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Sediment deposition and accretion rates in a Virginia tidal freshwater marsh were measured to provide insight to the
processes and time scales that are important for maintaining marsh surface elevation. Short-term sediment deposition
rates (biweekly to monthly) measured using sediment collection tiles were spatially and temporally variable. Rates were
greatest near a tidal creak and decreased along a transect extending toward the marsh interior. When integrated across the
entire marsh, annual sediment deposition (as organic carbon) averaged 517�353 g C m�2 y�1 and was sufficient to
balance the effects of existing relative sea level rise and marsh respiration rates. At the creekbank, the highest deposition
rates were measured during summer although rates were relatively constant over time at the interior sites. Similar spatial
and temporal patterns were obtained when deposition rates were calculated from 7Be inventories (monthly time scale).
Sediment inventories of 7Be were greater than those supported atmospherically, indicating that the spatial patterns of
sedimentation were not due to sediment erosion and redistribution within the marsh. Accretion rates calculated from
137Cs (decadal scale) and 14C dating (centuries to millennia) were substantially less than annual deposition rates, with a
decrease in accretion rate with increasing time scale. Mineralization rates of recently deposited sediments (measured as
O2 consumption) indicated that sediment metabolism could potentially remove �30% of recently deposited carbon
within one month of deposition. The metabolism of a labile sediment fraction could explain a portion of the observed
decrease in accretion rate with increasing time scale, with the remainder due to periodic storm-induced erosion and
historical variability in sediment deposition rates. � 2002 Elsevier Science Ltd. All rights reserved.
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Introduction

Because of their location at the head of estuaries
where watershed influences are concentrated, tidal
freshwater marshes are among the first systems to
interact with, and potentially remove watershed-
derived sediments, nutrients, and pollutants. Sedi-
ment deposition onto the marsh surface occurs when
water column turbulent energy is reduced following
flooding of the marsh itself (Leonard & Luther, 1995),
while removal of dissolved materials can take place via
direct uptake by organisms in the marsh or sorption
onto sediment particles with subsequent deposition
(Olsen et al., 1982; Froelich, 1988; Hedges & Keil,
1999). In contrast to infrequently flooded marshes
where the retention of autochthonous production is
responsible for the bulk of vertical accretion, marshes
0272–7714/02/040713+15 $35.00/0
that are regularly inundated rely on both autoch-
thonous production and the deposition of mineral
sediments to maintain marsh elevation relative to a
rising sea level (Bricker-Urso et al., 1989; Craft et al.,
1993).

While tidal salt marsh sedimentation has been well
studied (see reviews in Frey & Basan, 1985; Stevenson
et al., 1988; Friedrichs & Perry, 2000), relatively few
studies have examined sediment dynamics in tidal
freshwater wetlands. Pasternack and Brush (1998)
measured seasonal patterns in sediment deposition
across freshwater marsh habitat types using sediment
collection tiles, while Ledwin (1988) studied annual
deposition and erosion rates using a combination of
marker horizons, sediment traps and graduated stakes.
Childers et al. (1993) used sedimentation-erosion
tables (SET) to examine spatial and temporal vari-
ability in sedimentation along an estuarine gradient.
� 2002 Elsevier Science Ltd. All rights reserved.



714 S. C. Neubauer et al.
Short-term measurements, which are usually collected
at relatively high frequency (i.e. weekly to monthly),
are useful in determining seasonal patterns in sedi-
ment deposition due to variations in sediment supply
or marsh sediment trapping efficiency. Sediment
accretion rates (decades to centuries) in tidal fresh-
water marshes have been calculated using palynology
(pollen analysis; e.g. Orson et al., 1990, 1992; Khan &
Brush, 1994), modelling (Morris & Bowden, 1986),
and 137Cs, 210Pb, and 14C radioisotope dating (e.g.
Orson et al., 1990; Campana, 1998; Cornwell &
Zelenke, 1998). Unlike short-term deposition rates,
long-term accretion rates integrate processes that
occur over many years and can therefore be useful in
detecting historical patterns in sedimentation due to
changes in land use and sediment delivery from the
watershed.

Rates of sediment deposition (the settling of
material onto a marsh surface) and accretion (the net
balance between deposition and removal processes)
are linked. For instance, greater rates of sediment
deposition can lead to enhanced preservation and
accretion (Hedges & Keil, 1995). Similarly, sediment
accretion rates influence the frequency and duration
of tidal flooding which subsequently affects deposition
rates (Bricker-Urso et al., 1989; Cahoon & Reed,
1995; Leonard, 1997). Examining sedimentation
rates over a range of time scales provides insight into
the factors that control marsh elevation and sedimen-
tation processes. In this study, biweekly to monthly
measurements of deposition onto sediment collection
tiles were used to estimate annual sediment deposition
rates for a mid-Atlantic (Virginia) tidal freshwater
marsh. Depth profiles of 137Cs were used to calculate
decadal accretion rates, while longer-term rates
(centuries to millennia) were estimated using 14C
dating. Sediment inventories of the radioisotope 7Be
(i.e. the total depth integrated activity of 7Be per unit
area) were used to assess the role of erosion in marsh
sediment dynamics, and seasonal measurements of
sediment respiration examined the importance of bio-
logical utilization of sediment-associated carbon in
controlling sedimentation rates.
F 1. (a) Map of Pamunkey River, Virginia showing location of Sweet Hall and other tidal marshes (shaded areas). Tidal
marsh areas were redrawn from Doumlele (1979) and Silberhorn and Zacherle (1987). Approximately 2400 ha of tidal marsh
in the Pamunkey River (out of 3000 ha total) are shown on this map; the remainder are farther upriver. (b) Generalized
cross-section of study site showing 10 to 20 cm elevated creekbank levee and location of sampling blocks across the marsh
transect. Not to scale.
Study area

Our study area was located on the Pamunkey River
which drains 3768 km2 in southeastern Virginia
before converging with the Mattaponi River at West
Point, Virginia to form the York River [Figure 1(a)].
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The Pamunkey River watershed is predominately
undeveloped (65% forested, 6% tidal + non-tidal
wetlands), with 27% as grass and croplands and <2%
urbanized (EPA, 1996). Tidal marshes along the
lower Pamunkey River range in size from small pocket
and fringing marshes less than 0·5 ha to expansive
marshes up to 587 ha (Doumlele, 1979; Silberhorn
& Zacherle, 1987). Global eustatic sea level rise is
occurring at 1 to 1·5 mm y�1 (Gornitz et al., 1982;
Gorniz & Lebedeff, 1987). When combined with
locally high rates of subsidence (3 to 5 mm y�1;
Holdahl & Morrison, 1974) due to groundwater with-
drawal and post-glacial crustal rebound, relative sea
level in the lower Pamunkey River is rising at a rate of
4 to 6·5 mm y�1.

