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Abstract The purpose of this study was to determine peat
formation processes throughout the millennia in four tidal
marshes in the Sacramento–San Joaquin Delta. Peat cores
collected at each site were analyzed for bulk density, loss
on ignition, and percent organic carbon. Core data and
spline fit age–depth models were used to estimate inorganic
sedimentation, organic accumulation, and carbon seques-
tration rates in the marshes. Bulk density and percent
organic matter content of peat fluctuated through time at all
sites, suggesting that peat formation processes are dynamic
and responsive to watershed conditions. The balance
between inorganic sedimentation and organic accumulation
at the sites also varied through time, indicating that marshes
may rely more strongly on either inorganic or organic
matter for peat formation at particular times in their
existence. Mean carbon sequestration rates found in this
study (0.38–0.79 Mg C ha−1 year−1) were similar to other
long-term estimates for temperate peatlands.
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Introduction

Tidal marsh peats contain both organic matter, which comes
mainly from decaying plants in situ, and inorganic sediment,
which is supplied through tidal and/or riverine inputs (Turner

et al. 2001). There has been a long-standing debate
concerning whether the deposition rate on a mass basis of
inorganic matter (inorganic sedimentation in grams per
square meter per year) or organic matter (organic accumu-
lation in grams per square meter per year) is more important
in determining vertical accretion (centimeter per year) of peat
and, thus, elevation relative to the tidal frame (Stevenson et
al. 1986; Warren and Niering 1993; Morris et al. 2002).
Several researchers have shown that when factors that
ultimately limit the accretion potential of a salt marsh are
considered, the long-term sustainability of marshes has
generally been found to depend on inorganic sedimentation
(Hatton et al. 1983; Nyman et al. 1990; Temmerman et al.
2004). In contrast, others have shown that there are salt
marshes in which organic accumulation is clearly the driver
of vertical accretion (Bricker-Urso et al. 1989; Callaway et
al. 1997; Nyman et al. 2006).

Recent work in brackish and freshwater tidal marshes in
the Sacramento–San Joaquin Delta of California (hereafter,
the Delta) has shown that the relative contributions of organic
and inorganic matter to peat volume vary through the
millennia, suggesting that either organic or inorganic deposi-
tion on a mass basis may be the more important constituent of
peat at a particular time (Drexler et al. 2009a). Furthermore,
the relative contribution of inorganic matter to soil volume is
much greater in high energy sites than sheltered sites, but so
is the variability of the inorganic contribution to the peat
(Drexler et al. 2009a). This stems from the fact that the
suspended sediment concentration of tidal rivers varies as a
function of freshwater discharge, tidal range, and/or wind–
wave activity (Leonard et al. 1995; Fettweis et al. 1998). In
freshwater tidal marshes such as the Delta where tidal
fluctuations are microtidal, suspended sediment concentra-
tion is controlled largely by the rate of freshwater discharge,
which is closely tied to precipitation patterns (Wright and
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Schoellhamer 2005). Through time, varying rates of fresh-
water discharge result in varying concentrations of sus-
pended sediment, and this, in turn, is reflected in the
inorganic content of the peat. This is similar to the role that
hurricanes play in forming marsh peats in Louisiana, where
the amount of sediment deposition is highly variable and
depends strongly on the severity and duration of the storm
season (Nyman et al. 1995; Turner et al. 2006).

The purpose of this study was to determine how peat
formation processes have changed over the past ∼6,000 years.
Specifically, I focused on addressing temporal changes in (1)
bulk density and organic matter content and (2) peat formation
on a mass basis (i.e., organic accumulation, carbon seques-
tration, and inorganic sedimentation). This study differs from
most related work in that the focus is over the entire lifetime of
marshes and not the past 50–100 years (e.g., Bricker-Urso et
al. 1989, Neubauer 2008).

