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ABSTRACT 

This research focuses on the development of a 

biological treatment process to enhance silver recovery from 

a low grade, silver-bearing manganese ore. These manganese 

oxide ores have been classified as refractory and thereby 

characterized non-commercial for the recovery and production 

of silver by conventional methods. A species of Bacillus 

polvmvxa. which was isolated from the Crystal Hill Mine in 

southern Colorado, facilitated the reductive dissolution of 

manganese dioxide. Insoluble Hn(IV) was reduced to soluble 

Mn(II), and silver ions contained within the manganese oxide 

lattice were released and/or exposed, making them amenable 

to cyanide extraction. 

A direct relationship was observed between the 

biological transformation of Mn(IV) to a lower valence and 

increased silver recovery following cyanidation. Batch 

studies, with ore passing minus 10 mesh (0.14 inch 

diameter), had silver recoveries that were twice the amount 

extracted by chemical treatment alone over a 120-hour 

period. However, rates of reductive dissolution diminished 

significantly as ore particle size increased and specific 

surface area decreased. 
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1.0 INTRODUCTION 

Depletion of the world's mineral deposits combined with 

an accelerated demand for metals has increased the need to 

develop economic, environmentally sound processes to recover 

ore from low-grade sources. This research focuses on the 

development of a biological treatment process to enhance 

silver recovery from a low-grade, silver-bearing manganese 

ore. The manganese oxide ores studied here were classified 

as refractory and thereby characterized non-commercial for 

the recovery and production of silver by conventional 

methods. Alternative methods for extracting silver from 

refractory manganese-silver ores include flotation 

concentration followed by agitation tank leaching, pressure 

vat leaching, and direct smelter reduction of concentrates, 

but these treatment methods are not economical for low-grade 

ores (J. Sharp, personal communication, 1990). Thus, this 

research tests the theory that silver recovery from a 

refractory manganese ore can be increased via biological 

pretreatment followed by a conventional cyanide leach. 
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1.1 CRYSTAL HILL MINE 

Crystal Hill Mine was developed as a heap leach 

operation to recover gold and silver metals from an 

Oligocene silver-bearing manganese ore. Assays performed 

on the manganese-silver ore, which had been cyanide-treated 

at the heap leach operation for several years, resulted in 

silver extractions at less than 15 percent (Young, 1985). 

At that time, an estimated 15,000 tons of ore were 

stockpiled on the heap and an additional 50,000 tons of 

mineable ore were available. According to the metallurgical 

report, ores that contain greater than five ounces of silver 

per ton are considered high grade; the average silver 

content of this ore was estimated at less than 2 ounces per 

ton. Manganese is present at approximately 1 percent by 

weight. The low-grade nature of this ore excludes 

extraction by any process that incurs high capital and 

operating costs. 

1.1.1 Heap Leach Processing of Ores ̂  

Heap leach processing of ore is typically performed as 

follows. Large quantities of low-grade ore or waste rock 

are crushed and deposited in mounds on prepared drainage 

pads. A leach solution is brought in contact with the ore 



by percolation of fluid through vertical injection pipes or 

surface sprinkler systems. The fluid percolates to the 

bottom of the heap where the solution is channeled to a 

collection pond (recovery pond) prior to metals recovery. 

Metals are stripped from the leach solution by processing 

onsite, afterwhich the fluids (void of any precious metals) 

are stored in a second containment pond (barren pond) prior 

to recycling on the heap. 

A photograph and schematic of the Crystal Hill Mine 

operation are provided as Figure 1-1. The heap area was 

approximately 2 acres and 40 feet high. Initially, the ore 

was crushed to 1-1/2 to 2 inches in diameter, then saturated 

with water and lime to maintain a fluid pH of approximately 

11. The rock was transported to the pad wet where it was 

spread out and compacted. A sprinkler system operated to 

saturate the heap with concentrated sodium cyanide. The 

metals were precipitated from solution in the presence of 

zinc, as shown in equations 1 and 2 (Young, 1985). 

Eq. (1) 2Ag + 4NaCN + l/20z + HzO -» 2NaAg(CN)2 + 2NaOH 

Eq. (2) 2NaAg(CN)2 + Zn° -» 2Ag + Na2Zn(CN)A 



ov̂  

t 
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HEAP 

BARREN 
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Figure l-l. Site map and photo of Crystal Hill Mine. 
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1.1.2 Refractory Ores 

Many gold and silver ores are refractory to 

conventional process technologies making their recovery 

prohibitively costly. The refractory nature of these 

materials can be ascribed to such components as iron 

sulfides, silica minerals, and metal oxides. Many of the 

silver-manganese ores in the western United States are 

refractory to cyanide leaching. The genesis of these ores 

is not well understood. Young (1985) suggested that the 

silver occurs within the manganese dioxide as a function of 

coprecipitation. Under basic pH conditions, Mn(ll) could 

precipitate as manganese hydroxide, which could be oxidized 

to Mn(IV). This could lead to the uniform distribution of 

the silver within the tetragonal lattice of the manganese 

oxide. Young further indicated that it is not chemical 

interference of the manganese with the cyanidation process 

but the physical containment of the silver in an insoluble 

manganese oxide matrix that prevents silver extraction. 

Koutz (1984) described the manganese oxide mineral 

structures found at the Hardshell deposit in Santa Cruz 

County, Arizona, as tunnel sites where large cations such as 

K* and Pb+ and Ag+ can be contained within the crystal 

lattice. 
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Young determined that a process that altered the 

manganese from the Mn(IV) ion to the lower valence of Mn(II) 

would render most of the silver amenable to cyanidation. 

The valence of these insoluble oxides can be chemically 

altered to expose the encapsulated silver and allow its 

dissolution in the cyanide solution. Numerous 

pyrometallurgical processes have been proposed for the 

treatment of silver-manganese ores; such as roasting. This 

is a reductive process that alters the manganese dioxide 

(pyrolusite) to manganous oxide with the addition of carbon 

at high temperatures. Since the solubility of silver is 

much less in the cubic manganous oxide lattice than in the 

tetragonal pyrolusite lattice, exsolution of silver occurs 

at the manganous oxide grain boundary (Young, 1985). 

Additional methods for extracting silver from refractory 

manganese-silver ores include flotation concentration 

followed by agitation tank leaching, pressure vat leaching, 

and direct smelter reduction, but use of these methods is 

precluded by capital and operating costs relative to the 

value of Crystal Hill ore (J. Sharp, personal communication, 

1989). 

An alternative to these processes is microbial 

pretreatment, whereby manganese oxide minerals are degraded 

and the liberated silver is recovered by conventional 

cyanide leach technology. Recent studies have shown that 



19 

metals can be dissolved from insoluble minerals directly by 

the metabolism of microorganisms or indirectly by the 

products of their metabolism. Although the metabolic 

pathways used for the alteration of minerals in solution are 

not completely understood; it is certain that microbes 

catalyze reductive dissolution of manganese and iron oxides 

(Arnold and DiChristina, 1986; Burdige and Nealson, 1985; 

Ehrlich, 1981; Ehrlich, 1986; Ehrlich, 1987; Lovley and 

Phillips, 1988; Nealson, 1983; Nealson and Phillips, 1988). 
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1.2 BACTERIAL LEACHING 

The solubility of transition metals in natural waters 

is a function of their oxidation state. The dominant 

equilibrium species of manganese in an aqueous system are 

shown as a function of pH and redox potential in Figure 1-2 

(Stumm and Morgan, 1981). In well-aerated waters of neutral 

or alkaline pH, manganese is most stable as an insoluble 

oxide, and may be deposited in the sediments. Conversely, 

in reducing environments solubilization of the manganese 

should occur, which is accompanied by mineral dissolution 

and greater availability for microbial uptake. (Ehrlich, 

1981, 1986; Nealson, 1983). 

According to Nealson (1983), reduction of manganese is 

not favored thermodynamically under oxic conditions, but 

occurs under conditions of low Eh/pH. Under anaerobic 

conditions, Mn(II) complexes can exist at higher pH (see 

Figure 1-2). Manganese dioxide is susceptible to reductive 

dissolution by a variety of organic and inorganic 

reductants, but the kinetics and the mechanisms of these 

events are not completely understood (Stone and Morgan, 

1984; Nealson 1983; Nealson et al. 1989).. This is partially 

due to the tendency for Mn+2 to to adsorb at solid surfaces. 

Manganese oxides are excellent chelating agents for divalent 

cations. Thus Mn+2 will appear as particulate 
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pH values. (Stumm and Morgan, 1981) 
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or oxidized manganese, and methods for quantifing oxidized 

and reduced fractions through separation of particuate and 

soluble phases may be inaccurate. Surface-adsorbed Mn(II) 

must be desorbed, and dissolution of insoluble complexes 

must occur prior to measurement of the total dissolved Mn 

concentration (Nealson et al. 1989). 

The kinetic stability of metal oxides can inhibit the 

rate of chemically catalyzed metals reduction and 

dissolution of minerals. Studies have shown that microbial 

activity can enhance the rate of reductive dissolution of 

metal oxides. Since metal oxide dissolution is important to 

metals recovery, it is likely that microbial activity under 

the correct environmental conditions can accelerate the rate 

at which metals are leached from ores. 

1.2.1 Bacterial Respiration 

Anaerobic respiration is one of the metabolic 

capabilities of bacteria that is absent from higher 

organisms. In the absence of oxygen, a variety of 

microorganisms respire using alternate terminal electron 

acceptors; this process is called dissimilative reduction. 

When ferric- or manganic-containing oxides serve as electron 

acceptors, bacterial respiration enhances mineral 

dissolution rates, by orders of magnitude over chemical 
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reduction rates (Nealson, 1983). 

A typical set of reactions representing the catabolism 

of glucose, including the generation of ATP via oxidative 

phosphorylation, is illustrated in Figures 1-3 through 1-5. 

Major reactions include those of the glycolytic pathway, the 

tricarboxylic acid (TCA) cycle, and the electron transport 

chain. Reducing power, temporarily conserved as reduced 

nicotinamide adenine dinucleotide (NADH), is converted to 

useable chemical energy in the form of adenosine-5-

triphosphate (ATP) via respiration and oxidative 

phosphorylation. 

Respiration is performed within a system of membrane-

bound proteins, collectively called the electron transport 

chain, which facilitate the transfer of electrons to a 

terminal electron acceptor. The electron acceptor during 

aerobic respiration is molecular oxygen. In the absence of 

oxygen, a variety of compounds can serve as terminal 

electron acceptors in select, capable bacteria; these 

include nitrate, sulfate, ferric iron, Mn(IV), and carbon 

dioxide. Energy stored during electron transport is 

converted to ATP by oxidative phosphorylation (Gottschalk, 

1986). The mechanism by which electron transport is coupled 

to oxidative phosphorylation was first proposed by Mitchell 

(1961). The passage of electrons along the transport chain 

is thought to drive the translocation of protons from the 
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Figure 1-4. Oxidation of acetyl-CoA via the 
tricarboxylic acid cycle. 
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Figure 1-5. The electron transport chain and 
phosphorylation of ADP to ATP in E. coli (Lin, 1984). 
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cell cytoplasm to the periplasmic space or cell 

surroundings. The process establishes an electrochemical 

proton-motive force that is comprised of two components, (1) 

a gradient in proton concentration and (2) a difference in 

electric potential, or charge gradient across the 

cytoplasmic membrane. Retranslocated protons drive 

membrane-associated functions, including phosphorylation of 

adenosine-5-diphosphate (ADP) to produce ATP (Hinkle, 1978). 

