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CHAPTER I 

INT.RODreTION 

The cl.a.ssification of microorganiSins is very difficult. Very 

minute gradations of characteristics are exhibited, from clearly plant 

like to clearly animal like. Bacteria are often called the "bufi'ern zone 

between plant and an:hnal life. 1 The general cl.a.ssifiea.tion of bacteria. is 

done as in zoology and botany whereby life is subdivided according to 

kingdom, phylum, cl.ass, order, family, tribe, genus, and species. 

The cl.ass Schizomycetes is a subdivision of the suborder Fungi. 

Contained in this cla.ss are a.11 bacteria. It is characterized by a rather 

heterogeneous group of organisms which are usually unicellular and quite 

small (on the order of one micron as the smaller dimension). 

Several classifications of true bacteria (Eubacteria.les) are pos-

sible. They may be cl.a.ssified according to morphologica.l or physiologica.l 

characteristics. The most widely used classification is that employed by 
2 . 

Bergey' s Manual. This classification is based upon both morphological 

characteristics and biochemical properties. Al though not satisfactory in 

many cases, it is a good guide to identification of bacteria. 

1c.E. Clifton, "Introduction to the Bacteria," McGraw-Hill Book 
Company, Inc., New York, N. Y., 1950, P• 78. 

211Bergey• s Manual of Determinative Bacteriology 1 u 6th ed., 
Ba.illiere, Tindall, and Cox, London, 1948. 
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True bacteria (Eubacteriales) may be defined in several ways :1 none 

entirel.y adequate. They are characterized as simp"l.e, undifferentiated, 

rigid cells. This order contains both spherical and rod-shaped cells and 

both motile and non-motil.e species. The cells reproduce by transverse 

f'ission. 3 

The sub-order Eubacteriineae contains thirteen classes. These 

subdivisions are characterized both by morphological and nutritional 

characteristics. The family Bacill.aeeae is characterized as containing 

species which form endospores 1 while the family Ni trobacter:Laceae con-

tain every autotroph in the suborder Eubacteriineae. 

The famil.y Nitrobacteriaceae are known a.s "chemosyn~tic 

autotrophs". They a.re characterized as having the a.bill ty to grow in 

a com;pletely inorganic medium utilizing carbon dioxide a.s the onl.y 

source of carbon. Further breakdown into tribes is dependent upon the 

substrates which are oxidized. Ni trobacteriae oxidize some form of 

nitrogen to nitrate and n1 trite, Hydrogenomonadeae oxidize hydrogen gas 

to water, and Tb.:i.obacilleae oxidize some inorganic form of sulfur or 

iron. 

In the tribe Tb.:i.obacilleae are two species which are partieul.arly 

noted for having the ability to live in the most acid environment known to 

man. The pB of solutions containing 'fhiobaeillus thioo:x:Ldans and~

bacillus ferroo:xidans is often less than one. T. thiooxi.dans was cha.ra.c-

terized in 19224 and was found to ox:Ldize sulf'ur to sulfuric acid. T. 

3clifton, .2E.• ei t. 1 p.ll6. 

4 S.A. Waksman and J.s. Joffe, !..· ~., 11 239 (1922). 
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ferrooxida.ns was characterized in 19515 and was found to oxidize ferrous to 

ferric iron. 

Oxidation of su.l.fidic constituents in waste rock dumps at Bingham 

Canyon, Utah, and other geogrphical locations has been known f'or some time. 

It was found in this laboratory that biological oxidation was responsible 

for the oxidation and subsequent solubilization of these sulf'idic components. 6 

The pH of effluent streams :from these dumps was in the vicinity of 2. 75. 

This high acidity, autotrophic like metabolism, su.l.fide oxidation, and 

morphology suggested that the active form of life in the waste dump 

ef:fluents be a member of the genus Thiobaccilus. 

5K. L. Temple and A. R. Colmer, i..· Ea.ct., 62, 6o5{1951). 

6 
L. c. Bryner, et. !:!.·, Ind. Eng. ~·, ~ 2587(1954). 



CHAPTER II 

BASIS OF THE PROBLEM 

The oxidation of the sulfide minerals in exposed ore bodies was once 

thought to be due to direct action of the oxygen from the atmosphereo A 

literature study revealed tba.t varying resuJ.ts were obtained on the solubil-

ities of iron pyrites and its oxidation rate: In some cases very small 

amounts of pyrite (less than .'2$ oxidized) were found to be oxidized while 

in others relatively large a.mounts were soJ.ubilized. From these findings 

it seemed likely that biological action was responsible. 

Previous studies in this laboratory revealed tba.t iron pyri tes 1 

various copper sulfide minerals and molybdenite are oxidized by the bacteria 

found in the leaching streams in Bingba.m Canyon, Utah. 8,9,lO The streams 

that flow from the waste ore dumps and the open pit mining area contain 

considerable amounts of soluble iron and copper. These waste dumps are 

obtained by stripping the main ore body of rock debris low in copper 

bearing minerals. They are very extensive and yieJ.d soluble copper and 

iron when leached with water. 

The chief objectives of this study were: (l) to isolate these 

relatively little known bacteria in pure culture and obtain their descrip-

tion and characterization; (2) to determine the optimum nutrient require-

ments and the effects of various compounds on their action on sulfide 

minerals. 

8 
~·1 P• 18. 

9o. B. Da.vis1 "Biological Oxidation of Copper Sulfide Mineralsn 
{unpublished Master's thesis, Brigham Young University, 1953), p. 18. 

lOn. Anderson, "Oxidation of Molybdenite with the Aid of Micro-
organismsn {unpublished Master's thesis, Brigham Young University, 1956), 
p. 26. 

- 4 -



CHAPTER III 

In this study on the isolation of the bacterium responsible for metal 

sulfide oxidation, several. methods and varying equipment were employed. Petri 

plates were used in the isolation on solid medium. Physiological studies on 

the isolated bacterium were carried out in percolators developed and modified 

in this laboratory. This appara.tii consisted of many members similar to tbat 

shown in Figure I. These percolators consist pri.mari1y of a large glass 

tube (4o mm. dia.mter and ijoo mm. long) connected by a sidearm air lift of 

5 mm. glass tubing. In the sidearm is a sma.11 "tee.. which served as the 

air entrance for the lift. The draining mecbaniSill extends :from the base 

of the percolator. 

The percolators were charged in the following manner. Into the 

bottom of the main tube was pJ.a.ced a sma.11 perforated porcelain disc, 

covered with a layer of pyrex glass wool. The mineral. or substrate (one to 

five grams) was mixed with 100 grams of ottawa sand (inert silica) and 

introduced into the percolator by means of' an elongated funnel which extended 

to the pyrex wool layer. One hundred ml.. of nutrient so1ution was added. 

The side arm air lift was connected to the air source a.nd constant cycling 

of the leaching solution was provide·d. The conq;>ressed air (5 psig) was 

washed and fil.tered through a cotton plug in a calcium chloride tube before 

1 t entered the sidearm of the air lift. Washing the air served two purposes, 

to remove dust and satm-ate the air with water to minimize evaporation from 

the so1ution in the percol.ators. The air stream J.eaves through a cotton 

pl.ug in the top of the percolator. The drain was c1osed with a pinch 

cl.a.mp. This apparatus was easily sterilized by placing the entire unit in 

an autoclave 1 after which aseptic eondi tions were maintained indefinitely. 

- 5 -
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Figure 1 -- A Typical Percolator Used in This Investigation 
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The sulfide oxidizing orga.n:ism studied has been shown to be a chemo-

synthetic autotroph.ll The percolator system insured a. constant supply of 

oxygen a.nd carbon dioxide, two essentials to a.utotrophic growth. The a.ir 

lift a1so provided a constant flow of' solution through the bed containing 

the substrate. Th.us, the bacteria were supplied with a constantly fresh 

supply of' nutrient material a.nd the oxidation products from the bacterial 

metabolism were carried away. By this means the rate of' oxidation of' the 

substrate was kept at a max:f m:um.. Mecba.nicaJ. advantages were also inhemn'b 

in this apparatus since there were no moving parts. 

The percolators are particularly useful to conditions of' slow 

growth. Many bacteria complete all phases of' their growth on a substrate 

in a matter of' hours or a very few days. The bacterium studied in this 

investigation showed exceedingly slow growth on most of' the substrates 

employed. With this type of apparatus continuous studies were run for as 

long as six months and could bave been continued indefinitely. 

