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Abstract
The chemistry of acid mine drainage generation and the 

geology of the field area is reviewed.
Previous attempts have been made to apply sequential 

extraction techniques to the substrate of the constructed 
wetland at the Big Five Tunnel, Idaho Springs, CO. This 
wetland 'is used as a pilot scale treatment for acid mine 
drainage. An alternate sequential extraction technique was 
applied to the substrate of Big Five Tunnel wetland. The 
current procedure proved more specific towards the iron and 
manganese oxide phases than was the previously utilized 
procedure. Zinc was shown to be associated with the oxides 
and residual phases while copper was shown to be associated 
with the residual phases.

Substrate collected at the natural wetland at McClellan 
Millsite was also studied. The distribution of iron among 
the phases was relatively uniform throughout the wetland at 
McClellan Millsite and was associated with the iron oxide 
and residual phase. Manganese of the McClellan Millsite 
substrate was variably distributed among the phases and was
dependent on the total amount of manganese present. Copperr
and zinc were variably associated with the final three 
extracted phases with little zinc or copper associated with 
organic phase or exchangeable phase. No significant removal
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of Fe, Mn, Cu, Zn, or sulfate from the surface water of 
McClellan Millsite was observed.

Recent studies have attempted to determine the extent 
of redistribution of extracted metals onto unextracted 
phases. Such studies have reported mixed results. An 
attempt to quantify redistribution of associated metals 
using the current extraction procedure was inconclusive.

Examination of relative zinc loads to Clear Creek 
indicate both Big Five Tunnel Drainage and McClellan 
Millsite drainage have a relatively small impact on Clear 
Creek water quality with respect to zinc.
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Introduction
It has been demonstrated that the Clear Creek drainage 

basin has been heavily impacted by metal mining (Wentz, 
1974a, 1974b.) A remedial investigation is currently being 
conducted to quantify contaminant sources to Clear Creek 
(Colorado Department of Health and camp, Dresser, and McKee 
contract No. C377769). The ultimate goal of the State of 
Colorado is to determine the feasibility of restoring Clear 
Creek water quality such that a reproducing population of 
rainbow trout may be maintained. Zinc has been targeted by 
the state as the suspect contaminant most greatly impacting 
Clear Creek fisheries.

Both natural and constructed wetlands have been 
investigated as a means of controlling the impact of point 
source metal mining drainages of the region (Wildeman, 
1988). A constructed wetland at the Big Five Tunnel portal, 
Idaho Springs, CO., has effectively removed metals and 
sulfate from the drainage as well as effectively increased 
the pH of the drainage. It was suspected a natural wetland 
located at McClellan Millsite, Clear Creek County, CO, was 
effectively removing metals from mine drainage.

The mechanisms of metal removal in such wetlands 
systems are not well understood. This study attempted to 
determine the controlling mechanism of metal removal through
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use of a sequential extraction technique. The goal of the 
study was to determine the geochemical phases into which 
attenuated Fe, Mn, Cu, and Zn, are partitioned. The phases 
considered were exchangeable metals, organic phase, 
manganese oxides, iron oxides, and the residual phases.
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Acid Mine Drainage Generation
Understanding the mechanism of acid mine drainage 

generation is an important step towards controlling its 
resulting impact on the environment. The mechanism of acid 
mine drainage generation has therefore been well studied 
(Stumm and Morgan, 1981, Singer and Stumm, 1970, McKibben 
and Barnes, 1986, Moses et al.,1987). Acid mine drainage as 
its relates to coal mining has been the focus of most 
studies. Far fewer have focused on metal mining drainage. 
This is due in part to the more complex water chemistries 
generated by metal mining related activities.

Acid mine drainage has been identified as a major 
contaminant in Colorado (Olsen, 1989, 1987, Wentz, 1974,
1975, Boyles, et al, 1974). The proliferation of metal
mining during the late nineteenth century exposed large 
quantities of ore throughout the district. The many shafts, 
drifts, tunnels, tailings, and waste rock piles exposed 
substantial quantities of iron pyrite (FeS2) to aerobic 
waters. These three reactants, pyrite, oxygen, and water, 
are responsible for the generation acid mine drainage. The 
mechanism of the chemical weathering of pyrite has been 
reviewed by Stumm and Morgan (1981). Equations 1-5 describe 
the role iron pyrite plays in acid mine drainage 
generation. Pyritic sulfur is oxidized to sulfate either
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as a surface reaction at the crystal-water interface or as 
an oxidation of aqueous sulfur from reaction 2. The ferrous

FeS2 + 7/2 02 + H20  ► Fe2+ + 2 S042- + 2 H+ (1)
FeS2 + «— ► Fe2+ + S22” (2)

FE2+ + 1/4 02 + H+ <---► Fe3+ + 1/2 H20 (3)
Fe3+ + 3 H20-<---► Fe(OH)3 + 3 H+ (4)

FeS2 + 14 Fe3+ + 8 H20 «---► 15 Fe2+ + 2 S042” + 16 H+ (5)

ion that is released to solution is then oxidized to ferric 
iron following reaction 3. Ferric iron is highly insoluble 
and quickly undergoes the hydrolysis reaction described by 
reaction 4. Any ferric iron which remains in solution is 
reduced according to reaction 5. The pyrite weathering 
reactions result in one of the most acidic of all weathering 
processes. The net result of reactions 1-5 is the release 
of four equivalents of hydrogen ion for each mole of pyrite 
which is weathered. Pyrite weathering may be represented by 
Figure 1.

The rate determining step in the oxidation of pyrite is 
marked as step b in Figure 1. Step c is the rapid oxidation 
step. Step c progresses according to reaction 5 and is 
described in further detail in Figure 2. Oxygen exclusion
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2 -

+0

+0
slow

Figure 1. Schematic of the pyrite weathering mechanism 
(After Stumm and Morgan, 1981).

has been proposed as a possible remediation method 
(Nicholson et al, 1989). It should be noted that if oxygen 
is removed from the process following initiation, the 
oxidation of pyrite may continue. Ferric hydroxide is a 
sink for ferric iron which may redissolve as step c of
Figure 1 progresses. Oxidation of pyrite by redissolved
ferric iron consumes 26 hydrogen ions for each molecule of
FeS2 oxidized (equation 4 + equation 5).

Pyrite oxidation has been described thus far as an
inorganic weathering process. Bacterial mediation of the 
reactions described may greatly accelerate the production of 
acid mine drainage. The chemoautotrophic, acidophilic
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Figure 2. Proposed mechanism of the surficial oxidation of 
pyrite by aqueous ferric iron. (Mosses et al., 1987.)
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bacteria, Thiobacillus ferrooxidans. are the organisms 
responsible for much of the acid mine drainage generation. 
The organism obtains its energy requirements by oxidizing 
sulfide to sulfur and ferrous iron to ferric iron. T. 
ferrooxidans catalyze the oxidation of ferrous to ferric 
iron greatly accelerating the generation rate (Schnaitman et 
al., 1987, Toran and Harris, 1988). T. ferrooxidans oxidize 
ferrous iron 106 times faster than the abiotic oxidation of 
iron by oxygen (Dubrobsky et al. , 1985). At a ph greater 
than 3.5, T . ferrooxidans are not able to compete with the 
inorganic precipitation of ferric hydroxide and their 
productivity is greatly reduced.

T. ferrooxidan productivity is also dependent on 
temperature. The optimum temperature is 33°C at pH 2.5 and 
30 ° C at pH 1.5 (MacDonald, et al., 1970). Figure 3
demonstrates the temperature dependence of T. ferrooxidans. 
The generation time is a measure of the rate constant of a 
[Fe3+] vs. time plot. Ferric hydroxide has been
qualitatively observed to form precipitates fastest at 
intermediate temperatures (<13°C) (Ahonen, et al, 1989). 
Both study areas are receiving mine drainage that is 
generated through groundwater flow. Drainage temperatures 
range between 10°C-15°C. T. ferrooxidans are still active 
at these temperatures.
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Figure 3. Thiobacilli oxidation efficiency as a function of 
temperature. (Ahonen et al, 1979)

In addition to iron and sulfate, the drainages of the 
two study locations are contaminated with aluminum, arsenic, 
barium, beryllium, boron, cadmium, calcium, cobalt, copper, 
iron, lead, manganese, sodium, and zinc. Most of these are 
derived from dissolution of supergene minerals also present 
in the ore bodies. The metals of interest in this study 
were copper, zinc, manganese, and iron. In coal mining 
related acid mine drainages, manganese is derived from the 
dissolution of rhodochrosite (reaction 6). The acidic
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6). The acidic conditions usually present in mine drainages 
drives reaction 6 by removing carbon dioxide from the system 
as demonstrated by reaction 7.

MnC03 <— ► Mn2+ + C032" (6)
C032- + 2H+ <-- ► C02t + H20 (7)

While some carbonates are present in the district (Klusman 
and Edwards, 1977) this is probably not the source of the 
manganese. Manganese is more likely derived from the
dissolution of disseminated pyrolusite which is present in 
most crystalline rocks (Klein et al, 1985). Reaction 8 is 
the proposed mechanism of dissolution. Reaction 8 is also

Mn02 + 4 H+ <-- ► Mn4+ + 2 H20 (8)
favored at low pH's. The sulfide moiety of manganese,
albandite, is relatively rare and occurs with other sulfides
in vein deposits (Klein et al, 1985). It is not known if 
albandite is present in the ores of the district.

