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its are amenable to in-situ, or bore-hole,
mining (Shock and Conley, 1974) by
either acid or carbonate leaches. Limited
research has been conducted on the bac-
terial leaching of these roll-front ores, but
preliminary investigations (C. Brierley,
1978b) on ore from the Anaconda Com-
pany Jackpile-Paguate mines of New
Mexico indicate that suitable energy
sources are unavailable for the bacteria,
and that the organisms lose viability when
in protracted contact with the ore. Present
studies of this ore amended with suitable
bacterial energy sources are evaluating the
affect of hydrostatic pressure on the
bacteria during the leaching process (A.
Torma, J. Brierley, and C. Brierley, un-
published data). Such laboratory studies
are an attempt to sirnulate the water pres-
sure exerted underground during leach-
ing. Extensive laboratory and field testing
is needed before valid conclusions can be
made on the use of bacteria for in-situ
leaching of western U.S. uranium re-
serves.

Other leaching microorganisms

Bacterial leaching is not confined to the
microorganisms Z. thiooxidans and T.
ferrooxidans. Several other microbes af-
fect the dissolution of metallic sulfides by
oxidation of iron and sulfur and direct at-
tack of sulfide minerals. Among the most
unique are the extremely thermophilic
(heat-loving) and acidophilic (acid-loving)
bacteria. The first of these microbes to be
characterized was Sulfolobus acidocaldar-
izs (Brock, et al., 1972). Other related
forms have been subsequently character-
ized (C. Brierley and J. Brierley, 1973;
DeRosa, et al., 1975). These spherical
bacteria are about I pm in diameter, re-
quire an acid environment, and oxidize
reduced sulfur and iron compounds. They
obtain carbon from either simple organics
or carbon dioxide, and function aerobic-
ally or anaerobically. These microbes are
unique in that they are obligately ther-
mophilic, requiring temperatures between
45o and 80oC; some species function at a
temperature as high as 90oC. The natural
habitats of these organisms are acidic hot
springs, and although they have not been
specifically identified with any commer-
cial leaching operations, extensive labora-
tory tests confirm their capability to
enhance the extraction of metals from the
recalcitrant minerals chalcopyrite and
molybdenite (C. Brierley, 1977; J. Brier-
ley and C. Brierley, 1978; C. Brierley,
1978a:' C. Brierley, 1974).

A few years after the discovery of the
extremely thermophilic, acidophilic bac-
teria, LeRoux et al. (J9T 1) reported the
discovery of Thiobacillus-like microor-

ganisms which require temperatures be-
tween 30-55 oC. Although these organisms
oxidize iron like T. ferroxidans and are
morphologically and physiologically simi-
lar, they require small quantities of simple
organic compounds. First isolated from
Icelandic, acidic thermal springs, ther-
mophilic thiobacilli have been found to
occur naturally in a large-scale leach test
facility (J. Brierley and Lockwood,1977)
and copper leach dumps at Chino mines,
Santa Rita, New Mexico (J. Brierley,
1978), and Bingham Canyon, Utah (C.
Brierley, et al., 1979).

It is premature to ascertain the signif-
icance of thermophilic bacteria in mineral
leaching. Temperature profiles of copper
leach dumps show areas in excess of 80 "C
due to the exothermic oxidation of pyrite
(Beck, 1967). Such regions could be the
site of active thermophilic bacterial
populations. However, studies to date
have neither quantitated these popula-
tions nor evaluated their contribution to
metal solubilization.

Restoration of mine sites
and wastewaters

Microorganisms are now used in the
restoration of mine and mill effluents,
and current research indicates that some
bacteria may play an active role in the
restoration of in-situ uranium leaching
sites.

Restoration of in-situ uranium mines

In-situ leaching of uranium has
flourished in the uranium regions of south
Texas and Wyoming. The most frequent
leaching agents used in these regions are
carbonate and bicarbonate ions with
hydrogen peroxide as the oxidizing agent
to form the highly soluble uranyl dicar-
bonate and tricarbonate ions (Garrels and
Christ, 1965).