The electron transport chain of Escherichia coli. shown 

in Figure 1-5, illustrates the mechanism of ATP synthesis by 

oxidative phosphorylation. The proton-motive force drives 

hydrogen ions through a protein complex known as ATPase to 

yield ATP in the cytoplasm. 

1.2.2 Mechanisms 

Metals can be dissolved from insoluble minerals 

directly by the metabolism of microorganisms or indirectly 

by products of their metabolism. In direct enzymatic 

reduction, metals serve as terminal acceptors for 

respiratory electrons. Indirect or nonenzymatic reductions 

involve reduced, bacterially produced metabolites that 

participate in the reductive dissolution of the mineral 

surface (Ehrlich, 1981 and 1986; Nealson et al. 1989). 
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1.2.2.1 Direct Mechanism 

Direct reduction of manganese is limited to those 

reductive processes that are cell mediated and that result 

in the reduction of manganese from the direct use of Hn(IV) 

as a terminal electron acceptor for bacterial respiration. 

Ehrlich (1987) indicated that the following prerequisites 

must be satisfied in order to classify a bacterially 

mediated, reductive dissolution as a direct process: (1) 

physical contact between the microorganisms and the 

manganese oxide; (2) oxygen should be the preferred electron 

acceptor, and Mn02 should be reduced only under anaerobic 

conditions; and (3) capable bacteria should couple anaerobic 

growth to Mn(IV) reduction. 

1.2.2.2 Indirect Reduction 

Indirect manganese reduction occurs via the bacterial 

production of reduced chemical intermediates that 

subsequently reduce Hn(IV) chemically. Manganese oxides are 

reduced by many inorganic and organic species (Stone and 

Morgan, 1984a,b 1987a,b). Hydrogen peroxide, sulfide, and 

ferrous iron are known inorganic reductants of manganese 

oxides. Likewise, organic acids, organic thiols, quinones, 



and phenols are known organic reductants. 

Reduction of manganese by hydrogen peroxide produced 

during aerobic respiration has been summarized chemically as 

shown (Nealson et al. 1989): 

Eq. 3 H202 + Mn02(8) + 2H+-» Mn2+ + 2H20 + 02 

Sulfate-reducing bacteria can be considered indirect 

manganese-reducing organisms because the free sulfide they 

produce via dissimilatory reduction of sulfur compounds is 

capable of chemically reducing Hn(lV) (Burdige and Nealson, 

1985). In anaerobic marine sediments, sulfate reduction is 

a major mechanism of manganese reduction, 

Eq. 4 MnOZ(s) + HS" + 3H+ -» Mn2+ + 2H20 + S° 

Ferrous iron can also reduce manganese oxides under 

acidic and neutral pH conditions: 

Eq. 5 2Fe2+ + Mn02 + H20 -» Fe203 + Mn2+ + 2W* 

Organisms that excrete organic acids or other reduced 

organic metabolites can bring about the indirect reductive 

dissolution of manganese oxides. For instance, some 



bacteria produce formic acid from the metabolism of glucose. 

Formic acid can reduce Mn(IV) to Mn(II) (Ehrlich, 1986) as 

follows: 

Eq. 6 3H* + HCOO" + MnOz -» Mnz+ + C02 + 2H20 

Many fungi produce oxalic acid from glucose (Ehrlich, 

1981), which can reduce manganese oxides via, 

Eq. 7 4H* + "OOCCOO" + Mn02 -» Mnz+ + 2C0Z + 2H20 

Stone and Morgan conducted many studies demonstrating 

the effect of the production of organic reductants on the 

dissolution of manganese oxides (1984a, 1984b, 1987a, 

1987b). Nearly all organic acids tested catalyzed Mn(IV) 

reduction. Pyruvic acid provides an example of this type of 

reductant: 

Eq.8 CH3(CO)COOH + MnOz + 2H* -» Mnz+ + C02 + CHjCOOH + H20 

Stone and Morgan demonstrated that under nutrient-limiting 

or stressful conditions, bacteria are known to release many 

different classes of compounds such as organic thiols, 

quinones, and phenols, all of which are capable of the 

reduction of Mn(IV). 
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Manganese oxide reduction has been observed in 

freshwater, marine, and terrestrial environments by a 

variety of bacteria (Burdige and Nealson 1985; De Vrind et 

al. 1986; Ehrlich 1981; Ehrlich et al. 1972; Ghiorse 1988; 

Jones et al. 1984, Lovley and Phillips 1988; Troshanov 

1968). In only a few cases have these studies provided 

insight into the mechanisms of Mn(IV) reduction in pure 

cultures of capable bacteria. The components of the 

manganese-reductase system have not yet been isolated or 

identified with certainty, therefore it remains difficult to 

differentiate conclusively between direct and indirect 

methods of microbially mediated manganese reduction. It is 

uncertain whether Mn(IV) is directly reduced to Mn(Il) or 

Mn(III) is an intermediate. There has been little work done 

on electron transport in organisms that can obtain energy 

for growth from Mn(IV) reduction. Much of the evidence 

suggests that Mn(IV) reduction is used in enzyme formation, 

as a form of detoxification, or as a means of making 

manganese nutritionally available to the organism (Ehrlich, 

1987; Lovley, 1991).. . 

Troshanov (1969) isolated manganese-reducing 

microorganisms from the sediments of ore-containing lakes 

in the Karelian peninsula in the U.S.S.R. He found that all 



bacterial strains that reduced ferric iron reduced manganese 

oxide as well, but the reverse was not true. Bacillus 

circulans and JB&. polvmvxa were among the isolates that 

exhibited the greatest Mn(IV) reduction activity. 

Although a significant portion of the manganese was reduced 

enzymatically, it was believed that some of it was reduced 

chemically. 

Trimble and Ehrlich (1968) showed that Bacillus 29 

reduced HnOz using glucose as the source of reducing power. 

Their results indicated that Mn02 served as a terminal 

electron acceptor and that direct contact between the cell 

and the manganese was required for Mn(IV) reduction. 

In 1980, Obuekwe isolated a bacterium from a Canadian 

oil pipeline, subsequently designated shewanella 

putrefaciens. sp. 200 (MacDonell and Colwell 1985), whose 

iron-reducing capabilities may contribute to rapid pipeline 

corrosion (Obuekwe, 1980). Arnold et al. (1988) found that 

direct contact with the mineral surface was necessary to 

catalyze reductive dissolution of ferric iron. 

Myers and Nealson (1988b) reported the isolation of 

a strain of Alteromonas putrefaciens. MR-1, from an 

anaerobic zone of sediments in Oneida Lake, N. Y., that can 

reduce manganese oxide and couple its growth to this 

reduction under anaerobic conditions. A variety of electron 

transport inhibitors, such as azide (ImM), partially 



inhibited Hn(IV) reduction in anaerobic cell suspensions. 

10 mM azide completely inhibited Hn(IV) reduction in 

enrichment cultures of Mn(IV) reducing microorganisms. 

Proton translocation was observed in anaerobic cell 

suspensions with lactate as the electron donor. In the 

absence of manganese oxides, or other suitable electron 

acceptors, there was no growth of MR-1. These results 

suggest that MR-1 uses manganese oxide as a terminal 

electron acceptor to obtain energy for growth. 

Lovley and Phillips (1988) described a bacterium 

designated as GS-15 that was isolated from freshwater 

sediments of the Potomac River, Maryland. Growth of the 

organism under anaerobic conditions coincided with the 

oxidization of acetate to carbon dioxide with Mn(IV) as the 

sole electron acceptor. This indicated that electron 

transport yielded energy to support growth. Species GS-15 

was also able to use Fe(III) and nitrate as electron 

acceptors. 

Bromfield and David (1976) observed that a species of 

soil Arthrobacter catalyzed the oxidation or reduction of 

manganese. Trimble and Ehrlich (1968) also provided 

evidence that microbial manganese reduction is not always a 

useful indicator of prevailing redox conditions because a 

number of bacterial species have been found to reduce Mn02 

aerobically. 
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Both formic and oxalic acid are effective reductants of 

Hn(IV). Escherichia coli produces formic acid from glucose 

metabolism. Formic acid is capable of indirectly reducing 

manganese dioxide (Tortoriello, 1971). Many fungi produce 

oxalic acid as an endproduct of glucose metabolism. Studies 

have shown that oxalic acid, released externally prior to 

its reaction with Mn(IV), is an indirect means of Mn(IV) 

reduction (Ehrlich, 1988; Tortoriello, 1971). 
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1.4 OBJECTIVES 

The principle objective of this research was to 

determine whether silver recovery from a refractory silver-

bearing ore could be enhanced by bacterial leaching. The 

process was developed to treat refractory ore prior to a 

conventional mining heap leach operation; therefore 

experiments were designed cognizant of field application. 

The scope of work included three objectives: (1) isolation 

of bacteria most efficient at reducing manganese dioxide, 

(2) optimization of leaching conditions to enhance manganese 

and silver recoveries, (3) evaluation of bioleach process 

for field application. 

1.4.1 Isolation of Manganese-Reducing Bacteria 

The focus of this work was to find a bacterial isolate 

or mixed culture of bacteria that was most efficient at 

reducing manganese. This was accomplished by comparing 

manganese-reduction kinetics of field cultures with those of 

pure cultures of bacteria reported in the literature to 

reduce manganese and/or iron. Consideration of indigenous 

bacteria was important because of their tolerance to metals 

concentrations and acclimation to site conditions. 

Experiments were designed using both amorphous and 



crystalline Mn(IV), as well as refractory manganese ore from 

the Crystal Hill Mine. Strains were evaluated relative to 

characteristics and kinetics of growth, nutrient 

requirements, metals inhibition, and pH tolerance. 

1.4.2 Optimization of Experimental Conditions 

The second portion of the study was designed to test 

whether reduction of manganese in the ore resulted in the 

liberation of silver. The objective was to optimize 

experimental conditions by controlling reactor conditions, 

such as media nutrients, oxygen, culture pH, competitors, 

and cell density, to create an environment conducive to 

manganese reduction. 

1.4.3 Evaluation for Field Application 

The objective of the final experiments of this study 

was to determine the feasibility of the biotreatment process 

for field application. Consideration was given to the 

effect of precyanidation of the ore on culture metabolism, 

minimization of required nutrients, and the relationship 

between Hn(IV) reduction and silver recovery rates relative 

to ore surface area. Column studies were performed to 

simulate heap bioleaching. 



2.0 MATERIALS AND METHODS 

This work was comprised of five sets of experiments: 

(1) bacterial enrichment studies; (2) manganese dissolution 

kinetics; (3) batch fermentor and (4) column experiments; 

and (5) mineral surface-area-dependent studies. These are 

described in Sections 2.4 through 2.8. Sections 2.1 through 

2.3 include a description of the organisms, growth media, 

field sampling procedures, and forms of manganese used in 

these experiments. Analytical methods are described in 

Section 2.9. 

Initial experiments involved the enrichment and 

isolation of manganese-reducing bacteria from field samples 

obtained from Crystal Hill Mine (Section 2.4.). Subsequent 

growth and manganese reduction kinetics were established 

using A. putrefaciens MR1, S. putrefaciens sp. 200, and 

various Crystal Hill Mine isolates (Section 2.5). These 

experiments served to screen bacteria in terms of their 

relative efficiencies for Mn(IV) reduction. From this work, 

a strain was chosen to use in subsequent experiments with 

Crystal Hill ore as the source of manganese. 