Copper is released to the drainage through the 
dissolution of chalcopyrite and tennantite as in reactions 9 
and 10 respectively. Zinc is present as sphalerite which is 
dissolved according to reaction 11.. Reactions 9-11 are
favored in the presence of ferric iron. They are all driven 
by reaction 12 (Wildeman, 1988).
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CuFeS2 + 2 H20 <--► Cu2+ + Fe2+ + 2 HS" + 20H" (9)
Cu 3As S4 + 4 H20 <--► 3 Cu2+ + As 2+ + 4HS" + 2 OH" (10)

ZnS + H20 <--► Zn2+ + HS" + OH" (11)
8 Fe3+ + HS2” + 4 H20 «--► 8 Fe2+ + S042" + 9 H+ (12)
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Geology of the Central City-Idaho Springs Minina District.
The geology of the Central City-Idaho Springs Mining 

District has been well described (Rice, et al. ,1.985, 1982;
Sims, et al.,1963; Tweto, 1963; Lovering, et al. , 1950).
The two areas which were examined during this study, Big 
Five Tunnel drainage and McClellan Millsite drainage 
(henceforth called the study area), lie within the north­
east portion of the Colorado Mineralization Belt. This area 
is referred to as the Idaho Springs-Central City Mining 
district. The Belt begins just northwest of Boulder and 
trends northeast to southwest for 250 miles. The belt is 
composed predominantly of Precambrian metamorphic and 
igneous rocks. The dominant rocks of the district are 
schist, microcline bearing gneiss, interlayered biotite 
gneisses, and pegmatites (Sims, et al., 1963). Both the Big 
Five Tunnel portal and McClellan Millsite lie within the 
Idaho Springs formation, a migmatitic biotite gneiss (Bunge 
et al., 1987).

The Idaho Springs formations contains numerous igneous 
intrusions which were emplaced during the Laramide Orogeny. 
These dikes, sills as well as small batholiths intruded 
preexisting Precambrian and Laramide faults, and are 
associated with the ore bodies of the mining district. The
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McClellan 
Millsite I

'IDAHOSPRINGS
Big Five Tunnel

FAULT

Figure 4. Zonation of the Central City-Idaho Springs mining 
district (after Sims et al. , 1962).

district has been divided into three mineralization zones, 
the central zone, the intermediate zone, and the peripheral 
zone (Sims, et al., 1962). The classification is based on 
the hypogene mineral content of the intruding igneous 
bodies. The minerals used in the classification are: quartz 
(Si02), pyrite (FeS2), chalcopyrite (CuFeS2), tennantite
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QUARTZ

PYRITE

CHALCOPYRITE

TENNANTITE

ENARGiTE

SPHALERITE

GALENA

CARBONATES

BARITE

GOLD

SILVER

CENTRAL INTERMEDIATE PERIPHERAi

Figure 5. Hypogene mineral content of the intrusive rocks 
of the Idaho Springs-Central City Mining District 
(Sims, et al., 1962).

(Cu12As4s13) > enargite (Cu3AsS4), sphalerite (ZnS), galena 
(PbS), carbonates (CaC03 , PbC03 , MnC03), barite (BaS04),
gold (Au), and silver (Ag). Figures 4 and 5 show the three 
mineralization zones and the minerals which are found in 
those zones.

The surface geology at both sites is similar. the 
surface deposits are composed of mine tailings, and waste 
rock, which are underlain by Quaternary glacial outwash 
(Pelizza, 1978). Both sites are directly adjacent to Clear 
Creek, and both drain into the creek.

Gold was first discovered in Clear Creek Drainage Basin 
by George A. Jackson in August 1858. The discovery was of a



T-3851 14

placer deposit just below the confluence of Chicago Creek 
and Clear Creek (Henderson, C.W., 1926), 0.8 Km downstream
of the present day location of the Big Five Tunnel outfall 
into Clear Creek. The first subsurface mine was discovered 
by John Hamilton Gregory on May 6, 1859. This discovery on 
Gregory Gulch, a tributary to North Clear Creek, began fifty 
years of extensive subsurface exploration. Active mining 
quickly declined after the turn of the century. Hundreds of 
mines, adits, and a few tunnels now lay abandoned throughout 
the district.
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Description of the Field Area
Water and sediment samples were collected from two 

locations, Big Five Tunnel drainage and McClellan Millsite 
drainage.

Big Five Tunnel: Much of the description is taken from
Wildeman and Laudon (1988) and Laudon (1988). A portion of 
the drainage discharged from the Big Five Tunnel has been 
diverted into a wetland constructed for passive treatment of 
the drainage. The wetland consists of five individual 
wetlands or cells. Each cell is labeled with a letter,

— TUNNEL PORTAL

Figure 6 . Plan view of the constructed wetland at Big Five 
Tunnel, Idaho Springs, CO.
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A,B,C,D,E. Figure 6  is plan of the constructed wetland.
Cell B has been divided into two sub-cells. Cells A-C and 
cell E receive mine drainage in a parallel flow system. 
Cell D receives drainage from cell A.

Water and substrate samples were collected from cell A 
for analysis in this study. Cell A measures 3.05m x 6.1m x 
lm. The substrate of cell A consists of a commercially 
available mushroom compost. The wetland has been vegetated 
with Typha anaustifolia, T. latifolia. Carex utriculata. C . 
aquatilis. and Juncus arcticus. These plants were
transplanted from natural wetlands of the same elevation and 
physiographic region. Table 1 contains typical chemistries 
of mine drainage entering cell A.

McClellan Millsite: Figure 7 is a plan view of the
McClellan Millsite study area. The study area can be 
divided into three regions. Region 1 measures approximately 
15m x 10 m and is adjacent to Stanley Road. Drainage enters 
region 1 through a conduit running under Stanley road into 
^the south west corner of the wetland. The flow area narrows 
to two channel of less than a meter each and flows down a 
two meter high embankment into region 2 of the wetland. The 
two channels converge into one of less than a meter wide and 
drains north into Clear Creek. Directly adjacent to region



T-3851 17

two is the town of Dumont final polishing sewage outfall. 
This outfall flows into a well vegetated wetland which 
measures 15m x 15m. The bulk of this flow is through a 
single channel, running parallel to region 2 , and also flows 
into Clear Creek. The entire wetland system overlies
wasterock and tailings from the McClellan Mill. Table 1 
lists the chemistry of the drainage which is received by 
each of the wetlands. Dissolved metals are opperationally 
defined as those which pass through a 0.45 nm filter.

S T A N L E Y  R OA D
02

03

09
04

3  r e g io n  1 

| | r e g i o n  2

0705 06p~] r e g i o n  3

□  ..FAR. CR
Figure 7. Plan view of the McClellan Millsite (not to 

scale).
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Table 1. Big Five and McClellan Drainage Chemistry.
McClellan Millsite Drainage
TOTAL METALS DISSOLVED METALS

M*g/L M*g/L
Aluminum 1030 Aluminum 89
Arsenic < 1 Arsenic < 1
Cadmium 2 0 . 2 Cadmium 19.9
Calcium 156000 Calcium 147000
Chromium 24 Chromium 1 0

Copper 642 Copper 114
Iron 1830 Iron < 1 2
Lead 1 2 Lead < 2
Magnesium 57400 Magnesium 59800
Manganese 1 1 2 0 0 Manganese 1 1 1 0 0

Nickel 1 2 1 Nickel 116
Potassium 3890 Potassium 2050
Silver < 0 . 1 Silver < 0 . 1
Sodium 157000 Sodium 147000
Zinc 4080 Zinc 3970

mg/L mg/L
Chloride 2 TDS: 987
Fluoride < 0 . 6 TSS: 1 2

Nitrate < 0 . 6 DOC: < 1
Sulfate 650
BIG FIVE TUNNEL DRAINAGE

TOTAL METALS DISSOLVED METALS
M-g/L M-g/L

Aluminum 6100 Aluminum 6200
Arsenic < 1 0 Arsenic < 1 0

Cadmium 26 Cadmium 27
Calcium 180000 Calcium 180000
Chromium <50 Chromium <50
Copper 690 Copper 690
Iron 2 2 0 0 0 Iron 13000
Lead <5 Lead <5
Magnesium 140000 Magnesium 150000
Manganese 29000 Manganese 29000
Nickel 230 Nickel 230
Potassium 6900 Potassium 9900
Silver <25 Silver <25
Sodium 63000 Sodium 59000
Zinc 9200 Zinc 9100

mg/L mg/L
Chloride 2.5 TDS: 2610
Fluoride 1 TSS: 1 1

Nitrate 0.9 DOC: 0

Sulfate 2 1 0 0
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Review of partial extraction methods
Techniques described in this section have been used for 

the analysis of a variety of sample types. These include 
wetland, estuary, river, lake, and ocean sediments, 
crystalline rock, and soils. This discussion will use the 
term substrate however the methods discussed will be equally 
applicable to all of these substrates.

The ultimate goal of this study was to determine the 
mode of attenuation of metal in wetland substrates which are 
receiving acid mine drainage. Absolute achievement of that 
goal probably is unattainable using current technologies. 
Natural sediments are complex mixtures of minerals and 
organic matter. Individual components often do not exist as 
separate particles but rather as aggregates (Belzile et al, 
1989). The aggregates have a continuum of compositions. 
Sediment samples do not lend themselves to easy separation 
of individual constituents. Attempts have been made to 
apply x-ray techniques, such as x-ray diffraction (X.R.D.) 
and Mossbauer analysis to substrate samples of the 
constructed wetland at Big Five Tunnel (Laudon, 1988; 
Machemer, 1989). Quartz and potassium feldspar were the 
only minerals identified. McClellan millsite samples were 
analyzed by X.R.D. and only quartz was identified.
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Analysis of gross substrate samples, such as fusion at 
high temperatures, or dissolution using concentrated mineral 
acids, rarely provide definitive insights into the 
mechanisms of trace metal attenuation in a substrate*.. 
Statistical analysis of gross substrate digestions are often 
used to correlate metal content with the major substrate 
properties such as pH, Eh, C.E.C., and as organic carbon 
content. Such studies often reveal mutual correlations 
between multiple substrate properties and associated heavy 
metals. It is therefore difficult to determine which 
substrate property is the controlling property (Filipek, 
1978).