The research was carried out in the Delta, which lies at
the head of the San Francisco Bay Estuary. The Delta was
once a 1,400 km2 tidal marsh region ranging from brackish
to fresh, but within the past 150 years over 90% of the
region has been drained for agriculture (Atwater 1982).
Currently, very little is known about peat formation in the
Delta, let alone organic accumulation, inorganic sedimen-
tation, and carbon sequestration. Goman and Wells (2000)
studied two peat cores from Browns Island as part of a
paper on paleohistorical river flows into the San Francisco
Estuary. Their work characterized the organic matter
content, grain size, and plant species composition of the
peat. There is just one recent study by Reed (2002) on
sedimentation and organic accumulation and no published
studies on carbon sequestration. In a 2-year study on both
restored and references marshes, Reed (2002) found that
inorganic sediment, though variable, was more important
than organic matter as a recent contributor to marsh soils,
and sites nearest to the Sacramento River had the highest
rates of inorganic sedimentation. Clearly, a more complete
picture is needed of peat formation processes in the Delta in
order to determine whether marshes will continue to be
sustainable despite land use changes, dam building, water
diversion, and the increasing impacts from climate change.

Materials and Methods

Study Sites

The Delta is the most inland part of the San Francisco Bay
Estuary of California (Fig. 1). Tides over the 1,400 km2

region are semidiurnal with normal tidal range of approxi-
mately 1 m; however, during floods, the river stage can
exceed 2 m (Shlemon and Begg 1975; Atwater 1980). The
climate in the Delta is characterized as Mediterranean with

cool winters and hot, dry summers (Thompson 1957). Mean
annual precipitation is approximately 36 cm, but actual
yearly precipitation varies from half to almost four times this
amount. Over 80% of precipitation occurs from November
through March (Thompson 1957). Beginning in the mid-
1800s, the Delta was largely drained for agriculture
(Thompson 1957), resulting in its current configuration of
over 100 islands and tracts surrounded by 2,250 km of man-
made levees and 1,130 km of waterways (Prokopovich
1985). Within the channels, small relatively undisturbed,
remnant marshes remain, which can be used as archives of
environmental change in the region.

Marsh study sites were chosen to incorporate the various
geomorphic settings and salinity regimes of the Delta. Sites
were chosen along the historic floodplain of the Sacramento
River as well as the glacial outwash area along the San
Joaquin River. In addition, sites were selected from high-
energy environments such as the confluence of the Sacra-
mento and San Joaquin Rivers to more quiescent environ-
ments such as distributaries of the San Joaquin River. The four
sites, Browns Island (BRI, 268 ha), Franks Wetland (FW,
28 ha), the Tip of Mandeville Tip (TT, 12 ha), and Bacon
Channel Island (BACHI, 10 ha), are all relatively undisturbed
marshes, which, unlike those in the vast majority of the
region, were not converted for agriculture. Study site
characteristics including elevation, peat thickness, hydro-
geomorphic setting (i.e., the position of a marsh in the greater
watershed and its basic hydrodynamics; Brinson 1993), and
relative energy regime are reported in Table 1.

Peat coring was carried out as close as possible to the
center of each site. This was done in order to obtain a core that
was a record of processes at the entire site level and not at a
smaller, more dynamic scale such as at the periphery of a site.
The coring location on Browns Island was near the marsh
center as well as approximately 100 m from the main channel
that flows through the island. This coring location was chosen
because it is removed from the island periphery, where
deposition and scour are thought to be greatest, but not from
major watershed processes that strongly affect peat formation.

Vegetation on the marsh islands is dominated by
emergent macrophytes and shrub–scrub wetland species.
On Browns Island, which is situated at the western border
of the Delta, vegetation is dominated by Schoenoplectus
americanus (American bulrush) and Distichlis spicata
(saltgrass). On Bacon Channel Island, the overstory is
dominated by Salix lasiolepis (arroyo willow) and the
understory is dominated by Cornus sericea (red-osier
dogwood) with smaller amounts of Phragmites australis
(common reed) and Rosa californica (California wild rose).
On Franks Wetland, the vegetation is dominated by C.
sericea and S. lasiolepis with the coring site having a large
population of Athyrium filix-femina (western lady fern). The
Tip of Mandeville Tip is dominated by C. sericea and S.
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lasiolepis. Several species such as Schoenoplectus acutus
(hardstem bulrush), P. australis, and Typha spp. (cattails) are
found at all sites. All nomenclature follows Hickman (1993).