A. The solid media used in isolation studies. 

To isolate the bacterium responsibl.e for the oxidation o:f pyritic 

materials it was follll.d necessary to utilize modifications of' the usual. 

solid medium. Af!JJ,r-a.gar was found to be unsuitable because it seemed to 

inhibit the growth of' the bacteria. Since autotrophic bacteria grow better 

in the absence of organic substances, a sil.ica gel. containing the desired 

nutrients and substrates was developed. The method of preparation of' the 

gel is similar to the one_d.escribed by Kingsbury and Barghoorn.l.2 It was 

prepared as follows: 

11.Wilson, ~· ~·, p. 24. 

l.2 - -
JoM. Kingsbury a.nd E.S. Barghoorn, Appl. Mi.crobioL, g, 5(1954). 



-a-
l. A predetermined amoUlJ.~ of Ludox13 was successively poured through 

Amberlite resins m-4B and m-120 {or equivalent anion and cation 

exchange resins). This removed foreign ions from the colloidal. 

silica. 

2. A predetermined voll.Jlie was diluted With water {the hardness of 

the gel depends upon the ratio of Ludox to water). The nutrient 

material. was dissolved in the same concentrations as those in 

the liquid nutrient described in the following section.. The 

substrate was added to the preparation {ferrous iron, sulfur, 

or sulfide minerals). 

3. Twenty ml. portions of the resulting solution were poured into 

petri plates and sterilized. Sterilization {autocla.Ving at 15 

psig :f'or 20 minutes) aided the sol-gel transformation., To 

prevent pocking {boiling) of the gel, compressed air was 

introduced into the autoclave to maintain a. slightly higher 

pressure than that of the steam after the heat was turned off. 

At least .two hours were allowed for cooling before the 

pressure was released. 

4. After the gel bad cooled it was inoculated. This was done 

by the streak method. A small amoun:~ of inoculum was intro-

duced aseptically onto the surface of the gel. and spread by 

a sterile cotton swab. It was found that very gentle streaking 

as obtained w1 th the swab was necessary to prevent rupturing 

of the surface of the gel. 

13 A trade name for a stable commercial. colloida.l. silica. preparation. 
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B. Nutrient Solutions 

Several substances must be present for normal. growth of' bacterial 

cells. An energy source. {relatively large amounts) and the constituents 

necessary for cell growth (sma.l.l amounts) must be present. :r.tmy trace 

elements presumed necessary for bacterial growth are present in sufficient 

quantities as impurities in the sulfide minerals. 

Several substances are necessary in noticeable amounts. For the 

particular bacterium studied in this investigation it was found that oxygen, 

an oxidizable substrate, a source of' nitrogen, a source of carbon, and 

phosphate bad to be supplied to obtain noticeable bacterial growth.14 Oxygen 

and c~bon dioxide (the source of carbon) were obtained from the air, the 

ox:l.dizable substrate was mixed with Ottawa Sand and placed in the percolator, 

and the nitrogen and phosphate sources were supplied in the nutrient solution. 

The composition of the nutrient solutions used in this investigation 

are given in Table I. Nutrient 1 was the same as that used by Leathen.15 

This nutrient was used in the initial studies •16 Nutrient 2 was ma.de up 
\ 

to simulate the composition of the effluents from the waste rock dumps in 

Bingham Canyon. Nutrient 3 and 4 reflect intermediate cond.i tions when the 

necessary or optimum concentrations of certain substances had been determined 

while the optinrum concentrations of other components bad not. Nutrient 5 is 

the final nutrient determined. Either urea o~ ammonium sulfate was found to 
be adequate as a source of nitrogen. It was found that phosphate in limited 

amounts 'Was necessary. 

l4wilson, £E.· ~., P• 27. 

15w. w. Lea.then, L. D. Mcintyre, and s. A. Braley, Science, 114, 28o 
(1951). 

16wilson, £E.. .9!!,. , p. 10. 
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TABLE I 

VARIOUS !lt1lRIEB'fS USED IB TEE STUDIES OF TEE 
PBISIOLOGICAL PROPERTIES OF TEE ISOLATED BAC'.IERIT.M 

:Nutrient :Nutrient :No. (Cone. in g/l) 
Component l 2 3 

(~~200 

<mrii.>2804 0.15 l.0 l.0 

JG2HP04 0.05 0.30 0.10 

KCl 0.05 0.05 

AJ.2tso4).1~ 8.o 
MgS04.7B20 0.50 3.0 3.0 

MnS04-R.20 0.05 

ca (No3)2 .4R.2o 0.01 0.10 

*2804 0.05 

4 5 

0.1 (0.1) 

(l.Q} 

0.10 0.10 

3.0 

Distilled lJeO 1000 m.l. 1000 m.l. 1000 m.l. 1000 m.l. lOOOmL. 

pH 2.65 2.65 2.65 2.65 

The pH was ad.Justed to 2.65 wi. th sulfuric acid. 

c. Substrates 

A variety of oxidizable substrates was used in the isolation proee~ 

dures and the physiological studies on the isolated bacterium. Molybdenite 

concentrate a.nd chal.copyrite samples were obta.:i.ned from Kennecott Copper COmpa.ny 

(utah Di vision). Pyrite III a.nd V were museum grade wrt te from the Brigba.m. 

Young University Geology Department. Sul.fur, ferrous sulfate, and copper 

sul.f'ide were reagent grade :materials. 

AJ.l solid minerals were used in a finely ground state (at least 60'fo 

of a -200 mesh, 1~ of -100 mesh). The moJ.ybdeni te and cha.lcopyri te bad 

been recovered by flotation so they were washed wi. th acetone and water to 
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remove remaining traces of the reagents used in the flotation process. 

Anal.ysis of the substra~s are given in Tt:Lble II. 

TABLE II 

ANALYSIS OF SUBSTRATES U3ED 

Substrate 1¥o cjs ;,cu 'We Insol. 

Molybdenite 
Concentrate 57.58 38.42 0.1 o.o 3.9 

Chalcopyrite II trace 33.45 32.15 18.55 15.85 
Pyrite III 0.04 44.45 6.57 46.o 0.08 

Pyrite v trace 42.5 5.36 34.25 17.89 
Sulfur Reagent Grade 

Ferrous Sulfate Reagent Grade 

Copper Sulfide 
(Cd) 

Reagent Grade 

D. Microorganisms Used 

The .microorganisms used in this investigation were obtained from 

the effluent streams from waste dumps in Bingham Canyon, and Ca.nan.ea, 

Sonora, Mex:i.co.17 The leaching stream from Bingham Canyon had previously 

been used as a culture source. The various cultures were treated by 

different methods in the isolation procedure. The various cultures which 

were used are sunmia.rized in •bl.e III. 

TABLE III 

BAC1'ERIAL CULTURES USED IN Tm ISOLATION PROCEDURES 

Culture Source 

Culture l. Bingham Canyon Stream Sol.ution 

17R.C. Weed, Mining~·, 8, 721(1956). 
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TABLE III-Continued 

BACTERIAL CULTURES tBED IN THE ISOLATION PROCEDURES 

Culture 

Culture 2 

Culture 3 

Culture 4 

Culture 5 

Culture 6 

E. Methods of Analysis 

Source 

Culture l after enrichment on iron 
pyrite 

The organism isolated on sulfur from 
culture l 

The organism isolated on ferrous iron 
from culture 1 

Cana.nea Stream Solution (Veta} 

Canan.ea Stream Solution (Ronquillo) 

The physiological properties of the isolated bacterium. were deter-

mined by analysis of the end products of the oxidation. The metal sulfides, 

FeS2, CuS, CuFeS2 have a.11 been shown to be oxidized to sulf'ates18,1.9,20 

and sol.uble metal ions. Ferrous iron is oxidized to ferric iron, sulfur to 

sulfuric acid, a.ndmol.y'bdenite to sulfuric and moly'bdic acids. 

Stand.a.rd methods w.L th slight modifications were used for .ma.king 

the analyses. 

Iron was determined by the stand.a.rd dicbrolna.te method. 21 A sample 

containing either or both forms of iron (ferrous and ferric} was reduced 

by stannous chloride so tba.t only ferrous iron remained. Excess stannous 

18w11son, ~· ~., p. 18. 

19navis, ~· ~., P• 18. 

20.Anderson, ~· cit., p. 26. 

21r.M: Kolthoff and E.B. Sandell, "Textbook of,_Quantitative Inorganic 
Analysis" / 3rd. ed., The Ma.aMilla.n Company, New York, N.Y., 1952, p.579. 
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chloride was removed by oxidation with mercuric chloride. The ferrous iron 

was then titrated with potassium dichromate in the presence of phosphoric 

acid with sodium diphenylamine sultonate as the indicator. To determine 

the ferrous iron only, no reduction with stannous cbl.oride was ma.de. The 

ferric iron concentration was determined by taking the difference between 

the total iron and ferrous iron. 