While it is difficult, if not impossible, to identify 
one particular mineral or organic phase, phases can be 
operationally divided into groups or classes of components. 
Each component would have similar chemical compositions and 
similar physical properties as other components of that 
class. Each component of a class would have different 
chemical composition and properties than components of other 
classes. For the purpose of this discussion, these classes 
of components will be referred to as phases.

Phases which have been shown to influence heavy metal 
attenuation in substrates include amorphous silicates, 
amorphous and crystalline iron oxides, manganese oxides,
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carbonates, sulfides, and clays. This is not intended to be 
an all-inclusive list. Measurement of metal concentration 
in each phase would promote understanding of heavy metal 
geochemical behavior such as diagenesis, cycling, and 
transport mechanisms. These studies may also be very 
important in determining the bioavailability of heavy metals 
(Belzile et al., 1989).

Methods have been developed to resolve the respective 
contributions of the aforementioned phases to attenuation of 
heavy metals in substrate. These methods will be referred 
to as sequential extractions. Sequential extractions 
utilize reagents which will selectively dissolve a single 
phase, along with any metals which may be associated with 
it. Ideally this reagent would not.dissolve any other phase 
or any metals which are associated with other phases. There 
are no reagents which conform to these criteria absolutely. 
There are reagents whose specificity may be maximized 
through strict control of extraction conditions such as 
concentration of reagents, time and temperature of 
extraction, and the order which the phases are extracted.

Sequential extractions have been applied to a wide 
range of studies. They have been used to elucidate 
diagenetic processes and soil formation, fate and transport 
of heavy metal contamination in the environment (Miller et
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al. 1983; Laudon, 1988; Noordin, 1989; Lindau and Hossner,
1982), geochemical exploration (Chao and Theobald, 1976; 
Chao, 1984), sediment adsorption studies (Shuman, 1988; 
Holcombe, 1977), and bioavailability studies (Sposito et 
al., 1982).

Methods of Extractions
Organic phase: Organic matter in soils are able to

strongly affect the distribution, bioavailability, and 
mobility of heavy metals through surface complexation and 
adsorption (Stevenson, 1982; Shuman, 1988; Lamy, et al., 
1987; Senesi, 1986). There have been four reagents which 
have been extensively used for the extraction of organic 
matter from sediments. Those reagents are hydrogen peroxide 
(H2 02)/ sodium pyrophosphate (Na4 P 2 07 ), sodium hydroxide 
(NaOH), and sodium hypochlorite (NaOCl).

Hydrogen peroxide extracts organic matter through the 
oxidation and subsequent dissolution of organic compounds 
(Lavkulich and Wiens, 1970). Farmer and Mitchell (1963) 
found that hydrogen peroxide was not effective in the total 
destruction of organic carbon. Segui and Aringhieri (1977) 
found adding dilute sodium pyrophosphate to the solution 
decreased the amount of residual organic carbon up to twenty 
fold. Bouret and Tanner found hydrogen peroxide may promote 
the formation of sodium oxalate during the digestion of
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sediment organic matter. Sodium oxalate is known to 
dissolve iron oxides (McKeague and Day, 1966). It has also 
been demonstrated that hydrogen peroxide will dissolve some 
manganese oxides (Shuman, 1979; Tessier, 1979), and is not a 
specific extractant.

Tessier (1979) recommends the use of hydrogen peroxide 
as the organic phase extractant only after the manganese 
oxides have been extracted. It has not been demonstrated 
that there is a reagent which will extract the manganese 
oxides without affecting the organic phase (Shuman, 1983).

The second reagent utilized in organic phase 
extractions, alkaline pyrophosphates, dissolves organic 
matter through complexation and subsequent dissolution of 
associated metals. The organic matter is correspondingly 
destablized and dissolved (Chao, 1984). The effectiveness 
of the pyrophosphate solution is largely a function of pH. 
At pH 10 the solution is much more effective than at pH 7. 
Pyrophosphate may be limited in it;s specificity as it has 
been demonstrated to dissolve iron oxides (Bascomb 1968, 
Shuman, 1982). Pyrophosphate digestion of sediment also 
produce a highly dispersed state of suspension and must be 
strongly centrifuged (McKeague, 1967). Suspended
ferruginous particles may occur in the extract and lead to
anomalously high results (Chao, 1984).
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The third reagent utilized is sodium hydroxide (Shuman, 
1982; Sposito et al, 1982? Stover, 1976). however it lacks 
specificity (Shuman, 1982). The high pH of the extraction 
may also promote the reprecipitation of co-extracted heavy 
metals.

The fourth reagent utilized is sodium hypochlorite 
Bourget and Tanner (1953) were the first to suggest its 
application in the dissolution of organic matter in
sediments. Lavkulich and Wiens (1970) reported that a
sodium hypochlorite destroyed up to 98% of the oxidizable 
organic carbon without affecting the Fe- or Mn-oxide phases. 
Reaction 13 (Meunier et al., 1989) is proposed as a
mechanism of dissolution of organic matter.

0 s ~

/ \ 8+R C = = C — H + NaOCl <— ----► R---C---C— H + NaCl (13)
l l  l lH H H H

Sodium hypochlorite does not appear to affect other phases 
(Shuman, 1983). While this reagent may be a highly specific 
extractant for organic matter, more investigation of this 
reagent should be conducted (Chao. 1984).

Exchangeable metals: Electrostatically held metals are
probably present in all phases as an easily remobilized sink
of heavy metals in sediment. Large drops in pH or sudden



increases in ionic strength of solution in contact with 
sediment may result in a remobilization of heavy metal. 
Such events are possible in wetlands receiving acid mine 
drainage. It is therefore important to have a reasonable 
estimate of the amount of heavy metal which is attenuated by 
this mechanism.

Exchangeable metals normally comprise only a small 
portion of the metal in sediment with appreciable amounts 
only occurring under reducing conditions (Chao, 1984). 
Typical extractants used for this portion of sorbed heavy 
metals are NH 4 Ac, CaCl2 , BaCl2, MgCl2 , NH 4 F, KNO3  (Stover, 
1976). It should be noted the results of this extraction is 
highly dependent on the choice of reagent used. A 
complexing agent such as MgCl 2  will be a much stronger 
extractant than will a non-complexing extractant such as 
KNO 3  (Doner, 1978).

Carbonates: Carbonates may be present in sediments in
a variety of compositions and degree of crystallinity with 
model carbonates being calcite, dolomite, and magnesite 
(Chao, 1984). Adsorption and precipitation of heavy metal 
are the characteristic relations of heavy metals with 
carbonate surfaces, the former occurring when low 
concentrations of metals are present and the latter 
dominating at higher concentrations (Papadapoulas and
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Rowell, 1989). The common reagent used in the extraction of 
carbonates are various concentrations of acetic acid 
(Tessier et al, 1979; Gupta and Chen, 1975? Filipek and
Theobald, 1981). Acetic acid is not specific. Lion et al. 
(1982) found an appreciable amount of manganese was also 
dissolved from the Mn-oxide phase. The acetate ion will 
also attack electrostatically held metals of other phases as 
well.

Sulfides: Laudon (1988) used a five step extraction
procedure that would determine the mineralogic phase of 
sulfur of the study area. This study was not intended to 
distinguish the sulfur phase from the mineralogic phases 
discussed thus far. Indeed, this author is unaware of any 
extractant which has been proposed which can be considered 
as a selective extractant of sulfides when used in an 
sequential extraction scheme. Sulfides will be extracted 
along with the organic phase when NaOCl (Hoffman and 
Fletcher, 1981) or H 2 0 2  (Chao and Sanzolone, 1977) is the 
extractant.

Manganese Oxide: Manganese oxides are extremely
effective in scavenging heavy metals from mine drainages 
(Holcombe, 1977), and may be better scavengers of heavy 
metals than is the iron oxides (Chao and Theobald, 1976). 
The study area drainages contain large concentrations of
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manganese, 29.7 mg/L in the Big Five Tunnel effluent and 
11.2 mg/L in the McClellan Millsite effluent, Large 
quantities of Mn-oxides could be precipitated from these 
drainage and could potentially act as a large sink for heavy 
metals.

Chao (1972) developed a method for the extraction of 
Mn-oxides which is highly specific and widely accepted (Chao 
and Theobald, 1976; Tessier et al., 1979; Shuman, 1985).
Most extractants proposed to dissolve the manganese phase 
also dissolve some portion of the iron phase. Chao's 
extractant, 0.1M NH 2 0H*HC1 + 0.01M HN0 3  (pH 2), will not 
dissolve goethite, hematite, or magnetite and will only 
dissolve freshly precipitated, amorphous Fe-oxide to a few 
percent (Chao, 1972). The mechanism of extraction is 
outlined in reaction 14.

Mn0 2  + 2 NH 2 0H«HC1 «---- ► N 2  + 4 H20 + 2 Cl" + Mn2+ (14)

Iron Oxides: The iron oxide system is a complex
mineralogic system which consists of a continuum of 
composition. They range from aqueous Fe(H2 0)63+ through 
crystalline Fe 2 0 3  with numerous amorphous and 
cryptocrystaline hydrous iron oxide intermediates (Blasa and 
Matijevic, 1989). Certain applications of sequential
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extractions require resolution between amorphous species and 
crystalline species. Geochemical exploration studies which 
attempt to correlate anomalies in metal concentrations 
within a phase, with ore body locations, often require 
resolution of amorphous from crystalline iron oxide to 
obtain positive correlations. As the affinity of iron 
oxides for heavy metals is a function of crystallinity, the 
mobility associated metals will also be dependent on the 
degree of crystallinity. Resolution of the two phases is 
therefore also of interest to the environmental scientist. 
Again, there is no definitive dividing line between 
amorphous and crystalline iron oxides and any extraction 
technique which distinguishes between these two phases is 
doing so operationally.