2UO, + 2H,O, + 4(NH.),CO,*
2(NH.),UO,(CO,),+4NH.OH (10)

uo, + H,o, + 3(NH.),CO.*
(NH.).UO'(CO,),+2NH.OH (l l)

Since the hydroxyl formed by these reac-
tions will attack the uranyl carbonate
complex, it is neutralized by the addition
of bicarbonate.

NH.HCO, + NH.OH*(NH.),CO, + H,O (12)

Although solutions other than ammo-
nium carbonate and ammonium bicar-
bonate can be used, the ammonium cation
is preferred since it is less expensive and
doesn't produce the swelling of clays
sometimes noted with the sodium ion.
However. the ammonium ion does have a

tendency to adsorb to base exchange sites
associated with clays in the mineral for-
mation. Ground water passing through
the formation tends to mobilize the am-
monium ion, and there is the potential
problem of the conversion of ammonium
to nitrite and nitrate. The latter com-
pounds have little affinity for minerals
and are freely soluble. Nitrite and nitrate
are also hazardous to human health.

Laws for the restoration of mine sites
are now being formulated in affected
states. Present government regulations
for Texas require that the water at the
mine location be restored to base line
ground-water quality and the mine site be
returned to its original state after solution
mining has ceased (Walsh et al., 1979;
Whittington and Taylor, 1979). F
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Bacteria have recently received consi-
derable attention as agents for restoration
of in-situ mine operations leached with
ammoniurn carbonate solutions. The or-
ganisms specifically considered for this
function are Nitrosomonas, which oxidize
ammonium to nitrite,

NH.+ +3/2  O ' *2H+ +H,O+NO,-  (13)

and Nitrobacter, which oxidize nitrite to
nitrate.

NO,-+ l /2 Ou*NOr- (14)

Reduced orgon ic  N

i n l o  g l o n i s / o n i m o l s  /  m i c r o b e s

FIGURE I -Tnr stoLoctcAl NtrRocEN cYcLE.

Other bacteria are capable of denitrifica-
tion reactions, i.e., the reduction of
nitrate to reduced nitrogen species. Some
microbes reduce nitrate to gaseous nitro-
gen while others reduce nitrate to nitrous
oxide or ammonium ion. The end product
is species dependent. The energy needs for
denitrification can be an organic energy
source for most microbes and thiosulfate
or elemental sulfur, a source for the
organism Thiobocillus denitrificans. As
shown in the biological nitrogen cycle as it
occurs in soil (fig. l), it is feasible to oxi-
dize ammonium to nitrate and then re-
duce nitrate to a gas.

Sorne preliminary research has been
completed on the use of Nitrosomonas
and Nitrobscter for uranium mine site
restoration (David Johnson, personal
communication). These studies indicate
that biological nitrification can occur in
column experiments using uranium core
and synthetic ground water. It is entirely
feasible that bacteria could be used to ox-
idize both mobilized ammonium and ad-
sorbed ammonium to soluble nitrate. The
nitrate could then be easily flushed out of
the mine site. There are many factors to
be critically examined. Among these are
the introduction of the nitrifying bacteria
into the formation, the retention of viabil-
ity of the bacteria in the in-situ site, the
continued activity of the bacteria, their
ability to oxidize adsorbed ammonium

ion, and possible problems that bacteria
in the formation might create such as re-
duction in permeability.