Field Work

In the summer of 2005, one peat core from each of the marsh
islands was collected using a modified 5-cm diameter
Livingstone corer (Wright 1991). Cores were collected in
multiple drives all the way to refusal in the underlying clay

layer, which was found at all sites, to ensure that the entire
peat column was collected. The peat column at each site
formed a continuous layer. Total peat thicknesses are shown
in Table 1. Core drives were extruded onto cellophane-lined
polyvinyl chloride (PVC) tubes cut longitudinally in half,
photographed, and then visually described in the field. The
cores were quickly wrapped in cellophane, covered with the
other longitudinal half of the PVC tube, and taped shut. All
cores were immediately placed in a large cooler until being
transported to the laboratory where they were stored at

Fig. 1 Site map showing the
marsh study sites and key fea-
tures of the Sacramento–San
Joaquin Delta as well as the
location of the Delta in California,
USA
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approximately 3°C. At Browns Island, the first core, BRIC4,
unlike all the other cores in the study, did not have good
recovery near the surface due to a particularly dense root
mat. In addition, BRIC4, though 775 cm long, did not reach
the underlying mineral substrate, even though much clay
was already present below 700 cm. Therefore, in order to
remedy this situation, an additional core of peat thickness
922 cm was collected in March of 2007 within 2 m of the
BRIC4 site, and a soil monolith of 49 cm was excavated
from the surface in order to improve recovery over that with
the Livingstone corer.

Real-time kinematic geographic positioning was used to
establish the elevations and coordinates of the coring
locations. Full details of the survey can be found in Drexler
et al. (2009b). Ellipsoid heights from the survey were
converted to orthometric elevations (NAVD88) using a
GEOID03 model. Tidal benchmark LSS 13 (National
Oceanic and Atmospheric Administration tidal station
9415064 located near Antioch, CA, USA) with a static
surveyed ellipsoid height of −28.75 m was used to adjust
the elevations of the coring sites to local mean sea level.

Laboratory Work

In the laboratory, cores were individually unwrapped, split
lengthwise, and immediately photographed. Core stratigra-
phy was documented, and one longitudinal half of the core
was wrapped in cellophane and archived for future use.
Bulk density was obtained by sectioning cores into 2-cm
thick blocks, measuring each dimension, obtaining wet
weight of the sample, drying for 24 h at 105°C, and then
weighing again to obtain dry weight (Givelet et al. 2004).
Bulk density was obtained for every 2-cm core section,
except for <5 sections per core that contained an abnor-
mality in volume due to a root ball, missing material, or
indentation from the piston. Core data were examined for
compression and/or expansion, but no mathematical cor-

rections were needed. The only correction made was to
remove a small amount of peat (generally ∼2 cm or less)
from the top and bottom of some drives only when it was
visually apparent that the drives contained non-contiguous
peat from elsewhere in the core. The presence of noncon-
tiguous peat was confirmed in the laboratory by anomalous
bulk density values that differed from the rest of the drive.
The soil monolith removed from the surface of Browns
Island was corrected for expansion.

Basal contacts of the peat columns with the underlying
mineral (epiclastic) sediment were generally sharp and
could usually be determined by a spike in bulk density for
sections immediately beneath the peat. At Browns Island,
however, the transition from peat to epiclastic sediment was
gradual. Therefore, we also used the definition of an
organic soil (USDA Soil Conservation Service 2006) to
differentiate peat from underlying mineral sediments.

To determine percentage organic matter, standard loss on
ignition procedures were followed in which the dried bulk
density samples were milled and heated to 550°C for 4 h
(Heiri et al. 2001). Loss on ignition was analyzed at 4-cm
intervals both at the top meter of the core and at the bottom
meter before contact with the epiclastic sediment underlying
the peat. At all other places in the cores, loss on ignition was
conducted at 10-cm intervals. On average, a duplicate loss
on ignition sample was run for every 9.5 samples. Average
error for duplicates error ¼ duplicate A� duplicate Bð Þ=jð
ðlarger of A or BÞ»100jÞ was 0.74% (range=0.00–4.8%).

