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Abstract Pore water and solid phase samples were

collected from the upper 50 cm of a peat profile at

four sites within a 10 m2 area in Kleinstuck Marsh, a

minerotropic fen located in Kalamazoo, MI.

Although the chosen sites are in close proximity to

each other, they differ with respect to vegetation

species and density. Pore water analyses for a suite of

redox sensitive species (pH, alkalinity, dissolved

Mn(II), Fe(II), Fe(III), sulfide, sulfate), together with

Fe and Mn distributions inferred from operationally-

defined sequential extractions, demonstrate that

Fe(III) and Mn(IV) reduction occurs in the shallow

peat at three of the four sites. At the fourth site, the

only site containing the invasive purple loosestrife

(Lythrum salicaria), accumulation of dissolved sul-

fide in the pore waters and increased levels of

oxidizable phases in the shallow peat point to

increased net sulfate reduction relative to the other

three sites. Speciation calculations indicate that pore

water concentrations of phosphate, especially below

*10 cm depth, are largely controlled by the solubil-

ity of phases such as strengite or hydroxylapatite, and

that at all but the loosestrife site, dissolved Ca and

Mg are likely determined by carbonate solubility.

Fe and Mn distribution among operationally defined

solid phase fractions are consistent with reductive

dissolution of FMO in the uppermost peat, leading to

precipitation of Fe sulfides and Mn carbonates deeper

in the peat profile. Zn, Co, Cr and Ni distributions are

consistent with release from FMO to form sulfides or

organic associations deeper in the peat. Pb and Cu

may also be released by reductive dissolution of

FMO, or more likely, shift from primary association

with organic matter to increased association with

sulfides under more sulfidic conditions. This study

highlights the existence of extreme lateral variations

in peat pore water and solid phase geochemical

profiles, even over quite small areas.
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stratification � Sediment extraction � Sequential
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Introduction

Freshwater wetlands play a vital role in fostering

biological diversity, providing wildlife habitat, mit-

igating drought and flooding, reducing soil erosion,

recharging groundwater aquifers, and in the biogeo-

chemical cycling of phosphorus, nitrogen, carbon and

sulfur (Mitsch and Gosselink 2000). For example,

much research has focused on nutrient transforma-

tions within wetlands and the potential for wetlands

to act as long-term sinks for phosphorus and nitrogen
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(e.g., Johnston 1991; Arheimer and Wittgren 2002;

Day et al. 2004; Hogan et al. 2004; Mungasavalli and

Viraraghavan 2006; Verhoeven et al. 2006). Because

many wetlands are highly productive and have the

potential to store or release large quantities of carbon,

their influence on global climate change is of great

interest (e.g., Brix et al. 2001; Shindell et al. 2004;

Ellis and Rochefort 2006; Smemo and Yavitt 2006;

Tarnocai 2006; Trettin et al. 2006). Freshwater peat

sediments have also been demonstrated to host

dynamic cycles of S transformations (e.g., Wieder

and Lang 1988; Wieder et al. 1990; Keller and

Bridgham 2007; Blodau et al. 2007). The connection

between changes in S concentration, for example

induced by increased anthropogenic atmospheric

deposition, and changes in microbial pathways and

carbon processing are poorly understood at present

(Wieder et al. 1990; Watson and Nedwell 1998; Dise

and Verry 2001; Gauci et al. 2004). Less attention has

typically been focused on trace metal-cycling within

peats, especially in minerotrophic systems, although

anthropogenic addition of metals to wetlands via

atmospheric deposition, surface runoff, and direct

dumping is common (Crowder 1991; Mitsch and

Gosselink 2000). Significant efforts have been made

to use peat-accumulating wetlands to gain historical

records of anthropogenic trace metal deposition

(Shotyk 1996; Shotyk et al. 1997). However, these

efforts are complicated by early diagenetic processes,

which can remobilize metals within sediments and

soils (Norton 1987; Gambrell 1994; Hamilton-Taylor

and Davison 1995; Shotyk 1996; Perkins et al. 2000;

Rausch et al. 2005).

Post-depositional remobilization of trace metals,

carbon processing, and nutrient transformations all

depend on factors including wetland hydrology,

geomorphology, climate and the activities of various

types of macrofauna and macrophytes. Many of these

influence wetland soil oxidation–reduction (redox)

chemistry. Wetland soils are redox stratified, meaning

that a sequence of vertical zones can be delineated

based on pore water and solid phase geochemistry

(e.g., Koretsky et al. 2006a; CM Koretsky et al.

submitted). In organic-rich, water-saturated wetlands,

O2 concentrations decrease rapidly with depth. For

example, in saltmarsh sediments, microelectrodes

have been used to show that O2 penetration is

typically limited to the upper few mm of the sediment

column (Brendel and Luther 1995). Within this thin

oxic zone, oxygen can be consumed by aerobic

respiration or via oxidation of reduced chemical

species, such as ammonia, Mn(II) or Fe(II), diffusing

upwards from deeper, more reduced layers. Below

the oxic zone lies the suboxic zone, where dissolved

Mn(II) and Fe(II) are produced by the reductive

dissolution of relatively insoluble Fe(III) and Mn(IV)

hydroxide phases (FMO). Such reactions can either

occur abiotically, for example, reduction of Fe(III)

coupled to oxidation of H2S, or microbially, by

dissimilatory iron and manganese reduction (Lovley

and Philips 1986; Myers and Nealson 1988; dos

Santos Afonso and Stumm 1992; Yao and Millero

1996; Lowe et al. 2000; Roden and Wetzel 2002;

Koretsky et al. 2003). Beneath the suboxic zone,

organic matter degradation is coupled primarily to

sulfate reduction. In this sulfidic zone, dissolved

sulfide accumulates in the pore waters or as solid

metal sulfide phases. The relative sizes of the oxic,

suboxic and sulfidic zones are determined by reaction

rates together with the quantity of available labile

organic carbon and the availability of terminal

electron acceptors (e.g., O2, Mn(IV), Fe(III), sulfate).

Zones can thin in response to increased reaction rates,

for example during warmer seasons, or in response to

increases in labile organic carbon availability. Trans-

port processes, including advective flow, as well as

non-local solute transport via macrofaunal pumping

of surface waters into the subsurface via burrows

(bioirrigation) or leakage of O2 into the rhizosphere

surrounding macrophyte roots, can lead to broader

zones with less compressed redox stratification

(Koretsky et al. 2003, 2005, 2006a, b).

Changes in redox stratification play an important

role in trace metal distribution (Balistrieri et al.

1992a, b; Davison 1993; Hamilton-Taylor and Dav-

ison 1995; Gambrell 1994; Tessier et al. 1996;

Achterberg et al. 1997; Boudreau 1999; Weis and

Weis 2004: Koretsky et al. 2006a, b; CM Koretsky

et al. submitted), and therefore in metal mobility and

bioavailability, which depend strongly on speciation

(Sunda and Guillard 1976; Allen et al. 1980; Camp-

bell 1995; Deighton and Goodman 1995). FMO,

which are formed under oxic conditions and are

reductively dissolved in the suboxic zone, can

sequester trace metals, both via adsorption and

coprecipitation (Dzombak and Morel 1990; Hamil-

ton-Taylor and Davison 1995; Tonkin et al. 2004).

Thus, reductive dissolution can release not only
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dissolved Mn(II) and Fe(II) to pore waters, but also

associated trace metals, potentially making them

more bioavailable and mobile (Balistrieri et al.

1992a, b; Kerner and Wallmann 1992; Davison

1993; Tessier et al. 1996; Hamilton-Taylor et al.

1999; Fredrickson et al. 2001; Zachara et al. 2001;

Peltier et al. 2003; Leermakers et al. 2005; Cooper

et al. 2006). In the sulfidic zone, many trace metals,

especially chacophiles like Pb, Zn, Cd or Cu, are

often present in metal sulfide phases (Morse and

Arakaki 1993; Huerta-Diaz et al. 1993, 1998; Rickard

et al. 1995; Morse and Luther 1999). Changes in

redox zonation can redistribute metals among the

various aqueous and solid phases (Hamilton-Taylor

and Davison 1995).

Macrophytes have the potential to change redox

stratification and metal distribution through at least

three distinct processes: (1) release of O2 through

roots into the rhizosphere, (2) primary production,

increasing the quantity of labile organic carbon and

(3) direct metal uptake into roots, rhizomes, stems

and leaves. The release of O2 into anoxic water-

saturated soils or sediments at depth can create

microzones of very different chemistry from the

surrounding ‘‘bulk’’ geochemistry (Crowder 1991;

Doyle and Otte 1997; Weis and Weis 2004). For

example, Fe(III) oxide ‘‘plaques’’ can be formed in

the rhizosphere as O2 leaked from roots reacts with

dissolved Fe(II) in surrounding bulk suboxic soils

or sediments (Mendelssohn and Postek 1982;

Crowder 1991; Ye et al. 1998a; Zhang et al.

1998; Batty et al. 2000, 2002; Weis and Weis

2004). These plaques may be important for seques-

tering nutrients, especially phosphorous, as well as

trace elements (Crowder 1991; Ye et al. 1998a;

Batty et al. 2000, 2002; Hansel et al. 2001).

Macrophyte primary productivity produces organic

matter than fuels aerobic and anaerobic respiration

reactions, depleting terminal electron acceptors and

creating more compressed redox zonation (Crowder

1991; Hines et al. 1989, 1999; Koretsky et al.

2005). Freshwater wetland macrophytes, such as

Typha spp. (Crowder 1991; Ye et al. 1997;

Demirezen and Aksoy 2004), Phragmites spp.

(Crowder 1991; Keller et al. 1998; Ye et al.

1998a, b; Batty et al. 2000; Weis and Weis 2004),

Scirpus spp. (Bhattacharya et al. 2006) and Lemna

spp. (Zayed et al. 1998; Mkandawire et al. 2004;

Oporto et al. 2006; Sweidan and Fayyad 2006) can

uptake metals, concentrating them in both above-

ground and belowground biomass. Macrophytes

also have a significant influence on pore water

and solid phase chemistry via nutrient uptake and

release (through decaying litter) and evapotranspi-

ration (Hines et al. 1989, 1999; Weis and Weis

2004; Choi et al. 2006; Kaldy et al. 2006).

Macrophyte densities and species can vary signif-

icantly, even over small areas within wetlands, which

could lead to significant lateral variability in soil or

sediment biogeochemistry. Most detailed studies of

wetland geochemistry that have considered lateral

heterogeneity have focused on only a few parameters

(e.g. nutrient, trace metal or carbon geochemistry).

