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Abstract

Stream sediments affected by historic mining in Aurora, Missouri, were digested via sequential extraction to determine the
amount of Zn, Pb, and Cd bound to each of five geochemical phases: exchangeable, carbonate, Fe-Mn oxides, organic matter,
and residual. The metal bound to the exchangeable and carbonate phases represents an approximation of the metal that is
bioavailable, and thus a source of toxicity to aquatic biota and a contamination risk to the aquifer underneath. The bioavail-
able fraction was found to increase with total metal content, comprising an average of 19% of the total Zn, 13% of the Pb,
and 14% of the Cd. In general, Pb was preferentially bound to the residual fraction, Zn to the Fe-Mn oxides fraction, and
Cd to the organic fraction. As a result of metals binding to different chemical fractions, each of these metals will mobilize
differently if/as environmental conditions change and chemical weathering progresses. The most mobile of the three metals
was Cd and the least mobile Pb. The concentration pattern for each metal downstream reflects their relative mobility.
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Introduction

Abandoned mine wastes represent a potential hazard to their
surrounding environment long after a mine closes (Hudson-
Edwards et al. 2011; Stefanowicz et al. 2014). Wastes from
lead (Pb) and zinc (Zn) mining operations disposed of in
tailings (chat piles), settling ponds, and as smelter fallout,
are a common occurrence in the tri-state mining district
(TSMD) of Kansas, Oklahoma, and Missouri in the U.S.
(Johnson et al. 2016) and in many other former Pb-Zn min-
ing regions (Gutiérrez et al. 2016a).

Pb and Zn contained in mine wastes as sulfides progres-
sively transform into secondary minerals once exposed to
oxidizing conditions (Concas et al. 2006; Schaider et al.
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2014). Runoff in contact with mine wastes transports Pb
and Zn into nearby streams, often carrying associated ele-
ments such as cadmium (Cd), iron (Fe), manganese (Mn),
copper (Cu), and thallium (T1) (Liu et al. 2017; Musilova
et al. 2016; Stefanowicz et al. 2014), where they either set-
tle or attach to the solid phases of the stream sediment and
can remain there for a long time. Under alkaline conditions,
these metals pose little threat to the environment as they
remain mostly immobile. However, both Cd and T, which
are toxic even at trace concentrations, have a higher mobility
and may be present in pore water or in the water column at
concentrations high enough as to be toxic to aquatic biota
(Kennou et al. 2015; Liu et al. 2017).

Environmental and mineralogical changes in the sedi-
ment may cause metals to be released into the surrounding
water depending of the type of substrate, metal concentra-
tion, and other parameters such as temperature, pH, and Eh
(Roig et al. 2015; Wojtkowska et al. 2016). Knowing the
amount of metal that could be released over a range of pos-
sible conditions is vital for determining the proper contain-
ment and the effectiveness of reclamation strategies (Brown
et al. 2014; Schaider et al. 2014).

Mining in the TSMD approximately stopped in the 1950s.
Subsequent remediation, mostly phytostabilization, has
since been applied to parts of the TSMD, and although the
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evidence of mining has been almost completely erased from
the landscape in the remediated areas, toxic concentrations
persist in locations impacted by smelters and where the min-
ing waste (chat piles) once stood (Johnson et al. 2016). Previ-
ous work by Gutiérrez et al. (2016b) identified a segment of
Chat Creek where median concentration values of 5791 mg/
kg Zn, 196 mg/kg Pb, and 34 mg/kg Cd were observed. To
put these numbers in context, the probable effect concentra-
tions (PEC) guidelines derived from toxicity tests to aquatic
biota for these metals are 459, 128, and 5 mg/kg for Zn, Pb,
and Cd, respectively (Macdonald et al. 2000). The metal con-
centrations in this stream segment were above PEC guide-
lines and therefore presumably toxic to aquatic organisms.

