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ABSTRACT

Wastewater from uranium mines in the Ambrosia Lake district
near Grants, New Mexico, U.S.A., contains uranium, selenium,
radium and molybdenum. The Kerr-McGee Corporation has a novel
treatment process for waters from two mines, sections 35 and 36,
to reduce the concentrations of the trace contaminants. Par-
ticulates are settled by ponding, and the waters are passed
through an ion exchange resin to remove uranium; barium chloride
is added to precipitate sulfate and radium from the mine waters.
The mine waters are subsequently passed through three consecutive
algae ponds prior to discharge. Water, sediment and biological
samples were collected over a 4~year period and analyzed to assess
the role of biological agents in removal of inorganic trace
contaminants from the mine waters.

Conclusions derived from chemical analyses of waters and
sediments of the mine water treatment facility are:

1. The concentrations of soluble uranium, selenium and
molybdenum were not diminished in the mine waters by
passage through the series of impoundments which
constituted the mine water treatment facility. Uranium
concentrations were reduced but this was due to passage
of the water through an ion exchange column.

2. The particulate concentrations of the mine water were
reduced at least ten-fold by passage of the waters
through the impoundments. Since uranium, selenium and
molybdenum were associated with the suspended particulates,

reduction in the concentration of total suspended solids



reduced the concentration of contaminants in the
final effluent.

3. The ponds were well oxygenated. This was probably due
to the shallow depth of the ponds and growth of algae.

4. The pH remained near neutral during all collections and
this would indicate that the major soluble species of
trace contaminants would be molybdate, uranyl carbonate
species, selenite (and possibly selenate at the higher
pH values).

5. The temperature remained higher than 10°C in winter
suggesting that plant and microbial life could remain
viable and that the volume of water was great enough to
lessen large temperature fluctuations.

6. Phosphate and nitrate were present in high enough
concentrations to support limited algal and microbial
activity.

7. The sediments were anoxic and enriched in uranium,
molybdenum and selenium. The deposition of particulates
and the formation of insoluble compounds were proposed
as mechanisms for sediment enrichment.

Algal populations in the mine water treatment facility were

identified and their contribution in removal of inorganic trace
contaminants was assessed by field and laboratory studies. The

predominant algae identified in the impoundments were the

filamentous algae Spirogyra and Oscillatoria, and the benthic
alga, Chara. Seasonal variations in both uranium and molybdenum

levels in the filamentous algae were observed in field-collected



samples. This suggested that adsorptive processes were important
in the accumulation of the metals in the algae cells, since
extent of adsorption depends not only on the amount of metal
available per unit of surface area but also on the length of
exposure of the surface to the metal. The results of 24-hour
uptake experiments in the laboratory supported the field evidence.
Short-term uptake of uranium and molybdenum was not observed in
Chara, which accumulated both metals at much lower levels than
the filamentous algae in the field. In the Spirogyra 24-hour test,
the cell material showed a limited capacity to adsorb molybdenum,
while uranium uptake increased with higher external concentrations.
The long-term laboratory studies indicated that the pond
algae, in the form of particulate, decaying material, can be
instrumental in removing metals from solution. However, the
patterns of retention and release of uranium and molybdenum as
the algae decayed in the presence of sediment indicated that
maintenance of reducing conditions in the sediment oxr in the algal
cultures was critical to the sequestering of the metals. The
implication from the laboratory studies is that, while the algae
are instrumental in removing metals from solution, the process was
reversible unless the system contained substantial organic material.
Also, while organic material accelerated the rate of removal and
sometimes the extent of removal from water, retention of the
metals in sediments was also reversible unless the system contained
a high volume of sediment. These conclusions point to major
problems in improving the existing pond system in resbect to

removal of uranium and molybdenum. Calculations of existing pond



productivity and the current removal of uranium and molybdenum

by the algae present indicated that both greater algal populations

and pond areas are necessary for removal of the trace contaminants.
Large populations of microorganisms were found in the waters

pumped from the uranium mines and water passing through the pond

system. Of particular interest was the presence of the sulfate

reducing bacteria, believed to be Desulfovibrio and/or

Desulfotomaculum. Laboratory experimentation indicated that the

sulfate-reducing bacteria may have a role in removal of uranium,
selenium, and possibly molybdenum from solution. Sulfide
production by the organisms may be important since molybdenum can
be precipitated as a sulfide. The reducing conditions may be
responsible for converting soluble hexavalent uranium to the
insoluble quadrivalent form. Although a large population of
sulfate~redueing bacteria was found in the pond sediments, there
was no decrease of soluble sulfate, which remained at 700 ppm in
the water flowing through the system. Reduced forms of sulfur may
be oxidized by the aerobic thiobacilli in oxidizing regions,
returning the sulfur to the soluble sulfate species. The system
may be nutrient limited and the activity of the sulfate-reducing

bacteria quite slow.



INTRODUCTION

BACKGROUND

In most hardrock mining operations the mines are de-watered,
i.e. water is pumped from the mines to prevent flooding
of operations. This water often contains low concentrations of
the elements being mined as well as other associated ions. In
some cases, these waters must be treated to meet EPA standards
before being discharged. Some of the mine waters are used in
milling processes, and become even more laden with soluble
inorganic ions. These brines are pumped to tailings ponds for
evaporation or eventual release to surface or ground water systems.
Both mine waters and tailings solutions are valuable sources of
metals and other ions, and it is both economically and environ-
mentally sound to recover these elements. In New Mexico industries
which must remove inorganic agents from large volumes of water are
the uranium and molybdenum operations. Although precipitaion,
ion exchange, solvent extraction and electrowinning systems are
available for soluble ion removal, these methods are quite often
ion specific and very expensive when treating large volumes of
water. An inexpensive and ion non-gpecific accumulator system is
the desirable alternative. The understanding and design of a
functional bio-filter system for removal of uranium and other ions
associated with uranium mining operations would alleviate discharge
problems in the Grants uranium district (the producer of 40% of
the U.S. uranium). Such a system would be applicable to the
uranium-producing regions of Wyoming and Colorado. The bio-filter

process may also be applicable to other industries, notably the



molybdenum extraction industry, where much water is used in the

milling process and must be purified before it is discharged into

rivers and streams.

OBJECTIVES

The objective of the study was to assess the role of

biological agents in removal of inorganic trace contaminants from

uranium mine wastewaters. In order to determine the effectiveness

of a biological minewater treatment facility the following research

plan was followed:

1.

Analyses for selenium, molybdenum, uranium, and radium

of the mine water, and various plant and microbial
populations in the settling ponds on the Kerr-~McGee

Corp. property were conducted to ascertain which species
accumulated soluble ions.

In the laboratory, the biological species active in
accunmulating selenium, molybdenum, uranium, and radium
were identified and selected by standard biological
techniques.

In the laboratory, the nutritional and growth character-
istics of the bio-accumulators were examined, and condi-
tions which resulted in maximum concentration of selenium,
molybdenum, and uranium by the organisms were established.
Conditions examined were temperature requirements, rate
of water flow, amounts of phosphorus, nitrogen and trace
elements required. The fate of accumulator organisms
within the treatment system was determined. Questions

asked were 1) will the concentrated elements be released



back into the system as soluble ions, or 2) will the
dead organisms with their accumulated elements deposit
at the bottom of the settling pond?

4. A bench-scale model was constructed to simulate a system
for removal of inorganic ions from mine wastes. From
this model the retention time of water for maximum ion

removal by the bio-filter agent was estimated.

FIELD SITE

A wastewater treatment system for mine water pumped from two
uranium mines was selected for study. The system is used by the
Kerr-McGee Corporation for their sections 35 and 36 mines in the
Ambrosia Lake district near Grants, New Mexico. The treatment
system consists of a series of settling ponds for primary water
treatment, an ion-exchange plant for uranium removal, addition of
barium chloride for radium removal, and a series of algae ponds
for final settling and pollutant removal (Figure 1). This system
treats about 4.3x10° gallons of water each day with each mine
contributing one-half of the total volume. During the course of
the study, the treatment system was subject to temporary alterations.
Ponds were by-passed and dredged and later returned to the system.
These alterations are reflected in the data presentation in the

subsequent sections.

REPORT PRESENTATION
The technical report is divided into four sections: the
physico-chemical aspects of the water treatment system; the role

of algae in pollutant removal from the water; the bacteriology of
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the mine water treatment system; and a summary of the results
of the project. The report is completed with the bibliography
and an appendix listing the publications and presentations

resulting from the research to date.



WATER AND SEDIMENT CHEMISTRY OF A
URANIUM MINE WASTEWATER TREATMENT FACILITY

As part of the overall study to examine the role of
biological and chemical agents in the removal of selected
inorganic contaminants from uranium wastewaters, a series of
chemical analyses were conducted. Over a four-year period,
water and sediment samples were collected from the uranium mine
water treatment facility constructed for removal of trace
contaminants from waters of Sections 35 and 36 mines operated by
the Rerr-McGee Corporation at Ambrosia Lake near Grants, New
Mexico, U.S.A. The samples were collected to ascertain the
partitioning of selected inorganic contaminants in the system and
ts determine the success of physical-chemical and biological
processes in removal of these selected contaminants. Several
water chemistry parameters were routinely examined, and the levels
of several elements of nutritional need were examined for their

presence in the mine waters.

MATERIALS AND METHODS

Sample Collection

Water samples for analyses of selenium, molybdenum and
uranium were collected in 1-2 acid-washed, polypropylene bottles
containing 15 m& of concentrated nitric acid. Water samples for
nitrate were collected in 500 mf% glass bottles; these samples were
refrigerated immediately following collection. Waters for
phosphate analysis were collected in 500 m% glass bottles, washed

thoroughly with phosphate-free detergent. Before analysis, all
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samples were filtered through 0.45 um Millipore filters.

Sediment samples were collected near the banks of the
impoundments. These grab samples were obtained using a shovel
or hoe. The samples were placed in plastic bags for transport
to the laboratory. .

Core-samples from the impoundment basins were obtained by
driving PVC pipe, 38 cm in length and 3.8 cm ID, into the sediments.

Caps were screwed onto the ends of the pipes for transport of the

core to the laboratory.

