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Abstract. Mesocosm scale wetlands were constructed to evaluate the efficiency of iron 
removal by sulfate reduction under various acid mine drainage (AMD) flow rates. Based 
on the results of previous experiments to evaluate the optimal wetland substrate for 
sulfate reduction, the mesocosms . were filled with a mixture of barley straw and 
composted manure. A simulated AMD with pH 3.0 and Fe levels of 1 mM was passed 
through the mesocosms at flow rates of 1, 3, and 10 cm/day (which corresponded to 
approximately 6000, 2000, and 600 ft2/gallon/min, respectively.) The AMD was forced 
to flow through the wetland substrate using a gravity flow system. Various chemical 
parameters were measured periodically on porewater samples collected at incremental 
depths from the interior of the mesocosm, as well as on the effluent. These analyses 
included pH, pe, Fe, and soluble s2

•• Porewater analyses indicated that all mesocosms 
had a more oxidized and acid zone near the surface, the thickness of which became ·, 
greater as the flow rate increased. Sulfide levels of up to 5 mM were measured in the 
lower portions of the columns which corresponded to conditions of higher pH and lower 
pe. In zones where sulfide was abundant, soluble Fe levels dropped below 1 ug/mL, thus 
Fe added in the influent was being effectively removed. Dissection and visual 
examination of the sediments confirmed that Fe sulfides had formed in the sediments. 
Under the fastest flow rate (10 cm/day), the thickness of the acid-oxidized zone became 
progressively greater with time as an "oxidizing front" appeared to progress down the 
mesocosm. After approximately 12 months, the oxidizing front had extended nearly to 
the bottom of the mesocosm (100-135 cm) and Fe levels in the effluent began to rise. 
Under the slower flow rates, Fe continued to be completely removed by sulfidization. 

Introduction 

Over the last decade, reclamation researchers have 
been constructing wetlands to treat acid mine 
drainage (AMD) but have met with mixed results. 
The wetland processes previously identified as 
having potential for removing metals from AMD 
include: ion.ic sorption of metals; biologic plant 
uptake of metals; complexation of metals by organic 
materials; formation and precipitation of metal 
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"oxides" (oxides or oxy-hydroxides); precipitation 
of metals as sulfides through microbial reduction of 
sulfate to sulfide (Kleinmann 1987; Hedin 1989). 

The only two processes which have any long-term 
potential for metal removal are precipitation as 
either oxides or sulfides, the others having been 
shown to be relatively insignificant or to have a 
finite capacity (Sencindiver, and Bhumbla, 1988; 
Henrot and Wieder, 1990; Wieder, 1988; Wieder, 
and Lang, 1986). Recent efforts at utilizing 
oxidation and precipitation of iron as oxy-
hydroxides as a mechanism for treating acid mine 
drainage has focused on the use of anoxic limestone 
drains (Skousen, 1991; Nairn et al., 1992). 
Because of the typically low redox potentials 
associated with wetlands and wetland sediments, 
they provide a poor environment for the formation 
of iron oxides. It was therefore the underlying 
premise of this project, that if wetlands have any 
serious future for treating AMD, they must utilize 
sulfate reduction. · 
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Until the last couple of years, most researchers 
studying AMO wetlands_ have largely discounted 
sulfate reduction as an important mechanism 
(Wieder, 1988; Henrot, et al.,1989; Henrot and 
Wieder, 1990; Stillings, et al, 1988; Wieder and 
Lang, 1986; Wieder and Lang, 1985). More 
recently researchers have begun to demonstrate the 
role of sulfate reduction in wetlands designed to 
treat AMD. Using mainly columns and reactors, 
several researchers have been focusing on the 
removal of trace metals such as Co, "Cu, Cd, Ni, 
Pb, and Zn, as sulfides (Staub and Cohen, 1992; 
Eger, 1992; Hammack and Edenborn, 1991; 
Dvorak et al., 1991). Others are now invoking 
sulfate reduction as important in field scale 
wetlands, although direct evidence is not always 
available (Duddleston et al., 1992.) The factors 
necessary for sulfate reduction have been well 
documented and include sulfate reducing bacteria, 
a source of sulfate, a source of organic matter for 
bacterial metabolism, and a reducing environment 
(Pons et al, 1982; Rickard, 1973). 

