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Abstract.--Within the past several years, there 
has been a tremendous increase in the use of man-made 
wetland systems for the treatment of acid coal mine 
drainage. However, quantitative estimates of the 
long-term capacity of a wetland for metal retention 
are lacking. In this paper, an upper limit for Fe 
retention in Sphagnum wetlands is estimated by 
individually considering the biological and chemical 
processes contributing to.metal retention in wetland 
ecosystems. Also, different field monitoring schemes 
are discussed in terms of their potential for 
assessing the effectiveness of metal retention in 
man-made wetland systems and their potential for 
extrapolating the long-term capacity for effective 
treatment of mine drainage. Although it has been 
suggested that man-made wetlands may offer a low-cost 
approach to mine drainage treatment, cost/benefit 
analyses cannot be carried out without being able to 
reliably estimate long-term capacity for metal 
retention in a man-made wetland system given a 
particular volume and chemistry of mine drainage 
water. Until long-term capacity for metal retention 
in man-made wetlands can be reliably predicted, the 
environmental and economic potential of wetland 
treatment of coal mine drainage remains difficult to 
assess. 

INTRODUCTION 

one of the most frequently cited 
values of freshwater wetlands is their 
ability to act as nutrient sinks, 
improving the quality of water that flows 
through them (Greeson et al. 1978). This 
characteristic has been exploited in using 
freshwater wetlands for nitrogen and/or 
phosphorus removal from wastewaters 
{Kadlec and Tilton 1979, Godfrey et al. 
1985). Whereas denitrification is mainly 
responsible for nitrogen removal from 
wastewaters in wetlands, phosphorus 
retention is accomplished mainly by 
adsorption and precipitation reactions 
with Al, Fe, and Ca in the soil (Nichols 
1983). As such, nitrogen removal does not 
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necessarily decline with time, but the 
capacity of wetland soils to retain 
phosphorus is limited, and phosphorus 
retention in wetlands decreases over time 
(Richardson 1985). 

Freshwater wetlands may also act as 
sinks for metals. As a result of several 
field and laboratory studies indicating 
that metals in mine drainage can be 
retained in Sphagnum wetlands (Huntsman et 
al. 1978, Wieder and Lang 1982, 1984, 
Kleinmann et al.· 1983, Burris et al. 1984, 
Gerber et al. 1985, Tarleton et al. 1984, 
Wieder et al. 1985a), there has been an 
increased interest in the potential use of 
man-made wetland systems for the treatment 
of metal-enriched waters, such as those 
often resulting from coal and metal mining 
activity (Girts and Kleinmann 1986). 
Because metals typically do not have a 
gaseous phase, it is reasonable to assume 
that, like phosphorus, the capacity for 
metal retention in wetland systems is 
finite. However, relatively little effort 
has focused on developing quantitative 
estimates of the ultimate long-term 
capacity for metal retention in man-made 
wetland systems constructed specifically 
for mine drainage treatment. 
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Accurate estimation of the ultimate 
capacity for metal retention in man-made 
wetland systems would be useful from both 
practical and regulatory standpoints. 
From a practical point of view, it is 
difficult to carry out cost/benefit 
analyses when the ultimate capacity for 
metal retention in a particular wetland 
receiving a particular volume and 
chemistry of mine drainage is unknown. 
From a regulatory point of view, any 
consideration of bond release based on 
constructed wetland systems for mine 
drainage treatment cannot be objectively 
assessed until reliable predictions of 
long-term effectiveness of wetland 
treatment systems can be made. 

In this paper, an upper limit on Fe 
retention in Sphagnum wetlands_is 
estimated by individually considering the 
biological and chemical processes 
contributing to Fe retention in wetland 
ecosystems. Also, different field 
monitoring schemes are discussed in terms 
of their potential for assessing the 
effectiveness of metal retention within 
man-made wetland systems and their 
potential for extrapolating the long-term 
capacity for effective treatment of mine 
drainage. 