Collection of Field Data

Eh and pH were measured in the field using an Orion Ion
Analyzer Model 407A or Analog A/F Portable pH Meter Model 399.
Some water samples were measured in the laboratory for pH; these
measurements were made immediately upon return of the sample to
the laboratory using waters collected for nitrate analysis. The
instrument used was a Copenhagen Radiometer pHM82 standard pH meter.
Conductivity of water was measured either in the laboratory
with samples collected for nitrate analysis or in the field using
a YSI Model 33 5~C-T Meter. Temperature was measured with a mercury
thermometer or a ¥YSI Model 33 S-C-T Meter. A YSI Model 57 DO Meter

was used to measure dissolved oxygen at the field site.

Analyses
Solids Processing:

Core samples were removed from PVC pipe by pushing the coreb
at one end with a solid object. The sample was obtained as a
solid core which was characterized according to color, and from

which individual sections were taken for analyses. The core

11



sections and sediment samples were dried overnight at 105°C.
Dry weights were calculated. Before digestion of the dried
solids, the samples were pulverized using a mortar and pestle.
A representative sample was obtained by coning and quartering
the sample (Testing Sieves, 1972).

Total suspended solids in liquid samples were determined
according to Standard Methods (1976). For analysis of suspended
solids a known volume of acidified sample was passed through a
0.45 pym Millipore filter; the weight of the suspended matter was
determined from the total suspended solids assay. The total
suspended matter and the membrane were digested (EPA, 1979).

Sediments and core sections were acid decomposed (Brandvold,
1974) . Total sulfur in core samples and sediments was determined

by the fusion method (Scott, 1939).

Analytical Procedures for Agueous Samples

Uranium was analyzed by the trioctylphosphine oxide method
(Yoe, et al., 1953), and molybdenum was assayed by a modification
(Meglen and Glaze, 1973) of the colorimetric thiocyanate-stannous
chloride method (Sandell, 1950). A Bausch & Lomb Spectronic 20
was used for colorimetric assay. Selenium was determined
fluorometrically (Chan, 1976); fluorescence was read on a Turner
Model 110 fluorometer.

Sulfate was determined by the gravimetric method with drying
of residue uéing Gooch crucibles and #934AH glass fiber filters
(Standard Methods, 1976).

Copper, total iron, and vanadium were analyzed using a Perkin

Elmer Model 303 atomic absorption spectrophotometer. Nitrate was

12



assayed by the ultraviolet spectrophotometric method (Standard
Methods, 1976) using the Beckman DB Spectrophotometer.
Phosphate was analyzed by the stannous chloride method,

measuring color development with the Bausch & Lomb Spectronic 20.

226

Radium ( Ra) concentration was determined by measuring the

222

equilibrium amount of radon ( Rn) emanating from the sample.

The radon was removed by bubbling dry nitrogen through the sample.

The 222Rn was collected in a charcoal trap at dry-ice temperature,

and the collected 222Rn was transferred to a Lucas chamber for

alpha counting.

RESULTS AND DISCUSSION

Mine Waters

Temperature:

Table I presents the temperatures of the mine waters measured
during sampling trips. The temperatures of the waters coming from
the mines were nearly constant, varying only 1-2 degrees. Section
36 water was slightly warmer than Section 35 water. In winter
months the water temperatures decreased during passage through the
treatment facility. The lowest temperature recorded was 10°C
during January 1979. During one summer sampling (September 1980)
the water temperature increased to 26.5°C.
pH, Eh, and Dissolved Oxygen:

pH values measured for zcllected samples are tabulated in
Table II. Values ranged from 6.35 to 8.33. These variations were
probably due to changes in the mineralogy of ore and gangue mined.
Little variation was noted as the mine waters migrated through

the treatment impoundments, and no variation in pH was detected

13
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with season.

Eh values (Table IIT) for the mines waters showed the system
to be oxidizing. The values were generally above +500 mv. Data
for March 31, 1981, were low; however, this was probably due to a
malfunctioning Eh electrode.

Dissolved oxygen values (Table IV) indicated that the waters
were well oxygenated. The amount of oxygen in the waters increased
with passage of the water through the impoundment system. This
probably resulted from photosynthesis by algae in the ponds and
the shallow depths of the ponds. Waters issuing from algae pond
#3 were nearly saturated with oxygen.

Conductivity:

The conductivity values of water samples collected from the
mine water treatment facility are recorded in Table V. These
values reflect the total concentration of ionized substances
dissolved in the water. The conductivity of most potable waters
ranges from 50 to 1500 umhos/cm; the conductivity values recorded
for the mine waters were near the upper range of potable waters.

As can be noted from the Section 35 and 36 influent values and the
algae pond #3 effluent values, there was no decrease in conductivity.
This suggests that there was no decrease in the concentration of
dissolved species from the initial influent to the final effluent.
Sulfate and Radium:

Sulfate concentrations measured in liquid samples throughout
the mine water treatment facility are tabulated in Table VI. Despite
the addition, just before the confluence of Sections 35 and 36

waters, of barium chloride, no decrease in sulfate concentration

16



PRUTWI™ISU JON - AN

LOP+ yeG+ YIS+ 85+ s+ 6L5+ 95+ 696+ JuINTIIA €4 puod ebTy
Lyp+ oG+ PSS+ YOG+ PhS+ P19+ oS+ 6VS+ JUSNTIIA z# puod 2vBTY
Kag 95+ AT 95+ PoS+ 985+ posS+ P19+ Jueni3zd T# puod sebly
LY+ 696+ PES+ 695+ TS+ 09+ YES+ 685+ 9¢ pue gg °*09g IDUBNTIIUOD
LSP+ paG+ ves+ YOS+ PEG+H 09+ P8S+ 665+ g9g -o9g - JuSNTIIE Z-€ pucd
Sov+ Axq &xa % o 4Lzxq 85+ oS+ 689G+ 9f 09§ ~ JUSNTIIA T-d puod
LOV+ LS+ PYS+ PoS+ s+ OGS+ P8+ 09+ 9¢ *o9g - JuSNTIIH
LOV+ pLS+ 605+ bLS+ PYS+ P95+ pESH 65+ GE °098 - JUSNTIIT P~V puod
LOY+ v6s+ 6TG+ 655+ PYS+ IS+ peES+H P65+ G "D9S§ -~ FuSNIIIA ¢-¥ puod
LOp+ 65+ vse+ bos+ 96+ 85+ PEh+ pes+ SE ‘09§ - JUIN[IIF ¢-V buod
LbP+ an an aN an - anN aN an Gg °08g - JuenIIIY T-¥ puod
L9Y+ v+ PIG+ 95+ PSS+ PYS+ IS+ 69+ GE “09§ - jJuUSNIIIA
(aw) yg uoT3Ro0T atdures
18/TE/€ 08/L1/6 08/62/% 08/%2/1 6L/52/6 6L/62/9 6L/9/¢€ 6L/61/T

UoT309TTOD 3O 23ed

OOTXOW MON ‘s3ueId Jesu AJTITORI JUSURERSI} ISJEM FUTW UNTURIN B WOIY
potaad xesi-g ® I9A0 PO3OSITOO Sasjes jo yx  “III ITEVL

17



pauTuIa3}ad 30N = AN

78 £°6 7°6 L6 JuenIIIA - ¢4 puod aebly
Z2°9 9°8 €L 7°8 JuenTIIE - Z# puod 9ebiv
9°g 0°L 0°L 0°gG JUSNIIIT - T# puod sebiy
6°G 6°9 6°9 8°9 9¢ puB G¢ 0985 - DOUSNTIUOD
1°9 Z°L €L 8°L 9¢ °09g - jusnTIIA Z-9 puod
% (¢ Axq V% (| Aaqg 9¢ °09g - jusniiyyd -9 puod
0°9 £€°9 Z°L 0°9 9¢ "098 - jusnTIIF
1°S 0°L 7AR] G°9 GE 095 -~ usniiIA H-¥ puod
€°g L°9 an €°9 GE °D9g - juenTIFA £-Y puod
G°g L°9 anN aN GE °D98 - 3usnIIIA ¢-¥ puod
L°9 an aN aN Gg O89S - jueniiyd I-Y puod
0°9 L°9 8°9 £°9 G¢ °09S - jueniizd
(y/bu) usbAxO POATOSSTA
08/L1/6 08/62/¥ 08/v2/1 6L/52/6 uotledo] ordures

UOT3OSTTOD JO o38q

OOTX®W MON ‘S3jueId) Jesu AJTTTORI JUL2UQEaI] I93BM SUTW WNTURIN ®© wox g
poTIod Ie94A-2U0 B I9A0 POIDSTTOD SIDIEM UT USHAXO PRATOSSTA °AI AT9YL

18



0901 06ST 0901 002t 0S€eT 00ET 0991 usNT33IA €4 puod debTV

0€0T 04991 00ct OSTT 00€T 08¢t 06971 JUSNTIFE Z4 puod 2ebrvy
Aag 0E8T ooeT OSTT 00€T 06ect 06ST jusni{yFa T4 puod 9ebiy
ov0T O0%9T 00ct OSTT 0821 0ECT 08ST 9t pue Gg D95 ~ SdUSNTIUOD
0t0T 0v9T 00¢T 00ZT 0STT 08¢t 0091 9¢ *O935 - JuSNIIFE -9 PUCd
0001 A1q Azaq Aaa Q02T 00eT 06T 9¢ "O95 - JuSnT3IId T-€ pucd
000T 006 00T 002T 002T 00T 089t 9¢ "0®5 - juseNiIId
0901 0SPT 080T 0StT 0sZT OTET 00LT SE °"O9g - JUSNTIFI P-V¥ puod
0L0T 06ST 00T 0sTT 0o€T 0LeT 0891 GE€ °O9g - JuSNTIII £€~¥ puod
0201 00sT 002t 0STT 0S¢t 082CT 069T G¢ "09g8 - juentzx3yd ¢-¥ puod
0L0T aN an an an aN . ON SE "O9g - JUSNTIIH T-V¥ puod
0TOT 00ST 002t 00CT 00€1 0501 0591 Gg "09§ -~ JusSniFFa

(wo/soyurl) A3 TATIONPUOC)