This study was conducted at Sweet Hall, a 401 ha
tidal freshwater marsh located 35 km by river from
West Point, VA [Figure 1(a)]. The marsh is a site
within the Chesapeake Bay National Estuarine
Research Reserve System in Virginia (CB-NERRVA).
Long-term average salinity at Sweet Hall is 0·5
(Brooks, 1983) although the average salinity in 1999
was 2·8 (range 0·0 to 15·9; CB-NERRVA unpub-
lished data). High salinity and the increasing presence
of the oligohaline species Spartina cynosuroides in the
marsh may be indicative of a long-term shift
from freshwater to oligohaline conditions (Perry &
Hershner, 1999). At Sweet Hall, the Pamunkey River
is microtidal, with a mean tidal range of 70 cm (neap
tide) to 90 cm (spring tide). To minimize disturbance
to the marsh surface, all sampling was conducted from
three boardwalks (30 m) that extended roughly
perpendicular to the western branch of Hill’s Ditch, a
tidal creek draining the southern portion of the marsh.
Each boardwalk traversed a creekside levee (�10 to
20 cm elevated above the surrounding marsh) before
extending into the marsh interior [Figure 1(b)].
Materials and methods
Sedimentation measurements
(1) Sediment collection tiles: Between February 1998
and August 1999, net rates of marsh sediment
deposition were measured using 117 cm2 ceramic
sedimentation tiles positioned flush with the
marsh surface (after Pasternack & Brush, 1998;
Christiansen et al., 2000). Tiles were deployed along
one 30 m transect, the transect was divided into four
blocks (0 to 7, 7 to 15, 15 to 22, and 22 to 30 m from
the creekbank); [Figure 1(b)], and four tiles were
positioned at a random location in each block (total of
16 tiles). Tile deployment and retrieval took place
when the marsh surface was exposed to air and
occurred every other week during the summer of 1998
and monthly thereafter. After removing fallen dead
stems and roots from each tile, deposited sediments
were scraped and washed with deionized water into
clean, preweighed plastic specimen cups. Samples
were dried at 50 �C and weighed to calculate mass
sedimentation rates. Subsamples were processed for
organic content and percent carbon and nitrogen as
described below.
(2) Beryllium-7: Sediment inventories of 7Be (t1/2=
53·3 d) were used to estimate marsh sediment
deposition and erosion rates on a time scale of months
(after He & Walling, 1996; Goodbred & Kuehl,
1998). The inventory approach assumes that any
radioisotope activity above that supplied by atmos-
pheric fallout is due to sediment input (Walling et al.,
1992) and that atmospheric inputs are evenly distrib-
uted across the study area (i.e. there is no ‘ focusing ’
of fallout 7Be due to land topography). In June and
October 1998 and January 1999, 15·2 cm diameter
sediment cores were taken to a depth of �15 cm. To
avoid influencing the sediment collection tiles, all
cores for radioisotope dating were collected from a
transect located approximately 60 m downstream of
the one used for the sediment collection tiles. Each
core was sectioned at 1 to 5 cm intervals, each section
was homogenized and a subsample was gamma
counted (477 keV) for 24 h using a high-purity
germanium detector. Total core 7Be inventories (Itotal;
dpm cm�2; dpm=decays per minute) were calculated
as:

where n is the number of intervals between the
sediment surface and base of the core; Ai is the specific
activity of interval i (dpm g�1; Wi is the total dry mass
of interval i (g) and SA is the core surface area (cm2).
The sediment accumulation rate (R; g cm�2 d�1) is
calculated as:

where �Be is the 7Be decay constant (0·013 d�1); Itotal

is total sediment 7Be inventory (dpm cm�2; from
Equation 1); Iatm is local atmospheric fallout
inventory (dpm cm�2); and Acatch is a mean 7Be
activity for catchment derived sediments (dpm g�1).
Total atmospheric 7Be deposition (wet + dry) has
been measured at the Virginia Institute of Marine



716 S. C. Neubauer et al.
Science (VIMS; �50 km from Sweet Hall marsh)
since April 1997 (S.A.K., unpublished data). At
Sweet Hall, the marsh is flooded for an average of 12
to 13 h d�1. Therefore, we assumed that the actual
7Be deposition (Iatm) to the marsh surface was 50 to
100% of that measured at VIMS. This range repre-
sents the extremes of no fallout (50% case) or all
fallout (100% case) reaching the sediment when the
marsh is flooded. In October and November 1998,
particle specific 7Be activity (Acatch) was estimated by
concentrating (via settling and centrifugation) and
measuring the 7Be activity of particles in approxi-
mately 70 l of creek water collected adjacent to the
marsh study site near low tide.
(3) Cesium-137: The 137Cs profile (t1/2=30·17 y) in a
marsh core was used to determine sediment accretion
rates over the last 30 to 50 years. In February 1998, a
core was taken to a depth of 1·3 m using a 10·2 cm
diameter PVC tube. Total compaction of 8 cm
(6%) over the length of the core was measured;
no corrections for this compaction were made in
subsequent calculation. 1 cm thick sections of the core
were gamma counted for 24 h using a high-purity
germanium detector. The area of the 137Cs photopeak
(661·62 keV) was quantified and converted to 137Cs
activity (dpm g�1) using known detector efficiency
factors. The depths corresponding to the first appear-
ance (1954) and maximum activity (1963) of 137Cs
were identified and average annual accretion rates
calculated (DeLaune et al., 1978). Vertical accretion
(mm y�1) was converted to a carbon accretion rate
using measured sediment bulk densities and carbon
content:

where CA is carbon accretion (g C m�2 y�1); n is the
number of intervals between the sediment surface and
the137Cs peak; di is thickness of interval i (m); Bi is
interval bulk density (g sediment m�3), Ci is interval
percent carbon, and t is time since 137Cs peak horizon
deposition (34 y). For intervals where bulk density
and percent carbon were not measured (see ‘ sediment
characterization ’ section), these properties were esti-
mated by averaging adjacent intervals. Shallow 7Be
sediment penetration depths (<2 cm) and the absence
of fiddler crabs from the marsh interior indicated low
vertical mixing rates. Therefore, a bioturbation term
was not included in the accretion rate calculations.
(4) Carbon-14: In November 1998, an aluminum core
tube (7·5 cm diameter) was driven into the marsh to a
depth of 6·7 m using a vibracorer. Compaction was
minimal (15·3 cm or 2%) and no corrections were
made in accretion calculations. Samples from 3·1 and
6·5 m were sent to Beta Analytic, Inc. (Miami, FL) for
14C dating. Additional samples were taken every
15 cm for analysis of organic content and percents
carbon and nitrogen as described below, and the
entire core was described for colour, texture, and the
character of visible organic detritus.
Sediment characterization

Sediment bulk density and organic and carbon con-
tents were measured over the course of the study.
Surface samples (0 to 0·5 cm) were collected using
2 cm diameter core tubes at all locations and times
when sedimentation tiles were retrieved. Deeper
sediments (to 30 cm) were collected in June, August,
and November 1996 and April 1997 using 4·2 cm
diameter core tubes. These cores were collected from
five locations along each of three parallel 30 m
transects (15 cores per season) and sectioned at 0 to 2,
2 to 5, 10 to 13, 18 to 21, and 27 to 30 cm intervals.
Samples were dried at 50 �C and weighed to calculate
dry bulk density (g cm�3).

A fraction of each dried sediment sample from the
tiles and cores was combusted at 500 �C for 5 h and
reweighed. Organic content was calculated as the
weight loss-on-ignition. A second fraction of each
dried sediment sample was ground in a Wiley mill
(#40 screen) or by mortar and pestle for determi-
nation of carbon and nitrogen content. A portion of
dried, ground sediments was weighed into ashed silver
cups, acidified with 1 to 2 drops of 30% HCl to
remove carbonates, and redried overnight at 50 �C.
Organic carbon and total nitrogen were measured
using a Fison model EA 1108 elemental analyser. The
average precision for duplicate samples was
�0·08% C and �0·02% N.
Sediment lability

In June, August, and November 1999, the reactivity of
freshly deposited sediment was examined. Four sedi-
ment traps (plastic specimen cups; 7·7 cm diameter
opening, 150 ml) were deployed around a randomly
selected point in each block (16 traps total). To
reduce bed load transport of sediments into the traps,
each trap was pushed into the sediments so the lip of
the trap was slightly (<5 mm) above the surface of
the marsh. Furthermore, each trap was filled with
marsh creek water to minimize turbulence effects
on deposition during marsh flooding. After 24 h,
the traps were recovered and returned to the lab.
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Collected sediments from each block were combined
and filtered through window screening (six to seven
meshes cm�1) to remove large detritus. Window-
screen filtered marsh creek water was added to the
sediments to bring the total volume to �1200 ml.
This sediment-water slurry was subdivided among
three 300 ml darkened biological oxygen demand
(BOD) bottles per block. Triplicate BOD bottles were
filled with creek water to serve as a water blank.
Duplicate 100 ml samples from each block and the
creek were filtered through precombusted GF/F filters
and weighed when dry to calculate total sediment
mass per bottle. A subsample of each filter was
analysed for percents carbon and nitrogen using a
Fison model EA 1108 elemental analyser.

All BOD bottles were incubated in the dark at
ambient sediment temperatures (June: 21 �C; August:
29 �C; November: 13 �C) for 5 days (June, August) or
>1 month (November). To prevent oxygen gradients
within the BOD bottles, all samples were gently mixed
(170 rpm) throughout the incubation. Dissolved
oxygen concentrations were regularly measured in
each BOD bottle using an Orbisphere model 2604
multichannel oxygen probe (Orbisphere Laboratories,
Geneva, Switzerland). Dissolved oxygen levels
over the course of each incubation were fit to the
exponential decay equation:

DOt=a�(1�e�b�t)+c, (4)

where DOt is dissolved oxygen concentration
(mg l�1) at time t, and a, b, and c are empirically
determined constants. Oxygen utilization rates over
five days (all months) and 30 days (November only)
were calculated and corrected for water blank oxygen
utilization. Rates were converted to carbon units
assuming a respiratory quotient of one (1 mole CO2

produced per 1 mole O2 consumed) and normalized
to the mass of carbon in each BOD bottle at the start
of the incubation.
Results
Sedimentation rates
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F 2. Sediment deposition rates onto ceramic tiles
deployed in marsh for 2 to 4 week periods. Data are plotted
at the midpoint of each sampling period. All points are
the mean of 4 plates, with error bars omitted for clarity.
The median coefficient of variation (standard deviation /
mean) for all samples was 36% (range 6 to 171%).

A (Creekbank); B; � C; � D (Interior).
(1) Sediment collection tiles: Direct measures of
deposition using ceramic tiles revealed considerable
spatial and temporal variability (Figure 2). Deposition
rates were consistently higher on the creekbank
(block A) than at the three interior sampling blocks
(B, C, D), especially during the growing season
(roughly April to October). Average rates on the
creekbank ranged from 0·1 g sediment m�2 d�1 dur-
ing winter (November 1998 to January 1999) to
284·2 g sediment m�2 d�1 for July to August 1999.
In the marsh interior, sediment accumulation rates
were more consistent between stations and over the
course of the year. Mean rates ranged from 1·2 g
sediment m�2 d�1 between February and March
1999 (block D) to 56·5 g sediment m�2 d�1 for
September to October 1998 (block B). Although all
tiles in a given block were within 0·5 m of each other,
deposition rates within a block were highly variable
with coefficients of variation (standard deviation/
mean) ranging from 6 to 171% (median=36%). The
carbon content of recently deposited sediments
averaged 5·96�0·95% C and was lowest at the
creekbank site (5·31�0·43% C; ANOVA, P<1�
10�7; Tukey’s HSD, P<0·001). Surface (0 to 5 mm)
sediment bulk density for all months averaged
0·324�0·095 g sed cm�3 (Table 1). Creekbank bulk
density (0·407�0·095 g sed cm�3) was significantly
higher than at the interior sites (0·289 to
0·303 g sed cm�3; ANOVA, P<1�10�7; Tukey’s
HSD, P<0·00001). There were no significant effects
of transect number on shallow (0 to 5 cm) sediment
bulk density or organic content (ANOVA, P>0·05).