The objectives of this project were: 1) to develop 
laboratory scale model wetlands to evaluate the 
potential of sulfate reduction for treating AMO in 
wetlands; and 2) to evaluate the impact of influent 
AMD flow rate on metal removal efficiency through 
sulfidization. 

Methodolo~y 

Mesocosm Design and Sediment Type 

The laboratory scale wetlands (mesocosms) were 
constructed from PVC tubing 0.30 m in diameter 
and 1.5 m high. The substrate used for the wetland 
"sediment" was a 1:1 straw:manure mixture (on dry 
weight basis). On a volume basis, the bulk of the 
mixture comprised barley straw with a relatively 
small component of a composted, and partially 
dehydrated cow manure. Details concerning the 
composition of the straw and manure are given in 
Rabenhorst et al. (1992). The mixture of materials 
was packed to approximate the density and porosity 
of straw bales and the mesocosms were filled to a 
depth of 1.35 m at a dry density of 0.12 Mg/m'. 
Sampling ports were installed to allow the 
extraction of the sediment porewater at depths of 5, 
10, 15, 20, 30, 40, 50, 75, 100, and 135 cm. 

AMD Composition and Flow Rates 

A simulated acid mine drainage (AMO) was 
prepared in the lab which contained 1 mM Fe, 
10 mM sot, and which had a pH of 3.0. The 
simulated AMO was passed through the mesocosms 
following the schedule shown in Table 1. The rates 
were chosen to bracket the flow rates commonly 
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recommended in design criteria (Girts and 
Kleinmann, 1986; Hedin and Nairn, 1990). 

Sampling and Analytical Procedures 

Sediment porewater was basically collected at two 
week intervals, although some analyses were 
conducted at a greater or lesser frequency. 
Porewater samples were analyzed for pH (by glass 
electrode), pe (using a Pt electrode), sulfide (using 
colorimetric procedures of Cline (1969), and APHA 
(1985) and soluble ircin was determined by atomic 
absorption spectroscopy. 

Results and Discussion 

Iron Levels in Sediment Porewater 

Pronounced trends with depth were evident in the 
levels of soluble Fe measured in the sediment 
porewaters. These trends were also related to the 
system flow rate and to time. The soluble Fe depth 
functions for the mesocosms under the different 
three flow rates and at five different times are 
shown in Fig. l, 2, and 3. In nearly all instances, 
the soluble Fe concentrations were greatest near the 

· surface where the influent entered the system, and 
then decreased with depth. At the slowest flow rate 
of 1 cm/day (Fig. 1), fairly high Fe levels (10-
30 ug/mL) were maintained with depth throughout 
the first 50 days. After 100 days, however, the 
levels of soluble Fe were quite low. The presence 
of measurable soluble sulfide (Figs. 4 and 5) 
suggested that the reason for the decrease in Fe 
levels was the precipitation of the Fe in a solid 
sulfide phase. 

The depth at which the Fe level approached zero 
increased with time, going from 10 cm to 15 cm to 
20 cm at 100, 200, and 300 days respectively. This 
trend suggested a slowly advancing "front" which 
may have represented a boundary between an 
oxidized zone (where the Fe-sulfides were not 
stable) and reduced portion of the mesocosm (where 
the Fe-sulfides were stable). 

