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Abstract. Acid mine drainage encompasses 18 1on2 of Louisa County, Virginia. Heavy metal 
laden acidic leachate flows from abandoned mines along the Piedmont's Gold-Pyrite Belt. The 
oxidation of pyrite, sphalerite, chalcopyrite and other sulfide minerals that are disseminated 
throughout the mine tailings release H2S04, Fe, Cu, Zn, Ni, Cd, As, Pb and other heavy metals 
into the Contrary Creek watershed and beyond, into Lake Anna. Downstream of these abandoned 
pyrite mines, high levels of acidity and heavy metals have made this a severely stressed 
environment incapable of supporting a healthy creek ecosystem. In an effort to assess in-situ, 
bioaccumulatoiy remediation of acid mine drainage by phyco-microbial mats, surveys have been 
conducted for 11 months in Contrary Creek; several extremophiles that are tolerant of acid mine 
systems have been found. Twelve to thirteen genera of algae and a few cocci and bacilli have 
been identified in surface waters. Predominant genera include Ulothrix, Pinnularia and 
Oscillatoria. Preliminary results demonstrate that the phycomicrobial communities found in this 
acid mine system maintain density and species diversity independent of pH and heavy metal 
fluctuations. These extremophiles also demonstrate high potential for heavy metal so,ption. 
Phyco-microbial mats bioaccumulate 60-70% more heavy metals than concentrations found in 
surface waters and the creek. To date, remediatoiy attempts to restore Contrary Creek have not 
been successful. Our results suggest that the extremophile ecology found in this system will 
facilitate the remediation process of other, similar acid mine affected ecosystems. 

Additional Key words: bioremediation, acid mine drainage, phycomicrobial mats 

Introduction 

Industrial pyrite mining for the production of 
sulfuric acid was begun in the late nineteenth century 
within Contrary Creek's watershed (Figure I) in 
Virginia. This area was well known for its pyrite lenses 
which were reportedly as much as fifty feet in thickness 
and several hundreds of feet in length, occurring as part 
of the Chopawamsic Formation (Sweet, 1976). The. 
resulting exposure of bedrock and disseminated sulfide 
minerals to precipitation and weathering are largely 
responsible for the release of toxic metals well in 
excess of EPA limits; over 1000 ppm sulfate, 17,000 
ppm iron, 108 ppm copper, 200 ppm lead, 80 ppm 
arsenic have been measured (Krishnaswamy, 1997). In 
addition, in accordance with previous work (Kleinmann 
et al., 1995, 1979 and 1978; Nordstrom, 1977; Mills et 
al., 1987; Robbins et al., 1996) Thiobacillus 
ferrooxidans, a sulfide oxidizing bacterium, is believed 

1Paper presented at the 1998 National Meeting of the 
American Society for Surface Mining and Reclamation, 
St. Louis, Missouri, May 16-21 1998. 

2The George Washington University, Department of 
Geology, 2029 G. Street NW Washington D.C. 20052. 

to be responsible for the production of acidity and water 
pH values of less than 3 .3 on average per year. 

The effects of acid mine drainage (AMO) from 
Contrary Creek on Lake Anna are variable both 
geochemically and biologically (Mills et al., 1987; 
Herlihy et al., 1988; McIntire et al., 1988; Bruckner et 
al., 1989; Bell et al., 1990; Anderson, 1995, 1996). 

Lake Anna has a nominal volume of 4.45 x 1011 liters 
which, for the time being, appears adequate for diluting 
Contrary Creek runoff (Leech, 1973; Simmons, 1971; 
Miorin et al., 1974). The average pH of Lake Anna 
ranges between 6-7.5 (Krishnaswamy, 1997; 
Dagenhart, 1980). There is, however, much concern 
over the biological effects of AMO adversely impacting 
Lake Anna due to the lake's recreational activities, 
especially fishing. Over the last three decades, several 
fish kills have been reported in Lake Anna (Mount, 
1966; Odum et al., 1978; Dagenhart, 1980). Although, 
not all the fish kills were located in proximity to the 
mouth of Contrary Creek, a high percentage did occur 
subsequent to large storms that increased the output of 
Contrary Creek. Exposure to toxic heavy metals does 
not correlate to immediate death of biologic organisms, 
but rather, upon reaching critical residence time within 
the body (Fergusson, 1990). 
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Figure L Locllction of Contrary Creek in Louisa County, Virginia. 
site at abandoned Sulfur mine (Modified from Dagenhart, 1980). 
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Furthermore, the density and diversity of 
macrobenthic organisms and microbial populations in 
proximity to Contrary Creek's mouth, in Lake Anna, 
appear diminished (Ayers, 1975; Odum et al., 1978). 
Water quality sampling proved that even small tributary 
streams carrying mine storm runoff, when inundated 
with toxic metal concentrations, can severely degrade 
much larger river systems (Dagenhart, 1980). Both 
Contrary Creek and its mouth, draining into Lake Anna, 
reflect poor water quality and mobile, toxic sediments 
(Krishnaswamy, 1997; Dagenhart, 1980). 