Sediment deposition rates were combined with the
carbon content of each sample and surface sediment
bulk density to calculate annual rates of carbon
deposition and vertical marsh accretion, respectively.
To account for interannual variability in deposition on
the marsh, rates were integrated from May 1998 (start
of study) to April 1999, and September 1998 to
August 1999 (end of study). Additionally, average
1998 and 1999 summer (May to August) deposition
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rates plus measured rates for the remainder of the
year (September 1998 to April 1999) were used to
provide a third estimate of annual deposition. Errors
for annual rate calculations due to variations in
deposition rates, carbon content, and bulk density
were propagated following Skoog and West (1963).
Average carbon accumulation rates onto ceramic tiles
ranged from 1268�329 g C m�2 y�1 at the creek-
bank to 199�67 g C m�2 y�1 at site D. Vertical
accretion ranged from 64·7�19·2 mm y�1 at the
creekbank to 10·6�3·7 mm y�1 at site D (Table 2).
Regardless of the time period of integration, sedimen-
tation and vertical accretion rates were greatest at the
creekbank with a gradual decrease from sites B
through D. When averaged across all locations
and calculation periods, carbon accumulation and
vertical accretion were 517�353 g C m�2 y�1 and
28·4�21·3 mm y�1, respectively.
T 1. Sediment bulk density, percent organic matter (loss-on-ignition) and organic carbon
content. Values are means�1 standard deviation and have been averaged across season and location
in marsh. For 0 to 0·5 cm, bulk density was measured on 2 cm diameter cores while percents organic
matter and carbon are from sediments collected on tiles.

Depth interval
(cm)

Bulk density Percent organic Percent carbon

n (g cm�3) n (%) n (%)

0 to 0·5 172 0·324�0·095 259 16·48�2·07 257 5·96�0·95
0 to 2 60 0·353�0·125 60 20·73�12·34 19 5·81�1·44
2 to 5 59 0·380�0·132 59 17·00�2·75 20 5·57�1·11
10 to 13 60 0·427�0·153 60 18·37�3·98 4 5·97�1·73
18 to 21 59 0·433�0·143 59 21·06�5·75 4 7·44�3·31
27 to 30 56 0·393�0·144 56 20·81�5·02 4 7·36�3·29
T 2. Annual marsh carbon accumulation and vertical accretion rates for blocks A (creekbank)
to D (marsh interior).

Time period A B C D Transect mean

Carbon accumulation (g C m�2 y�1)
May 1998 to Apr 1999 1096�145a 395�56 300�37 210�40 500�164
Sep 1998 to Aug 1999 1413�248 290�54 197�29 181�38 521�258
summer average 1293�161 350�54 267�31 205�37 529�176

Average, all intervals 1268�329 345�94 255�56 199�67 517�353

Vertical accretion (mm y�1)
May 1998 to Apr 1999 51·5�7·7 23·7�4·4 17·6�2·6 10·6�2·2 25·9�9·5
Sep 1998 to Aug 1999 77·7�15·1 19·9�4·2 15·0�2·3 10·6�2·0 30·8�16·0
summer average 65·0�8·9 21·8�4·2 16·4�2·3 10·7�2·0 28·5�10·3

Average, all intervals 64·7�19·2 21·8�7·4 16·4�4·2 10·6�3·7 28·4�21·3

aValues are means�1 standard deviation and were calculated by propagating errors associated with seasonal
sediment deposition rates, carbon content and surface sediment bulk density.
(2) Beryllium-7: Average sediment 7Be inventories
ranged from 1·8 to 16·5 dpm cm�2 and varied with
season and transect location (Table 3). The study
period was characterized by lower than average
atmospheric 7Be fallout, with atmospherically sup-
ported inventories at VIMS ranging from 1·29 to
2·41 dpm cm�2 versus a longer-term average of
2·52�1·30 dpm cm�2 (July 1997 to December
1999; S.A.K. unpublished data). In 9 out of 11 cores,
the sediment 7Be inventory was greater than could be
supported by atmospheric fallout onto the marsh
surface, indicating net sediment deposition (excep-
tions: June and October cores at 25 m from creek-
bank). In October and November 1998, we measured
suspended particle specific 7Be activities of 2·26 and
9·13 dpm g�1. Because 7Be activities on particles can
vary twofold or more over a single tidal cycle (S.A.K.
& T. Dellapenna, unpublished data) and show a much
wider range over several months (e.g. Olsen et al.,
1986; Dibb & Rice, 1989; Baskaran et al., 1997), we
calculated a median value of 14·3 dpm g�1 (4·2 to
21·5 for 25th to 75th percentiles) for suspended
particles (this study; S.A.K. & T. Dellapenna
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unpublished; Olsen et al., 1986; Dibb & Rice, 1989;
Baskaran et al., 1997) and recently deposited sedi-
ments (Canuel et al., 1990) in estuarine and shallow
coastal waters. Using this median value, we calculated
deposition rates of �6 to 139 g sed m�2 d�1 in June
1998, 7 to 40 g m�2 d�1 in October 1998, and 29 to
35 g m�2 d�1 in January 1999 (Table 3).
(3) Cesium-137: Cesium-137 activities ranged from
undetectable below 37 cm to a maximum of
3·21 dpm g�1 at 29 cm, for average accretion rates of
8·4 and 8·5 mm y�1 since 1954 and 1963, respec-
tively. Sediment bulk density was significantly higher
in the 10 to 13 cm and 18 to 21 cm intervals than in
surface and deeper sediments (Table 1; ANOVA,
P=0·01; Tukey’s HSD, P<0·05). There was a general
but non-significant trend (ANOVA, P=0·17) of
increasing percent carbon with increasing depth
(Table 1). Organic content was significantly higher in
the 0 to 2 cm interval than the 2 to 5 cm section
(ANOVA, P=0·003; Tukey’s HSD, P<0·05), perhaps
due to inputs of organic detritus or the presence of
shallow adventitious roots. Between 10 and 30 cm
depth, there were no significant differences in organic
content (Tukey’s HSD, P>0·30). Using Equation 3,
we calculated an average carbon accretion rate of
224�45 g C m�2 y�1 since 1963.
(4) Vibracore and carbon-14: In the marsh vibracore,
organic content and percent carbon in the root
zone (0 to �125 cm; Booth, 1989; S.C.N. field
observations) were relatively constant (Figure 3;
13·50�1·35% and 4·78�0·35%, respectively).
Below this depth, to about 250 cm, organic and
carbon concentrations were homogenous (11·30�
0·60% and 3·34�0·36%, respectively), but signifi-
cantly lower than in the root zone (t-test, P<0·001).
From 250 cm to the base of the core, there were large
variations in both organic matter (12·49 to 55·82%)
and carbon content (4·48 to 34·31%). Throughout
the core, organic matter and carbon contents were
highly correlated (r2=0·94). Sediment C/N ratios
(molar) averaged 16·3 (�2·3) from 0 to 250 cm with
no difference between the 0 to 125 and 125 to 250 cm
intervals (t-test, P=0·15). Carbon to nitrogen ratios
were higher below 250 cm (23·9�3·4; t-test, P<1�
10�10). Sediment colour varied from light to medium
brown in surface sediments through grey to black at
the base of the core. In the upper 3 m of the core,
organic matter was disseminated through the sedi-
ments or preserved as fibrous material. A high density
of wood fragments was observed between 106 and
140 cm. Below 323 cm, the sediment matrix was
densely fibrous with wood fragments present from 366
to 665 cm. A more complete description of core
colour, organic content, and texture is available from
the authors. Based on radiocarbon dating of samples
from 3·1 m (630�70 y BP) and 6·5 m (3640�
80 y BP), average accretion rates were 4·3 to
5·5 mm y�1 (0 to 3·1 m) and 1·5 to 1·7 mm y�1 (0 to
6·5 m).
T 3. Calculated beryllium-7 sedimentation rates, including sediment and atmospheric inven-
tories, by month and distance from creekbank.