Batch fermentor studies (Section 2.6) were performed 

with Crystal Hill ore to determine the dissolution kinetics 

of manganese present in Crystal Hill ore. Subsequent 

experiments studied (i) the relationship between reductive 
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dissolution of manganese and silver recovery; (ii) the 

effect of cyanide pretreatment on microbial Mn(IV)-reduction 

kinetics and the consequent liberation of silver; (iii) and 

the effect of minimizing nutrients on the growth and 

metabolism of Crystal Hill Mine isolate - Dl. 

Column experiments were run to determine the rates of 

manganese reduction and silver recovery under simulated 

field conditions. Silver recovery was measured before and 

after biotreatment. The impact of natural competitors on 

Crystal Hill Mine isolate - Dl, manganese dissolution 

kinetics, and subsequent silver recovery was studied 

(Section 2.7). 

Finally, surface-area-dependent experiments were 

performed in a batch fermentor equipped with a pH stat to 

determine the effect of mineral surface area on the rate of 

bacterially mediated Mn(IV) reduction. (Section 2.8). 
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2.1 ORGANISMS 

Screening experiments to establish culture growth and 

manganese dissolution kinetics, were performed on samples 

obtained at the mine site and on two strains reported in the 

literature to reduce manganese and/or iron. Slants of 

Shewanella putrefaciens. sp. 200 and Alteromonas 

putrefaciens. MR1 were obtained from Dr. T. DiChristina of 

Woods Hole Oceanographic Institute and Dr. C. Myers, 

University of Wisconsin - Milwaukee, respectively. Field 

samples were obtained from Crystal Hill Mine, in southern 

Colorado. 

2.1.1 Sampling Procedures 

In October 1988, field samples were obtained at the 

mine site from ore and sediments where manganese-reducing 

activity seemed probable (see Figure 2-1). A total of 

eleven samples was taken from the leaching ponds, heap, and 

outcrop; in addition Geologist James Sharp provided two 

samples of Crystal Hill ore crushed to less than 1/4 inch; 

hereafter referred to as bucket samples nos. 12 and 13 (see 

Table 2-1). These samples had been stored in 5 gal buckets 

for several years. Unlike sample no. 12, the bucket that 

contained sample no. 13 was not sealed during storage. 
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Figure 2-1. Sampling locations at Crystal Hill Mine, 
southern Colorado. 
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TABLE 2-1 

Dasoription of field samples collected at Crystal Hill Hine, 
southern Colorado, in October, 1988. See Figure 2-1 for 
location of sampling points. 

SAMPLE LOCATION 

Recovery Pond: 

1 Core sample taken at inlet from heap-to-
pond drainage. Granular sediment. 

2 Core sample taken at inlet from heap-to-
pond drainage. Fines top, coarse bottom. 

3 Middle of pond; bottom sediment sample. 
Drag sample. 

4 SE corner of pond; bottom, sediment 
sample. Drag sample. 

5 SE corner of pond; bottom water sample. 
APHA-type sampler. 

Barren Pond • • 

6 Middle of pond; bottom sediment sample. 
Drag sample. 

7 Middle of pond; bottom sediment sample. 
Core sample. 

8 Middle of pond; bottom water sample. 
APHA-type sampler. 

Heap/Outcro] p :  

9 Heap; fines from base of pile. 

10 Outcrop; aggregate 6 feet from base. 

11 Outcrop; fines from base. 

Bucket: 

12 -1/4 inch aggregate stored uncovered. 

13 -1/4 inch aggregate stored covered. H 
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Both the recovery and barren ponds were sampled for 

bacteria in the water and sediments. In addition, a sample 

was taken from the sediments at the inlet to the recovery 

pond, from the heap-to-pond drainage, using a 1/2-inch 

diameter pipe. Samples from pond sediments were taken using 

either a homemade coring device — when sediments were 

sufficiently deep and cohesive to preserve stratification — 

or a weighted bucket that was dragged across the bottom. 

Water samples were obtained with an APHA-type sampler. Both 

the heap and outcrop were sampled with a hand spade. 

Materials were placed in ziplock bags and preserved on ice 

during transport to the University of Arizona laboratories. 

In the laboratory, samples were stored at 4°C pending 

processing. 

On the day we obtained the samples, the water 

temperature in both ponds was stable at 10°C. The air 

temperature varied from subfreezing to almost 20°C during 

the day. 

2.1.2 Shewanella putrefaciens. SP. 200 and Alteromonas 

putrefaciens. MR1 

Bench-scale experiments were used to establish growth 

the kinetics of growth and manganese reduction by pure 

cultures of bacteria that were reported in the literature to 



be capable of manganese and/or iron reduction. These 

provided a baseline from which the performance of field 

samples could be compared. Species tested included: 

Shewanella putrefaciens. sp. 200; and Alteromonas 

putrefaciens. MR1. Both species are gram-negative, rod

like, facultative anaerobes. As discussed above, studies 

done with Shewanella putrefaciens. sp.200 demonstrated the 

organism's ability to use Fe(III) as an alternate electron 

acceptor in the absence of oxygen (Arnold et al, 1988) . 

Studies done by Myers and Nealson (1988) indicated that 

Alteromonas putrefacien. MR1 used the energy obtained from 

direct reductive dissolution of Hn(IV) to support cellular 

growth. 
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2.2 MEDIA 

A variety of media were used to determine optimal growth 

conditions for manganese-reducing bacteria. A basal and 

mineral salts medium provided excess concentrations of 

nutritional salts, including ammonia, sulfate, potassium, 

phosphate, magnesium, and calcium. Other trace-element 

requirements were provided as impurities in these 

constituents or in the water source. These growth media 

have been widely used in laboratory studies, but are too 

expensive for use in large-scale mining operations. 

Therefore, experiments were performed to identify the 

minimum nutrient requirements for an effective leaching 

medium (Section 2.6). The effects of carbon source and the 

addition of a metal chelator were also studied (Sections 2.4 

and 2.5). 

2.2.1 Media Description 

Four media were tested: a basal salts medium (Lovley's 

Enrichment Medium); an undefined, mineral salts medium 

(Westlake's Enrichment Medium); a minimal-nutrient medium 

(Sinclair's Minimal Medium); and a nitrogen-free medium. 

Media compositions are summarized in Table 2-2. 
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TABLE 2-2 

ENRICHMENT MEDIA 

LOVLEY'S ENRICHMENT MEDIUM 

NaHCO, 2.5 g 

CaCl, 0.1 g 

KCl 0.1 g 

NH^Cl 1.5 g 

NaHjPOi H,0 0.6 g 

NaCl 0.1 g 

MgCl, 6H,0 0.1 g 

MgSO& 7H,0 0.1 g 

MnCl, 4H,0 0.005 g 

NaCH7C00 2.7 g 

NaMoOA 2H,0 0.001 g 

Distilled Water 1 liter 

Autoclave above solution for 30 minutes at 121 C. Add sterilized IS mM glucose or acetate 
and CaCl2 solutions after medium has cooled. Adjust pH to 7.0. 

WESIFXiAKE *8 ENRICHMENT MEDIUM 

K,HPOz 0.5 g 

Na,sot 2.0 g 

NHaC1 

o
 • 

H
 

CaCl, 0.15 g 

MgSOi 7H,0 0.1 g 

Feci, 6H,0 19.36 ng 

| Yeast Extract 0.5 g 

| Distilled Water 

J
 
o
 • 

H
 

I Autoclave above solution for 30 minutes at 121 C Add sterile solutions of CaG2> FeCl3, 
| and 50 mM glucose after medium has cooled. Adjust pH to 7.0. 
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TABLE 2-2 
ENRICHMENT MEDIA (continued) 

SINCLAIR'S MINIMAL MEDIUM 

NH^SO£ 1.0 9 

MgSOi 0.1 9 

iyiPO£ 1.0 g 

KHPO^ 0.3 9 

Distilled Hater 1 liter 

Autoclave above solution for 30 minutes at 121 C for 30 minutes. Add sterile solution of SO 
mM glucose after medium has cooled. Adjust pH to 7.0. 

K̂ PO, 1.0 9 

KHPOi 0.3 g 

Distilled Water 

•J o
 • 

H
 

Autoclave above solution for 30 minutes at 121 
after medium has cooled. Adjust pH to 7.0. 

C Add sterile solution of SO mM glucose 
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All media were sterilized for 30 minutes at 121°C. Stock 

solutions of CaCl2, and/or glucose were similarly sterilized 

and added separately to the autoclaved medium when cool. 

FeCl3 was added from a filter-sterilized stock solution 

after heat sterilization of media was complete. 

2.2.2 Source of Carbon 

Manganese-reducing isolates were screened for growth 

and manganese reduction on three carbon sources. Screening 

experiments (Sections 2.4 and 2.5) were performed with 15 mM 

concentrations of sodium acetate, sodium lactate, and 

glucose amended to Lovley's or Westlake's Enrichment Media. 

Glucose, 50 mM, was used in the remaining experiments. 

2.2.3 Metal Chelator 

Nitrilotriacetic acid (NTA), was added to test whether 

metals recovery was enhanced by the addition of a metal 

chelator. When appropriate, a stock solution of NTA was 

autoclaved separately and added to growth media to equal a 2 

mM concentration (Section 2.5) 
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2.3 MANGANESE 

Manganese was added to the medium either as amorphous 

manganese dioxide synthesized in this laboratory (Lovley and 

Phillips, 1988); as crystalline pyrolusite (Baker Chemical 

Co., Phillipsburg, N.J.)' or as refractory manganese dioxide 

in the form of pyrolusite within the Crystal Hill ore. 

2.3.1 Amorphous Manganese Dioxide 

Amorphous manganese dioxide was synthesized by adding 

30 mM MnCl2 to a 20 DM solution of KMnOA. The precipitate 

was washed with distilled water three times in a Beckman 

centrifuge, JA-14 rotor (5000 x g for 7 minutes). Centrate 

was resuspended to 25mM Mn0z (Lovley and Phillips, 1988). 

2.3.2 Crystalline Manganese Dioxide 

Crystalline manganese dioxide in the form of pyrolusite 

(Baker Chemical Co.) was purchased as a powder. The powder 

was sterilized in solution by autoclaving at 15 psi, 121°C 

for 30 minutes. 
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2.3.3 Crystal Hill Silver-Manaanese Ore 

Metallurgical data, provided by Geologist Janes Sharp, 

characterized the manganese in Crystal Hill ore as 

pyrolusite (Young, 1985). METCON Research Inc., Tucson, 

Arizona performed assays to determine the metals content of 

ore samples used in batch fermentor and column experiments 

described in Sections 2.6 and 2.7. Skyline Labs, Inc., 

Tucson, Arizona, did sieve size separations and metal assays 

for the surface-area-dependent experiments described in 

Section 2.8. 

2.3.3.1 Treatment of Ore for Batch Tests 

A composite sample of manganiferous silver ore from 

Crystal Hill Mine was submitted to METCON Research Inc. to 

determine silver and manganese concentrations, and initial 

silver recovery via cyanidation. Ten, 500-gram test charges 

were crushed to minus 10 mesh (0.14 inch diameter) to be 

used in batch experiments (Section 2.6). Subsequent testing 

was performed on residual samples to establish head assays 

at 1.05 percent Mn and 3.55 ounces per ton Ag. A 

conventional bottle-roll leach test was performed to 

determine silver recovery from the composite sample at 30 

percent (Section 2.9.3.1). 
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Skyline Labs, Inc. prepared three test charges for the 

surface-area-dependent experiments (Section 2.8); a 

composite sample was separated into three size fractions, 

minus 10 mesh, 10 mesh to 1/4 inch, and greater than 1/4 

inch. Samples were assayed to yield an average silver 

grade of 2.4, 2.8, and 4.1 ounces per ton and 1.76, 1.11, 

and 0.88 percent Hn, respectively. 

