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Dissolved Fe(III) is significantly above detection limits (∼1 μM) only in the
upper ∼15 cm in all depth profiles, and generally shows a subsurface maximum
below which concentrations decline sharply (Figure 1H-K). Except in summer
(Aug/Sept), dissolved Fe(III) concentrations increase sharply from low concentra-
tions at or just above the sediment surface to a subsurface maximum of ∼200 μM
by 1–5 cm depth. In summer no peak in Fe(III) concentrations is apparent in the
more densely vegetated site and the Fe(III) concentrations only reach ∼100 μM at
5 cm depth at the less densely vegetated site.

Below a depth of 10 cm, dissolved Fe(II) concentrations are typically quite low
(<10 μM), except in winter (Feb/Mar) at the less vegetated site when concentrations
of 25–30 μM persist to 50 cm depth (Figure 1O-R). Fe(II) was not measured at the
less vegetated site during fall (Nov/Dec) or at the more densely vegetated site in
winter (Feb/Mar). Large subsurface maxima (up to 55 μM) in dissolved Fe(II),
centered at ∼5 cm in winter (Feb/Mar) and ∼2 cm in spring (May/Jun) occur at the
less vegetated site.

Dissolved sulfate concentrations in both sets of peepers show similar seasonal
variations (Figure 1L-N). During all seasons, dissolved sulfate concentrations be-
low 15 cm are between 40 and 100 μM. In most of the sulfate profiles, there is
a single distinct subsurface maximum in sulfate, ranging from ∼200–400 μM. In
winter (Feb/Mar), at the more densely vegetated site, there appears to be a dou-
ble subsurface maximum, and during fall (Nov/Dec), at the less vegetated site, the
subsurface maximum is much broader than during other seasons. Sulfate was not
measured in summer.

Except in summer (Aug/Sept) at the more vegetated site, dissolved sulfide con-
centrations are typically below detection limit at the sediment surface (Figure 1S-U),
but increase with depth. Sulfide concentrations were not measured in fall (Nov/Dec).
In winter (Feb/Mar), sulfide concentrations are lowest, reaching at most ∼50 μM
in the less vegetated site at 50 cm depth, with sulfide concentrations near detection
limits to a depth of ∼15 cm at both sites. The highest dissolved sulfide concen-
trations occur in spring (May/Jun), with more dissolved sulfide accumulation at
shallower depths in the less vegetated site. At both sites, sulfide begins to accu-
mulate in the pore waters at just 2–3 cm below the sediment surface. At the less
vegetated site, sulfide concentrations decline between ∼25 and 50 cm depth. In sum-
mer (Aug/Sept), a broad peak in dissolved sulfide concentration occurs, with rapid
accumulation just below the sediment surface increasing to ∼150 μM by 10 cm
depth is apparent at the more vegetated site. Sulfide also increases to ∼150 μM in
the less vegetated site, but concentrations are considerably lower near the sediment
surface, with significant accumulation only below ∼10 cm depth.

Dissolved manganese levels measured in fall (Nov/Dec) at the vegetated site are
very low (<5 mM) at all depths (Figure 1V). In winter (Feb/Mar), dissolved Mn
concentrations are near detection limits in both peepers to a depth of ∼15 cm (Figure
1W). Below 15 cm, there is a sharp increase in Mn concentrations in both peepers
to ∼5 μM in the less vegetated area and ∼10–15 μM in the more vegetated area.
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Figure 3. Fe concentrations associated with Kostka and Luther (1994) extractions completed on cores

collected in (A) December 2001, (B) March 2002, (C) June 2002 and (D) September 2002. Only total

Fe was measured in HCl extractions completed on December cores. Two cores were collected and

analyzed in June and September 2002.

μg HCl extractable Fe/g dry sediment.

4.2.3. Tessier Sequential Extractions: Trace Metals
Tessier extractions (Tessier et al., 1979, 1982) were used to determine the asso-
ciation of Cr, Mn, Fe, Co, Cu, Zn, Cd, Pb, and U with four operationally defined
sediment fractions: carbonates, FMO, organics/sulfides, and residual (primarily sil-
icates) on one core extracted in March 2002 (winter) and one core extracted in June
2002 (spring). Arsenic, Cr, Cd, U and Co are near detection limits in most of the
samples. Arsenic data is not shown. A fifth fraction, readily exchangeables, was
extracted, but due to the high ionic strength of the extracting solution and low con-
centration of the extracted metals could not be analyzed using ICP-MS. This fraction
was analyzed via UV/Vis spectrophotometry for Fe, which was found to be negli-
gible (<1% of total Fe at all depths). The residual fraction was analyzed and found
to dominate Cr, Mn, and Cd at all depths. In contrast, the residual fraction typically
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accounted for less than half of Fe, Cu, Zn, Co, U and Pb. Only the distribution of
metals in the carbonates, FMO and organics/sulfides fractions are shown here.