UPPER LIMIT FOR Fe RETENTION 

Five processes are primarily involved 
in Fe retention in Sphagnum wetlands:· 
uptake and incorporation of Fe by growing 
Sphagnum mosses, the removal of Fe ions 
from solution by cation exchange, the 
specific adsorption of Fe onto organic 
matter, the formation of insoluble Fe 
oxides, and the formation of insoluble Fe 
sulfides. Based on our understanding of 
the biology and chemistry of each process, 
it is possible to estimate an upper limit 
for Fe retention in Sphagnum wetlands. 

As a plant micronutrient, Fe is taken 
up by growing Sphagnum. The highest 
reported rate of net primary production of 
Sphagnum is 610 g/m2/yr (Wieder and Lang 
1983). The highest reported Fe 
concentration in field-collected Sphagnum 
plant tissue is 5.8 mg/g (Rodin and 
Bazilevich 1967). Multiplying these two 
values gives an estimate of Fe uptake by 
growing Sphagnum of 3.5 g/m2/yr. This 
estimate is generous not only because we 
used the highest reported values for both 
growth and tissue Fe concentration, but 
also because Sphagnum growth may be 
inhibited by the high Fe concentrations 
typical of AMD. For example, in a 33 da 
laboratory study, growth in length of S. 
fallax in solutions containing 100 mg/L Fe 
was reduced by 32.5% relative to control 
plants growing in solutions containing 0 
mg/L Fe (Kearney 1986). 

The binding of Fe2+ to negatively 
charged sites on the peat matrix provides 
another mechanism for Fe retention. we 
have quantified Fe retention through 
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cation exchange by placing 5 g of dried 
peat into replicate flasks, and adding 100 
mL of a solution containing either 0, 2, 
4, 6, 8, 12, or 16 meq/L of Fe (added as 
FeS04; pH of each solution adjusted to 
4.0). After 16 hr, the mixtures were 
filtered and binding of Fe2+ with the 
concomitant release of other cations from 
exchange sites was calculated (Fig. 1). 
Using the Langmuir equation, a maximum 
retention of Fe2+ via cation exchange of 
204 ueq/g (5.7 mg/g) was estimated. 

As with mineral soils (e.g., McLaren 
and Crawford 1973, Miller et al. 1983), 
peat can retain Fe by a chelation-like 
specific binding of the metal cations to 
sites on the organic matter matrix. Using 
0.1 M Na4P207 extractions (Wieder and Lang 
1986), the highest organically bound Fe 
concentration that we have ever measured 
in a Sphagnum peat sample is 89.3 mg/g. 
Although little is known about the 
chemical nature of the binding sites on 
Sphagnum peat, it appears that the 
specific binding of Fe to organic matter 
may be a much more important mechanism for 
Fe retention than cation exchange in peat 
exPosed to mine drainage. 

Iron can also be retained in peat by 
the formation ot insoluble Fe oxides. The 
highest concentrations of amorphous Fe 
oxide (oxalate extractable Fe) and 
crystalline Fe oxide (bicarbonate-citrate-
dithionite extractable Fe; Wieder and Lang 
1986) that we have ever determined in a 
peat sample are 62.8 and 39.0 mg/g, 
respectively. These peat samples were 
collected from Tub Run Bog, West Virginia, 
a naturally-occurring Sphagnum-dominated 
wetland receiving inputs of acid coal mine 
drainage from an adjacent abandoned coal 
surface mine (Wieder and Lang 1982). To 
what extent the formation of such Fe 
oxides is abiotic versus biotic is 
presently not known. However, indigenous 
populations of both Fe-oxidizing and Mn-
oxidizing bacteria have been found in 
field-collected samples of·Sphagnum peat 
(Stone 1984). 