As the flow rate increased, there was a 
corresponding increase in the rate at which the Fe 
levels dropped within the mesocosms. This 
suggested that there may have been some 
component which leached from the system which 
allowed the Fe to be removed from solution. In 
earlier work (Rabenhorst et al., 1992) it was 
similarly noted that greater flow (and leaching) rates 
enhanced sulfate reduction in columns filled with 
hay and straw in the early stages of operation. 
Figures 4 and 5 similarly illustrate that, particularly 
at greater depths (75 and 100 cm), the levels of 
soluble sulfide were dramatically higher under the 



Table 1. Flow rates used in this exnenment an d th . eu vanous eau1valent fl ow parameters. 

cm/d L/min/m2 L/day" m2/L/min ff/gal/min MRT" Fe loading 
days gdm' 

10 0.069 7.070 14 586 11 5.6 

3 0.021 2.121 48 1953 36 1.7 

1 0.007 0.707 144 5860 108 0.6 

•Tois is based on use of a 30 cm diameter mesocosm. 
bMRT= Mean residence time of AMD in the mesocosms; this is based on a 1.35 m height, an assumed porosity 
of 80 % , and piston type flow. 
'gdm = grams of Fe per day per m2

; based on prescribed flow rates and Fe concentrations of 1 mM (56 mg/L.) 

faster flow regime. After approximately 200 days, 
the trend reversed, presumably after inhibitory 
compounds were finally leached from the more 
slowly flowing mesocosm. 
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Figure 1. Iron concentrations in column porewater 
under a flow rate of lcm/day as measured at 
various points in time. 

The downward progression of what appears to be 
an acidic oxidation front, is best illustrated in Fig. 
3. There appeared to be a strongly pronounced 
boundary above which the Fe level approached that 
of the influent, and below which it dropped 
precipitously. This boundary appeared to be 
moving steadily downward and occurred at 
approximately 25 cm, 40 cm, 75 cm, and 100 cm 
at 25, 50, 100, and 200 days, respectively. This 
system had a flow rate of 10 cm/day. In fact, the 
rapid rate at which the front moved through the 
mesocpsm suggested that for AMD with a pH .of 
3.0 arid an Fe content of 1 mM, this rate is too 
great for the system to maintain effective long-term 
treatment. 680 

, pH and pe in Sediment Porewater 

The trends in porewater chemistry described for Fe 
and sulfide concentrations, were also reflected in 
the parameters of pH and pe. These data are 
presented in Fig. 6, 7, 8, and 9, In the earlier 
stages of the experiment and at greater depths 
within the mesocosms, the pH of the porewater rose 
from 3.0 to values between 6 and 6.5. Under 
slower flow conditions (Fig. 6), these high pH 
values persisted (approaching 400 days) deeper in 
the mesocosms while they became more acid at 
shallower depths (after 100 to 200 days). In the 
high flow system (Fig, 7), the pH dropped quickly 
in the upper portion of the mesocosm, and even at 
the 75 cm depth, the pH began to drop after 200 
days. These data are consistent with the idea of a 
downward-progressing acidic front. 

In general, there appears to be an inverse 
relationship between the pe and the pH of the 
systems, with the redox potential (pe) of the 
porewater being much lower under the slower flow 
(Fig. 8) than under the high flow (Fig. 9) 
conditions. This is also well illustrated in Fig. 9 
where the most oxidizing conditions (high pe) are 
associated with the shallowest depths where the pH 
is generally low (Fig. 7). This is a generally 
acknowledged phenomenon and, in these systeltls, 
can be partially attributed to the generation of 
bicarbonate during the sulfate reduction process (eq 
1). Variations in pe measured with using Pt 
electrodes may be due partially to variations in pH, 
since Pt electrode voltages are affected by [H+]. 