2.3.3.2 Treatment of Ore for Column Experiments 

A composite ore sample was crushed to minus 1/2 inch 

and assayed by conventional bottle roll leach test for 

silver and manganese content. Residual samples were assayed 

to yield average silver grade and percent manganese of 3.51 

ounces per ton and 3.4 percent, respectively. 
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2.4 ENRICHMENT AND ISOLATION OF FIELD SAMPLES FOR 

MANGANESE-REDUCING BACTERIA 

The Microbiology Department, University of Arizona, 

worked in tandem with Civil Engineering Department personnel 

to enrich for and isolate manganese-reducing bacteria from 

field samples. Section 2.4.1 describes methods used within 

the Civil Engineering Department to enrich bacteria from 4 

of the 13 field samples. Methods used by Dr. P. Rusin, 

formerly of the Department of Microbiology, are described in 

Section 2.4.2. 

2.4.1 Field Sample Enrichment (Civil Engineering 

Department! 

Four samples were screened in duplicate for manganese 

reduction: barren pond no. 6, outcrop no. 11, and both 

bucket samples (Table 2-1). Enrichment cultures were grown 

in 55-ml screw-capped tubes fitted with plastic caps and 

teflon-coated septa. The primary carbon source was 10 mM 

glucose. Each culture tube was filled with Lovley's 

Enrichment Medium (Table 2-2), amorphous 25 mM manganese 

dioxide (Section 2.3.1), and a 10 percent liquid inoculum or 

6 grams solid inoculum (depending on sample origin). 

Dissolved oxygen was purged from the 55-ml test tubes using 
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an N2 gas stream. Samples were maintained at 30°C and 

agitated continuously on a test-tube rotator. 

Manganese reduction was followed for several weeks in 

these cultures by periodically withdrawing 1-ml samples for 

soluble manganese analysis. Samples were prefiltered 

through a 0.22 um Whatman filter prior to manganese analysis 

of the filtrate. Colorimetric methods for total soluble 

manganese analysis are described in Section 2.9.2.3. 

The original enrichments were used to seed first-

transfer cultures with a 2-percent inoculum (vol/vol) of 

well-mixed sample. In all other respects, conditions were 

identical to those of the original enrichments. Manganese 

reduction was followed in these cultures for a period of one 

week. When it became evident that biochemically produced 

Mn(ll) was precipitating, the Mn(Il) analytical protocol was 

modified to include sample acidification, which made 

filtration impractical. Thereafter, solid/liquid separation 

was achieved by centrifugation. Sample preparation 

procedures are described in Section 2.9.2.1. 

The first-transfer cultures were used to seed second-

transfer enrichments; however, a 20 percent inoculum was 

added to decrease the lag prior to the onset of Mn(IV) 

reduction. In the second-transfer cultures, a comparison 

was made of the reduction rates of amorphous manganese and 

crystalline manganese (Baker Chemical Co., Section 2.3.2). 
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2.4.2 Enrichment and Isolation of Manganese-Reducing 

Bacteria (Microbiology Departments 

A semi-solid medium (Lovley and Phillips, 1988) amended 

with 0.5 percent Bacto agar (Difco, Detroit, MI), lOmM 

glucose, and 2.5 percent amorphous manganese in Lovley*s 

Enrichment medium was dispensed into screw-cap tubes. Ten

fold dilutions of field samples were made into the manganese 

medium, and all tubes were incubated at 30°C, stationary for 

up to 30 days. Uninoculated controls were included. 

Microbial reduction of manganese was detected by a color 

change from black to clear. Tubes that represented the 

highest dilutions in which manganese reduction was detected 

were subcultured to Plate Count Agar (PCA, Difco) 

aerobically and anaerobically. Representative isolates were 

subcultured again both aerobically and anaerobically for 

purification and to determine oxygen requirements of the 

organisms. All further cultures were incubated at 30°C, 

stationary unless otherwise specified. 

Purified bacterial isolates were grown on Tryptic Soy 

Agar (TSA, Difco) for 48 hours and suspended in sterile 

saline (0.7 percent) to a turbidity equivalent to 108 

colony-forming units (cfu) ml"1. Volumes of 0.5 ml of 

bacterial suspension were inoculated into Lovley's 

Enrichment Medium that contained amorphous manganese and 
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incubated as before. Tubes were examined daily for evidence 

of manganese reduction. Those bacterial isolates that 

reduced manganese most quickly were maintained for further 

study. 
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2.5 GROWTH AND MANGANESE-DISSOLUTION KINETICS 

Bench-scale experiments were used to establish the 

relative kinetics of growth and manganese dissolution in 

pure batch cultures of S. putrefaciens. SD. 200. A. 

putrefaciens. MR1. and manganese-reducing bacteria isolated 

from field samples. Mine isolates were given D series 

designations of D1 through D24. 

2.5.1 Alteromonas putrefaciens. MR1 and Shewanella 

putrefaciens. SP. 200 

A series of kinetic experiments were performed with 

Westlake's Enrichment Medium amended with glucose, sodium 

lactate, or acetate to determine optimal growth and Mn(IV)-

reduction conditions for MR1 and sp. 200. Pure cultures 

were inoculated from overnights into 2-liter VirTis 

fermentors (Figure 2-2). Growth was monitored 

spectrophotometrically (\= 600 nm; l-cm pathlength 

cuvette). When cultures reached an optical density of 

approximately 0.1 cm'1, samples were transferred in 

duplicate to 55-ml screwcap test tubes fitted with plastic 

caps and teflon-coated septa. The cultures were amended 

with 25 mM crystalline manganese dioxide (Baker Chemical 

Co.) and a 15 mM supplement of organic substrate (glucose, 
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Figure 2-2. A 2-liter VirTis fermentor used in batch 
reactor experiments. 



lactate, or acetate, as appropriate). A metal chelator, 

NTA, was added at 2 mH to one of each sample pairs. The 

amended cultures were stripped of dissolved oxygen via 

nitrogen gas, sealed, and incubated at 30°C with agitation. 

Manganese reduction was followed for several weeks in 

these cultures by periodically withdrawing one-ml samples 

for manganese analysis. Sample preparation amd manganese 

analysis (persulfate method) are descibed in Sections 

2.9.2.1 and 2.9.2.3. 

2.5.2 Crystal Hill Mine Isolates. D - Series 

A one percent inoculum of a dense overnight culture was 

added to duplicate, 250-ml flasks that contained 125 mis of 

Westlake Enrichment Medium amended with 10 mM glucose. 

Flasks were placed in a 30°C waterbath with constant 

agitation while growth data were obtained. Cell growth was 

monitored spectrophotometrically at A= 600 nm (l-cm 

pathlength cuvette). Once a target optical density of 0.1 

cm'1 was obtained, enrichment media from duplicate flasks 

were combined, centrifuged, and cells were resuspended in 

110 ml of Westlake Enrichment Medium amended with 10 mM 

glucose, and 2 mM NTA. The sample was divided between 2, 

55-ml test tubes that contained 25 mM crystalline manganese 

(Baker Chemical Co.). An uninoculated control (B) was run 



58 

as well. Mini-inert caps were used to seal the test tubes 

while permitting sample removal. The samples were agitated 

on a rotator at 30°C throughout the experiment. 

Sample preparation and manganese analysis via AA were 

carried out as described in Sections 2.9.2.1 and 2.9.2.4. 

For comparison, samples drawn 68 hours after ore addition 

were also analyzed via the persulfate method (Section 

2.9.2.3). 
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2.6 BATCH FERHENTOR EXPERIMENTS WITH CRYSTAL HILL MINE ORE 

Five, batch fermentor experiments were performed to 

determine (i) the dissolution kinetics of manganese present 

in Crystal Hill ore; (ii) the effect of manganese 

dissolution on the liberation of silver; (iii) the effect of 

cyanide pretreatment on ore dissolution kinetics and the 

subsequent liberation of silver; and (iv) whether minimizing 

nutrients affected the growth and metabolism of Crystal Hill 

Mine isolate - Dl. Strain D1 was selected for these studies 

based on performance criteria in the screening experiments 

described in Section 2.5 (see Figure 2-3). These 

experiments were run in 2-liter VirTis fermentors under 

anoxic conditions with glucose as an electron donor (see 

Figure 2-2). Westlake's Enrichment Medium was used in each 

of the experiments; except for the two minimal nutrients 

experiments, in which Sinclair's Minimal Medium and 

Nitrogen-Free Medium were used. An abiotic control, in 

Westlake Enrichment Medium, was used to measure manganese 

reduction under anaerobic conditions. 



Figure 2-3. Crystal Hill Mine isolate - Dl, Bacillus 
polvmvxa. 
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2.6.1 Experimental Protocol 

01 cultures were grown aerobically in the VirTis 

fermentor, suspended in Westlake's Enrichment Medium, to a 

target optical density of A^ = 0.1 cm'1. Once this density 

was obtained, the flow of air to the reactor was replaced 

with nitrogen gas to strip residual oxygen. At this time, 

500 grams of sterile ore were added to the VirTis. To 

provide mixing, the stirring apparatus within the VirTis was 

replaced with a 3-inch teflon-coated stirbar. Titrant (12.5 

H NaOH) was added daily to Keep solution pH slightly above 

7. Supplemental glucose was added periodically to maintain 

excess substrate. Gaseous reaction byproducts were purged 

continuously using nitrogen gas. Samples were removed with 

a sterile pipet and prepared for manganese analysis via AA 

spectroscopy as per Sections 2.9.2.1 and 2.9.2.4. Operation 

of the reactor continued until reductive dissolution of 

manganese ceased. An abiotic control was run to confirm 

that manganese reduction was biologically catalyzed. Both 

sample pH and acid-extractable manganese were measured three 

times during the 150 hours of fermentor operation. Sample 

preparation and analysis were as described in Sections 

2.9.2.1 and 2.9.2.4. 
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To test the effects of precyanidation, METCON Research 

Inc. leached 500 grams of ore with NaCN prior to biological 

treatment (Section 2.9.3.1). This sample was added to the 

reactor and the experimental procedure followed as described 

above. 

Data showed that strain Dl was unable to grow on 

Nitrogen-Free Medium; therefore, minimal-nutrient 

experiments were performed by growing cultures in Westlake's 

Enrichment Medium to an optical density of approximately 

A 600 = 0,1 cm"1 • The cells were separated via centrifugation 

and resuspended in 2 liters of either Nitrogen-Free Medium 

or Sinclair's Minimal Medium (Table 2-2). Reactor operation 

was as described above. Samples were removed daily with a 

sterile pipet for measurement of pH and analysis of 

manganese as per Sections 2.9.2.1 and 2.9.2.4. 

After the ore had been biotreated using the procedures 

described above, the entire contents of the reactor were 

given to METCON Research, Inc. to be bottle rolled (Section 

2.9.3.1) in excess cyanide for subsequent analysis of 

extractable silver via AA spectroscopy. 
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2.7 COLUMN EXPERIMENTS 

Two column experiments were run to simulate leaching 

conditions in the field. The term "bioleach" is used to 

refer to the leaching solution, which in this case was 

Westlake's Enrichment Medium with a dense inoculum of 

species Dl. After bioleaching the ore in the columns, 

samples were submitted to METCON Research, Inc. to assay for 

silver. The following sections describe column design, 

experimental protocol, and methods of silver analysis. 