A valuable piece of information in the characterization
of metal-contaminated sediments is the fractionation of
these metals into the geochemical phases within the sedi-
ment in order to determine the mobility of the metal and to
forecast potential variations with time and changing pH and
redox conditions. Mobility largely depends on the chemical
binding, and therefore, the chemical form of the metal. For
example, upon reaching a stream, PbS transforms over time
to other mineral forms e.g. PbCO; (Schaider et al. 2014),
PbSO, (Wojtkowska et al. 2016), and PbO (Cao et al. 2008).
In alkaline conditions (pH 7), all these minerals are highly
immobile with solubility PbSO,>PbO >PbCO; (Cao et al.
2008), but become more soluble as pH decreases. In this
study, a further characterization of the sediments was car-
ried out by conducting sequential extraction to determine the
mobility and bioavailability of the Zn, Pb, and Cd.

The objectives of this study were: (1) to further evaluate
the state of contamination of streams surrounding the former
mining town of Aurora, Missouri, by assessing the mobility
of Zn, Pb, and Cd in different geochemical phases in stream
sediments, and (2) to identify the conditions under which the
metals could remobilize to either interfere with remediation
procedures or contaminate the underlying karst aquifer, and
(3) to critically address the difficulties encountered through
the analytical sequential extraction procedure.

Primary and Secondary Minerals

Pb and Zn are mined primarily from sulfide deposits, where
the primary minerals are galena (PbS) and sphalerite (ZnS),
with lesser amounts of chalcopyrite (CuFeS,). Cd substi-
tutes for Zn and is present in sphalerite at about 3%. Gen-
erally, these sulfide minerals are found emplaced in lime-
stone and/or chert (Gutierrez et al. 2016a). After chemical
weathering of primary sulfides, secondary minerals form,
including cerussite (PbCOs;), anglesite (PbSO,), smithsonite
(ZnCO0O3), hydrozincite (ZnCO;-3Zn(OH),), hemimorphite
(Zn,S1,0,(0H),.H,0), and iron and manganese oxides and
hydroxides (referred to here as Fe-Mn oxides; Carroll et al.
1998; Hudson-Edwards et al. 1995).

The formation of a particular secondary mineral depends
on the environmental conditions, type and amount of miner-
als present, and time. At near-neutral pH and in the presence
of carbonates, PbS weathers to insoluble PbCO; (Hudson-
Edwards et al. 1995), while ZnS oxidizes to form dissolved
Zn*2, which readily adsorbs to solid phases such as clays
and Fe-Mn oxides (Carroll et al. 1998). Although Fe-Mn
oxides are regarded as stable and generally have similar
chemical interactions, a difference between them is that
Mn oxides dissolve at a higher pH and Eh than Fe oxides
(Hudson-Edwards et al. 1995).

Metal Fractionation, Mobility and Bioavailability

Fractionation seeks to measure the amount of metal bound
to different geochemical phases of the solid material, in this
case sediment, and is obtained after reacting a sediment
sample with a series of extractants of increasing strength.
The amount of metal released by each extraction depends
on a variety of factors, among them metal content, chemical
composition of the extractant, temperature, and pH.

The two most common fractionation procedures are the
Tessier method (Tessier et al. 1979) and the BCR method
(Pueyo et al. 2001), which consist of five and three sequential
extractions, respectively. The five sequential extractions com-
prised in the Tessier method are: (1) easily exchangeable, (2)
bound to carbonates (3) bound to Fe-Mn oxide, (4) bound to
organic matter and sulfides, and (5) residual. Slight modifica-
tions to the Tessier method are common, and are used to fit to
a specific problem and/or sampling medium (Schaider et al.
2014; Zimmerman and Weindorf 2010). Common modifica-
tions include separating the metal bound to Fe-Mn oxides
fraction into two: easily reducible and moderately reducible
(Schaider et al. 2009), the use of ammonium acetate instead
of sodium acetate as an extractant for the exchangeable frac-
tion (Favas et al. 2014), and using aqua regia extraction to
approximate total metal content (Wojtkowska et al. 2016).

The BCR method consists of a three-step extraction pro-
cedure: (1) exchangeable and carbonate bound, (2) hydroxy-
lamine hydrochloride extraction, and (3) H,0, / NH,C,H;0,
extraction. Modifications to this method are also common
(Cappuyns et al. 2007; Pueyo et al. 2001). Although less
common, several other sequential extraction procedures have
also been used (Zimmerman and Weindorf 2010).