The determination of molybdenum was made by the non-extraction, 
22 colorimetric thiocyanate method described and modified by Anderson. This 

determination depends upon a colored thiocyanate complex formed by pent.a-

vs.lent molybdenum. Certain interfering ions must be absent. 

The standard iodometric method was used in the determination of 

copper.23 The method consists of reaction of copper with potassium 

iodide in a. properly buffered environment to produce free iodine qua.ntita.-

tively. The liberated iodine was titrated with sodium thiosulta.te. 

Sulfate was determined gravimetrieally as BaS04 by the standard 

gravimetric method. 24 

The pR ineasurenents were made with a Beckman Model M pH meter .. 

Sulfuric acid was determined by titrating an aliquot with standard 

O.l N sodium hydroxide to the pH of the orig:tna.l nutrient solution. 

Bacterial. cell growth was obtained by determining the dry weight 

of the cells and correlating it with turbidity measurenents. The optical 

density measurements { 625 mp) were taken of cell suspensions and the dry 
' 

weight measurements o:f these same suspensions were made. Centrifugation and 

washing of the cell suspension eliminated most of the salts from the 

22Anderson, ~. .£!!., p. 21. 

23Kolthoff and Sandell, ~· ill·i p. 6o3. 

24 Ibid.' p. 322. 
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solution surrounding the cells. The cells were dried at ll0°c. 

Staining of the bacteria was accomplished by two methods. Since the 

bacteria naturally occur in an acid enVironment an acid dye, carbol-

erytbrosin was used.25 The Rucker modification of the Gram stain was used. 

To utilize the Gram stain the bacterial cells must be in a neutral or 

slightly basic enVironment so it was found necessary to centrifuge and 

wash the cells to obtain this condition. 

F. Methods of Isolation 

The isolation of the bacteria in pure cultures which are responsible 

for the oxidation of sulfur, ferrous iron, and sulfide minerals in exposed 

ore bodies was necessary in order to obtain a more complete picture of the 

oxidative processes involved. The cba.racteristics of these little known 

autotrophic bacteria must be determined and compared with the other species 

that have been isolated and described by other investigators.26' 27 

Two accepted methods of isolation were employed in this study, the 

enricbm:nt-dilution technique and growth from a single cell on a solid 

medium. 

1. The Enrichment-Dilution Technique 

The most generally used technique for enrichment-dilution 

isolation consists of diluting an enriched culture aseptically 

to such an extent that only a very few organisms remain. Theo-

retically, the enriched culture is diluted until only the 

organisms present in the greatest amount remain. Thus, by 

dilution, foreign orga.nisms are removed. 

25Fred and Waksman, "Laboratory Manual of General Microbiology," 
McGraw-Hill Book Company, Inc., New York, N.Y., 1928, p. 49. 

26waksman and Joffe, ~. cit. 

27 Temple and Colmer, ~. cit. 
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A llOdified enrichment-dilution technique, particularly suited for 

use with the sl.ow growing organisms studied in this investigation ·· 

was employed. 

This method consisted of an enriching step similar to the 

usual. procedure. In this step a high concentration o:f organisms 

was obtained. A single drop of solution was then transferred 

aseptically to another percol.ator. When growth was first 

noticed, a single drop of the resulting solution was transferred 

to a third percolator. This was continued through several 

steps. Each step drastically reduced the concentration of slow 

growing and foreign organisms. At some point the foreign 

organisms reach a very low concentration. At this· concentration, 

the cba.n.ces for a single droplet to contain one bacterial species 

become very good. Several transfers ensure that a pure culture 

has been obtained. 

2. Isolation on Solid Medium 

In cases where possible, this method of isolation is much pre-

ferred over the enrichment-dilution technique because single, 

isolated col.onies are grown from one organism. These single 

colonies can be easily seen a.nd are recognized as col.onies 

descending from a single cell. 

After several attempts to grow cultures on agar-a.gar, it 

was evident that it was not suitable f'or the isolation of this 

type of bacteria. It bad previously been shown that the 

bacterium in question was a chemosynthetic a.utotroph. Since 

organic materials tend to have a deleterious effect on this 

type of bacteria, a completely inorganic solid medium was 
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desired. Thus, the silica gel containing the desired nutrients 

and substrates was developed for this phase of the investiga.-
28 tion. The method of preparation ha.s been previously described. 

Tb.is method of isolation consisted of aseptically spreading a 

droplet of an enriched solution f'rom the percolators over the 

surface of the gel. Af'ter incubation in a closed container at 

room temperature for several days or weeks (depending on the 

substrate used) sma.J.l, isolated colonies would appear over 

the streaked areas. 

The small coJ.onies were growth from a singl.e or a very 

few cells. To insure against contaminant organisms a small 

representative colony was used as the inoculum for another 

silica gel p1ate. Af'ter several transfers in 'Which the 

characteristics of the colonies remained the same, the 

bacterium responsible for the substrate oxidation was assumed 

to be isolated. 

28 See page 8. 



CHAPTER IV 

RESULTS 

A. Enrichment Dilution study on Ferrous Iron 

!l'he enrichment dilution technique as. employed with ferrous iron as the 

oxi.dizable substrate consisted first of the enriching step. A percolator con-

taining ferrous iron (2000 ppm'") was inoculated with stream solution (culture 

l) to obtain an enriched culture. Second, a series of thirteen percolators 

were employed to carry forth the enrichment dilution steps. It was assumed 

that a pure culture was obtained after this procedure had been completed. 

At the first indication of oxidation, (by the appearance of the 

brownish ferric color) one drop of solution-was transferred aseptically to 

the next percolator. Only a few hours were necessary for complete oxidation 

after the induction period had ended. A typical curve showing the rate of 

oxidation is shown in Figure 2, culture 2. !l'he induction period for each 

percolator is shown in !eable "N. After this procedure had been completed, it 

was assumed that all foreign organisms were eliminated. 

TABLE IV 

THE INDUCTION PERIOD DURIID ENRICBMEBT DIL1Jl1ION 
ISOLATION ON FERROUS moN 

Transfer Number 

1 

2 

3 

4 

5 

6 
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Induction Period 
Days 

5 

5 

6 

7 
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TABLE IV-Continued 

Transfer Number 

7 

8 

9 

10 

11 

l2 

l3 

Induction Period 
Da.ys 

5 

4 

4 

4 

Several tests were run on the culture isolated by this means (culture 

4) to make a comparison with culture l and others desert bed in the l.i tera.-

ture. 29 ,30 

Enrichment dilution studies of this ferrous iron oxidizing culture 

on sul:f'ur were carried out. This was done to determine if any of the 

relatively fast growing organisms which grow on s:u.lf'ur alone had been 

carried through the isolation procedure as contaminants. The results are 

given in Table V. 

TABLE V 

THE EFFECT OF CULTURE 4 (BY ENRICHMENT DILTJllON ISOLATION) 
ON FERROUS IRON .AFTER PROLONGED GROWTH ON SULFUR 

Transfer Number Induction Period 
(From Sulfur Percolator) on Sulfur 

l 

2 

3 

4 

l4 Days 

ll 

8 

8 

29wa.ksma.n and Joffe, ~. cit. 

3°'rem;ple and Colmer, ~· cit. 

Effect on Ferrous Iron 

Oxidized ferrous iron 

Oxidized ferrous iron 

Oxidized ferrous iron 

Oxidized ferrous iron 
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It was fo'lmd that culture 4 can also oxidize sulf'ur. The data in Table V 

also show that after several transfers on sulfur this culture retained its 

ability to oxidize ferrous iron. 

The ferrous iron oxidizing organism (culture 4) was used to 

inoculate sterilized percolators containing 5 grams of pyrite, 100 g. sand, 

and the required nutrient solution. The results of this study are given in 

Table VI and shown graphically in Figure 2. These data show a comparison of 

the rates of oxidation by culture 1 and culture 4 on pyrite. Culture 4 con-

sists of results from both the enrichment dilution technique and from 

isolation on silica gel. The lowest curve is a steril.e control. 