Total iron concentrations are typically less than 5000 μg Fe/g dry sediment (Fig-
ure 4). In the March 2002 core, total Fe concentrations in the sediments are relatively
constant as a function of depth, while in the June 2002 core, total Fe concentrations
are higher in the upper 15 cm of sediment than deeper in the sediment. In both
cores, the majority of Fe at all depths is extracted in the organics/sulfides fraction.
Up to ∼25% of the Fe is extracted in the FMO fraction, with most Fe associated
with FMO occurring in the upper 15 cm of the sediments. Below ∼18 cm depth,
well into the sulfidic zone according to both the winter and spring pore water data,
negligible iron is found in any fraction other than organics/sulfides.

Total extractable Co (i.e. non-residual) concentrations are near the instrumental
detection limit, and never exceed ∼0.8 μg/g dry sediment (Figure 4). In both March
and June approximately two-thirds of Co typically comes from the organics/sulfides
fraction with ∼10 and 20–30% each coming from the FMO and carbonate fractions,
respectively. The proportion of Co coming from the different fractions does not
systematically change with depth.

Unlike many of the other trace elements, significant extractable Zn was obtained
from all three measured fractions. Zinc concentrations are maximal in the upper

Figure 4. Fe, Co, Cd, Zn and Pb associated with operationally-defined carbonate, FMO, and organ-

ics/sulfides fractions (Tessier et al., 1979, 1982) for cores collected in March and June 2002.

(Continued on next page)
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Figure 4. (Continued)

portions of both cores, and decline sharply with increasing depth. Total extractable
Zn ranges up to ∼100 μg/g dry sediment in the March core, and to ∼60 μg/g dry
sediment in the June core. In the lower portion of the March core the majority
of extractable Zn occurs in the organics/sulfides fraction, with minor Zn deriving
from the FMO fraction and negligible Zn from the carbonate fraction. In the lower
portion of the June core, concentrations of Zn in the carbonates and FMO frac-
tions are similar to those in March, but less Zn is extracted in the organics/sulfides
fraction, such that the relative proportion of Zn in the FMO and organics/sulfides
fractions are much closer than in June. In the upper portion of each core about
one half to two thirds of extractable Zn derives from the organics/sulfides frac-
tion, about 5–10% from the carbonate fraction, and roughly 25–50% from the
FMO fraction. A similar fractional distribution and depth-concentration profile
is found for Cd in both cores, except that total concentrations (up to ∼1 μg/g dry
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Below 25 cm depth, most of the Mn in the March core is associated with organ-
ics/sulfides. Total extractable (i.e non-residual) Cr in the March core is <3 μg/g
dry sediment. Extractable Cr occurs predominantly in the organics/sulfides frac-
tion, with a relatively minor contribution from the carbonate fraction in the upper
15 cm. Copper extracted in the March core derives predominantly from the or-
ganics/sulfides fraction, with negligible contributions from other fractions through
the depth range. Total extractable concentrations range up to about 40 μg/g dry
sediment, with a maximum in concentration occurring in the upper 5–10 cm and
concentrations trending down to ∼15 μg/g dry sediment below 10 cm. Uranium
concentrations of up to ∼8 μg/g dry sediment extracted from the March core derive
almost entirely from the organics/sulfides fraction with only a minor contribution
from the carbonate fraction.

5. Discussion

5.1. REDOX STRATIFICATION

The stratification of redox zoning in Kleinstuck marsh peat can be discerned based
on examination of pore water Fe(II), Mn(II) and sulfide depth-concentration pro-
files. Specifically, dissolved Fe(II) and Mn(II) define the suboxic zone which is
just below the zone of oxygen penetration (oxic zone) and just above the sulfidic
zone, which is defined by accumulation of dissolved sulfide (Froelich et al., 1979).
In saltmarsh sediments, pore water redox stratification is strongly dependent on
season, the presence or absence of vegetation and the activity of bioturbating or-
ganisms (e.g., Koretsky et al., 2003; 2005). More compressed redox stratification
(thinner zones, with the onset of the sulfidic zone nearer to the sediment surface)
is favored by warmer temperatures, more dense vegetation and less bioturbation
activity.

Pore water profiles in this study also point to distinct redox stratification of these
freshwater sediments. Large subsurface maxima in dissolved Fe(III) and sulfate
occur in the pore waters of these sites during nearly all seasons. The Fe(III) and
sulfate peaks are not spatially separated, but occur at the same depth, at least within
the spatial resolution of our measurements. These subsurface maxima likely result
from upward diffusion of Fe(II) and sulfide, which react with oxidants, such as
oxygen, diffusing downward from the oxic or suboxic zones, respectively (e.g.
Bayley et al., 1986; Urban et al., 1989; Wieder and Lang, 1988; Wieder et al.,
1990; Marnette et al., 1992; Luther et al., 1992; Chapman, 2001). The depth of
the subsurface sulfate and Fe(III) maxima varies seasonally, from ∼4 cm depth
in fall to ∼2.5 cm depth in winter, and up to the SWI in spring. Sulfate was not
measured during summer, and very little dissolved Fe(III) accumulation is observed
in summer compared to other seasons. These observations suggest that the oxic zone
penetrates deepest in fall and that redox stratification becomes more compressed
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