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Abstract
Acid mine drainage presents a serious problem to the 

water quality of Colorado. Conventional treatment is not 
feasible due to physical constraints in remote mountain 
areas coupled with severe climate conditions and lack of 
funding. Non-conventional passive techniques, using organic 
mulch impoundments and natural wetlands as treatment mediums 
are under study as possible state-of-the-art solutions.

A high mountain, subalpine, wetland was chosen as a 
treatment site for drainage coming from the nearby Pennsyl
vania Mine. Drainage was diverted into the groundwater 
regime of the wetland via a leachline system. Water quality 
was monitored at the mine adit, in the wetland at shallow 
wells, and in Peru Creek above and below the wetland.

The results show that the wetland was heavily loaded 
with metals before the diversion due to metal-laden surface 
and colluvial waters which were not part of the adit flow. 
The addition of mine drainage to the wetland raised metals 
concentrations in the upper third of the wetland. The lower 
portion of the wetland did not show a consistent response to 
the diversion. Upward groundwater movement in the wetland 
coupled with low hydraulic conductivities forced the mine 
drainage to the surface where metals adsorption onto the 
organic peat soils was limited.
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Results indicate that iron was successfully removed in 
the wetland. The pH of the wetland groundwater was gen
erally less that 4.0, and the surface water pH averaged less 
than 3.5. The ability of iron to coprecipitate other metals 
was severely limited at these low pHs.

Potential cation exchange capacity in the fen was 
compared to the influent metal loadings from the mine 
drainage. The results show that the fen would be saturated 
in about two years if CEC was the only removal mechanism 
working. Soil metals concentrations reveal that the fen is 
presently near it cation exchange capacity.

Several hydrologie parameters must be obtained from 
devoted field work to fully investigate a wetland for use as 
a passive treatment system. The combination of hydrologie 
variables and the dynamic bio-geochemical variation of wet
land processes makes wetland modeling for passive treatment 
an enormous task. Empirical studies done in situations 
where mine water is controlled in reasonably closed systems 
should be emphasized in further research. The use of 
natural wetlands as treatment media for mine drainage should 
be viewed as experimental until additional data are acquired 
from studies of more controlled, closed systems.
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I Introduction

Acid mine drainage presents one of the most difficult 
water pollution abatement problems that Colorado must deal 
with. Over four hundred and fifty miles of aquatic habitat 
have been damaged or rendered barren in twenty five water
sheds by toxic metals and acidity issuing from an estimated 
ten thousand abandoned mines in Colorado (Guertin, et al., 
1985; Holm, et al., 1983). Over 53% of the streams in 
Colorado that do not meet water quality standards exceed 
these standards because of metals pollution from acid mine 
drainage (Holm, 1987). Mine waters impact groundwater and 
surface water in many otherwise pristine mountain environ
ments. The severe impact of mine drainage on trout fishing 
in many streams is perhaps the most visible sign of the 
problem as seen by many Coloradoans.

A relatively dry state like Colorado can ill afford to 
lose any of its heavily stressed water resources to pollu
tion from acid mine drainage. There is little comfort in 
the fact that the technology required to clean up metal
laden acid mine waters is very well understood in controlled 
situations. The coal industry is presently spending 
$1,000,000 a day in the United States on conventional 
treatment of drainage from active mines to meet effluent
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water quality standards (Kleinmann, 1986).
Unfortunately, most impacted streams and abandoned metal 

mines in Colorado and other Rocky Mountain states are locat
ed in remote mountain environments. Such constraints as 
harsh winters, difficult access, lack of electricity, and 
lack of funding make conventional treatment technologies 
unfeasible. Research into new and creative non-conventional 
treatment solutions to the acid mine drainage problem is 
necessary if the problem is to be solved.

There are several criteria that must be considered in 
the design of a non-conVentional treatment system given the 
above constraints. First, the system must be located onsite 
near the source of the drainage. It must function without 
external power or chemical inputs. Construction of the 
system must be done with a minimum of heavy equipment. The 
system must function with minimal maintenance during the 
times when it is accessible, and it must function, or at 
least remain intact, under severe weather conditions. The 
cost of each system must be minimized and each system must 
be designed to fit into the physical surroundings of the 
specific site where it is needed. These conditions guar
antee that each system will be unique with individual design 
considerations.

Building a completely maintenance-free treatment system
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is not realistic. Once the system is installed it must be 
monitored regularly to determine its success. Design chan
ges and modifications are likely to characterize the early 
operation of prototypes. The first few systems built will 
have to be studied intensively to provide the baseline data 
and experience needed to build more effective systems.

The purpose of this report is to evaluate an experimen
tal treatment system. The system installed below an aban
doned metal mine receives highly toxic mine drainage. An 
existing wetland ecosystem is used as the treatment medium. 
The experimental system was designed and constructed by the 
Colorado Division of Mined Land Reclamation in an attempt to 
determine if a natural wetland could be used in a passive 
treatment strategy without the input of outside power or 
chemicals. Passive treatment relies on natural geochemical 
processes for acid neutralization and metals removal (Holm 
and Elmore, 1986; Guertin, et al., 1985). Biologic proces
ses are also responsible for removal and fixation of metals 
in the wetland (Kleinmann, et al. 1985). Passive treatment 
mechanisms are discussed in detail in the Natural Removal 
Mechanisms section of this thesis.

This is the third passive treatment system constructed 
in Colorado. The first two systems employed man-made 
impoundments filled with organic mulch to treat drainage
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from coal mines with positive results. The Pennsylvania 
Mine treatment project is the first of its kind to use an 
existing natural wetland as a treatment medium on "high 
impact" mine drainage (effluents of greater than 100 gpm 
with total iron and manganese mass loadings of up to 18 and 
8 kg/day respectively) from a hardrock metal mine in a high 
altitude, subalpine environment.

There are several examples of existing wetlands and 
bogs removing metals from mine drainages that were not 
intentionally diverted into them. In Ohio and West Vir
ginia, for example, studies show that existing bogs receiv
ing influent mine drainage had effluents as clean as streams 
unaffected by any mine drainage (Kleinmann, et al., 1985). 
Nevertheless, the intentional use of wetlands to treat 
wastewaters is still a very new "art" and scientific data on 
capabilities and impacts are meager (Sloey, et al., 1978). 
This study will present new data and design considerations 
to further increase the knowledge in this state-of-the-art 
approach.

I.1 Scope
The scope of the this study involves the evaluation of 

groundwater quality, hydrology, and morphologic character
istics of a wetland before and after introduction of mine 
drainage through a leachline system. Surface water quality
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in and around the wetland, and the quality of water issuing 
from the mine adit were monitored. Water quality and flow 
rates in Peru Creek above and below the wetland were also 
monitored. Groundwater quality data was obtained by sam
pling 14 wells drilled to depths of two to six feet. Sub
surface composition was determined from the logs of the 
wells drilled, and from several soil samples.

A study on plant health and productivity at the site 
was done concurrently with the water quality studies 
(Emerick, et al., 1987; Emerick and Cooper, 1987). The data 
collection at the Pennsylvania wetland and in Peru Creek was 
done over a period of about four and one half months, from 
late June to mid November, 1986. The duration of this study 
represents only one growing season. Future investigations 
at this site will be necessary to further evaluate seasonal 
and annual trends in the wetland for all parameters.

1.2 Goals and Objectives
The major goal of this project is to evaluate the 

suitability of using a natural wetland to treat acid mine 
drainage in a high altitude environment.
The specific objectives of this study are:
1. To characterize the geochemistry, hydrology, and

morphology of the wetland before and after mine drainage
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is introduced.
2. To assess the the potential metal removal capacity of 

the wetland including its current metal loading.
3. To evaluate the impacts of the diversion project on the 

water quality of Peru Creek.
4. To evaluate the system performance and suggest improve

ments for future studies and treatment systems.
5. To expand the list of criteria which must be 

investigated before choosing a natural site for mine 
drainage treatment.
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II Background

II.1 Site Description
The wetland treatment system evaluated in this study is 

located below the Pennsylvania Mine in the Peru Creek drain
age basin. The headwaters of Peru Creek come from Horseshoe 
Basin which is bordered on the east by the Continental 
Divide, and on the north by the massive shoulders of Gray's 
and Torrey's peaks. Elevations in the Peru Creek watershed 
range from 10,200 to 14,000 feet. Over half of the 16 
square mile watershed lies above the 11,600 foot level of 
timberline in the Alpine Tundra Zone (Holm, et al., 1979.)

Peru Creek flows from its headwaters for about six 
miles through a typically U-shape glaciated valley before it 
reaches its confluence with the South Fork of the Snake 
River. Mining in the Peru Creek drainage basin has been 
extensive. There are several abandoned mines in the basin 
which drain very poor quality mine water into Peru Creek.
The Pennsylvania Mine is the largest of these mines and is 
the major source of the heavy metals input into Peru Creek 
(Holm, et al., 1979).
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The Pennsylvania Mine is located on the south side of 
Peru Creek at an elevation of 11,000 feet (Figure 1). Just 
southeast of the mine, Decatur Mountain rises to an eleva
tion of 12,890 feet on the Continental Divide. The moun
tain's ore body was discovered in 1879 by J. M. Hall. The 
mine was developed in the 1880's and produced over 
$2,000,0000 worth of ore (Wolle, 1949). The ore, which was 
called argentinite, is a complex of silver sulfide, native 
gold, copper, lead, and zinc. The host rock is generally 
granitic.

The Pennsylvania mine workings are very extensive with
as many as eight different levels. The mine is drained by a
collapsed adit near the mine dump. The drainage normally 
flows down a steep and rocky ditch directly into Peru Creek. 
In the fall of 1985 a pipeline was installed that would
eventually convey the mine drainage from the adit to a
leachline system buried above the wetland. The system was 
installed with the design and direction of the Colorado 
Mined Land Reclamation Division. Drainage was routed into 
the pipeline for the first time in August of 1986.

The wetland used to treat the mine drainage is located 
600 feet northwest of the mine at an average elevation of 
10860 feet (Plate 1). The wetland has a north facing aspect 
and slopes with a 1:13 gradient towards Peru Creek.
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The five acre wetland area is dominated by three vascular 
plant species: Carex aouatilis (water sedge), Deschampsia 
caespitosa (hairgrass), and Betula glandulosa (bog birch).

The wetland below the Pennsylvania Mine is more properly 
called a fen because it is characterized by anaerobic organ
ic soils which are saturated with mineral water of high 
nutrient availability (Emerick and Cooper, 1987). The low 
pH levels in the fen place it in the category of an ex
tremely poor fen as compared to fens with a higher pH that 
are richer in plant productivity (Windell, et al., 1986).
The term wetland will be used throughout this report as a 
general descriptor. More exact definitions of fens and bogs 
will be presented later. Reference to "the fen" will mean 
the Pennsylvania Mine fen.

The area up-slope of the fen has been significantly 
disturbed by the mining activities of 70 years. The hill 
slopes around the fen have collapsed adits, waste rock 
piles, and some tailings scattered among road cuts and old 
mine buildings. At least one section of the fen is covered 
by tailings that were produced by past milling activities. 
Mining continued off and on at the site into the late 
1930's.
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II.2 Acid Mine Drainage Formation
The formation of acid mine drainage has been documented 

in great detail by several authors (Guertin, et al., 1985; 
Dugan, 1972 ; Salomons and Forstner, 1984 ; Stumm and Morgan, 
1970). The chemistry of the mine drainage formation is 
basically the same from the coal fields of Appalachia to the 
tops of the Rocky Mountains. The presence of the mineral 
pyrite, FeS2, initiates the process. Pyrite is commonly 
associated with high sulfur Eastern coal reserves and base 
metal sulfide ore deposits in the West. Pyrite is also 
disseminated in non-mineralized country rock, and thus is 
very widespread.

Both the iron and sulfur in pyrite are in reduced 
states before the mineral is exposed to the atmosphere. The 
activities associated with mining expose pyrite to the 
atmosphere in mine tunnels, waste rock piles, tailings 
piles, and road cuts. As the reduced sulfur in the pyrite 
is exposed to oxygen and water it is oxidized to sulfate and 
hydrogen ions are released into solution.

2FeS2 + 702 + 2H20 --> 2Fe2+ + 4S042“ + 4H+

Hydrogen ions in solution produce acidity which dissolves 
more pyrite causing the release of reduced ferrous ions into 
solution. Ferrous iron is oxidized to the ferric state and
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precipitates as ferric hydroxide or "yellow-boy".
4Fe2+ + 02 + 10H20-- ^  4Fe(0H)3 (solid) + 8H+

The formation of ferric hydroxides also causes acid 
production. When enough acid is produced (pH <3), precip
itation of ferric hydroxide stops and ferric iron remains in 
solution. Ferric iron acts as a strong lixiviant capable of 
removing electrons from pyrite. Thus, ferric iron takes on 
the principal role of pyrite oxidation and is reduced back 
to the ferrous state. At this point oxygen is no longer 
necessary to the process. The cycle becomes self propa
gating with more acid being released all the time. This 
acid goes on to release other metals such as Cd, Cu, Pb, Zn 
and Mn from their sulfide forms (Stumm and Morgan, 1970) 
into solution and the mine drainage becomes very toxic.