Amorphous iron oxides: The two most commonly utilized
reagents for the extraction of amorphous iron oxides are 
Tamm's reagent and hydroxylamine hydrochloride. Tamm's 
reagent, (0.175 M (NH4 )2 C 2 04  + 0. 1M H 2 C 2 04 ) must be used in 
darkness as photochemical side reactions result in 
dissolution of the crystalline iron oxides (Shuman, 1985; 
Mckeage and Day, 1966). . Manganese oxides are unaffected by 
Tamm's reagent.

Chao and Zhou (1983) recommend the use of a solution
which is similar to that previously described for the
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extraction of manganese oxides, 0.25 M NH 2 0H«HC1 + 0.25 M 
HC1. They report this reagent extracted all of the
synthetic and natural amorphous iron oxide while extracting 
less than 1 % of the crystalline iron oxide present.

Crystalline iron oxides: All of the reagents proposed
for the extraction of crystalline iron oxides are intended 
to be used following the extraction of the amorphous iron 
oxide if resolution of the two phases is desired. The 
reagents proposed for the extraction of the crystalline iron 
oxides include various concentrations of hydrochloric acid, 
a mixture of hydroxylamine hydrochloride and acetic acid, 
hydroxylamine hydrochloride in the presence of U.V. 
radiation, oxalic acid, a mixture of oxalic acid and 
ascorbic acid, and sodium dithionite (Na2 S 2 04) (Chao, 1984). 
The HC1 extraction lacks specificity and effectiveness 
varies greatly with concentration and extraction temperature 
(Chao and Zou, 1983). A mixture of hydroxylamine
hydrochloride and acetic acid is used in several extraction 
schemes (Filpek and Theobald, 1981; Gupta and Chen, 1975). 
Choa and Zhou (1983) found this extractant ineffectively 
extracted well crystalized iron oxides.

Sodium dithionite is recommended by Tessier (1979). 
This extractant is somewhat effective in the extraction of 
crystalline iron oxide and has a high degree of specificity.
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Chao (1984) reports sodium dithionite was ineffective 
extracting magnetite and ilmenite. Commercially available 
sodium dithionite is usually contaminated with heavy metals, 
especially zinc (Shuman, 1982). Purification of the 
dithionite is not easily achieved.

Ammonium oxalate-acetic acid buffer solution has been 
used for the extraction of crystalline iron oxides (Sims et 
al., 1979, Mckeage et al. , 1971, Shuman, 1979). Chao and
Zhou (1983) report this solution was extremely effective 
extracting both amorphous and crystalline iron oxides. The 
performance of this reagent was said to have been even more 
effective upon the addition of ascorbic acid to the solution 
(Shuman, 1982). The oxalate forms a bidentate mononuclear 
surface complex with Fe3+. The ascorbate then reduces Fe3+ 
to Fe2+, decreasing the binding force between the iron and 
lattice oxygen enabling the complexed Fe2+ to be extracted 
(Banwart et al., 1989).
Method utilized during current study

The extraction used for this study was developed after 
review of the literature outlined here and careful 
evaluation of the basic goals of the study. A five step 
extraction procedure was used, the five steps were step 1 : 
1M MgCl 2  (exchangeable metals), step 2: 0.7M NaOCl (organic
phase), step 3: 0.1M NH 2 0H*HC1 + 0.01M HC1 (manganese
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oxides), step 4: 0.2M (NH4 )2 C 2 0 4  + 0.01M Ascorbic (iron
oxide fraction) and, step 5: Concentrated HNO 3 + H 2 0 2

(residual). Figure 8  is a schematic of the extraction.
An effort was made to reduce the number of extraction 

steps compared to the original study (Noordin, 1988). This 
was intended to minimize the uncertainty in specificity that 
is added with each additional extraction step.

Carbonates were not considered. The low pH of the Big 
Five Tunnel mine drainage does not favor carbonate formation 
(see reaction 7). Although the pH of the McLellan Millsite 
is higher than that of Big Five Tunnel, carbonates were 
assumed to of minor importance in the attenuation of heavy 
metals.

Sulfides may be present in both sediments, however, no 
suitable extractant was found in the literature which may 
selectively extract sulfide in the presence of the other 
phases. The procedure used was thought to extract sulfides 
along with the organic fraction (Hoffman and Fletcher, 
1981) .

Mossbauer and X.R.D. spectroscopy revealed no 
crystalline iron oxide phases present (Laudon, 1988;
Machemer, 1989) This phase is assumed to be of minor
importance. Both amorphous and crystalline iron oxides were
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extracted in the same step. A more detailed description of 
the extraction is contained in Appendix 1.

EXCHANGEABLE METALS 
1M MgCl2 
(PH 7) 

shaken 4h
l4
4

ORGANIC PHASE 
0.7M NaOCl 
(pH 8.5)
87°C 0.5h

4
4
JL

MANGANESE OXIDES
0.1M NH 2 OH«HCl + 0.01M HC1

(pH 2 )
shaken 0 <ji 3*

4
4

IRON OXIDE FRACTION 
0.2M (NH4 )2 C204 + 

0.01M Ascorbic Acid 
(pH 3)

87 ° C 0.5h
4
4

RESIDUAL 
Cone. HNO 3  + H 2 0 2

Figure 8 . Seguential extraction method used for current 
study. (See also Appendix 1).
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exchangeable metals 
1.5M HOAc 
(pH 4.6)

4-
I

organic phase 
Na4P207 

0.1M, pH=10
I
i

manganese oxides 
0.2M NH20H«HC1 + 0.02M HC1

I
I

amorph iron oxide 
0.5M NH20H»HC1 
+ 0.5M HC1 50°C

i

I

cryst. iron oxide 
+ sulfides 

4M HC1
I
I

residual 
Cone. HN03 + H202

Figure 9. Sequential extraction method used by Noordin 
et al. (1989).
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Results
Big Five Sediments

Noordin et al. (1989) preformed a series of sequential 
extraction on substrate collected from the constructed 
wetland at the Big Five Tunnel. The substrate had been 
receiving mine drainage for approximately one year. Figure 
9 is an outline of the procedure utilized. After careful 
review of the literature, it was determined the Noordin et 
al. (1989) procedure may have reported erroneous results. 
The initial acetic acid extraction was shown to dissolve 
manganese oxides (Filipek, 1978). The sodium pyrophosphate 
has been shown to dissolve iron oxides (Shuman, 1982). For 
these reasons the role of the iron and manganese oxides may 
have been greatly underestimated using the extraction 
procedure of Noordin et al. (1989).

Figures 10-17 show the results of both extraction 
procedures applied to substrate from the constructed wetland 
at Big Five Tunnel. The acetic acid was more effective in 
extracting manganese, iron, copper, and zinc than was the 
MgCl2 . There are several possible explanations for this. 
The pH of the MgCl 2  was pH 7 while the pH of the acetic acid 
was pH 4.5. The affinity of a charged surface for a metal 
cation is dependent on the pH of the solution. Catts (1982) 
found the sorption edge of zinc onto a synthetic birnessite
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Figure 10. Iron extracted from Big Five substrate as
reported by Noordin et al. (1989)
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Figure 11. Iron extracted from Big Five substrate as
reported by the current procedure.
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Figure 12. Manganese extracted from Big Five substrate as
reported by Noordin et al. (1989)
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Figure 13. Manganese extracted from Big Five substrate as
reported by the current study.
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Figure 14. Copper extracted from Big Five substrate as
reported by Noordin et al. (1989).
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Figure 15. Copper extracted from Big Five substrate
as reported by the current method.



T-3851 41

0.300

14 0 0

mg Zn / Kg
J J 0.000SEDIMENT

800

600

Carb . Org - Mn—
+ Exch ox -

Am . Crys . Res
Fe — Fe—

ox - ox - -t-S
ul ■£ dLd.

i—A3 DB5-A4 ■B S —AS |B5—COMP

Figure 16. Zinc extracted from Big Five substrate as
reported by Noordin et al. (1989).
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Figure 17. Zinc extracted from Big Five substrate as
reported by the current method.
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occurred at approximately pH 4, while copper the sorption 
edge for copper occurred below pH 4 (64 ppb Cu, 65 ppb Zn, 
10“ 2  NaN03). Bresnahan et al. (1978) report the affinity of 
soil organic matter for copper increased greatly above pH of 
5. Stumm and Morgan list the zero point of charge (Z.P.C.) 
of a-FeOOH as pH 7.8, the Z.P.C of amorphous Fe(OH ) 3 as pH 
8.5, and the Z.P.C. of <S-Mn02  as pH 2.8 . If the large 
amount of metal extracted using the acetic acid is an 
artifact of lower pH, a correspondingly high percentage of 
metal would be extracted using the manganese oxide 
extraction (step 3) of the current procedure. This 
extractant had a pH of 2. Less metal was extracted during 
the first three steps of the current procedure than was 
extracted during the first step of the Noordin et al. (1989) 
procedure.

Of the extracted manganese, 70% to 80% percent was 
extracted using acetic acid as the initial step (Noordin et 
al., 1988). This compares to 7% to 54% using MgCl2. This 
may lend support to Filipek's (1978) conclusion that acetic 
acid also dissolves manganese oxides. Both procedures
indicate the largest portion of extracted manganese occurred 
in the exchangeable phase. This supports conclusions 
proposed by Machemer (1989). It was observed that during 
the initial operation of the wetland, a large portion of the
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manganese was removed from the drainage. Removal efficiency 
quickly dropped as the available sorption sites in the 
substrate became saturated. The Noordin et al. (1989) 
procedure indicates sorption of manganese onto exchange 
sites is the only significant mode of manganese attenuation 
in the wetland substrate. The current procedure would 
indicate manganese is being attenuated in all phases of the 
wetland substrate with less than 55% percent being 
attenuated in the exchangeable phase. The wider
distribution of manganese throughout the phases may also 
indicate a redistribution manganese following extraction by 
MgCl2 .