2.7.1 Column Design 

Columns were constructed of polyvinyl chloride (PVC) 

pipe, eight feet long by four inches in diameter (see Figure 

2-4). Three sampling ports were located 1.5, 2.5, and 4.0 

feet from the top of the column. The base of the column was 

sealed with a PVC cap. To facilitate leachate drainage, a 

3/4-inch hole was drilled into the cap and tygon tubing was 

sealed within. A second PVC cap was fitted at the top to 

minimize oxygen transfer. A feedline, which was connected 

to a pump, entered the column two inches from the top. On 

the opposite wall an overflow line was secured three inches 

from the top. Both the overflow line and column drained to 

a five-gal bucket that contained the recycled bioleach 
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solution. A ProMinent, diaphragm pump was used to circulate 

the leaching solution. A filter made from a 1/2-inch thick 

disk was supported approximately three inches from the base 

of the column. The disk was a 1/4-inch plastic grid, cut to 

fit the diameter of the column. A valve was fitted to the 

drainage tube to control the flow rate of the leachate. A 

work bench was constructed to support the column. The base 

of the column was seated in a hole cut into the table of the 

workbench, the drainage tube was positioned over a five-gal 

bucket. Holes were cut on either side of the table to guide 

the overflow and feedlines. The column was supported by two 

U-bolts that were fastened to brackets mounted to the 

workbench. 
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Figure 2-4. Flow-through column design. 
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2.7.2 Experimental Protocol 

Columns I and II were used in successive experiments. 

Experimental procedures were essentially identical; the 

following description of column setup, inoculum preparation, 

and sampling procedures applies to both columns. The 

experiments differed with respect to the replenishment of 

bioleach and duration of leaching. Column I was leached 

successively for two, 14-day periods; bioleach was not 

replenished except for the addition of 50 mM glucose every 

three days. The entire column was leached with cyanide 

between biologically active periods. Column II was drained 

every three days and immediately saturated with fresh 

bioleach. After 38 days, approximately five pounds of 

sample were removed from the base of the column and taken to 

METCON Research Inc. for cyanide leaching and silver 

analysis. The column was then placed back online for an 

additional 16 days of biotreatment, after which another five 

pounds of sample were removed, leached with cyanide, and 

analyzed for silver recovery. 

2.7.2.1 Column Setup 

METCON Research Inc. crushed a composite sample of 

Crystal Hill Mine ore to minus 1/2 inch mesh. Samples were 
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removed to assay for manganese and silver, and to determine 

the amount of silver liberated via cyanidation prior to 

biotreatment (Section 2.9.3.1). Two columns were packed 

with ore to approximately one inch below the overflow port. 

The amount of ore contained in each column was recorded. 

The valves on the drainage tubes were closed and the columns 

were saturated with tap water to be drained prior to pumping 

bioleach. 

2.7.2.2 Inoculum Preparation 

Species D1 was struck from a plate with a sterile swab 

to initiate culture growth in one liter of Westlake 

Enrichment Medium (Table 2-2). Once the culture obtained a 

target optical density of approximately = 0.1 cm"1, the 

liter of enrichment medium was added to 16 L of 

nonsterilized Westlake Enrichment Medium. When the culture 

reached an optical density of A600= 0.1 cm"1, the bioleach was 

pumped into the column to saturate the ore. To maintain 

saturated conditions, flowrates of the feed and effluent 

were equilibrated via a T-clamp at the base of the column. 



68 

2.7.2.3 Sampling Protocol 

Samples were collected daily from the effluent to 

measure culture pH, cell number, and liquid-phase, soluble 

manganese concentration. The pH of the recycle stream was 

also measured. Titrant (12.5 M NaOH) was added daily to 

maintain pH slightly above 7. Cells were enumerated via 

serial dilution, plate count procedure (Section 2.9.1). 

Samples taken for manganese measurement were prepared and 

analyzed according to procedures outlined in Sections 

2.9.2.1 and 2.9.2.4. Data obtained from Column I indicated 

that species D1 could not be detected four days after 

inoculation; therefore Column II was reinoculated with fresh 

bioleach every three days. When Column II was drained, 

slurry samples were removed with spatulas from the sampling 

ports to measure cell density and the concentration of acid-

labile manganese. 

2.7.3 Silver Analysis 

Columns I and II were analyzed via different methods of 

cyanidation. Two cyanidation test procedures are discussed 

in this section: the conventional bottle roll described in 

Section 2.9.3.1, and a column cyanide leach test, which is 

described in Section 2.7.3.1. 



2.7.3.1 Column Cvanide Leach 

After each, 14-day bioleach period, Column I was 

drained and taken to HETCON Research, Inc. The cyanidation 

test procedures are provided below (HETCON Research, Inc. 

1990). 

Prior to leaching, the ore was treated 
with a 5 H NaOH solution to neutralize 
any acidic components in the ore. 

Leaching of the ore was conducted at a 
flow rate of 0.0025 GPH/sq ft with a 2 
pound per ton sodium cyanide solution at 
pH levels ranging from 11.3 to 12.5. 

Leaching solution was applied at the 
specified flow rate for a total of 14 
days. On the 14th day the ore was 
washed for 48 days at the specified 
irrigation rate with distilled water and 
was then left to drain for 48 hours. 

After leaching, the loaded column was 
returned to "the client". The residue 
in the column was not assayed. 

The column operation involved daily 
monitoring of pH, pregnant solution 
volume, gold and silver assay by AA and 
titration of the leach and pregnant 
solution for lime and free cyanide. 

Hetallurgical calculations were 
performed using the data generated by 
the procedure described above. It 
should be noted that all the 
calculations are based on sample weight 
and ore grade data provided by the 
client. 
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2.8 SURFACE-AREA-DEPENDENT EXPERIMENTS 

To study the effect of relative mineral surface area on 

manganese dissolution rate, a number of independent 

variables had to be standardized. Population density, 

nutrient concentrations, temperature, and the solid/liquid 

ratio could be controlled within the batch reactors 

described previously (Section 2.6) ; however, the rapid drop 

in pH, a result of metabolic byproducts, could not be 

avoided. To permit continuous control of pH, these 

experiments were run in a VirTis fermentor equipped with a 

pH stat. The same experimental protocol was used in each 

experimental run; the quantity and size fraction of ore 

added to each reactor was variable. The following sections 

discuss preparation of the ore, experimental setup, and 

sample analysis. 

2.8.1 Ore Preparation 

A composite ore sample was separated by Skyline Labs, 

Inc. into three size fractions: minus 10 mesh (0.14 inch), 

10 mesh to less than 1/4 inch, and greater than 1/4 inch. 

Manganese and silver concentrations were determined by fire 

assay on each size fraction prior to the initiation of 

biotreatment. A 400-gram sample of each of the smaller size 



fractions was used. Because the stirbar was unable to 

maintain the ore that was greater than 1/4 inch in 

suspension, only 200 grams of this size fraction was 

biotreated. 

2.8.2 Experimental Setup 

Species D1 was grown in an Erlenmeyer flask to an 

optical density of AM0 = 0.1 cm"1. The cells were separated 

via centrifugation in a Beckman centrifuge and the growth 

media decanted. The bacterial inoculum was added to a 

VirTis fermentor that contained 2 liters of sterile 

Westlake's Enrichment Medium. The reactor was purged with 

N2 gas prior to the addition of the ore. The addition of 

12.5 M NaOH for pH control was monitored by an IBM XT 

compatible computer connected to a Metrohm 665 Dosimat 

automatic titrator. The titrator was programmed to maintain 

a culture pH at 7.0 -0.1 pH units. Culture pH was measured 

with an Orion combination glass electrode connected to a 

Fisher 950 Accumet pH meter. 

2.8.3 Sample Analysis 

Samples were removed daily to measure cell number via 

serial dilution, plate count procedures (Section 2.9.1). 
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Samples were taken for measurement of acid-extractable 

manganese twice daily (Sections 2.9.2.1 and 2.9.2.4). To 

obtain time-dependent data on silver recovery, samples were 

removed daily from the reactor that contained minus 10 mesh 

ore. These samples were processed via the mini-bottle-roll 

procedure described in Section 2.9.3.2. After approximately 

80 hours of biotreatment, the contents of each reactor were 

processed in a similar manner as the conventional bottle 

roll method (2.9.3.1) in the Civil Engineering Laboratory. 

After 72 hours of cyanide treatment, samples of the leached 

slurry were sent to Skyline Labs and assayed for silver 

content. 
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2.9 ANALYTICAL METHODS 

2.9.1 Culture Density 

Cell growth was monitored spectrophotometrically or by 

enumeration via plate counts. A Shimadzu #UV-160A at A = 

600 nm (l-cm pathlength cuvette) was used to measure optical 

density. Cultures were grown to a target optical density, 

typically an absorbance of about 0.1 cm"1, before addition 

of manganese. Cell doubling time during experimental growth 

was determined using semilog plots of optical density versus 

time. 

Cells were enumerated using standard serial dilution 

plate-count techniques. Serial dilutions were made with 1.0 

ml samples added to 9 mis of sterile sodium chloride 

solution. Each dilution was plated and incubated for 24 

hours prior to counting. 

A correlation between cell number and optical density 

was developed for field isolate, species D1 (Section 3.6.1). 

A sterile loop was used to inoculate a colony of cells from 

a plate into a 1-L flask that contained sterile Westlake's 

Enrichment Medium (Table 2-2). The culture was incubated 

for several hours on a shaker table. Samples were removed 

periodically to measure absorbance and enumerate cells. The 



74 

resultant correlation was used to relate cell number and 

optical density measurements in subsequent experiments. 

2.9.2 Manganese Assay 

Two methods were used to measure soluble manganese: the 

persulfate method, which is a colorimetric measurement 

(Section 2.9.2.3), and atomic absorption spectroscopy (AA) 

(Section 2.9.2.4). An experiment is described in Section 

2.5.2 that included analysis of samples by both methods in 

order to compare results. Section 2.9.2.1 discusses sample 

preparation for manganese analysis. Samples were acidified 

prior to analysis to resolubilize biochemically produced 

Mn(II) that precipitated as a whitish solid, probably as 

MnC03(s) (rhodochrosite). 

The persulfate method, for total manganese analysis in 

sample filtrate, was adapted from Standard Methods for 

Analysis of Water and Wastewater. (1980). Modifications 

were designed to overcome sample-size limitations, formation 

of solid-phase MnC03, and problems with filtration. 

Persulfate oxidation of soluble manganous compounds to form 

permanganate was carried out in the presence of silver 

nitrate. The resulting color was measured 

spectrophotometrically in a Shimadzu #UV-160A at A= 525 nm 

(1-cm pathlength cuvette). Quantitative analysis was 
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performed by the development of a calibration curve over the 

range of Beer's Law. Analytical procedures are detailed in 

Section 2.9.2.3. 

AA permits direct measurement of manganese via 

atomization of the metal. The phototube measures light 

transmittance. The atomized manganese will absorb light at 

characteristic frequencies within the graphite tube. The 

amount of light absorbed is proportional to the 

concentration of metal in the sample within the 

concentration range of Beer's Law. A quantitative analysis 

was done by developing a calibration curve over the range of 

Beer's Law. A Perkin Elmer Model 360 Atomic Absorption 

Spectrometer with Model HGA-400 Graphite Furnace was used to 

measure total manganese in the centrate of acidified 

samples. Procedures are described in Section 2.9.2.4. 

2.9.2.1 Sample Preparation 

Well-mixed samples were removed from the reactor with a 

sterile pipet and diluted 1:1 in concentrated nitric acid. 