Toxicity is related to the metal fraction that is bioavail-
able, and in the case of contaminated sediments, organisms
that are in direct contact with pore water e.g. benthic inver-
tebrates would be the most affected (Macdonald et al. 2000),
but other organisms can also be affected through the food
chain (Beyer et al. 2004). In general terms, toxicity for these
metals has been reported as Cd > Pb > Zn. Bioavailability is
closely associated with mobility, and refers specifically to
the fraction of metal that is available to biota.
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The TSMD area has been thoroughly studied for the
potential impact of metals to aquatic biota (Besser et al.
2015; Macdonald et al. 2000), based on toxicity assay stud-
ies using freshwater invertebrates and either pore water
concentration or total metal concentration of sediments.
Fewer studies however have addressed the fractionation of
metals in the TSMD. Notable exceptions include those by
Carroll et al. (1998) and Schaider et al. (2009, 2014) who
investigated mobility and bioavailability of metals from con-
taminated stream segments within the TSMD, mainly in Tar
Creek, Oklahoma.

Materials and Methods
Study Area

Aurora, Missouri, is one of several historic mining towns
scattered throughout the TSMD. The geology and mining
history of the TSMD, where ores of Zn (sphalerite) and
Pb (galena) were mined for over a century, is described in
detail in Johnson et al. (2016). After mining ceased, the
town underwent several reclamation stages depending on
the available funding, each stage consisting of filling cavi-
ties and planting of grass on the leveled, sod-covered ground,
a process known as phytostabilization. In a previous study,
Gutiérrez et al. (2016b) determined that metal contamination
was still present in the Aurora area despite remediation, and
was confined to two streams flowing next to the former loca-
tion of chat piles, Chat Creek and Elm Branch. This study
concentrates on these two streams, plus a nearby unnamed
ephemeral stream (Fig. 1) used as reference. The total metal
content of the unnamed creek is consistently less than in Chat
Creek and Elm Branch, and is regarded as representing back-
ground concentrations.

Besides the toxicity to aquatic biota, metal contaminated
water poses a threat to the Ozark aquifer underneath, which
is used as a drinking water supply, and whose fractured lime-
stone makes groundwater vulnerable to contamination. This
aquifer consists of thick sequence of Paleozoic and cherty
limestones, forming an open aquifer that is highly karstified
in its upper part (Richards and Mugel 2008).

Sampling

Sediments of the three streams near or within Aurora’s
city limits were sampled: Chat Creek, Elm Branch, and
the unnamed ephemeral creek that runs parallel to Chat
Creek (see Fig. 1). A total of 39 samples were collected
from the top 10 cm in 2015 with four additional samples
collected in 2016 along a 3.5 km stretch of Chat Creek,
0.5 km of Elm Branch, and 2.0 km of the unnamed creek.
The 2016 sampling was scheduled to verify the metal levels
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Fig.1 City of Aurora, Missouri, with location of Chat Creek, Elm
Branch, and the unnamed creek, and sediment sampling locations
(red dots)

of contaminated vs. non-contaminated sites (2 sampling sites
each). Eight water samples were collected in 2016 but their
metal contents were all below detection limits and so were
not included in this analysis.

Sediment samples were kept cold during transport to the
laboratory, where they were air-dried, disaggregated, and
passed through a 1 mm sieve. The pH was determined for a
suspension of a 10 g subsample of the dry sediment mixed
with at a 1:2 w/w ratio of sediment to water. A 5 g subsam-
ple was sent to a commercial laboratory to be analyzed for
metal content after aqua regia digestion. For this study, the
aqua regia extraction was considered a close approximation
of total metal content. The remaining dried sample under-
went sequential extraction following the four first extractions
of the Tessier method described below. The residual frac-
tion was estimated as the difference between the total metal
content and the sum of the metal extracted in the first four
extractions.

Analytical

Approximately 2.0 g of each sediment was weighed out
(actual mass recorded) and digested sequentially according
to the Tessier method, keeping a 1:10 sediment-extractant
ratio in each extraction, as described below and in more
detail in Pearson (2017). After each extraction, samples were
centrifuged for 30 min, decanted, and filtered through Fish-
erbrand G4 glass fiber filters. Samples were then analyzed
by ICP-AES (Varian Liberty AX-150 Turbo), AAS (Varian
SpectrAA 220FS), or ICP-MS (Thermo Scientific iCAP-
Q). The first two instruments are housed at Missouri State
University, whereas the ICP-MS belongs to the Blackman
Water Treatment Plant (City Utilities of Springfield). The
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ICP-MS was used for very small concentrations for samples
that produced unstable readings in the ICP-AES.