If the acetic acid extracts manganese oxides, any metal 
associated with the manganese oxide would also be liberated, 
increasing the amount of that metal extracted in the initial 
extraction. Of the zinc extracted using the Noordin 
procedure, 43% to 55% was extracted in the first extraction 
step, while less than 17% was extracted using MgCl2 . The 
percentage of zinc extracted during the first three steps of 
the current procedure was far less than the percentage of 
zinc extracted during the first step of the Noordin 
procedure. This may indicate one of two things. First, 
manganese oxide was not the source of the zinc extracted 
during the manganese oxide extraction of the current
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procedure. Second, if resorption of extracted metals is 
occurring, it would be less prevalent in the presence of a 
strong complexing agent such as acetate. Resorption of zinc 
would be less likely to occur during the extraction of 
manganese oxides by acetate.

There may be two additional explanations for the 
relative increase in extractant metal concentration using 
acetic acid. Firstly, the acetic acid may indeed be 
extracting carbonates and associated metals. However, the 
low pH of the drainage precludes the formation of 
significant amounts of carbonates. Secondly, acetate is a 
much stronger complexer of metals than is chloride and may 
extract metals unavailable to the chloride complex. The 
results outline here indicate both attack of the manganese 
oxides by the acetic acid and the strong complexing ability 
of the acetate ion are responsible for the relatively large 
amount of metals extracted during step 1 of the Noordin 
procedure.

Neither copper nor iron were significantly extracted 
during the first step of the procedures.

Sodium pyrophosphate extraction of organic matter has 
been shown to also effect the iron oxide phase (Shuman, 
1982). Data presented here supports this conclusion. 
Noordin et al. (1989) reported sodium pyrophosphate



T-3851 46

extracted 40% of extractable iron in the wetland substrate. 
In the current study less than 3% of the extractable iron 
was extracted during the organic extraction step using 
sodium hypochlorite. Less than 15% of the extractable iron 
was extracted by the iron oxide extractant using the Noordin 
et al. (1989) procedure, while up to 64% of extracted iron 
was extracted by the iron oxide extractant using the current 
procedure. This may indicate the iron oxide had already 
been dissolved by the organic phase extractant, sodium 
pyrophosphate.

The most striking difference between the results of the 
two extraction procedures was the indicated mobility of 
copper. Using the Noordin et al. (1989) extraction 
technique, copper was distributed throughout the extracted 
phases. However, using the present procedure, 80% to 90% of 
the copper was released during the final extraction step. 
One would hope that the latter is a more accurate model of 
trace metal mobility in the Big Five substrate. The 
combined results of the two procedures may indicate the 
copper is forming a separate phase such as an oxide or a 
sulfide. The sodium acetate or the sodium pyrophosphate may 
partially extract the separate copper phase and somehow 
change the characteristics of that phase making the copper 
more readily available to subsequent extractions. The
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hydroxylamine hydrochloride extracted up to 2 0 % of the 
extractable copper following treatment with sodium acetate 
and sodium pyrophosphate. This same reagent extracted less 
than 2 % of the extracted copper when pretreated with 
magnesium chloride and sodium hypochlorite. A second 
explanation may be redistribution of copper extracted by the 
acetate onto the manganese oxide phase, and subsequent 
reextraction using the hydroxylamine hydrochloride.

The indicated mobility of zinc in the Big Five 
substrate also differed between the two procedures. Of the 
extractable zinc, 56% to 8 8 % percent was extracted during 
the first two extraction steps using the Noordin procedure 
while only 3% to 25% was extracted using the present 
procedure. This may be due to the non-specificity of 
extractants as well as the lower pH and the strong 
complexation by acetate extractant of the Noordin procedure.

Over 40% of the extractable iron was extracted during 
the first two extraction steps using the Noordin procedure, 
however there was no significant amounts of iron extracted 
during the first two steps using the present procedure. Of 
the extractable iron, 94% to 99% percent of the extracted 
iron was extracted during the iron oxide extraction step or 
the residual extraction step using the current procedure. 
This indicates the current procedure is more effective at
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resolving the iron oxide phase. Yellowboy (ferric
hydroxide) is visibly present throughout the areas receiving 
the mine drainage and is expected to a major phase into 
which iron is removed from the drainage. This conclusion is 
supported by the current procedure, and refuted by the 
Noordin procedure.

Wildeman (1989) Klusman (1989) have reported 
dissimilatory sulfate reduction by Desulfovibrio and 
subsequent metal sulfide precipitation may be a significant 
mode of metal attenuation in the substrate. Laudon (1988) 
reported sulfides are present as amorphous monosulfides and 
S° . She concludes monosulfides may be a major sink of Fe, 
Zn, and Cu. Hoffman and Fletcher (1981) reported NaOCl will 
dissolve sulfides as well as organics. Less than 20% of 
commercially available ZnS and Cu2S were dissolved by the 
NaOCl. Redox potential calculations of the CuS-NaOCl and 
the ZnS-NaOCl systems indicate ZnS is only marginally 
dissolved by the NaOCl solution and CuS is insoluble in the 
NaOCl solution. Sulfides would probably be dissolve durring 
the concentrated HN03 -H 2 0 2  extraction step. The curent 
procedure indicates CuS may be the major mode of copper 
attenuation. Zinc was distributed throughout the last three 
extraction steps. Less than a third of the zinc is 
indicated to be present as sulfide.
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Total zinc concentrations in the Big Five substrate as 
determined during the current procedure were approximately 
an order of magnitude less than determined during the 
Noordin procedure. This discrepancy was not resolved. 
Mcclellan Millsite

A total of 1 1  substrate samples were collected at the 
McClellan Millsite. The location of each sampling site is 
indicated on Figure 7 (excluding sample MMS-SED-11). Sample 
MMS-SED-11 was collected at the same location as sample MMS- 
SED-4. Samples MMS-SED-1 - MMS-SED-9 and MMS-SED-11 were 
receiving either mine drainage or sewage outfall. MMS-SED- 
1 0  received neither.

The distribution of iron was uniform throughout the 
extracted samples. Of the extractable iron, 85% to 100% 
percent of was extracted during the last two extraction 
steps. The surface water chemistry indicates a large 
portion of the total iron is present suspended ferric 
hydroxide (Table 9). Suspended ferric hydroxide may be 
deposited within the wetland substrate. This results in 
substrate iron concentrations as high as 6 % extractable 
iron.

Total iron concentrations were highest in region 1 of 
the wetland. This may be attributed to three factors.
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Table 2. Iron in substrate using the current extraction 
procedure.

mg Fe / KgSAMP

Sample Exch. Org. Kn-ox. Fe-Ox Res.

Total 
Mass of 
All Steps

Digestion 
of Total 
Sanple

Percent
Recovery

MMS-SED-01-01 <0.58 54 414 11000 13000 24468 17000 144%
MMS—SED—02—01 <0.58 15 166 38000 16000 54181 42000 129%
MMS—SED—03—01 <0.58 16 144 40000 31000 71160 58000 123%
MS—SED—03—02 <0.58 14 176 45000 23000 68190 58000 118%
MS—SED—03—03 6.0 19 138 38000 30000 68163 58000 118%
MMS—SED—0 3—04 13 35 79 45000 25000 70127 58000 121%
MMS—SH)—04—01 <0.58 20 310 9200 4900 14430 13000 111%
MMS—SED—05—01 <0.58 30 260 18000 9900 28190 22000 128%
MMS—SED—06—01 <0.58 31 450 12000 16000 28481 24000 119%
MMS—SED—06—02 5.3 9.9 760 17000 7600 25375 24000 106%
MMS—SED—06—03 4.0 30 900 19000 5600 25534 24000 106%
MMS—SED—0 7—01 8.9 160 1200 15000 7900 24269 21000 116%
MMS—SED—08—01 210 150 1900 11000 5500 18760 14000 134%
MMS—SED—09—01 3.1 80 n.d. n.d. n.d. n.d. 13000 n.d.
MMS—SED—09—02 4.1 220 880 21000 10000 32104 13000 247%
MMS—SED—09—03 7.7 240 960 12000 7200 20408 13000 157%
MMS—SED—10—01 93 12 65 14000 9600 23770 24000 99%
MMS—SED—11—01 <0.58 6.8 170 8100 5600 13877 12000 116%
O.S. SPLIT24 -01 <0.58<0.58 < 4.9 9000 7300 16300 13000 125%
O.S. SPLIT24 -02 <0.58 22 13 9200 7400 16635 13000 J 128%
BIG 5 - A3 - 01 6.5 80 320 13000 7800 21207 17000 125%
BIG 5 - A4 - 01 200 370 620 12000 7300 20490 19000 108%
BIG 5 - A6 - 01 1.1 60 310 13000 8100 21471 20000 107%
BIG 5 -COMP- 01 7.7 35 71 7500 5800 13414 12000 112%

Table 3. Manganese in substrate using the current 
extraction procedure.

mg Mn / KgSAMP

Sample Exch. Org. Mn-ox. Fe-Ox Res.

Total 
Mass of 
All Steps

Digestion 
of Total 
Sanple

Percent
Recovery

MMS-SED-01-01 3.1 42 14000 800 410 15255 18000 85%
MMS—SED—0 2—01 71 190 62000 8600 11000 81861 100000 82%
MMS—SED—03—01 8.5 40 64000 16000 80000 160049 130000 123%
MMS—SED—03—02 8.9 36 55000 17000 88000 160045 130000 123%
MMS—SED—03—03 10 54 42000 24000 84000 150064 130000 115%
MMS—SED—03—04 15 57 47000 14000 88000 149072 130000 115%
MMS—SED—04—01 5.0 19 9700 217 71 10012 11000 91%
MMS—SED—05—01 110 44 100 36 41 331 390 85%
MMS—SED—06—01 12 34 10000 230 750 11026 9800 113%
MMS—SED—06—02 14 46 10000 540 150 10750 9800 110%
MMS—SED—06—03 22 51 11000 430 77 11580 9800 118%
MMS—SED—07—01 270 120 310 130 100 930 1300 72%
MMS—SED—08—01 70 28 110 51 75 334 350 95%
MMS—SED—09—01 71 18 n.d. n.d. n.d. n.d. 390 n.d.
MMS—SED—09—02 63 43 94 89 1400 1689 390 433%
MMS—SED—09—03 71 39 98 100 120 428 390 110%
MMS—SED—10—01 320 < 0.7 12 120 220 672 930 72%
MMS-SED-11—01 1.2 12 32000 560 200 32773 42000 78%
O.S. SPLIT24 -01 0.8 1.1 19 54 280 355 340 104%
O.S. SPLIT24 -02 < 0.7 1.8 18 100 230 350 340 103%
BIG 5 - A3 - 01 710 210 290 260 170 1640 1600.0 103%
BIG 5 - A4 - 01 470 160 67 68 100 865 930.0 93%
BIG 5 - A6 - 01 390 120 220 240 180 1150 1400.0 82%
BIG 5 -COMP- 01 35 29 220 120 130 534 490.0 109%
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Table 4. Copper in substrate using the current extraction 
procedure.

mg Cu / Kg Sediment:

Sample Exch. Org. Mn-ox. Fe-Ox Res.