TABLE VI 

A COW'ARISON OF OXIDATION RATES BEFORE AND AFl'ER 
ISOLATION OF CULTURE 4 

After Isolation 
Before Isolation Initial Transfer Transfer 2 

Time Sterile %Fes2 %]'es2 Oxidized %]'es· Oxidized 
Weeks Control Oxidized (1) (2) (3) (1)2 (2) 

1 0 

2 18.3 4.3 8.3 

3 32.2 1.5 

4 41.1 2.1 1.1 

5 46-3 

6 48.8 2.9 

7 51.5 4.3 3.7 2.1 

8 53.6 ltO.O 53.6 

9 

10 0.12 7.2 

1.5 0.18 5.7 
18 u.5 
31 30.0 35.8 

34 35.2 
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The graph shows that the rate of oxidation of pyrite was much slower 

after isolation (about 5'/> of the original rate) than with the original 

stream solution. However, the rate increases slowly, as shown by the gradual 

increase in the slope of the line (culture 4). The second transfer has 

nearly the same rate of oxidation as the original. enriched culture (culture 

2). Thus it appears tha. t after prolonged growth a.nd repeated transfers on 

pyrite the rate of oxidation is increased and eventua.J.J.y reaches the same 

activity as the initial culture. A similar type of activity on pyrite as 

a function of cupric ion concentration bas previously been shown.31 

:a. Isolation on Silica Gel With Ferrous Iron as the O:xidizable Substrate 

The isolation of the iron oxidizing bacterium on silica gel, from the 

enriched culture (culture 2), was accomplished in the following manner. ~e 

petri plates containing silica gel were prepared as previously described. 32 

A drop of inoculum from culture 2 was aseptically placed on a sterile cotton 

swab and a light smear was ma.de on the surface of the gel. Cotton swabs were 

found to be superior to the conventional wire loop because they did not 

fracture the surface of the silica gel. The plates were allowed to incubate in 

desiccators in the dark at room temperature. In three or four days tiny 

brown colonies began to form along the pa.th of inoculation. 

After several days incubation of' the plate, a single colony was 

selected and a transfer ma.de to another petri plate. After the second plate 

had been allowed to incubate the process was repeated. This was done several 

times to insure elimination of possible contaminants. The results are shown 

in Table VII and representative plates were photographed and are shown in 

Figure 5, a and b. 

3lw11son, ~· ~., P• 30. 

32See page 8. 
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TABLE VII 

OBSERVA'I'IONS DURING ISOLATION ON SILICA GEL 
CONTAIN.rm FERROUS IRON 

Inoculum Observed Result 

Enriched Culture Separate and distinct colonies 
(culture 2) 

Single Colony from Separate and distinct colonies 
plate number 1 

(culture 4) 

Single Colony from Separate and distinct colonies 
plate number 2 

(culture 4) 

Single Colony ±)"om Separate a.nd distinct colonies 
plate number 3 

(culture 4) 

Single colonies were obtained from all of the transfers. This entire process 

was repeated several times with identical resuJ.ts. 

A transfer from a single colony (culture 4) was ma.de to a prepared 

sterile percolator containing the desired substrate and the results were 

observed. This was done either by ma.king qua.nti ta.ti ve measu.:rements of the 

oxidation products or by direct observation~ 

The results of this study are shown in Figure 2. The curve showing 

the rate of oxidation of pyrite by the isolated organism is identical for 

both methods of isolation. 

C. Enrichment Dilution study on Sulfur 

Essentially the same technique was employed in this study as in the 

previous enrichment dilution study. A total of ten percolators, charged with 

100 g. of ottawa sand, 5 g. sulfur, and 100 ml.. nutrient 2 were used. At the 

first indication of oxidation (by the appearance of' turbidity in the percola-

tors) one drop of solution was transferred aseptically to the next percol.ator. 
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After the co~letion of' this series of transfers it was assumed that a pure 

culture bad been isolated. 

Tests were ma.de on ferrous iron and pyrite with the isolated organism 

(culture 3) to determine its physiologi..cal properties. 

The growth rate in percolators on pyrite and ferrous iron both before 

and after the isolation study is gt ven in Tables VIII and IX and is shown 

graphically in Figures 3 and 4. These results show that culture 3 does not 

oxidize either ferrous iron or pyrite. Thus, it would appear that the 

pyrite and ferrous iron ox:i.dizing bacterimn bad been eliminate<\ by this 

method of isolation. 

TABLE VIII 

COMPARISON OF THE RATE OF PYRITE OXIDATION 
BEFORE AND AFT.ER ISOLATION ON SULFUR 

Weeks 

l 

2 

3 
4 

5 
6 

7 

8 

12 

15 

(Culture l) 
Before Isolation 

%Fes2 Ox:i.dized 

o.o 
18-3 

32.2 

4Ll 

46.3 

48.8 

51.5 

53.6 

(Culture 3) 
After Isolation 

%Feib Oxidized 

0.06 

0.10 

0.15 

0.18 
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Fig. 3: The oxidation of pyrite before and after isolation of 
the sulfur oxidizing organism. 
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TABLE IX 

COMPARISON OF THE RATES OF FERROUS IRON OXIDATION 
BEFORE A:ND AFTER ISOLATION ON SULFUR 

Before Isolation After Isolation ! Ferrous iron oxidized Ferrous iron oxidized 
Hours Sterile Inoculated Culture 3 

87 4.o 6.o 
100 nil 

ua 4.o 36.5 

124 3.0 48.4 
128 6.o 62.3 

130 nil 

135 4.o 87 

141.5 o.o 98.6 

147 5.0 100.0 

3 weeks 6.o 
6 weeks nil 

Attempts were made to isolate the sulfur oxidizing organism on silica. 

gel containing sulfur as a substrate. Significant growth could not be ob-

served using flowers of sulfur. By using col,loidal sulfur as the substrate 

(made from sodium thiosulfate by reaction with HCl and then removing the 

cations and anions with ion exchange resins} good growth was observed. Row-

ever, since the colonies and the gel. were both the same color, it was dif'f1-

cult to observe stngle col.onies. Only the difference in the luster of the 

gel and the col.onies ma.de observation possible. It was impossible to select 

good single col.onies, since only the largest could be readily seen. 

D. Attempted Isolation on Agar-agar 

Agar-agar is the semi-solid .medium usua..l.1.y used in the isolation of 

bacteria. However, 1 t is usually used at a pH of approx:i.ma.tely 7. In this 
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study an attempt was made to isolate the ferrous iron oxidizing organism on 

agar. Washed agar was used as the semi-solid medium to eliminate most of the 

soluble organic compounds. ~ salts to be included in the nutrient were 

s~eri1ized separate1y. The composition of the steri1ized solutions is shown 

in Table X 

TABLE X 

COMPOSITION OF TBE SOLUI'IONS USED 
IN MAKING WASHED AGAR PLATES 

I II 

Agar 30.0 g/l MgS04.'lR20 

Feso4 
K2RPo4 
(NH4)2S04 

3.0 g/1 

20.0 

o.6 

2.0 

pH adjusted to 2.65 

After sterilization and cooling to nearly the solidifi~ation point 

of' the agar, the above solutions were mixed and poured into previously 

sterilized petri plates. This procedure gave very nice plates which 

streaked easily. Both the pour plate and streak plate methods were used; 

however, no growth was observed after one month's time and so this method 

of isolation was abandoned. 

It was thought possible that a slight hydrolysis of the agar, even 

though mixed with the nutrient and the substrate just before solidification, 

may have liberated organic compounds which inhibited growth. 

E. Characteristics of the Organism Isolated on Ferrous Iron (Culture 4) 

Thi,s organism (culture 4) was found to be a gram negative rod. The 

conventional gram stain was used. However, excess acid had to be removed by 

washing and centrifuging. The organism differed slightly in size and shape 
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depending on the substrate. It was about .5 - .8 microns wide by 1 - 1.3 

microns long. It was motile. On ferrous iron it was almost round while 

on pyrite it had a definite rod shape. Photomicrographs of stains of the 

organism as it grows on ferrous iron are shown in Figure 5:, a and b •. 

On silica gel, with ferrous iron as the substrate (Figure 5, c 

and d) the colonies gave the :following characteristics: 

Col.or-- Orange to red (iron precipitate) 

Size-- 1 to 2 mrn. in diameter 

Luster-- dull 

Margin-- circular 

Surface-- smooth, hard crust 

Elevation-- flat 

On silica gel., with pyrite and chalcopyrite as the substrate the 

following characteristics were exhibited: 

Col.or-- Yellow-orange 

Size-- 1 mrn. (maximum.) 

Luster-- dull 

Margin-- circular 

Surface-- SDK)oth 

Elevation-- flat 

F. Characteristics of the Organism Isolated on Sulfur (Culture 3) 
Culture 3 was found to consist of a bacterium. which was gra.m-

negative. It was rod shaped, about .5 - .8 micron wide by l - 1.3 micron 

long. It was mo.tile. 