Date
Distance

(m) n
Itotal

(dpm cm�2)
Iatm

a

(dpm cm�2)
Sedimentation rateb

(g sed m�2 d�1)

29 Jun 1998 2·4 1 16·45 1·21 to 2·41 128·0 to 139·0
13·7 1 3·19 1·21 to 2·41 7·1 to 18·0
25·0 1 1·80 1·21 to 2·41 �5·6 to 5·4

15 Oct 1998 1·5 3 5·16�1·94c 0·75 to 1·51 33·3 to 40·2�17·7c

11·6 2 2·24�0·11 0·75 to 1·51 6·6 to 13·5�1·0
25·3 2 3·46�4·28 0·75 to 1·51 17·8 to 24·7�39·0

25 Jan 1999 1·2 1 4·47 0·64 to 1·29 29·0 to 34·9

aRange in Iatm assumes that 50 to 100% of 7Be fallout measured at Virginia Institute of Marine Science directly
reaches the marsh surface, with reductions due to interception of fallout by tidal waters during marsh flooding (12
to 13 hr d�1).
bCalculated using Equation 2, with Acatch estimated as 14·3 dpm g�1, the median particle-specific 7Be activity
reported in the literature for particles and recently deposited sediments in estuarine and shallow coastal systems.
Range in sedimentation rates is due to the range in Iatm. Positive rates indicate net deposition; negative rates
indicate erosion.
cMean�standard deviation for replicate cores. The median counting error for Itotal was �0·03 dpm cm�2.
Sediment lability

Oxygen levels during sediment incubations
decreased exponentially (Equation 4) with regression
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coefficients (r2) of 0·95 to 1·00. Due to variations in
marsh sedimentation rates, the amount of sediment in
each BOD bottle varied along the transect as well as
between months (June: 65 to 188; August: 61 to 286;
and November: 20 to 216 mg dry sediment bottle�1).
Incubated sediments averaged 5·8�1·1% carbon and
did not significantly vary by date or transect block
(2-way ANOVA, P=0·09 for date; P=0·32 for block).
Sediment C/N ratios ranged from 7·7 to 10·6 (molar)
and did not vary consistently along the transect
or from season to season. In all months, average
respiration rates for the first 5 days of the incubation
were lowest at the creekbank site (ca. 0·04 mg C
respired (mg sediment C)�1, or 4% sediment C
respired; Figure 4). The implicit time scale for these
mineralization rates is the length of each incubation
(i.e. 5 or 30 d; that is, the units for five day rates are
mg C respired (mg sediment C)�1 (5 d)�1). Overall,
mean five day respiration rates increased from June
(x=4·8�2·3% C respired) to November (x=12·6�
7·5% C respired; Figure 4). When calculated over
30 days, respiration rates in November ranged
from 5·9 to 45·4% C respired (x=27·5�11·1% C
respired), an average increase of 209% compared to
five day rates.
Discussion
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Sediment deposition

Tidal marshes can be sites of active yet spatially and
temporally variable sedimentation. Across marsh
habitat types (e.g. low marsh to high marsh), sediment
deposition rates are largely a function of the duration
of inundation: sites that are flooded more frequently
and for a longer time tend to exhibit higher deposition
rates (Reed, 1990; Cahoon & Reed, 1995; Leonard,
1997). Flooding frequency, and therefore deposition
rates, can vary spatially across the marsh and over
time due to seasonal or interannual variations in sea
level. Near tidal creeks, the typical inundation versus
deposition relationship breaks down and highest
rates are measured on topographically elevated levees
immediately adjacent to the creek (French & Spencer,
1993; Esselink et al., 1998). This occurs because the
rapid decrease in turbulent energy as water starts
to flood the marsh causes sediments to fall out of
suspension close to the creekbank. At Sweet Hall,
this pattern was especially pronounced from April
to November (Figure 2) when plant stems further
reduced water velocities and enhanced deposition
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(Leonard et al., 1995; Leonard & Luther, 1995). We
did not observe the same dependence of sedimenta-
tion on time of year at the interior sites. In part,
plant production was lower at these stations (S.C.N.,
unpublished data) so there was less frictional resist-
ance to sediment transport (Leonard et al., 1995).
Also, and perhaps more importantly, the interior sites
are farther from the sediment source (i.e. the creek).
Although the marsh interior was flooded first and for a
longer period than the creekbank levee, water that
floods the marsh interior must first travel through
small channels that incise the levee and then across
the inner marsh flat. During this transport from creek
to channel to marsh interior, sediments were con-
stantly being deposited (French & Spencer, 1993;
Leonard, 1997). By the time the interior marsh floods,
suspended sediment concentrations and flood water
velocity were low enough that additional frictional
resistance from plant stems did not significantly affect
deposition rates.