Total carbon was determined for samples from the four
marsh islands as part of a larger study on peat accretion
throughout the Delta (Drexler et al. 2009a). A total of 100
samples were submitted to the Department of Agriculture and
Natural Resources laboratory at the University of California,
Davis (AOAC International 1997, Method 972.43). The
samples were randomly selected from each 1 m core segment
in each of 12 peat cores collected in the study by Drexler et
al. (2009a). To avoid possible contamination, samples were

Table 1 Basic characteristics of the study sites in the Sacramento–San Joaquin Delta

Coring site name Peat
thickness
(cm)

Elevation
(MSL in m)

Salinity
regime
in channel

Hydrogeomorphic setting Relative
energy regime

Browns Island (BRI) 922 0.51 Mixohaline Confluence of SR and SJR High

Franks Wetland (FW) 608 0.27 Fresh Distributary of SJR, sheltered by
natural marsh breakwaters, adjacent to
permanently flooded farmed island

Very low

The Tip of Mandeville Tip (TT) 424 0.20 Fresh Glacial outwash region in main channel of SJR Medium

Bacon Channel Island (BACHI) 726 0.21 Fresh Glacial outwash region along distributary of SJR Low

Salinity data represent typical, non-drought conditions in adjacent sloughs and are based on Atwater (1980). Mixohaline (brackish) refers to a
range of approximately 0–10 ppt, with higher salinities found during the dry season. Terminology follows Mitsch and Gosselink (2000).
Descriptions of hydrogeomorphic settings follow those described in Atwater (1980) SR Sacramento River, SJR San Joaquin River
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not selected from the upper and lower 10 cm of each drive.
For quality assurance, 13 blind samples were also submitted
to complement the 14 duplicates run by the lab as part of
their quality control process. Duplicates averaged within
1.2% of their original total carbon sample. In addition,
several samples with the highest bulk density from each site
were selected (for a total of 29 samples) and analyzed for
carbonate following the method of the US Salinity Labora-
tory Staff (1954). Peat samples had an average of less than
0.4% carbonate, indicating that total carbon percentage
accurately approximates the organic carbon percentage of
the peat. Loss on ignition values were converted to organic
carbon values using a regression relationship in which
organic carbon=0.55(organic matter)−2.69 (F1,98=5,285,
R2=0.98, p<0.0003; Drexler et al. 2009b).

Organic fragments for radiocarbon analysis were sampled
directly from the split core face where visible, or a 2- to 4-cm-
thick sample of peat was sieved to concentrate seeds, charcoal,
or other terrestrial macrofossils. Schoenoplectus achenes in
particular were sought out as these were well distributed in
the peat cores and have been shown to be a reliable material
for radiocarbon dating (Wells 1995). Radiocarbon samples
were analyzed by accelerator mass spectrometry at the Center
for Accelerator Mass Spectrometry, Lawrence Livermore
National Laboratory in Livermore, CA, USA. Ages were
calibrated using CALIB (version 5.0.1; Stuiver and Reimer,
1993) with the INTCAL04 curve (Reimer et al. 2004). Spline
fit age-depth models for the complete peat profiles were
constructed following the procedure in Heegaard et al.
(2005). The following number of radiocarbon samples was
used for each of the spline fit age–depth models: FW (n=9),
BRI (n=24), and BACHI (n=12). Additional details related
to the radiocarbon data, construction of spline fit age–depth
models, and estimated calibrated ages used in this study can
be found in Drexler et al. (2009a).

Statistical Analyses

Simple regression was used to determine relationships
between vertical accretion and both inorganic sedimentation
and organic accumulation. All data were log-transformed
prior to analysis in order to approximate normality. Residuals
were checked for trends between predicted and actual values.
The gap between measurements was far enough apart with
respect to time (mean “gap” between measurements=50–
90 years) that issues of temporal dependence were ruled to be
minor and were disregarded (Gotelli and Ellison 2004).