Total 
Mass of 
All Steps

Digestion 
of Total 
Sanple

Percent
Recovery

MMS-SED-01-01 0.6 5.4 400 350 130 886 990 89%
MMS—SED—02—01 5.9 7.5 700 3700 2000 6413 8100 79%
MMS—SED—03—01 2.3 5.7 280 4100 1S00 5888 12000 49%
MMS—SED—03—02 2.1 5.1 180 4300 1500 5987 12000 50%
MMS—SED—03—03 4.8 10.0 27 9300 2800 12142 12000 101%
MMS—SED—03—04 6.1 13.0 31 7600 2800 10450 12000 87%
MMS—SED—04—01 1.0 2.5 360 230 350 943 990 95%
MMS—SED—05—01 6.0 48.0 40 110 300 504 540 93%
MMS—SED—06—01 1.5 3.2 560 240 840 1645 1200 137%
MMS—SED—06—02 1.8 10.0 610 580 320 1522 1200 127%
MMS—SED—06—03 3.7 22.0 870 650 350 1896 1200 158%
MMS—SED—07—01 0.063 5.6 19 30 570 625 740 84%
MMS—SED—08—01 0.063 10.0 13 15 350 388 420 92%
MMS—SED—09—01 0.9 2.5 n.d n.d. n.d. n.d. 320 n.d.
MMS—SED—09—02 1.1 31.0 22 29 100 183 320 57%
MMS—SED—09—03 1.9 37.0 71 130 110 350 320 109%
MMS—SED—10—01 11.0 0.063 9.9 31 48 100 115 87%
MMS—SED—11-01 0.063 0.4 250 160 150 560 570 98%
O.S. SPLIT24 -01 0.063 0.063 <7.9 < 7.9 50 50 55 91%
O.S. SPLIT24 -02 0.063 0.063 <7.9 < 7.9 50 50 55 91%
BIG 5 - *3 - 01 0.063 0.6 <7.9 13 120 134 130.0 103%
BIG 5 - A4 - 01 0.063 2.1 9.6 36 400 448 390.0 115%
BIG S - A6 - 01 0.063 1.0 <7.9 13 130 144 170.0 85%
BIG 5 -COMP- 01 0.063 0.9 <7.9 9.9 47 58 54.0 107%

Table 5. Zinc in substrate using the current extraction 
procedure.

mg Zn / KgSAMP
Total Digestion
Mass of of Total Percent

Sample Exch. Org. Mn-ox. Fe-Ox Res. All Steps Sample Recovery
MMS-SED-01-01 26 6.7 360 67 76 536 610 88%
MMS—SED—02—01 84 25 440 980 1100 2629 3300 80%
MMS—SED—0 3—01 100 26 170 710 4300 5306 4300 123%
MMS—SED—03—02 54 24 88 690 4600 5456 4300 127%
MMS—SED—03—03 45 43 14 1200 3500 4802 4300 112%
MMS—SED—03—04 46 38 31 670 4400 5185 4300 121%
MMS-SED-04-01 37 11 390 71 210 719 740 97%
MMS—SED—05—01 27 29 11 82 150 299 310 96%
HHS-SED—06-01 36 10 340 61 250 697 620 112%
MMS—SED—06—02 30 35 340 120 140 665 620 107%
MMS—SED—06—03 46 56 390 140 110 742 620 120%
MMS—SED—07-01 62 41 160 120 180 563 560 101%
MMS—SED—08—01 78 84 84 43 130 419 420 100%
MMS—SED—09—01 5.8 3 n.d. n.d. n.d. n.d. 160 n.d.
MMS—SED—09—0 2 5.4 12 16 19 45 97 160 61%
MMS—SED—09—03 6.4 12 19 35 38 110 160 69%
MMS—SED—10—01 22 0.2 1.6 15 33 72 110 65%
MMS—SED—11—01 32 3.7 930 98 220 1284 1600 80%
O.S. SPLIT24 -01 0.093 0.093 0.91 3.1 14 17 19 90%
O.S. SPLIT24 -02 0.093 0.093 0.91 9.7 9.0 19 19 99%
BIG 5 - A3 - 01 7.0 14 58 120 49 248 170.0 146%
BIG 5 - A4 - 01 120 130 190 140 140 720 690.0 104%
BIG 5 - A6 - 01 6.3 8.9 46 100 37 198 170.0 117%
BIG 5 -COMP- 01 0.093 0.8 1.3 14 10 26 23.0 113%
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Table 6 . Surface water chemistry of McClellan Millsite 
samples.

SAHPLE T (C) PH Eh
S.C.
(umhos)

(ig/L)
Fe Mn Cu Zn Sulfate

HMS-SW-01 2 0 6.9 410 950 <0 . 2 2 1 1 . 1 <0.04 3.63 868.29
MMS-SW-02 16 6.5 390 980 <0 . 2 2 11.3 0.13 3.98 863.36
MMS-SW-03 16 5.9 430 1 0 0 0 0.82 10.34 0.08 3.69 882.33
MMS-SW-04 14 7.4 400 990 <0 . 2 2 10.54 <0.04 3.17 8 8 8 . 0 2

MHS-SW-05 16 6.5 400 920 <0 . 2 2 10.93 <0.04 3.28 872.90
MMS-SW-06 16 2 . 6 560 1480 0.035 9.36 <0.04 3.28 875.15
MMS-SW-07 15 6.9 350 780 <0 . 2 2 0.31 <0.04 0.08 174.70
MMS-SW-08 16 7.2 300 800 <0 . 2 2 0.23 <0.04 <0.08 164.62
MMS-SW-09 17 7.4 310 800 <0 . 2 2 0.17 <0.04 <0.08 153.00

First, the rate of flow in this area is significantly 
reduced and precipitated ferric hydroxide is able to settle 
out of the drainage. Second, surface water may be
infiltrating the substrate as this area is thought to be 
overlying an unsaturated zone. Physical filtration of the 
drainage may contribute to the deposition of ferric 
hydroxide. Third, there is higher density of plants and 
plant roots in this area which may slow down surface flow 
and contribute to the deposition of ferric hydroxide. 
Sample MMS-SED-04 had the lowest concentration of total 
iron. The wetland flow rate was highest at this sampling
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site which would reduce the amount of suspended ferric 
hydroxide deposited. There was no detectable decrease in 
dissolved iron throughout the wetland (Table 6 ) as all but 
one of the surface water samples were below the detection 
limit of iron. Total iron was not determined for all 
samples.

The three samples collected from region 3 were thought 
to have a much higher organic carbon content in the 
substrate. This region receives sewage outfall. Iron from 
this region was extracted during the iron oxide extraction 
step and had iron signatures similar to that of regions 1 , 2  

and Big Five substrate, while total concentrations were 1.3% 
to 2 % iron.

There was no significant decrease in dissolved 
manganese throughout the wetland (Table 6 ). The samples 
collected in regions one and two contained between 0.9% to 
13% manganese, with the exception of sample MMS-SED-5 which 
only contained 0.03% manganese. The manganese extracted 
from sample MMS-SED-5 was distributed evenly throughout the 
phases. The matrix of sample MMS-SED-5 was more clay rich 
than were the other samples and may have had a much lower 
permeability. Contact between the matrix of sample MMS-SED- 
5 and the drainage may therefor be far less than that of the 
other samples.
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The other samples collected from regions 1 and 2 had up 
to 95% of the extractable manganese associated with the 
manganese oxide phase. Sample MMS-SED-3 was shown to
contain 30% of the extractable manganese in the manganese 
oxide step. The large amount of manganese present in this 
sample (13% of sample) exceeded by 1.2x the amount that was 
stoichiometrically extractable by the hydroxylamine 
hydrochloride solution. The unextracted manganese was
extracted during the iron oxide extraction (1 0 % of 
extractable Mn) and the residue extraction (60% of 
extractable Mn).

Sample MMS-SED-3 contained large aggregates of 
substrate which was cemented by a deep black to grey cement. 
At sample location MMS-SED-4 the same substance was 
observed at a depth of about two inches and occurred as 1  cm 
thick strata. A sample of the aggregate was collected and 
labeled MMS-SED-11. Sample MMS-SED-11 contained 4.2% 
manganese. Of the extractable manganese, 98% manganese was 
extracted during the manganese oxide step suggesting 
precipitation of manganese oxide is occurring at this depth 
and location. The pH of precipitation of 10”6M Mn solution 
at Eh of 300 meV is greater than pH 8  and increases as the 
Eh drops. It is not known what process would produce these 
conditions at this depth.
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Manganese was extracted during all extraction steps 
from region 3 samples, with no single step predominating. 
The signature of this substrate matched more closely those 
of the Big Five substrate than the substrate of regions 1 
and 2. This would be expected as both are high in organic 
carbon content and may represent a more complex substrate 
with more diverse phases present.