Marsh fauna also influence patterns of sediment
deposition. Burrow excavation by fiddler crabs (Uca
spp.) can bring buried sediments to the surface and
increase the apparent sedimentation rate if these sedi-
ments are deposited on a collection tile. However,
deposition rates calculated from 7Be inventories
would not be affected by vertical sediment mixing. At
Sweet Hall, fiddler crabs were most abundant near the
creekbank (S.C.N., pers. observation). In January
1999, several sedimentation tiles fell into a collapsed
muskrat (Ondatra zibethica) tunnel and were buried by
6 to 10 cm sediment (versus �2 mm for all other
tiles). These extreme results were not included in
sedimentation calculations, but illustrate that marsh
biology can influence total sedimentation rates by
creating regions of intense deposition. Alternately,
muskrat eatout of a dense marsh root mat can lower
the marsh surface (Garbisch, 1994).

The magnitude and temporal patterns of sedimen-
tation measured in this study are similar to those
observed by Pasternack and Brush (1998) for a tidal
freshwater marsh in Maryland, although Pasternack
and Brush documented significant erosion (�50 to
190 g sediment m�2 d�1) from low marsh sites
during winter 1997. We suggest that erosion was not a
significant factor during our study. During the grow-
ing season, when 70 to 90% of the annual sediment
deposition occurs, high plant stem density slows water
flow across the marsh (Leonard et al., 1995; Shi et al.,
1996) so sediment erosion and redistribution across
the marsh are unlikely (Christiansen et al., 2000). Our
seasonal 7Be inventories provide further evidence
of net accretion throughout the year, as sediment
inventories were greater than atmospherically sup-
ported 7Be inventories in 9 of 11 cores. In contrast,
Ledwin (1988) measured net erosion of 0 to 8 mm
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during a 14 month study at an exposed riverbank site
at Sweet Hall and also observed local resuspension
and redeposition of glitter placed on the sediment
surface. This suggests that processes controlling sedi-
ment deposition and erosion can differ between an
exposed high energy riverbank site (Ledwin, 1988)
and a more protected creekbank site (this study)
within the same marsh.
Beryllium-7 sedimentation

When calculated using a median particle activity of
14·3 dpm g�1, 7Be-based deposition rates were simi-
lar in magnitude to those measured using sediment
tiles. For example, rates measured using sediment tiles
at the creekbank site in June 1998 ranged from 62 to
140 g sed m�2 d�1 versus 128 to 139 g sed m�2 d�1

calculated from 7Be inventories. Some differences
between methods were expected because 7Be inven-
tories (Table 3) and sediment tile deposition rates
(Figure 2) were measured on different transects and at
different distances from the creekbank. Additionally,
7Be derived rates were integrated over several
months (mean 7Be lifetime for radioactive decay,
�, =77 d), while sediment tile measurements were
averaged over 14 to 30 days. In spite of these differ-
ences, both methods reported greatest sedimentation
rates at the creekbank with lower rates in the marsh
interior. Additionally, deposition rates at the creek-
bank decreased from summer to winter with each
technique.

The calculation of sedimentation rates using 7Be
inventories is strongly influenced by estimates of
particle specific 7Be activity (Acatch, Equation 2). In
estuaries, there can be considerable spatial and tem-
poral variability in particle associated 7Be activity due
to variations in atmospheric 7Be fallout, suspended
particle concentrations and residence time in the
water column, water salinity, and pH (Olsen et al.,
1986; Dibb & Rice, 1989). The literature values
of particle activity (median=14·3 dpm g�1; range:
undetectable to >150 dpm g�1) that we used as an
estimate of Acatch were greater than our October and
November 1998 measurements of 2·3 and
9·1 dpm g�1. In June the activity of surface sediments
ranged from 10·9 dpm g�1 at the creekbank (0–2 cm)
to 8·8 and 2·7 dpm g�1 in the marsh interior
(0–1 cm). Based on our tile sedimentation measure-
ments, we estimated that recent sediment deposition
(within 1 7Be half-life of sampling) accounted for only
20 to 50% of the sediment in these surface intervals
during June (and a smaller fraction in October and
January). Because the total 7Be activity in the
surface represented inputs from recently deposited
(7Be-enriched) as well as older (7Be-depleted) sedi-
ments, the actual activity of recently deposited sedi-
ments must be greater than the mean 7Be activity in
the upper centimetre(s) of marsh sediments. There-
fore, we suggest that the mean activity of recently
deposited sediments (Acatch) was greater than the
measured 7Be activity of suspended particles in the
marsh tidal creek (2·3 and 9·1 dpm g�1). Preferential
binding of 7Be to inorganic over organic particles or
fine-grained versus sandy particles may explain our
relatively low particle-specific 7Be activities (Bloom &
Crecelius, 1983). At Sweet Hall, the maximum sus-
pended particle concentrations and minimum percent
of organic particles (20 to 25% organic; range for 10
tidal cycles) were measured approximately midway
between slack tides – this was also near the time when
the marsh was first flooded. Because we collected
suspended particles near low tide when organic
enrichment (23 to 52% organic) and possible dilution
of activity by 7Be-depleted organic matter were
greatest, our measures of Acatch may underestimate
the actual activity of deposited particles.