Among the cocci and bacilli of the AMO 
system found at Contrary Creek, two species were 
identified Thiobacillus ferrooxidans and Leptothrix 
discophora (Nordstrom, 1977; Robbins et al., 1995; 
Krishnaswamy, 1997). T. ferrooxidans and L. 
discophora are found in two locations in the Contrary 
Creek system: in water samples collected from the 
creek and in surface waters, in association with algal 
blooms. 

Previous work dealing with bacteria-metal 
interactions including metal uptake, metal sorption and 
absorption, bacterial adaptations and mechanisms that 
facillitate metal concentration and bacteria-metal and 
clay interactions is extensive (Carrol, 1958; Barghoon 
and Tylor, 1965; Razzaghe-Karimi and Robert, 1975; 
Pickering, 1979; Beveridge, 1980, 1981, 1984, 1985, 
1989, 1995; Schultze-Lam et al., 1985; Munier-Lamy et 
al., 1987; Geesey and Jang, 1989; Mayers and 
Beveridge, 1989; Ferris et al., 1989; Walker et al., 
1989; Urrutia et al., 1993). The effects of acid/ low pH 
inhibition on bacteria-metal binding are poorly 
documented. 

Although microbes are always found in water 
samples obtained from Contrary Creek, the algae of this 
AMO system appear restricted to surface runoff that 
are metal and acid enriched and form as water seeps out 
of mine tailings along the banks of the creek. 
Significant phycological density decreases occur in 
response to thermal stress rather than in response to pH 
and/or heavy metal concentration flux. Predominant 
algal species include Ulothrix sp., Eunotia sp., EugJena 
mutabolis, Cylindrocapsa sp., Navicula sp. and 
Pinnularia sp. The presence of cyanobacteria species 
such as Chroococcus turgidus and Phormidium sp. was 
confirmed via microbiological techniques of aseptic 
pure culture isolation, identification and classification. 

A relatively large body of work is available 
about algal-metal interactions in non-acid systems 
(Crist et al., 1981, 1988, 1992; Darnall et al., 1986(a), 
1986(b); Greene et al., 1986; Watkins et al., 1987; 
Majidi et al., 1988; Gardea-Torresday et al., 1988, 
1990; Mahan et al., 1989; Kubiak and Wang, 1989; 
Harris et al., 1990). This study, unlike previous work, 
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not only provides evidence that algae can bind metals in 
acid systems, but that algae and microbes, together, 
bind metals in-situ, in AMO systems. Lastly, this study . 
indicates that the potential for combined phyco-
microbial metal binding capacity may be greater than 
that of individual algal and microbial metal capture, 
especially in AMO systems. Preliminary data indicate 
potential for in-situ phyco-microbial bioremediation of 
AMO systems such as Contrary Creek. Details of 
processes and statistical analysis of success rates of 
combined phyco-microbial metal capture in acid mine 
systems require further monitoring and research. 

Methodology 

Two surface water point sources along the 
length of Contrary Creek were sampled to obtain 
geochemical data. The two point sources emanate from 
the Sulfur mine, are 50 feet apart and in reference to 
highway 522 are labeled l and 2. Creek water samples 
and phyco-microbial mat samples were obtained along 
transects leading from point sources l and 2 and that 
spanned the width of the creek. 1he creek water 
samples collected along the transects are labeled Tl and 
T2. The phyco-microbial mat samples collected from 
point sources I and 2 are labeled PM! and PM2, 
respectively. pH and temperature measurements were 
also made at sites l, 2, Tl and T2. pH was measured 
monthly, alternating between wet (during rain) and dry 
(during sunny) conditions. 

In order to decontaminate sample containers 
the following laboratory procedures were employed 
prior to field sampling: 99 ml capacity glass bottles 
were 'acid washed' with IO M concentrations of HN03 
and HCl acids, consecutively. The acids were then 
riosed IO times with double distilled, biofiltered, 
deionized water. Finally, the cleaned glass bottles were 
capped and placed within an acid washed plastic Ziploc 
bag. 

Mixed algal and bacterial (phyco-microbial) 
samples were lifted out of surface waters at both point 
sources and held for a few seconds to allow for excess 
surface water to drip off the mat. The biological 
samples were placed in a Ziploc bag. 