The kinetics of the process described above are far too 
slow to be responsible for such a serious mine drainage 
problem. The initial oxidation of the ferrous iron at a pH 
less than 3.5 has a half-time in years (Singer and Stumm, 
1970). The presence of a catalyst that can speed up the 
reaction must be involved. This catalyst is a group of 
bacteria.

These bacteria are autotrophic microorganisms from the 
Thiobacillus-Ferrobacillus genera. They get their energy 
from electrons which they remove from reduced iron sulfide
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minerals like pyrite (Updegraff, 1985). The bacteria take 
on the initial role of pyrite oxidation and increase its 
rate by several hundred times the rate of inorganic 
oxidation (Dugan, 1972). The byproducts of bacterial action 
on pyrite are acid, ferric hydroxides and oxides, and sul
fate ions. These bacteria thrive in very acidic conditions 
and accelerate the formation of acid mine drainage at very 
low pH levels where chemical oxidation would be drastically 
slowed.

Strategies designed to inactivate acidophylic bacteria 
to abate acid mine drainage formation have been considered. 
Plugging mine portals to prevent the aerobic bacteria from 
receiving oxygen is one suggestion. Unfortunately, these 
bacteria can survive at oxygen concentrations of less than 2 
ppm (Brierely, 1986). It is very difficult to keep mine 
water from coming into contact with oxygen or oxygenated 
waters in most mining situations. Some chemicals, such as 
chloride, kill bacteria but they are too hard on the remain
ing biota downstream to be used.

Another strategy is based on the knowledge that bac
teria are protected from the acidity in mine drainage by an 
oily coating which they produce (Updegraff, 1985). The 
application of common anionic detergents to acid waters 
produced by bacteria reduced acid formation by 60 to 90
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percent (Brown, 1986). The soap washes the protective oil 
away from the bacteria and they die in the acidic environ
ment they create. The use of such treatments depends on the 
practicality of applying them to miles of possibly dangerous 
or inaccessible underground abandoned mine workings.

II.3 Characterization of Wetlands and Fens
There is no single correct definition of a wetland 

because wetlands exist in an unlimited variation of hydro
logie, soil, and vegetational conditions (Cowardin et al., 
1979). The infinite gradation from purely aquatic to ter
restrial ecosystems compounds the problem. In many cases 
the best way to describe a wetland is to define it in terms 
of what it is not.

The United States Fish and Wildlife Service defines a 
wetland as having at least one of the three attributes: 1)
at least periodically, the land supports predominantly hy
drophytes ; 2) the substrate is predominantly hydric soil;
3) the substrate is a non-soil and is saturated with water 
at some time during the growing season (Cowardin et al., 
1979) . According to Windell et al. (1986), Rocky Mountain 
wetlands can be divided into four major categories: (1)
communities located in permanent shallow standing waters ;
(2) communities with seasonal or permanent high water 
tables, but without permanent standing water; (3) communi-
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ties adjacent to running waters ; (4) and communities located 
in running waters. Bogs and fens fall into the second 
general category of plant communities with seasonal or per
manent high water tables, but without permanent standing 
water. Cooper ( 1986) further divides the second general 
category on the basis of vegetation type, substrate (organic 
vs. mineral), and origin of influent water. Influent waters 
in this category are either ombrotrophic, meaning that all 
the nutrients come from precipitation, or minerotrophic, re
ferring to water that has been in contact with mineral soils 
and is high in nutrients. Using Cooper's classification, 
the Pennsylvania mine wetland would classify as an herba
ceous, organic rich, minerotrophic fen.

The physiographic setting of wetlands in Rocky Mountain 
valleys is generally controlled by past glacial activity. 
Gently sloping willow and sedge dominated wetlands, like the 
one at the study fen, are the result of glacial scouring in 
low gradient subalpine valleys. Factors affecting the char
acter of these wetlands include bedrock topography, climate, 
latitude and longitude, water table stability, soil compos
ition and depth, solar exposure, and ecological history 
(Windell et al., 1986).

A wetland located in a valley glacial scour adjacent to 
a stream does not necessarily receive any water from that
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stream. Water table stability in the wetland is a function 
of several factors. Fractures in the rock underlying the 
wetland can be major recharge zones. Water entering the 
wetland from hillslopes as colluvial and groundwater flow 
must be considered. Precipitation onto the wetland and 
évapotranspiration out of the wetland also affect the water 
table (Ward, 1986).

A wetland that lies above the level of a stream may 
lose water to that stream while being recharged by oxygen 
depleted groundwater. This is the case with many fens. 
Another wetland lying within the influence of the water 
table of a high-gradient tumbling mountain stream will get a 
significant recharge of oxygenated water and nutrients from 
overbank flooding and infiltration (Windell, et al., 1986). 
Such a wetland belongs to a riparian system and would be 
classified in the third general category of wetlands 
adjacent to running waters.

Fens are typically dominated by sedges and other gram- 
inoids, with a few moss species (Cooper, 1986). Fens with 
high water tables are commonly found to support monocultures 
of a single vascular plant species. Wilson (1969) found 
that Carex utriculata usually dominated the wettest, most 
deeply and persistently flooded fens in Rocky Mountain Na
tional Park. In slightly less saturated fens in the Sub-
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alpine Zone, Carex aouatilis is the dominant plant species.
Fens supporting Carex aouatilis were described by Hess 

(1981) as having the most hydric of all Subalpine soils he 
studied. These soils also had deep accumulations of peat. 
Carex aouatilis communities in Colorado's Cross Creek valley 
were found to grow in a wide variety of soil saturation 
situations ranging from standing water to deep water table 
conditions (Cooper 1986; ERO Resources 1986). Carex 
aouatilis stands in Rocky Mountain National Park had an 
average of 50 percent organic matter in the soil (Wilson 
1969).

Deschampsia caespitosa is the plant species that 
provides the greatest primary production on poorly drained 
high-elevation valley bottoms soils in the Colorado Front 
Range (Komarkova 1979). These grass stands reach heights of 
three feet or more. Deschampsia caespitosa grass stands 
occur where winter snow cover depths are greater than 2.5 
feet (Willard 1979). The most dense stands of this grass 
are associated with Carex spp. habitats.

Deschampsia is commonly found growing on disturbed 
soils. The grass builds organic soils which other plants 
can invade as it is not a very competitive species. It 
plays a role similar to aspen in the successional develop
ment of disturbed areas (Brown, 1986). There is a also a
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successional relationship between the Carex and Deschampsia, 
The grass may overrun the sedge if peat accumulations in the 
sedge become so deep that the water table can no longer get 
to the surface. Deschampsia roots grow only in aerobic 
conditions, but their root mat does not allow any oxygen to 
penetrate deeper into the soil (Brown, 1986). If sedge 
growth causes peat to accumulate in a saturated environment, 
the peat may remain anaerobic and push the grass out in 
favor of more sedges.

The addition of water into a wetland in the form of 
mine drainage may influence some of these types of suc
cessional relationships by changing the water table level, 
nutrient status, and soil oxygen content. This must be 
considered if a certain species is expected to perform 
specialized functions in a wetland treatment system, only to 
be pushed out by another species due to changing hydrology 
when the system is activated.

II.4 Natural Removal and Accumulation Mechanisms for Metals 
in Wetland Ecosystems:

The mechanisms which natural wetland ecosystems possess 
to improve the quality of acidic, metal-laden mine waters 
are the same mechanisms that can be exploited in passive 
treatment systems. Wetlands have a profound influence on 
the chemical composition of waters which enter them as
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streamflow, groundwater, or runoff. The metals and nutrient 
content of these waters is modified by microbial activity, 
adsorption and exchange by peat soils, and plant uptake 
(Richardson, et al., 1978) as well as by other geochemical 
processes. Wetland water quality is also a function of 
hydrology, influent concentrations, mass flow rates, and 
nutrient storage; all of which may change diurnally, season
ally, and historically (Windell et al., 1986). Investiga
tions on nutrient and metal cycling dynamics in cold-cli- 
mate, freshwater wetlands are few, and tend to focus on one 
or two mechanisms. Variations in time of year, methodol
ogies, and site hydrology make generalized conclusions (from 
the literature) on metals transport and retention based on 
mass balance impossible (Kadlec, 1979). More data from 
studies such as this is vital for constructing an overall 
picture of wetland functions.

The removal of heavy metals in wetlands is most common
ly attributed to adsorption onto negatively charged organic 
soil matter or peat (Adamus, 1983; Sarnecki, 1983 ; Richard
son, 1985). Cation exchange and adsorption properties of 
peat and peat forming plants are attributed to the nega
tively charged carboxyl (COOH) functional groups found in 
humic and fulvic acids of peats and the pectic compounds in 
plant cellular tissue (Moore, et al.,1974). Through plant
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uptake of nutrients and cations in the soil, these base 
exchange sites are freed and can, in turn, accept new cat
ions moving through the interstitial water (Klopatek, 1978). 
The function of plant uptake to remove metals from water and 
previously occupied sites in the soil guarantees that metals 
removal in natural or man-made wetlands will have a cyclic 
or seasonal variability.

The ion exchange capacity of peats and humic acids has 
been investigated by many authors. The exchange capacity of 
any given peat is determined by its degree of humification 
and percent base saturation (Guertin, et al., 1985). The 
likelihood of finding any two peats that are the same is 
rare because of variation in the conditions under which the 
peat is formed. Peats from different geographic locations 
or from different regimes in the same wetland may differ 
from one another (Moore, 1974; Richardson et al., 1978)

The role of organisms, especially bacteria, may be very 
important in metal removal. Heterotrophic anaerobic bac
teria such as Desulfovibrio are capable of reducing sulfate 
to sulfide (Tuttle, et al., 1969). The sulfide can reduce 
ferric ions to ferrous ions which may precipitate out as in
soluble FeS. Metabolic processes in heterotrophic bacteria 
tend to raise the pH of the drainage which slows the action 
of the acidophylic bacteria. This type of approach is very



T-3359 21

non-conventional and creative. Studies outside the labor
atory in mine environments must be done to evaluate the 
potential for this treatment.

II.5 Existing Wetland Treatment Systems And Strategies
The concept of using existing wetlands as treatment 

mediums for industrial wastewaters and other water puri
fication is not a new one. In the United States, experimen
tal application of cultural wastewaters to peatlands in 
Michigan, tidal marshes in Louisiana and New Jersey, cattail 
marshes in Wisconsin, cypress domes in Florida, and many 
more have shown promising results (Sloey, et al., 1978). 
Artificial wetlands were also created in Europe in the 
1950's to treat sewage effluents (Holm, 1985).

The application of wetlands to the treatment of mine 
drainage is the most recent innovation. Long term results 
on the success of man-made wetlands are impossible to eval
uate at this time due to their short existence (Kleinmann, 
et al., 1985). However, limited data from the constructed 
wetlands monitored to date shows that metals are being 
removed.

The majority of research into the use of wetlands to 
passively treat mine drainage has been done in the eastern 
United States. The concept has such a great potential to
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reduce treatment costs that over 100 experimental wetlands 
have already been constructed in Appalachia. The Bureau of 
Mines has acquired data on 45 of these systems (Erickson et 
al., 1987). This data is probably the largest comparison of 
passive treatment effectiveness published to date.
Treatment effectiveness was variable with iron and acidity 
removal usually exceeding 50 percent. Some wetlands were 
also removing manganese and aluminum. Some of the major 
results of this study are presented in the next few 
paragraphs.

Average flows into the artificial wetlands ranged from 
1 to 120 gpm. The most common type of vegetation on the 45 
sites reporting data was Tvpha (cattail). Sphagnum was 
found on 19 of the sites. Metals analyzed were iron, man
ganese, and aluminum, and pH was monitored. The large 
number of trace metals that are associated with western ore 
deposits and mine drainages are not observed in eastern coal 
mining districts. This gives coal mine operators an advan
tage in narrowing down successful treatment strategies in 
their constructed wetlands.

In 24 of 31 sites reporting a pH value, the pH of mine 
water increased as it flowed through the bogs. In bogs with 
influent mine drainage containing greater than 0.68 mg/L 
iron, from 3 3 to 99 percent of the iron was removed with an
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average of 82 percent. Manganese removal was not as effec
tive with an average value of 18 percent. In five cases 
where effluent pH was greater than 7.2, there was an 80 
percent removal of manganese. The difficulty in removing 
manganese as compared to iron has been documented by other 
authors. In Ohio a Sphagnum dominated treatment system had 
no effect on concentrations of manganese at all (Kleinmann, 
et al, 1985). Guertin et al. (1985) found that manganese 
concentrations slightly increased in a treatment system made 
from commercial peat. The ability of manganese to remain in 
solution at pH's up to 10 makes it much more difficult to 
remove than iron in a passive treatment system (Kleinmann, 
et al., 1985). In many cases it appears that almost all the 
iron must be removed before manganese levels start to drop 
(Erickson, et al., 1987).

Fifteen sites reported data for aluminum in the study. 
Removal rates ranged from zero to 98 percent with an average 
of 75 percent. The most effective removal was at sites with 
effluent pH greater than 6.6, but removal ranged from 32 to 
78 percent at sites with pH ranging from 3.1 to 6.4.