Using 7Be inventories to calculate sedimentation
rates also requires measuring atmospheric 7Be
deposition. In intertidal systems, a fraction of 7Be
fallout may be intercepted by tidal waters. Because
Sweet Hall is flooded for 12 to 13 hr d�1, we
estimated the minimum atmospheric 7Be deposition
to the marsh as 50% of that measured at the
Virginia Institute of Marine Science (Iatm, Sweet Hall=
0·5�Iatm, VIMS). Inherent in this estimation are the
assumptions that 7Be fallout is evenly distributed
between periods of high and low tide, and that fallout
which occurs during high tide does not directly reach
the marsh surface. If any atmospheric 7Be fallout
during high tide sorbs to particles which then settle to
the marsh surface, this input would be measured as
sediment deposition. However, in a shallow, well-
mixed water column (such as that overlying a microti-
dal marsh), a fraction of dissolved atmospheric
beryllium may also directly sorb to submerged sedi-
ments (Olsen et al., 1986; Dibb & Rice, 1989).
Therefore, we estimated a maximum value for Iatm

by assuming that atmospheric beryllium delivery was
not affected by tidal stage (i.e. Iatm, Sweet Hall=
Iatm, VIMS). In all samples, this range in Iatm caused
variability in calculated sedimentation rates of �6 to
11 g sed m�2 d�1, but did not cause a change from
net deposition to erosion (exception: 25 m core from
June 1998; Table 3).

Marsh plants may also intercept atmospheric
fallout and reduce delivery to underlying sediments.
Russell et al. (1981) estimated that forests with leaf
area indices of 3 to 10 (LAI=m2 leaf area per m2
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subtended land) can reduce atmospheric radionuclide
flux by 5 to 20%. At Sweet Hall, we calculated a LAI
of 3 to 11 in June 1996 and 0 to <2 in September
(S.C.N., unpublished data) and suggest that atmos-
pheric deposition of 7Be to the sediment surface may
be further reduced during early to mid summer when
macrophyte leaf area and biomass are greatest. By not
accounting for this effect, we are effectively providing
a conservative estimate of sediment deposition since
further reducing the atmospheric flux to the marsh
surface would increase calculated deposition rates
(Equation 2).
Sediment lability and marsh carbon budget

Using a carbon gas flux model based on measured
field fluxes of CO2 and CH4, Neubauer et al. (2000)
calculated rates of total community photosynthesis
and respiration at Sweet Hall marsh. Annually, com-
munity respiration (1269 g C m�2) exceeded gross
photosynthesis (1062 g C m�2). In the absence of
an external carbon source, this ‘ excess ’ respiration
implies that some fraction of sediment carbon is being
mineralized to CO2 or CH4 and lost from the marsh.
Simultaneously, a relative sea level rise of 4 to
6·5 mm y�1 may potentially lower marsh elevation
relative to mean tidal level. Because tidal marsh plant
zonation is affected by the frequency and depth of
tidal flooding (Odum et al., 1984; Perry, 1991) and
the distribution of plant assemblages at Sweet Hall has
not changed significantly since 1937 (Perry, 1991), we
assume that the marsh imports enough carbon to
overcome the combined effects of respiration and
relative sea level rise on marsh elevation. Converting
relative sea level (RSL) rise to carbon units using
surface bulk density and percent carbon data, we
estimate a required C input of 284 to
332 g C m�2 y�1 (207 g C m�2 y�1 ‘ excess ’ respir-
ation +77 to 125 g C m�2 y�1 RSL) to balance
these factors. Based on a measured annual sedimen-
tation rate of 517 g C m�2 y�1 (Table 2), the
deposition of sediment-associated carbon during
tidal flooding is sufficient to counteract the effects of
respiratory marsh loss and relative sea level rise.

In order to explain measured respiration rates,
freshly deposited sediments must contain a sufficient
quantity of labile carbon. The spatial variability in
sediment mineralization rates suggested that sedi-
ments deposited at the creekbank were less labile than
those deposited in the marsh interior. While bulk C/N
ratios do not support the idea of varying organic
matter lability, there may have been spatial varia-
bility in the molecular composition of sediment
organic matter (e.g. abundance of amino acids versus
carbohydrates versus lignin). Alternately, a propor-
tionally greater fraction of the carbon may have been
bound to mineral surfaces in creekbank sediments
and therefore protected from microbial degradation.
Regardless of the mechanism, lower respiration rates
at the creekbank may ultimately contribute to higher
long-term accretion rates.

We used average sediment mineralization rates
(Figure 4) and annual deposition rates (Table 2) for
each block to calculate that 22 to 44 g C m�2 y�1 of
recently deposited sediment organic carbon was
mineralized on time scales less than 5 days, with 54
to 71 g C m�2 y�1 metabolized within 30 days of
deposition. This accounts for 26 to 35% of the
measured ‘ excess ’ respiration of 207 g C m�2 y�1.
An additional fraction can be explained by the turn-
over of sediment carbon on time scales longer than 1
month as natural sediment carbon is composed of
compounds that are remineralized on time scales
from hours (e.g. free amino acids: k>7500 y�1) to
centuries (e.g. sterols: k=0·015 y�1) or longer (e.g.
hydrocarbons: k<0·001 y�1; lignin: k=0 y�1; see
references in Heinrichs, 1993). Inputs of relatively
labile organic matter from marsh primary producers
(macrophytes, microalgae) or sediment deposition
may promote the degradation of more refractory
organic matter due to the effects of co-metabolism.
The mineralization of ‘ old ’ detritus from autotrophic
production in previous years may account for some
measured respiration, while anaerobic metabolism of
sediment carbon is also likely to be important.
Sediment accretion

Our 137Cs-based estimates of sediment accretion rates
(8·4 to 8·5 mm y�1) are higher than estimated rates of
relative sea level rise (4·5 to 6 mm y�1) at Sweet
Hall marsh. Working in Spartina cynosuroides and
Phragmites australis stands elsewhere at Sweet Hall,
Campana (1998) measured accretion rates of 4·9 to
6·0 mm y�1 using 137Cs activity profiles. The differ-
ence between our rates and those of Campana (1998)
illustrates between habitat sedimentation differences.
S. cynosuroides and P. australis grow at slightly higher
elevations and are therefore flooded less frequently
than Peltandra virginica and Pontederia cordata, the
dominant species at our study site (Perry, 1991).
Thus, sedimentation rates will be lower in these
communities. The similarity between relative sea level
rise and accretion rates in the S. cynosuroides and P.
australis communities suggests that they are accreting
sediments at rates similar to RSL, while our study site
is growing vertically at a faster rate than sea level rise.
Over time, this will reduce the flooding duration at
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T 4. Variations in Sweet Hall marsh accretion rates at
different time scales.