Some studies have suggested that 
bacterial dissimilatory sulfate reduction 
and the formation of Fe sulfides could 
play an important role in the removal of 
Fe from mine drainage (e.g., Tuttle et al. 
1969a,b).. Although sulfate reduction and 
the concomitant formation of Fe sulfides 
does occur in freshwater Sphagnum peat 
(Behr 1985, Behr 1986, Wieder and Lang 
1988), there is little evidence that Fe 
sulfides accumulate to any significant 
extent in peat exposed to mine drainage 
(Tarleton et al. 1984, Wieder et al. 
1985a, Wieder and Lang 1986). Presumably, 
the accumulation of Fe sulfides is 
precluded by their reoxidation, although 
at present little is known about the· 
process of sulfide oxidation in freshwater 
wetland peat (Wieder and Lang 1988). 
using-the cr2+-reduction technique (Wieder 
et al. 1985b), the highest concentration 
of Fe sulfides (actually HzS + s 0 + FeSz + 
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Figure 1. Adsorption of Fe2+ onto Sphagnum peat by cation exchange and the 
corresponding desorption of Mg2+, ca2+, H+, Na+, and K+. 

FeS) that we have ever measured in a 
single peat sample is 0.7 rng/g Fe. 

Assuming that it is possible to 
obtain maximum Fe retention by each of the 
above processes, an upper limit on Fe 
retention in a hypothetical man-made 
Sphagnum wetland, 40 m by 40 rn, 30 cm deep 
was calculated {Table 1). In making these 
calculations, a bulk density for Sphagnum 
peat of 0.1 g/cm was assumed. If such a 
man-made wetland were exposed to mine 
drainage with a flow of 4 L/min and a Fe 
concentration of 100 mg/L (Fe loading rate 
of 576 g/da), it would take an estimated 
44 years until Fe retention by all 
processes combined would become saturated. 

The analysis in .Table 1 reveals that 
incorporation of Fe by growth of Sphagnum 
and retention by cation exchange and 
sulfide formation are relatively minor 
contributors to overall potential Fe 
retention, as compared to the specific 
binding of Fe to organic matter and the 
formation of insoluble Fe oxides. It 
should be noted, however, that 4 L/min 
represents a very low flow. If the flow 
of mine drainage were 40 L/min (still only 
a moderate flow) and the Fe concentration 
200 mg/L, Fe saturation of the wetland 
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would occur in only 2.2 years. The time 
estimate obtained in Table 1 also assumes 
that it is possible to obtain the maximum 
Fe retention by each of the processes 
involved. In peat samples that have been 
subjected to mine drainage, either in the 
field or in the laboratory, rarely have we 
observed the maximum saturation of Fe 
retention by all of the processes in Table 
1 (Tarleton et al. 1984, Wieder et al. 
1985a, Wieder and Lang 1986). To place 
the estimate of the maximum potential Fe 
accumulation in Sphagnum peat in some 
perspective, an Fe concentration of 5,757 
g/m2 (Table 1) is equivalent to an Fe 
concentration of 19% of the dry mass! 

The approach used in Table 1 has 
provided an estimate of the ultimate 
capacity for Fe retention in a man-made 
Sphagnum wetland exposed to mine drainage. 
However, data from field situations in 
which wetlands have been constructed 
specifically for mine drainage treatment 
are also needed. In the remainder of this 
paper, we discuss the relative merits and 
drawbacks of different monitoring schemes 
for assessing the effectiveness of wetland 
systems constructed for mine drainage 
treatment. 



Table 1. Maximum Fe retention in a hypothetical man-made Sphagnum wetland. 

Maximum Days to Reach 
Process Retention (g/m Saturation 

Growth of Sphagnum 

Cation exchange 

Adsorption onto organic matter 

Formation of amorphous Fe oxides 

Formation of crystalline Fe oxides 

Formation of Fe sulfides 

Total 

MONITORING SCHEME 1 

Periodic Measurement of Inflow and 
Outflow Water Chemistry 

The most commonly employed monitoring 
scheme entails the periodic measurement of 
inflow and outflow water chemistry. 
Obviously, outflow water chemistry is of 
particular interest, since if a wetland 
has been constructed for the treatment of 
coal mine drainage on an active mine, 
Federal and/or State water quality 
criteria must be met for water discharged 
from the mine site. However, outflow 
water chemistry alone provides little if 
any information about the effectiveness of 
the wetland for metal retention. 