18/1€/¢ 08/LT/6 08/62/% 6L/62/6 6L/6Z/9 6L/9/¢€ 6L/61/1 uoT3eo0] aTdures

UOT3O9TTOD 3O 93ed

ODTX®W MON ‘S3juexd ITesu AQTTTORI FUSUIESI] ISIBM DUTW
unmTueIn ® woxjy poraad Ieak-¢ B I9AC PR3ORITOD SISJeM JO AJTATIONPUOD ‘A HIYL

19



POUTWISZSE ION ~ ON

€°L19 Z'059 z°Le9 9°9¢L z°059 L°GL9 2°LSL T TLL €°TVL JuenT3IFE £4 buod aebIy
§°ZEL £°169 8L P° 569 L°0L9 5°0Z9 8°SEL T°99¢L 6°L69 JUSNTIIT Z# puod aeblv
1°€89 1°€89 z°L8Y 6°'TIL 5799 1°699 6°29L $°q9L ¥°989 Jusn{3yE 14 puod debiv
6°8¥L T°9%9 8°L0L $°669 6° 199 6°699 v 1SL 9°6GL 9°519 9f pu® gg °*93g VOUSNTIUOD
2°6z¢ 6°¥L9 8°L0L £°¥8S 8°LEYS 1°659 §°SSL 9°0SL (A AR 9¢ *D9g - JUSNTIIY ¢-€ puod

&za Lx1q Azq Axq 8 ¥hL 8°0LY9 G ZEL ST an g¢ *09§ - JuaNTIIIT T-9 puod
£°pBS 1°9LS £°T9L 6°TTL 0°6L9 T°9v9 6°£89 97 9¢L € PSP 9¢ ‘29§ - jusniFId
0*609 8°LE9 9°999 6°¥L9 2 veL 1°€19 PopIL 6°ESL G €59 GE ‘09§ - JUSNTIFF p-¥ puod
PLEE 1°9E6 $°569 1°€89 ¥ 129 $°00L 2 EPL T1°66L an GE °09g - juanizzI £~¥ pucd
9°669 0°6L9 (A 744 6°TTL L°E0L z°089 S EBL 6°L9L an GE 995 ~ JuaNnTIIT Z-¥ PuUOd

an an an an aN an an an an GE 095 ~ JUSNTIFA T-V puod
889 £°169 1°02L L°P0L 2 LSL 2°1€9 §°SSL 6°ESL L1992 GE "095 - JUSNTIFI

(y/bwmy o3e3TnS uot3ed0] ITdwes

08/L1/6 os/ve/v 08/%2/1 6L/st/6 6L/92/9 6L/9/¢ 6L/6T/1 8L/ST/1T 8L/61/01

UoTIVSITIO0 JO a3eq

OoTXol MeN ‘S3uRid Iwou A3TTTORI JUSURRIIF IIJBM OUTH UNTURIN © WOXF
porsad zeskeg ® ISAO PIROSTTOD SISIBM UT UOTIRIIUSDUOD 33BITNS  “IA ITEVL

20



in the waters of algae ponds #1, #2 and #3 was noted. However,
only 8 mg of barium chloride was added per liter of water. This
amount of barium would only react with 3.7 mg sulfate per liter.
This small decrease in sulfate concentration would not be
detectable in the sulfate analyses shown in Table VI.

Barium chloride was added to co-~precipitate radium. Few
radium analyses were completed; however, the results of these are
reported in Table VII. These data showed that the radium
concentration in the mine water from Section 36 was high (90+20
pC;: 2~'). No radium assays were made on Section 35 waters;
however, by examining the Sections 35 and 36 confluence for radium
concentration (2.3*0.5 pC; 271y, it was evident that much of the
radium was removed prior to barium chloride treatment of the
mine waters. Although no analyses were conducted on the amount
of radium associated with particulate matter, it is suggested
that the decrease in radium concentrations of the waters may be
due to the adsorption of radium to suspended matter.

Uranium:

Table VIII summarizes the uranium analyses of the waters of
the mine water treatment facility. The concentrations of uranium
in the effluents of Sections 35 and 36 were variable with the
Section 35 effluent generally having higher uranium values than
the Section 36 effluent. Uranium values in solution decreased
somewhat as the waters passed through the initial settling ponds
(Al-4 and Bl and 2); however, B-1 and B-2 were more effective ati
removal of the uranium than the A series of ponds.

The uranium values noted for the confluence of Sections 35
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and 36 were low due to the use of ion exchange resins for recovery
of the uranium. During the initial part of the study only
Section 35 waters were passed through the resin columns, but
during the latter phase of the study both mine effluents were
treated. The resins removed more than 50% of the soluble uranium
from the mine waters. Somewhat more soluble uranium was removed
from the waters as they moved through the three algae ponds.
However, there did not appear to be any correlation between the
effectiveness of the algae ponds in removal of soluble uranium
and the season. The effluent from algae pond #3 contained less
than 1 mg uranium per liter as determined by the 10 selected
samplings.

Although no speciation studies were made of the soluble
uranium, it is anticipated, based on the water chemistry of the
mine waters, that the uranium would be in the form of negatively
charged carbonate complexes (Hostetler and Garrels, 1962; Garrels
and Christ, 1965). These species would not be expected to

extensively adsorb to negatively charged algae or clay particles.

Molybdenum:

The levels of soluble molybdenum in waters of the mine
treatment facility are shown in Table IX. The soluble molybdenum
concentrations in the discharge of Section 35 were higher than in
the Section 36 discharge. Neither the A nor B series of settling
impoundments were effective in removal of the soluble molybdenum.
The values recorded in Table IX for the confluence of Sections
35 and 36 waters represent the average soluble molybdenum

concentration for the two mines. The three algae ponds were also
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ineffective in removal of soluble molybdenum, and the effluent
from algae pond #3 contained soluble molybdenum in concentrations
of approximately 0.5~1.0 mg 27 '.

No speciation of the soluble molybdenum was determined;
however, based on the water chemistry, the molybdenum would
probably exist as Moo42_ (Raback and Runnells, 1980). This
negatively charged species would not be expected to adsorb
effectively to negatively charged algae or particulates. This
may explain its uneffected passage through the water treatment

system.

Selenium:

The soluble selenium in the mine waters would probably be in
the form of selenite or selenate; the latter would be formed at
the higher pH levels of the water (Lakin, 1973; Measures and Burton,
1978; Trudinger et al., 1979). The concentrations of these species
in the mine waters as they flowed through the treatment impoundments
are tabulated in Table X. By passage of the water through the
system approximately 50% of the soluble selenium was removed
from the water. The algae pond #3 effluent selenium {(soluble)
values recorded during the sampling trips ranged from 5 to 131
mg 2=t

The mechanism of selenium removal from the waters is unclear;
however, adsorption of the negatively charged selenite and selenate
to negatively charged clays and ligands of organic matter probably
does not account for its precipitation. At pH 6.3-6.7 selenium
can be precipitated as basic ferric selenite (Lakin, 1973; Howard,

1971; Measures and Burton, 1978; Trudinger et al., 1979).
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Copper, Iron and Vanadium:

The concentrations of copper, iron and vanadium in the mine
waters are shown in Table XI. Copper concentrations were very
low and vanadium in solution was less than 3.7 mg £ '. Copper
and vanadium would be expected to form the species Cu2+, CuSO4
and VOZ(OH)BZ" (Mason, 1966). The iron solution would be oxidized,
and the ferric iron would be expected to form insoluble Fe(OH)3
(Mason, 1966) or participate in reactions such as the formation
of insoluble basic ferric selenite (Lakin, 1973). The high
concentration of soluble iron in the waters noted during the

June 1979 collection was unusual; freshwater iron concentrations

are generally about 3-4 ug 27! (Trudinger and Swaine, 1979).

Nitrate and Phosphate:

Nitrate and phosphate are both important in the biological
productivity of waters. Nitrate levels were generally higher in
Section 35 water than in Section 36 water, and nitrate levels in
the algae ponds were less than 1 mg gt (Table XII). Although
these levels are probably sufficient to sustain algae productivity
at an oligo-mesotrophic level (Wetzel, 1975), algae productivity
of a eutrophic level would not be likely with this level of
nitrogen. Although nitrate may be limiting in the algae
impoundments of the treatment system, some of the species present
were blue-green algae and would possess the ability to fix
atmospheric nitrogen. Ammonia was not analyzed in the waters since
its presence in highly oxygenated waters would be low. Any ammonia
present would be sorbed to the particulate matter in solution and

probably would not be available for algae use (Wetzel, 1975).
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Phosphorus is more directly related to lake productivity than
nitrogen (Wetzel, 1975). The levels of phosphate measured in
the waters of the impoundment system (Table XIII) were comparable
to those levels found in most uncontaminated surface waters.
Sufficient phosphate was present to support the growth of Chara,
a benthic alga. Some of the filamentous algae may require higher
phosphate concentrations for optimal growth (Wetzel, 1975), since
bacteria present in the impoundments would compete with the algae
for available phosphate. The chemical conditions in the water
would suggest the formation of phosphate complexes with metal ions
and calcium (Syers et al., 1973). However, analyses of phosphate
(Table XTIIX) indicated that the levels of this ion were low in the
sediments (Syers et al., 1973). This may be due to the mobilization

of the phosphate by a decreasing redox potential (Wetzel, 1975).

Suspended Particulates

Total Suspended Solids (TSS):

Table XIV tabulates the values obtained for suspended matter
in the mine water samples and waters from the treatment facility.
The values for suspended matter were variable with collection data.
The variability in the values of total suspended particulates of
the two mine effluents was probably due to variations encountered
in the mineralogy of the'deposit as mining progressed. Several
TSS values obtained appeared to be erroneous; these were for Section
35 and 36 confluence, collected June 29, 1979, and algae pond #2
effluent, collected September 17, 1980. The impoundment system
did serve effectively to remove particulates from suspension.

Analyses from most collections indicated that particulate loads
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were reduced by more than 10-fold.

Uranium, Molybdenum and Selenium:

Analyses of suspended matter indicated that these particulates
were enriched with uranium and to a lesser extent molybdenum and
selenium. Whether the particulates represent the mineral or
whether the suspended materials were clays or non-mineralized
matter to which the inorganic contaminants were adsorbed was not
determined. The suspended particulates assayed 0.07 to 8.4%
uranium (Table VIII), 6.0x10”> to 0.29% molybdenum (Table IX)
and 1.0x1077 to 0.57% selenium (Table X). One liter of effluent
from algae pond #3 carrying a particulate load of 16 mg 27!
(January 24, 1980) would contain 0.6 mg uranium and 0.0l mg
molybdenum. The settling of particulates in the ponds may be
responsible in part for the enrichment of the sediments with

uranium, molybdenum and selenium.