There is a paucity of freshwater wetland studies,

particularly for minerotrophic fens, with suites of

data including trace metal distribution profiles

together with profiles of nutrients, major elements

and redox-sensitive species (e.g. pH, alkalinity,

dissolved Fe(II), Fe(III), Mn(II), sulfide and sulfate)

from adjacent sites with differing densities and types

of vegetation.

In this study, pore water and solid phase geo-

chemistry was studied at four sites in a minerotrophic

fen. Pore waters from the upper 50 cm of each site

were analyzed for a suite of nutrients, major and

minor elements and redox sensitive species at 1–2 cm

vertical resolution. Sequential sediment extractions

were used to determine the partitioning of trace

metals among four operationally defined solid phases

as a function of depth. The four sites were located

within a relatively small area of the marsh (*10 m2),

nonetheless, each site contained distinct types and

densities of vegetation, suggesting that lateral heter-

ogeneity might be significant. The study sites were

also chosen to coincide with the site of a detailed

seasonal study completed in this same marsh during

2002 (Koretsky et al. 2006a). Thus, differences in

marsh geochemistry arising from changes in vegeta-

tion and interannual variations in local climate could

also be assessed.

Field site

Kleinstuck Marsh is a minerotrophic fen located

within a *50 acre preserve in an urbanized area of

Kalamazoo County, in southwestern Michigan

(Buechler 1996; Koretsky et al. 2006a). The fen area
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is glacial in origin with underlying gravel and sand

glaciofluvial sediments typical of the region (Buech-

ler 1996). The study area is presently recharged

primarily by groundwater with some additional input

of surface water runoff and precipitation, although in

the past, the area may have been a precipitation-fed

bog. Logging and peat mining in the 19th and early

20th century probably transformed the area from a

bog into a fen with significant connection to the local

groundwater (Buechler 1996).

The area of the fen chosen for study here was

also the subject of a seasonal study of marsh

geochemistry completed in 2001–2002 (Koretsky

et al. 2006a). That study demonstrated that the upper

layers of the peat are organic rich (35–50% organic

carbon), strongly redox stratified and that the

stratification changes significantly with season. The

upper 50 cm are comprised of hemist soils (mucky

peat), with plant fibers mostly decomposed. Four

sites, located at the corners of an *10 m2 area,

were chosen for study here. These sites are located

with *10–20 m of the sites used in the study of

Koretsky et al. (2006a). There are striking differ-

ences in the appearance of the marsh in summer

2002 compared to summer 2006. In the present

study, completed in July and August 2006, the

marsh is visually much drier than during 2002 with

no standing water at the marsh surface, except

immediately following precipitation events. How-

ever, all four sites did appear to be completely

saturated during peeper placement and removal (see

below), with no apparent drying of the uppermost

peat layers. In comparison, during summer 2002,

*30 cm of standing water covered the peat surface

in this area of the marsh. Much denser vegetation is

also present compared to summer 2002. In partic-

ular, during summer 2006 the density of narrow-leaf

cattails (Typha angustifolia) was considerably great-

er than in summer 2002. Also notable was the

presence of the invasive purple loosestrife (Lythrum

salicaria), which was not present in 2002. The most

abundant vegetation types within a 1 m2 area

surrounding each of the four sites used for pore

water and solid phase sampling in this study are

listed in Table 1. Although these sites were all

located within an *10 m2 area, it is clear that there

is considerable heterogeneity in vegetation types and

densities. Peat surface temperatures (measured when

peepers were removed) averaged 21�C.

Materials and methods

Pore water sampling and analyses

Pore waters were collected anaerobically at 1–2 cm

intervals from the surface to a depth of *50 cm using

acid-washed nylon dialysis equilibrators (‘‘peepers’’).

Peepers were constructed in deionized water

(� 17.5 MX) using 0.2 mm pore size dialysis

membranes, and were kept in water tanks deaerated

with N2 gas for at least 8 h prior to deployment in the

field sites. Peepers were transported to the field in

portable vinyl glove bags under positive N2 pressure.

At the field site, peepers were removed from the

glove bags, immediately inserted into the peat and

were left to equilibrate with the surrounding pore

waters for *3 weeks. Peepers were then pulled from

the peat, immediately inserted into a continuously

N2-flushed vinyl glove bag and transported back to

the laboratory for sampling and analysis. Sampling

was typically initiated less than 1 h after the initial

removal of the peepers from the peat.

Pore waters were removed from the peeper cham-

bers using disposable plastic syringes with stainless

steel needles. The needles were used to puncture both

the vinyl glove bag, which remained under positive N2

pressure throughout the sampling, and the dialysis

membrane covering a given chamber. The fluid was

extracted from the chamber and filtered through a

0.2 mm nylon syringe filter. pH was measured on each

sample and then the sample was divided among

prepared vials for colorimetric analysis of alkalinity

and dissolved Fe(II)/Fe(III), RPO4
�3, RNH3, RS�2,

Mn and SO4
�2 as described in Koretsky et al. (2003,

2006a, b). Remaining samples were preserved in trace

metal grade nitric acid for analysis of major (Na, K,

Mg, Ca) and trace (Co, Cr, Cu, Ni, Pb, Zn) elements

by inductively coupled plasma optical emission

spectroscopy (ICP-OES) on a PerkinElmer Optima

2100DV instrument. Prior to ICP-OES analyses,

samples were diluted (as necessary) and spiked with

an internal standard of 100 ppb In, Y, Bi, Ho and Sc.

Solid phase sampling and analyses

Peat cores were extracted using a Russian peat corer

(Aquatic Research Instruments) to minimize com-

paction. Cores taken at each of the four sites were

sectioned on site, under ambient atmosphere, into
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5 cm intervals from the surface to approximately

50 cm depth. Each section was immediately placed

into a plastic baggie, which was sealed with as much

air as possible squeezed out, returned to the labora-

tory and within 1 h of collection was placed into a

Coy anaerobic chamber (85% N2, 10% CO2 and 5%

H2) for storage.

A sequential sediment extraction procedure,

adapted from Tessier et al. (1979, 1982) was used

to assess the partitioning of trace elements among

four operationally defined, potentially labile frac-

tions: exchangeable, carbonate, reducible and oxidiz-

able. Briefly, approximately 1 g (exact weight

recorded) of homogenized, freeze-dried peat was

extracted using the reagents and procedures in

Table 2. After mixing with each reagent for the

specified period of time, the remaining solid phase

was separated from the supernatant by centrifuging at

10,000 rpm for *30 min. The supernatant was

carefully removed, syringe-filtered and acidified with

trace metal grade nitric acid prior to preparation (by

appropriate dilution and addition of internal standard)

for ICP-OES analyses. The remaining solid residue

was then washed by adding 8 ml of deionized water,

shaking for 15–20 min and then centrifuging at

10,000 rpm for 15–30 min. The wash supernatant was

carefully removed from the remaining solids and

discarded and the next sequential reagent was added

to the remaining solid residue.

Organic carbon content was determined as a

function of depth by measuring weight loss-on-

ignition (LOI) at 550�C for 2 h (Heiri et al. 2001).

Percent LOI was converted to percent organic carbon

using the formula given by Craft et al. (1991):

Organic C = 9.40 � LOI + 0.0025 � LOI � LOI ð1Þ

For one of the sites, the percentage organic carbon

was also determined mannometrically (Krishnamur-

thy et al. 1999).

Results

Pore waters

pH profiles at the sites are very similar (Fig. 1A). pH

decreases most sharply over the upper 10 cm from

values between 7 and 8 at the surface, then declines

more slowly to *20 cm depth. From 20 cm to 50 cm

depth, a constant pH of *6.5 is observed at all four

sites. Alkalinity increases with depth at all four sites,

Table 1 Vegetation at the

four sampling sites
Vegetation Site 1

(per m2)

Site 2

(per m2)

Site 3

(per m2)

Site 4

(per m2)

Purple Loosestrife (Lythrum salicaria) 0 0 1 0

Narrow Leaf Cattail (Typha angustifolia) 7 19 23 13

Bottlebrush Sedge (Carex hystericina) 0 0 1 0

Arrowhead (Sagittaria sp.) 0 8 5 2

Bulrush (Scirpus sp.) 0 5 11 8

Reed Canary Grass (Phalaris aquatica) 40 15 0 0

Duckweed (Lemna sp.) 0 0 0 50% cover

Table 2 Sequential extraction procedures

Fraction Reagent Procedure

Exchangeable 8 ml 1 M MgCl2, pH 7.0 1 h on shaker at room T

Carbonate 8 ml 1 M sodium acetate, pH 5.0 (adjusted with acetic acid) 5 h on shaker at room T

Reducible 20 ml of 0.04 M hydroxylamine HCl in 25% (v/v) acetic acid 6 h at 96�C in water bath, occasional agitation

Oxidizable (1) 3 ml of 0.02 M HNO3 + 5 ml 30% H2O2 (pH 2) (1) 2 h at 96�C, occasional agitation; cool

(2) 5 ml of 3.2 N ammonium acetate in 20% (v/v) HNO3,

dilute to 20 ml

(2) 30 min on shaker at room T

Biogeochemistry (2007) 86:33–62 37
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Fig. 1 Pore water

geochemistry at the four

sites as a function of depth

over the upper 50 cm of

peat: (A) pH, (B) alkalinity,

(C) Ca, (D) Mg, (E) K, (F)

Na, (G) total phosphate, (H)

total ammonium, (I) Fe(II),

(J) total sulfide, (K) Fe(III),

(L) Mn, (M) sulfate, (N) Cu

and (O) Zn. Dissolved Ca

and Na were not measured

below 28 cm depth at site 1
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with a more rapid increase in the upper 10 cm of peat

and essentially constant values from 20 cm to 50 cm

depth at all four sites (Fig. 1B). Profiles at sites 1, 2

and 4 are similar, reaching levels of *13 mM

alkalinity by 20–25 cm depth. Alkalinity values at

site 4 between 5 cm and 15 cm depth are slightly

higher than at sites 1 and 2. Alkalinity profiles at site

3 are significantly different than at the other sites. At

site 3, alkalinity increases much more slowly with

depth, reaching a value of only *7 mM.