Restoration of mining and milling waters

Many organisms have the capacity of
accumulating metals either by binding at
the organisms' surfaces or by intracellular
uptake of the ions. Likewise, biological
agents can readily transform metals by
solubilization, precipitation, valency
changes, and conversion to organo-
metallic compounds (Kelly, et al., 1979)'
Because such transformations occur on a
geochemically significant scale, the use of
bacteria has long been considered a
scheme for metal recovery from dilute
solutions such as seawater. Rather than
mineral depletion being a motivating fac-
tor, environmental constraints and
economic conditions were primarily
responsible for active development of
biological processes for recovery of
metals from dilute solutions. One of the
most successful applications of the pro-
cess is the use of algae to remove both
soluble and particulate lead from the mill
tailings of several mining ventures in the
"new lead belt" of Missouri (Gale and
Wixson, 1977; 1979).In one operation a
tailings pond allows heavy particulates to
settle, and the effluent from the pond
passes through a series of shallow
meanders. Algae are encouraged to grow
in the meandering stream, and analyses of
the algae and aquatic vegetation indicate
that these agents effectively accumulate or
entrap the heavy metals released in the ef-
fluent from the tailings pond. A settling
pond and baffled outlet prevent the algae
from discharging into the receiving
stream. Vegetation, identified to function
effectively in this wastewater treatment,
include Cladophora, Rhizoclonium,
Hydrodictyon, Spirogyro, Potomogeton
and occasional blooms of Oscillatoria.

A combination biological/chemical
treatment system is presently operational
in the Grants, New Mexico uranium dis-
trict for the removal of selenium, molyb-
denum, radium, and uranium from mine
wastewater. The system consists of a
series of settling ponds to remove heavy
particulate matter; some waters are sub-
jected to an ion exchange plant to remove
uranium. Barium chloride is subsequently
added to precipitate sulfate and radium.
The wastewaters are retained in three con-
secutive algae ponds before discharge.
This wastewater treatment system is now
under study (C. Brierley and J. Brierley,
unpublished data). It is evident from
preliminary data that, although algae and
aquatic vegetation are present, large
populations of anaerobic, sulfate-

reducing bacteria in the sediments may
participate in trace element removal.
These organisms reduce sulfate to hydro-
gen sulfide

SO. ' -+  l0H+*H,S*4H'O (15)

using hydrogen or simple organic mole-
cules as energy sources. Analyses of sedi-
ments indicate significant accumulations
of uranium and molybdenum. The mech-
anisms for ion removal have not been
defined, but it is evident from early
studies that both geochemical and biolog-
ical reactions are likely operative.

Microbial problerns in
in-situ uranium leaching

Thus far only the beneficial uses of
microorganisms in the mineral industry
have been discussed, but it is apparent
that new technology in mining practices is
resulting in increased incidences of
microbial fouling. The problems are bla-
tantly obvious, the causes are less evident,
and the answers are not immediately ap-
parent,

Mine sites that are leached with car-
bonate solutions and hydrogen peroxide
sometimes experience plugging. Back-
flushing of the wells reveals the presence
of massive, macroscopic growths of mi-
croorganisms. Preliminary identifications
indicate these organisms to be common
soil bacteria. Some plugging of mine sites
occurs that cannot readily be attributed to
either physical or biological factors. In
such instances it may be necessary to test
for microbial activity, since these agents
may be producing gases which could form
an airlock in the formation' Examples of
such activity are the production of hydro-
gen sulfide by the sulfate-reducing bac-
teria (reaction 15) or the production of
gaseous nitrogen by Thiobscillus de-
nitrificans:

5SrO"--| 8NO'- * HuO*

4N, + 9SO.',- + H,SO. (16)

To date little is known whY micro-
organisms sometimes suddenly grow
abundantly and uncontrollably in the in-
situ uranium leach sites. It may be that
chemical and physical conditions are
altered to the point where opportunistic
microbes find a suitable niche for prolific
growth. Hydrogen peroxide, as the oxi-
dant for uranium oxidation, is an oxygen
carrier and may supPlY the aerobic
environment needed for microbial devel-
opment. The causative factors of this
situation are as ill-defined as preventative
measures. Currently the only action being
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taken against microbial growth is the
periodic injection of strong oxidizing
agents such as chlorine gas. It may be
necessary to find an antimicrobial agent
that successfully prevents growth, is in-
expensive, environmentally acceptable,
and doesn't interfere with the leaching
and uranium recovery processes.