Often, both inflow and outflow water 
chemistry are determined, and a "treatment 
efficiency, 11 defined as (Ci - C0 )/Ci, 
where Ci and C0 are the inflow and outflow 
concentrations, respectively, for a 
particular metal is calculated (Girts and 
Kleinmann 1986, Girts et al. 1987}. 
Although this index of wetland performance 
is intuitively satisfying, site hydrology 
and frequency of sampling are two factors 
that must be taken into consideration when 
interpreting treatment efficiency data. 

The observation that metal 
concentrations in outflow water are lower 
than those in inflow water is suggestive 
that the wetland is retaining metals, but 
is by no means sufficient evidence. 
Possible dilution of influent mine 
drainage by unmeasured, and perhaps not 
readily discernible, sources of "good 
quality" seepage water (i.e., with 
relatively low metal concentrations) could 
produce inflated estimates of treatment 
efficiency within the wetland. Thus, the 
index of treatment efficiency is valid 
only in hydrologically tight wetlands 
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2508 6967 

1884 5233 

1170 3250 
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where the inflowing mine drainage 
represents the only significant source of 
water and metals and where all of the 
water exits the wetland either at the 
location of the outflow water sample or 
via evapotranspiration. Most man-made 
wetlands are situated in topographically 
low-lying areas, often where seeps are 
common. Moreover, when heavy equipment is 
used during construction of man-made 
wetlands, seepage may be enhanced as a 
result of soil excavation. Thus, it is 
likely that in many instances the 
condition of hydrologic tightness in a 
man-made wetland is not satisfied. 

The calculation of treatment 
efficiency based on mean metal 
concentrations averaged over long periods 
of sampling may mask seasonal patterns 
(i.e., winter versus summer} or more 
short-term patterns such as those that may 
be associated with major rain events. For 
example, it is possible that a wetland may 
be actively retaining metals during 
relatively dry periods (e.g., by the 
formation of metal oxides during periods 
of low water table), but that accumulated 
metal oxide floes are flushed downstream 
during major rain events (cf. Lang and 
Wieder 1985). Thus, the nature of the 
data base must be taken into consideration 
when interpreting treatment efficiencies. 

Despite the potential problems in 
interpreting data resulting from the 
periodic measurement of inflow and outflow 
chemistry in a·man-made wetland, long-term 
changes in treatment efficiency (i.e., a 
progressive decrease in treatment over 
several years) at a particular site may be 
informative, assuming that the hydrologic 
conditions remain relatively constant over 
the entire sampling period. Advantages to 
this monitoring scheme are the minimal 
effort and minimal expense required. 



MONITORING SCHEME 2 

Periodic Measurement of Inflow and Outflow 
water Chemistry with Measurement of Inflow 

and Outflow water Fluxes 

The monitoring scheme described above 
can be improved upon substantially by the 
installation of instrumentation to measure 
influent and effluent water fluxes since 
both water and chemical budgets can be 
quantitatively estimated for a man-made 
wetland system. If the estimated quantity 
of water leaving a wetland is less than 
the quantity entering, and if the 
difference is comparable to regional 
estimates of evapotranspiration, then 
dilution of the mine drainage by good 
quality seepage water is probably not 
occurring at the site. 

Once a hydrologic budget is 
calculated and determined to be 
reasonable, then periodic measurements of 
metal concentrations in inflow and outflow 
waters can be used to construct metal 
budgets for the wetland. The accuracy of 
the estimates of net retention/release of 
a particular metal obtained from a metal 
input/output budget is improved as the 
frequency of sampling water for chemical 
analysis increases. Metal budgets can be 
used to evaluate changes in the metal 
retention efficiency of a wetland either 
on a short-term basis (i.e. during and 
following a rain event), seasonally, or on 
an annual basis. If a trend of decreasing 
metal retention is obtained over time, 
extrapolation may provide a quantitative 
way of estimating the long-term capacity 
of a particular wetland for retaining a 
particular metal (cf. Richardson 1985}. 