The first fraction was digested by adding 1 M NaOAc to
each sample. These samples were further diluted to 10:1
from the original volume of the extracts to minimize inter-
ference from high salt content.

To the sediment residues of the first extraction step, 1 M
acetic acid/sodium acetate adjusted to pH 5 with glacial ace-
tic acid was added. Samples were agitated continuously for
2 h at room temperature and diluted twofold before metal
concentrations were measured with the ICP-AES.

The third fraction, bound to Fe-Mn oxides, was extracted
with a 0.04 M NH,OH.HCI (hydroxylamine hydrochlo-
ride) in 25% (v/v) HC,H;0, and placed in a hot water bath
(=96 °C) for 6 h with occasional agitation. Metal concentra-
tions were measured using the ICP-AES.

For the fourth fraction, a solution 0.02 M nitric acid and
30% H,0, adjusted to pH 2 with concentrated nitric acid
was added to the residue, placed in a hot water bath (85 °C),
and heated with occasional stirring. After 2 h, another 6 mL
portion of the extractant solution was added to each sample.
Samples were heated for an additional 3 h with occasional
stirring. After cooling, 10 mL of 3.2 M NH,OAc in 20%
(v/v) HNO; was added to each sample, and samples were
diluted to 40 mL and agitated for 30 min. When run on
ICP-AES, the instrumental response was inconsistent and
unstable for reasons that were not clear. Samples from this
fraction were then analyzed by flame AAS, which gave con-
sistent results.

Quality Control

To assure quality control, blank checks, laboratory control
checks (LCC), laboratory duplicates (LD), field duplicates
(FD), and matrix spikes (MS) were conducted. The average
percent error of the LCC for the four fractions was between 5
and 6% for all 3 metals, and thus considered accurate. Every
sixth sample was run twice (LDO, with < 10% difference).
The largest differences were observed in samples with con-
centrations approaching the detection limits, where a small
difference can account for a large percentage. Similarly

congruent results were observed when matrix spikes were
applied.

Field duplicates were collected about every 10th sample.
Differences within a field duplicate pair gives an idea of
natural variation within sediments at about the same geo-
graphic location (samples collected 0.5-1.0 m apart). Field
duplicates included sample pairs no. 7-8, 16—17, and 44-45.
The concentrations for each pair were within an average of
18%, with the exchangeable and carbonate fractions varying
less (12% average difference in metal concentration) and the
Fe-Mn oxides, organic, and residual fractions slightly more
(averaging 30%).

Results and Discussion

The pH of the sediments ranged between 7.06 and 7.64, with
an average of 7.47, indicating an absence of acid mine drain-
age, likely due to the low iron content of the mine tailings
in the Missouri part of the TSMD (Schaider et al. 2009).
Similar to the heterogeneity of metal content in the chat,
stream sediments were highly heterogeneous with respect
to their metal content, with up to 18% difference according
to field duplicates.

Metal content is shown in Table 1 and Fig. 2. Because of
the sharp difference between high and low concentrations
observed for all metals (Fig. 2), sediments were separated
into two groups for statistical analysis. Low concentrations
of visibly non-affected stream segments were considered
background concentrations, and were grouped together
with sediments with total concentrations < 850 mg/kg Zn,
<200 mg/kg Pb, and <7 mg/kg Cd. Samples with concen-
tration above background were designated here as contami-
nated. The metals bound to each of the five fractions for
each of these two groups are shown in Table 1. The values,
reported as average + standard deviation, offer a broad over-
view of the metal distribution within the fractions of the
contaminated and non-contaminated/background sediments.