Dissolved Ca profiles are similar in shape to those

of alkalinity (Fig. 1C), with increasing concentrations

from the surface to *20 cm depth and then relatively

little depth-dependence in the bottom half of the

profile. Sites 1, 2 and 4 have similar values, except

that higher Ca concentrations are present between

5 cm and 15 cm depth at site 4 compared to the other

sites. Site 3 values are again much lower than at the

other sites, reaching only *115 ppm by 50 cm depth,

compared to *210 ppm by 50 cm depth at sites 2 and

4. Dissolved Mg concentrations also increase with

depth (Fig. 1D). As for Ca and alkalinity, dissolved

Mg levels are elevated at site 4 between *5 cm and

20 cm of depth. Concentrations of Mg are lower at

site 3 than at the other sites, although the difference is

less pronounced than for Ca and alkalinity.

Dissolved K profiles have a markedly different

depth-dependence compared to Mg and Ca (Fig. 1E).

At all four sites, dissolved K decreases from 2 ppm to

5 ppm at the surface to *0.5 ppm at 20 cm depth. K

profiles are very similar at the four sites, with slightly

more K present at site 4 and slightly less K at site 2

present between 5 cm and 10 cm depth compared to

sites 1 and 3. Dissolved Na profiles at sites 1, 2 and 3

are very similar, increasing gradually with depth to

*12–13 ppm at 50 cm depth (Fig. 1F). In contrast,

between 5 cm and 25 cm depth, site 4 has much

higher Na concentrations compared to the other sites,

with levels of up to 25 ppm.

Dissolved phosphate concentrations are typically

50 mM or less at all four sites and vary little with

depth (Fig. 1G). The exception is at site 4, where

there is a sharp peak in phosphate with a maximum of

nearly *375 mM centered at 8 cm depth. At all four

sites, dissolved ammonium is much more variable

with depth than phosphate (Fig. 1H). At sites 2, 3 and

4, dissolved ammonium levels are steady at *50–

100 mM from 20 cm to 50 cm depth. There is a small

subsurface peak in ammonium at site 3 with a

maximum of *200 mm at 12 cm depth. In contrast to

the other three sites, ammonium concentrations

continue to build with depth to *320 mM by

50 cm depth at site 1.

Dissolved Fe(II) concentrations are more variable

between sites than nutrients or major elements

(Fig. 1I). Dissolved Fe(II) is very low (<6 mM)

throughout the upper 50 cm of peat at site 3. At sites

1, 2 and 4, Fe(II) increases with depth, with the

highest Fe(II) concentrations at site 1 and the lowest

at site 4. Dissolved sulfide profiles are similar at sites

1, 2 and 4 (Fig. 1J). At these sites, sulfide concen-

trations are low and increase only slightly with depth,

with the greatest sulfide levels of the three sites

occurring at site 4, which also had the lowest Fe(II)

concentrations. As for Fe(II), the sulfide profile at site

3 is quite distinct from those measured at the other

three sites. Sulfide concentrations increase dramati-

cally with depth, reaching *160 mM by *30 cm

depth.

Dissolved Fe(III) levels, like Fe(II), are much

lower at site 3 than at the other sites (Fig. 1K). Fe(III)

was not measured at site 1. At sites 2 and 4, Fe(III)

profiles are quite similar with a broad maximum of

100–150 mM centered at *15 cm depth. Dissolved

Mn profiles are similar to dissolved Fe(II) profiles

(Fig. 1L). Mn concentrations are much lower (*10–

15 mM) and less variable at site 3 compared to the

other sites. At sites 1, 2 and 4, Mn concentrations

increase with depth to *30 mM by *10–15 cm

depth. As for Fe(II), the highest dissolved Mn

concentrations are measured at site 1.

Dissolved sulfate profiles are similar at the four

sites (Fig. 1M). Concentrations are highest close to

the surface, reaching *450–600 mM, with the highest

values at site 3 and the lowest at site 4. At all four

sites, sulfate concentrations decrease rapidly over the

upper 5 cm. At site 1, levels continue to decrease

until 10 cm depth. Beneath the zone of rapid sulfate

depletion, sulfate concentrations at sites 2, 3 and 4

decrease very gradually with depth, from *100 mM

to *50 mM at the bottom of the profiles. Sulfate

concentrations are also nearly invariant with depth at

site 1, but are slightly higher than at the other three

sites, averaging *150 mM.

ICP-OES was used to analyze pore waters for Co,

Cr, Cu, Ni, Pb, and Zn. Concentrations of Co, Cr, Ni

and Pb were consistently below detection limits of

*10 ppb. Dissolved Cu concentrations were close to
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detection limits of *10 ppb throughout sites 3 and 4.

At site 2, Cu concentrations reached *44 ppb at 2 cm

depth and decreased to below detection limits by a

depth of 9 cm (Fig. 1N). Dissolved Zn concentrations

were also close to detection limits at all depths at site

4, and only a small peak in Zn of *50 ppb at 4 cm

depth was present at site 3 (Fig. 1O). However, at

both sites 1 and 2, a large peak in Zn reaching nearly

900 ppb at site 1 and nearly 500 ppb at site 2 is

centered at 12 cm depth.

Tessier extractions

Metals associated with the operationally-defined

readily exchangeable, carbonate, reducible and oxi-

dizable fractions were assessed using the extraction

scheme proposed by Tessier et al. (1979). The

reducible fraction is commonly assumed to represent

metals associated with iron and manganese oxides,

and the oxidizable fraction is likely comprised of a

mixture of metals associated with both organic matter

and sulfides. Concentrations of Cd, As, Cr and Co

were typically near or below detection limits of

� 1 mg/g dry soil (steps 1, 2 and 4) or � 5 mg/g dry

soil (step 3; higher detection limits due to greater

dilution for analysis of supernatants in the organic-

rich matrix). Distributions of Cd and As are not

shown. Metals associated with the oxidizable fraction

of site 2 were not analyzed due to a sampling error.

At all four sites, exchangeable and carbonate

associated Fe accounts for very little (<1%) of the

extracted Fe (Fig. 2). The reducible-Fe decreases

significantly with depth at all sites, with the largest

decrease and lowest concentrations of reducible-Fe

occurring at site 3, and the largest concentrations of

reducible-Fe in the upper portion of the peat profile

occurring at site 1. Oxidizable-Fe dominates the

distribution of Fe at all three sites where this fraction

was analyzed. At site 1, there is more oxidizable-Fe

at the bottom of the core, in contrast to site 3, which

has the highest oxidizable-Fe concentrations in the

upper 5–30 cm.

The distribution and total quantity of extracted Mn

is similar at the four sites, although there is a little less

Mn present in the sum of the labile solid fractions at

Site 3 compared to the other sites (Fig. 3). In contrast

to Fe, a significant quantity of Mn is associated with

all four operationally-defined fractions. There is more

exchangeable-Mn present at site 4 compared to the

other three sites. Especially at sites 2 and 4, carbonate-

associated Mn decreases markedly with depth. At all

four sites, the quantity of Mn associated with the

reducible fraction also decreases with depth. At site 3,

there is less reducible-Mn present in the upper 20 cm

of the peat than at the other three sites, but the quantity

below 35–40 cm is similar at all four sites. Mn

associated with the oxidizable fraction varies little

with depth and typically accounts for *15–20% of

the extracted Mn.

Most of the extracted Ba is associated with the

reducible and exchangeable fractions, although a

significant quantity is also associated with the

carbonate and oxidizable fractions (Fig. 4). The

quantity of exchangeable-associated Ba generally

increases with depth and is highest at sites 3 and 4.

Less Ba is extracted with the carbonate phase at site 3

compared to the other sites. At site 3, carbonate-Ba

increases at the bottom of the core, in contrast to the

other sites where carbonate-Ba decreases with depth.

Site 3 also has the smallest quantity of reducible-Ba.

At sites 1, 2 and 4 reducible-Ba decreases with depth,

whereas the reducible-Ba at site 3 varies little with

depth, resulting in similar concentrations of reduc-

ible-Ba at the bottom of all four cores. Oxidizable-Ba

concentrations are similar at sites 1, 3 and 4, typically

accounting for 15–25% of total extracted Ba.

The extracted Ni distribution is similar at the four

sites (Fig. 5). At all sites, exchangeable-Ni accounts

for a negligible (<1%) fraction of extracted Ni and

carbonate-associated Ni typically accounts for <5%

of extracted Ni. Ni extracted with the reducible

fraction usually accounts for 15–25% of total

extracted Ni. Ni associated with this fraction

decreases with depth at all four sites. The smallest

concentrations of reducible-associated Ni, especially

at the top of the peat profile, occur at site 3.

Oxidizable-Ni dominates the distribution of Ni. The

concentration of Ni in this fraction varies little with

depth at sites 1 and 4, and decreases with depth only

in the lower 15 cm at site 3.

Most of the extracted Zn is associated with either

the oxidizable or reducible fractions (Fig. 6). The

reducible-associated Zn decreases with depth at sites

1, 2 and 3, which all have very similar concentrations

of reducible-Zn, except in the upper 5 cm of the peat

profile, where there is more Zn associated with the

reducible phase at site 2 compared to the other sites.
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Oxidizable-associated Zn increases gently with depth

at site 1, which also typically has the lowest

concentrations of oxidizable Zn. Site 3 has the

highest concentrations of oxidizable Zn, and in

contrast to site 1, oxidizable-Zn quantities are

greatest in the shallower samples. At site 4, oxidiz-

able-Zn levels are typically intermediate between

those measured at sites 1 and 3, and as for site 1,

increase with depth.

Nearly all extracted Pb is associated with the

oxidizable fraction, with a small quantity of Pb

extracted with the carbonate fraction (Fig. 7). The

oxidizable-Pb profiles at the different sites are quite

distinct. At site 1, the oxidizable Pb fraction

decreases from *20 mg Pb/g dry soil in the upper

5 cm to just *3 mg Pb/g dry soil at 15–20 depth, and

then increases dramatically below 30 cm depth to

levels as high as 35 mg Pb/g dry soil. In sharp

contrast, at site 3, most of the oxidizable-Pb is

extracted in the upper portion of the core. At this site,

oxidizable-Pb levels increase from 30 mg Pb/g dry

soil in the upper 5 cm to a maximum of 54 mg Pb/g

dry soil at 15–20 cm depth and then decrease to just

4.5 mg Pb/dry soil at 45–50 cm depth. The depth

distribution of oxidizable-Pb at site 4 is intermediate

between those at sites 1 and 3, with maximum levels

of Pb extracted between *25 and 35 cm depth.

As for Pb, the bulk of the extracted Cu is

associated with the oxidizable fraction (Fig. 8). There

is relatively little variation in oxidizable-Cu with

depth at sites 1 and 4. In contrast, at site 3 the

concentration of oxidizable-Cu decreases below 15–

20 cm depths, with much lower concentrations

present below 35 cm depth compared to the upper

portion of the profile. A small amount of Cu

(typically <2 mg Cu/g dry soil), relatively invariant

with depth or site, is associated with the reducible

fraction. These levels are very close to the detection

limits for this extraction step.