The mixture was centrifuged in an Eppendorf Microfuge #5415 

at 13,000 x g for 10 minutes. The supernatant was 

immediately removed from the solids for soluble manganese 

analysis. 
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2.9.2.2 Acidification Experiment 

Controls were run to see if sample acidification 

increased the abiotic solubilization of manganese. The 

following procedure was used. Two, five-gram ore samples (A 

and B) were diluted in 20 mis of Milli-Q water, which is 

equivalent to the 500 grams per two liter ratio that was 

used in fermentor experiments. The contents of each beaker 

were sparged with N2(g) for five minutes. Three well-mixed 

samples were removed from each beaker and diluted 1:1 with 

Milli-Q water, 0.2 percent nitric acid, and concentrated 

nitric acid, respectively. The diluted samples were 

centrifuged at 13,000 x g for 10 minutes in an Eppendorf 

Hicrofuge #5415. The centrate was analyzed by AA 

spectroscopy for total manganese. 

2.9.2.3 Persulfate Method of Manganese Measurement 

A solution was prepared that contained 75 grams of 

mercuric sulfate in 400 ml of concentrated nitric acid and 

200 ml distilled water, 200 mis of 85 percent phosphoric 

acid and 35 mg silver nitrate. The solution was cooled and 

diluted to one liter with distilled water. 

Two-and-a-half mis of the above solution were placed 

into a 50-ml Nessler tube. A second solution consisting of 
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0.75 ml of sample and 0.75 concentrated nitric acid was 

centrifuged at 13,000 x g for six minutes. One ml of 

supernatant was added to the Nessler tube. One drop of 

hydrogen peroxide was added also. Tube contents were 

diluted to 45 ml with distilled water; then 0.5 gram of 

ammonium persulfate was added. The mixture was poured into 

a 500-ml beaker and heated on a hot plate. Once color 

developed the solution was boiled for one minute. The 

solution was diluted to 50 ml with distilled water, and the 

absorbance was read at A= 562 nm (1-cm pathlength cuvette). 

Manganese standards, which ranged in concentration from 

75 to 750 ppm, were made with potassium permanganate 

dissolved in distilled water. 
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2.9.2.4 Manganese Measurement Via Atomic Absorption 

The graphite furnace AA was programmed and operated 

according to HGA-400 Graphite Furnace Operators Manual. 

Table 2-3 lists parameters used to measure total manganese. 

TABLE 2-3 

Analytic conditions used for measurement of Mn(ll) on the 
graphite furnace AA. 

ANALYTICAL CONDITIONS FOR MANGANESE MEASUREMENT 

Wavelength 279.5 nm 

Slit width 0.7 nm 

Lamp current 30 mA 

Pretreatment temperature 1400 C 

Atomization temperature 1600 C 

Diluent 0.2% HN03 

Tube/site platform 
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The instrument was initialized with 0.2 percent nitric 

acid. Manganese standards, which ranged from 20 to 200 ppb, 

were prepared with manganese atomic absorption standard 

solution (Sigma Chemical Co.) diluted in 0.2 percent nitric 

acid. Absorption of manganese standards was measured at 

279.5 nm. Samples were prepared as described in Section 

2.9.2.1 and diluted with 0.2 percent nitric acid to be 

within the range of Beer's Law. 

2.9.3 Silver Assay 

Two methods were used to prepare samples for silver 

assay: conventional bottle-roll leach and mini-bottle-roll. 

The 500 gram, conventional bottle-roll leach was perfomed by 

METCON Research Inc. To minimize sample volume requirements 

while obtaining time-dependent data on silver recovery, a 

mini-bottle-roll procedure was developed that simulated the 

500-gram test. 

2.9.3.1 Conventional Bottle-Roll Leach 

A 500-gram portion of a minus 10-mesh composite sample • 

was added to one liter of distilled water and 1.0 gram of 

CaO (99% purity) and placed in a one-gallon plastic jug. 

The jug was sealed by a screw cap with a 0.5 inch diameter 
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hole in it, to provide a continuous supply of molecular 

oxygen to the fluid contents. The slurry was agitated on a 

bottle roll apparatus until pH stabilized above 11.5, then 

1.0 gram of NaCN was added. During the 72-hour test, NaCN 

and CaO were added to maintain a pH above 11 and a free 

cyanide ion concentration of 1 g/L. Samples were titrated 

at 0, 24, 48, and 72 hours to determine CaO and cyanide 

consumptions. To obtain samples, the jug was removed from 

the bottle roll and its contents allowed to settle. Fluid 

pH was checked. Twenty mis of fluid were removed and 

centrifuged. A 10-ml sample of supernatant was placed in a 

125-ml Erlenmeyer flask and titrated with a standard 

solution comprised of 8.67 grams of AgN03 per liter of 

distilled water. The titration endpoint was a bluish 

dulling the original brillance of the solution. Two mis of 

standard solution is equivalent to 1 g/L NaCN. 

To determine CaO consumption, a few drops of 

phenophthalein indicator were added to the flask. A 

standard solution composed of 2.25 g/L oxalic acid was added 

until the 10-ml solution was colorless. One ml of oxalic 

acid is equivalent to 0.2 pounds of silver per ton of ore. 

The other 10 mis of centrate (from the original 20-ml 

sample) were stored for silver assay. Solids were returned 

to the jug and the bottle roll procedure was resumed. 
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At the end of 72 hours, the solids and liquids were 

separated by filtration. The leached residue and the metal-

laden solution were assayed via AA spectroscopy for silver 

content. 

2.9.3.2 Mini-Bottle-Roll 

A 1-ml sample of slurry was removed from the reactor 

and placed in an Eppendorf tube (Fisher Scientific Co., 

Phoenix, AZ). 0.2 mis of 1 M NaOH and 1 H NaCN were added 

to the sample. The tube was agitated by vigorous shaking at 

room temperature for 24 hours then centrifuged at 13,000 x g 

for 15 minutes on an Eppendorf Hicrofuge #5415. Supernatant 

was removed for silver analysis via AA spectroscopy. 

2.9.4 Anthrone Test for Carbohydrates 

Samples were removed periodically for quantitative 

analysis of glucose. The colorimetric analysis was based on 

anthrone addition. The anthrone reagent imparts a green 

color in dilute solutions and a deep greenish blue in 

concentrated solutions of carbohydrates. The intensity of 

the color complex is proportional to the concentration of 

the carbohydrate. Standards were prepared as samples that 

contained 0.00, 0.04, 0.08, 0.12, 0.16, and 0.2 mg dextrose 



per 3 mis of distilled water. Nine mis of anthrone reagent 

were added to each standard prior to incubation in a water 

bath for 15 minutes. After samples were cooled to room 

temperature, color was measured spectrophotometrically at 

A= 542 nm (1-cm pathlength cuvette). Residual glucose 

concentrations in manganese-reducing cultures were 

determined via comparison with the standard curve. Samples 

were diluted with Milli-Q water to bring glucose 

concentrations within the linear range of the standard 

curve. 



83 

3.0 RESULTS AND DISCUSSION 

3.1 FIELD-SAMPLE ENRICHMENTS 

The concentration of reduced manganese increased over 

time (Figures 3-1 through 3-4) in each of the 55-ml Mn(IV)-

reduction enrichments. The most rapid dissolution of 

amorphous Mn02(s) occurred under anaerobic conditions with 

glucose as a substrate. These results indicate that field 

samples collected from the barren pond, the outcrop, and the 

buckets contained numerous bacteria capable of solubilizing 

manganese. 

In the initial enrichments (Figure 3-1), tubes that 

contained samples from barren 6 turned from deep brown to 

tan in color. After about one-week's time, visual 

observation indicated that the entire mineral content of 

barren 6a was altered. However, measurement of manganese 

via the persulfate method did not show a significant amount 

of soluble manganese. 

Additional Mn(IV) reduction/solubilization was evident 

in first transfer samples (Figure 3-2). Manganese reduction 

rates were considerably faster than those of the initial 

enrichemnt step. When sample acidification preceded 

filtration, acid-labile manganese values were significantly 
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Figure 3-1. Reduction of amorphous, 25mM, manganese dioxide 
by Crystal Hill Mine field-sample enrichments. Inoculum 
included either six grams of solid or 10 percent liquid 
sample suspended in Lovley's Enrichment Medium amended with 
10 mM glucose. 
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Figure 3-2. Reduction of amorphous, 25mM, manganese dioxide 
by Crystal Hill Mine field-sample enrichments. First 
transfer included a 2% inoculum suspended in Lovley's 
Enrichment Medium amended with 10 mM glucose. Comparison of 
soluble vs. acid-labile manganese measurements for the 
barren 6a enrichment. 
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higher than soluble manganese measurements, 28 times higher 

for barren 6a after 261 hours. Acidification of a sample 

withdrawn from the uninoculated (control) tube did not 

increase the filtrate manganese content. This suggests that 

the addition of acid to samples prior to manganese analysis 

permits the measurement of all or at least a greater 

fraction of the Hn(IV) that was transformed by the bacteria. 

Presumably the acidification step resulted in a more 

accurate measurement; therefore all subsequent samples were 

acidified prior to manganese measurement in the remaining 

experiments. 

Comparative studies (data not included) indicated that 

centrifugation at 13,000 x g for 6 minutes removed insoluble 

manganese more efficiently and reliably than filtration 

through a 0.22 urn filter. Filtration of acidified samples 

rapidly dissolved some types of membrane filters, so the 

procedure was modified to include centrifugation prior to 

manganese measurement. 

Comparison of Figures 3-3 and 3-4 shows that amorphous 

manganese is more readily reduced than crystalline 

manganese. Virtually stoichiometric reduction of amorphous 

manganese was achieved within 200 hours in the barren 6a 

enrichment. Of the 1370 ppm of total Hn(lV) available 

approximately 88 percent was rendered acid-labile. Barren 

6a also proved most capable of reducing crystalline 
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Figure 3-3. Reduction of acid-labile amorphous, 25mM, 
manganese dioxide via Crystal Hill Mine field-sample 
enrichments. Second transfer included a 20% inoculum 
suspended in Lovley's Enrichment Medium amended with 10 mM 
glucose. 
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Figure 3-4. Reduction of acid-labile crystalline, 25mH 
(1370 ppm Mn(IV)), manganese dioxide via Crystal Hill Mine 
field-sample enrichments. Second transfer included a 20% 
inoculum suspended in Lovley's Enrichment Medium amended 
with 10 mM glucose. 
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manganese although at a rate that was only one-third of that 

observed with amorphous manganese. Manganese reduction was 

not observed in the control in the absence of microbial 

contamination. Both tubes exhibited bacterial growth after 

100 hours. 

The growth experiments showed that none of the mixed 

cultures grew on acetate, with minimal improvement in the 

presence of sodium lactate. All of the samples were able to 

use glucose, which was chosen as the carbon source in 

subsequent experiments. 

In summary, samples taken from each field location 

tested were capable of manganese reduction under anaerobic 

conditions in the presence of an appropriate substrate. 

Glucose was a better substrate than acetate or lactate for 

manganese-reducing bacteria. None of the mine samples 

described in Table 2-1 grew aerobically at an appreciable 

rate on acetate. All showed some level of growth in the 

presence of glucose. Amorphous Hn(lV) was reduced faster 

than crystalline Mn(IV). 
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3.2 GROWTH AND MANGANESE-REDUCTION KINETICS 

3.2.1 Alteromonas putrefaciens. MR1 and Shewanella 

putrefaciens. SP.200 

Cell doubling tines of 60 and 66 minutes were observed 

in pure cultures of S. putrefaciens. sp. 200 and strain MR1, 

respectively, using lactate as a substrate. Glucose was a 

less efficient substrate with growth rates of 96 and 135 

minutes for A. putrefaciens. MR1 and S. putrefaciens. sp. 