Method
Time
scale

Vertical accretion
(mm y�1)

Mass accumulation
(g C m�2 y�1)

plates annual 28·4�21·3a 517�353a

137Cs decades 8·4, 8·5b 224�45
14C centuries 4·3 to 5·5c —d

14C millennia 1·5 to 1·7c —d

aMean�1 standard deviation for entire transect.
bBased on depths of first appearance and maximum activity of
137Cs, respectively.
cRange represents analytical uncertainty associated with radio-
carbon dating and conversion to calendar age.
dInsufficient bulk density data to convert mm y�1 to g C m�2 y�1.
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our site and may cause a reduction in sedimentation
rates until a morphodynamic equilibrium between
marsh elevation and sea level is reached.

Using 14C dating, we calculated long-term average
accretion rates of 4·3 to 5·5 mm y�1 (0 to 3·1 m) and
1·5 to 1·7 mm y�1 (0 to 6·5 m). The relative consist-
ency in organic and carbon content above 250 cm
(Figure 3) indicates that deposition and preservation
conditions throughout this portion of the sediment
profile were similar to those in the modern tidal
freshwater marsh. We therefore estimate that Sweet
Hall has been a tidal freshwater marsh for approxi-
mately 450 to 580 y (250 cm/0·43 to 0·55 cm y�1

vertical accretion). Variability in sediment organic
matter and carbon content below 250 cm, the increase
in sediment C/N ratio (Figure 3), and the presence of
wood fragments through much of the deep core sug-
gest that Sweet Hall marsh may have been a non-tidal
swamp or other wetland type in the past. Thus,
caution must be applied when comparing accretion
rates from this section of the core with shorter term
measurements from the modern tidal freshwater
marsh.

With this caveat in mind, we observed a decrease in
sediment accumulation rate with increasing time
scale, from years to decades to millennia (Table 4).
Although our estimates of long-term accretion rates
(137Cs and 14C dating) were based on a limited
number of cores, a review of other studies that have
examined accretion rates over a range of time
scales revealed that this trend is a common feature in
Chesapeake Bay marshes (Figure 5) and in other
sedimentary environments (e.g. McKee et al., 1983).
Due to the high spatial variability in short-term
(annual) deposition rates, the most significant
decrease in accretion rates occurs when comparing
annual and decadal rates with those averaged over
centuries and millennia. As rates are integrated over
longer time periods, there is a greater probability that
the effects of significant sediment removal events (e.g.
hurricanes and large storms) will be captured in the
sediment record. An additional part of the difference
in vertical accretion rates is likely due to compaction
of deeper sediments. However, the concurrent reduc-
tion in carbon accumulation rate (this study, Table 4)
indicates that compaction cannot be the sole mech-
anism as sediment bulk density is included (and
therefore compaction accounted for; Equation 3) in
the carbon accretion calculations. Land clearance
associated with agricultural development in the 1600s
increased sediment delivery to rivers and estuarine
waters and may explain increased accretion rates in
recent sediments (Brush, 1989; Orson et al., 1990).
Alternately, an increase in the frequency and duration
of tidal inundation due to sea level rise or marsh
subsidence could increase sedimentation rates
(Bricker-Urso et al., 1989; Cahoon & Reed, 1995;
Leonard, 1997).
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We suggest that a portion of the decrease in
apparent accretion rate with increasing time scale is
due to the respiration of labile sediment carbon fol-
lowing deposition (Figure 4). Additionally, we suggest
that sediment metabolism continues at gradually
decreasing rates over hundreds or thousands of years
as the remaining sediment carbon becomes more
refractory. The importance of carbon mineralization
in the modern marsh over these time scales is rein-
forced by the significant decrease in carbon content
from freshly deposited sediments (5·95% C) to sedi-
ments in the root zone (0–125 cm; 4·78% C) to
deeper sediments (125–250 cm; 3·34% C; ANOVA,
P<1�10�7; Tukey’s HSD, P<0·005). Overall, we
hypothesize that a combination of mechanisms (in-
cluding periodic storm-induced erosion, historical
variability in sediment deposition, and the metabolism
of a labile sediment fraction) is responsible for the
decrease in apparent accretion rates with increasing
time scale.
Conclusions

(1) Short-term sediment deposition rates in tidal
freshwater marshes are spatially and temporally vari-
able. Throughout the study period, rates were greatest
near a tidal creek and progressively decreased into the
marsh interior. At the creekbank, the highest deposi-
tion rates were observed during the growing season
when the frictional effects of plant vegetation
enhanced sediment deposition. Deposition rates were
relatively constant throughout the year at the interior
sites.
(2) An analysis of historical vegetation patterns at
Sweet Hall marsh has suggested that the marsh has
grown vertically at a rate similar to relative sea level
rise. However, measurements of marsh community
respiration and gross photosynthesis indicate that a
fraction of sediment organic carbon is being
metabolized and lost from the marsh. Therefore, there
must be an additional source(s) of carbon to the
marsh. When integrated over an entire year, sediment
deposition provided sufficient carbon to the marsh to
balance the effects of relative sea level rise and marsh
respiration rates.
(3) Sediment inventories of 7Be were greater than
atmospheric fallout inventories in 9 of 11 cores
analysed, indicating net sediment deposition through-
out the year. Sedimentation rates calculated using a
median literature value for particle-specific 7Be
activity were similar to those measured using sedimen-
tation tiles, although direct comparisons are difficult
because the methods integrate sediment deposition
over different time scales. Both methods showed simi-
lar temporal and spatial trends in sediment deposition.
(4) Depth profiles of 137Cs and 14C dating of deep
sediments were used to calculate sediment accretion
rates on decadal to millennial time scales. Long-term
accretion rates were substantially less than annual
deposition rates. Characterization of a deep (6·7 m)
sediment core suggested that the modern marsh
extends to�250 cm depth. The remainder of the core
was highly variable in carbon and organic content,
C/N ratios, and detritus character, indicating that the
marsh may have been a non-tidal swamp or other
wetland type in the past.
(5) Mineralization rates of recently deposited sedi-
ments were spatially and seasonally variable. Rates
were consistently lowest in sediments from the creek-
bank site and, when averaged across all locations,
increased from June to August to November. Within
30 days of sediment deposition, sediment metabolism
can potentially remove �30% of recently deposited
carbon. We suggest that part of the difference between
sediment deposition and accretion rates is due to
periodic storm-induced erosion and historical varia-
bility in sedimentation rates, with a portion also due
to the respiration of sediment associated carbon
following deposition.
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