At all four sites, extractable Co levels are very

low, with concentrations only above detection limits

in the oxidizable fraction (Fig. 9). The depth distri-

butions of oxidizable-Co at the four sites are muted

versions of those observed for Pb and Cu. At site 1,
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oxidizable-Co increases gradually with depth,

whereas at site 3, maximum concentrations occur

between 10 cm and 25 cm depth.

Extractable Cr concentrations are close to detec-

tion limits. Most of the Cr is associated with the

oxidizable fraction (Fig. 10). The depth distribution

of oxidizable-Cr is very similar to the depth distri-

butions of oxidizable Co, Pb and Cu. The small

quantity of Cr extracted in the reducible fraction

(*2–3 mg Cr/g dry weight soil) is close to the

detection limits, and varies little with depth or site.

Percent organic carbon

Percent organic carbon determined by LOI is similar

at the four sites. At all four sites, the percent organic

carbon decreases from *45% near the peat surface to

*25% at *45 cm depth (Fig. 11). In the 45–50 cm

interval, there is more divergence in the percent

organic carbon values, from *12% at site 3 to *32%

at site 4. For samples from site 3, percent organic

carbon was also analyzed using a mannometric

technique (data courtesy of Drs. RV Krishnamurthy

and Tsigabu Gebrehiwet, WMU Geosciences). There

is excellent agreement between these data and the

percent organic carbon estimated from LOI according

to the method of Craft et al. (1991).

Discussion

Redox stratification

Wetland soils or sediments are typically vertically

redox-stratified, with progressively more reducing

conditions found with increasing depth. As de-

scribed above, oxic, suboxic, sulfidic and methanic

zones have been delineated based on pore water

profiles of Mn(II), Fe(II) and sulfide for saltmarshes

(e.g. Koretsky et al. 2003, 2005; CM Koretsky

et al. submitted), lake sediments (e.g. Koretsky

et al. 2006b) and minerotrophic fens (e.g., Koretsky

et al. 2006a). The oxic zone is defined by the

presence of dissolved oxygen and is generally very
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thin in organic-rich sediments or soils. Within this

zone, organic matter degradation is presumed to

occur primarily aerobically. Dissolved species such

as Mn(II), Fe(II) or sulfide diffusing upwards from

more reduced deeper layers can be oxidized within

the oxic zone by oxygen. The suboxic zone is

identified in this study, as in previous studies,

based on the accumulation of dissolved Mn(II) and

Fe(II) in the pore waters, products of anaerobic

reductive dissolution of Mn(IV) and Fe(III) oxides.

In the sulfidic zone dissolved sulfide builds up in

the pore waters due to anaerobic sulfate reduction.

Once sulfate is depleted to concentrations limiting

microbial respiration, organic matter degradation

occurs predominantly via methanogenesis. The

vertical sequence of zonation is often attributed to

differences in the energetic favorability of coupling

the various terminal electron acceptors (O2,

Mn(IV), Fe(III), sulfate) to organic matter oxidation

(e.g., Froelich et al. 1979). However, it is important

to note that in laterally heterogeneous, organic-rich

soils or sediments, it is likely that organic matter

degradation occurs by more than one pathway

within each of the pore water zones. For example,

rhizosphere oxygen leakage into a bulk suboxic or

sulfidic zone creates oxic microzones (Crowder

1991; Pedersen et al. 1998; Jensen et al. 2005;

Choi et al. 2006), supporting aerobic respiration

and increasing microbial Fe(III) reduction (Roden

and Wetzel 1996). Pore water redox stratification at

the Kleinstuck marsh is strongly dependent on

season (Koretsky et al. 2006a), and is likely to

depend on densities and types of vegetation (e.g.

Jaynes and Carpenter 1986).

All four sites have very similar pH profiles with a

fairly rapid decrease in pH occurring in the upper

5 cm of the peat profile (Fig. 1A). The increased

acidity is likely produced by oxygen oxidizing

organic matter and dissolved inorganic species (e.g.,

Mn(II), Fe(II), NH3) diffusing upwards from the more

reduced, deeper layers. pH minima have sometimes

been used to infer maximum oxygen penetration

depths in organic-rich soils or sediments (Shotyk

1988; Koretsky et al. 2005, 2006a, b; CM Koretsky

et al. submitted). However, the gentler decline in pH

between 5 cm and 20 cm depth is probably not due to

deep penetration of oxygen, although some oxygen

may be introduced at these depths by rhizosphere
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oxygen leakage. Instead, this decline in pH is more

likely due to precipitation of carbonate phases,

according to

Caþ2
ðaqÞ + HCO�3 ðaqÞ = CaCO3ðsÞ + HþðaqÞ; ð2Þ

which produces acidity (see also Major elements

section).

Total alkalinity at these sites is dominated by

carbonate alkalinity (Koretsky et al. 2006a). Alkalin-

ity profiles are thus likely to represent the balance of

alkalinity production from anaerobic degradation of

organic matter and carbonate dissolution and removal

of alkalinity via carbonate precipitation reactions.

The rapid accumulation of alkalinity in the upper

10 cm of the peat (Fig. 1B) suggests high rates of

organic matter decay in the uppermost portion of the

peat profile, which is also supported by the decreas-

ing percent organic carbon with depth at all four sites

(Fig. 11). At three of the sites, the alkalinity profiles

are quite similar, but there is a distinctly smaller

accumulation of alkalinity at site 3. There are several

possible explanations for this, including: (1) less

primary production, and thus less organic matter

degradation, at site 3, (2) similar primary production,

but lower rates of organic matter degradation at site

3, (3) more removal of bicarbonate into the carbonate

solid phase at site 3, or (4) differences in the

dominant organic matter degradation pathway at site

3 compared to the other sites.

The amount of alkalinity produced per mol of

organic carbon oxidized depends on the reaction

pathway (Van Cappellen and Wang 1996). Specifi-

cally, anaerobic respiration of organic matter via

dissimilatory manganese reduction produces 4 moles

of alkalinity per mol organic C, according to:

CH2OðaqÞ + 2MnO2ðsÞ + 3CO2ðaqÞ

+ H2OðlÞ = 2Mnþ2
ðaqÞ + 4HCO�3 ðaqÞ

ð3Þ

while dissimilatory iron reduction produces 8 moles

of alkalinity per mole of organic C oxidized,

CH2OðaqÞ + 4Fe(OH)3ðsÞ + 7CO2ðaqÞ

= 4Feþ2
ðaqÞ + 3H2OðlÞ + 8HCO�3 ðaqÞ

ð4Þ

and microbial sulfate reduction produces only 1 mol

of alkalinity per mol of organic C oxidized,
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CH2OðaqÞ + 1/2SO�2
4 ðaqÞ = 1/2H2SðaqÞ + HCO�3 ðaqÞ:

ð5Þ

Without direct measurements of primary produc-

tivity or organic matter respiration rates at the sites, it

is difficult to assess the first and second possible

explanations for the lower alkalinity accumulation at

site 3, although the similarity of the percent organic

carbon profiles with depth at the four sites (Fig. 11)

argues against these hypotheses. Common carbonate

minerals are consistently undersaturated at site 3 (see

Major elements section), so excess carbonate precip-

itation at site 3 compared to the other sites is unlikely

to account for the lower measured alkalinities.

However, organic matter respiration pathways

inferred from the bulk redox stratification at the four

sites do point to a very different predominant organic

matter pathway near the surface at site 3 compared to

the other three sites.

Sites 1, 2 and 4 all have a large suboxic zone, with

dissolved Mn(II) and Fe(II) accumulation beginning

at depths of *2 and 4 cm, respectively (Figs. 1I, L),

Broad Mn(II) and Fe(II) peaks dominate the entire

upper 50 cm at these three sites. There is also very

little accumulation of sulfide at these sites (Fig. 1J).

In sharp contrast, at site 3 dissolved Mn(II) concen-

trations in the pore waters are much lower compared

to the other sites, there is very little dissolved Fe(II)

present at any depth and dissolved sulfide increases

rapidly with depth. These data suggest that either

more organic matter degradation via sulfate reduction

occurs at site 3 compared to sites 1, 2 and 4, or that

sulfate reduction is not as closely balanced with

sulfide oxidation at site 3. A close balance between

sulfate reduction and sulfide oxidation has been

observed in other wetland systems. For example,

Wieder and Lang (1988) measured sulfate reduction

rates in an acidic bog, and found very high rates of

sulfate reduction, comparable to those in coastal

marine sediments, in sediments with low bulk

concentrations of sulfate (<200 mM). They suggested

that the high sulfate reduction rates were supported

by rapid sulfide oxidation. Urban et al. (1989),

Wieder et al. (1990) and Blodau et al. (2007)

similarly found rapid internal sulfur cycling, even
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in the presence of low sulfate concentrations, in

ombrotrophic bogs.

The distribution of Fe in the solid phase supports

the hypothesis that more net sulfate reduction occurs

at site 3 compared to the other sites. Site 3 has the

lowest concentrations of reducible-associated Fe of

the four sites and also has the highest levels of

oxidizable-associated Fe in the upper portion of the

peat (Fig. 2). This is consistent with consumption of

readily reducible Fe(III) oxides, producing Fe(II)

sulfides. Site 3 also has the lowest concentrations of

reducible-associated Mn, again, suggesting that labile

Mn(IV) oxides are depleted in a thin suboxic zone

near the surface.

Interestingly, dissolved sulfate concentrations are

quite similar at all four sites (Fig. 1M), in spite of the

significant differences in dissolved sulfide concentra-

tions and inferred differences in the proportion of

organic matter degradation coupled to sulfate reduc-

tion. However, as indicated above, total concentra-

tions of sulfate or sulfate profiles are often poor

indicators of sulfate reduction rates due to rapid

internal cycling of sulfur in wetlands (Berner 1980;

Wieder and Lang 1988; Urban et al. 1989; Wieder

et al. 1990; Koretsky et al. 2005, 2006a). Sulfide

diffusing upward into the oxic surface layer or into

oxic microzones in the rhizosphere can be rapidly

reoxidized to produce dissolved sulfate, obscuring the

magnitude of sulfate reduction. Thus, without direct

measurement of sulfate reduction rates, it is impos-

sible to quantify the relative contribution of sulfate

reduction to organic matter degradation at the four

sites.