Sediments

The sediments when collected were usually black. A strong
smell of hydrogen sulfide was evident suggesting the sediments
to be anoxic. Eh measurements of the sediments were negative

confirming the anoxic condition.

Uranium, Selenium and Molybdenum:

Tables VIII, IX and X record the concentrations of uranium,
molybdenum and selenium, respectively, found in the sediments of
the ponds which constitute the mine water treatment facility.
Although the concentration of uranium in solution decreases after

the waters have passed through the ion exchange resins, this
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decrease in solution concentration does not affect the uranium
content in the sediments. The uranium content varied from 0.001
to 0.6%; the higher concentrations were frequently noted in the
final impoundments of the system (Table VIITI). The nature of
the uranium in the sediments was not determined. Hexavalent
uranium can complex with organic matter (Reuter and Perdue, 1977)
and phosphates (Cotton and Wilkinson, 1872). 1In reducing environments
hexavalent uranium may be reduced to the more insoluble tetravalent
uranium (Lingane, 1966).

Like uranium, molybdenum concentrations in sediments (Table
IX) showed no pattern of distribution; concentrations in the
algae ponds were similar to those in the initial settling ponds.
Values of molybdenum ranged from not detectable to 0.05%.
Molybdenum content in sediments could be derived from the settling
of mineralized particulates, the adsorption of soluble molybdate
to amorphous iron oxyhydroxides (Kaback and Runnells, 1980), and
the coprecipitation of Moo42— or M002+ with iron sulfide (Bertine,
1972) . Adsorption of molybdate to clays at the pH of the mine
waters would be of little consequence in removal of molybdenum
from solution (Theng, 1971).

Selenium content in sediments (Table X) also indicated that
no pattern existed in the deposition of this metalloid. Selenium

concentrations ranged from 5.7x10°

to 0.02% throughout the
impoundment. Selenium in sediments could be derived from the
formation of insoluble basic ferric selenite (Howard, 1971; Lakin,
1973; Measures and Burton, 1978; Trudinger et al., 1979) and the

adsorption of selenite to clays (Howard, 1971).
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X-ray diffraction analysis of sediments failed to identify
any specific crystalline forms of uranium, selenium and molybdenum
suggesting that either concentrations of any crystalline compounds
of these metal (lolds) were so low as to be undetectable, or that
any minerals formed in the sediments with these elements were of

an amorphous nature.

Copper, Iron and Vanadium:

Copper concentrations in sediment samples (Table XI) ranged
from 0.002 to 0.003%; this copper would be expected to be in a
sulfide form since the sediments were anoxic and hydrogen sulfide
was biologically produced.

The iron content of the sediments (Table XI) was generally
high, 1.4 to 6.2%, suggesting that most iron present in the system
was in an insoluble state in the sediments. Iron in this water/
sediment system would be as an insoluble ferric hydroxide (Mason,
1966), basic ferric selenite (Howard, 1971; Lakin, 1973), or iron
sulfide. The latter compound could be formed by the reaction of
biologically produced hydrogen sulfide with reduced iron (Bertine,
1972} .

Vanadium concentrations in the sediments (Table XI) ranged
from 0.003 to 0.58%. These sediment concentrations could be
derived from the formation of uranyl vanadate compounds, VO {(OH)
(Hostetler and Garrels, 1962), and fixation by decomposing organic

matter (Bloomfield and Kelso, 1976).

Sulfur:

The analysis of total sulfur in the sediments of the water
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treatment facility (Table XV) indicated that concentrations

range from 0.09 to 3.09%. 1In general, the sulfur values were
slightly higher in the three algae impoundments, This may be
attributable to the addition of barium chloride which precipitated
sulfate. The form of the sulfur in the sediments was not defined,
although due to the reducing conditions and high numbers of
sulfate-reducing bacteria found in the sediments, the sulfur
probably existed in reduced forms such as sulfur or metallic

sulfides.

Core Samples:

The three core samples, collected at the middle, eastern and
western locations of algae pond #2, were examined for color and
texture variations,and analyzed for molybdenum, selenium, uranium
and sulfur. The description of these cores and the assays of the
elements are summarized in Table XVI. A very thin oxidized zone
was evident at the top of each core. The next 23 to 34 cm of
core were black indicating anoxic conditions. The final 4 to 8
cm of core were brown or grey suggesting that the original basin
material had been reached with the coring device. Analyses
indicated that the concentrations of molybdenum, selenium, uranium
and sulfur were nearly uniform throughout the core, including the
lower regions which appeared to be original basin material. The
metal and sulfur values were similar to those recorded for

sediment grab samples.
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CONCLUS IONS

Over a four-year period water, suspended matter, sediments
and cores were collected and analyzed for several physical-
chemical parameters, selected metals, metalloids, and elements
of nutritional interest. These data were evaluated for evidence
of partitioning of trace contaminants between the water and the
sediments. Processes involved in partitioning of trace
contaminants were suggested.

Conclusions derived from the analytical data were:

1. The concentrations of soluble uranium, selenium and
molybdenum were not diminished in the mine waters
by passage through the sgeries of impoundments which
constituted the mine water treatment facility.
Uranium concentrations were reduced but this was due
to passage of the water through an ion exchange
column.

2. The particulate concentrations of the mine water were
reduced at least ten-fold by passage of the waters
through the impoundments. Since uranium, selenium
and molybdenum were associated with the suspended
particulates, reduction in the concentration of total
suspended solids reduced the concentration of
contaminants in the final effluent.

3. The ponds were well oxygenated. This was probably
due to the shallow depth of the ponds and growth of
algae.

4. The pH remained near neutral during all collections
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and this would indicate that the major soluble
species of trace contaminants would be molybdate,
uranyl carbonate species selenite (and possibly
selenate at the higher pH values).

The temperature remained higher than 10°C in

winter suggesting that plant and microbial life
could remain active and that the volume of water

was great enough to lessen large temperature
fluctuations.

Phosphate and nitrate were present in high enough
concentrations to support limited algal and microbial
activity.

The sediments were anoxic and enriched in uranium,
molybdenum and selenium. The deposition of particu-
lates and the formation of insoluble compounds were

proposed as mechanisms for sediment enrichment.
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REMOVAL OF URANIUM AND MOLYBDENUM FROM
WASTEWATERS BY ALGAE

INTRODUCTION

Wastewaters from industrial and mining operations often
contain heavy metals in concentrations too low to warrant
recovery by conventional extractive techniques, but which must
be reduced to maintain water quality standards in discharged
effluents (Kelly, et al., 1979). Usually a number of elements
must be dealt with in one treatment system, so that a nonspecific
method of removal is desirable. Several water treatment systems
have been developed to take advantage of the metal-concentrating
ability of algae. Various algae have been used to accumulate
heavy metals from dilute solution in the treatment of lead mine
effluents (containing lead, zinc, copper and manganese) (Gale
and Wixson, 1979), zinc mine effluents (zinc, cadmium and copper)
{(Jackson, 1978), and municipal wastewaters (copper, chromium and
cadmium) (Filip, et al., 1979).

While algae are able to accumulate heavy metals both as
living and as dead material (Ferguson and Bubela, 1974; Gutknecht,
1965; Jennett, et al., 1979), the metals often are not irreversibly
bound to the algal material. The retention of heavy metals in
treatment systems may be influenced by interactions between the
algal-bound metals and sediment. In many cases, the presence of
algal material in sediment seems to enhance retention of heavy
metals (Jackson, 1978). However, other studies have suggested
that algal material may also mobilize some metals from sediment

(Laube, et al., 1979). It is clear that development of an effective

42



treatment system depends on knowledge not only of the accumulation
of the metals in question by the algae in the system but also of
the retention or release of the metals as the algae decay in the
presence of the pond or stream's sediment.

This section reports studies on the rule of algae in removing
uranium and molybdenum from minewaters in a treatment system
developed at the Kerr-McGee Corporation near Grants, New Mexico.
Part of the treatment system consists of algae ponds through
which the minewaters pass prior to discharge. One purpose of
this study was to determine field levels of uranium and molybdenum
in the most common algae in the ponds. Laboratory studies
included short-term exposure of two of the pond algae, Chara and
Spirogyra spp., to uranium and molybdenum solutions to study
accumulation in living and dead cells. Also, interactions between
algae and sediment were followed in long~term laboratory studies
in which the algae, added either as living or as dead material to
metal solutions, were allowed to decay in contact with pond
sediment.

MATERIALS AND METHODS

Site Description

The wastewater treatment system consists of a series of ponds
which receive water pumped from two underground mines at a rate
of 2x10°® gallons per 24 hours from each. Barium chloride is added
to water from both mines prior to entry into the algae ponds, in
order to coprecipitate radium as radium sulfate. Water from one
mine passes through an ilon-exchange plant to remove uranium prior

to combining with water from the other mine. The residence time
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for the combined waters in the three algae ponds is about 2.5
days, based on a volume of 9x10° gallons (1.25x10° £t%) in the
three ponds divided by the daily input of 4x10%® gallons.

The average concentration of uranium in the algae pond water
is 0.8 ppm and of molybdenum, also 0.8 ppm (Brierley and Brierley,
1980). The sediments contain 1190 ppm uranium and 310 ppm
molybdenum. The pH of the water averages 7.7 - 7.8.

The pond sediments provide a reducing environment (Eh, -350
mV) for a large population of sulfate-reducing bacteria of the

genera Desulfovibrio and Desulfotomaculum (Brierley and Brierley,

1980). In the summer months between June and September, the pond

perimeters support populations of Typha, Juncus, and sedges,

which die back in the winter months.
The predominant algae in the ponds are the macrophytic green
Chara, the filamentous green alga Spirogyra, and the filamentous

blue-green Oscillatoria. Rhizoclonium, another filamentous green

alga, is found at the inflow of algae pond 1 during the summer.

Unidentified diatoms and unicellular green algae are associated

with the floating mats of filamentous algae and with the bottom-
growing Chara. These associated algae are most abundant in the

summer months.