Although the construction of water 
and metal budgets for a wetland provides a 
much better indicator of metal retention 
efficiency than the "treatment efficiency" 
index discussed under Scheme 1, the 
associated cost increase can be 
substantial. Continuous monitoring of 
water flows requires careful and costly 
setup, as well as a considerable time 
commitment involved in subsequent 
maintenance and data reduction. 

MONITORING SCHEME 3 

Periodic Measurement of Inflow and Outflow 
Water Chemistry with Measurement of Inflow 

and Outflow Water Fluxes and Periodic 
Analysis of the Wetland Substrate 

While Scheme 2 represents a 
considerable improvement over Scheme 1 
with respect to being able to evaluate 
metal removal efficiency and to project 
the long-term capacity of the wetland to 
retain metals, a potential problem with 
Scheme 2 is that the metal budgets are 
constructed using occasional measurement 
of metal concentrations in inflow and 
outflow waters. Thus, if the flushing of 
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metals from a wetland during major rain 
events is indeed considerable, but rain 
event sampling is not carried out, the 
efflux of metals from the wetland will be 
underestimated in the metal budget 
calculation and wetland efficiency for 
metal retention will be overestimated. 

Periodic determination of metal 
concentration in the wetland substrate can 
be used to verify metal accumulation 
determined from the metal budget 
calculations. Accurate estimation of 
metal accumulation in the substrate 
depends on analyzing a sufficient number 
of substrate samples. In addition, if the 
substrate samples are dried and ground 
prior to chemical analysis, values for 
water content and bulk density of the 
substrate must be obtained in order to 
estimate metal accumulation within the 
entire wetland. Besides providing 
verification for water budget 
calculations, trends indicating increases 
in metal concentrations in the substrate 
over time can also be used to extrapolate 
long-term capacity for metal retention in 
a wetland. 

In comparison to Scheme 2, this 
approach to monitoring a man-made wetland 
involves the additional expense of 
collection and analysis of sediment 
samples. 

DISCUSSION 

It has been suggested that man-made 
wetlands may offer a low-cost approach to 
mine drainage treatment (Wieder and Lang 
1982, Kleinmann et al. 1983, Girts and 
Kleinmann 1986). However, based on the 
analysis in Table 1, it appears that 
wetland treatment of mine drainage has a 
limited potential. Although Table 1 
focuses on Fe retention in Sphagnum 
wetlands, it is likely that, at least 
qualitatively, the findings apply to other 
metals and to other types of wetland 
systems as well. The construction of 
wetlands may be attractive for the 
treatment of seeps with low flow volumes, 
but as the flow of the mine drainage 
increases and/or the metal concentrations 
in the mine drainage increase, the 
effeCtive life-time of a man-made wetland 
will decrease. 

In response to the increased interest 
in using man-made wetlands for mine 
drainage treatment, the U.S. Office of 
Surface Mining, Reclamation and 
Enforcement has adopted the policy that 
man-made wetlands may be used on active 
mine sites as long as a fully operational 
water treatment capability is in place and 
operational downslope from the wetland and 
within the permit area. A second part of 
that policy is that given the present 
state of knowledge, bonds should not be 
released based on the installation of man-
made wetlands to treat mine drainage. 



From a purely practical point of 
view, if the immediate goal of using a 
man-made wetland for mine drainage 
treatment is to meet Federal and/or State 
water quality criteria, perhaps the single 
most important measurement is water 
quality at the outflow from the wetland. 
Such minimal sampling, however, will 
provide no insight into either the 
efficiency of the wetland for metal 
retention or, and perhaps more 
importantly, the long-term capacity of the 
wetland for metal retention. Until field 
monitoring schemes and/or other approaches 
allow for the quantitative, reliable 
estimation of the long-term capacity for 
metal retention within a wetland given a 
particular volume and chemistry of water, 
the environmental and economic potentials 
of wetland treatment of coal mine drainage 
remain difficult to quantitatively assess. 
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