SO/ reducing bacteria 
so.2· + 2CH20 > H2S + 

2HCO; 1 

Conclusions 

As simulated acid mine drainage moved through the 
mesocosm scale wetlands used in this study, · 
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Figure 2. Iron concentrations in column porewater 
under a flow rate of 3cm/day as measured at 
various points in time. 
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Figure 3. Iron concentrations in column porewater 
under a flow rate of lOcm/day as measured at 
various points in time. 

reducing conditions developed and sulfate reducing 
microorganisms produced soluble sulfide. One of 
the effects of this process was the generation of 
alkalinity and an accompanying rise in pH. 
Because of the low solubility of Fe sulfides, soluble 
Fe precipitated as sulfides thereby. lowering 
concentrations of porewater Fe. Thus, m these 
systems, sulfate reduction appeared to b~ a vi~!e 
mechanism for the treatment of Fe-bearmg ac1d1c 
waters. 
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Figure 4. Sulfide levels in column porewater under 
a flow rate of lcm/day. Measurements were taken 
at various depths over time. 
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Figure 5. Sulfide levels in column porewater under 
a flow rate of 1 Ocm/day. Measurements were taken 
at various depths over time. 

Especially under high rates ofporewater flow, there 
was evidence of an acidic oxidation front, which 
progressed downward through the sediment. Under 
the slower flow rates this effect was less 
pronounced. Because sulfate reduction is important 
within the reduced zone, but would be expected to 
be minimal in the oxidized zone, the observation of 
this front has serious implications design 
specifications to achieve long term viability of the 
wetlands. 



Influent pH or metal concentrations other than those 
used in this experiment would also be expected to 
affect the efficiency of wetland operation and the 
development and progression of acidic oxidation 
fronts which warrants further investigation of these 
parameters. 
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Figure 6. Solution pH in column porewater under 
a flow rate of lcm/day. Measurements were taken 
at various depths over time. 
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Figure 7. Solution pH in column porewater under 
a flow rate of lOcm/day. Measurements were taken 
at various depths over time. 
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Figure 8. Solution pe in column porewater under a , 
flow rate of lcm/day. Measurements were taken at 
various depths over time. 
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Figure 9. Solution pH in column porewater under 
a flow rate of lOcm/day. Measurements were taken 
at various depths over time. 



Literature Cited 

APHA. 1985. Standard Methods for the 
Examination of Water and Wastewater. 16th 
Edition. American Public Health Association, 
American Water Works Association, Water 
Pollution Control Federation, Washington, D. C. 

Cline, J. D. 1969. Spectrophotometric 
determination of hydrogen sulfide in natural 
waters. Limnol. Oceanog. 14: 454-458. · 

Duddleston, K. N., E. Fritz, A. C. Hendricks, and 
K. Roddenberry. 1992. Anoxic cattail wetland for 
treatment of water associated with coal mining 
activities. pp 249-254, l!! Achieving Land Use 
Potential Through Reclamation. Proceedings of 
the 9th Annual National Meeting .of the American 
Society for Surface Mining and Reclamation. June 
14-18, 1992. Duluth, MN. 

Dvorak, D. H., R. S. Hedin, H. M. Edenborn, and 
-1'.. E . ..McIntire. 1991. Treatment of metal-

contaminated water using bacterial sulfate 
reduction: Results from pilot-scale reactors. 
ppl09-122. In Wendall Oaks and Joe Bowden 
(Eds.) Proceedings of the 1991 National Meeting 
of the American Society of Surface Mining and 
Reclamation. Vol I. American Society of Surface 
Mining and Reclamation. Princeton, WV. 

Eger, P. 1992. The use of sulfate reduction to 
remove metals from acid mine drainage. pp 563-
578, In Achieving Land Use Potential Through 
Reclamation. Proceedings of the 9th Annual 
National Meeting of the American Society for 
Surface Mining and Reclamation. June 14-18, 
1992. Duluth, MN. 

Girts, M. A., and R. L. P. Kleinmann. 1986, 
Constructed wetlands for treatment of acid mine 
drainage: A prel im.inary review. (pp 165-171) In 
Proceedings of 1986 Symposium on Mining, 
Hydrology, Sedimentology, and Reclamation. 
University of Kentucky, Lexington, KY. 
December 8-11, 1986. 