Results

Bulk density and percent organic matter fluctuated throughout
the millennia at each of the marsh sites (Fig. 2). There were

particularly sharp increases and decreases in percent organic
matter that occurred within only 30–50 years (e.g., from
80.4% to 61.6% between 2,950 and 2,920 calibrated years
before present (cal yr BP) at Franks Wetland and from 60.8%
to 88% between 3,430 and 3,390 cal yr BP at Bacon Channel
Island; Fig. 2). For the most part, when bulk density
increased, percent organic matter decreased and vice versa.
At Franks Wetland and Bacon Channel Island, the more
quiescent marsh sites compared to Browns Island and the Tip
of Mandeville Tip, bulk density was high and percent organic
matter was low near the surface but then bulk density
decreased to around 0.1 g cm−3 for much of both cores.
Percent organic matter still fluctuated considerably in both
cores but generally stayed >50% between −1.0 and −6.0 m
relative to mean sea level (MSL) and then decreased upon
contact with the epiclastic sediment (Fig. 2a and c).

At Browns Island and the Tip ofMandeville Tip, the higher
energy sites, there was also a layer of peat with higher bulk
density and lower percentage of organic matter near the
surface (Fig. 2b and d). There was a steady increase in bulk
density (and decrease in percentage of organic matter)
beginning at approximately −1 m MSL at Browns Island
(∼0.15 g cm−3) and −0.5 m MSL at the Tip of Mandeville
Tip (∼0.10 g cm−3) until approximately −5 m MSL at
Browns Island (∼0.70 g cm−3) and −4 m MSL at the Tip of
Mandeville Tip (∼0.40 g cm−3). Below −5 m MSL at
Browns Island, bulk density ranged from ∼0.20–0.45 g cm−3

and percent organic matter ranged from 20% to 30%, until
reaching the peat-epiclastic transition zone (Fig. 2b). At the
Tip of Mandeville Tip, deeper than −4.0 m MSL was already
within the epiclastic sediment, and therefore, this part of the
core had high bulk density and low organic matter content
(Fig. 2d).

Patterns of deposition rates for both inorganic and
organic matter varied through time (Fig. 3). For both
Franks Wetland and Bacon Channel Island, which are low
energy sites, organic accumulation rates (and, for periods,
carbon sequestration rates) were greater than inorganic
accumulation rates for most of the 4,000+ and 5,800+years,
respectively, of their existence. Mean organic accumulation
rates over the lifetime of each marsh were over twice as
high as inorganic sedimentation rates (Table 2). Patterns of
carbon sequestration, organic accumulation, and inorganic
sedimentation appeared quite similar at Franks Wetland
except at the very top where inorganic sedimentation was
much greater than organic accumulation/carbon sequestra-
tion and at the bottom of the peat profile where all three
rates essentially came together. Bacon Channel Island had
the most unusual relationship between the curves as
sometimes they mimicked each other (e.g., between −2.5
and −5 m), sometimes inorganic sedimentation and organic
accumulation/carbon sequestration were the mirror image
of each other (e.g., approximately −5.5 to −6.25 m), and at
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one depth range there was a great increase in organic
accumulation/carbon sequestration (approximately −1 to
−2 m) that had only a minor corresponding change in
inorganic sedimentation (Fig. 3). For Browns Island, a
high-energy site at the confluence of two rivers, inorganic
sedimentation rates through time were greater than organic
accumulation rates (Fig. 3). Mean inorganic sedimentation
rates at Browns Island were over three times higher than
organic accumulation rates (Table 2). Browns Island had a
massive increase in inorganic sedimentation that peaked at
approximately 3,800 cal yr BP. In addition, organic
accumulation rates had the same general shape as the
sedimentation rates, but they were considerably dampened.