The mechanisms that are working in the Eastern systems 
to remove metals are exchange and adsorption by Sphagnum 
moss and uptake by cattails. Some operators also used 
crushed limestone in the bottom of their wetlands to neu
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tralize pH. Raising pH helps precipitate iron oxides out of 
solution where they can settle or be trapped by filtration. 
Several different materials were used as substrates for 
plant growth including hay, manure, clay, mine spoil, and 
spent mushroom compost. The quantitative importance of some 
of these substrate materials in exchange, adsorption, and 
filtration, capacities over and above those of moss and 
cattails is unknown.

The basic approach to passive treatment at many mines 
has been to put whatever looks promising into the system, 
and see what happens to the water quality at the other end. 
The dynamic non-equilibrium nature of mine drainage chemis
try leads to this type of empirical approach in the develop
ment of treatment systems (Guertin et al., 1985). Though 
some mines have been able to meet effluent standards in this 
way, the qualitative approach does not yield much data on 
the mechanisms involved.

The early success of Sphagnum peat moss in treating 
mine drainage led many companies to use it in their passive 
systems. Several authors have now considered that the moss 
has too many drawbacks and should be given less emphasis in 
passive treatment studies. Kleinmann (1986) reported that 
there have been several failures in Sphagnum systems due to 
the sensitivity of the moss to fluctuating water levels. He
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also noted that at pH's < 2.5, the moss would uptake H+ ions 
and release metals back into solution. In many of the 45 
sites investigated by the Bureau of Mines, cattail and 
horsetail growth was excellent while moss growth was prob
lematic. It is not clear what role mine drainage composi
tion, water level fluctuation, and other factors have on the 
high mortality of moss (Girts and Kleinmann, 1986).

The existence of naturally occurring bogs, usually domi
nated by Sphagnum moss, which were receiving small amounts 
of mine drainage and thriving led to the studies of passive 
treatment. Informal observations by several people led to 
the realization that other types of wetland vegetation may 
have similar capacities for treatment of mine drainage 
(Erickson et al., 1987). A detailed study of metals uptake 
in the Pennsylvania Mine fen by Carex aouatilis was done by 
Emerick and Cooper (1981)•
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III Methods

III.l Site Survey
A map of the fen was constructed to show the locations 

of wells, phenology plots, vegetation changes, and topo
graphy. The topography in the fen is so subtle that a one- 
foot contour interval was required to show as much as 
possible of the surface drainages.

The fen was surveyed by a professional survey crew 
using a total-station setup. The instrument was stationed 
on the north side of Peru Creek, across from the fen. Each 
shot was directed to best define the fen's topography and 
critical site locations. On July 25, 1986, 256 stations 
were shot to define the area. This information was pro
cessed by the surveyor's total station computer, and the 
result was a computer-generated topographic base map with 
the desired one-foot contour interval.

Groundwater wells were completed after the topographic 
base map was generated. On September 23, 1986, these wells 
were located on the map from known points using a 100 foot 
tape. The locations of shrub clumps, trees, vegetation 
changes, and any man-made structures on the map were also 
obtained by taping and pacing. Mapping activities were 
terminated on September 25 due to snow cover.
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III.2 Water Quality Analysis
All water quality data was compiled from results of lab 

analyses on samples taken in the field. Each sample taken 
was split between an acidified sample bottle and a plain 
bottle. All sample bottles used in the study were plastic. 
The acidified bottles were prepared with one ml of ultra- 
pure nitric acid per 125 ml bottle. The analysis of metals 
concentrations was done from aliquots taken from the acidi
fied or "fixed" samples. Acidifying samples keeps dissolved 
metals in solution during the time between collection and 
analysis. Great care was used to avoid including particu
lates in the samples as they were not filtered. The metals 
that were analyzed are listed below in Table 1 with the 
detection limit for each (Soltanpour, et al., 1982).

TABLE 1
METALS ANALYZED AND DETECTION LIMITS FOR EACH (Mg/Liter)

A1 Fe Mn
.04 .01 .2

Sr B Ba
.007 .03 .001

Cu Zn Ni
.01 .008 .009

Pb Ca Mg
.07 .001 .2

Mo Cd Cr
.02 .006 .01

Na K
.02 .2
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The detection limits presented here are defined as the 
metal concentration equivalent to two times the standard 
deviation of the concentration in a reference sample of 
deionized water (Soltanpour et al., 1982 and Workman, 1987). 
Analysis was done by emission spectrometry using an induc
tively coupled plasma (ICP) analyzer. Anion concentrations 
were analyzed by ion chromatography from aliquots of the 
unacidified samples.

III.3 Surface Water Sampling
The sampling of Peru Creek was intended to chemically 

characterize the stream above and below the fen over a 
seasonal cycle while examining any changes in water quality 
due to the passive treatment project. Samples were taken 
during the high spring runoff flows, during the summer 
midflow period, and on into the fall until the stream was 
frozen.

Sample locations along Peru Creek were selected to mea
sure the specific effects of the Pennsylvania Mine drainage, 
and other mine drainages that flow into Peru Creek (Figure 1). 
Peru Creek flows into the West Fork of the Snake River 
approximately five miles downstream of the Pennsylvania Mine 
drainage. The Snake River then flows into Dillon Reservoir. 

Sample station PC-6 is the farthest upstream sampling
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point, located just upstream of the ford where the road to 
the mine crosses Peru Creek. PC-6 is upstream of any in
fluence of the Pennsylvania Mine drainage. This station 
reflects the quality of Peru Creek as it comes from its 
headwaters on the southwest side of Grays Peak. There was 
some mining activity in this area, but no significant input 
of metals from acid mine drainage (Holm, 1979).

Station PC-5 is located below the fen and the Penn
sylvania Mine drainage. This station is very important 
because it isolates the the effect that the Pennsylvania 
Mine drainage has on the stream. Results from this station 
will be compared to those at PC-6 before and after the 
leachline activation.

Sampling below PC-5 was done as part of a larger study 
by the Colorado Division of Mined Land Reclamation. The 
results are not presented in this thesis. All Stream loca
tions were sampled in 1978 as part of the baseline study 
done by the Division of Mined Land Reclamation (Holm, 1979). 
Other studies, Wentz, 1974; Trout Unlimited, 1975; Colorado 
Division of Wildlife, 1974; and the U. S. Forest Service, 
1977, have been done to evaluate the water quality in Peru 
Creek.

Sampling at each station was intended to obtain water 
quality and discharge data. An acidified and unacidified
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sample was taken at each station on each sampling occasion. 
PH, temperature, stream cross section data, and surface 
velocity were also recorded.

The following protocol was used for collection of water 
samples. The unacidified sample bottle was slightly sub
merged in a calm part of the stream with the mouth of the 
bottle facing downstream. Care was taken not to include any 
visible particulates. This sample bottle was used to fill 
the acidified bottle which was then tightly capped. Next 
the temperature probe on the Hydac combination pH/conductiv
ity meter was immersed in the stream and allowed to equili
brate with the stream temperature which was then recorded. 
This temperature was used to calibrate the pH meter to the 
proper sample temperature setting. The unacidified bottle 
was again filled and the pH probe was vigorously stirred in 
this bottle and a pH measurement was taken. This bottle was 
emptied, filled once more and capped. Both sample bottles 
were labeled before sampling with the date and location of 
the sample. Between samples the pH probe was rinsed with 
distilled water. When no distilled water was available, the 
probe was rinsed thoroughly in the water to be sampled. The 
sample bottles were then taken to the CSU soils testing 
laboratory for analysis.
Flow rates were calculated at each stream station by
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multiplying the stream's cross sectional area by its vel
ocity over a reach of stream that had fairly uniform flow. 
Cross sections were measured by stretching a tape across the 
stream and taking depth measurements at one-foot intervals. 
Stream velocities were measured using a stopwatch and a 
floating object such as a pine cone or wood chip. The time 
for the object to float through a 2 0 to 30 foot reach where 
the cross section was made was recorded. Several trials 
were made at each reach to get the average, or more often, 
the most representative stream velocity.

The flow from the Pennsylvania Mine adit was also 
sampled and monitored. The sampling procedure was the same 
for the adit flow as it was for the stream samples. Flow 
rates, however, were measured using a calibrated bucket and 
stopwatch as the drainage exited a pipe from the adit colle
ction system. This sampling station was called PM-1.

The necessity to add some other sampling stations to 
the program became apparent as the experiment progressed.
On August 25, when the leachline system was first activated, 
several leaks developed. The most serious leak came from a 
barrel that was buried in the disturbed soil around one of 
the old buildings that was once part of the mining opera
tion. Comparison of water quality data between the barrel 
and drainage at PM-1 showed that they were very similar and
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possibly the same.
The water flowing from the "barrel drainage" was routed 

around the west side of the meadow and allowed to flow into 
shrubs and trees. Eventually this drainage joined another 
flow that came from a small spring in the fen, and flowed 
into a beaver pond on the western edge of the fen. This 
beaver pond was also sampled during the field work. At 
times the flow from the barrel drainage was equal to a third 
of the flow issuing from the mine itself. For this reason 
it seemed important to follow this flow and sample it as it 
made its way from the beaver pond into Peru Creek. A sta
tion called "beaver pond drainage" was established for col
lecting this water just before it reached Peru Creek. Com
parison of these samples will be used to determine how the 
quality of the Pennsylvania Mine drainage is affected as 
surface flow outside the boundaries of the fen.

III.4 Well Installation and Sampling
On July 31, 1986, the groundwater monitoring program in 

the fen began by drilling shallow wells using a gasoline 
powered four-inch auger. Each well shallower than six feet 
was drilled until rocks at the base of the organic soil 
stopped the auger. Ten wells were drilled in the central 
fen area that was designated as the experimental area. Four 
wells were drilled for use as control wells on the periphery
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of the fen for a total of 14 wells. The experimental wells 
were drilled in three linear transects perpendicular to the 
surface gradient of the fen.

Each well was constructed of 2" (inside diameter) PVC 
pipe. This pipe was perforated from the bottom of the well 
up to one foot from the surface. At this point solid PVC 
pipe was attached to the perforated pipe to extend above the 
level of the fen for at least four inches. Pea gravel was 
used to pack the annular void between the perforated section 
of pipe and the surrounding soil. The exterior of the solid 
section was sealed with bentonite giving each well a one- 
foot-deep cap to prevent infiltration of surface water.

Before any well samples were taken, the wells were 
bailed and cleaned. Mud infiltrated the pea gravel and 
settled at the bottom of many wells. After the wells were 
first developed, an attempt was made to stir this mud into 
solution and bail it out. This effort only succeeded in 
keeping the wells too dirty to sample. The decision was 
made to let the mud settle out, even though this effectively 
reduced the depth of perforations exposed to groundwater 
flowing through the meadow by as much as a foot.

Well samples were taken using a PVC bailer. This 
bailer fits just inside the well casing, and allows a sample 
to be removed from the top few inches of the well. The goal
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in this sampling procedure was to remove enough water in one 
bailing to fill the two sample bottles without going so deep 
into the well as to disturb the mud at the bottom. Well 
temperatures were recorded for each sample to calibrate the 
Hydac pH meter. The large volume of water necessary to 
bring the plastic around the temperature sensitive part of 
the meter into equilibrium with the sample made this a poor 
thermometer. A thermocouple that could be lowered into the 
well made temperature calibration of the pH meter much 
easier on one occasion. Using the temperature at the sur
face of the well, the pH meter was calibrated and pH read
ings were made in the unacidified sample bottle. Both the 
bailer and the pH probe were rinsed in distilled water after 
each well was sampled.

Wells were sampled before and after the leachline sys
tem was turned on. Only one round of samples was collected 
after the system was activated because the wells began to 
freeze after the middle of September. Breaking the ice 
stirred up the sediment in the wells and floating ice chunks 
kept the bailer, which works well only in clean water, from 
functioning at all. New methods must be considered for cold 
weather well samples in the future.
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III.5 System Design and Operation
A four-inch PVC pipeline was installed to convey acid 

mine drainage from the collapsed adit of the Pennsylvania 
Mine to the fen (Figure 2). The drainage is collected in a 
three-foot diameter stilling basin near the adit. This 
basin has two outlet pipes; one that takes the drainage to 
the fen, and another that directs the drainage around the 
eastern side of the fen and into Peru Creek. This second 
pipe surfaces 40 feet from the adit where flow measurements 
are easily made with a bucket. This design makes it pos
sible to turn the leachline system on and off with relative 
ease.

The pipeline from the adit to the meadow is buried four 
feet deep and drops 80 feet before it reaches the connection 
to the leachline system. This connection serves as a thrust 
block to absorb some of the energy from the elevation head 
of the incoming drainage. It also turns the drainage about 
90 degrees west to connect it with the leachline system 
which is constructed from four-inch perforated PVC pipe.
The leachline is buried four feet deep along the edge of an 
old mining road which defines the southern edge of the fen. 
The leachline slopes downward from east to west and has a 
maximum length of 500 feet. Five manholes were placed in
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Figure 2 Diagram of the study area showing the mine
drainage treatment system from the adit, down the 
mountainside, and into the fen leachline system



T-3359 37

the leachline at 100-foot intervals. These manholes were 
originally planned to function as stilling basins where the 
head of the drainage in the leachline could be regulated. 
This type of control proved to be unnecessary, and the 
manholes are now the sites of connections and cleanouts in 
the leachline.