Hammack, R. W., and H. M. Edenborn.1991. The 
removal of nickel from mine waters using 
bacterial sulfate reduction. pp97-107. In Wend all 
Oaks and Joe Bowden (Eds.) Proceedings of the 
1991 National Meeting of the American Society 
of Surface Mining and Reclamation. Vol I. 
American Society of Surface Mining and 
Reclamation. Princeton, WV. 

Hedin, R. S. 1989. Treatment of coal mine 
drainage with constructed wetlands. (pp349-362) 
In S. K. Majumdar, R. P. Brooks, F. J. Brenner, 
and R. W. Tiner, Jr. (eds) Wetlands Ecology and 

683 

Conservation: Emphasis in Pennsylvania. 
Pennsylvania Academy of Science. 

Hedin, R. S., and R. W. Nairn. 1990. Sizing and 
performance of constructed wetlands: Case 
studies. pp.385-392. l!! Skousen, J; J. 
Sencindiver, and D. Samuel (Eds.) Proceedings of 
the 1990 Mining and Reclamation Conference and 
Exhibition. Vol II. April 23-26. W V Univ., 
Morgantown, WV. 

Henrot, J, and R. K. Wieder. 1990. Processes of 
iron and manganese retention in laboratory peat 
microcosms subjected to acid mine drainage. J. 
Environ. Qua!. 19: 312-320. 

Henrot, J, R. K. Wieder, K. P. Heston, and M. P. 
Nardi. 1989. Wetland treatment of coal mine 
drainage: Controlled studies of iron retention in 
model wetland systems. (pp793-800) In D. A. 
Hammer (ed) Constructed Wetlands for 
Wastewater Treatment: Municipal, Industrial, and 

_ Agricultural. Proceedings from the First Int. 
Conference on Constructed Wetlands for 
Wastewater Treatment, Chattanooga, TN. June 
13-17, 1988. 

Kleinmann, R. L. P. 1987. A biological alternative 
to conventional AMD treatment. Greenlands 17: 
30-33. 

Nairn, R. W., R. S. Hedin, and G. R. Watzlaf. 
1992. Generation of alkalinity in an anoxic 
limestone drain. pp 191-205, In Achieving Land 
Use Potential Through Reclamation. Proceedings 
of the 9th Annual National Meeting of the 
American Society for Surface Mining and 
Reclamation. June 14-18, 1992. Duluth, MN. 

Pons, L.J., N. Van Breeman, and P.M. Driessen. 
1982. Physiography of coastal sediments and 
development of potential soil acidity. In J.A. 
Kittrick, D.S. Fanning and L.R. Hossner (ed.) 
Acid sulfate weathering. SSSA Spec. Pub!. 10. 
ASA, Madison, WI. pp 1-18. 

Rabenhorst, M. C., B. R. James, and J. N. Shaw. 
1992. Evaluation of potential wetland substrates 
for optimizing sulfate reduction. pp 90-97 In 
Achieving Land Use Potential Through 
Reclamation. Proceedings of the 9th Annual 
National Meeting of the American Society for 
Surface Mining and Reclamation. June 14-18, 
1992. Duluth, MN. 

Rickard, D. T. 1973. Sedimentary iron sulphide 
formation. In H. Dost (ed.) Acid Sulfate Soils, 
Vol.I. ILRI Pub. 18. Wageningen, The 
Netherlands. pp 28-65. 

Richard
Text Box
http://dx.doi.org/10.4319/lo.1969.14.3.0454

Richard
Text Box
http://dx.doi.org/10.21000/JASMR92010249

Richard
Text Box
http://dx.doi.org/10.21000/JASMR92010563

Richard
Text Box
http://dx.doi.org/10.21000/JASMR91010097

Richard
Text Box
http://dx.doi.org/10.21000/JASMR90020385

Richard
Text Box
http://dx.doi.org/10.2134/jeq1990.00472425001900020018x 

Richard
Text Box
http://dx.doi.org/10.21000/jasmr92010206

Richard
Text Box
http://dx.doi.org/10.21000/JASMR92010090

Richard
Text Box
http://dx.doi.org/10.21000/JASMR91010109

http://dx.doi.org/10.4319/lo.1969.14.3.0454
http://dx.doi.org/10.21000/JASMR92010249
http://dx.doi.org/10.21000/JASMR92010563
http://dx.doi.org/10.21000/JASMR91010097
http://dx.doi.org/10.21000/JASMR90020385
http://dx.doi.org/10.2134/jeq1990.00472425001900020018x
http://dx.doi.org/10.21000/jasmr92010206
http://dx.doi.org/10.21000/JASMR92010090
http://dx.doi.org/10.21000/JASMR91010109