Organic accumulation was strongly related to vertical
accretion at Browns Island, Franks Wetland, and Bacon
Channel Island (Fig. 4, Table 3). There were too few
radiocarbon dates available to produce a spline-fit age–
depth model for the Tip of Mandeville Tip, so no estimates

of organic accumulation or inorganic sedimentation were
calculated for this site. Inorganic sedimentation was only
strongly related to accretion at Browns Island, although
there was a weak but significant relationship between
accretion and inorganic sedimentation at Franks Wetland
(Table 3). At Franks Wetland, organic production contrib-
uted over 4.5 g for every gram of inorganic sedimentation
(Table 3).

For Franks Wetland, Bacon Channel Island, and Browns
Island, mean rates of carbon sequestration ranged between
38 and 79 g organic C m−2 year−1 (Table 2). The rate of
38.2 g organic C m−2 year−1 at Franks Wetland was only
valid for the first 608 cm of peat because below this the
radiocarbon dates were not interpretable due to age
inversions in the radiocarbon dating. At Browns Island
and Bacon Channel Island, radiocarbon dates were inter-
pretable for the entire peat column because there were no
age inversions.

Fig. 2 Percent organic matter (with inverted axis) and bulk density
vs. elevation relative to mean sea level (meters) for a Franks Wetland
(FW), b Browns Island (BRI), c Bacon Channel Island (BACHI), and
d the Tip of Mandeville Tip (TT). Ages shown for FW, BRI, and

BACHI for different layers of the peat are estimated ages from spline
fit age–depth models (Drexler et al. 2009a). Ages shown for peat
layers at TT are the median probability of the 1-sigma range for each
of three samples
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Bulk density and percent organic carbon measurements
throughout each core were used to estimate total organic
carbon storage (kg m−3) and total organic carbon storage
per area at each marsh site (Table 4). Organic carbon
storage was greatest at Browns Island (41 kg m−3) and least
at Franks Wetland (34 kg m−3). The greatest amount of
organic carbon storage per area was at Browns Island with
378 kg m−2 and the least amount was at the Tip of
Mandeville Tip with 155 kg m−2 (Table 4). These estimated
storage values rely heavily on accretion rates and the
thickness of the peat column of each marsh (Table 1).

Discussion

Organic vs. Inorganic Components of Peat

The relative contributions of inorganic and organic matter
and the bulk density of peat have varied both gradually and
rapidly over the past 6,000 years in the Delta (Fig. 2). Bulk

density and percent organic matter have been, for the most
part, mirror images of each other even though percent
organic matter has varied to a greater extent (Fig. 2).
Previous research in tidal marshes has shown that variabil-
ity in bulk density is strongly related to the relative
contribution of inorganic sediment to the peat (Turner et
al. 2001). In the Delta, the contribution of inorganic
sediment has been shown to vary as a function of the
sediment supply from the watershed and river discharge
rate, which is largely controlled by climate (Wright and
Schoellhammer 2005).

Overall, trends in bulk density and percent organic
matter content at the different study sites suggest that
Franks Wetland and Bacon Channel Island have been
highly organic sites containing little mineral sediment for
much of their existence (Fig. 2). The highly organic nature
and low bulk density of their peats can be explained by
their sheltered hydrogeomorphic setting and low-energy
status in the landscape, which prevent much mineral
sediment from depositing at these sites (Table 1). In

Fig. 3 Estimates for carbon sequestration (g organic carbonm−2 year−1),
organic accumulation (g organic matter m−2 year−1) and inorganic
sedimentation (g sediment m−2 year−1) through time at a FW, b BRI,
and c BACHI. Radiocarbon dates for all the calculations were estimated

using spline fit age–depth models (see Drexler et al. 2009a). Too few
radiocarbon dates were available to produce a spline fit age–depth
model for TT, so no estimates are given
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contrast, Browns Island and the Tip of Mandeville Tip have
peats of higher bulk density, lower organic content, and
greater variability in these parameters suggesting that these
high energy sites are dominated by larger watershed
processes (Table 1, Fig. 2). The same conclusion was also
reached in an analysis of vertical accretion rates and the
relative contribution of inorganic and organic matter to soil
volume at these sites (Drexler et al. 2009a). It is important
to note, however, that there may be other within-site
processes acting to control bulk density and percent organic
matter content. Such processes could include shifting of
natural levees, migration of marsh channels over time,
changes in the connectivity between river channels and
marsh, and/or shifts in the discharge rate between channels.
The only way these processes could be evaluated would be
to analyze multiple cores per site, which was beyond the
scope of this study.