Within 24 hours after sample collection all 
water samples were filtered using a .45 micron biofilter. 
The phyco-microbial samples were examined and all 
chironomids and polychaetes were removed. 
Approximately 90% of the phyco-microbial samples 

were freeze dried. All samples were stored at 40c until 
shipped to Colorado State University for geochemical 
processing via ICP. 

Ten percent of all phyco-microbial samples 
were studied under the light microscope at 630X 



magnification and under the SEM. Permanent slides 
were made for samples from each collection site. 
Standard microbiological, aseptic pure culture isolation, 
identification and classification of algal species was 
carried out at The George Washington University. 

Geochemical analysis encompasses 
September, 1995. All pH, temperature measurements 
and microbiological techniques, algal and microbial 
identification and classification were analyzed over an 
11 month study regime. 

Results and Conclusions 

In-situ bioremediatory processes require 
microorganisms and/or plants for accumulation of 
environmentally hazardous pollutants. Preliminary 
geochemical data indicate that phyco-microbial mats 
found at Contrary Creek bioaccumulate heavy metals, 
sulfate and iron in concentrations that are several orders 
of magnitude greater than concentrations found in the 
creek and the surface water point sources (Table I). 
The fact the these phyco-microbial mats are located in-
situ, in the point sources is promising with regard _to 
maximizing the mats' bioaccumulatory potential 
because the surface water point sources appear to 
contribute most of the heavy metal load found in this 
system. 

Total algal generic diversity and density of 
each algal genus undergo seasonal density and diversity 
shifts (Table 2) which are independent of pH flux, but 
dependent on temperature (Table 3). Chlorophycean 
generic diversity decreased from about 11, where pH 
ranged from 3.5 to 2.8 and temperature ranged from 

12-6oc in September 1995, to 8-9, where pH ranged 
from 3 to 2.8 and temperature ranged from 6-2°C in 
April 1996. Chlorophycean generic diversity then 
increased to 12 and 15 genera in August 1996, in point 
sources I and 2 respectively, in response to temperature 
flux (Table 3). The pH and temperature values for the 
creek are given in Tables 4 and 5, respectively. 

In contrast to diversity decreases in 
Chlorophycean genera induced by thermal stress, 
diatom generic diversity increased from about 4 genera 
in September 1995 to about 13 genera in December 
1995 as temperatures declined. Diatom generic 
diversity increased to over 10 genera in May 1996. 
Cyanobacteria, in both point sources I and 2, make 
their first appearance in October 1995. Lowest, 
cumulative algal genera diversity occurs between 
February 1996 and March 1996. 

Conclusions 

Specific trends exist between associations of 
algal generic diversity/density and a particular 
temperature-pH range (fable 3). Despite the harsh 
environmental conditions of acid mine drainage, the 
phyco-microbial community not only survives 
seasonally, but also demonstrates its usefulness as a 
metals sink and as a temperature-pH-algal genera 
specific monitoring technique. The results of this study 
support the potential for bioremediation as technology 
for the future in terms of sustainable and cost-effective, 
environmental management, hazard prevention and 
pollution prediction. 

Table I. Geochemical data for point sources I and 2, creek water samples 
Tl and T2 and phyco-microbial mats PM! and PM2. 

Samples pH S04 CI N03 Al Fe Mn Cu Zn Ni Cd As Pb 
1 2.8 1460.4 9.9 0.1 56.5 114.71 10.5 2.32 9.31 0.07 0.065 0.001 0.28 
2 2.8 1393.6 7.8 0.1 57.8 114.22 11.82 2.77 9.57 0.11 0.072 0.001 0.3 
Tl 3.1 258.9 0 0.1 4.5 4.2 2.3 0.66 3.73 0.02 0.006 0.001 0.05 
Tl 3.3 242.8 0 0.1 3.1 2.64 2.08 0.57 3.18 0.01 0.005 0.001 0.05 

PMl 3.2 13970 0.1 717757 48.3 186 94 7.82 12.7 73.47 146 
PM2 3.5 18440 94350 82.3 129 124 13.4 16.6 20.71 170 
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Table 2. Phycological Profile September 1995-September 1996. I and 2 represent 
surface water point source sites I and 2. 