Collection and Laboratory Culture

Algae samples were collected from all three algae ponds in
September, 1979, January, 1980, and April, 1980. Samples were
collected from the edge of the ponds, given a preliminary wash in
pond water to remove excess particulate material, and stored in

nonsterile polyethylene bottles in ice for transport to the
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laboratory. After further washing in deionized water, the algae
were either dried for metal analyses or transferred to aquaria
for laboratory culture.

The algae were grown for several weeks in the laboratory
before being used as experimental material. The algae were
grown in mixed culture in 10 ¢ aquaria containing Shen's medium
(Shen, 1971) with 0.1 g 27! NaHCO; added to Chara cultures
(Forsberg, 1965). About 1% activated charcoal was added to the
media to remove possibly toxic growth by-products (Shen, 1971).
The algae were grown without aeration. Illumination (35-40 fc)
was provided continuously (Forsberg, 1965). The temperature,
which ranged from 18°C to 25°C, averaged 23°C.

Algae Digestions

In order to determine the metal content in field-collected
algae, samples were prepared for uranium and molybdenum analyses
by overnight digestion in concentrated HNOj3; at 85°C, followed by
addition of 30% H,0» and digestion at 125°C. Samples were filtered
through 0.45 pm Millipore filters and brought to volume with
distilled water. Blanks without algae were also run.

24-Hour Uptake Experiments

Removal of molybdenum and uranium from solution by Chara and
Spirogyra was tested in 24-hour uptake experiments. The algae were
washed in deionized water, dried on paper toweling, and weighed
out in 1 g aliquots. Dry weight determinations were made from
representative samples. Algal material was added to duplicate
flasks either as whole cells or as particulate material produced

by grinding the algae one minute in a Sorvall Omni-Mixer (Ferguson
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and Bubela, 1974). To prepare test flasks, 100 ml Shen's medium
or pond water was dispensed into 250 ml Erlenmeyer flasks and

the pH adjusted with 1IN NaOH or 1N HCl to 7.8. After the algae
were added, the flasks were spiked with stock uranium (U02S0y+3H,0)
and molybdenum (Na;MoOy+*H,0) solutions to produce 5-10 ppm U and -
2.5-5 ppm Mo, depending on the experiment. The pH was then
readjusted to 7.8-8.0. Flasks without algae were run as controls.
The experiments were carried out in stationary flasks incubated

24 hours in light.

The amounts of metals remaining in solution were determined
after filtering the media through 0.45 um Millipore filters to
remove algal material. It was necessary to centrifuge the
particulate suspensions for 10 minutes at 4,340xg before filtering.
The solutions were acidified with 1.5% nitric acid before analysis.

Long~Term Experiments

Long-term interactions between algae and sediment were modeled
using 2 £ culture vessels containing 1 £ medium, spiked with
uranium and molybdenum, and either growing or killed algae. 1In
experiment I, 5 g wet weight living Chara (1.1 g dry weight) or
Spirogyra (0.4 g dry weight) was added to duplicate containers of
Shen's medium (pH 7.8) containing 5 ppm U and 2 ppm Mo. A lé4-day
period of growth in light was followed by 152 days in the dark.
At the beginning of the dark phase two of the algae containers
and two of the control containers were given additions of 150 g
sediment collected from the treatment ponds.

In experiment II, the amount of sediment was increased to

1000 g, and 20 g (dry weight) of air-dried Chara was used. The
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entire run of 190 days was conducted in the dark. The pond water
(pH 8.1) used in the experiment was spiked with 20 ppm U and 5
ppm Mo.

The pH was monitored throughout the tests, and Eh measurements
were taken durihg the latter period of experiment II. Concentrations
of uranium and molybdenum in the media were monitored by periodic
removal of 100 ml of solution, which was filtered and acidified
before metal analysis. The 100 ml aliquot was replaced with an
equal volume of medium containing the initial metal concentrations.

Analytical Procedures

Uranium concentrations in digested algae or in water samples
were determined colorimetrically by the TOPO extraction procedure
(Johnson and Florence, 1971). Molybdenum was assayed colorimetrically
by the thiocyanate procedure (Meglan and Glaze, 1973).

RESULTS

Uranium and Molybdenum in Field-Collected Algae

The results of analyses for three collections of algae are
summarized in Table XVII. Table XVIII tabulates the mean U and Mo

values for filamentous algae (Spirogyra, Oscillatoria, and

Rhizoclonium samples) and for Chara. These values represent

average analyses of samples collected from all three ponds at each
collection date.

Levels of molybdenum and uranium were higher in filamentous
algae than in Chara by 2 to 3 times for uranium and about 2 times
for molybdenum. Wide variation in both molybdenum and uranium
levels were found; uranium ranged from a low of 330 ppm (Chara,

Sept.) to 3100 ppm (filamentous, Jan.), and molybdenum ranged from
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TABLE XVII. Uranium and molybdenum levels in
field~collected algae

Date of Collection

September January April
Algae Pond
Algae Location Uranium {ppm)
Chara
pond 2 544+439 (7)* 580 (L) 375+ 25 (2)
pond 3 3304285 (2) NC#** 580 (1)
Spirogyra
Oscillatoria
pond 1 NC 1850%400 (4) 2015+ 15 (2)
pond 2 870¢ 90 (3) 2670530 (4) 1700420 (3)
pond 3 NC 3100+300 (2) 1150 (1)
Rhizoclonium
pond 1 1420+ 50 (2) NC 17002100 (2)
Molybdenum (ppm)
Chara
pond 2 22+ 20 (2) 0 (2) 40t 4 (2)
pond 3 0 (2) NC 4 0 (2}
Spirogyra
Oscillatoria pond 1 NC 3201150 (4) 70t 17 (2)
pond 2 27t 16 (3} 2701200 (4) 53 8 (4)
pond 3 NC 120 50 (2) 35 1 (2)
Rhizoclonium
pond 1 31z 6 (2) NC 30+ 11 (2)

* Number in parenthesis indicates sample size
** NC = no collection
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undetectable levels in some Chara samples to a high of 320 ppm
in the filamentous algae collected in January. Generally, in a
given algal sample the uranium concentration was about 10 times
higher than the molybdenum concentration.

Some seasonal variation was seen in the filamentous algae,
but this variation was not evident in Chara. A one-way analysis
of variance for uranium and molybdenum levels in filamentous
algae by month showed significant variation at the 0.01 level.

The levels of uranium were significantly different for all months,
with levels increasing in the order September < April < January.
Molybdenum concentrations were significantly higher in January
samples; the difference in concentrations noted between September
and April samplings was not significant. There was no correlation
between the metal content of a sample and the pond from which it
was collected.

24~Hour Uptake Experiments

Uptake of uranium and molybdenum on a short-~term basis was
studied in Chara and Spirogyra in 24-hour laboratory uptake
experiements. Results of the tests are given in Table XIX.

Only one experiment (3A, Table XIX) showed that Chara could
take up detectable levels of uranium or molybdenum. The detection
of uranium and molybdenum in field-collected specimens indicates
that Chara does have the ability to accumulate the metals from
solution, but the conditions of the short-term uptake studies
evidently did not allow uptake or only at levels below detection.

Spirogyra preparations adsorbed both uranium and molybdenum

from solution (Table XIX). 1In every case, disruption of the cells
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by omni-mixing increased the adsorption of the ions. The pattern
of removal of both metals by the Spirogyra preparations is
strikingly similar in the different media employed in the tests.
Disrupting cells increased uptake of uranium 2- to 3-fold in

each case. Increasing the external concentration of uranium did
not decrease the percentage uptake, so that the total amount of
adsorbed uranium was higher at the higher external concentrations.
Doubling the concentration of molybdenum in solution did not
increase the amount adsorbed, and in fact, the percentage uptake
was lower at the higher external concentrations. Disruption of
cells increased the amount of molybdenum adsorbed, though on a
smaller scale than for uranium.

The material used for the 24-hour studies consisted of living
cells, which were left intact in the whole preparations and killed
only in the omni-mixed preparations. After the 24-hour incubation
period, the whole preparations retained their cellular integrity
and appeared normal. The particulate suspensions began to lose
their pigmentation after 24 hours.

Long-Term Experiments

The effects of cell growth and subsequent decay on metal uptake
by algae were followed in the first long-term study, while the
second study involved only the decay period. Results of these
experiments are tabulated in Tables XX and XXTI.

In experiment I (Table XX), Spirogyra and Chara were grown
for the first 13 days in light. The Spirogyra cultures contained

some Oscillatoria, which lysed within 1-4 days, giving the medium

a faint brown color. The Chara cultures showed new growth
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TABLE XX. Uptake of U and Mo by Chara and Spirogyra
(Long-term Experiment I}

Ppm
Day Parameter Control Chara Spirogyra

G Uranium 5.8%1.9 5.8%0.8 5.3t2.1
Molybdenum 2.2%0.3 1.9%0.2 2.3%0.2

pK 7.4 7.8 7.8
3 Uranium 5.1%2.2 6.7t0.9 4.2+x0.7
Molybdenum 2.2%0.2 2.3%0.2 2.0t0.7

pH 7.4 7.7 7.8
7 Uranium 3.3%0.6 5.3%0.9 3.5%1.2
Molybdenum 2.240.2 2.2t0.2 1.9%0.3

pPH 7.4 8.0 7.9
13 Uranium 3.0x0.3 5.5t1.2 2.1%0.3
Molybdenum 2.9%0.6 2.2+0.2 1.9%0.4