Figure 2 shows the concentration and distribution among
the five fractions for samples downstream each of Chat
Creek, Elm Branch, and the unnamed creek. The unnamed

Table 1 Average + standard deviation of the concentration of metals recovered during sequential extraction in each of five fractions in sediment

samples of contaminated (c) and background (bkg) concentrations

N Exchangeable Carbonate Fe-Mn oxides Organic Residual
Zn, 42 129 +85 1334 +1300 2269 +946 1529 + 1405 2682+ 5202
Znyy, 8 18+11 155105 246+ 67 131+47 182+119
Pb, 19 17+23 405+ 507 718+1191 118+134 853 +1067
Pbyy, 31 03+05 8.2+4.3 33.7+£10.2 14.3+49 68.9+29.4
Cd, 40 23+7.38 4.0+9.7 10.9+5.8 17.9+21.6 21.02+£52.3
Cdyye 10 0.1+0.1 0.4+0.1 0.4+0.1 0.2+0.2 0.8+0.5

N no. samples, includes replicates
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Fig.2 Zn, Pb, and Cd content in mg/kg in each fraction and for
sediment samples downstream for Chat Creek, Elm Branch, and the
unnamed Creek. Concentrations for the one sample that surpassed the
scale are shown as a numerical value

creek flows parallel to Chat Creek as it traverses the town of
Aurora (see Fig. 1). According to historic air photographs,
most of the former chat piles had stood between Chat Creek
and Elm Branch in the NE part of town (Gutierrez et al.
2016b). The sediment concentrations reflect this fact, with
metal concentrations within the segments of Chat Creek and
Elm Branch significantly higher than those in the unnamed
creek.

Figure 2 also reflects the fact that Pb, Zn, and Cd bind
differently to each geochemical fraction, suggesting compe-
tition among the metals and mineral phases. Although the
results for contaminated (>200 mg/kg Pb) sediments show
that the Pb is preferentially bound to iron oxides and residual
fractions, locations with much higher metal content (Fig. 2)
indicate that a significant amount of Pb binds to the carbon-
ate fraction. The latter would become available if the pH
drops to about 5.5. The average amount of Pb that would be
released at that pH would is 44%, compared to 18% Zn and
11% Cd (Table 1).

Also, the sharp contrast between low and high concentra-
tions downstream in Fig. 2 indicates that Pb is largely immo-
bile, a pattern that is less noticeable for Zn and is barely
recognizable for Cd. The downstream concentration pattern
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of Cd was unexpected due to the close relationship of Cd
with Zn in the sulfide ore and in the sediments. Carroll et al.
(1998) explained this behavior as the result of weathering of
sulfides driving both Zn and Cd into solution, followed by
a quick, preferential adsorption of Zn onto Fe-Mn oxides,
which keeps Cd either in solution or attached to calcite
grains. This process occurs under neutral to alkaline pH and
low Fe content conditions.

Comparing among metal content in the bioavailable
fraction (exchangeable + carbonate), the carbonate-bound
metal concentration was about 10 times larger than the
exchangeable fraction for Zn and Cd, and 50 times larger
for Pb, which means that a small drop in pH would mobi-
lize the Pb first.

Zinc was found in high concentration in the sediments
and bound to both the Fe-Mn oxide (~30%) and residual
fractions (= 20%), as seen in Fig. 2. The Fe-Mn oxide frac-
tion was digested using the reducing agent hydroxyl amine,
which implies that a large portion of the Zn stored in the
sediments will become mobile under reducing conditions.
Thus, the wetland treatment proposed for sediments con-
taminated with mining wastes would remobilize about 30%
of the total Zn if reducing conditions develop in the muddy
substrate.

In contrast, Cd seems to blend more uniformly throughout
the downstream locations and to preferentially bind to both
the organic and residual fractions based on the concentra-
tion patterns (Fig. 2). The metal bound to the residual frac-
tion averaged 37% and 34% for Cd and Zn, respectively, and
much higher (88%) for Pb (Table 1). The high mobility of
Cd, also evident from the downstream pattern, represents a
threat to aquatic fauna due to its acute toxicity, and is con-
ducive to a greater uptake of Cd by plants.

The Pearson correlation analysis was only run for 11 sam-
ples since Pb was present at background levels in all of the
other samples. The correlation coefficients (r) were recorded
at p<0.01 and p <0.05 significance (Table 2). The results
show that Zn and Pb are correlated in all fractions except
exchangeable and that Cd correlates to both Zn and Pb in
only the organic and residual fractions. Interestingly, Fe cor-
related to all of the metals in the residual fraction and Mn to
all metals in the organic fraction.