With this system it is possible to plug the leachline 
at any manhole to shorten the length of perforated pipe that 
is exposed to the fen. This was done to avoid leaching 
drainage into the western edge of the fen where tailings 
have been washed out onto the surface of the fen.

Operation of the Pennsylvania Mine drainage leachline 
system begins when the pipe at the adit stilling basin is 
opened to the leachline. The elevation head supplies the 
energy to push the mine drainage through the perforations in 
the leachline and out into the fen. A valve cap at the end 
of the leachline allows some drainage to trickle freely out 
into the fen as a surface flow to ensure that the leachline 
will not freeze.

Baseline data in the fen was collected beginning July 
1, 1986. The leachline system was activated for the first 
time on August 25. The system was turned off for the winter 
on October 29, and the drainage was routed from the adit 
stilling basin down its previous path into Peru Creek. One
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round of Peru Creek samples were collected on cross country 
skis on November 10, to close out the sampling season.
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IV Results

IV.1 Fen Geomorphology and Soil Chemistry
IV.1.1 Well Log Results

The majority of information collected on the subsurface 
morphology of the fen comes from the logs that were des
cribed when 14 wells were drilled from July 31 to August 1 
of 1986. The well depths ranged from 2 feet 2 inches to 6 
feet. The number of wells drilled with their locations does 
not define a complete 3-dimensional picture of the entire 
fen. The fen appears to be somewhat bowl shaped with shal
low organic soil depths around the periphery, increasing 
toward the center. Thickness also increases in the direc
tion of the surface gradient towards Peru Creek and from 
east to west across the fen. Drilling was halted in the 
shallow wells by cobbles that mark the contact of the 
organic soil with the underlying colluvial strata. The 
depth to the bottom of the organic soil was greater than six 
feet in wells GWE4, GWE6, and GWE10, in the central part of 
the fen. Maximum thickness of sediment and soils in the fen 
is unknown. Soil thicknesses recorded in a wetland study in 
the Holy Cross Wilderness Area exceeded 22 feet (Ward,
1986). Table 2 lists each well and its depth. The average 
well depth is 4.4 feet.
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TABLE 2
WELL NUMBER AND DEPTH 

(Feet and Inches)

GWE1 GWE2 GWE3 GWE4 G WE 5 GWE6 GWE7 GWE8 GWE9 GWE10
2 ' 2 " 3'9" 2'10" 6' 5'6" 6' 5' S'S" 5'6" 6'
GWC1 GWC2 GWC3 GWC4
4' 3'6" 2'6" 3'

There were two general layers of soil observed during 
the drilling. The upper layer was a light to dark brown 
fibrous peat. Peat is a general term applied to the complex 
mixture of organic and inorganic materials that represent 
the various stages of plant decomposition (Guertin, 1985). 
This peat graded into a darker and less fibrous organic peat 
which approached a very fine grained, highly decayed, homo
geneous (mucky) organic clay texture. The distinction be
tween the two layers was gradational and may be partly a 
result of compaction with depth. Remains of decomposing 
leaves, stems, and roots from sedges and hairgrass composed 
the majority of the fibrous peat layer in the fen (Emerick 
and Cooper, 1986). General soil profiles of five wetlands
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in the Holy Cross Wilderness Area were similar. Organic 
soils (peat) were highly variable in thickness and composi
tion, ranging from undecayed readily identifiable grass 
roots and sedge leaves to highly decayed homogeneous organic 
(muck) material (Ward, 1986).

The layout of wells in the fen was designed so that 
three linear transects perpendicular to the surface gradient 
in the experimental area could be evaluated. Three wells, 
GWE1 through GWE3, located in the hairgrass, make up the 
upper transect. The middle transect is located in the 
sedges and is made up of wells GWE4 through GWE6. The lower 
transect is made up of four wells, GWE7 through GWE10, in 
the bottom part of the fen (see Plate 1). Control wells 
GWC3 and GWC4 may also be considered to fall within the 
lower transect. The initial differences considered to exist 
between the experimental and control plots in the fen were 
not substantiated. Results from the water quality analysis 
(next section) revealed that the control wells were not 
isolated from metals entering the fen in colluvial waters. 
The thickness of the fibrous peat layer is fairly consistent 
within the transects. In the upper transect the fibrous 
peat ranges from 1 to 1.5 feet thick. In the middle tran
sect all three wells had a fibrous peat layer 1.7 feet 
thick. The four wells in the lower transect all had at
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least 5 feet of fibrous peat. Figure 3 shows a generalized 
cross section through the three transects in the direction 
of the surface gradient. The thickness of the fibrous peat 
layer increased significantly in the direction of the fen 
surface gradient between the middle and lower transects. 
Control wells GWC3 and GWC4, along the lower transect to the 
east, were drilled in the very fine grained mucky organic 
layer with only a thin layer of fibrous peat on top. The 
other two control wells to the west were drilled in fibrous 
peat from top to bottom.

An anomalous layer of medium to fine grained grey clayey 
sand was encountered in the lower transect in wells GWE7 and 
GWE8 at depths of 4.5 and 5.8 feet respectively. The layer 
was no more than 2 inches thick. In well GWE7 six inches of 
highly organic peat was observed below the clayey sand. 
Similar inorganic lenses, described as sandy clay loams, 
were interbedded in peat accumulations up to 14 feet thick 
in several wetlands studied in the Holy Cross Wilderness 
Area (Ward, 1986). Deposition of such layers was associated 
with glacial activity or stream flooding events.

The existence of tailings in and around the fen was 
obvious from the beginning of the study. A large area of 
fine grained tannish-gray tailings was washed over the sec
tion of fen down gradient of the leachline between manholes
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Figure 3 Generalized North-South cross section showing peat
thickness, average well depth, and peat division
in the three transects•
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4 and 5. This was probably the result of milling operations 
at the mine within the last several decades. As a result, 
this section of leachline was not used in the study.

Near-surface deposits of yellow-boy were observed while 
drilling wells GWE4, GWE5, and GWE10. These deposits were 
all within 6 inches of the surface in the form of very fine 
grained orange slimy precipitate. This precipitate looked 
identical to the yellow-boy deposits found up to one foot 
deep in a small drainage storage pond near the mine adit. 
There may have been more tailings or precipitates at greater 
depths in many wells that were unnoticed. The bright orange 
oxidized iron precipitates were easy to spot during the 
auger drilling. Any dark colored reduced tailings or pre
cipitates that might have been present were not observed.

A view of the soil profile just up-gradient of the fen 
where the leachline was buried reveals a contrast between 
the wetland strata and that of the surrounding area. The 
area surrounding the wetland has been highly impacted by a 
century of mining activity. In a trench four feet deep near 
the leachline, the top two feet were highly disturbed. This 
was evidenced by wood scraps and metal pieces buried in with 
rocks and soil. The next two feet were composed of a finely 
layered clayey sand. This is the layer in which the 
leachline is buried.
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IV.1.2 Soil Chemistry Results
Soil samples were collected for metal analysis on July 

2 and September 8, 1986. The samples were collected from 3 
sites representing plants of poor, intermediate, and robust 
health. The goal of the soil sampling was to determine 
concentrations of metals in the fen soils and compare these 
to the health of the plants growing on them, and to their 
potential cation exchange capacity. Detailed results of the 
plant study were presented by Emerick and Cooper (1987).
Two samples were taken in the sedges within 70 feet of the 
upper well transect representing plants of poor and in
termediate health. Two more samples were collected near the 
lower transect in areas of intermediate and robust plant 
health.

The same suite of metals analyzed in the water quality 
testing was examined in the soils analysis. Heavy metals in 
the soils were reported as a DTPA extractable, water solu
ble, and H2S04 soluble fractions. DTPA is a chelating agent 
and its use in soil testing was developed to assess pollu
tion of soils by heavy metals (Emerick and Cooper, 198 6).
The DTPA extractable concentrations are presented in milli
grams/kilogram of organic soil. Acid extractable metals 
concentrations give a good estimate of metals adsorbed by
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soils, and/or retained by filtration and precipitation onto 
those soils. The acid and water soluble concentrations are 
presented as milligrams metal/liter of extract squeezed from 
the soil.

The soils were saturated with the water or acid solu
tion, allowed to equilibrate for one day, and then filter 
pressed to remove the extract for analysis. Results from 
the samples collected in July at sites of poor, interme
diate, and robust health are presented in Table 3 for the 
three extraction methods.

Table 3
DTPA, WATER, AND H2S04 EXTRACTABLE METALS IN SOILS AT SITES 

WITH PLANTS OF POOR, INTERMEDIATE, AND ROBUST HEALTH

Zn Fe Mn Cu Pb Ni Cd
DTPA mg/kg
Poor 26.0 15.0 .8 1050.0 6. 6 3 . 0 .7
Inter. 4356. 71.0 28.8 50.0 37.1 101.2 50.8
Robust 62.0 1860. 36.9 207.0 55.2 1.5 1.0
Water mg/1
Poor 40.0 2.06 12.4 12.8 0.12 0.24 0.87
Inter. 1009. 50.7 28.5 0.19 1.08 5.55 12 .30
Robust 19.0 5.86 15.3 3.21 0.22 0.21 0.31
Acid mg/1
Poor 120. 13.7 18.5 159.0 2.97 .058 2.79
Inter. 2210. 244.0 36.2 8.3 8.10 8.66 30.00
Robust 77. 0 163.0 25.9 53.0 2.27 .057 1.33
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The results of the soils analysis show that high con
centrations of metals were extracted from soils at all the 
sites sampled in the fen before any mine drainage was 
introduced. The extremely high variability of extractable 
metals concentrations from one site to another shows that 
the soil chemistry of the fen is very heterogeneous. Con
centration differences up to two orders of magnitude are not 
uncommon between sites. The soil concentrations of metals 
are localized and high concentrations of a particular metal 
do not necessarily correlate with high concentrations of all 
metals, or with the health of plants (Emerick et al., 1987). 
The metals concentrations extractable in the soils by both 
acid and water are higher than the concentrations observed 
in the groundwater wells after mine drainage was introduced 
to the fen (See groundwater chemistry section).

IV.1.3 Discussion
The soil sampling and drilling results show that iron 

is removed from water in the fen as a precipitate. The 
oxidized iron precipitates in some wells reveal that there 
are oxygenated conditions very near the surface in some 
parts of the fen and/or local conditions of buffered pH as 
well. Waterlogged soils, especially organic soils, develop 
a very thin oxidized layer a few centimeters thick at the
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surface and may, if good drainage exists, even have some 
local oxidized areas in the remaining reduced strata (Chamie 
and Richardson, 1978).

The pH of surface water in the fen was generally less 
than 4.0. In accordance with Eh-pH stability fields dia
grammed by Hem (1960), iron hydroxide will precipitate under 
slightly oxidizing conditions. Eh ranging from 0.6 to 1.0 
volts, if the pH is greater than 4.5. Such conditions may 
exist locally at the surface of the fen. The general acidic 
reducing conditions in the fen probably keep most iron in 
solution. However, the use of equilibrium concepts and 
their application to mine drainage situations is debatable. 
The extremely high variability of metals concentrations in 
the fen suggests that equilibrium conditions are localized 
at best. Temperature gradients of up to 13 degrees F 
(temperature decreasing with depth) observed in the summer 
in the deeper wells suggest that a kinetic approach may 
necessary to understand reaction rates, which could differ 
significantly, even within one well.

The high concentrations of some metals in the DTPA 
extractable analysis shows that metals also have the poten
tial to be removed by the vegetation. Emerick and Cooper 
(1987) found that iron, copper, cadmium, and lead had high 
accumulations in the roots of Carex. They also observed
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that metal uptake by plants was not always proportional to 
the amount of metal available in the soil, and in some cases 
was inversely proportional. A general trend was observed in 
which Cu, Zn, Mn, Al, Mo, Cd, Sr, Ba, and Pb were concen
trated in standing dead leaves. If these leaves are not 
decomposed in the acidic reducing conditions of the fen, the 
metals in them may become unavailable to leaching by ground
water. Thus, plants may perform an important metal removal 
function in the fen (Emerick, et al., 1987)

The actual concentrations of metals in fen soil samples 
may be calculated from the concentrations in the acid 
extractable solutions. The extract from the soil with in
termediate plant health had extremely high metals concentra
tions. The laboratory results show that this soil required 
570 ml of acid solution to saturate 100 grams of the soil.
An analysis of this extract was used to calculate the number 
of milliequivalents of each metal per gram of soil. This 
method is shown for iron in the sample calculation below:

570 ml extract 244 mg Fe 139 mg 5.0 meg Fe
100 grams soil 1000 ml 100 gm soil 100 gm soil

This calculation is repeated for each of the metals shown in 
Table 3 for the soils of intermediate plant health. Summing 
over all metals shows that approximately 45 meg of metals
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are present per 100 grams of soil. This result represents 
one fourth of the highly optimistic cation exchange capacity 
reported by Solomons and Forstner (1984) of 200 meq/100 
grams for a pure organic soil, and half the 100 meq/100 
grams reported by Guertin (1985) for raw peat.