Sencindiver, J. C. and D. K. Bhumbla. 1988. 
Effects of cattails ITypha) on metal removal from 
mine drainage. (pp 359-374) In Mine Drainage 
and Surface Mine Reclamation. Vol I. Mine 
Water and Mine Waste. Information Circular 
9183. American Soc. for Surface Mining and 
Reclamation, Bureau of Mines, Office of Surface 
Mining Reclamation and Enforcement. 
Proceedings of conference held in Pittsburgh, PA. 
April 19-21, 1988. , 

Skousen, J. 1991. Anoxic limestone drains for acid 
mine drainage treatment. Greenlands 21:30-35. 

Staub, M. W., and R. R. H. Cohen. 1992. A 
passive mine drainage treatment system as a 
bioreactor: Treatment efficiency, pH increase, 
and sulfate reduction in two parallel reactors. pp 
550-562, In Achieving Land Use Potential 
Through Reclamation. Proceedings of the 9th 
Annual National Meeting of the American Society 
for Surface Mining and Reclamation. June 14-18, 
1992. Duluth, MN. 

Stillings, L. L., J. J. Gryta, and T. A. Ronning. 
1988. Iron and manganese removal in a IYDhi!-
dominated wetland during ten months following 
its construction (pp317-324) In Mine Drainage 
and Surface Mine Reclamation. Vol I. Mine 
Water and Mine Waste. Information Circular 
9183. American Soc. for Surface Mining and 
Reclamation, Bureau of Mines, Office of Surface 
Mining Reclamation and Enforcement. 
Proceedings of conference held in Pittsburgh, PA. 
April 19-21, 1988. 

Wieder, R. K. 1988. Determining the capacity for 
metal retention in man-made wetlands constructed 
for treatment of coal mine drainage. p. 375-381. 
In Mine Drainage and. Surface Mine Reclamation. 
Vol I. Mine Water and Mine Waste. Information 
Circular 9183. American Soc. for Surface 
Mining and Reclamation, Bureau of Mines, Office 
of Surface Mining Reclamation and Enforcement. 
Proceedings of conference held in Pittsburgh, PA. 
April 19-21, 1988. 

Wieder, R. K., and G. E. Lang. 1985. Metal 
removal in Sphagnum-dominated wetland: 
Experience with a man-made wetland system. 
(pp353-364) In Wetlands and Water Management 
on Mined Lands. Proceedings of a conference at 
The Pennsylvania State University. October 23-
24, 1985. 

Wieder, R. K., and G. E. Lang. 1986. Fe, Al, Mn, 
and S chemistry of Sphagnum peat in four 
peatlands with different metal and sulfur input. 
Water, Air, and Soil Pollution 29: 309-320. 

684 

Richard
Text Box
http://dx.doi.org/10.21000/jasmr88010359

Richard
Text Box
http://dx.doi.org/10.21000/JASMR92010550

Richard
Text Box
http://dx.doi.org/10.21000/JASMR88010375

Richard
Text Box
http://dx.doi.org/10.1007/BF00158762

Richard
Text Box
http://dx.doi.org/10.21000/JASMR88010317

http://dx.doi.org/10.21000/jasmr88010359
http://dx.doi.org/10.21000/JASMR92010550
http://dx.doi.org/10.21000/JASMR88010317
http://dx.doi.org/10.21000/JASMR88010375
http://dx.doi.org/10.1007/BF00158762