Given the close proximity of these sites (only

*2 m separates Sites 3 and 4), the substantial

differences in pore water and solid phase biogeo-

chemistry are remarkable. The sites do differ with

respect to the type and density of vegetation (Table 1).

The presence of purple loosestrife at site 3, lacking at

the other three sites, is the most visually striking

distinction. Site 3 also contains bottlebrush sedge,

which is not present at the other three sites, and it has

the highest density of cattails and bulrush of the three

sites. These results highlight the potential for very
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significant lateral heterogeneity of biogeochemical

conditions in marshes, even over relatively small

scales. These data also suggest that the exotic

invasive purple loosestrife may create significant

shifts in peat biogeochemistry.

Nutrients

Organic matter degradation releases dissolved phos-

phorous and nitrogen to pore waters (Mitsch and

Gosselink 2000). Dissolved phosphate can be re-

moved from the pore waters via adsorption onto

particulates, precipitation of phosphate-bearing min-

erals or by macrophyte uptake. Low concentrations of

phosphate are common in wetland pore waters, where

macrophytes are frequently phosphate-limited. All

four sites in this study have relatively low concen-

trations of phosphate (typically <50 mM), with the

exception of a large peak in phosphate centered at

*8 cm at site 4 (Fig. 1G). This large peak in

phosphate may indicate a localized area of high

organic matter degradation, although levels of dis-

solved ammonium are not correspondingly higher at

this depth at site 4 compared to the other sites. Major

element data (see Major elements section) indicate

enhanced evapotranspiration at site 4 in the upper

portion of the peat relative to the other sites and this

may contribute toward the observed subsurface peak

in dissolved phosphate. Another possibility is that the

phosphate is liberated from reductively dissolving Fe

oxides. However, it is not clear why a similar peak is

not observed at the other sites, unless the vegetation

at those sites is more efficient at taking up any

released phosphate. The peak in dissolved phosphate

could also be due to differences in vegetation at the

sites, either due to differential release of phosphate

from various types of decaying plant matter, or, due

to differential uptake of phosphate from the pore

waters by the various plant species.

Dissolved phosphate concentrations may be con-

trolled, at least in part, by precipitation of P-bearing

minerals, such as strengite (FePO4�2H2O) or hydrox-

ylapatite (Ca5(PO4)3OH). The saturation indices at

each site as a function of depth for these two minerals

were calculated using the speciation code JCHESS

with the default thermodynamic database (van der
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Lee and de Windt 2000; Table 3). Speciation

calculations were completed for the closed system

by assuming that the measured alkalinity is equal to

total HCO3
�

(aq), and including the concentrations of

all measured species in the calculations. The temper-

ature for all speciation calculations was set to 25�C,

because temperature profiles were not measured at

the sites, and this is reasonably close to the measured

surface temperature of the peat (*21�C) and the

average air temperatures for July 2006 of 23�C

reported at the nearby Kalamazoo airport (Wunde-

ground 2007). Negative saturation indices indicate

that the mineral is undersaturated; positive saturation

indices indicate supersaturation. Except very near the

surface, strengite is close to saturation at site 2, and is

slightly undersaturated throughout site 3 (Fig. 12A).

At site 4, strengite fluctuates between oversaturation

(5–25 cm depth) and undersaturation (upper 5 cm and

below 25 cm depth). Hydroxylapatite is similarly

close to saturation at site 2 and undersaturated at site

3 (Fig. 12B). At site 1, hydroxylapatite is undersat-

urated in the upper 10 cm, but reaches near saturation

at 25 cm depth. At site 4, hydroxylapatite is

significantly oversaturated in the upper 25 cm, but

remains close to saturation below 25 cm depth. These

calculations suggests that precipitation of phases such

as strengite or hydroxylapatite play a significant role

in determining pore water concentrations of phos-

phate in these fen soils.

Dissolved ammonium released to the pore waters

via organic matter degradation can be removed via

macrophyte uptake, oxidation to form dissolved

nitrite or nitrate or by sorption, especially onto clay

minerals. Dissolved ammonium profiles are some-

what noisy, but generally suggest rapid accumulation

of ammonium in the upper 10–15 cm of the peat with

steady or slightly decreasing levels lower in the peat

(Fig. 1H). The rapid accumulation of ammonium in

the upper portion of the peat is probably due to higher

organic matter degradation rates near the surface.

Alkalinity, Fe(II) and Mn(II) levels are higher at site

1 than at sites 2 or 4, thus, the higher ammonium

concentrations there may be due to higher organic

matter degradation rates. It is also possible that
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differences in rhizosphere oxygen leakage, and

subsequent reoxidation of reduced species including

ammonium, Mn(II) and Fe(II), or differences in direct

uptake of dissolved ammonium by the macrophytes at

site 1 contribute to the observed higher levels of

ammonium. At site 1, there is a second accumulation

of ammonium at depths below 30 cm. The increase

corresponds to elevated dissolved Fe(II), and to a

lesser extent, dissolved Mn(II). This ‘‘double’’ peak

of Fe(II), Mn(II) and ammonium may be due to non-

steady state effects as redox stratification undergoes

seasonal shifts (Koretsky et al. 2006a). Alternatively,

these peaks may indicate a zone of enhanced Fe(III)

and Mn(IV) reduction at depth, perhaps correspond-

ing to a region with elevated leakage of labile organic

matter from deep macrophyte roots or with significant

decay of senescent roots.

Dissolved trace metals

Concentrations of dissolved Co, Cr, Ni and Pb are

always below the detection limit of *10 ppb.

However, at sites 1 and 2, high levels of Cu are

detected near the surface, declining with depth

(Fig. 1N). Cu can be released into solution by

reductive dissolution of FMO or, more often, by

degradation of organic matter or release of organic

matter bound to dissolving FMO (Tessier et al. 1996;

Achterberg et al. 1997). Although Fe(III) and Mn(IV)

reduction are also inferred to occur in the upper

portion of site 4, Cu does not accumulate in the pore

waters at this site. This may reflect variability in

macrophyte uptake of Cu due to the heterogeneous

distribution of vegetation. For example, site 4 is the

only site with duckweed, a plant that has been

documented to accumulate Cu from pore waters

(Zayed et al. 1998; Sweidan and Fayyad 2006). At

site 3, any dissolved Cu produced by organic matter

degradation or reductive dissolution of FMO is likely

to be removed from the pore waters not only by

organic matter association or macrophyte uptake, but

also by forming discrete Cu sulfide minerals or

associating with precipitating iron sulfides (Balistrieri

et al. 1992b; Huerta-Diaz et al. 1993; Achterberg

et al. 1997; Morse and Luther 1999; see also Solid

phase metal distributions section).
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Peaks in dissolved Zn occur between 5 cm and

15 cm depth at sites 1 and 2 (Fig. 1O). Reductive

dissolution of FMO can release adsorbed or copre-

cipitated Zn into the pore waters, where it can be

taken up by macrophytes (e.g. Ye et al. 1998b; Peltier

et al. 2003; Bhattacharya et al. 2006), associated with

organic matter or precipitated out in discrete Zn

sulfide phases (Achterberg et al. 1997; Huerta-Diaz

et al. 1998; Morse and Luther 1999; Peltier et al.

2003). Tessier extractions point to a large decrease in

reducible-associated Zn between the upper 5 cm and

5–10 cm depth at both site 1 and 2 (Fig. 6), consistent

with release of Zn associated with reductively

dissolving FMO in the upper part of the suboxic

zone. Zn is likely removed from the pore waters both

via precipitation of sulfides and by macrophyte

uptake, and possibly by complexation to solid phase

organic matter. As for Cu, Zn is below detection

limits at site 4, suggesting that uptake by vegetation

at this site may limit the accumulation of Zn in the

pore waters. For example, duckweed has also been

shown to accumulate Zn (Sweidan and Fayyad 2006).

At site 3, only a very small amount of dissolved Zn

(*50 ppb) is measured at the peat surface. As for Cu,

any Zn released by reductive dissolution of FMO at

site 3 is likely to be removed quickly from the pore

waters as it reacts with sulfides produced by sulfate

reduction.

Major elements

Sodium is a conservative element and is therefore

typically a good tracer for salinity. At sites 1, 2 and 3,

Na increases with depth, especially near the surface

(Fig. 1F). An increase in salinity is most likely due to

evapotranspiration occurring at the surface and within

the root zone. The Na profile at site 4 is quite distinct

from those at the other sites, with nearly doubled Na

levels between *5 cm and 20 cm depth. A large

subsurface peak in salinity is unlikely to result from

lateral advective flow of a saline water source,

because it is not observed at the nearby sites. The

most likely explanation for the spike in Na is

enhanced evapotranspiration at this site relative to

the others. Although site 4 is not more densely

vegetated than the adjacent sites, the community

structure of the vegetation is distinct from the others.

In particular, this is the only site with duckweed

(Table 1), suggesting that the duckweed (or perhaps

some other vegetation unique to this site) enhances

evapotranspiration near the surface.

The large subsurface peak in dissolved Na at site 4

is echoed by more muted increases in dissolved Ca,

Mg and K, not observed at the other sites (Fig. 1C

and D). This supports the idea that enhanced evapo-

transpiration occurs near the surface of this site

relative to the other three. At all four sites, Ca and Mg

increase with depth, typically at a greater rate than

the increase with depth of dissolved Na. The region

of rapidly increasing Ca and Mg roughly corresponds

to the depths of decreasing pH. Speciation calcula-

tions suggest that the Ca and Mg profiles are

controlled by carbonate mineral precipitation and

dissolution. At sites 1, 2 and 4, calcite and aragonite

are very close to saturation throughout the profiles

(Fig. 13). Ordered dolomite is consistently supersat-

urated, but is unlikely to precipitate, due to slow

kinetics. Disordered dolomite, and also magnesite

(MgCO3), are undersaturated at all four sites. At all

sites, Ca and Mg are very well correlated

(R2 � 0.90), probably due to co-precipitation of
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both elements into dolomite, or more likely, in a solid

solution of Mg with calcite or aragonite. Mg, and

especially Ca, concentrations are lower at site 3

compared to the other sites. Although alkalinity

levels are also lower at this site, dolomite, magnesite,

calcite and aragonite are undersaturated at all depths.
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Fig. 12 Saturation indices

as a function of depth at the

four sites for (A) strengite

(FePO4�2H2O) and (B)

hydroxylapatite

(Ca5(PO4)3OH) calculated

using the speciation code

JCHESS

Table 3 Reaction stoichiometries and equilibrium constants used for thermodynamic calculations with the speciation software

package JCHESS (van der Lee and de Windt 2000)