This result from the acid extraction should be consid
ered as a minimum value because the acid used in the extrac
tion was not intended to remove all the metals. Moreover, 
the soil samples were not oven dried before they were 
saturated. The actual mass of organic soil material 
available for exchange was probably much less than 100 
grams. It would be most useful to do standard cation 
exchange determinations by titration on the soils in the 
fen. A much more accurate determination of the fen's 
present metal loading could then be made.

Burial of the leachline outside the fen was done to 
avoid damaging the fen. However, it is very likely that the 
clayey sand where the leachline is buried is less permeable 
than the fibrous peat and organic layers in the fen itself. 
Fetter (1985) reports conductivities of 10-6 to 10"*4 cm/sec 
for clayey sands. The conductivity of upper peat layers in 
several wetlands was reported to range from 10-3 to 10”2 
cm/sec (Ward, 1986). The low conductivities in the area 
around the leachline may be responsible for leaks that
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developed in the system.

IV.2 Groundwater Chemistry
Water quality analyses of the fen well samples reveal 

that there was a considerable concentration of metals in the 
wetland before the leachline system was activated. Average 
concentrations of lead, cadmium, and the five most prevalent 
trace metals in Peru Creek at PC-6 (upstream of the fen and 
mine drainage) over the course of the study are shown in 
Table 4. These are compared to average concentrations of 
the same metals in the upper transect wells (GWE1, GWE2, and 
GWE3) before and after the leachline system was activated. 
The water quality at PC-6 is considered to represent the 
background water quality in the basin.

TABLE 4
AVERAGE WATER QUALITY AT PC-6 AND IN UPPER TRANSECT WELLS 

(Metals Concentrations in ppm)

pH Cond.
(Mmhos)

A1 Fe Mn Cu Zn Cd Pb
PC-6 6.5 92.1 .21 . 18 .20 . 01 . 14 01 . 08
Before 4.4 284.2 11.85 . 61 6.45 1.55 7.21 .04 . 07
After 4.5 645.3 23 . 03 2.33 9.44 2.25 13.7 . 08 . 11
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The table shows that concentrations of metals in the 
fen groundwater are considerably higher than those at PC-6. 
Trace metal concentrations are consistently close to an 
order of magnitude higher in the fen with the exception of 
lead. Copper is 100 times more concentrated in the fen and 
the average value for aluminum in the upper transect is 50 
times greater than at PC-6. It appears that the water flow
ing through the fen before the diversion of any mine drain
age was of poor quality compared to the water in the 
upstream basin.

Introduction of the Pennsylvania Mine drainage into the 
leachline system raised average metal concentrations in the 
upper transect wells by as much as 3.8 times. Most metals 
show an increase of at least 20 percent. Average metals 
concentrations before and after mine drainage was piped into 
the fen are shown for the upper transect of wells in Figure 
4. The data shown by the bar graphs represent four sampling 
occasions. Well samples were collected on August 7, 13 and 
2 5 before the leachline was activated. The system was 
turned on after sampling on August 25. The well data from 
these dates were averaged in the "Before" bars on the 
graphs. The leachline carried mine drainage into the fen 
for a month before the next set of samples were collected on 
September 26. The average concentrations of these later
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samples are shown by the "After" bars on the graph. Snow 
covered the fen three times by late September and the wells 
began to freeze. Sampling became impossible after this time 
due to ice.

Figures 5 and 6 present before and after data for the 
same metals in the middle and lower transects. The effect 
of the mine drainage in these wells does not appear to be as 
significant as in the upper transect. In the middle tran
sect aluminum, iron, molybdenum, and lead all increase after 
the leachline is activated while concentrations of man
ganese, zinc, and nickel decrease. The magnitude of the 
increases are also less in the middle transect compared to 
the upper. The effect of the mine drainage is even less 
apparent in the lower transect. The largest concentration 
changes in this transect are the decreases of aluminum and 
cadmium after introduction of mine drainage. Lead and 
molybdenum are the only metals that show an increase in all 
three transects.

The above observations are made qualitatively from the 
bar graphs. The significance and the confidence of these 
observations may be determined quantitatively using small 
sample inference statistics. A sample is considered statis
tically small if it has less than 30 data points (Gray,
1984). The well data from the fen contains 9 to 12 "before"
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data points and 3 to 4 "after” data points for each metal, 
depending on which transect is involved.

The objective of the statistical analysis was to deter
mine if any significant changes in concentrations occur 
after the mine drainage was introduced to the fen. Two 
working hypotheses to be tested from the data are: 1) The
average concentration of a given metal in each transect 
increased due to the introduction of mine drainage, and 
2) The average concentration after introduction of mine 
drainage increased by at least 20 percent (the bar graphs 
showed a 20 percent increase for several metals) over the 
average "before" concentration. These two hypotheses are 
tested at 90, 95 and 99 percent confidence limits. These 
limits correspond to the 10, 5, and 1 percent chances that 
the null hypothesis, which states that there is no differ
ence between the concentrations before and after introduc
tion of mine drainage, might be accidentally rejected 
(Ambrose and Ambrose, 1981).

The test statistic used is the "pooled t" statistic.
The Student's t-test is a small-sample inference test which 
may be used to compare the significance of the difference in 
means between two populations with similar variances and 
approximately normal distributions (Mendenhall, 1964).
An analysis of variance was done using the F test statistic
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which compares the ratios of the variances between two 
sample sets. The value of F is calculated and compared to a 
critical value found in an F distribution table to support 
or reject the hypothesis that the two populations have 
similar variances (Ambrose and Ambrose, 1981). The results 
of the comparison are presented in Table 5.

TABLE 5
COMPARISON OF VARIANCES. USING THE F STATISTIC DISTRIBUTION

A1
UPPER
TRANS

Fe Mn Cu

F.01=8*65

Zn Ni Mo Cd Pb

F = 6.75 2.97 20.7 1.81 8.52 1.28 2 .11 3.94 0. 0
MIDDLE
TRANS F.01=8*65
F = 2.42 20.0 1.02 13.21 1.64 2.44 8.60 0.0 11.1

LOWER
TRANS F.01=G'22
F = 4.54 1.09 1.19 3.47 1.20 1.03 3.09 2 . 5 1.43

The critical F value is presented at the confidence 
level which implies that there is a 1 percent chance of con
cluding that the sample populations have unequal variances
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when, in fact, the variances are actually the same. The 
critical F values are taken from Mendenhall (1964).

If the calculated value of F is greater than the 
critical F value for a given metal, then the variances of 
the before and after samples for that metal are not similar 
enough to justify use of the t-test. In the upper transect, 
manganese is the only metal with a significantly different 
variance between the before and after samples. This result 
is due to one low concentration value in well GWE3 after 
system activation. The middle transect shows the greatest 
variance with iron, copper, and lead exceeding the F limits. 
Iron is the most variable of all metals reported. Lead has 
a high variance because it had nearly zero standard 
deviation in the before samples with a slight deviation 
after.

The lower transect results show that variances for all 
metals are similar between the before and after samples. In 
general the sample variances meet the requirements for the 
t-test. The variable behavior of iron and manganese, as 
shown by the high calculated F values, may be due to non
filtration of the samples. The concentrations of iron in 
the fen are extremely variable from well to well. The 
results of the t-test for these metals may not be as useful 
as those for the less variant metals.



T-3359 60

The next requirement for the use of the t test is a 
normal or parametric distribution. Frequency distribution 
analyses were done for several of the metals sampled. Zinc 
showed a distribution which was very close to a normal 
distribution. Many of the other metals had approximately 
normal distributions. Metals found in the lowest concentra
tions often showed a normal distribution to the right of 
another peak caused by the strong influence of samples near 
detection limits. Aluminum and copper followed this trend. 
Values that appeared to be anomalously low for some metals 
were not included in the t-test.

T1 and t2 are the calculated test statistics for the 
first and second hypotheses respectively. The results of 
the t-test, presented in Table 6, show that in the upper 
transect the first hypothesis is true at the 95 percent 
confidence level for every metal except manganese, and true 
at 99 percent confidence for all but manganese and molyb
denum. Hypothesis 2, stating that concentrations increased 
at least 2 0 percent, is true for all but manganese and 
molybdenum at 95 percent confidence.

In the middle transect, no metals increase at 95 per
cent confidence was shown and only copper showed a signifi
cant increase due to the mine drainage at a 90 percent 
confidence level. A 20 percent increase in copper concen-
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trations due to the drainage was nearly substantiated at 90 
percent confidence. All other metals in this transect 
satisfied the null hypothesis and did not show a significant 
increase.

TABLE 6
RESULTS OF t-TEST COMPARING MEANS OF BEFORE AND AFTER

METALS CONCENTRATIONS 
(Hypotheses 1 and 2)

upper
trans

tl

A1

11.8

Fe Mn Cu 

2.9 1.57 6.02

Zn

8.73

Ni

4.87

Mo

1.89

Cd

6.85

Pb

2.88
t2 9.3 2.7 0.9

critical
critical

3.3

t.05 = 
t.oi -

6.8
1.812
2.764

2.9 1.1 5.2 1.8

middle
trans

tl
A1 
. 11

Fe Mn 
.17 -.06

Cu
1.46

Zn 
— .03 —

Ni
.03

Mo
.85

Cd
X X

Pb
.57

t2 0.0 0.0 —0.3
critical
critical

1.3

t.io =
.05 *

-0.1
1.372
1.812

-0.2 0.5 X X 0.3

lower
trans

tl
A1
-.34

Fe Mn 
.43 —.06

CU
.89

Zn 
— .03 .

Ni
11

Mo
1.27

Cd
-.40

Pb 
. 16

t2 -.70 0.0 -.70
critical
critical

.70

t.io =
. 05 “

— .40 —
1.345
1.761

.40 .50 -.70 .20
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In the lower transect there were no metals showing a 
significant increase at the 95 percent level. Molybdenum 
was close at the lower confidence, but the 90 percent level 
of confidence is questionable for making solid inferences 
(Ambrose and Ambrose, 1981).

The statistical analysis substantiates the qualitative 
conclusions drawn from the bar graphs. The upper transect 
of wells appear to be the only transect affected by the mine 
drainage. The metals increases and decreases found in the 
middle and lower transects after the introduction of mine 
drainage cannot be attributed to the mine drainage with 
statistical confidence.

The frequency distributions of concentrations suggest 
that a non-parametric statistical approach would also be 
valuable to assess the "before and after" effect of the mine 
drainage on the water quality in the fen. A test ranking 
the average metals concentrations before and after the mine 
drainage was introduced can be used to compare the two 
populations. The magnitudes of the average metals concen
trations in the three transects before the mine drainage was 
diverted were generally highest in the lower transect.
Table 7 presents a ranking scheme used to evaluate which 
transects have the highest and lowest concentrations of each 
metal. The average concentration of each metal in a tran-
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sect is given a rank. The transect with the highest concen
tration value is given a rank of 1 for that metal, the next 
highest a 2, and the lowest value gets a 3.

TABLE 7
RANKING OF AVERAGE CONCENTRATIONS IN THE THREE WELL TRANSECTS

(Before Leachline Activation)
TRANS A1 Fe Mn CU Zn Ni Mo Cd Pb TOTALS
UP. 2 3 2 . 1 2 2 1 1 2 16
MID. 3 1 3 3 3 3 2 2 3 23
LOW 1 2 1 2 1 1 1 1 1 11

The table indicates that the lower transect had the 
highest concentrations for seven out of the nine metals.
The high total score of 23 for the middle transect shows 
that these wells often had the lowest metals concentrations. 
The upper transect wells fell in between with a tendency 
towards higher concentrations. Using the same ranking 
scheme after the introduction of mine drainage gives the 
following total transect scores:

Upper 12 Middle 25 Lower 17
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The upper transect had the highest concentrations. The rank 
of the middle transect again showed the lowest concen
trations and the lower transect was in between on the high 
side. This substantiates the result that the upper transect 
was affected by the mine drainage while the other transects 
were not. The fact that the middle transect was unaffected 
suggests that the mine drainage did not travel that far in 
the groundwater regime in one month.

The non-uniformity in the distribution of metals from 
well to well in the fen is striking. For each metal 
observed, except Mn, there was at least one example of an 
order of magnitude difference in concentration of that metal 
between wells somewhere in the fen. Hydrogen ion concentra
tions in the fen were also highly variable. Acidity levels 
in the fen groundwater varied by as much as 3 orders of 
magnitude with a pH range from 3.5 to 6.8.

It is clear that the control areas were not as repres
entative of the experimental portion of the fen as had been 
originally anticipated. The control wells were initially 
chosen because of their location on the periphery of the fen 
in areas isolated from the general surface flow gradient by 
small drainage divides. This apparent isolation was not 
supported by the well data. Comparing the average metal 
values for the 4 control wells against the averages for the
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10 experimental wells revealed that Cd, Mo, Ni, Zn, Mn, Fe, 
Al, S04, Ca, Mg, Na, and K were all higher in the control 
wells. The metals concentrations in the four control wells, 
GWC1-GWC4, did not appear to be affected by the introduced 
mine drainage in any consistent way.