200. Strain MR1 had a cell doubling time of 99 minutes on 

acetate; no growth was visible with S. putrefaciens. sp. 200 

after nine hours. (Growth data not provided). 

Comparison of the three graphs provided as Figure 3-5 

indicates glucose was superior to lactate and acetate as a 

substrate for the dissolution of crystalline manganese in 

anaerobic cultures of S. putrefaciens. sp. 200. Both 

lactate and glucose stimulated manganese reduction in strain 

MR1 with equal efficiency. Both strains reduced manganese 

poorly in the presence of acetate. Strain MRl was slightly 

more efficient than S. putrefaciens. sp. 200 with lactate as 

the carbon source; the opposite was true with glucose. 

On average, both strains exhibited a two-fold increase 

in manganese reduction with the addition of 2 iH NTA in the 

presence of all three substrates. 
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3.2.2 Isolation of Manaanese-Reducina Bacteria From Field 

Samples 

Over 300 bacterial isolates from the Crystal Hill Mine 

field samples were screened by Dr. P. Rusin for the ability 

to reduce manganese. From these results, 11 were selected 

for further study. The isolates were given the following 

alpha-numeric symbols for identification: Dl, D2, D9, D10, 

D21, D22, D23, D24, D26, D28, D29. 

The most efficient manganese reducers were isolated 

from the sediments at the inlet to the recovery pond and the 

sediments dredged from the middle of the recovery pond 

(Table 2-1, sample nos. 1 and 3, respectively) through 

enrichment and extinction-to-dilution techniques. Abiotic 

controls never exhibited manganese reduction (Rusin, 1989, 

personal communication). 

3.2.3 Mine Isolates 

Results of the growth studies eliminated four of the 

eleven mine isolates from further study. D28 and D29 

flocculated during growth; therefore, culture optical 

density measurements did not provide a cell number or growth 

rate. D6 was not pure, and D21 grew poorly in undefined 

Westlake's Enrichment Medium. Tables 3-1 and 3-2 provide 

doubling times and time-dependent manganese-reduction data 
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obtained under similar conditions for the seven remaining 

isolates. In each experiment, acid-labile manganese was 

measured for all samples by AA spectrophotometry. 

TABLE 3-1 

Growth data obtained for Crystal Hill Mine isolatas. A 1% 
inoculum of dans* overnight was suspended in Westlake1s 
Enrichment Medium amended with 10 mM glucose, calls ware 
grown aerobically at 30°c with constant agitation. 

D-SERIES ISOLATE DOUBLING TIME, MINUTES 

1 66 

2 66 

9 75 

10 69 

22 245 

23 130 

24 78 

A = 600 nm 
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TABLE 3-2 

Tiae-dependant langanas* reduction data for 7 of the Crystal 
Hill Nina isolates. Initial call optical density was 
approximately o.l ca'1. 55-al culture tubes contained 25 aN 
crystalline Nn(lV), 10 an glucose, and 2 aN MTk. Saaples 
were agitated at 30°C. 

HRS 
D-SERIES ISOLATES 

[number* mpwid in ppm, Mn(II)] 

B la lb 2a 2b 9 10a 10b 22 23 24a 24b 

22 284 375 

30 232 150 

42 103 6 

54 619 748 

68 87 385 547 343 554 398 356 453 155 542 

•68 77 375 350 350 455 400 360 450 

87 335 348 

105 477 516 

114 41 578 496 512 562 314 496 528 

119 310 271 

127 387 490 

137 88 542 596 438 526 412 371 375 

147 77 206 

1 167 66 709 967 451 574 580 322 580 

1 172 490 890 

1 185 77 838 451 748 477 529 645 193 

192 619 387 

225 387 452 

236 46 967 232 709 877 1032 555 774 

* Analysis via Perculfate Method. 
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Per Figure 3-6, species D1 was the most efficient strain 

at manganese reduction. Species D1 had a growth rate that 

exceeded S. putrefaciens. sp. 200 and A. putrefaciens. MR1 

(66, 96, and 135 minutes, respectively) in the presence of 

glucose. In 150 hours, species D1 reduced four times as 

much crystalline manganese (with NTA) as A. putrefaciens. 

MR1 and twice that as S. putrefaciens. sp. 200 with glucose 

as a substrate. 
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Figure 3-6. Dissolution of 25 mM (1370 ppm Hn(IV), 
crystalline, manganese dioxide via Crystal Hill Mine isolate 
- Dl. Westlake's Enrichment Medium was amended with 2 mM 
NTA and 10 mM glucose. Cell optical density was 0.1 cm'1, 
which is approximatley 108/ml. Samples were incubated at 
30°C with agitation. 
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3.3 BATCH FERMENTOR EXPERIMENTS WITH CRYSTAL HILL ORE 

Slurry samples removed from batch reactors over a 200 -

hour period were analyzed via AA spectrophotometry to 

measure the amount of manganese ore reduced over time by 

isolate Dl. Ore was provided at minus 10 mesh particle 

size. Time was recorded in hours after ore addition to the 

reactor. Acid-labile manganese is represented in ppm and 

percent of total Mn(IV) reduced in Figures 3-7 and 3-8. 

3.3.1 Untreated and CN-Treated Samples 

Per Figure 3-7, after approximately 120 hours, the 

maximum amount of measureable, acid-labile manganese reduced 

was 63 and 53 percent for the untreated and CN-treated 

samples, respectively. These results indicate that (i) 

isolate Dl effectively reduced manganese present as MnOz(s) 

in Crystal Hill Mine Ore and (ii) precyanidation does not 

effect isolate Dl's ability to metabolize manganese. 

At time zero, 0.9 percent of the total manganese in the 

uninoculated control was acid labile. After 72 and 140 

hours, only 0.7 percent of the manganese in the control 

reactor was acid labile. Results indicate that strain Dl 

was responsible for the reductive dissolution or 

transformation of solid-phase manganese. 
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Figure 3-7. Effect of precyanidation on rate of reductive 
dissolution>of MnOz (pyrolusite) present in Crystal Hill 
ore. Mine isolate - D1 was suspended in Westlake Enrichment 
Medium amended with 50 mM glucose. Supplemental glucose (50 
mM) was added after 99 hours of treatment. Manganese was 
present at 45 mM (2500 ppm Mn(IV) in each reactor. 
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After biotreatment of the ore in the three reactors 

studies, silver recoveries were determined from assays as 

described in Section 2.9.3.1. Per Table 3-3, twice as much 

silver was recovered following biological pretreatment than 

with chemical methods only. Precyanidation of the ore 

appeared to have no effect on manganese dissolution kinetics 

or subsequent silver liberation. The silver recovery value 

corresponding to the CN-treated sample includes silver 

liberated during the pretreatment cyandization bottle roll 

as well as the silver recovered following biotreatment. 

Chemical recoveries of silver without biological 

pretreatment were 30 percent, which is equivalent to head 

assay results provided by METCON, 1989. These results 

indicate that there is a direct correlation between the 

transformation of Mn(IV) and recovery of silver. 

TABLE 3-3 

Silver recoveries after biotreatment of ninus 10 mesh ore 
with species D1 in Westlake(s Enrichment Medium. Reactor 
studies included 500 grams of untreated and CN-treated ore, 
and an uninoeulated control. 

SAMPLE PERCENT Ag RECOVERY 

Untreated 60 

CN-Treated 67 

Control 30 
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3.3.2 Minimal Nutrients Studies 

Per Figure 3-8, 41 percent of the total Mn(IV) content 

of the ore was acid labile (and presumably reduced) after 

120 hours of biotreatment in Sinclair's Minimal Medium. A 

38 percent reduction of manganese was observed after 120 

hours using strain D1 sustained on Nitrogen-Free Medium. 

Unlike previous experiments in which pH dropped below 6.0 in 

a 12-hour period, acid production was minimal; pH remained 

above 6.0 in both reactors. Supplemental glucose (50 mM) 

was added after 99 hours of treatment. Silver assays were 

not performed. 

The data indicate that media nutrients beyond those 

listed for Sinclair's Minimal and Nitrogen-Free media (Table 

2-2) have no effect on strain Dl's ability to reduce 

manganese. The lack of acid production in these media 

negates the need for base addition, which may keep the 

manganese-reducing population healthier as well as minimize 

costs associated with field application. 
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Figure 3-8. Effect of minimizing media nutrients on 
dissolution of manganese dioxide (pyrolusite) present in 
Crystal Hill ore. Mine isolate - Dl was suspended in 
Sinclair's Minimal Medium and Nitrogen-Free Medium amended 
with 50 mM glucose. Supplemental glucose (50 mM) was added 
after 99 hours of treatment. Manganese was present at 45 mM 
(2500 ppm Mn(lV) in each reactor. 
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3.4 COLUMN EXPERIMENTS 

Columns I and II contained approximately 12,000 ppm 

Mn02 (normalized for saturated column volume) in ore crushed 

to minus 1/2 inch. Assays of the raw Crystal Hill ore 

METCON, 1990 measured metals contents at 3.4 percent 

manganese and 3.51 ounces per ton silver. Both columns 

were leached at an average flow rate of 35 ml/min, which 

kept the columns saturated through manipulation of the T-

clamp at the base. 

Per Table 3-4, Column I, cyanide bottle roll (Section 

2.9.3.1) results indicated that silver recovery was 

approximately 10 percent during the first 14-day leach 

period. The subsequent 14-day leach period provided only a 

slight increase in silver recovery (2.4 percent). Silver 

recoveries from heap-leach operations at Crystal Hill Mine 

were reported at less than 15 percent (Young, 1985); thus 

biotreatment did not increase silver recovery from the minus 

1/2 inch ore in the column relative to what was extracted 

using chemical procedures in the field. After 270 hours, 

acid-extractable manganese measured by AA spectroscopy was 

four percent of the total manganese originally present. 

Culture pH ranged from 5.3 to 8.4. Daily additions of NaOH 

were used to restore the leachate pH to slighter greater 

than 7.0 on a daily basis. Cell counts indicated that after 
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four days strain Dl was below detectable levels using 

spread-plating procedures (Rusin, 1990, personal 

communication). 

TABLE 3-4 

Silver recoveries after biotreatnent of minus 1/2 inch ore 
with species Dl in Westlake1s Enrichment Medium amended with 
50 mM glucose, column I was leached successively for 2, 14-
day periods. 50 mM was replenished every three days. 
Column II was leached for 38 days, a 5-lb sample removed for 
Ag analysis, followed by another 16 days of treatment. 
Fresh bioleach was added to column II every 3 days. 

•PERCENT Ag 
RECOVERY 

TIME, DAYS 

Column I 
10 14 

Column I 
+2.4 28 

Column II 
28.2 38 

Column II 
18.9 54 

Field Operation <15 >365 

* Recoveries are cumulative for Column I only. 
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Bottle rolls on two, five-pound samples removed from 

the base of Column II after 38 and 54 days of treatment 

produced silver recoveries of 28.2 and 18.9 percent, 

respectively. Manganese samples were not taken from the 

effluent; it was determined that the amount present in the 

fluid did not accurately reflect the amount of manganese 

reduced in the column. That is, effluent samples did not 

account for manganese that reprecipitated within the column. 