On silica gel, with colloidal sulfur as the substrate, the colonies 

exhibited the following characteristics: 
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Photographs of Petri plates showing 
eolonies of Ferrous Iron Bacteria 

Photomicrographs of Ferrous Iron Bacteria 

b 

d 

Fig. 5: Photographs of the microorganisms isolated on 
ferrous iron: Microscopic and colonies 



Color-- White 

Size-- a.bout l mm. 

Luster-- dull 
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Margin-- circular irregular 

Surface-- rough 

Surface elevation-- flat 

~ colonies were very hard to see, being of the same color as the 

colloidal. sulfur silica gel. 

G. Physiological Characteristics of' the Isolated Organisms 

~ proper characterization of' each bacterium isolated from Bingham 

Canyon streams requires a knowledge of' its ability to oxidize various sub-

strates. It bas been shown that the bacterium isolated on sulfur (culture 

3) by the enrichment dilution technique would not grow on the sulfides 

(Fes2, CUFeS2) 1 but would grow readily on sul.f'ur. Culture 4 bas the a.bill ty 

to oxidize iron pyrites, ebalcopyrite 1 molybdenite, f'ree sul.f'ur and iron. 

l. Growth on Pyrite and Ferrous Iron 

It has been shown that the bacterium isolated on ferrous iron 

(culture 4) could also oxidize iron pyrites 1 while the bacterium isolated 

on sul.f'ur could not oxidize either pyrite or ferrous iron. Curves compar-

ing growth on pyrite and ferrous iron with growth before isolation a.re 

shown in Figures 2 1 3, and 4. 

2. Growth on Sulfur 

As stated in the preceding section, both culture 3 and cul.ture 

4 vrere found to oxidize sul.f'ur to sulfuric acid. Isolation of the sul.f'ur 

oxidizer (cul.tu.re 3) by the enrichment dilution technique requires that 

it be faster growing than all other organisms present in the impure culture. 

The purpose of this study was to determine the rate of 

oxidation of each isolated organism and compare it with the rate of those 



- 31 -

from the stream solution. The results of this study are given in Table XI and 

Figure 6. Two se:parate runs at widely differing times were made with culture 

2. These are labeled A and B. Curve A shows growth on a 5 g. sam:ple of 

sulfur while 2 grams were used in runs shown by the rest of the curves. 

TABLE XI 

TEE RATE OF OXIDATION BY VARIOUS CULTURES OF SULFUR OXIDIZING BACTERIA 
% Solubilized 

Time Culture 2 Culture 3 Culture 4 
Weeks Sterile A B ~ JZH ~ ;2H 

1 o.o4 2.9 

2 0.5 8.6 

3 1.6 14.1 

4 2.1 26.7 19.8 19.8 10.2 

5 38.4 

6 48.1 

7 61.0 

7.5 6.4 78.6 83.5 o.42 33.6 0.85 

8 70.6 

9 78.6 

10 83.6 

11 87.8 

12 93.6 

13 98.6 

14 101.2 

The results of this study show that the enriched culture from the 

stream solution and the organism isolated on sulfur have a:p:proximately the 

same oxidation rate. However, the sulfur oxidation rate by the organism 

isolated on :ferrous iron is considerably slower (approximately 30-50% that 

of culture 2). 
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Table XI also shows that cultures 2 and 3 were able to grow in solutions 

of pH• 0.42. On titration this corresponded to an acidity greater than 0.8 N 

sulfuric acid. 

3. Growth on -cha-l:copyrii;e by Cultures 3 -and 4 

The purpose of this stuey was to determine the rates of oxidation 

of' chalcopyrite by cultures 3 and 4 and to COIIIJ?8.re them with that of' culture 

2. The results of' this study a.re shown in Table m:- The period of oxidation 

was 13 days. 

TABLE XII 

A CCMP.ARISON OF THE AMOUNT OF SOLUBILIZED CHALCOP!RITE 
. BY C~ 2:1 :3:t AND 4 AnER l3: DAYS •• _ .. 

Solubillzed Solubilized 
Culture-- -~r (mg) Iron (5) 

2 7.9 454 

3 0.9 12 

4 7.9 491 

Steri1e 0.7 8 
C_o.~t_~1. _ -

From the preceding results it may be seen that almost exactly 

the same cbs.ra.cteristics were exhibited on chalc~te by both culture 

2 and culture 4 and that both cultures were capable of the oxidation of 

chalcopyrite. The bacterium. isoJ.ated on sulfur {culture 3) did not 

show appreciable oxidation of chalcopyrite. 

4. Growth on ibl:ybdzni-te by Cul tu:re 4 

The purpose of this stuey was to determine the rates of' 

ox:ida tion of moJ.y'bdeni te by cultures 3 and 4 and to compare them with tba. t 

of culture 2. The nutrient solution contained ltooo ppm ferric iron. The 

results of this study a.re shown in Table XIII• The period of oxidation 'WB.S 

13 days. 
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TABLE XIII 

A C<MPARISON OF THE OXIDIZED MOLYBDENITE BY CULTURE 2 
AND BY CULTURES 3 AND 4 AFTER 13 DAYS 

Cul.ture 

2 

3 

4 

Sterile 
ControJ. 

% Oxidation of MoS2 

0.61 

0.09 

0.53 

0.06 

The preceding resuJ.ts show tbat almost the same a.mot.mt of mol.ybdenite 

was soJ.ubilized by both culture 2 and culture 4. Table llII also shows that 

both were capable of mol.ybdenite oxidation and that the organism isolated on 

sulfUr (cuJ.ture 3) was not capable of molybdenite oxidation. 

H. A Com,parison of the Isolated Organisms w1 th Similar Oresms described 
In the Literature 

The organism fotmd at Bingham Canyon (culture 1) oxidizes ferrous 

iron, suJ.fur, and various suJ.fide minerals. It bas been fotmd to be auto-

tropbie33 so it belongs in the family of bacteria lmown as Nitrobacteraeeae. 

It oxidizes sulfur and ferrous iron, therefore it beJ.ongs to the tribe 

Thiobaeillae. 

It may be seen from Table m that only two organisms, !· 
tbiooxidans and T. ferrooxidan.s, are able to exi.st in the same high acid 

concentrations as the organisms in question. From Table :xIVb it may be seen 

that ~· thiooxidans can oxidize suJ.fur but not ferrous iron or pyrite 

while T. ferrooxidans is able to oxidize ferrous iron but is tm.abl.e to oxid:l.ze 

33 
Wilson, ~· cit., p. 24. 
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sulfur. 34,35 One organism (culture 4) found in Bingham Canyon .. is able to 

oxidize ferrous iron, sulfur, and pyrite as well as several other sulfide 

minerals. Thus, it would appear as though. this organism is quite closely 

related to !· thiooxidans and !· ferrooxidans, but possesses. somewhat dis-

tinguisbing characteristics. 

The second organism isolated from the Bingham Canyon stream -

solution (culture 3) possesses almost exactly the same characteristics 

as T. thiooxidans. The only substrate in question is tbiosulfate. As 

ba.s recently been pointed out, this is a very poor substance to cl;leck 

bacterial oxidation on in acid solution.36 Thiosull'a.te decomposes in 

acid solution into free sulfur and sul.:f'ur dioxide; therefore the oxidation 

could be attributed to the free sulfur present. 

Thus all reliable tests yield similar results for culture 3 and 

for T. tbiooxidans. It appears : as though they may be two strains of the 

same organism. 

TABLE XIV 

pH RANGE FOR MEMBERS OF THIOBACILLUS 

Organism Min. Max. o,pt. 

T. thio:parus 7 

T. thiooxidans 0.5 6.o 2-3.5 

T. novellus 5-9 

T. coproliticus 7-7·5 

T. denitrificans 7 

T. ferrooxidans 2-3.5 

Culture 3 o.4 ca. 2-3 

3411Bergey1 s Manual of Determinative Bacteriology, 11 ~·.£!!· 

35K. L. Temple andE. w. Del.champs;~· Microbiol. !_, 255(1953). 
36w. w. Lea.then a+J.d s. A. Braley, i!: Ba.ct., 69, 481(1955). 
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TABLE XIV--Continued 

pH RABGE FOR 1€MBERS OF Tm:OBACILLUS 

Orga.n:i sm Min. Max• Qpt. 