Reaction stoichiometry Equilibrium constant

Feþ3
ðaqÞ + HPO�2

4 ðaqÞ + 2H2OðlÞ = FePO4 � 2H2OðsÞ + HþðaqÞ
Strengite

log K = 11.3429

5Caþ2
ðaqÞ + 3HPO�2

4 ðaqÞ + H2OðlÞ = 4HþðaqÞ + Ca5(PO4)3(OH)ðsÞ

Hydroxylapatite

log K = 3.0746

Caþ2
ðaqÞ + Mgþ2

ðaqÞ + 2HCO�3 ðaqÞ = CaMg(CO3)2ðsÞ + 2HþðaqÞ
Ordered Dolomite

log K = �2.5135

Caþ2
ðaqÞ + Mgþ2

ðaqÞ + 2HCO�3 ðaqÞ = CaMg(CO3)2ðsÞ + 2HþðaqÞ
Disordered Dolomite

log K = �4.0579

Mgþ2
ðaqÞ + HCO�3 ðaqÞ = MgCO3ðsÞ + HþðaqÞ

Magnesite

log K = �2.2936

Caþ2
ðaqÞ + HCO�3 ðaqÞ = CaCO3ðsÞ + HþðaqÞ

Aragonite

log K = �1.9931

Caþ2
ðaqÞ + HCO�3 ðaqÞ = CaCO3ðsÞ + HþðaqÞ

Calcite

log K = �1.8487

Feþ2
ðaqÞ + HCO�3 ðaqÞ = FeCO3ðsÞ + HþðaqÞ

Siderite

log K = 0.192

Feþ2
ðaqÞ + HS�ðaqÞ = FeSðsÞ + HþðaqÞ

Pyrrhotite

log K = 3.7193

Feþ2
ðaqÞ + 0.25SO�2

4 ðaqÞ + 1.75HS�ðaqÞ + 0.25HþðaqÞ = FeS2ðsÞ + H2OðlÞ

Pyrite

log K = 24.6534

Mnþ2
ðaqÞ + HCO�3 ðaqÞ = MnCO3ðsÞ + HþðaqÞ

Rhodochrosite

log K = 0.1928
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In contrast to Na, Mg and Ca, dissolved K

decreases with depth (Fig. 1E). K is produced by

decaying organic matter, but may be taken up by

macrophyte roots. In addition, K can be removed

from the pore waters by sorption to clay minerals.

The peak in dissolved K at *8 cm depth at site 4

corresponds to the increase in dissolved Na and is

likely due to a sharp change in salinity at this depth.

Solid phase metal distributions

Metal distributions inferred from operationally de-

fined sequential extraction procedures must be

regarded with some caution. Because these methods

are operational in nature, it can be difficult to

compare results from different extraction schemes

(Quevauviller 1998; Filgueiras et al. 2002; Koretsky

et al. 2006b). Furthermore, artifacts like redistribu-

tion of elements between phases can be introduced

during soil or sediment preservation (Filgueiras et al.

2002). Extraction steps can remove more than just the

target phase, or can incompletely dissolve target

phases (Filgueiras et al. 2002). Nonetheless, useful

information can often be gleaned from these proce-

dures, particularly in comparisons of similar sites

assessed using identical extraction procedures

(Koretsky et al. 2006a, b; CM Koretsky et al.

submitted).

Iron

Most of the solid phase iron is extracted with the

reducible and oxidizable fractions (Fig. 2), consistent

with primary association of solid phase iron with

organic matter, iron oxides and iron sulfides. Much

less iron is extracted with the exchangeable or

carbonate phases. Siderite (FeCO3) is significantly

undersaturated at site 3 (Fig. 14A). At sites 2 and 4,

and especially at site 1, siderite is much closer to

saturation and may form a minor phase in the peat.

Hjorth (2004) demonstrates that freeze-drying can

mobilize Fe, probably present as poorly crystalline

siderite, from the operationally-defined exchange-

able/carbonate phase to the reducible fraction. This

may explain why relatively little iron is extracted

with the carbonates phase at sites 1, 2 and 4, in spite

of the fact that siderite is close to saturation.

Reducible iron is generally presumed to be

predominantly composed of iron oxides. However,

previous studies have shown that freeze-drying can
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as a function of depth at the

four sites for (A) ordered

dolomite (CaMg(CO3)2),

(B) disordered dolomite

(CaMg(CO3)2), (C)

magnesite (MgCO3), (D)

aragonite (CaCO3) and (E)

calcite (CaCO3) calculated

using the speciation code

JCHESS
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mobilize not only poorly crystalline siderite into this

fraction, but can also lead to partial oxidation and

release of iron sulfides in the reducible fraction

(Rapin et al. 1986; Hjorth 2004). There is also some

evidence that the reducible fraction may partially

extract some organic-matter associated species as

well (Filgueiras et al. 2002). However, the measured

distribution of iron in the reducible phase at the four

sites is entirely consistent with the redox stratification

and organic matter degradation pathways inferred

from the pore waters. That is, the extractions suggest

labile Fe(III) oxide formation in the oxic zone, or

possibly within oxic rhizospheres, and subsequent

reductive dissolution of these solids via dissimilatory

iron reduction, and perhaps also via abiotic chemical

reduction, for example, coupled to sulfide oxidation.

Thus, Fe extracted in the reducible fraction decreases

with depth, especially at sites 1, 2 and 4, where

Fe(III), and perhaps Mn(IV) reduction, are inferred to

be more significant organic matter degradation path-

ways deeper in the sediments than at the mostly

sulfidic site 3.

The largest pool of iron is extracted with the

oxidizable fraction (Fig. 2). This iron is likely

associated with a mixture of organic matter, iron

monosulfides and iron disulfides (Koretsky et al.

2006a, b). Speciation calculations indicate that pyr-

rhotite (FeS) is undersaturated at all four sites in the

upper 10 cm of the peat, but approaches saturation

with increasing depth (Fig. 14B). However, it is much

more likely that iron monosulfide phases including

greigite, mackinawite or amorphous FeS (not in-

cluded in the JCHESS thermodynamic database) will

occur, rather than pyrrhotite, which is not often found

in soil or sediments (Schoonen 2004). Pyrite (FeS2) is

significantly supersaturated at all depths, as has been

reported for many other anoxic systems (Wersin et al.

1991; Schoonen 2004; Koretsky et al. 2006b; CM

Koretsky et al. submitted).

In spite of the close proximity of the four sites,

there are distinct differences in the oxidizable Fe

distribution. At site 1, oxidizable Fe increases at the

bottom of the core, presumably due to formation of

iron sulfides only after labile iron oxide, which the

reducible extraction suggests is elevated in the upper

layers, is depleted. At site 3, where the pore water

geochemistry is most compressed, with mostly sul-

fidic pore waters, the highest concentrations of

oxdizable-Fe are found in the upper portion of the

core. This is consistent with formation of Fe sulfides

at much shallower depths at this site compared to the

others. Site 4 is lacking some key depth data, but

appears to be intermediate, with formation of iron

sulfides at intermediate depths, again consistent with

the intermediate redox stratification observed in the

pore waters (i.e., less Fe(II) and Mn(II) than site 1,

but more than site 3).

Manganese

Under oxic conditions, Mn forms Mn(IV) oxides,

which can be important reservoirs for trace metals,

especially Co, Zn and Cr (Davison 1993; Tonkin

et al. 2004). Under suboxic conditions, Mn(IV)

oxides reductively dissolve, releasing dissolved

Mn(II). If this Mn does not diffuse into oxic zones

near the surface or in the rhizosphere to be reoxi-

dized, it is often removed from the pore waters into

carbonate phases, including rhodochrosite (Davison

1993; LaForce et al. 2002). Under sulfidic conditions,

at high degrees of pyritization, Mn can also be

incorporated into sulfides (Morse and Luther 1999).
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A lithophile element, Mn is not typically found in

association with organic matter (Davison 1993).

Some studies suggest that freeze-drying may mobi-

lize Mn from the carbonate or exchangeable fractions

into the reducible fraction (Rapin et al. 1986; Kersten

and Forstner 1986), although other studies do not

show this redistribution (Hjorth 2004). If such

remobilization occurred in this study, it must have

influenced only a small proportion of the carbonate

and exchangeable Mn, as these are typically found in

greater concentration than reducible Mn (Fig. 3).

The small proportion of Mn extracted in the

oxidizable fraction does not vary substantially with

depth or between sites (Fig. 3). This fraction of the

Mn may be associated with sulfide minerals, or with

the abundant organic matter in this peat. A larger

quantity of Mn is extracted with the reducible

fraction. The significant decrease in reducible-Mn

with depth, especially between the upper 5 cm and

the deeper peat, is consistent with reductive dissolu-

tion of Mn(IV) oxides. The remaining reducible-Mn

may occur in microniches, such as oxic rhizospheres,

or perhaps is contributed by partial redistribution of

elements during freeze-drying or by non-target

extraction of organic-matter associated Mn. The

carbonate associated Mn is probably indicative of

rhodochrosite formation, despite the fact that speci-

ation calculations indicate undersaturation with

respect to rhodochrosite at all four sites (Fig. 15).

In a seasonal study of Mn in a palustrine emergent

wetland, LaForce et al. (2002) used EXAFS to

demonstrate the rhodochrosite was always the dom-

inant Mn-bearing phase, although thermodynamic

calculations did not always indicate saturation or

supersaturation with respect to rhodochrosite. A

surprisingly large proportion of the Mn is extracted

with the exchangeable fraction, especially at site 4.

Significant variability in the quantity of readily

exchangeable Mn present at the four sites may be

due to differences in macrophyte uptake of Mn. For

example, Scirpus littoralis has been shown to

efficiently translocate Mn from soils into roots, and

to a lesser extent, shoots (Bhattacharya et al. 2006).

Barium

Barium, like Mn, is a lithophile element, and the

distribution of Ba between the extracted phases is

similar to that of Mn (Fig. 4). A relatively small

quantity of Ba is present in the oxidizable fraction,

and like Mn, it does not vary much with depth or site.

This fraction of Ba tends to correlate well with

oxidizable Zn (R2 = 0.76, 0.56. 0.67 at sites 1, 2 and

3, respectively) and Cr (R2 = 0.54 at site 4, 0.79 at site

1) and sometimes correlates well with Co (R2 = 0.73

at site 1), Cu (R2 = 0.78 at site 3) or Ni (R2 = 0.72 at

site 4). Like Cr and Mn, Ba does not typically form

sulfide minerals, so oxidizable-Ba is presumably

associated mostly with organic matter. Previous

studies have shown that Ba preferentially sorbs to

Mn oxides, rather than Fe oxides (e.g. Manceau et al.