A representative sample could not be obtained from the 

sampling ports. Culture pH ranged between 5.0 and 8.0; pH 

was restored to slightly greater than 7.0 by daily base 

additions. It is not known why silver recovery was lower in 

Column II after an additional 16 days of leaching, since the 

population of strain D1 was relatively stable throughout 

both phases of the experiment (Rusin, 1990, personal 

communication). It is possible that the column was not 

completely anaerobic. However, it is likely that 

bioleaching was ineffective due to the particle size of the 

ore. 
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3.5 SURFACE-AREA-DEPENDENT EXPERIMENTS 

A relationship between greater yields of reduced 

manganese and an increase in mineral surface area is 

apparent from the data obtained from these three reactor 

studies (Table 3-5). Likewise, an increase in silver 

recovery was achieved with an increase in Mn(IV) 

dissolution. These results were expected as a decrease in 

particle size provided increased surface area for bacterial 

attachment, which increased the rate of manganese 

dissolution. 

Metallurgical assays of each of the size fractions 

report manganese in percent by weight as follows: 1.76% 

minus 10 mesh; 1.11% 10 mesh to minus 1/4 mesh; and 0.88% 

greater than 1/4 mesh (Skyline Labs, 1990). After 

approximately 70 hours of biotreatment, reduction of 

manganese in these materials was 45 percent, 35 percent, and 

19 percent, respectively (Figure 3-9). 

After 80 hours of biotreatment, reactor contents 

analyzed via the mini bottle roll procedure yielded silver 

recoveries at 58 percent, 24 percent, and 5 percent for 

minus 10 mesh, 10 mesh to minus 1/4, and greater than 1/4 

mesh, respectively. Figure 3-10 shows percent silver and 

manganese recoveries from samples removed daily from the 

reactor that contained minus 10 mesh ore. Data obtained by 



both methods of silver extraction indicate a direct 

relationship between increased Hn(IV) reduction and silver 

recovery. 
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TABLE 3-5 

Tiia dependent data for three sise fractions of crystal Hill 
ore added to batch feraentors with pH stat. Species Dl 
suspended in Westlake*s Enrichaent Medium amended with 50 aN 
glucose. 

Data: Less than 10 aesh (0.14 inch diameter) 

g Hours pH 
Percent Mn 
Reduction Dl Competitor | 

0 7.0 3 3E7 8E7 

6.5 6.8 

10.5 7.1 3 

23.5 7.2 3.5 2.3E9 7.9E9 

I 34.5 7.6 15.5 
. 

1 48 7.8 20 1.8E6 6.6E8 

1 5 5 '5  7.9 33 -— 

72 7.4 45 8E5 6.8E6 

82.5 7.3 35 —-

96.0 7.2 44 8E5 1.7E7 
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TABLE 3-5 CONTINUED 

Data: Greater than 10 mesh, less than 1/4-inch size 
fraction 

| Hours PH 
Percent Mn 
Reduction D1 Competitor 

0 6.8 3 3E7 <105 

10 6.9 13 -— -— 

25.5 6.9 20 6E7 <105 

34.5 7.9 23 

47 8.2 26 3E6 <105 

*58.5 8.4 30 

70 7.4 35 5.5E6 3X107 

82 -— 28 ... 

94 7.4 29 9.6E6 3X107 I 

1 106 7.2 - 1 
* added lOOmL 50mM glucose 

Data: Greater than 1/4-inch size fraction 

Hours 
Percent Mn 
Reduction Competitor 

0 7.1 3 5.3E7 <105 

13.5 7.1 3 5.1E7 <105 

24 7.4 3 

37 7.3 8 6.6E6 1.3E6 1 

49 8.8 12 

61 6.8 14 2E7 1E7 

1 *72 7.7 19 ... ... 

| 86 8.1 12 6.5E6 3E7 
* added lOOmL 5 Omit glucose 
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dissolution rate of manganese dioxide present in Crystal 
Hill ore. Mine isolate - D1 was suspended in Hestlake's 
Enrichment Medium amended with 50 mM glucose. 
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Despite the presence of competitors in numbers 

equivalent to those of strain Dl, D1 maintained a count 

greater than 106/ml throughout each of the experiments 

(Rusin, 1990, personal communication). Strain Dl may be 

able to maintain a healthier population when the pH is 

relatively stable. It is not understood why the reduction 

of manganese eventually ceases, despite the continued 

presence of strain Dl; perhaps Dl is inhibited by the level 

of acid labile manganese and or silver in the reactor, or 

the manganese is complexing with something in the ore 

samples other than carbonate (e.g. MnSiC03), which is not 

acid labile. 
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3.6 ESTABLISHMENT OF ANALYTICAL METHODS 
(PRELIMINARY EXPERIMENTS) 

Three experiments, described in Section 2.9, 

Analytical Methods, were performed to solidify analytical 

techniques that would be used throughout this study. The 

results will be briefly discussed in this section; data are 

provided in Tables 3-6 through 3-8. 
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3.6.1 Culture Density 

Direct cell counts and optical density data (see Table 

3-6) taken at various intervals during the growth of species 

D1 were used to develop a correlation between cell number 

and absorbance. At an absorbance of 0.1 (1-cm pathlength 

cuvette) cell density was approximately 108/n>l. Using an 

Olympus BH-2 microscope, the culture was observed as a dense 

population of rod-shaped cells that form chains. No spores 

were visible. To minimize the need for plate counts, and 

for consistency in cell number at the onset of an 

experiment, absorbance was used as an indirect measure of 

culture density throughout much of the experimental program. 

TABLE 3-6 

Time-dependent data comparing direct cell counts of Crystal 
Hill isolate - D1 with optical density data taken at an 
absorbance of 0.1 (l-cm pathlength cuvette). 

Hours After 
Inoculation 

Absorbance 
A=600 Cells/ml 

0 0.004 NA 

2 0.009 6.0X106 

4 0.021 1.5X107 

5 0.040 2.8X107 

6 0.079 6.3X107 

6.5 0.101 1.0x10® 
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3.6.2 Manganese Assay 

Samples taken 68 hours after manganese addition to 

tubes that contained mixed cultures of mine organisms 

(Section 2.5.2) were analyzed for acid-labile Mn by both AA 

spectroscopy and the colorimetric methods (Section 2.5.2). 

Per Table 3-7, data indicate that on average the AA gave 

slightly higher values than those corresponding to the 

colorimetric method. Mean values were within 6 percent of 

one another. Because AA detection limit$xare far more 

sensitive than those corresponding to the colorimetric, 

persulfate method, and the AA procedure is easier and 

quicker to use, the AA method was chosen in subsequent 

experiments. 

TABLE 3-7 

Comparison of methods for manganese measurement using AA 
spectroscopy and the colorimetric (persulfate) methods by 
measurement of crystalline Mn(lV) reduction by Crystal Hill 
Mine isolates. 

ANALYTICAL 
METHOD 

D-SERIES ISOLATES 
[numbers expressed In ppm, Mn m 1 ANALYTICAL 

METHOD 

B la lb IB! 2b 9 10a 10b | 

AA 87 385 547 343 554 398 356 453 

PERSULFATE 77 375 350 350 455 400 360 450 
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3.6.3 Acidification Experiment 

The results of the acidification experiment (see Table 

3-8) described in Section 2.9.2.2 showed that the addition 

of acid to untreated samples of ore increased measureable 

manganese. The amount of acid-labile manganese was nearly 

three times as great with concentrated nitric acid as the 

diluent as with 0.2 percent nitric acid. However, the 

amount of manganese solubilized by the addition of 

concentrated nitric acid was 73 times less than the best 

(manganese solubilization) results obtained with 

biotreatment. Therefore, the sample preparation procedure 

described in Section 2.9.2.1 included acidification with 

concentrated nitric acid in subsequent experiments. 

TABLE 3-8 

Effect of concentration of diluent used in sample 
preparation prior to Mn(II) measurement via AA spectroscopy 
on abiotic solubilization of manganese in Crystal Hill Ore. 

ORE 

DILUENT 
[numbers expressed in ppm Mn(II)] 

ORE 
MILLI-Q WATER 

HHO, 
CONC. 
HNO, 

A 0.06 8 23 

B 0.14 7 23 
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4.0 CONCLUSIONS 

The results presented here illustrate the following 

points regarding the feasibility of using a microbial 

pretreatment process to enhance the liberation of silver 

from refractory manganese ore. 

First, the relationship between the biological 

transformation of Hn(IV) to a lower valence and increased 

silver recovery following cyanidation was demonstrated in 

several of the batch-reactor studies. Of the four batch 

studies that included minus 10 mesh ore, values of 

measureable silver and acid-labile manganese were within 80 

to 95 percent of one another (based on percent of total 

present). In each study, twice as much silver was recovered 

from minus 10 mesh ore following biological treatment than 

with chemical treatment alone. 

The importance of maximizing the amount of mineral 

surface area to yield greater quanitities of Mn(II) and 

silver was illustrated in each of the surface-area-dependent 

studies. After 70 hours of biotreatment greater than two 

times the amount of acid-labile manganese and 10 times the 

amount of silver was measured in the minus 10 mesh relative 

to the largest size fraction. The data show a rather linear 

increase in Ag recovery which is comparable to the increase 

in the amount of measureable manganese. 
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Rates of reductive dissolution obtained in the batch 

reactor experiments were impressive; maximum dissolution was 

measured in the untreated ore with 63% of the total Mn(IV) 

reduced, 120 hours after ore addition. It is difficult to 

compare rates of reduction measured in the laboratory with 

actual field rates because of the following: (i) the density 

of manganese-reducing organisms in laboratory experiments 

may be higher than what can be maintained in the field; (ii) 

the concentration of nutrients provided in the media may not 

be feasible to maintain in the field; (iii) the presence of 

natural competitors may inhibit bacteria; (iv) levels of 

metals concentrations present in the ore may be toxic to the 

organism; and (v) in the field variables such as pH, Eh, and 

temperature may be more difficult to control. However, it 

is also possible that field rates could be enhanced by other 

mechanisms of reduction, provided by direct and indirect 

reactions catalyzed by other organisms indigenous to the 

site. 

The fact that media nutrients beyond those listed for 

Sinclair's Minimal and Nitrogen-Free media had no effect on 

strain Dl's ability to reduce manganese minimizes the 

chemical costs associated with field application. In 

addition, the lack of acid production in these media negates 

the need for base addition, which keeps costs down as well 

as maintains a healthier population of bacteria. 
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If it can be assumed that Alteromonas putrefaciens 

MR1, Shewanella putrefaciens sp. 200, and mine isolate D1 

had similar population densities at comparable optical 

densities, then strain D1 was able to reduce twice as much 

manganese as the other isolates under similar conditions. 

From a mining aspect, use of an indigenous bacteria may be 

beneficial due to local metals concentrations and potential 

toxic affects to the organism. Also, the results of the 

precyanidation experiment indicate that prior leaching of 

the heap with cyanide should not effect strain Dl's ability 

to metabolize manganese. The relative amounts of acid-

labile manganese and extractable silver measured in the 

untreated and cyanide-treated reactors were within 10 

percent of each other. 

The fact that there was not a significant increase from 

the amount of silver extracted in the column experiments as 

compared with field operations was probably a function of 

the amount of mineral surface area available for 

dissolution, not a function of experimental design. 

However, results from the bolumn studies along with the 

surface-area-dependent experiments indicate that 

the biological pretreatment of low-grade ores such as those 

found at Crystal Hill is not feasible. The capital and 

operating costs associated with grinding the ore to a size 

fraction that will yield sufficient recoveries in a 
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reasonable amount of time, and the treatment of the ore in a 

bioreactor are prohibitive. However, an ore of higher grade 

should be viable for treatment via such methods. 
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