Culture 4 

TABLE XIVb 

SUBSTRATES OXIDIZED BY VARIOUS BACTERIA 

Substrates 

Thiosulf'ate 

Ferrous Iron 

Copper Sulfide 

Iron Pyrite 

Chalcopyrite 

Moly'bdenite 

Chalcocite 

Bornite 

Tetra.bed.rite 

T. 
thioox"''" 

+ 
+ 

T. 
ferro 

+ 
+ 

+ 

T. Culture Culture 
tbio:p. 4 3 

+ t + 
? ? 

+ 
t 

+ 
+ 

+ 
+ 
+ 
+ 

I. Biological Oxidation of Sllfide Minerals by Bacteria From Locations 
Other than Bingbmn Canyon 

It bas been known for several years tbat biological action was res-

ponsible for the oxidation of various sulfides in the waste dump at Bingham. 

Ca.nyon.37 The purpose of this phase of the investigation was to show tbat 

37wilson, ~· cit., p. 18. 
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biologi.cal oxidation of sul.fide minerals occurs under similar conditions at 

other geographical locations .. 

At Cana.nea, Sonora., Mexico, a similar operation to that at Bingham 

Canyon is being successf'ul.ly carried out.38 Tb.is oxidation of sulfide 

mineral.a under favorable conditions seems to be a general phenomenon .. 

1. Oxl.d.a.tion of f]rite by Various Cultures 

Preliminary runs under aseptic conditions showed that the 

oxl.dation of pyrite by stream solutions from both the Cana.nea waste dumps 

(Ronquillo, culture 6) and the underground operation (Veta, culture 5) 
were biologi.cal. A series of sterile percolators were set up to compa:re the 

rate of pyrite oxidation by the organisms from Bingham Canyon With those 

from Mexico. The results are shown in Table XV and in Figure 7. The initial 

inoculum in each case was from an enriched culture on pyrite. 

TABLE XV 

OXIDATION OF PY.RITE BY ORGANISMS FROM VARIOUS GEOGRAPHICAL LOCATIONS 

Time Cumulative Soluble Iron (mg. ) 
Days Sterile~ Culture 2 Culture 6 Culture 5 

12 20 187 152 193 
26 25 4o4 313 482 

- "51 30 985 1098 ll27 

The results gi.ven in Table XV and Figure 7 show that all cultures 

have very nearly the same action on pyrite. 

2. Oxidation of Cbal.copyri te by Various Cultures 

The purpose of this portion of the study was to determine the 

effect of cultures 2, 5, and 6 on cba.lcopyri te. The results of this study 

a.re shown in !able XVI. 

38weed, ~· cit. 
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TABLE XVI 

OXIDATION OF CHALCOPIRITE BI ORGANISMS FRCM VARIOUS 
GEOGRAPJt(CAL LOCATIONS AFT.ER 13 DAYS 

SOI utilized 
Culture Sol.ul:illzed Iron (mg) Copper (mg) 

2 539 7.9 

5 428 u.5 

6 494 8.5 
Steril.e 8 0.7 
Control 

'!'he preceding results show that oxidation of chal.copyrite was 

effected by all three inocuJ..ated percolators in substantially the sam.e 

amounts. 

3. Oxidation of Malybdenite by Various CUltures 

The purpose of this portion of the study was to determine the 

e:f':f'ect of cultures 2, 5, and 6 on molybdenite. Ferrie iron of a. concentra-

tion of 4ooo ppm. was included in the nutrient. The results of this study 

a.re shown in Table XVII. 

TABLE XVII 

OXIDATION OF MOLDIDENITE BI ORG.AlfiSMS FRCl4 VARIOUS 
GEOGRAP1JJ:CAL LOCATIONS AF'ln 13 DAYS 

Culture 

2 

5 

6 

Sterile 
Control 

; Oxidation of Mo§? 

1.00 

o.61 
o.o6 
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'!'he preceding results show that oxidation of mol;Ybdenite occurred in 

all three inoculated percolators in very nearly the same amounts. 

J.. Preservation of the Bacteria over Various Peri"Ods of Time 

Mmy bacterial. species have very fast growth rates. For such species 

the best way of preserving them bas been to maintain them on petri plates by 

successive transfers. Preservation of a. single culture has been accoJIUllished 

by keeping the culture in an ice bath. By this method cultures of fast 

growing organ:l.sms have been kept all ve for over a month. 39 

Various preservation methods have been attempted to maintain virile 

cultures of bacteria from Bingham Canyon stream solution. 

It was observed that the bacteria could be maintained in solution 

tor several. months at room temperature but a gradual lessening in the 

ability of the culture to grow was apparent. Stock cultures were al.so 

maintained by continuous growth on pyrite.lto 

A second method of preservation of cultures was carried out as 

follows: An active culture was grown in a percolator on a :moist Ottawa 

sand suspension of' the mineral.. Portions of this suspension of the 

actively growing culture were placed in small glass tubes and either sealed 

or l.ef't unsealed. '!'he :moisture was allowed to evaporate to differing 

degrees of dryness before sealing the tubes. After varying lengths of time 

the cultures were rtm in sterile percolators to determine if any live 

bacteria remained. The results are summarized in Table XVIII. 

3~r, et. al.., ~· ,2!!• 

Jio ·Davis, ~· ,2!!•1 P• l.2. 
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TABLE XVIII 

BACTERIAL GROW'I'H AFTER VARYING Ml!:TJIODS OF PRESERVATION 
ON SUSPENSIONS OF OTTAWA SAND 

Growth after---
Method of Storing 2 Months 6 Months 14 Months 

Room Temperature 

Dry 

Partia.lly Dry 

Moist + 

Dry 

Partia.lly Dry + 

Moist + 

Deep Freeze 

Moist 

·From the resuJ.ts of Table XVIII it is apparent that storage of 

cultures at temperatures slightly above freezing maintained them for well 

over a year in sealed tubes. 

K. The Etteet of Urea as a Source of Nitrogen 

The nutrient solution previously described (page 10) contains ammonium 

sulfate as a source of nitrogen. In this study the ettect of urea as a source 

of nitrogen was determined. .Ammonium suJ.fate was replaced by urea in varying 

concentrations and the rate of oxidation of pyrite was then determined. A 

control was run containing the optimum concentration for ammonium sulfate. 

The resuJ.ts are shown in Table XIX and in Figures 8 and 9. 

As may be seen from the first graph, the optimum concentration of 

urea is in the vi.cini ty of .05 g/L The second graph shows that the 

optimum urea concentration provides nearly the same rate of oxidation of pyrite 

as the optimum concentration of ammonium sulfate in the nutrient solution. 
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TABLE XIX 

THE EFFECT OF UREA AS THE NITROGEN SOURCE 
IN THE BIOLOGICAL OXIDATION OF PYRITE 

';1 Pyrite Oxidation 
.15g/1 Time Control Reg. og/1 .05g/1 .1og/1 

Days Nutrient Urea Urea Urea Urea 

20 12.0 1.9 9.0 4.7 5.6 

34 27.9 3.7 24.o 14.1 14.2 

56 50.0 6.o 42.5 30.5 26.2 

89 74.o 8.9 68.4 53.2 41.6 

L. Determination of the Optimum Nutrient Solution 

The concentrations of the media which were used in this study are 
41 shown in Table XI. Davis determined the optimum concentration of' ammonium 

sulfate and Anderson42 determined the optimum phospba.te concentration. The 

effect of' the aluminum ion on the oxidation of pyrite was also determined.43 

Since its optimum was not significant it was not included in the final 

nutrient. Thus,, previous workers have determined the optimum concentrations 

of many substances on the oxidative reactions .. 

The purpose of this study was to determine the effect of the concen-

trations of the remaining ions and thus to obtain the optimum nutrient 

solution for the bacterial oxidation of pyrite. 

L The Effect of Potassium on the Biological Oxidation of Pyrite 

In this investigation nutrient 2 was used w1 th the potassium 

ion concentration as the only variable. The effect of the potassium ion 

concentration is shown in Table xx. The inoculum was culture 2. Five grams 

of pyrite 5 were used .. 

4libid. 3 p. 34. 

42AndersonJ ~· cit.P p. 60. 

43Ibid., p. 66. 
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TABLE XX 

THE EFFECT OF POTASSI'CM ION CONCENTRATION ON 
THE BACTERIAL OXIDATION OF PYRITE 

Cumulative '11 Oxidation of Pyrite 
Time 0 ppm 10 ppm 20 ppm 4o ppm 100 ppm 200 ppm 

Weeks Potassium 

2 6.2 7.7 5-3 5.7 4.8 7.7 

3 14.6 19.3 15°5 17.4 l0.9 17.8 

4 21.3 31.2 25.1 29.8 16.2 27.5 

5 29.3 41.8 34.o 4L8 25.4 37.0 

6 38.6 51.1 43.2 51.8 34.,8 45.8 

7 44.5 57.0 50.1 58.3 41.0 50.8 

8 50.7 62.5 57.0 62.5 44.3 54.o 

These data show that the concentration of added potassium ion 

had no significant effect on the oxidation ot' pyrite9 however, there may 

have been sufficient potassium in trace am01mts in the mineral to 

satisfy the potassium requirements. 