PH 7.4 8.0 7.7

No Sediment Sediment No Sediment Sediment No Sediment Sediment

14 Uranium 4.3%0.5 6.0t1.5 7.8%0.1 8.0+1.0 3.8%0.8 3.5%0.8
Molybdenum 1.9+0.1 2.2+0.0 2.0+0.1 2.4%0.0 1.440.1 1.9+%0.1

pH 7.4 7.7 7.8 7.9 7.5 7.7
21 Uranium 2.7t0.5 4.6%x0.6 6.3%1.2 3.2%0.0 2.0+0.1 1.2%0.2
Molybdenum 2.4:0.0 2.0%0.5 2.5*%0.0 2.3%0.0 $2.5%0.0 1.0%0.1

pH 7.4 8.1 7.6 7.8 7.7 7.6
49 Uranium 3.7+0.1 5.2%0.0 6.5%0.3 2.0%+0.0 1.7x0.6 1.5%0.2
Molybdenum 2.3%0.0 2.7%0.1 2.9+0.6 1.8%0.3 l1.6x0.1 1.5%0.3

pH 7.4 7.7 7.8 7.8 7.8 7.6
80 Uranium 4.8%t1.1 5.5x0.4 7.2%0.5 4.2+0.9 2.5%0.3 4.3%1.1
tiolybdenum 2.1+0.0 2.8+0.1 2.3%0.1 1.8+0.5 2.2%0.3 2.7%0.2

pH 7.6 7.6 7.6 7.6 6.0 7.6
166 Uranium 4.8%0.7 3.8%£0.5 5.5+0.2 3.8+1.1 0.630.0 2.1*%0.5
Molybdenum 2.9%0.3 2.3%0.2 3.840.1 4.1+1.4 3.2x0.2 4.7+0.3

pH - 7.4 7.3 - 5.9 7.7
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TABLE XXI. Uptake of U and Mo by Chara
and sediment in darkened cultures
(Long~term Experiment II)

Day Condition U (ppm) Mo (ppm) pH
2 Sediment 24.6%0.1 6.3 ¥0.5
Algae 15.3%£2.5 7.3 £0.6
Sediment+Algae 12.8%0.5 4.2 0.2

16 Sediment 8.610.4 4.2 0.5 7.61

Algae 7.2t0.3 2.6 £0.2 7.31

Sediment+Algae 1.0%0.2 0.4 *0.4 7.23

47 Sediment 2.6+%0.3 2.7 0.4 7.75

Algae 4.31+1.1 3.1 £0.1 7.50

Sediment+Algae 0.3 - 0.06%£0.05 7.80

io8 Sediment 1.2%0.3 1.4 0.4 7.62

Algae 3.9%1.2 3.0 #0.0 7.72

Sediment+Algae 1.0%0.4 0.03%0.01 8.02

190 Sediment 0.7%0.0 1.7 0.1 7.70

Algae 1.1 - 3.2 0.3 7.79

Sediment+Algae 1.940.3 1.0 0.0 7.90

*All cultures were spiked at day O with 20 ppm U and 5 ppm Mo
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throughout the 13-day light period, while the Spiorgyra cultures
were observed to decay at the end of the period. The Spirogyra
containers, after a week of culturing, developed a surface growth
of blue-green algae, predominately Lyngbya sp., but overgrowth

of Chara was not observed. By day 21, a week after addition of
sediment and placement in the dark, the control sediments without
algae had a light, oxidized surface layer, while the sediments
with algae were black throughout, indicating sulfate-reducing
bacterial activity. By day 49, the blackening of the sediment
surface and the presence of intact algae cells were no longer
evident in the containers with algae and sediment.

Removal of uranium was most pronounced in the Spirogyra
cultures (Table XX). While the presence of sediment did not
enhance the removal of uranium from solution in comparison to the
sediment control, the algae increased the sediment's ability to
retain uranium. At day 166, 2.1 ppm uranium remained in solution
in the Spirogyra-sediment cultures compared to 3.8 ppm in the
sediment control.

In the Chara cultures, growing algae had no effect on uranium
removal, and some release of uranium from Chara seemed to have
occurred when the containers were transferred to the dark (Table
XX, days 0-14). However, as Chara decayed in the presence of
sediment, levels of uranium fell from 8.0 ppm at day 14 to 2.0 ppm
at day 49. Lessened decay of the algae after day 49 allowed
reestablishment of oxidizing zone at the sediment surface, which
coincided with partial remobilization of uranium. The similarity

of day 80 and day 166 values (4.2 ppm and 3.8, respectively)
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suggests that an equilibrium had been established in the system.

No cultures in experiment I showed irreversible removal of
molybdenum, although Spirogyra cultures reduced molybdenum
solution levels substantially by day 21. However, molybdenum
levels returned to original values in solution in all cultures
and these levels were, in fact, higher than the initial levels
in the algae and sediment cultures.

Experiment II (Table XXI) was intended to magnify the efféct
of decaying algal material on sediment retention of uranium and
molybdenum. By day 16, bacterially-mediated decay was
vigorous in the algae cultures, which were heavily overgrown with
a surface layer of bacteria. The algae plus sediment cultures
were blackened throughout the solution and sediment, while the
sediment-alone cultures were blackened only beneath the surface
Of the sediment. High bacterial activity was evident by visual
inspection even after 47 days. However, after day 74 the algae
cultures had lost the blackened appearance, and the surface masses
of bacteria were no longer evident. In the sediment plus algae
cultures, the algae and sediment surfaces were still blackened,
but an oxidized layer had formed on the sediment-alone. The
Chara cells remained partially intact even at the end of the test,
though most of the algal material had disintegrated. Table XXII
gives Eh values in the cultures for days 74 through 190. Both water
and sediment were reducing at day 74, but by day 108 only the
sediment remained reducing.

The p=rcentage removal of the 20 ppm uranium and the 5 ppm

molybdenum spikes which were added to Chara cultures maintained
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TABLE XXII.

Eh measurements of Chara

and sediment in darkened cultures

{Long-term Experiment II)

Eh (mv)
Sediment Algae Sediment+Algae
Day Water Sediment Water Water Sediment
74 -204%5 -502+46 ~415+5 -302+ 2 -515+ 35
108 +150%4 -339%63 +107£2 +88%t 1 -392% 23
190 +68%1 -382%+80 +7010 +50+25 ~393%105
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in the dark is shown in Table XXIII. Initial release of uranium
from sediment and from algae was seen at day 2. Sediment alone
removed more uranium and molybdenum than algae alone, but the
combination of sediment plus algae increased removal of uranium

to 95% and of molybdenum to 99%. Removal of both metals was
essentially complete after 16 days in the algae plus sediment
cultures, but some release of both occurred by day 190. This
release was not observed in either the sediment alone or the algae

alone.
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TABLE XXILI. Percent of the U and Mo removed by Chara
and sediment in darkened cultures
(Long-term Experiment II)

% Removal
Sediment Algae Sediment+Algae
Day U Mo U Mo U Mo
2 +23 +26% 23 46 36 16
16 57 16 64 48 95 92
47 87 46 79 38 98 99
108 94 72 80 40 95 99
190 96 66 94 36 S0 80

*Plus sign indicates a percentage increase over the amount of
spike added at day 0; values otherwise represent a percentage
decrease.

59



DISCUSSION

The marked differences in accumulation of uranium and
molybdenum by the different algae in the pond system may be due
to the different chemistry of the two metals; but the roles of
the metals in the algal life cycle may also play a part in
determining their accumulation.

Molybdenum is probably present in the pond water as the
anion MoO, 2~ (Bloomfield and Kelso, 1973), and its accumulation
by direct adsorption onto negatively charged algal cell surfaces
seems unlikely. Bloomfield and Kelso (1973), however, do point
to the suggestion of Szalay (1969) that molybdenum is reduced by
organic matter to exchangeable cationic forms, so that adsorption
of molybdenum may occur in alga=.

Molybdenum can be an essential trace element for green algae,
and its requirement for those blue-green algae which fix nitrogen
has been demonstrated (O0'Kelly, 1974). It is possible that cells
requiring molybdenum would have mechanisms to regulate levels of
the metal in the cell interior. Chara in particular shows little
variation in molybdenum levels. While a regulatory system for
molybdenum has not been demonstrated in Chara, Robinson (1969)

has found active uptake of sulfate ions into the vacuole of Chara

australis by a pump across the plasmalemma, which might provide

a pathway for uptake of Mo0,?” as well. 1In the field~collected
algae, levels of molybdenum varied 10~fold with different
collections, which may be due to adsorpticn onto cells in addition
to uptake into the cells. The ability of Spirogyra to adsorb

molybdenum on a short~term basis was indicated by the 24~hour
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uptake experiments, where an increase in surface area led to an
increase in removal of molybdenum from solution. However, the
different levels in the collections may also be due to varying
populations of algae over the year, especially since the winter
collection, which showed higher molybdenum content, also contained

a higher proportion of the blue-green Oscillatoria.

In contrast to molybdenum, uranium is generally considered
an abiological element (Taylor, 1979), and its uptake is more
likely to be governed by physical-chemical factors than by active
cellular processes. Justyn and Stanek (1974) reported that the

filamentous algae, Cladophora, Oedogonium and Rhizoclonium,

accumulate uranium by binding the ion to cellular surfaces. The
uranyl ion has an extremely high affinity for organic material
(Jackson, Jonasson and Skippen, 1978), and adsorption onto the
negatively charged algal cell surfaces probably accounts for the
high levels of uranium in the pond algae. Chlorella will absorb
uranium intracellularily (Horikoshi, et al., 1979), but this
uptake is probably independent of cellular metabolism since the
uranium accumulated by the living cell can be removed by washing
the cells with EDTA. Heat killed Chlorella will also accunmulate
large quantities of uranium intracellularily. Chara shows a lower
affinity for uranium than the filamentous algae. 1In a study of
radionuclide accumulation by Chara species, Marchyulenine (1978)
suggested that the presence of high levels of calcium carbonate
compounds in the cell wall reduced the number of cation exchange
sites in Chara compared to other algae. Sikes (1978} noted that

in another calcium-accumulating alga, Cladophora, calcium carbonate
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increased with the age of the cells, and this calcium was not
subject to appreciable ion exchange. It is possible that uranium
associated with Chara may be liebegite, CazUog(Coa)3°9H20
(Koval'skiy and Vorotnitskaya, 1965).

The seasonal variation in both uranium and molybdenum
levels in the filamentous algae suggests that adsorptive processes
are important in the accumulation of the metals in the algae
cells, since extent of adsorption depends not only on the amount
of metal available per unit of surface area but also on the length
of exposure of the surface to the metal. Thus, longer-lived cells
would be exposed to more metals than short-lived cells. The
September collections represent quickly growing populations, while
the January collections were taken from sparser populations which,
due to the slower growth rate in winter, had a longer turnover
time than the summer populations. April may represent a transition
from chiefly perennial populations to annual summer blooms of
algae. Knauer and Martin (1973) found that levels of heavy metals
in marine phytoplankton were low during periods of algal blooms
due to dilution of the amount of metal available per unit mass of
phytoplankton. While the algae ponds in this study did support
denser populations in the summer, the increase in cell number
probably was not great enough to alter the ratio of metal to algae.
More important is the increased length of exposure time for the
winter populations. Hodge, Koide and Goldberg (1979) found that
marine macroalgae adsorbed uranium, plutonium, and polonium in
direct relationship to exposure time. The longer exposure could

also lead to exchange absorption into the cell interior, as
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described in the long-term exposure of Cladophora to lead (Gale
and Wixson, 1979).