1 
Sep-95 

Cblorella 
Rhizochrysis limneticus 
Chroococcus limneticus 
Desmidium 
Euglena 
Fragilaria 
Eunotia 
Oedogonium 
Ulothrix 
Pinnularia 

Oct-95 
Chroococcus 
Lepocincilis 
Trachelomonas 
Phacus 
Euglena mutabolis 
Stipitococcus 
Synedra ulna 
Nitzschia 
Cyclotella 

. Pleurogaster 
Des mi di um 
Oedogonius 
Ulothrix 

Nov-95 

2 
Sep-95 

Chroomonas 
Eunotia 
Euglena 
Stichococcus 
Cyclotella 
Pleurogaster 
Closteriopsis 
Bacillaria 
Cylindrocapsa geminella 
Zygnemopsis desmidiodes 
Odeogonium 
Desmidium 

Oct-95 
Tabellaria 
Melosira 
Eunotia 
Nitzschia 
Chroococcus turgidus 
Achanthes 
Trachelomonas 
Cylindrocapsa geminella 
Odeogonium 
Leponcincilis 

Nov-95 
Geminella 

Cylindrocapsa geminella Eunotia 
Eunotia Gomphonerna 
Cyclotella Dia to ma 
Mallomonas Synedra 
Chroococcus Cyclotella 
Gomphonerna Navicula 
Tracblemonas Pinnularia 
Achanthes Melosira 
Synedra Closterium 
Melosira Coconeis 
Leooncincilis LeDQ£incilis 
Coconeis 
Navicula 

1 2 
Dec-95 Dec-95 

Spirogyra? Acanthes 
Eunotia Geminella 
Phacus Eunotia 
Geminella Docidium 
Trachelomonas Pinnularia 
Tabellaria Gomphonerna 
Euglena Cylindrocapsa 
Acanthes Diatoma 
Ulothrix Opephora 
Oscillatoria plantonica Meridion 
Chrococcus Nitzschia 
Pinnularia Hormediopsis ellipsoideum 

Jan-96 Jan-96 
Euglena 
Eunotia 
Oscillatoria 

Feb-96 
Euglena 
Oscillatoria 

Mar-96 
Euglena 
Oscillatoria 
Eunotia 

Geminella 
Melosira 
Gomphonerna 
Gyro sigma 
Cyclotella 
Navicula 
Mallomonas 
Chroococcus 

Feb-96 
Geminella 

Oscillatoria plantonica Melosira 
Apr-96 Gomphonerna 

Eunotia Gyrosigma 
Tabellaria Navicula 
Acanthes 
Pinnularia 
Eunotia 
Gomphonerna 
Synedra 
Cyclotella 
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Mallomonas 
Chroococcus 

Mar-96 
.Geminella 
Melosira 
Gomphonerna 
Gyrosigma 
Navicula 
Mallomonas 
Chroococcus 
Synedra 
Pinnularia 



Table 2. Phycological Profile September 1995-September 1996 (continuation). 

1 
May-96 

Eunotia 
Tabellaria 
Acanthes 
Pinnularia 
Eunotia 
Gomphonema 
Synedra 
Cyclotella 
Euglena 
Oscillatoria plantonica 

Aug-96 
Oedogonium 
Euglena 
Chlorella 
Chroococcus linmeticus 
Eunotia 
Desmidium 
Desmidium 
Rhizochrysis limnetica 
IBothrix 
Stichococcus 
Chroomonas 
Netrium ? 

Sep-96 
Chlorella 
Chroococcus limneticus 
Chroomonas 
Eunotia 
Euglena 
Desmidium 

Coconeis 
Eunotia 

2 
Apr-96 

Tabellaria 
Acanthes 
Pinnularia 
Euglena 
Oscillatoria 
Oscillatoria plantonica 
Chroococcus 

May-96 
Coconeis 
Melosira 
Tabellaria 
Gomphonema 
Gyrosigma 
Pinnularia 
Navicula 
Mallomonas 
Chroococcus 
Synedra 
Pinnularia 
Oscillatoria 
Eunotia 

Aug-96 
Chroomonas 
Eunotia 
Euglena 
Stichococcus 
Cyclotella 
Navicula 

Rhizochrysis limnetica Pleurogaster 
IBothrix Closteriopsis 
Stichococcus 
Oedogonium 
Pinnularia 
Synedra ulna 

Bacillaria 
Pinnularia 
Cylindrocapsa geminella 
Coconeis 
Zygnemopsis desmidiodes 
Odeogonium 
Desmidium 

Coconeis 

2 
Sep-96 

Zygnemopsis desmidiodes 
Chroomonas 
Odeogonium 
Desmidium 
Cyclotella 
Euglena 
Stichococcus 
Eunotia 
Pleurogaster 
Closteriopsis 
Navicula 
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Table 3. Phycological genera, pH and Temperatnre {°F) in Snrface water point sonrces. 
1 and 2 represent point sonrce sites. 

1 # Genera lpH 1 Temp. 2#Genera 2pH 2 Temp. 