The lack of correlation in the bioavailable fraction (except
for Pb-Zn in the carbonate fraction) is understandable due
to their differences in mobility, as mentioned above, and, to
a lesser degree, to some possible reactions that might have
occurred during the extraction procedure. Cappuyns et al.
(2007) found that Pb readsorption and precipitation occurred
after it mobilized from the carbonate extraction. To quantify
these variations, they recommended mineralogical analysis
after each extraction and monitoring of the pH.

The phytostabilization remediation applied through-
out the area during the past few decades seems to have
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Table 2 Correlation coefficients Extractable Carbonate Fe-Mn oxides Organic Residual

for metals within each fraction,

after background concentration Zn Pb Cd Zn Pb Cd ZIn Pb Cd Zn Pb Cd Zn Pb Cd

samples were removed

Zn nfa - - n/a
Pbo - n/a - -
Cd - - n/a -
Fe - - - --

Mn - - - -

0.89 -- n/fa 0.82 - n/a 0.84 093 n/a 0.97 0.99

nfa - - nfa - - nfa 082 - n/a 0.95
n/a - - nfa - - nfa - - nfa
- 0.78* - - - - - 0.84 0.85 0.85
- 0.75* 0.99 -- 0.82 091 092 - - --

N=11and p<0.01

*significant at p <0.05; — no significant correlation; n/a does not apply

effectively contained metal contamination in the Aurora
region, leaving only a few stream segments with high Zn,
Pb, and Cd concentrations. In this part of the TSMD, alka-
line conditions predominate in the stream sediments (avg.
pH 7.47), which confine Pb and Zn to mostly their immobile
form, with a gradual release of metal due to chemical weath-
ering from the organic (sulfide) fraction. With its higher
mobility, Cd may be incorporated into the water column
and, in part, taken up by plants; however, the few plants col-
lected in this study had Cd tissue content below detection
levels. Further sampling of plants directly downstream from
the more contaminated areas would be necessary to confirm
this hypothesis. For other parts of the TSMD with higher
iron levels and where chat piles are still standing, treatment
and disposal of waste include the potential recovery of met-
als from the tailings and passive treatment for water con-
taminated with acid mine drainage (Andrews et al. 2013).
Several other techniques to immobilize metals include addi-
tion of phosphate or bentonite, which reduces soluble Pb by
60-100% (e.g. Cao et al. 2008).

Conclusions

Fractionation results show significant differences in the
amount of Zn, Pb, and Cd that binds to each of the five
geochemical phases. The mobile (bioavailable) fraction for
all three metals is relatively small; however, this fraction
becomes more significant at greater metal concentrations.
The most mobile of the three metals was Cd and the least
mobile was Pb. The difference in mobility was also evident
from the downstream concentration patterns. Chat Creek and
Elm Branch sediments contained the highest metal concen-
trations where chat piles had once stood, whereas the nearby
unnamed creek traversing Aurora was consistently low in all
three metals and therefore assigned to represent background
concentration levels.

Metals mobilize according to the chemical fraction where
they are preferentially stored. The downstream scattered

pattern for Cd hints at this metal having higher mobility.
This high mobility of Cd has been explained as the chemi-
cal weathering of sulfide ore mobilizing both Zn and Cd,
after which the dissolved Zn rapidly adsorbs to iron oxides,
leaving Cd in solution.

Under the prevailing alkaline conditions of the Aurora
streams, the greatest threat to aquatic organisms is posed by
any Cd that is mobilized. Both Pb and Zn are less mobile,
with a significant portion of Pb bound to the carbonate
fraction, implying a strong dependence to pH. However,
both a reduction of pH and an onset of reducing conditions
would be needed to mobilize Zn. The Eh change needed
to mobilize metals bound to the Fe-Mn oxide phase could
be generated by wetland treatment after a thick build-up of
sediments.

The analytical complexity of conducting sequential
extraction of samples with a wide range of metal content
and mineralogy is time consuming and causes difficulties
in the interpretation of results. The counterpart to this hard-
ship is a better understanding of the specific conditions at
which metals stored in the sediments may become available;
this can be used to devise better strategies to contain toxic
wastes, and is thus worth the effort.

Acknowledgements We are grateful to the Blackman Water Treatment
Plant Laboratory (City Utilities of Springfield) for running the samples
for exchangeable fraction.
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