Sample MMS-SED-10 was a sample of waste rock which had 
not received mine drainage or sewage outfall. This was
assumed to be the control or background sample for this 
site. Samples MMS-SED-1, MMS-SED-4, MMS-SED-5, MMS-SED-8 , 
MMS-SED-9, and MMS-SED-11 were all depleted in iron with 
respect to the control. Samples MMS-SED-5, MMS-SED-8 , and 
MMS-SED-9 were depleted in manganese with respect to the 
control. Copper and zinc were enriched in all samples with 
respect to the control. Comparison to the control may or 
may not be appropriate as it is not known what percentage of 
the collected samples was secondary deposits.

Neither copper nor zinc were extracted with either the 
exchangeable or the organic phase extractants. Throughout 
the McClellan Millsite wetland. Both copper and zinc were 
variably associated with the last three extraction steps 
with no predictable pattern throughout the system. Sample 
MMS-SED-3 was unusual. This sample contained 13% manganese,
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yet no copper or zinc was extracted with this phase. The 
incomplete extraction of this phase, and the consumption of 
extractant may have resulted in the redistribution of the 
associated copper and zinc onto the remaining manganese 
oxide or iron oxide phases. Copper was subsequently 
extracted during the iron oxide extraction. Zinc was 
subsequently extracted during the residue extraction. This 
may indicate the extractant must be present in excess to 
prevent the resorption of associated metals. The problem of 
resorption will be addressed later.

An attempt was made to correlate copper and zinc 
concentrations with the amount of extracted manganese and

t

iron. These results are reported in Table 7. These values 
were calculated using MMS-SED-3 which may not be valid. 
MMS-SED-3 had much higher metal concentrations than did the 
other samples which will tend to increase the correlation. 
The correlation between total copper and zinc with total 
iron and manganese were high: Cu:Mn r=.92, Cu:Fe r=.8 8 ,
Zn:Mn r=.95, Zn:Fe r=.71 (values exclude MMS-SED-3). It may 
be qualitatively stated copper and zinc had the strongest 
correlations with the last two extraction steps.
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Table 7. Correlation coefficients between various 
extraction steps.

S t e p 1 S t e p 2 S t e p 3 S t e p 4 S t e p 5
Hn Fe Hn Fe Hn Fe Hn Fe Hn Fe

Step 1 Zn *0.08
0.46

0.21
0.06

0.44
0.07

-0.30
-0.38

0.62
0.13

0.04
-0.51

0.46
0.22

0.49
0.33

0.42
0.18

0.45
0.24Cu

Step 2 Zn -0.06
0.00

0.54
-0.13

0.20
0.00

0.11
0.23

-0.02
-0.37

0.62
0.21

0.16
-0.20

0.17
-0.05

0.15
-0.18

0.02
-0.19Cu

Step 3 Zn -0.36
-0.40

-0.26
-0.34

0.06
0.30

-0.39
-0.43

0.18
0.18

-0.16
-0.09

-0.27
-0.16

-0.33
-0.05

-0.33
-0.25

-0.32
-0.14Cu

Step 4 Zn -0.28
-0.32

-0.23
-0.19

0.47
0.23

-0.38
-0.34

0.86
0.75

-0.48
-0.47

0.93
0.95

0.88
0.86

0.80
0.90

0.84
0.87Cu

Step5 Zn -0.33
-0.28

-0.19
-0.19

0.05
0.40

-0.34
-0.35

0.82
0.78

-0.47
-0.44

0.94
0.89

0.90
0.86

0.99
0.83

0.91
0.85Cu

Four samples from McClellan Millsite were analyzed by 
x-ray analysis. The only crystalline phase found to be 
present was quartz. The following minerals were not found 
in the samples: goethite (a-FeOOH), lepidocrocite
(FeO(OH))/ jarosite (KFe3 (S0 4 )2 (OH)6 , siderite (FeC03), 
rhodochrosite (MnC0 3 ), manganosite (MnO), manganite (MnOOH), 
groutite (a-MnOOH), albandite (MnS), chalcopyrite (CuFeS2), 
chalcocite (Cu2 S), covellite (CuS), pyrrhotite (Fe1 -xS), 
sphalerite (ZnS), or wurtzite (ZnS).
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Resorption of Extracted Metals 
Review of previous studies

Partial extraction techniques assume the extraction of 
a specific sediment phase also extracts the associated trace 
metals. Some researchers have expressed concern over 
possible redistribution of associated metal during the 
extraction of a specific phase. Attempts have been made to 
quantify any redistribution which may occur.

Guy et al. (1987) spiked commercially available 
bentonite and humic acid as well as freshly precipitated, 
aged, hydrous manganese dioxide, with 3000 mg/Kg of both 
copper and lead. Extraction of a two phase system, spiked 
humic acid and unspiked bentonite or unspiked hydrous 
manganese dioxide, with H 2 0 2, resulted in poor spike 
recoveries. It was concluded the spikes had been resorbed 
onto the unextracted phase following oxidation of the humic 
acid.

Kheboian and Bauer (1987) spiked samples of 
precipitated CaC03 , FeOOH, and FeS, as well as commercially 
available humic acid and illite, with Pb, Ni, Cu, and Zn. A 
model sediment was prepared by mixing Pb spiked CaC03 , Ni 
spiked FeOOH, Zn spiked FeS, Zn and Cu spiked humic acid, 
and Zn and Cu spiked illite. The sediment was then 
extracted using the procedure outline in Figure 18. Copper
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was extracted during the appropriate steps, however Pb, Ni, 
and Zn all showed evidence of redistribution. The NH 2 0H*HC1 
+ HOAc extractant evolved a strong odor of H2S indicating 
sulfides may be attacked by this reagent.

Carbonates
NaOAc

Exchangeable
MgCl 2

Mn & Fe Oxides 
NH 2 OH«HCl, HOAc

Residue
HF, Aqua regia 
boric acid

Organics 
Ho00 , HNO

Figure 18. The Tessier et al. (1979) extraction procedure
used by Kheboian and Bauer (1987).

Kheboian and Bauer (1987) prepared a second sediment by 
mixing Pb spiked CaC0 3 , Cu spiked FeOOH, and Zn spiked FeS. 
This sediment was also extracted using the procedure 
outlined in Figure 18. Pb was extracted in steps 3 and 5 
however it was latter determined there was only enough NaOAc 
was added to dissolve 75% of the CaC03' in the sample. Of 
the extractable Zn, 15% was extracted during step 2, 70% was 
extracted in step 3, and 15% was extracted during step 5. 
A strong odor of H2S was again evolved during step 3. This 
may explain the early extraction of Zn. Copper was not
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extracted until step 5. This may indicate Cu had 
redistributed, however, Chao and Zhou (1983) reported 
NH 2 0H»HC1 + HOAc solution dissolved less than 2% of the 
goethite (FeOOH) in an unspiked model sediment. This may 
explain why copper was retained until the final step.

Gruebel et al. (1988) spiked amorphous Fe 2 0 3 *H20 with
the radiotracers 73As and 7 5 Se, and mixed with unspiked 
anatase (Ti02) or goethite (FeOOH). The amorphous Fe 2 C>3 *H2 0  

was then extracted using 0.25M NH 2 0H-HC1 + 0.25M HC1 (50°C, 
0.5h) (Chao and Zhou, 1983). They reported 83% of the Se 
was resorbed onto the other phases while all of the
amorphous Fe2 0 3 -H20 was dissolved. The concentration of As 
and Se was approximately 40 mg / Kg of amorphous Fe 2 C>3 *H2 0 . 
They also report the extent of redistribution was dependent 
on the type and concentration of adsorption sites remaining 
following the extraction.

Rendall et al. (1980) tested redistribution of
extracted metals using natural sediments. The extractants
used were: 0.01 M HC1; 0.05 M EDTA; 0.1 M hydroxylamine
hydrochloride? 25% acetic acid; 0.1 m sodium citrate? 
ammonium acetate? hydrogen peroxide. Spikes of Cu, Fe, and 
Cd were added to each extractant. The extractant was added 
to the sample and shaken for sixteen hours. A large portion 
of the spikes were adsorbed onto the unextracted phases. It
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should be noted the extraction time used was 4 to 32 times 
longer than is usually utilized (the exception being EDTA 
which has been used with extraction times as long as several 
months (Chao, 1984)). It should also be noted the added 
spikes were 1 0 0 0  times larger than was naturally present in 
the samples.

Belzile et al. (1989) site several reasons for the poor 
spike recovery during resorption studies. Those criticisms 
include inaccurate model sediments and unrealistically large 
spike sizes. Belzile et al. (1989) spiked extractants with 
As, Cd, Cu, Ni, Pb, and Zn. Spike recoveries were found to 
decrease as the spike size increased relative to the amount 
extracted from the unspiked samples. No significant loss of 
spike occurred when the size of the spike was approximately 
equal to the amount of metal extracted from the unspiked 
sample (Figure 19).

They conclude the driving force behind redistribution 
is greater in model sediments as the various phases are not 
in equilibrium. Metals spiked into phases will redistribute 
into unspiked phases. The extent of redistribution will be 
dependent on the relative binding force of the available 
sorption sites (Catts, 1982). Indeed, such redistribution 
has been utilized in the extraction procedure proposed by 
Slavek and Pickering (1989). Belzile et al. (1989) also
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conclude the driving force of redistribution will increase 
as the size of added spikes increase.
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Figure 19. Spike recoveries of Belzile et al. (1989).
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Redistribution in McClellan Millsite samples
An attempt was made to quantify redistribution of 

metals extracted from sediment collected at McClellan 
Millsite. Spikes of Cu and Zn were added to each of the 
extractants after the extractants were added to the samples. 
The size of the spike added during each step was 20% of the 
amount of Cu and Zn extracted during the digestion of the 
total sample. An unspiked duplicate of each sample was used 
as the control sample. The amount of Cu and Zn extracted 
from the control sample plus the amount of Cu and Zn added 
in the spike should equal the amount of Cu and Zn extracted

Table 8 . Spike recoveries for selected McClellan Millsite 
samples.

