bac

teria, were isolated from a number of the core samples. The isolations
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were performed using the media of Hutchinson et a I. (16,17). Diffi

culty was encountered in obtaining pure cultures of these bacteria on 

solid media. With the sulfur oxidizing cultures, single isolated 

colonies would produce multiple colony types, even after several trans

fers. These colonies would not grow when inoculated in liquid medium, 

while the original culture would grow on subsequent transfer in liquid 

medium. Iron cultures would not form colonies on solid medium after 

prolonged incubation periods. Growth was not enhanced when one of the 

following was added: yeast extract (0.05%, w/v), cysteine (10 mg/

100 ml), g Iuthathione (10 mg/100 ml), or IM-MF additives (0.1%; 43). 

The fastidiousness of these cultures does not typify sulfur or iron 

oxidizers in general, or an atypical iron oxidizing culture isolated 

by J . A. Brier Iey (private communication) which required yeast ex

tract or cysteine for growth, and therefore is characteristic of these 

isolates.

A culture of iron oxidizing bacteria was isolated from a reveg

etation study site (1969-11) at Col strip, Montana. This sample was 

taken- from an exposed area which exhibited evidence of iron oxidation 

in close association with coal distributed in the overburden. Growth 

occurred in the presence of yeast extract, cysteine, and glutathione, 

but none of these additives were necessary for growth. When IM-MF ad

ditives were added, no growth occurred. This culture's growth was
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similar to the typical iron oxidizing bacterium, ThiobaciIJ us 

ferrooxidans.

Leaching studies were performed on samples which exhibited a 

wide range of lead concentrations, pH values, and conductivity values. 

A <80 mesh ground sample was used in the I each studies. Leaching ex

periments were incubated at room temperature under either static or 

shaking conditions for a period of 30 days. Six flasks were utilized 

with each condition for each core sample. Three of the six flasks 

contained only a liquid medium based on the surface water composition 

from drainage GS Vl in Geyser Springs, Yellowstone National Park (4),, 

while the other three contained this same liqui.d medium supplemented 

with 0.1$ glucose. The pH of the complete medium was matched to the 

measured pH of the core sample. Inoculation for each medium consisted 

of either a soil mixture obtained from greenhouse pots or a mixture of 

autotrophic bacteria obtained from various sources. One flask of each 

medium remained uninoculated as a chemical or natural biological con

trol system.. Leaching was evaluated by measuring the pH and Pb con

tent of filtered leachates. The results can be seen in Tables 20-27. 

The fact that Pb values in the leachates were rough Iy similar and not 

proportional to the Pb content of the core sample shows that auto

trophic oxidation did not proceed at a rate associated with unbuffered 

high pyrite ores.
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Most strata did not develop low pH values on leaching but a few 

strata did develop low pH values (Table 22). Low values are taken as 

below pH 4. No difference in results was detected between the control 

conditions.

An algal bioassay procedure was developed to determine the ■ 

effect of possible toxic substances in the leachate.' The bioassay-uti-■ 

i I i zed an i nocu I urn of Se I enastrum capr i cornutum PR I NTZ and a med i urn 

from EPAtS Algal Assay Procedure: Bottle Test (50). Each leachate

was filtered to remove particulate matter and stored, in acid-washed 

containers at 4°C until analyzed. The procedure included a 1:10 dilu

tion of the leachate. Growth of the algae was monitored by fluores

cence spectrophotometry at daily intervals. Variable results were 

observed with some control flasks which contained ho leachate. This 

was found to be related to the condition of the inoculum, which was 

improved by culture transfer every 2 days, instead of every 6 days as 

was the standard procedure (50). From the results (Tables 20-27), some 

inhibition of growth can be seen. The toxicity effect of some leach

ates was explained by low pH values while other toxic leachates could 

not be explained by either pH value or Pb content. For the majority ■ 

of leachates, no toxicity was observed, instead some leachates pro

duced stimulatory effects.
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