9/95 (Dry) 10 3.5 32 12 2.8 25 

10/95 (Wet) 13 2.5 27 10 2.6 21 

11/95 (Dry) 13 3 22 12 3.4 18 

12/95 (Wet) 12 2.8 17 12 2.8 12 

1/96 (Dry) 3 3.5 6 8 3 10 

2/96 (Wet) 2 3 10 7 2.9 12 

3/96 (Dry) 4 3.5 8 9 3.2 9.5 

4/96 (Wet) 8 3 2 10 2.8 6 

5/96 (Dry) 10 3.5 12 13 3.6 10 

8/96 (Wet) 12 2.3 36 15 2.5 25 

9/96 (Dry) 12 3.4 30 13 4 21 

Table 4. pH of point sonrce sites 1 and 2 and creek water along transects Tl and T2. 

Months/yrs. 1 2 Tl T2 
09/95 (Dry) 3.5 2.8 3.1 3.3 
10/95 (Wet) 2.5 2.6 3.5 3.4 
11/95 (Dry) 3 3.4 3.3 3.2 
12/95 (Wet) 2.8 2.8 4.2 4.5 
01/96 (Dry) 3.5 3 3.3 3.2 
02/96 (Wet) 3 2.9 4.1 4 
03/96 (Dry) 3.5 3.2 3.8 3.5 
04/96 (Wet) 3 2.8 4 3.8 
05/96 (Dry) 3.5 3.6 3.5 3.3 
08/96 (Wet) 2.3 2.5 3.9 3.8 
09/96 (Dry) 3.4 4 3.4 3.3 

Table 5. Contrary Creek Temperatnres in °F. 
Tl and T2 represent two sites along the transects at 
which temperature was measnred. 

Months/yrs. Tl T2 Months/yrs. Tl T2 
09/95 (Dry) 20 20 05/96 (Dry) 14.2 14.2 
10/95 (Wet) 20 20 08/96 (Wet) 19.3 19.3 
11/95 (Dry) 19 19 09/96 (Dry) 20 20 
12/95 (Wet) 17.5 17.5 
01/96 (Dry) 10 10 
02/96 (Wet) II II 
03/96 (Dry) 9 9 
04/96 (Wet) 6 6 

305 



Literature Cited 

Anerson, J.E. 1996. Spectral Measnrements and 
Detection of Acid Mine Drainage Precipitates 
and Their Relationship to Water Quality 
Parameters at Contrary Creek, Mineral, 
Virginia. PhD Dissertation. George Mason 
University, Fairfax, Va. 

Anderson, J.E. 1995. Spectral Reflectance Properties 
of Acid Mine Drainage Precipitates and Their 
Relationship to Water Quality at Contrary 
Creek Mineral, Virginia. J. Va. A cad of Sci. 
45(3): 175-185. 

Ayers, R.W., 1975. Biological Survey of the Contrary 
Creek Arm of Lake Anna, Virginia, B574-003. 
Virginia State Water Control Board, Division 
of Ecological Studies. 31 p. 

Ayers, R.W., 1976. Biological Survey of Contrary 
Creek, Louisa Connty, York River Basin. 
Virginia State Water Control Board Division 
of Ecological Studies. (8): 2. 

Barghoon, E.S. and Tyler, S.A, 1965. Microorganisms 
from the Gunflint Chert. Science. (147): 563-
577. 

Bell, P.E., Herlihy, AT. and Mills, AL., 1990. 
Establishment of Anaerobic, Reducing 
Conditions in Lake Sediment After Deposition 
of Acidic, Aerobic Sediment by a Major 
Storm. Biogeochemistry. (9): 99-116. 

Beveridge, T.J. and Murray, R.G.E., 1980. Sites of 
Metal Deposition in the Cell Wall of Bacillus 
subtilis. Journalof Bacteriology. (141): 876-
887. 

Beveridge, T.J., 1981. illtra Structure, Chemistry and 
Fnnction of the Bacterial Wall International 
Review ofCytology. (72): 229-317. 

Beveridge, T.J. and Davis, J.A., 1983. Cellular 
Responses of Escherichia coli and Bacillus 
subtilis to the Gram Stain. Journal of 
Bacteriology. ( 156): 846-858. 

Beveridge, T.J., 1984. Mechanisms of the Binding of 
Metallic Ions to Bacterial Walls and the 
Possible Impact on Microbial Ecology. In 
Klug, M.J. and Reddy, C.A. (eds). Current 
Perspectives in Microbial Ecology. American 
Society for Microbiology. Washington D.C. 
601-607 pp. 

Beveridge, T.J. and Fify, W.S., 1985. Metal Fixation 
by Bacterial Cell Walls. Canadian Journal of 
Earth Science. (22): 1892-1898. 