2007). Thus, Ba extracted in the reducible phase is

likely associated with Mn oxides. However, only at

site 4 is there a strong correlation (R2 = .90) between

reducible-Ba and Zn. The smallest quantity of

reducible-Ba is extracted at site 3, consistent with

the differences in redox stratification at the four sites.

A significant proportion of Ba is extracted in the

carbonates phase. Like Mn, Ba can be found in

carbonate minerals, such as witherite (BaCO3) or in

solid solutions with strontianite (SrCO3) or aragonite

(Deer et al. 1996). At sites 2, 3 and 4, carbonate

extractable Ba correlates very well with carbonate
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Fig. 15 Saturation indices as a function of depth at the four

sites for rhodochrosite (MnCO3) calculated using the specia-

tion code JCHESS
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extractable Ni (R2 = 0.74, 0.65 and 0.84, respectively)

and Co (R2 = 0.65, 0.81 and 0.59, respectively).

However, a strong correlation between carbonate

extractable Mn and Ba is again found only at site 4

(R2 = 0.97). As for Mn, large concentrations of Ba are

extracted in the exchangeable fraction, particularly at

site 4, thus both elements are likely extracted from

the same phase.

Nickel

Pyrite and other disulfides often contain large quan-

tities of Ni (Morse and Luther 1999; Schoonen 2004).

The bulk of the extracted nickel is associated with the

oxidizable phase (Fig. 5). At sites 1 and 3, there are

reasonably good correlations between oxidizable Ni

and Zn (R2 = 0.86, 0.79), Cu (R2 = 0.83, 0.61) and, to

a lesser extent, Cr (R2 = 0.63, 0.59), suggesting that

these elements are all found in association in the

same phase. Oxidizable Ni does not correlate with

oxidizable Fe at any of the sites, which could be

explained by the presence of Fe in several sulfide

phases, not all of which contain Ni. Alternatively, Ni

might occur in a mixture of sulfide and organic

phases. Cr, in particular, is rarely associated with

sulfides (Morse and Luther 1999), and Cu is very

often found in association with organic matter

(Achterberg et al. 1997; Kadlec and Keoleian

1986), so the correlations with these elements suggest

that at least some of the oxidizable Ni is associated

with organic matter. The much smaller proportion of

Ni extracted with the reducible fraction is most likely

associated with Mn oxides and possibly with organic

matter. There is a strong correlation between reduc-

ible Ni and Mn at sites 1, 2 and 3 (R2 = 0.85, 0.89 and

0.79, respectively), although surprisingly good cor-

relations are also found with reducible Fe at these

sites (R2 = 0.96, 0.87 and 0.69, respectively). Many

previous studies have shown that Ni has a strong

affinity for sorption on Mn oxides (Tessier et al.

1996; Green-Pedersen et al. 1997; Kay et al. 2001;

Tonkin et al. 2004; Manceau et al. 2007). Larsen and

Postma (1997) showed that pyrite oxidation in aquifer

sediments released Ni, which subsequently sorbed to

Mn oxides. Possibly the strong correlations of

reducible Fe and Ni are indicative of Fe and Ni

release from a partially oxidized sulfide phase.

Significant differences in the vertical distribution of

oxidizable-Ni at sites 1, 2 and 4 are consistent with

more release of Ni from Mn oxides in the upper

layers of site 3, which has less reducible Ni than site

1, to form Ni sulfides, resulting in slightly higher

levels of oxidizable Ni in the shallow peat at site 3.

The small proportion of Ni extracted with the

carbonate phase may be sorbed on carbonates as Ni

does not typically form a discrete carbonate phase. Ni

has been shown to sorb to carbonates, although the

affinity of Ni for sorption on carbonates is smaller

than for many other substrates, including FMO, clays

and organics (Green-Pedersen et al. 1997). Reason-

ably good correlations between carbonate extractable

Ni and Ba (R2 = 0.74, 0.65 and 0.84 at sites 2, 3, and

4, respectively), suggest that the Ni is associated with

the same carbonate phase as Ba. Several wetland

species, including Lemna (Zayed et al. 1998), Typha

(Demirezen and Aksoy 2004) and Scirpus (Bhattach-

arya et al. 2006) have been shown to take up Ni from

soils or pore waters to differing degrees, but the

relatively small differences in Ni concentration and

distribution at the four sites appear to be primarily

controlled by differences in redox stratification.

Zinc

Zinc is a chalcophile element that forms distinct

sulfide phases under anoxic conditions (Davison

1993; Morse and Luther 1999; Huerta-Diaz et al.

1993, 1998; Achterberg et al. 1997; Bostick et al.

2001). Some previous studies have suggested that

freeze-drying or aeration of anoxic soils or sediments

may mobilize Zn from sulfides into exchangeable,

carbonate or reducible fractions (Rapin et al. 1986;

Hjorth 2004; Kersten and Forstner 1986), although

this is not always observed (Bordas and Bourg 1998).

Most of the Zn in this study is extracted in the

reducible or oxidizable phases, so a significant

mobilization to the carbonate or exchangeable phases

did not occur. However, oxidation of Zn-bearing

sulfides during freeze-drying, with subsequent mobi-

lization of Zn into the reducible fraction cannot be

ruled out.

Oxidizable Zn typically correlates reasonably well

with oxidizable Ba (R2 = 0.73, 0.67 and 0.56 at sites

1, 3 and 4). At sites 2 and 4, there is also a good

correlation with oxidizable Cr (R2 = 0.82 and 0.80),

which suggests that the oxidizable Zn is not primarily

present in a sulfide phase. Zn can also be found in

association with organic matter (Achterberg et al.
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1997; El Bilali et al. 2002), which could explain the

correlation with the oxidizable fractions of the

lithophiles Ba and Cr. At site 1, the oxidizable

portion of the Zn also correlates very well with

oxidizable Ni (R2 = 0.86) and Co (R2 = .95), and

reasonably well with Cu (R2 = 0.68). At site 3, there

is a stronger correlation with Cu (R2 = 0.86) and less

correlation with Ni (R2 = 0.79), and a greater

proportion of the Zn is extracted with the oxidizable

phase, compared to sites 1 or 4. This is consistent

with liberation of Zn from reductively dissolving

FMO to form Zn sulfides with sulfide produced via

sulfate reduction. A recent XAS study of Zn in a

contaminated freshwater wetland demonstrated that

Zn cycles seasonally between predominant associa-

tion with FMO during dry, oxidizing conditions and

association with sulfides and carbonates during

flooded, anoxic conditions (Bostick et al. 2001).

Peltier et al. (2003) also observed release of Zn from

FMO during reductive dissolution into pore waters,

followed by precipitation into sulfides. A similar

cycle is suggested in this study by the larger

proportion of oxidizable Zn at site 3, the site with

the most compressed redox stratification, and by the

decrease in reducible Zn observed with depth,

particularly at sites 1 and 2 (Fig. 6). The small

quantity of Zn in the carbonate phase correlates well

with Cu and Co at site 1 (R2 = 0.93, and 0.80), but not

at the other sites. Differences in the total quantity of

extracted Zn may reflect the different redox condi-

tions at the four sites, as well as differential uptake of

Zn by the heterogeneous vegetation. Many wetland

macrophytes can translocate Zn from soils into roots

and shoots, including Phragmites (Ye et al. 1998a;

Peltier et al. 2003), Scirpus (Bhattacharya et al.

2006), and Typha (Ye et al. 1997, 1998b). FMO

plaques formed in the rhizosphere have also been

shown to sequester Zn (Zhang et al. 1998; Ye et al.

1998b; Hansel et al. 2001).

Lead

Under anoxic conditions Pb, which is a chalcophile

element, forms distinct sulfide phases (Morse and

Luther 1999; Huerta-Diaz et al. 1993, 1998), and also

binds strongly to organic matter (Waaren and Haack

2001). Nearly all of the Pb in this study is extracted

with the oxidizable fraction (Fig. 7). Although

freeze-drying can shift Pb from the oxidizable

fraction to the exchangeable, carbonate or reducible

fractions (Hjorth 2004; Bordas and Bourg 1998),

presumably due to oxidation of Pb-bearing sulfides,

no such redistribution is observed here. Both the total

quantity and the depth distribution of oxidizable Pb

varies substantially between sites. Much more oxi-

dizable Pb is extracted in the upper layers of site 3,

the site with the most compressed pore water redox

stratification. This is similar to observed variations in

oxidizable-Fe and is consistent with precipitation of

Pb sulfides in the near surface peat as sulfide is

generated by microbial sulfate reduction. In contrast,

and again similar to observations for oxidizable-Fe,

most of the oxidizable Pb at site 1 is extracted from

the deeper peat, again, consistent with the less

compressed pore water redox stratification at this

site and the greater inferred contribution of dissim-

ilatory Fe(III) and Mn(IV) reduction to organic

matter degradation in the near surface peat layers at

this site compared to site 3. The elevated oxidizable

Pb concentrations in the uppermost layers of site 1

are likely due to Pb association with organic matter

deposited near the top of the peat profile (e.g.

Fig. 11). At site 4, oxidizable Pb levels are elevated

at shallower depths than at site 1, but deeper than at

site 3, as for Fe, and again consistent with the

intermediate pore water redox stratification at this

site. Few correlations are found between Pb and other

elements liberated in the oxidizable fraction at sites 1

and 4, suggesting that Pb forms a discrete sulfide

phase or is found in a combination of sulfide and

organic phases at these sites. Good correlations

between oxidizable Pb and Zn (R2 = 0.72) or Cu

(R2 = 0.85) at site 3 may indicate that these elements

are associated with the same sulfide and/or organic

phases. The very small fraction of extracted Pb

associated with the carbonate phase varies little with

depth or site. This Pb may be present as a discrete

phase (i.e., cerrusite, PbCO3), or more likely, exists

in solid solution with or sorbed to aragonite or

another carbonate phase. Differences in extracted Pb

concentrations at the sites may also reflect differen-

tial uptake of Pb by macrophytes. Marsh vegetation

including Phragmites (Ye et al. 1998b; Peltier et al.