The results of the 24-~hour uptake experiments support the
field evidence for different interactions between the metals and
the different algae. Short-term uptake was not observed in
Chara, which accumulated both metals at much lower levels than
the filamentous algae in the field. In the Spirogyra 24-hour test,
the cell material showed a limited capacity to adsorb molybdenum,
while uranium uptake increased with higher external concentrations.
The disruption of the cells to form particulate suspensions
evidently increased surface area for binding, although release of
cellular constituents, which may form insoluble complexes, might
also have been a factor (Ferguson and Bubela, 1974). Horikoshi
et al. (1979) also observed an increase in adsorption of uranium
in disrupted cells; in an 8 ppm solution of uranium, accumulation
increased from 15,600 ppm in living Chlorella to 67,200 ppm in
heat-killed cells.

The long-term laboratory studies indicated that the pond
algae, in the form of particulate, decaying material, can be
instrumental in removing metals from solution. However, the
patterns of retention and release of uranium and molybdenum as
the algae decayed in the presence of sediment indicated that
maintenance of reducing conditions in the sediment or in the algal
cultures 1s critical to the sequestering of the metals. In the
model systems, the period of algal decomposition was associated
with increased bacterial activity and an enhancement of reducing

conditions in the sediment-containing cultures. The algae cultures
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without sediment (experiment I, Table XX) probably decomposed
mainly in aerobic conditions, while in experiment II (Table XX)
the high proportion of algal material led to reducing conditions
in the first two months of incubation. When sulfate levels are
high, as they are in the pond water, anaerobic decomposition of
algae is accompanied by sulfate reduction even in the absence
of sediment (Foree and McCarty, 1970). Decomposition was
associated in the model systems with removal of molybdenum and
uranium from solution, but the period following decomposition
was characterized by the partial to complete release of the metals
back into solution. The release of molybdenum was surprising,
since sulfides which are formed during sulfate reduction can
form highly insoluble molybdenum disulfide. It is possible that
molybdenum was precipitated in the reduced Mo (IV) state but did
not form the sulfide mineral, so that release occurred as
molybdenum was re-oxidized. However, molybdenum showed little or
no release in experiment II (Table XX), although oxidizing
conditions were established in the water compartment and at the
sediment surface for at least the last 82 days of the experiment.
In most cases, the addition of algae to sediment increased
the sediment's ability to retain uranium. Reduction of uranium
to the insoluble U(IV) ion may have contributed to the removal,
with adsorption onto the organic material another possiblity
(Leventhal, 1980). Taylor (1979) has pointed out that in sediments,
the production of hydrogen sulfide by sulfate~reducing bacteria
may increase the adsorption of uranyl ion onto organic material

present in the sediment, since iron and other sulfide~forming
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metals could be desorbed from the organic material to increase
adsorption sites for uranyl ion.

The implication from the laboratory studies is, that while
the algae are instrumental in removing metals from solution,
the process is reversible unless the system contains substantial
organic material. Also, while organic material accelerates the
rate of removal and sometimes the extent of removal from water,
retention of the metals in sediments is also reversible unless
the system contains a high volume of sediment. These conclusions
point to major problems in improving the existing pond system in
respect to removal of uranium and molybdenum.

In the algae ponds of this study, there is no significant
reduction of uranium concentration in solution in any of the
algae ponds or indeed between the influent to the algae ponds and
the final effluent. The case of molybdenum is similar. There is
no significant reduction of molybdenum in solution throughout the
system. Although the sediments concentrate both metals
substantially over concentrations in water, the amount of metals
removed 1s not substantial enough to be reflected in the water
concentrations.

It is important when considering metal removed by algae to
remember the volume of water which passes through the system
yvearly. At a combined inflow of 4x10°® gallons a day, or 15x10°
liters a day, the pond system receives 5.5x10° liters every year.
Based on the uranium and molybdenum values in the influent to the
algae ponds of 0.8 ppm for each metal, this volume amounts to

4.95x10° mg (4.95 metric tons) each of molybdenum and uranium
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entering the algae ponds yearly. The filamentous algae present

in the ponds now accumulate an average of 2000 ppm uranium and

130 ppm molybdenum on a dry weight basis. Given this level of
removal, it would take 4.95x10° mg U x (10°% g algae/2000 mg U) =
2.5%x10° g dry weight algae produced per year to remove the uranium
entering the algae ponds. If the ponds were fertilized to increase
productivity, could this amount of algae be grown in the existing
pond system? Wetzel (1975) found that a hypereutrophic lake
produced 570 g C m~* yr~!. Using a common value found for carbon
content in algae of 40% of dry weight (Ferguson and Bubela, 1974),
570 g C corresponds to a dry weight of algae of 1425 g m™?% yr~!.
In order to grow 2.5x10° g algae yr ', the amount needed to
accumulate the influent uranium, the pond system would have to

be expanded to 2.5x10° g x (m?/1425 g) = 1.75x10° m?, or 17.5
hectares. The ponds now cover 0.15 hectares. Obviously, relying
on algal removal alone will not answer the problem of improving
the pond system.

Increasing pond productivity may improve removal indirectly,
as suggested by the long-term laboratory studies. The ponds are
fairly unproductive now, which is typical of the early to middle
stages of succession in ggé£§ ponds where phosphate levels are
quite low (Crawford, 1979). Later stages of Chara succession are
characterized by overgrowth of planktonic algae and higher plants,
which increase pond productivity. Additions of phosphate and
nitrogen-containing fertilizers would accelerate the replacement .

of Chara with more productive annual green and blue-green

planktonic algae. Promoting eutrophication of the pond system
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would increase the amount of organic substrate available for
sulfate~reducing bacteria and would promote reducing conditions
in the pond sediments. Laboratory experimentation has indicated

that enhancement of growth of Desulfovibrio and Desulfotomaculum.

and thereby of sulfate reduction by these bacteria in sediments
resulted in removal of uranium, molybdenum and selenium from
solution (Brierley and Brierley, 1980). It is possible that,
while the algae cannot function alone to remove excess trace
contaminants, the effect of increased algal productivity on

water and sediment chemistry might be significant.
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BACTERIAL MECHANISMS FOR REMOVAL
OF SELECTED INORGANIC POLLUTANTS
FROM URANIUM-MINE WASTEWATER

IRTRODUCTION

Microorganisms are effective agents in concentration of
metals from solutions (see Kelly, Norris, and Brierley, 1979,
a recent review of the topic). Norris and Kelly (1979) found
yeasts to be more efficient than bacteria in gross removal and
accumulation of nickel and copper. Bacteria will concentrate
potassium, manganese, iron and calcium (Eisenstadt, et al.,
1973), and also produce complexing agents which selectively
extract metals from dilute solution (Pollack, et al., 1970).
There appear to be two mechanisms by which microbes concentrate
metals: binding of metals to cell surface components and
metabolism dependent intracellular accumulation (Gadd and
Griffiths, 1978). Hatch and Menawat (1979) reported that the

bacterium Sphaerotilus natans, found in waste sludges and polluted

waters, will accumulate iron, magnesium, copper, cobalt, and
cadmium in an external mucilage layer. The accumulation was a
mass transfer limited process. Other physiological active cells
also lead to insolubilization. Uranium (VI) was reduced by

cell extracts of Micrococcus lactilyticus using hydrogen as an

electron donor. The extract could also reduce molybdate to
molybdenum blue and selenium to selenate (Woolfork and Whiteley,
1962) . As microbes accumulate heavy metals, it is of concern |
whether these metals are released upon death and cellular lysis.

Guthrie and Cherry (1979) found that accumulated heavy metals
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increase in sediments as the organisms die, but some of the
metals are returned to a system in organic detritus.

Systems utilizing bacteria or fungi have been proposed for
removal of uranium from wastewater (Shumate et al., 1978; Shumate
et al., 1979; Volesky and Tsezos, 1979). These processes were
based upon biosorption using cell masses of the respective

microbes. The fungus Rhizopus arrhizus accumulated 185 mg

uranium per gram dry weight of cells (Volesky and Tsezos, 1979).
A mixed culture of denitrifying bacteria decreased uranium in
solution from 25 ppm to 0.5 ppm in just 8 minutes while
accumulating 0.14 g uranium per gram of dry cells.

The sulfate-reducing bacteria, Desulfovibrio and

Desulfotomaculum, precipitate copper and mercury from dilute

solutions (Ehrlich and Fox, 1967; Ilyaletdinov et al., 1977;
Temple, 1964; Temple and LeRoux, 1964; Vosjan and Van Der Hoek,

1972) . Dockins et al. (1980) suggested that Desulfovibrio be

used to control mining related pollution problems. It has been

proposed that Desulfovibrio could be involved in deposition of

uranium from solution (Jensen, 1958). The hydrogen sulfide
produced by the bacteria reduces uranyl ion to uraninite.
According to Taylor (1979), uranium enrichment is likely to be
enhanced where reducing conditions occur in contact with water
in which oxidizing conditions prevail (i.e., sediment-water
interface) .

The previous section presented evidence indicating a
microbial consortium, algae and sulfate-reducing bacteria, was

active in deposition of inorganic pollutants present in the
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minewater. This section presents the bacteriological research
dealing with the microbes found in the minewater and pond

sediments, and their role in pollutants removal.

MATERIALS AND METHODS

Samples for microbiological analyses were collected by the
"grab" method. Sterile 250-ml polypropylene bottles were used.
Samples were immediately placed in an ice-chest and refrigerated
upon return to the laboratory. Analyses were performed within
24 hours after sample collection.