2. The Effect of Magnesium on the Biological Oxidation of Pyrite 

In this investigation, nutrient 5 (containing ammonium sulfate 

as the nitrogen source) was used with concentration of magnesium sulfate 

as the only variable. The effect of the magnesium ion concentration is 

shown in Table :m. Culture 2 was used a.s the inoculum. Five grams of 

pyrite 5 were used. 

TABLE XXI 

THE EFFECT OF MAGNESIU4 SULFATE CONCENTRATION ON 
THE BACTERIAL OXIDATION OF PYRITE 

Time 0 g/1 
Days MgS011 • 71fe0 

13 4.2 

· ~ Oxida~ion of Pyr,ite 
.1 g/l .5 g/l 1 g/l 3 g/l 

2J~ 2.1 

5 g/1 

2.1 
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The results shown in Table XXI indicate that the concentration of 

magnesium ion in the nutrient solution ba.s no significant effect on the 

oxidation of pyrite. Trace amounts which may be necessary for growth 

are evidentl.y present as impurities in the mineral.s. 

M. ilternate Nitrogen Sources in the Nutrient Solution 

It was shown in the preceding section that urea could serve as 

the n1 trogen source in the nutrient. The purpose of this study was to find 

out the effect of some other n1 trogen containing materials ~m the biologi.-

cal oxidation of' pyrite. 

l. The Effect of Sodium Thiocyanate and Thiourea 

Two compounds, sodium thiocyanate and thiourea,jl containing both 

nitrogen and sulfur were tried in this phase of the investigation. Sma.11 

amounts were introduced into nutrient 2 (page 1.0) and the results observed. 

These results are shown in Table XXII. Both compounds acted as bactericides. 

TABLE XIII 

TEE EFFECT OF ADDITION OF T.BIOUREA AND 
SODitM THIOCYANATE· TO NUmIENT 2 

eumUiative Cj Oxidation of Pyrite 
Nutrient 2 ·Nutrient 2 

Time Sterile plus .1 g/l plus .l g/l 
Days Control Nutrient 4 thiourea thiocyanate 

18 OJtO 

25 0.65 

32 0.90 

0.2 

o.4 
24.o 

68.o 

o.6 

o.8 

2. The Effect o:f ~-ilanine and L-Cystine as Sources of Nitrogen 

The armnino acids, p ~a.1.anine and L-cystine, were tried as 

n1 trogen sources in nutrient 4. Urea was eliminated. The results of this 

study are shown in Table XXIII and in Figure 10. 
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TABLE XXIII 

THE EFFECT OF SUBSTITUTION OF VARIOUS N!'mOOEN CONTAINING 
C<H>OUNDS INTO Nt7mIENT 4 

'fa Oxidation ~~ Pyrite 
Sterile ol ~ 1 .06 g/l 
ControJ. Nutrient 4 A- al gpi ne L-cystine 

0.2 

o.4 .. _ 
24o0 

68.o 

0.1 8.6 

35o3 

3. The Effect of the Nitra~ Ion 

The purpose of this study was to determine if the nitrate ion 

could be used as a source of nitrogen by culture 2 in the oxidation of pyrite. 

Varying quantities of sodium nitrate were introduced into nutrient 4.. Urea 

was eliminated. The results of this study are shown in Table xx:rv. 
TABLE XXIV 

TBE EFFECT OF SUBSTITUTION OF Na.N03 INTO ~ 4 

;, Oxidation of Pyrite 
Concentration of nitrate ion (ppm) Time Sterile Nutrient 

De.ya Control 4 0 . 20 50 - J,;00 - ... ~ ·200 500 

0.29 

From the preceding investigations, several results TI&Y be observed • 

.Ammonium sulfate, urea, and L-cystine contain nitrogen which supplies the 

reqmrements of culture 2; sodium nitrate and}S-alanine do not serve 

as sources of nitrogen; while sodium thiosulfate and tbiourea act as 

bactericides. 

N. The Effect of Orp.ni.c Material.s on the Bio1:ogl.cal. Oxidation of Pyrite 

It has been shown previously that the chemosynthetic bacteria in the 

Bingham stream solution were capable of utilizing certain inorganic sub-

stances as their only requirements for growth. 



The purpose of this study was to determine the effects of various 

organic compounds upon tbe oxidation of pyrite by cu1ture 2. 

Several representative organic compounds were utilized in this study. 

Glucose, sucrose, acetone, kerosene, and benzene were used as representative 

monosaccharide, disaccharid.e, ketone, and hydrocarbons respectively. 

The resu1ts of' this study are shown graphically in Figure ll. It 

may be observed from these data that kerosene, benzene, and acetone have a 

d.efini tely inhibitory action while little or no change was observed in the 

oxidation rate in the presence of glucose or sucrose.. The effect of benzene 

was particu1arly pronounced. 

Glucose and sucrose were introduced into percolators in solution. 

Acetone was introduced in l ml. portions twice weekly (due to volatilization 

of tbe acetone, this study was only qua.li ta ti ve). Kerosene and benzene were 

introduced as a layer on top of the solution in the percolator to maintain a 

saturated solution. 

A second study was undertaken to determine the effect of kerosene and 

benzene on the oxidation of pyrite. Th.is was done using a modified apparatus. 

The apparatus used in this portion of the investigation consisted of a 

percolator in which a glass tube (20 mm. diam.), open on both ends, was sup-

ported and held in position by an "S" shaped glass tube ( 6 mm. diam. ) • Th.is 

6 mm tube was hooked inside of the 20 mm tube and over the top of tbe percola-

tor. After the percolator was set up the immiscible liquid was put inside the 

20 mm diameter tube. In this way the surf'ace of the nutrient solution was 

only partially covered by the kerosene or benzene. The liquid rising in tbe 

air lift colunm of the percolator did not have to pass through the immiscible 

layer as previously. Air was bubbled through the 6 mm tube. Th.us, mixing 

of' tbe benzene or kerosene with the nutrient solution was enhanced. 

The effect of kerosene on the oxidation was particu1arly desired 
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because many procedures for recovery of ions from. so1ution depend upon liquid-

liquid extraction using kerosene as the organic phase. At Bingham Canyon, 

large a.mounts of water are recycled to the dumps. It was desired to determine 

what effect small concentrations of kerosene (as would be present if liquid-

liquid extraction measures were used) would have on the oxidation of dump 

materials. 

The results obtained in this portion of the study are shown in 

Table XXV. They show that benzene definitely inhi.bi ts bacterial action 

on pyrite oxidation while kerosene has little effect when the surface of the 

liquid is only partially covered. 

TABLE XXV 

THE EFFECT OF KEROSENE AND BENZENE ON 
THE OXIDATION OF PYRITE UNDER CONTROLLED CONDITIONS 

Time 
Days 

14 

<fo Oxidation of Pyrite 
Sterile No Organic Benzene 
Control Substance Added 

6.8 

Kerosene 
Added. 

O. The Effect of Iron on the Inorganic Oxidation of Sulfide Minerals 

Often in the pa.st it was thought that ferric iron in an acid solution 

was responsible for the oxidation of various sulfide minerals in nature. 

It has been shown that biological oxidation is the primary cause of solubili-

za.tion of pyrite. 44 The purpose of this study was to determine the effect 

of ferric iron on the inorganic oxidation of various sulfide minerals. 

In order to obtain these data ferric sulfate in varying concentrations 

was used as the lixi viant. A normal percolator assembly was used with one 

exception; to eliminate the effect of oxygen, compressed nitrogen gas was used 

in the "air lifts11
• 

44wi1son, ~· ~·, p. 1.8. 
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1. The Effect of Ferric Iron on the Inorganic Oxidation of Molybdenite 

Varying concentrations of ferric iron at a pH of 1.8 to 2.0 were 

used in this study. The results are shown in Tables XXVI and XXVII. 