2003), Typha (Ye et al. 1997, 1998a; Demirezen and

Aksoy 2004), Scirpus (Bhattacharya et al. 2006) and

Lemna (Zayed et al. 1998) have been demonstrated to

translocate varying amounts of Pb from wetland soils

into plant tissue.
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Copper

Copper, like lead, is a chalcophile that forms

discrete sulfide minerals (Balistrieri et al. 1992b;

Achterberg et al. 1997; Morse and Luther 1999) or

may associate with pyrite (Huerta-Diaz et al. 1993;

Achterberg et al. 1997; Schoonen 2004) or FeS

(Balistrieri et al. 1992b). Copper also has an affinity

for organic matter, with which it forms very strong

complexes (Kadlec and Keoleian 1986; Achterberg

et al. 1997; El Bilali et al. 2002). Freeze-drying can

oxidize Cu-bearing sulfides and mobilize Cu from

the oxidizable fraction into the exchangeable or

carbonate (Rapin et al. 1986) or reducible (Kersten

and Forstner 1986; Hjorth 2004; Bordas and Bourg

1998) fractions. The majority of the copper in this

study is found in association with the oxidizable

fraction, so sulfide oxidation and subsequent mobi-

lization of Cu into other fractions apparently does

not affect the bulk of the extracted Cu (Fig. 8). The

differences in oxidizable Cu depth distributions at

sites 1, 3 and 4 are consistent with the redox

stratification and depth distributions discussed for Pb

and Fe. At site 3, with the most compressed pore

water redox stratification, more oxidizable Cu is

found in the upper layers of the peat, presumably

due to formation of Cu-bearing sulfides. The

correlation between oxidizable Cu and Pb at this

site is very strong (R2 = 0.85), as is the correlation

with Zn (R2 = 0.86), suggesting that these elements

are found in the same phase. Oxidizable Cu

correlates more strongly with Ni (R2 = 0.83) at site

1, where most of the sulfide deposition is inferred to

occur deeper than at site 3. The small quantity of

reducible Cu is nearly invariant with site or depth

and is quite close to detection limits. This reducible

Cu may be the result of oxidation of a Cu-bearing

sulfide during the freeze-drying process or extraction

of non-target organic-associated Cu or it may

indicate association of Cu with FMO. Previous

studies have shown that Cu is sometimes found in

association with FMO, typically forming ternary

complexes with organic matter (Tessier et al. 1996;

Achterberg et al. 1997). The distribution of Cu in

the peat may also be influenced by macrophyte

uptake. Previous studies have shown that Phrag-

mites (Batty et al. 2000), Lemna (Zayed et al. 1998)

and Scirpus (Bhattacharya et al. 2006) can translo-

cate Pb from wetland soils.

Cobalt

Cobalt is a siderophile, frequently found in asso-

ciation with Fe. In anoxic soils or sediments, Co

can form a discrete phase (CoS) or may be

associated with disulfides including pyrite and

marcasite (Huerta-Diaz et al. 1993, 1998; Morse

and Luther 1999; Schoonen 2004). In oxic or

suboxic soils or sediments, Co typically associates

with oxides, including both Fe and Mn oxides

(Balistrieri et al. 1992b; Davison 1993; Kay et al.

2001). In this study, Co occurs at low levels, near

or below detection limits for all but the oxidizable

fraction (Fig. 9). Differences in the depth distribu-

tion of oxidizable Co among the sites is consistent

with that observed for other metals and suggests

that Co sulfides precipitate at relatively shallow

depths at site 3, deeper in the peat at site 1 and at

intermediate depths at site 4. However, a good

correlation between oxidizable Co and Cr at site 1

(R2 = 0.86) and site 3 (R2 = 0.83) does indicate

that some of the Co may be associated with

organics, as Cr is less likely to be found in a

sulfide phase. A very small quantity of Co is found

in the carbonate phase, which may indicate sorption

on a more abundant carbonate phase or perhaps

mobilization from the sulfides fraction during

freeze-drying.

Chromium

Chromium, like Ba and Mn, is a lithophile element

and is generally not associated with sulfides (Huerta-

Diaz et al. 1998; Morse and Luther 1999). In anoxic

soils or sediments, it is usually associated with

organic matter (Otero and Macias 2003). Under

suboxic or oxic conditions, Cr is typically sorbed to

FMO (Balistrieri et al. 1992b; Davison 1993; Ach-

terberg et al. 1997). Kersten and Forstner (1986) have

shown that freeze-drying may mobilize Cr into the

exchangeable fraction from either carbonate or

reducible fractions. Such mobilization clearly did

not occur in these samples, as Cr levels in both the

exchangeable and carbonate fractions were consis-

tently below detection limits (Fig. 10). Given the lack

of affinity of Cr for sulfide minerals, it is somewhat

surprising that oxidizable Cr correlates well with Zn

(R2 = 0.82 at site 1, 0.80 at site 4) and Co (R2 = 0.86

at site 1, 0.83 at site 3) and that differences in the
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depth distribution of oxidizable Cr at the sites are

similar to those observed for Fe and the chalcophile

elements Pb, Zn, and Cu. At site 1, there is a decrease

in the reducible Cr concentration between the upper

most samples and the deeper peat, as observed for

reducible Mn. This may indicate release of Cr from a

reductively dissolving Mn oxide phase, although a

similar pattern is not observed at sites 2 and 4.

Reducible Cr and Mn correlate well at sites 1 and 2

(R2 = 0.81 and 0.80, respectively) suggesting that Cr

is associated with a Mn oxide phase. Reducible Cr

and Zn also show a weak correlation (R2 = 0.51, 0.60

and 0.69). Like Cr, Zn is found in association with

Mn oxides (e.g., Manceau et al. 2007).

Temporal comparisons

Pore water redox stratification was assessed in an

earlier study (Koretsky et al. 2006a) as a function of

season, at sites located quite to those chosen in this

study. As noted in the field sites section, there are

striking visual differences in the sites between the

2001–2002 study (Koretsky et al. 2006a) and this

study. In 2006, the sites are drier with much denser

and taller vegetation. Comparisons of the pore water

data collected in this study during July 2006 with

pore water data from June and September 2002

highlight some of the geochemical changes. pH,

sulfate, ammonium and phosphate profiles are

impacted very little by the apparent shifts in vege-

tation and hydrology. In contrast, at sites 1, 2 and 4,

alkalinity, Fe(II), Fe(III) are considerably higher than

in summer 2002 and dissolved sulfide concentrations

are much lower. In contrast, alkalinity, Fe(II), Fe(III),

and sulfide profiles at site 3 are very similar to those

from summer 2002. This is consistent with denser

vegetation leaking more oxygen into the subsurface,

resulting in relatively more oxidized pore waters at

sites 1, 2 and 4.

Koretsky et al. (2006a) used Tessier extractions

on peat collected during March and June 2002 to

examine the distribution of several metals among

the carbonate, reducible and oxidizable phases.

Total concentrations of Fe extracted in 2002 were

somewhat lower than in this study, with maximum

extractable Fe of *5 mg/g dry soil. The distribution

of Fe among the phase and the depth distribution of

extracted Fe was similar to that found in this study,

with most of the Fe extracted in the oxidizable

fraction and a lesser quantity in the reducible

fraction. The distribution of Fe measured in June

2002 was most similar to the depth distribution of

extracted Fe found in this study at site 3, consistent

with the similarities in the pore water data. The

quantity and depth distribution of Mn extracted in

the reducible and oxidizable fractions in this study is

also quite similar to that reported for peat collected

in March 2002. However, much higher concentra-

tions of carbonate extractable Mn, particularly in the

uppermost peat (up to 600 mg/g dry soil) are

reported by Koretsky et al. (2006a). These higher

levels of carbonate-extractable Mn may reflect

seasonal variability in Mn distributions, as discussed

for an emergent palustrine wetland by LaForce et al.

(2002).

The distribution of Zn among the operationally

defined phases is similar in both studies. In the near

surface peat, the total extractable Zn measured in

June 2002 is comparable to levels measured in this

study at sites 1 and 3. However, a much steeper

decrease in both reducible and oxidizable Zn occurs

with depth in the 2002 study, both during March and

June. Similarly, there are comparable levels of Pb

measured in the 2002 study, with the majority of the

Pb associated with the oxidizable fraction, as in this

study. However, the depth distribution of Pb in 2002

was again quite distinct from this study, with much

more Pb near the top of the peat profile and a much

more pronounced decrease with depth. There is also a

large quantity of Pb extracted with the carbonate

phase in the 2002 study relative to this study. Cu

follows the same trend as Pb and Zn: overall

concentrations and distribution among operation-

ally-defined phases are similar to this study, but

there is much more Cu extracted in the upper

samples, and less in the deeper peat. All of these

differences are consistent with the relatively more

oxidized conditions in the shallow pore waters of

three of the sites in 2006.

Both Co and Cr levels were considerably lower in

the 2002 study (Koretsky et al. 2006a). For Co,

<1 mg/g dry soil was reported, although the depth

distributions and the proportion of Co associated with

the various fractions are similar in both studies. For

Cr, both studies suggest that the majority of the Cr is

associated with the oxidizable fraction, but propor-

tionally more reducible-associated Cr is found in the

present study.
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Conclusions

This study clearly demonstrates that both the pore

waters and solid phase of minerotrophic fens are

strongly redox stratified. Remarkable differences in

redox stratification were observed at four adjacent

sites with differing macrophyte species and densities.

Specifically, the only site vegetated by the exotic

invasive purple loosestrife had much more com-

pressed redox stratification, with more reducing

conditions in the pore waters and solid phase closer

to the surface, compared to the adjacent three sites.

Trace metal distributions at the four sites inferred

from an operationally-defined sequential extraction

method are consistent with pore water geochemistry.

The more compressed redox stratification of pore

waters at the loosestrife site was echoed in the

increased levels of Fe, Pb, Cu, Ni, Zn, Co and Cr in

the oxidizable fraction of the peat in the upper

sediments at this site relative to metal concentrations

and distributions at the adjacent sites. This study

highlights the potential importance of small-scale

variability in vegetation on peat biogeochemistry.

Further study will be required to determine whether

purple loosestrife or some other factor is responsible

for the observed heterogeneity in the peat biogeo-

chemistry. Comparisons with pore water and solid

phase geochemistry measured at these same sites in

2002, when sites were wetter and had sparser

vegetation, suggests that increased vegetation density

generally leads to more oxidized conditions in both

the pore waters and the solid phase, with significant

remobilization of trace metals occurring in response

to changes in redox. The comparison also highlights

the potential importance of interannual variations in

climate. The geochemistry of this minerotrophic fen

varies tremendously both spatially and temporally.

Such variations must be considered when limited,

small-scale measurements of marsh biogeochemistry

are extrapolated to different, and typically much

larger, spatial and temporal scales.
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