Organic Accumulation vs. Inorganic Sedimentation

Patterns in organic accumulation and inorganic sedimentation
also appear to be a result of the hydrogeomorphic setting of
the sites. Through time, Franks Wetland and Bacon Channel
Island have had greater organic accumulation than inorganic
sedimentation whereas Browns Island has had much higher

inorganic sedimentation than organic accumulation. Such
differences are not surprising as previous work in salt marshes
has shown that sites with high tidal range (i.e., high energy
sites with strong connectivity to the greater watershed) receive
more inorganic sediment than sites with low tidal range
(French 2006; Allen 2000). Therefore, in the case of this
study, and perhaps for other microtidal freshwater marshes as
well, this statement would more generally be true if “tidal
range” were substituted with “connectivity to the greater
watershed”.

The balance between inorganic sedimentation and
organic accumulation has varied through time at the sites
(Fig. 3). At Browns Island, this alternation between
processes occurred over periods ranging from a few
hundred years to over 1,000 years (from ∼2,300 cal yr BP
to recent times). In addition, at Bacon Channel Island, near
the bottom of the peat column and at Franks Wetland, at the
very top and bottom of the peat column, inorganic
sedimentation was greater than organic accumulation
(Fig. 3). Therefore, it appears that at a particular time, a
“unit parcel” of marsh can rely more strongly on either
inorganic or organic matter for peat formation. Although
data are not available to demonstrate this effect at a marsh
scale, this result in itself suggests that generalizations
regarding marsh vertical accretion relying on either inor-

Table 2 Mean rates of carbon sequestration (g organic Cm−2 year−1), organic accumulation (g organic matter m2 year−1), and inorganic sedimentation
(g sediment m−2 year−1) over the lifetimes of each marsh

Site Mean carbon sequestration rate (SD) Mean organic accumulation rate (SD) Mean inorganic sedimentation rate (SD)

BACHI 58.7 (33.7) 114.5 (64.6) 48.3 (62.2)

BRI 79.0 (46.1) 179 (119) 552 (678)

FW 38.2 (11.9) 74.3 (23.1) 27.0 (33.1)

No such estimates could be determined for TT, because there were too few radiocarbon dates to construct a spline fit age–depth model (Drexler et
al. 2009b)

Fig. 4 Plots of vertical accretion (cm year−1) against a organic accumulation (g cm−2 year−1) and b inorganic sedimentation (g cm−2 year−1)
during the lifetimes of BRI, BACHI, and FW
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ganic or organic matter may be inappropriate, especially in
estuarine settings.

Changes in the relative constituents of peat can affect
the rate at which peat is accreted because there are
differing relationships between both inorganic and or-
ganic matter and vertical accretion rates (Turner et al.
2001). In a comparison of tidal freshwater marshes in the
northeastern, southeastern, and Gulf coast of USA,
Neubauer (2008) found that overall both mineral and
organic inputs were important with respect to vertical
accretion, but on a weight basis, organic matter contrib-
uted about four times more toward vertical accretion than
inorganic matter. In this study, both inorganic sedimenta-
tion and organic accumulation were associated with
vertical accretion throughout the lifetimes of Browns
Island and Franks Wetland, but only organic accumulation
had a significant relationship with accretion at Bacon
Channel Island (Table 3). At Browns Island and Franks
Wetland, the patterns for inorganic sedimentation and
organic accumulation were quite similar to each other
through time, suggesting that some of the organic material
deposited in the marsh may have been allochthonous and/
or the result of a fertilization effect from sediment
deposition (Neubauer 2008). At Franks Wetland, organic
accumulation was much more important in relation to
vertical accretion than inorganic sedimentation. The
equations in Table 3 for Franks Wetland show that for every
unit gain in accretion, organic accumulation contributed over
four times as much as inorganic sedimentation.