Beveridge, T.J., 1989. The Structure of Bacteria. In 
Poindexter, J.S. and Leadbetter, J.S. (eds). 
Bacteria in Nature. New York: Plenum. (3): 
1-65. 

Beveridge, T.J., Schultz-Lam, S. and Thompson, J.B., 
1995. Detection of Anionic Sites on Bacterial 
Walls, Their Ability to Bind Toxic Heavy 
Metals and Form Sedimentable Floes and 
Their Contribution to Mineralization in 
Natural Freshwater Enviromnents. In Allen, 
H.E., Huang, C.P., Bailey, G.W. and Bowers, 
AR. (eds). Metal Speciation and 
Contamination of Soil, Boca Raton. Lewis 
Publishers. 183-205 p. 

Bruckner, AE., Hornberger, G.M. and Mills, AL., 
1989. Field Measurement and Associated 
Controlling Factors for Groundwater Seepage 
in a Piedmont Impoundment. Hydrological 
Processess. (3): 223-235. 

Carroll, D., 1958. Role of Clay Minerals in the 
Transport of Iron. Geochem Cosmochem Acta. 
(14): 1-27. 

Crist, R.H., Oberholser, K., Shank, N. and Nguyen, M, 
1981. Nature of Bonding between Metallic 
Ions and Algal Cell Walls. Environ. Sci. 
Technol. 10 (15): 1212-1217. 

Crist, R.H., Oberholser, K., Schwartz, D., Marzoff, J. 
and Ryder, D., 1988. Interaction of Metals 
and Protons with Algae. Environ. Sci. 
Technol. 7 (22): 755-760. 

Crist, R.H., Oberholser, K. and Wong, B., 1992. 
Amine-Algae Interactions: Cation Exchange 
and Possible Hydrogen Bonding. Environ. 
Sci. Technol. 8 (26): 1523-1526. 

Dagenhart, T.V. Jr., 1980. The Acid Mine Drainage of 
Contrary Creek: Factors Causing Variations in 
Stream Water Chemistry, Louisa County, 
Virginia. MS. Thesis, University of Virginia. 

Darnall, D.W., Greene, B., Henzi, M.T., Hosea, J.M., 
Sneddon, J. and Alexander, MD., 1986 (a). 
Selective Recovery of Gold and Other Metal 
Ions From an Algal Biomass. Environ. Sci. 
Technol. 6 (20): 206-208. 

306 

Richard
Typewritten Text
https://doi.org/10.1126/science.147.3658.563

Richard
Typewritten Text
https://doi.org/10.1007/BF00692167

Richard
Typewritten Text

Richard
Typewritten Text
https://doi.org/10.1139/e85-204

Richard
Typewritten Text
https://doi.org/10.1021/es00092a010

Richard
Typewritten Text
https://doi.org/10.1021/es00172a002

Richard
Typewritten Text
https://doi.org/10.1021/es00032a004

Richard
Typewritten Text
https://doi.org/10.1021/es00144a018

https://doi.org/10.1126/science.147.3658.563
https://doi.org/10.1007/BF00692167
https://doi.org/10.1139/e85-204
https://doi.org/10.1021/es00092a010
https://doi.org/10.1021/es00172a002
https://doi.org/10.1021/es00032a004
https://doi.org/10.1021/es00144a018


Darnall, D.W., Greene, B., Hosea, M., McPherson, 
RA., Henzi, M., Alexander, M.D., 1986(b). 
Recovery of Heavy Metals by Immobilized 
Algae. In Thompson, R. (ed). Trace Metals 
Removal from Aqueous Solutions. London: 
Royal Society of Chemistry, Special 
Publication No. 61. 

Fergusson, J.E., 1990. The Heavy Elements: 
Chemistry, Enviromnental Impact and Heath 
Effects. New York: Pergannnon Press. 614 
pp. 

Ferris, F.G., Schultz, S., Witten, T.C., Fyfe, W.S. and 
Beveridge, T.J., 1989. Metal Interactions with 
Microbial Biofilms in Acidic and Neutral pH 
Enviromnents. Appl. Env. Microbial. (55): 
1249-1257. 

Gardea-Torresday, J.L., Darnall, D. and Wang, J., 1988. 
Bioaccumulation and Measurement of Copper 
at an Algal-Mobilized Carbon Paste Electrode. 
Anal. Chem. (60): 72-76. 

Gardea-Torresday, J.L., Becker-Hapak, M.K., Hosea, 
J.M. and Darnall, D.W. 1990. Effect of 
Chemical Modification of Algal Carboxyl 
Groups on Metal Ion Binding. Environ. Sci. 
Technol. 9 (24): 1372-1378. 