Conclusions
Microorganisms can be either a boon or

bane to the mining industry. Bacterial
leaching has a vital niche in the pro-
duction of copper and uranium from
low-grade ores. Likewise, low-cost
energy-conservative techniques for
recovery of vagrant inorganic con-
taminants from industrial wastewater are
making increasing use of microbes.

Further investigation will reveal new
applications of microorganisms to benefit
the uranium industry. The process likely
to have the most potential is the bacterial
oxidation of ammonium ion remaining in
the formation after in-situ leaching with
ammonium carbonate solutions.

However, new technologies in uranium
mining are evoking problems not previ-
ously associated with this industry.
Opportunistic microbes are rapidly and

uncontrollably proliferating in artificial
environments created at the leaching sites
and in the uranium recovery and restora-
tion circuits associated with the opera-
tions.

Substantial effort is needed to evaluate
microbial practices and problems of the
mining industry. Evaluations must be
comprehensive, including not only the im-
mediate problem or practice, but the basic
aspect of the situation. A cooperative ef-
fort among many disciplines is needed,
for the solutions to the problems are not
likely to be uniquely biological.
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Directory of
commercial  analyt ical

laboratories in
New Mexico

Types of analyses

Routine chemical assays include both
wet and instrumental methods (depending
on preferences of the individual labora-
tory) and are analyses of major (l-10090)
and minor (.01-l9o) elements.

Geochemical assays include analyses of
trace elements in geological materials
(.0001-.0190); these are usually done by
instrumental methods.

Fire ossay is a method of analysis for
gold, silver, and platinum group metals
using furnace heat and dry reagents.

Woter quality analyses include the
chemical and biological analyses of water
constituents but do not include trace con-
taminants.

Rapid whole-rock analysis is the
analysis of the major and minor oxides by
atomic absorption.

Radiometric ossays . pertain to the
measurement of geologic time by the dis-
integration rate of radioactive elements.

Radiochemical assays are chemical an-
alyses of radioactive materials.

Commerc la l  l l s t lngs
Albuchemist. Inc.
715 San Mateo Blvd. NE
Albuquerque, NM 87108
(s0s)268-'t36'7

Routine chemical assays on soil, water, gasoline,
ore and paint

Albuquerque Assay Laboratory
4l l5 Silver Ave. SE
Albuquerque, NM 87108
(5O5) 268-5',776

Routine chemical assays on ores
Rapid whole-rock analyses
Mineral examinations
Trace analyses
Geochemical assay_s
W a t e r - quali ty o na I y ses
Radiometric assays

Controls for Environmental Pollution, Inc.
P.O. Box 5351-1925 Rosina
Santa Fe. NM 87501
(s05) 982-9841

Radiochemical analyses
Biological assays
Trace inorganic and organic contaminants
Water-quality analyses
Pesticide analyses

Core Laboratories. Inc.
3428 Stanford Dr. NE
Albuquerque, NM 87104
(sos) 344-0274

Ilater analyses
Uranium analyses
Base and precious mineral assays
Geochemical assays

Eberline Instrument Corporation
P.O. Box 2108
Santa Fe, NM 87501
(50s) 4'71-3232

Radiotion measurements
Radon monitors
Radiochemistry

Silver City Testing Laboratories, lnc.
505 Texas
Silver City, NM 88061
(505) 538-3029

Routine chemical assays on ores
Fire assays
Custom assays

Prlces and fees

Most commercial laboratories have
three qualities of work: the routine or
preliminary, which is the lowest priced
and is not run in duplicate; a control,
which is medium priced and generally run
in duplicate; and an umpire, which is very
exact, usually a wet method run in tripli-
cate. The last method is the most costly.
In general the higher the price, the better
the results.

The New Mexico Bureau of Mines and Mineral
Resources neither vouches for nor recommends the
commercial laboratories listed herein over any other
laboratories. The information was supplied by the
individual laboratories. The list is intended to in-
clude all laboratories in this area; any omissions are

tr
-Lynn A. Brandvold, Chemist

NMBM&MR
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