Chemical reactions involving sulfur were very apparent 
in some of the wells during both drilling and sampling. The 
deepest wells in the center of the wetland smelled of H2S 
most often. The shallower wells on the periphery of the 
wetland never had a sulfur smell.

IV.2.1 Discussion
Another conclusion that may be drawn from the ranking 

is that the consistently high concentrations of metals in 
the lower transect was a function of the thick fibrous peat 
layer at these wells. Adsorption of metals onto peat is 
partly a function of the surface area of the peat (Guertin,
1985). Ong and Swanson (1958) reported that reduction in 
surface area due to compaction decreased the adsorption 
capacities of peat. The less compacted fibrous peat has a 
greater adsorptive potential than the highly decayed peat 
which makes up the majority of the strata in the other 
transects. The adsorption capacity in the upper part of the 
fen (fibrous peat thickness from 1.0 to 1.7 feet) may be
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only a third of that in the lower part where the fibrous 
peat layer exceeded five feet thick.

The smell of H2S gas in the deeper wells of the fen 
suggests that sulfur reducing bacteria such as Desulfovibrio 
and Clostridium are removing metals (Guertin, 1985). Metals 
may precipitate in the form of insoluble sulfides in the 
presence of H2S gas. The hydrogen ions lost as the gas 
escapes further help to raise the pH in the fen, thus 
increasing the chance for other metals to precipitate.

IV.3 Wetland Hydrology
The hydrologie characteristics of the fen, like the 

chemical characteristics, were non-uniform. After the wells 
were developed and allowed to stabilize, recovery rates were 
compared from well to well using a bailing test. The wells 
on the periphery of the fen, particularly the control wells, 
were generally the slowest to recover. It took one to two 
hours for some of these wells to fully recover. The deepest 
wells in the lower part of the fen were the fastest recover
ing. These faster recovery rates correlate with the thick 
fibrous peat layers in the lower transect of wells. Two 
wells recovered so fast that they could not be bailed dry.

The extreme variability in recovery rates, even in 
adjacent wells, was exemplified during the drilling of well 
GWE7. The first bore for this well filled with water
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immediately and then caved in. Another hole drilled two 
feet to the south was nearly dry. When this bore was devel
oped into a well, it had a slow recovery rate. On several 
occasions it was possible to look down into casings and 
watch the wells recover. In wells that recovered quickly, 
the water flowed in from the top one to two feet below the 
surface of the fen. The wells did not recover from the 
bottom up, but rather filled from the near surface down.
The water did not appear to come from the surface of the 
fen. The bentonite caps prevented such infiltration. The 
recovery zone corresponded to the upper fibrous peat layer 
in most wells. The presence of interbedded clayey sand 
layers at depths of four to five feet may be responsible for 
some of the variable hydrology in the fen.

The level of the water table in the fen was monitored 
in the 14 wells which functioned as piezometers. Design of 
the passive treatment system was done considering the fen as 
an unconfined aquifer with atmospheric pressure being the 
only confining pressure. Recharge to the fen comes from 
lateral groundwater flow from the surrounding area, upward 
seepage from the strata below, and direct precipitation. 
There were several occasions when water levels in piezo
meters had as much as four inches of head. This indicates 
upward movement of water in some parts of the fen.
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The hydrologie effect of the introduction of mine 
drainage into the fen from the leachline system was most 
visible in the upper transect wells. Figure 7 shows the 
average depth to water from well caps for each of the three 
transects. A decrease in the depth to water corresponds to 
an increase in the level of the water table. After the 
system had been activated for four days, the water level 
rose an average of seven inches in the upper transect. The 
middle and lower transects showed only a slight increase in 
the water table level after August 25. Water level fluctua
tions in the upper and middle transects before the leachline 
activation appeared to be smoothed out in the months after 
introduction of mine drainage. This was very apparent in 
the upper transect where the mine drainage appeared to be 
controlling the water level.

The four control wells, which are not in the direction 
of the gradient from the leachline, had an average increase 
in water level of one inch between August 25 and 29. This 
increase may be due to steady rains that fell during these 
days. One inch of the water level rise in the other three 
transects could then be attributed to rainfall as well.
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IV.3.1 Discussion
The results of the water table monitoring support the 

earlier assertion that the mine drainage had little effect 
on the groundwater regime in the fen past the upper transect 
of wells. Because the fen water table aquifer has a com
ponent of surface flow, it cannot be assumed that water 
introduced into the groundwater flow regime will remain 
there. The depth to water in a wetland reflects its capa 
city for vertical drainage. A wetland with a water table 
near or at the surface all the time may have poor drainage 
and low hydraulic conductivity (Windell, et al., 1986).

The hydraulic conductivity of a wetland is perhaps the 
most critical parameter that must be evaluated in determin
ing the ability of that wetland to accept mine drainage and 
treat it. Opportunities to calculate some conductivities 
were not exercised at the Pennsylvania fen. The highly 
variable conditions at the fen would indicate that a large 
number of bailing tests and/or lab permeability tests would 
be needed to estimate a useful average conductivity for the 
entire fen. Flow calculations based on conductivity values 
from similar wetlands are presented in the final discussion 
section of this report.
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IV.4 Surface Water Evaluation 
IV.4.1 Drainage From The Mine Adit

The flow rates from the mine adit ranged from 60 to 105 
gpm (0.13 - 0.23 cfs) over the course of the study. These 
flows are high compared to typical flow rates for mines 
throughout the Front Range which average only a few gallons 
per minute (Moran and Wentz, 1974; Wildeman et al., 1974). 
Figure 8 shows fluctuations in flow rates and corresponding 
pH levels at the mine adit from late June to late October. 
The graphs in the figure show a possibly unexpected trend. 
Over the course of the study, the pH dropped as the flow 
rate increased. This result is shown in Table 8 which 
compares the directions of fluctuation for both flow and pH. 
A "+" indicates an increase from the previous measurement, a 

indicates a decrease, and an "=" means no change.

TABLE 8
FLUCTUATIONS IN FLOW AND PH OVER SAMPLING PERIOD

27-Jun 1-Jul 23-Jul 29-Aug 4-Sep 23-Sep 14-Oct 29-Oct 
Flow = + - = + = —
pH = — + = — + +
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Both Table 8 and Figure 8 reveal that in each case 
where a change in flow occurs, there is a corresponding 
change of pH in the opposite direction. This trend reveals 
that the mine water discharge has a potential to worsen as 
flow rates increase and increased acidity dissolves more 
metals. This flushing effect suggests that large volumes of 
water are in contact with the ore body in the mine, and that 
dilution is unlikely (Wildeman 1987).

Figure 9 shows average concentrations for several trace 
metals in the adit flow over the course of the study. With 
the exception of iron, metals concentrations were fairly 
uniform, decreasing slightly from spring to fall. The 
initial peak in metals concentrations corresponded to the 
first high flow, or flushing, from the adit in late July.
The next high flow event from the adit in late September did 
not cause an increase in metals concentration. This 
suggests that the spring flushing of metals may provide the 
heaviest loadings that the treatment system in the fen must 
accomodate. Figure 10 shows mass loadings from the mine in 
kg/day for the same metals shown in Figure 9. The effect of 
flow fluctuation from the adit did not greatly change the 
shapes of the corresponding graphs in Figures 9 and 10. The 
metals loadings do show a bimodal trend with peaks in the 
spring and fall. The fall peak may be a result
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of recharge to the mine from the steady rains of late 
summer.

Table 9 presents the average mass loadings per day from 
the adit over the sampling period for each metal as calcu
lated from the data in Figure 10. These daily averages were 
extrapolated and summed over an entire year (assuming the 
four month loading trend in Figure 10 is representative of 
an entire year) and presented in Table 9 as well.

TABLE 9
AVERAGE DAILY LOADINGS AND PROJECTED YEARLY LOADING OF

METALS INTO THE FEN

Metal Al Fe Mn Cu Zn Ni Mo Cd Cr Sr Pb
Kg/day 5.8 17.5 7.5 2.0 10.0 .045 .02 . 046 .017 .31 . 05
Kg/yr 2080 6351 2737 700 3650 16.4 6.6 18. 7.3 117. 22.

These loadings add up to over 16 tons of metal entering 
the fen and/or Peru Creek each year from the mine adit.
These loadings are compared to the removal capacity in the 
fen in the final discussion section.
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IV.4.1.1 Discussion
Aquifer models developed to explain the chemistry of 

carbonate springs in Pennsylvania (Jacobson and Langmuir, 
1974) are well suited for explaining observations in some 
mine drainage studies. Wildeman (1983) has applied these 
models to explain trends observed at the Argo Tunnel mine 
drainage.

Two simple groundwater flow models can be applied to 
mine adit hydrologies. The first model views water entering 
the mine tunnels through large faults and fissures which act 
as conduits. The water chemistry of conduit systems res
ponds directly to precipitation events and seasonal flow 
changes. Water tends to be turbid and residence times are 
generally short, on the order of days. In the second model, 
water enters mine tunnels in a diffuse manner through small 
faults, voids, and intergranular spaces (Wildeman, 1983).
The water chemistry shows little response to precipitation 
events and seasonal flows. The mine water is clear and 
residence times are measured in months or longer. Flow 
rates tend to be stable with slight increases during spring 
runoff. These two models serve as end points in a spectrum 
of groundwater flow systems that can be applied to explain 
hydrology around hardrock mines.

An increase of pH due to increased adit flow would
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be characteristic of the conduit type flow system. Fresh 
water moving quickly into the mine tunnels would lower 
acidity levels and metals concentrations by dilution. In 
the diffuse flow model an increased flow is accompanied by 
increased acidity levels (lower pHs) and increased metal 
concentrations as "old" mine water (water which has been in 
contact with pyrite and ore minerals long enough to dissolve 
them) is flushed out of the system. The diffuse flow model 
helps to explain the results in Table 8.

Understanding the flow system that controls the mine 
drainage may be important in designing or evaluating a 
passive treatment system. If a diffuse system controls the 
mine drainage, as in the case of the Argo Tunnel (Wildeman, 
1983) , then the treatment system is designed to handle flow 
with little variation in volume and metals loadings. Treat
ment of mine drainage from a conduit system could be more 
difficult. Flood flow events and great fluctuations in 
metals loadings could stress the mechanisms of a passive 
treatment system beyond its limits.

The data from the Pennsylvania Mine suggests that flows 
are controlled by a diffuse system with residence times of a 
month or more. The high adit flows in October may be the 
result of heavy rains at the mine two months earlier in late 
August. The fluctuation of adit flows shows that there is
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some degree of conduit (faults and fractures) bringing water 
to the mine. During the summer, when snow was melting above 
the mine, the location and aspect of snow fields could have 
played an important role in timing runoff infiltration to 
the mine. The number of variables in the evaluation of the 
adit flow is too great to make strong conclusions from only 
five months of study.

IV.4.2 Surface Flow In and Around The Fen
There was always some degree of surface flow over the 

fen. In the spring, the colluvial runoff around the fen 
added most of the surface flow. After the leachline system 
was activated there were some leaks that added to the sur
face flow. Baseline surface samples were collected before 
activation at five sites in the fen on July 23. These are 
compared to the earliest groundwater quality results from 
August. Samples IOC and 3C are from the control area in the 
north-east part of the fen. IE, 8E, and 16E are from the 
central fen, and all five are in sedges. Concentrations of 
trace metals for the samples are shown in Table 10.

The concentrations of metals in the surface water is 
similar to that for groundwater. Values from the upper 
transect (from Table 3) are shown for comparison.
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TABLE 10
SURFACE TRACE METALS CONCENTRATIONS (ppm) 

July 23, 1986
# Al Fe Mn Cu Zn Ni Cd Pb pH

3C 16.4 13.0 2.44 17.4 . 10 . 02 . 01 . 05 3 . 3
10C 15.7 0.22 12.4 1.70 13.9 .09 . 07 . 09 3.2
IE 12.7 .50 8.11 2.00 8.55 . 06 . 06 . 06 3 . 8
8E 12.6 .56 8.81 2.23 11.2 .07 . 10 . 05 3 . 6
16E 14. 0 . 13 10.3 1.88 10.9 .07 . 07 . 06 3 . 6
AVG 14.3 . 35* 8.41 1.95* 11.1* . 06 .07* . 06 3 . 5
* - Calculated without high and low values in 3C

UPPER TRANSECT VALUES (ppm)
Al Fe Mn Cu Zn Cd Pb PH

Before 11.85 .61 6.45 1.55 7.21 . 04 . 07 4.4
After 23 . 03 2.33 9.44 2.25 13.7 . 08 . 11 4.5

The pH values are notably lower on the surface than in 
the wells. The average surface metals concentrations gener
ally fall between the bounds of the before and after concen
trations in the wells. It is not possible to separate 
surface samples from groundwater samples solely on the basis 
of metals concentrations. Site 3C has anomalously high 
concentrations of iron and copper. Control well GWC3, just
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a few feet from site 3C, also has high copper concentrations 
suggesting there may be some tailings or precipitates buried 
in this area. The high concentrations of metals in the 
surface water correlate with the high values in the 
groundwater before the system was turned on.