TABLE XXVI 

THE INORGANIC OXIDATION OF MOLYBDENITE BY FERRIC IRON 

Cumulative i Oxidation of Molybdenite 
Time 0 ppm 1000 ppm 2000 ppm.3000 ppm. 4ooo ppm 5000 ppm 
Days ferric 

10 0.27 o.49 0.54 0.53 0.55 0.52 

23 o.42 0.62 0.76 0.73 0.75 0.70 

53 o.45 o.66 0.81 0.77 0.79 0 .. 74 

TABLE XXVII 

THE REDIDrION OF FERRIC IRON BY MOLY.BDENI.TE 

Time O ppm 
Cumulative ferrous iron formed (ppm.) 
.1000 ppm 2000ppm 3000ppm 4ooo ppm 5000 ppm 

Days ferric 

10 0 28 33 ~ 38 39 

23 0 54 62 72 68 66 

53 0 89 103 108 100 97 

The preceding results show that only very small amounts of 

molybdenite were oxidized by ferric iron and tba.t no further oxidation of 

molybdenite was observed at ferric iron concentration greater tba.n 2000 ppm.. 

2. The Effect of' Ferric Iron on the Inorganic Oxidation of Cbal.copy-
rite 

The conditions used in this study were exactly the same as those 

of the previous study except cba.lcopyrite was used as the oxidizable sub-

strate. Each sample was washed in the percolator to remove any oxidized 

materials~ No observable copper was solubilized in this study. The results 
are shown in Table XXVIII. 
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TABLE XXVIII 

CtMOLATIVE SOLUBLE FERROUS IRON IN THE INORGANIC OXIDATION 
OF CHALCOPYRITE :BY FERRIC IRON (TOTAL IRON IN PARENTHESIS) 

Cumulative ferrous iron (mg) solubillzed by varying ferric 
iron concentrations 

Time 0 ppm 300 ppm 450 ppm 900 ppm 1800 ppm 3000 ppm 
Days ferric ferric ferric ferric ferric ferric 

9 22.3(27.8) 32.8(4o.8) 59.8(65.2) 125(133) 208(256) 414(452) 
26 26.8 44.4 l.o8 219 421 718 

35 31.3 64.4 139 304 64o 932 

48 43.0 103 212 462 910 

It may be seen that some iron was solubillzed in each percolator. 

Practically all of the ferric iron was reduced by the chalcopyrite but no 

soluble copper was found. 

P. Biological Oxidation of Molybdenite in the Presence of Ferric Iron 

It has previously been shown that both ferrous iron and iron pyrite 

materially aid the biological oxidation of molybdenite. 45 However, it was 

noted that ferrous iron was oxidized to ferric. 

In this investigation, the concentration of ferric iron was the only 

variable. The results are shown in Figure 12 and in Table xx:rx. Culture 2 

was used as the inoculum. 

TABLE XXIX 

.THE EFFECT OF FERRIC IRON CONCEifmATION ON THE BIOLOGICAL OXIDATION 
OF MOLYBDENITE AFTER 50 DAYS 

Ferric Iron 
Concentration Ppm 

0 

1000 

45 
.Anderson, ~· ~., p. 28. 

11 Oxidation of 
Molybdenite 

1.4 

2.6 
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TABLE XXIX-Continued 

THE EFFECT OF FERRIC mow CONCEN'mATION ON THE BIOLOGICAL OXIDATION 
OF MOLIBDENITE AFTER 50 DAYS 

Ferric Iron 
Concentration ppm 

2000 

3000 

4ooo 

5000 

11 Oxidation of 
Molybdenite 

3.4 
4.2 

5.1 

4.6 

It ma.y be observed from Figure 12 that a decided optimum in the 

molybdenite oxidation occurs at a ferric iron concentration of 4ooo ppm. 

This is in agreement with preVious results on ferrous iron.46 

46 L.c. Bryner and Ralph Anderson, unpublished data. 
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CHAPTER V 

SUMMARY MID CONCLUSl;ONS 

In the leaching streams from exposed ore bodies in Bingham Canyon, 

large amounts of soluble iron and copper are found. It was previously 

shown that this oxidation was biological. The primary result from this 

series of investigations was the isolation of the chemosynthetic bacterium 
··1 

responsible for this oxidation. Two .methods were employed in the isolation 

study. These were the enrichment dilution technique, and silica gel as 

a solid medium. 

The isolated bacteria were compared with similar organisms described 

in the literature. They were found to correspond most closely to the 

genus Tbiobacillus. Only two organisms from this group tolerate the 

same high acid concentration (pH = 2.0 - 3.5) exhibited by ~he bacteria 

isolated in this investigation. They were ~ .. thiooxid.a.ns and T .. 

ferrooxid.a.ns. Differences were observed in the physiological properties 

exhibited by the various organism$. T. tbiQDJCida.ns oxi.dizES sulfur but 

not pyrite or ferrous iron. !: ferrooxida.ns oxidizes pyri-te and ferrous 

iron in acid solution but not free sulfur. One bacterium isolated in 

this study oxidized ferrous iron, sulf'u.r, and pyrite as 'well as other 

sulfide lninerals. Thus, this organism exhibited somewhat different 

characteristics than either T. thioox:id.a.ns or T. ferrooxid.a.ns, although 

nearly the same as '.!'.: ferrooxid.a.ns. 

A second organism was isolated on sulfur and exhibited character-

istics very similar to those of ~ .. thiooxid.a.ns. 

An investigation was made to determine the optimum nutrient material 

for oxidation of pyTi te by cul tu.re 4. It was found that a source of nitrogen 

and phosphate were the only materials which must be included in the nutrient. 
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Im:puri ties in the sulfide minerals and chemicals used evidently provided. 

sufficient tra.ce elements for growth. 

The use of urea as a source of nitrogen was studied.. It was found 

that t~, optimum concentration of urea was in the vicinity of 0.05 g/L 

This is decidedly lower in nitrogen content than the previously used 

ammonium sulfate concentration of 1.0 g/1, indicating that urea. is the 

better nitrogen source. 

The effect of various other nitrogen compounds on the oxidation 

of pyrite was also determined. It was found that thiocyanate and thiou:rea 

are toxic and that nitrate and jl-alanine are not utilized as nitrogen 

sources, but that L-cystine is. 

It was found that these bacteria could be stored for long periods 
" 

of time in sealed tubes on a moist mixture of the mineral and Ottawa sand. 

The effect of various organic substances on the oxidation of pyrite 

was observed. It was found that glucose and sucrose bad little effect 

and that acetone showed a. moderately inhibitory action. If the surface 

of the nutrient solution was not completely covered, the addition of 

kerosene produced little change in the oxidation of pyrite. Benzene under 

a.11 conditions inhibited the biological oxidation. 

The possibility of the inorganic oxidation of sulfide minerals by 

ferric iron was_ studied.· Little if any oxid.ia.tion was observed on 

molybdenite. Nearly a.11 ferric iron present was reduced to the ferrous 

state in chalcopyrite. Iron was solubilized from the chalcopyrite but 

copper was not. An optimum of 4ooo ppm ferric iron was exhibited in the 

biological oxidation of molybdenite. 

A process similar to that in the waste dumps at Bingham Canyon has 
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been observed at Cananea, Sonora, M:lxico. The stream solution from thi.s 

source exhibited the same general characteristics as those fromBingbs.m 

Canyon. Oxidation of p}1rtte, cbalcop}1rtte, and moly'bdenite was observed 

in very nearly the same amounts. Thus, it may be conclud.ed that the 

biological oxidation of sulfide minerals is not unique to any one area. 

but occurs wherever conditions are favorable. 
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ABSTRACT OF THESIS 

CBEMOSYNT.BETIC MICROORGANISMS IN LEACHING SULFIDE MINERALS 

This investigation showed that a single bacterium was capable of 

sulfide oxidation in exposed ore bodies. This single bacterium was isolated 

and characterized. It exhibited different characteristics than any prert-

ously known organism. It was f'ound to be a chemosynthetic autotroph. 

An optimum nutrient concentration was determined for pyrite 

oxidation. The nutrient concentration was determined f'or pyrite 

oxidation. The nutrient contains only a source of phosphate and nitrogen. 

Urea was f'ound to be a better source of nitrogen than a.nnnonium. sulfate 

which had prertously been used. 

The effect of' various organic compounds on the oxidation of' pyrite 

was observed. Glucose and sucrose showed no affect. Acetone slightly 

inhibited the oxidation. Benzene almost completely stopped the reaction. 

Kerosene showed no effect if the surface of the nutrient solution was 

not covered completely. 

It was found that a bacterium. of the same type as that isolated 

in this investigation is responsible for sulfide oxidation at a location 

in Mexico. Thus, the oxidation of' sulfides by bacteria is not a unique 

occurrence but is believed to occur wherever proper conditions are present. 
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