MMS-SED-03 MMS-SED-06 MMS-SED-09
CU Zn Cu Zn CU Zn

STEP 1 0.5% 0.5% 8 .1 % 1 2 2 .1 % 1 0 .2 % 53 .8 %
STEP 2 0.9% -4.9% 51.2% 152.7% 77.1% - 1 0 .1 %
STEP 3 0 .2 % 2.3% 134.5% 43 .2% 84.7% 2 1 .1 %
STEP 4 -81.4% -70.3% 40.0% 24.2% 179.1% 1 1 2 .8 %
TOT -24.6% 37.5% 93.9% 16.9% 138.9% 61.3%
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from the spiked sample. The spike recoveries (Table 8 ) were 
poor. Negative spike recoveries, spike recoveries greater 
than 1 0 0 %, and poor recovery of the total spike indicate the 
variability of the sample was too great to reliably compare 
the control sample with the unspiked sample. This 
conclusion is supported by duplicate determination of 
unspiked samples (Tables 2-5). Redistribution may be 
indicated, however, a more homogeneous sample would have to 
be tested to support that conclusion. Appendix 2 outlines a 
proposed redistribution study based on the results reported 
here.
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Impact of Drainages on Clear Creek
The purpose of any remedial action taken at the two 

sites would be to minimize mine drainage impact on Clear 
Creek. Zinc has been identified as the metal which 
adversely impacts the fishery of Clear Creek. The Colorado 
Department * of Wildlife recognizes 47|ig/L as the threshold 
above which rainbow trout will not reproduce. This limit 
was exceeded below Idaho Springs during low flow (early 
spring 1989). The limit was exceeded from Silver Plume to 
Golden during high flow (late spring). Higher zinc 
concentration during high flow were presumably due erosion 
of manganese oxides from the streambed and subsequent 
dissolution of sorbed zinc.

Appendix 3 lists the chemistries of the major drainages 
impacting Clear Creek, North Clear Creek, and the West Fork 
of Clear Creek as well as the chemistry of Clear Creek. 
Figure 19 depicts the relative point source zinc loads to 
Clear Creek. If zinc is assumed to remain in solution 
throughout the length of Clear Creek, the listed loads 
account for approximately 6 6 % of the zinc load of Clear 
Creek at Golden. Figure 1 indicates both McClellan Millsite 
and Big Five tunnel drainages have a relatively small impact 
on Clear Creek. This would suggest remediation of these 
sites is unnecessary.
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Figure 20. Relative total zinc loads to Clear Creek.
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Figure 21. Relative dissolved zinc loads to Clear Creek.
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Conclusion
Sequential extraction procedures such as the method 

utilized in this study have received much criticism (Guy et 
al., 1987; Kheboin and Bauer, 1987; Gruebel et al., 1988; 
Rendall et al., 1980). However controversial, these 
procedures provide the best available tool to study 
geochemical fate of metals attenuated in fine grain or 
amorphous sediments. More extensive study of the extent of 
redistribution extracted metals should be conducted before 
specific conclusions can be drawn from the results of 
sequential extraction procedures. Such a study is proposed 
in Appendix III.

Constructed wetlands have been proposed as a relatively 
low cost means of passively treating acid mine drainage. 
Although remediation would relatively inexpensive, the 
impact of these two sources on the Clear Creek fishery do 
not warrant remediation. Technologies developed in the 
constructed wetland at Big Five Tunnel may be applied to 
sources which may have a greater impact on the Clear Creek

s.fishery.
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Appendix I
Analytical Procedures 
Substrate

McClellan Millsite: The upper 5cm of substrate was
collected using a spatula and placed in three liter 
polyethylene jars. Each was air dried for 48 hours and 
disaggregated using a small spatula. Large rocks and pieces 
of grass were separated from the sample. The samples were 
collected during August 1989 and were analyzed immediately 
after drying.

Big Five Substrate: Cores were collected using a 2"
hand auger. Samples were collected at 3", 4”, and 6 ". Each 
was air dried for 48 hours and disaggregated using a small 
spatula. Large rocks and pieces of grass were separated 
from the sample. These samples were collected by Laudon 
during July, 1988. The dried samples were stored at room 
temperature in plastic bags.
Extraction
Exchangeable Metal Phase

Ten grams of sample was placed in a 50mL polyethylene 
test tube. The sample was equilibrated with 40mL of a 1M 
neutral solution of MgCl 2  and shaken for two hours. The 
sample was filtered using a no. 42 Watman ashless filter. 
The sample was rinsed with 20mL of deionized water. The
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filtrate was collected in a 1 0 0 ml volumetric flasks and 
brought to volume with 3% HN03. The filtrate was then
transferred to a 125mL polyethylene bottle.
O r g a n i c  P h a s e

The remaining sample from step 1 was placed in a 50mL 
polyethylene test tube. To the sample was added 20 mL of 
0.7M NaOCl (pH 8.5) and placed in a boiling bath for 0.5 
hours. The extractant was centrifuged and decanted into a 
125mL polyethylene bottle. This was repeated. The sample 
was rinsed twice with 20mL of deionized water. The rinse 
was decanted into the same 125mL polyethylene bottle. The 
sample was transferred to a tared evaporation dish and air 
dried for 24 hours.
M a n g a n e s e  O x i d e  P h a s e

One tenth of the remaining sample was placed in a 50mL 
polyethylene test tube. To the sample was added 20mL of 
0. 1M solution of NH 2 0H«HC1 (pH 2) and shaken for 0.5 hours. 
The extractant was centrifuged and decanted into a 125mL

1

polyethylene bottle. The sample was rinsed twice with 20mL 
of deionized water. The rinse was decanted into the same 
125mL polyethylene bottle.
I r o n  O x i d e  P h a s e

To the remaining sample was added 50mL of The following 
solution: 0.2 (NH4 )2 C2°4*H2° + 0 . 2M H 2 C 2 0 4  + 0 . 1M ascorbic
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acid. The sample was extracted at 8 8 °C for 0.5 hours. The 
extractant was centrifuged and decanted into a 125mL 
polyethylene bottle. The sample was rinsed twice with 20mL 
of deionized water. The rinse was decanted into the same
125mL polyethylene bottle.
R e s i d u e

The residue was extracted using the HNO 3 -H 2 O 2  digestion 
procedure.
E x t r a c t s

Extracts from the organic phase, mangane’se oxide, and 
iron oxide phases were each placed into a teflon evaporation 
dish and evaporated to dryness. The dried extract was then 
digested using the HNO 3 -H2 O 2  digestion procedure.
H N O 3- H 2O 2 D i g e s t i o n

The sample or dried extract was placed in a teflon 
evaporation dish. To the sample was added lOmL of 1:1 HNO 3 . 
The slurry was heated to 95°C for 10 minutes. An additional 
5mL of concentrated HNO 3  was added and heated to 95°C for 30 
minutes. To the sample was added 5mL of deionized water and 
3mL of H 2 O 2 . The slurry was slowly heated to 95 °C until 
effervescence subsided. The sample was cooled, an
additional 3mL of H 2 02 / and heated again, this was repeated 
until a total of 9mL of H 2 0 2  had been added. To the cooled 
sample was added 5mL of 1:1 HC1 and lOmL of deionized water.
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The slurry was heated to 95°C. The sample was cooled and
filtered through a no.42 Watman ashless filter. The sample 
was rinsed twice with lOmL of deionized water. The filtrate 
was collected in a 1 0 0  ml volumetric flasks and brought to 
volume with 3% HN03 . The filtrate was then transferred to a 
125 mL polyethylene bottle.
S u r f a c e  W a t e r  a n d  E x t r a c t  A n a l y s i s

Field parameters were measured using standard procedures. 
Iron, manganese, copper, and zinc in McClellan Millsite 
surface water samples and extracts, as well as extracts from 
Big Five Substrate were determined using direct aspiration 
atomic adsorption. Sulfate in McClellan Millsite surface 
water samples were determined by gravimetric sulfate 
precipitation as BaS04 . Surface water samples of Big Five 
Tunnel as well as Clear Creek and its tributary chemistries 
were determined by EPA and private labs according to EPA's 
Contract Laboratory Program.
Z n S  a n d  C u 2 S

In separate 50 mL test tubes was placed 50 mg each of 
reagent grade ZnS and Cu 2 S. To each test tube was added 
40mL of 0.7% NaOCl. The sample was extracted for 0. 5h at 
87°C. The extract was decanted and discarded. The 
remaining sample was filtered through a tared 0.45|j,m teflon 
filter. The sample was washed with absolute EtOH. The
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sample and filter was placed in a desiccator overnight. The 
sample was weighed.
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Appendix 2

Proposed resorption experiment procedure
For the purpose of the resorption experiments, more 

rigorous sample preparation and homogenization may be used. 
Each dried sample should be homogenized using a blender. 
Several sub-samples should be obtained using a sample 
splitter. One split of the sample should be digested 
according to the HNO 3 -H2 O 2  digestion procedure outlined in 
Appendix 1. The concentration of metals obtained using the 
HNO 3 -H2 O 2  digestion will be used to determine the size of 
the spike to added to the spike samples.

The extraction procedure outlined in Appendix 1 should 
be followed making two modifications. First, lg of sample 
should be used throughout the procedure, eliminating the 
need to dry and split the sample between the organic and 
manganese oxide extraction steps. The amount of extractant 
used should be adjusted accordingly, 4mL MgCl 2  added to the 
sample in step 1 and 2mL NH 2 0H»HG1 added to step 2. Second, 
spikes should be added to each of the extractants. The 
spike size to be added to the extractant of each step should 
be equal to 1 / i q  the amount of that metal extracted from lg 
of the total sample using the HN0 3 -H2 0 2  digestion procedure. 
Because the spike will alter the pH of the extractant, an
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equal amount of base should be added to the extractant 
following the addition of the extractant to the sample.
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