Geesey, G.G., Jang, L., Jolley, J.G., Hankins, M.R., 
Iawoka, T. and Griffiths, P.R., 1988. Binding 
of Metal Ions by Extracellular Polymers of 
Biofilm Bacteria. Water Sci. Technol. (20): 
161-165. 

Greene, B., Hosea, M., McPherson, R., R., Henzi, M., 
Alexander, M.D. and Darnall, D.W., 1986. 
Interaction of Gold I and Gold III Complexes 
with Algal Biomass. Environ. Sci. Technol. 6 
(20): 627-632. 

Harris, P.O. and Ramelow, G.J., 1990. Binding of 
Metal Ions by Particulate Biomass Derived 
from Chlorella vulgaris and Scenedesmus 
guadricanda. Environ. Sci. Technol. 2 (24): 
220-228. 

Herlihy, A.T., Mills, A.L. and Herman, J.S., 1988. 
Distribution of Reduced Inorganic Sulfur 
Compounds in Lake Sediments Receiving 
Acid Mine Drainage. Applied Geochemistry. 
(3): 333-344. 

Kleimnann, R.L.P. and Crerar, D.A., 1979. 
Thiobacillus ferrooxidans and the Formation 
of Acidity in Simulated Coal Mine 
Enviromnents. Geomicrobiol. (I): 21-27. 

307 

Kleimnann, R.L.P., Crerar, D.A. and Morring, E.H., 
1978. Abatement of acid mine drainage by 
inhibition of Thiobacillus ferrooxidans. Assoc. 
Eng. Geo/. Tech. Paper. 9 pp. 

Kleimnann, R.L.P., 1995. U.S. Bureau of Mines, 
Washington, D.C. Personal communication. 

Krishnaswamy, R., 1997. The Geochemistry and 
Ecology of a Phyco-Microbial Metal Sink: 
Potentials for Enviromnental Bioremediations 
of Acidic Heavy Metal Laden Leachate from a 
Pyrite Mine, Contrary Creek, Louisa County, 
Virginia. M.S. Thesis, The George 
Washington University, Washington D.C. 156 
pp. 

Kubiak, W.W. and Wang, J., 1989. Algae Colunms 
with Anodic Stripping Voltametric Detection.. 
Anal. Chem. (61): 468-471 p. 

Leech, P.H. 1973. Final Enviromneutal Statement, 
North Anna Power Station-VEPCO. US 
Atom. Ener. Comm. 

Mahan, C.A., Majidi, V. and Holcombe, J.A., 1989. 
Evaluation of the Metal Uptake of Several 
Algal Strains in a Multi-Component Matrix 
Utilizing Inductively Coupled Plasma Atomic 
Emission Spectroscopy. Anal. Chem. (61): 
624-627. 

Majidi, W., Laude, D.A. and Holcombe, J.A., 1990. 
Investigation of the Metal-Algae Binding Site 
with Cd Nuclear Magnetic Resonance. 
Environ. Sci. Technol. 8 (24): 1309-1312. 

Mayers, I.T. and Beveridge, T.J., 1989. The Sorption 
of Metals to Bacillus subtilis Walls from 
Dilute Solutions and Simulated Hamilton 
Harbour (Lake Ontario) Water. Can. J. 
Microbial. (35): 764-770. 

Mcintire, P.E., Mills, A.L. and Hornberger, G.M., 
1988. Interactions Between Groundwater 
Seepage and Sediment Porewater 
Concentration Profiles in Lake Anna, Virginia. 
Hydrological Processess. (3): 207-217. 

Mills, A.L. and Mallory, L.M, 1987. The Community 
Structure of Sessile Heterotrophic Bacteria 
Stressed by Acid Mine Drainage. Microbial 
Ecology. (14): 219-232. 

Miorin, A.F., Klingemsmith, RS. and Sauliunas, J.R., 
1974. Contrary Creek Mine Drainage 
Abatement Project, Feasibility Study. VA 
State Water Control Board 73 pp. 