The "total” count of microbes present was determined using
the one~half strength iron peptone agar of Ferrer et al., (1963).
Samples were diluted using 0.5% (w/v) peptone, and spread plates
were incubated at room temperature for five days. Sulfate~reducing
bacteria were enumerated using a five-tube most probable number
(MPN) method with Postgate's (1966) medium E. The tubes were
incubated for a period of three weeks at room temperature prior
to grading. Enrichment cultures were used to demonstrate the
presence of sulfur-oxidizing thiobacilli. Media numbers 125 and
290 (American Type Culture Collection, Catalog of Strains I,
13th Edition, 1978) were used for sulfur-oxidizing and thiosulfate-
oxidizing thiobacilli, respectively. Growth kinetics for an
isolated microbe from the algae-pond was determined using a New
Brunswick Scientific Co. Bioflow, Model C30, bench-top chemostat.
The medium of Ferrer et al. (1963) was used at one-half strength
for the chemostat study.

Laboratory model ecosystems were set up in 2.8 2 Fernbach
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flasks. Each contained 1 kg of bottom sediment collected from
one of the ponds at the field site, plus 1.5 % of tap water.

The flasks were supplemented with sulfate, molybdate, uranium
and selenium to levels approximating those in the pond system,
700 ppm, 2 ppm, 5 ppm and 25 ppb, respectively. The compounds
used were Na2804,

dissolved in tap water plus 1.5% (w/v) concentrated HNOB. Sodium

lactate, 1.4 g, was added to one duplicate set of flasks to

Na2M004-2H20, UOZSO4-3H20 and selenium powder

stimulate sulfate-reducing bacteria activity. One duplicate set
of flasks had no further additions, and one set was autoclaved

at 18 psi for 45 minutes to serve as sterile controls. The flasks
were incubated at room temperature. The flasks were periodically
sampled and concentrations of the respective "pollutants"

determined.

RESULTS

Bacterial Populations

The "total" count of bacteria in suspension remained constant
with a small decrease noted at the final discharge (Table XXIV).
No pattern of variation was observed over the period of sampling.

The predominant bacterial population in algae ponds one and

two were Flavobacterium with over 50% of the culturable bacteria

belonging to this genus (Table XXV). A pond isolate of this
genus had an optimum temperature for growth of 20 to 25°C; no
growth was observed at 35°C. Chemostat culture of this microbe
indicated a growth rate of 6.6 hours per division at 20°C. The
microbe would only grow at pH values between 7.0 and 8.0.

The concentration of sulfate-reducing bacteria in the water
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Table XXIV. Bacterial populations present
in minewater and pond sediments

Number bacteria mf™!

Sample Site Total aerobic bacteria Sulfate-reducing bacteria

Sec. 35 minewater 2.8 x 10° 3.8 X 10°
, 8 5
S=diment A-4 1.0 X 107%* 9.2 X 107#*
Effluent A-4 5.5 X 105 3.6 X 10l
Sec. 36 minewater 2.8 X lO5 2.7 X 102
5 1

Effluent B-2 1.0 X 10 2.3 X 10
Influent algae pond #1 3.6 X 105 4.8 X 10l
Sediment algae pond #2 1.3 X 108* 2.5 X 106*
Effluent algae pond #3 8.1 X 104 1.1 X lOl

* Number bacteria g_l dry wt.

72



Table XXV. Comparison of total-count of

microorganisms with concentration
of Flavobacterium species

Location

Algae pond #1

Algae pond #2

Total Count Flavobacterium
cells ml—l cells mQ-l % of total
2.0 x 10° 1.1 x 10° 55
1.9 X 104 1.0 X 104 54
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was greater in water coming directly from the mines (Table XXIV).
Their concentration decreased as the water flowed through the
treatment system. Large populations of sulfate~reducing bacteria
were found in the settling pond and algae pond sediments. About
106 cells per gram dry~weight of sediment were observed (Table
XXIV).

Enrichment cultures were positive for chemolithotrophic
microbes able to oxidize sulfur at pH 5.0, thiosulfate at pH 6.6

and thiosulfate with production of gas (N2>‘ The respective

enrichment cultures indicated presence of Thiobacillus thiooxidans,

Thiobacillus thioparus, and Thiobacillus denitrificans.

Laboratory Model-Ecosystem

The effect of microbial activity on concentration of soluble
sulfate, uranium, molybdenum, and selenium in the model water-
sediment systems was monitored with time (Table XXVI). The data
reported were average values of duplicate flasks. Three conditions
were compared: a sterile control, a system which had a viable
microbial flora present, and a system to which lactate was added
to increase the activity of sulfate-reducing bacteria. The
sulfate level was only decreased in the system containing lactate
between the 48 and 120 hour sampling period. Concurrent with
sulfate reduction was a decrease in concentration of soluble
uranium and selenium. Molybdenum levels decreased in the lactate
supplemented system and the systems without added substrate.

The higher level of molybdenum in the sterile control flasks was
believed to have been a result of extraction of molybdenum from

the sediment during autoclaving. Selenium decreased in the sterile
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Table XXVI. Decrease of selected soluble pollutants
in a sediment-water system

Time Conditions Concentration in solution

hours 50, U Mo Se
- - - -1

mgl 1 X mgl 1 mg 1 Hgl
0 sterile control 1.35 8.1 7.9 38.4
no substance 1.27 15.5 . 40.7
lactate added 1.21 9.8 2.9 59.0
24 sterile control 1.18 3.1 7.5 26.5
no substance 1.16 13.3 3.1 31.0
lactate added 1.29 12.1 2.8 30.0
48 sterile control 1.01 5.8 9.2 17.5
no substance 1.14 7.5 3.1 27.0
lactate added 1.24 8.9 3.6 14.2

120 sterile control 1.11 7.5 8.2 10
no substance 1.18 8.2 2.5 14.5
lactate added 0.69 3.8 2.4 <0.0
240 sterile control 1.03 7.5 6.6 14.2
no substance 1.19 7.6 .9 7.7
lactate added 0.49 2.9 1.7 <0.0
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control over 120 hours indicated nonbiological processes active
in its removal. This experiment was repeated several times with
similar results.

The variations in concentration among the different
conditions were believed due to the sediment not being a

homogenous mixture.
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DISCUSSION

Large populations of microorganisms were found in the waters
pumped from the uranium mines and water passing through the
pond system (Table XXIV). It is suspected that these microbes
may play a role in removal of the target elements from the water.
The suspended microflora had an abundance of species of the

genus Flavobacterium (Table XXV) which are widely distributed

in soil and freshwater. The conditions of temperature and pH
present in the algae ponds are compatible with the growth
requirements of this genus. Of particular interest was the
presence of the sulfate reducing bacteria, believed to be

Desulfovibrio and/or Desulfotomaculum. The sulfate-reducing

bacteria were relatively hiéh in numbers in water coming directly
from the mines; therefore, conditions for their growth must
exist within the mining operations. These microbes decreased in
number as the water progressed through the treatment system.

This result was expected as Desulfovibrio and Desulfotomaculum

cannot grow in aerobic conditions. However, very high numbers
of these microbes were found in the pond sediments. Reducing

conditions, favoring the growth of the Desulfovibrio and

Desulfotomaculum, were found in the sediments as indicated by

an Eh of -350 mV and black coloration a few millimeters below
the sediment surface.

The laboratory experimentation indicated that the sulfate-
reducing bacteria may have a role in removal of uranium, selenium,

and possibly molybdenum from solution (Table XXVI). The mechanism
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by which these pollutants were removed is not yet known.
Sulfide production may be important since molybdenum can be
precipitated as a sulfide. The reducing conditions may be
responsible for converting soluble hexavalent uranium to the
insoluble quadrivalent form.

Jackson (1978) reported that stimulation of microbial
activity, including sulfate-reduction, by addition of nutrients
from sewage was effective in removal of heavy metals from polluted
mine and smelter waste-water.

Although a large population of sulfate-reducing bacteria
was found in the pond sediments, there was no decrease of
soluble sulfate in the water flowing through the system. Reduced
forms of sulfur may be oxidized by the aerobic thiobacilli in
oxidizing regions, returning the sulfur to the soluble sulfate
species. The system may be nutrient limited and the activity

of the sulfate-reducing bacteria gquite slow.
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SUMMARY

Conclusions derived from the chemical and biological studies
of the Kerr-McGee Corporation uranium mine water treatment facility
near Grants, New Mexico are as follows:

1. The concentrations of soluble uranium, selenium and
molybdenum were not diminished in the mine waters by
passage through the series of impoundments which
constituted the mine water treatment facility. Uranium
concentrations were reduced but this was due to passage
of the water through an ion exchange column.

2. The particulate concentrations of the mine water were
reduced at least ten-fold by passage of the waters through
the impoundments. Since uranium, selenium and molybdenum
were associated with the suspended particulates, reduction
in the concentration of total suspended solids reduced
the concentration of contaminants in the final effluent.

3. The ponds were well oxygenated. This was probably due to
the shallow depth of the ponds and growth of algae.

4, The pH remained near neutral during all collections and
this would indicate that the major soluble species of
trace contaminants would be molybdate, uranyl carbonate
species, selenite (and possibly selenate at the higher pH
values) .

5. The temperature remained higher than 10°C in winter
suggesting that plant and microbial life could remain
viable and that the volume of water was great enough to

lessen large temperature fluctuations.
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10.

11.

12.

13.

14.

15.

Phosphate and nitrate were present in high enough
concentrations to support limited algal and microbial
activity.

The sediments were anoxic and enriched in uranium,
molybdenum and selenium. The deposition of particulates
and the formation of insoluble compounds were proposed
as mechanisms for sediment enrichment.

The predominant algae of the treatment ponds were the

filamentous Spirogyra and Oscillatoria, and the benthic

alga, Chara.

Adsorptive processes resulted in the accumulation of
metals in the algae cells.

Laboratory study indicated that Spirogyra was more active
than Chara in removal of uranium and molybdenum from
solution.

The algae appeared to act as bio~filters for accumulation
of particulate pollutants in the ponds.

The retention of uranium and molybdenum in sediments
following the death and decay of the algae was dependent
upon maintenance of reducing conditions.

The pond sediments have large numbers of the sulfate

reducing bacteria Desulfovibrio and/or Desulfotomaculum.

Stimulation of sulfate reduction by the bacteria resulted
in retention of molybdenum, selenium, and uranium in
sediments. '

Estimation of algae productivity and removal of uranium

and molybdenum by the algae indicated that both stimulation
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of algal productivity and increase in pond size are
necessary for the system to be effective in removal

of trace contaminants.
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