Leaks that developed around the leachline added to the 
surface flow in the fen. One leak from a half-buried wooden 
barrel above the fen was routed around the fen to the west. 
Metals concentrations from the barrel were compared to those 
from the adit and found to be essentially the same. The 
volume of drainage that leaked out from the barrel was as 
high as 3 0 percent of the adit flow. For this reason it 
seemed important to sample this surface flow as it made its 
way from the barrel into a beaver pond, and then into Peru 
Creek.

Figure 11 shows average metals concentrations at the 
barrel drainage, in the beaver pond, and at the point below 
the beaver pond outlet before flow into Peru Creek. The 
values are averaged from samples collected after leachline 
activation on August 29, September 23, and October 14. The 
flow from the beaver pond averaged about 40 gpm. The re
sults show that every metal except iron has an equal or 
greater concentration in the beaver pond than it does in the
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barrel drainage.
The beaver pond is fed by hillslope flow, and in a 

small part by a spring that surfaces in the fen. The flow 
from the barrel added up to 20 gpm to the pond. As the 
drainage left the barrel it flowed in a diversion ditch 
toward the pond. This ditch was totally coated with yellow- 
boy within one week. Iron precipitated whenever mine drain
age was exposed to oxygen as surface flow. This may explain 
why iron concentrations are reduced in the beaver pond.

Concentrations of metals below the pond all decrease 
slightly before the flow enters Peru Creek, but most are 
still close to the concentration levels in the barrel 
drainage. In general, the drainage that leaked out of the 
leachline and around the fen made its way into Peru Creek 
with similar, or worse quality (as with lead), than it 
started with. Only iron was removed during surface flow.

IV.4.2.1 Discussion
Iron, which precipitates whenever the mine drainage is 

exposed as surface flow, does not appear to coprecipitate 
any other metals. According to Jenne (1976), there is 
essentially no difference between the effects of sorption 
and coprecipitation. Sorption of metals is highly pH depen
dent and increases from nil to nearly 100 percent as pH in
creases only one to two units. The zero point of charge pH
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for ferric hydroxides is generally greater than six (Drever, 
1982). This indicates that at the low pH in and around the 
fen, sorption of cations is unlikely. The onset of sorption 
at a given pH is characteristic for a given metal (Salomons 
and Forstner, 1984). The low pH in the mine drainage and in 
the beaver pond (pH of 3.3) must be below the level neces
sary for coprecipitation to occur. The order of coprecip
itation as a function of increasing pH is Pb> Cu> Zn> Cd 
(Salomons and Forstner, 1984). The eight-fold increase in 
lead from the barrel drainage to the beaver pond suggests 
there is no sorption of lead onto precipitated iron, and/or 
that there may be another source of metals coming into the 
pond.

The lower pH levels at the surface of the fen compared 
to those in the groundwater may be a result of the two stage 
oxidation of pyrite (Klusman, 1987). In the first stage, 
sulfur is oxidized to sulfate, and acidity is released. If 
the mine drainage enters the anaerobic groundwater regime of 
the fen at this point, production of acidity ceases. In the 
second stage, ferrous ions are oxidized to ferric ions and 
twice as much acidity is released. The formation of ferric 
oxides at the surface produces the extra acidity which is 
not observed in the potentially anaerobic groundwater.

Surface and shallow groundwater metal concentrations in
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wetlands unaffected by mining in the Holy Cross Wilderness 
Area were very low, generally close to the valley stream 
concentrations (Ward, 1986). The surface concentrations at 
the fen are considerably higher than those in Peru Creek, 
just as the groundwater concentrations are. The results of 
this study indicate that any surface waters originating as 
colluvial flow on the north side of Peru Creek, where mining 
disturbance is widespread, are suspect of carrying elevated 
trace metal concentrations.

IV.4.3 Peru Creek
Peru Creek follows a standard seasonal hydrograph for a 

stream that is fed by runoff and snow melt during the spring 
and summer, and base flow during the late fall and winter 
(Holm et al., 1979). Figure 12 shows the hydrograph for 
Peru Creek at PC-6 and PC-5. The figure shows that the fall 
base flow averages about 10 cfs, or about 15 percent of the 
maximum July flow. There was always an increase in flow from 
PC-6 to PC-5. This increase became smaller as the season 
went on.

Although these two stations were designed to isolate 
the effect of the mine drainage above and below the fen, the 
amount of the increase in flow between PC-6 and PC-5 was 
always far greater than the volume of flow from the adit.
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In other words, the system is not closed between PC-5 and 
PC-6 and changes in water quality between the two stations 
cannot be attributed solely to drainage from the adit or 
fen. The contribution of base flow from the south side of 
Peru Creek is also unknown.

Figure 13 shows average metals concentrations at PC-6 
and at PC-5 before and after the mine drainage diversion.
At PC-6, above the fen, concentrations of aluminum, mangan
ese, and zinc increased after the August 25 leachline activa 
tion date. These concentration increases were probably due 
to the reduced flow in Peru Creek during the summer. Iron 
and lead both show decreased concentrations, while copper is 
unchanged. The same trend is reflected at PC-5, but the 
concentrations of each metal are three to six times higher 
due to the influx of mine drainage. From these data it is 
difficult to say whether the fen was removing metals. The 
decrease in iron at PC-5 after the system was activated 
looks promising, but the same decrease occurred upstream.

The same data is presented in a different way in Figure 
14 to cancel the effect of flow changes in Peru Creek by 
comparing PC-6 and PC-5 during the same time periods. The 
•’before” figure shows all metals except lead increasing 
significantly from PC-6 to PC-5. The "after” figure shows 
the same result for every metal except iron.
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The magnitude of increase in iron from PC-6 to PC-5 was 
strongly reduced after the leachline activation. This sug
gests that the fen is successfully removing iron before the 
drainage gets to Peru Creek.

IV.4.3.1 Discussion
The removal of iron by the fen before the drainage gets 

to Peru Creek is a positive result of the diversion project. 
However, it again appears that there is no coprecipitation 
effect working to decrease other metals concentrations. The 
problem of low pH mine drainage entering the passive treat
ment system needs to be solved so that highly pH-sensitive 
geochemical removal mechanisms can work effectivly.

The use of limestone to neutralize the pH of the drain
age before diverting it into the fen is one solution. 
However, constant replacement of armored limestone could be 
a problem that would remove the project from the realm of 
passive treatment. One possible solution might be to design 
a system that uses the energy head of the mine drainage to 
erode the limestone clean of precipitates to increase its 
treatment life. However, these precipitates would then have 
to be removed.

Ph modulation has also been accomplished through the 
aeration of mine drainage. Oxygenating waters of low pH 
raises the pH by removing volatile acids, primarily carbonic
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acids (Guertin, et al., 1985). Aeration can be accomplished 
by allowing the mine drainage to cascade down a rocky face 
or cliff. The ability of aeration to increase the pH of 
mine waters depends on the amount of acidity caused by 
volatile acids to begin with. In the case of the Pennsylva
nia Mine drainage, the acidity is primarily mineral acidity 
caused by oxidation of pyrite, which is present in a nearly 
inexhaustable supply, and aeration would probably be of 
little value.
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V Discussion and Conclusions

V .1 System Performance
Before any mine drainage was introduced to the system, 

the leachlines and manholes were brim full with runoff which 
infiltrated the gravel where the leachline was buried. Some 
manholes were filled with silt and sand. The system was 
cleaned out before the mine drainage was turned on.

The mine drainage collection and diversion system 
worked very well at the collapsed adit of the Pennsylvania 
Mine. There were no other visible flows from the mine that 
could have been collected, though the results of this study 
indicate that mine water was leaking into the colluvium to 
surface later in and around the fen. The four-inch PVC pipe 
brought the drainage from the adit to the fen leachline as 
designed. The leachline itself did not function as planned.

The leachline was installed above the fen in a four- 
foot deep trench using a backhoe. The potential damage to 
the fen from placing the leachline directly in it was made 
clear by the sensitivity of the plants to disturbance.
Trails of trampled plants remained all season in the fen* 
from the field work done on foot. The areas around the 
wells were also disturbed from drilling and sampling, though 
they recovered by the end of the season.
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The leaks that developed from the leachline were partly 
the result of its burial outside the confines of the fen.
The solution to the problem at the Pennsylvania Mine is to 
bury the leachline in the fen and then revegetate the 
disturbed area. This might mean a delay before mine drain
age could be routed into the system, but at least all the 
drainage would start out in the fen.

The use of a leachline buried in gravel as a closed 
system to distribute the drainage evenly into the fen must 
also be reconsidered. Manholes, which were originally de
signed to provide uniform flow through each section of the 
leachline, were also designed to keep groundwater infiltra
tion out of the system. This design failed as the deluge of 
spring runoff completely overwhelmed the system. The runoff 
washed sand and silt into the perforated pipes, and filled 
the manholes.

A French drain design could be implemented to replace 
the perforated leachline. No attempt would be made to close 
the system to runoff infiltration. The runoff would only 
help to dilute the drainage. The drain would consist of a 
gravel filled trench at the top of the wetland which would 
be capped and reclaimed with wetland materials. The French 
drain could be cheaper to install, especially in the late 
fall when runoff is minimal and the surface of the fen is
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slightly frozen. There is still no guarantee that a French 
drain would not leak. If the flow of mine drainage and/or 
groundwater became greater than the wetland hydraulic 
conductivity could allow to pass, then surface flow would 
result. The inability to keep mine drainage in the ground
water regime of a natural wetland may be the greatest draw
back to the use of existing wetlands as passive treatment 
systems.

V.2 Evaluation of the Fen's Ability to Treat Mine Drainage
The study at the Pennsylvania Mine fen cannot be con

sidered as an experiment in adding mine drainage to an 
undisturbed wetland to determine if the drainage is treated. 
The results of this study indicate that the fen has been 
receiving mine drainage for decades, and in addition, has 
been disturbed by other mining activities. However, the fen 
can still be evaluated to determine if it has the ability to 
treat more drainage. To make this evaluation, a methodical 
approach is outlined which can be applied to any wetland.
The experience at the Pennsylvania Mine has provided much 
insight into the complexity of designing a diversion system 
and implementing it in an existing wetland for passive 
treatment of mine drainage.

The analysis of well data and hydrologie changes in 
each transect showed that the effect of the introduced mine
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drainage was significant at the upper transect. Statistical 
analysis revealed that the mine drainage did not effect the 
middle and lower transects. These results may be inter
preted by analyzing the combined effects of the complex 
hydrology and geochemistry in the fen. Note that the abil
ity to detect water quality changes was much more difficult 
in the fen, where the baseline quality approached concentra
tions found in the mine drainage itself, than it would have 
been in an undisturbed wetland. The "noise" created by 
existing high metals concentrations with their extreme var
iability made it very difficult to determine the effective
ness of the fen in treating the diverted drainage.

V.2.1 Hydrology
The hydrologie characteristics of a wetland must be 

determined to evaluate its ability to treat mine drainage. 
These parameters are then used to model the wetland as a 
treatment system. Calculation of the drainage volume and 
flow rates which a wetland can accept begins the modeling 
process. Drainage exiting the leachline can be considered 
as a plug flow with a uniform front moving at a given velo
city (Turner, 1986). This velocity is called the seepage 
velocity (Vs) and is a function of the hydraulic gradient 
(dh/dl), the hydraulic conductivity (K), and the effective
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porosity (ne). The seepage velocity is calculated by the 
equation Vs = Kdh/nedl, and is based on the assumption that 
flow is in the range of Darcy's law (Fetter, 1980). This 
equation is used to calculate the time required for mine 
drainage to move through the fen.

The hydraulic gradient in the fen is assumed to be 
approximately equal to the surface gradient (1:13) because 
the water table was at the surface for most of the study.
The effective porosity or specific yield (equal to total 
porosity minus specific retention) in the fen is estimated 
from those of similar wetlands in the Holy Cross Wilderness 
area which ranged from 17 to 53 percent (Ward, 1986). 
Hydraulic conductivities (K) for organic soils are highly 
variable, and well recovery data in the fen suggests that 
conductivities cover a wide range. Estimates of K for peat 
soils range from 10"*5 cm/sec (Rycroft et al., 1975) to an 
average of lO”4 cm/sec for deeper peats, and 10“3 cm/sec for 
shallow peats (within 1.5 feet of the surface) in the Holy 
Cross wetlands (Ward, 1986).