Richard
Typewritten Text
https://doi.org/10.1021/ac00152a018

Richard
Typewritten Text
https://doi.org/10.1021/es00079a011

Richard
Typewritten Text
https://doi.org/10.1021/es00148a014

Richard
Typewritten Text
https://doi.org/10.1021/es00072a011
 

Richard
Typewritten Text
https://doi.org/10.1016/0883-2927(88)90110-2

Richard
Typewritten Text
https://doi.org/10.1021/ac00180a018

Richard
Typewritten Text
https://doi.org/10.1021/ac00181a026

Richard
Typewritten Text
https://doi.org/10.1021/es00079a002

Richard
Typewritten Text
https://doi.org/10.1007/BF02012942

https://doi.org/10.1021/ac00152a018
https://doi.org/10.1021/es00079a011
https://doi.org/10.1021/es00148a014
https://doi.org/10.1021/es00072a011
https://doi.org/10.1016/0883-2927
https://doi.org/10.1021/ac00180a018
https://doi.org/10.1021/ac00181a026
https://doi.org/10.1021/es00079a002
https://doi.org/10.1007/BF02012942


Mount, DJ., 1966. Effects of Total Hardness and pH 
on Acute Toxicity of Zinc to Fish. Air and 
Water Poll. Int. J. (10): 49-56. 

Munier-Lamy, C. and Berthelin, J., 1987. Formation of 
Polyelectrolyte Complexes with the Major 
Elements Fe and Al and the Trace Elements V 
and Cu During Heterotrophic Microbial 
Leaching of Rocks. Geomicrobiol. J. 2 (5): 
119-146. 

Nordstrom, D.K., 1977. Hydrogeochemical and Micro-
biological Factors Affecting the Heavy Metal 
Chemistry of an Acid Mine Drainage System, 
Ph.D. Thesis. Stanford, Univ. 210 pp. 

Odum, W.E., Nordstrom, D.K. and Mills, AL. 1978. 
Pathways of Heavy Metal Input to Lake Anna 
Fishes and Sediments. Second Quarterly 
Report to the VA Environ. Endowment. 14 pp. 

Pickering, W.F. 1979. Copper Retention by Soil/ 
Sediment Components. In Nriagu, J.O. (eds). 
Copper, in the Environment Part I. Ecological 
Cycling. Toronto: John Wiley. 217-253 p. 

Razzaghe-Karimi, M.H. and Robert, M., 1976. 
Contribution a L' Etude Experimentale des 
Phenomenes d' alterations en miliew 
organique acide. Application a L' Evolution 
des Micas et Phyllosilicates. Ph.D. Disser-
tation, University of Paris VI, France. 211 pp. 

Robbins, E.I., Anderson, J.E., Cravatta, C.A, III, 
Koury, D.J., Podwysocki, M.H., Stanton, 
M.R., Growitz, D.J., 1996. Development and 
Preliminary Testing of Microbial and Spectral 
Reflectance Techniques to Distinguish Neutral 
from Acid Drainages. Thirteenth Annual 
International Pittsburgh Coal Conference 
Proceedings. (2): 768-775. 

Robbins, E.I. and Norden, AW. 1995. Microbial 
Oxidation of Iron and Manganese in Wetlands 

308 

and Creeks of Maryland, Virginia, Delaware 
and Washington, D.C. In Chiang, S.H. (ed). 
Pittsburgh Coal Conference and Proceedings: 
Coal-Energy and the Environment. (2): 1154-
1159. 

Schultze-Lam, S., Urrutia, M.M. and Beveridge, T.J., 
1995. Metal and Silicate So,ption and 
Subsequent Mineral Formation on Bacterial 
Surfaces: Subsurface Implications. In Allen, 
H.E. ( ed). Metal Contaminated Aquatic 
Sediments. Michigan: Ann Arbor Press. 

Simmons, G.M., 1971. A Pre-Impoundment Ecological 
Study of the Benthic Fauna and Water Quality 
in the North Anna River. Bull. 46. Water 
Resources Research in Virginia-Annual Report 
for Fiscal Year 1971. Wat Resour. Res. Cent. 
VA. 

Sweet, P.C., 1976. Silver in Virginia. VA. Mineral. 
(22): 9-11. 

Urrutia, M.M. and Beveridge, T.J. 1993. 
Remobilization of Heavy Metals Retained as 
Oxyhydroxides or Silicates by Bacillus 
Subtilis Cells. Applied Env. Microbiol. (59): 
43323. 

Walker, S.G., Flemming, C.A, Ferris, F.G., Beveridge, 
T.J. and Bailey, G.W. 1989. Physiochemical 
Interactions of Escherichia coli Cell Envelopes 
and Bacillus subtilis Cell Walls with Two 
Clays and Ability of the Composites to 
Immobilize Metals from Solution. Appl. Env. 
Microbiol. (55): 2976-2984. 

Watkins II, J.W., Elder, RC., Greene, B. and Darnall, 
D.W., 1987. Determination of Gold Binding 
in an Algal Biomass Using EXAFS and 
XANES Spectroscopies. Jnorg. Chem. (26): 
1147-1151. 

Richard
Typewritten Text
https://doi.org/10.1080/01490458709385964

Richard
Typewritten Text

https://doi.org/10.1080/01490458709385964