These parameters can be used to construct a table of 
ranges for possible seepage velocities at the fen. These 
are presented in Table 11.
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TABLE 11
SEEPAGE VELOCITIES

K cm/sec dh/dl ne Vs cm/sec Vg ft/month
.20 4.0 3.4

10-5 . 08 .30 2.6 2 . 2
. 40 2.0 (10-5) 1.7
. 50 1.6 1.4

ioi—i . 08 .20 4.0 34.0
.30 2.7 23.0
.40 2 . 0 H O 1 ft 17.0
. 50 1.6 13.6

H O 1 w . 08 .20 4.0 340
.30 2.7 230
.40 2.0 (10-3) 170
. 50 1.6 136

This table shows that seepage velocities cover a wide 
range as a function of the hydraulic conductivity. At the 
lowest conductivities it would take years for the drainage 
to move through the entire fen. The distance from the 
leachline to the upper transect is about 90 feet. The re
sults indicate that the mine drainage reached the upper 
transect in one month, but did not reach the middle transect 
100 feet further down in that time. A seepage velocity 
calculated with highest conductivity in the table and an 
effective porosity of 40 or 50 percent is consistent with
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the observed results.
If the conductivity in the fen is actually less than 

10"3 cm/sec, which is likely in the deeper peat, then one of 
the other parameters in the table would have to increase for 
seepage velocities to remain consistent with observed 
results. The parameter most likely underestimated in the 
table is hydraulic gradient. Colluvial water flows into the 
fen at a very high gradient, as does the mine drainage which 
had 80 feet of head at the leachline. Up to six inches of 
head recorded at several wells in the fen indicates upward 
movement of water in the fen (Day, 1986) causing artesian 
conditions. This may explain the constant surface flow in 
the lower part of the fen. Artesian flow is associated with 
a confined aquifer (Fetter, 1980). The fen itself may be 
acting as the confining layer for the bedrock aquifer below. 
Thin clay seams in the fen may also cause confining condi
tions locally in the peat. If this is the case, then the 
potentiometric surface may be highly variable in the fen and 
the hydraulic gradient can not be estimated from the sur
face. Nested piezometers placed in the fen at varying 
depths and locations are needed to evaluate the gradient in 
the fen (Day, 1986), and the path that mine drainage would 
take. It is likely that upwelling groundwater in the fen 
brought the mine drainage to the surface before it reached
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the middle transect of wells.
The objective of the above discussion is to point out 

the number of parameters which must be determined before an 
existing wetland can be considered for use as a treatment 
medium. The thickness and aerial extent of the peat aquifer 
must also be known. Steel rods were used to probe depths 
around wells in the Holy Cross Study (Ward, 1986). The same 
technique could be used to measure peat thicknesses in the 
fen, or in any wetland. Data from probing done at intervals 
on surveyed lines could be used to generate cross-sections 
in the fen. Cross-sections would be used to estimate the 
volume of the peat layer and the shape of the aquifer.

Assumptions of homogeneous and isotropic conditions in 
the fen were made to use Darcy's law. Thickness variations 
in the peat layer result in heterogeneaty with respect to 
its hydraulic properties (Fetter, 1980) and Darcy's law must 
then be recalculated in an iterative way. Directional ani
sotropy, caused by compaction of peat with depth, further 
complicates the calculation. When all of the hydrologie and 
physical parameters of the wetland are known, then the flow 
of mine drainage (Q) which can pass through the wetland for 
treatment is calculated. The flow rate may be expressed as 
either a function of conductivity, head, and area, or 
seepage velocity, effective porosity, and area:
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Q = K A dh/dl = Vs ne A

V.2.2 Exchange and Adsorption
After calculating the flow (Q) that a wetland can

accept, the amount of metal in that flow must be determined
/-and compared to the adsorptive capability of the wetland.

The amount of metal in solution is expressed in equivalents, 
rather than moles, because equivalents reflect the amount of 
positive charge available to occupy negative exchange sites 
on organic acids (Garrels and Christ, 1965). Metals spécia
tions are determined from the reducing conditions in the fen 
(Drever, 1982). The appropriate valence state of each metal
is multiplied by its concentration and divided by its mol
ecular weight to calculate equivalents per unit volume. 
Average concentrations (mg/1) of metals from the Pennsylva
nia Mine adit over the study season are converted to milli- 
equivalents per liter (meq/1) and multiplied by the average 
daily flow from the mine (.18 cfs = 5.1 liter/sec) and 
expressed as the amount of metals in meq/day from the mine
adit. These results are shown in Table 12.

The metals are separated into two groups based on their 
charge-to-radius ratio, or ionic potential (Klusman 1987).
As the ionic potential increases, the ion charge density 
increases and adsorption is more likely. Group I metals
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adsorb preferentially over Group II metals. Within each 
group, adsorption sites are filled from increasing to 
decreasing ionic potential until all sites are saturated 
(Guertin, 1986).

TABLE 12
EQUIVALENTS OF METALS FROM THE MINE ADIT 

* (multiply by 1000)
Group(I) A1+ 3 Fe+2 Mn+2 Cu+2 Zn+2 Ni+2 Cd+2
meq/1 1.38 1.47 0.65 0.15 0.74 . 0037 .002

meq/
day*

608 647 286

Group

66.1 326 1.63 .881

Cr+3 Pb+2 (II) Sr+2 Ca+2 Mg+2 Na+
meq/1 . 0017 . 0013 .017 3.48 1.59 0.17
meq/
day*

.749 .573 7.49 1533 700 74.9

The total milliequivalents per day from the group I 
metals is 1.937 X 106. The total from the group II metals 
is 2.315 X 106 meq/day.

The cation exchange capacity (CEO) for peats and or-
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ganic soils under varying conditions has been determined by 
several authors. Salomons and Forstner (1984) attribute a 
CEC of greater than 200 meq/100 grams of organic soil to 
carboxyl and phenolic groups in humic and fulvic acids. 
Fuchsman (1980) reported hydrogen exchange capacity of 170 
meq/100grams for humic acid at pH 4.5. Guertin (1986) 
reports a range of CEC rates from 18 to 105 meq/100 grams 
for raw commercial sphagnum peats. Howard, et al. (1987) 
determined CEC for forest litter and humus to range from 58 
to 120 meq/100 gram. Once a working value for CEC is estab
lished, the next step is determination of the volume and 
mass of organic matter available as the exchange medium.

The volume of peat in the fen can be roughly estimated 
from the area of the fen and average peat depths in the 
three transects. Depth probing with steel rods would great
ly increase the accuracy of estimation. Using average peat 
depths of 1.0, 1.7, and 5.0 feet in the upper, middle, and 
lower transects respectively, with an effective leachline 
length of 300 feet, a total peat volume of 371,000 cubic 
feet is calculated. This volume represents the potential 
adsorptive capacity of the fen if mine drainage moves com
pletely through it. The volume of peat in the fen from the 
leachline to the midpoint between the upper and middle 
transects, where the influx of mine drainage was statisti-
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cally significant, is only about 60,000 cubic feet.
These volumes actually represent the combination of peat and 
the water in it. The total porosity of the peat must be 
known in order to subtract the volume of the water. Total 
porosities of 49 to 92 percent were calculated in the Holy 
Cross wetlands with the greater porosities attributed to 
near surface peats (Ward 1986). Fuchsman (1980) reports 
porosities of 80 to 90 percent for bog peat. Verry and 
Boelter (1979) report a minimum peat porosity of 80 percent. 
Using the 80 percent porosity figure, soil volumes calcu
lated above for the fen are reduced to exchangeable peat 
volumes. These are 74,200 and 12,000 cubic feet for the 
entire fen and the upper transect section respectively. The 
high peat porosity significantly decreases the volume of 
peat available for adsorbing metals.

The average bulk density for 32 dried peat samples 
which had original porosities of 70 to 90 percent was 24 
pounds per cubic foot (0.38 gram/cm3) in the Holy Cross 
wetlands. Sturges (1967, 1968) reports bulk peat densities 
of 0.16 to 0.21 gram/cm3 at depths of 18 and 36 inches in a 
Wyoming bog. Using an average bulk density of 0.30 
grams/cm3, the mass of peat available as an exchange medium 
may finally be calculated. The masses corresponding to the 
entire fen and the upper transect are 6.303 X 108 grams and
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1.019 X 108 grams respectively. At this point a summary of 
the pertinent data is presented.

A = Cross sectional flow area = 300 ft (effective transect 
length) X 1.7 ft (average middle transect peat thickness) = 
510 square feet.
K = 10”4 cm/sec to 10”3 cm/sec
dh/dl = .08 = surface gradient of fen (minimum estimate) 
Seepage velocity = 136 to 340 ft/month @ dh/dl=.08, K=10“3 
Q = K dh/dl A = Vs ne A
Flow from adit = 5.1 liter/sec = .18 cfs
CEC = 100 to 200 meq/100 grams organic material
meq/day of Group I metals from adit = 1.937 X 106 
Exchangeable peat mass = 6.303 X 108 grams (entire fen)

= 1.019 X 108 grams (upper transect)

If the total Group I metals equivalent from the adit 
were available to the total exchangeable peat mass for the 
entire fen at the maximum CEC of 200 meq/100gm (100 percent 
efficiency), the resulting time required to fill the fen to 
its adsorptive capacity would be calculated as:
(1.937 X 106 meq/day)(100 gm/200 meq)/(2.173 X 108 gm)=
651 days (assuming the fen is free of metals to start with). 
If the volume of peat from the upper transect is used then
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the time required is only 105 days.
The volume of flow which the fen can accept is calcu

lated using the maximum value of seepage velocity, the 
smallest effective porosity, and the conservative cross 
sectional area determined by the leachline length and the 
fibrous peat depth near the upper and middle transects. Q = 
Vg ne A
Q = (11.3 ft/day)(0.50)(300 ft x 1.7 ft) = 2881 cubic ft/day

= .033 cfs
This flow is about one fifth of the average adit effluent 
which further explains why leaks developed around the leach
line system. The volume of flow which the fen could accept 
may be underestimated if the hydraulic gradient used in the 
calculation is too small. The artesian conditions in the 
fen indicate a gradient greater than that of the fen's could 
be used in the calculation. The area (A) term would in
crease (increasing Q) if the leachline were buried in the 
deeper peat, or lengthened. The leachline was intentionally 
shortened at the outset of the study to avoid leaching mine 
drainage into the tailings in the upper west part of the 
fen.

It is interesting to note that investigators concerned 
with wetlands as passive treatment systems talk about the 
ratio of wetland surface area to that of the mine drainage 
flow rate. The greater the flow from the mine, the greater
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the area of the wetland should be to treat it. The results 
of this study indicate that a more important comparison 
should be made between the drainage flow rate and the cross 
sectional area of the treatment medium. Furthermore, the 
hydraulic conductivity of the cross section should be known. 
A very large wetland with a thin fibrous peat layer, or a 
thick peat layer of low conductivity, may have little value 
as a treatment system.

If the leachline system could be modified (lengthened 
or repositioned) to ensure the fen could accept the total 
mine drainage flow, the exchange capacity of the fen alone 
would only treat the drainage for two years at best. The 
fact that colluvial waters entering the fen have carried 
metal loadings similar to that from the mine itself for 
decades leads to the conclusion that the adsorptive capacity 
of the fen was long ago saturated.

Calculations in the Soil Chemistry section of this 
thesis suggested that the fen soils may contain metal con
centrations near the cation exchange capacity of lOOmeq/ 100 
grams organic soil. This CEC is actually quite optimistic 
considering that the true organic content of the fen soils 
is certainly less than 100 percent due to mineral fractions. 
Detailed soil analysis is needed to evaluate metal loading 
in the fen for CEC comparison.
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Passive treatment mechanisms which are not highly pH- 
dependent have not been quantified in this thesis. The 
effects of physical filtration, plant uptake, and biological 
extraction may play a significant role in removing metals. 
Wieder et al. (1985) attributed only 10 percent of the iron 
accumulation in a constructed wetland in West Virginia to 
organic cation exchange. These other metal removal mechan
isms working together with cation exchange would certainly 
lengthen the expected passive treatment life of any wetland.

V.3 Conclusion
The study at the Pennsylvania Mine fen reveals the 

complexity of mechanisms and parameters which should be 
evaluated to design and understand a wetland passive treat
ment system. The greatest effort in designing a passive 
treatment system should go into the "up-front” work, which 
involves the determination of hydrologie and geochemical 
parameters for the wetland.

Hydrologie and physical parameters which should be 
determined are: hydraulic conductivity, porosity and bulk
density, pieziometric surface (dh/dl), seepage velocity, 
wetland volume, cross-sectional area of the wetland, wetland 
surface area, and soil morphology. The geochemical para
meters to evaluate are: soil cation exchange capacity.
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current soil metal loadings, soil pH, baseline groundwater 
metal concentrations and loadings, organic vs. mineral soil 
constituents, soil decomposition, oxidation-reduction condi
tions of the soil, and biogeochemical influences such as 
bacterial activity. When all these parameters are combined 
with diurnal and seasonal climate variations, the design and 
modeling of a passive treatment becomes highly complex and 
dynamic. It may be that the lack of funding which drives 
the need for passive treatment systems will prevent such 
extensive studies from taking place. A balance between "up
front" research and empirical studies on well controlled 
constructed wetlands should be emphasized. The Pennsylvania 
Mine fen study elucidates the many paths which further 
research should follow. This study suggests that consider
ably more research is needed before any naturally occurring 
wetlands are used to treat mine drainage on anything but an 
experimental scale.

The need for further research into treatment mechanisms 
other than CEC and adsorption is obvious. Much of this work 
could be done on a bench scale to reduce costs. The 
dynamic, non-equilibrium nature of mine drainage and wetland 
processes may mean that empirical studies will be most 
important in designing passive treatment systems which can 
be evaluated in detail. The results from these studies
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should be used to create passive treatment models which 
could then be applied to natural wetlands.
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