A closer look at existing patterns between organic
accumulation and inorganic sedimentation reveals some
important marsh processes. At Franks Wetland, increases in
inorganic sedimentation generally occurred with a
corresponding increase in organic accumulation and this
also occurred, though to a lesser extent, at Bacon Channel
Island. This relationship was also found at Browns Island,
however, there was essentially one main pattern in that core
(which may be related to a very wet period in California
history at approximately 3,800 cal yr BP, LaMarche 1973;
Stine 1990; Goman and Wells 2000, Drexler et al. 2009a).

Such results suggest that, in the Delta, the rate of peat
formation is strongly related to periodic deliveries of
sediments and accompanying nutrients, which have resulted
in increases in both inorganic sedimentation and organic
accumulation. Currently, sediment delivery to the water-
shed is largely related to storm activity (Wright and
Schoellhamer 2005). This relationship appears to be long-
standing as research on Lake Tahoe, California sediments
suggests that storms have been a major agent for the
mobilization of sediments in the region for the past
7,000 years (Osleger et al. 2009).

In the most recently accreted peats, there was a
pattern of low percentage of organic matter and high
bulk density, low organic accumulation, and high
inorganic sedimentation (Figs. 2 and 3). This high
mineral content at the marsh surface has been observed
by other researchers studying peat cores in the Delta and
Suisun Bay (e.g., May 1999; Goman and Wells 2000). It
has also been observed by Reed (2002) in a study of recent
peat accretion in reference and restored marshes in the
Delta. This increased sediment contribution to peat
appears to originate from as far back as ∼300 cal yr BP
and may be related to the advent of European settlement
and heightened land clearing for agriculture. Such land use
changes culminated in the hydraulic mining era between
the late 1880s and early 1900s. During this period, a huge
plug of sediment was liberated into the watershed, thus
increasing vertical accretion in the marshes (Gilbert 1917;
Orr et al. 2003).

Table 3 Simple regression relationships between vertical accretion (cm year−1) vs. both organic accumulation (g organic matter m−2 year−1) and
inorganic sedimentation (g sediment cm−2 year−1)

Accretion vs. inorganic sedimentation Accretion vs. organic accumulation

Site na Equation R2; p value Equation R2; p value

BACHI 66 NA NS; >0.05 y=1.14+0.68x 67.4; <0.001

BRI 120 y=−0.51+0.38x 82.1; <0.001 y=1.96+0.91x 96.2;< 0.001

FW 59 y=−1.15+0.16x 18.2; 0.001 y=1.44+0.73x 64.3; <0.001

All data were log-transformed prior to analysis

NA not applicable, NS not significant
a The number of data points (n) corresponds to the number of estimates per core of inorganic sedimentation and organic accumulation

Table 4 Estimated mean organic carbon density and organic carbon
storage per area in Delta marshes

Site Organic carbon
density (kg m−3) (SD)

Organic carbon
storage per area (kg m−2)

BACHI 39.2 (11.6) 285

BRI 41.0 (15.1) 378

FW 34.2 (7.2) 246

TT 36.6 (5.2) 155
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Carbon Sequestration Rates

Few other studies have estimated carbon sequestration rates
in tidal freshwater marshes, let alone throughout the
millennia, making it difficult to compare the results in this
study to other geographical regions. Nevertheless, some
comparisons can be made. The mean total accumulation
rates for the Delta marshes in this study (i.e., inorganic
sedimentation rates+organic accumulation rates) were
approximately 0.01 g cm−2 year−1. This is similar to the
deepest sediments (0.03 g cm−2 year−1; dated 1,379–
1,039 cal yr BP) in a Maryland tidal freshwater marsh
(Khan and Brush 1994). However, both of these estimates
are less than the current carbon sequestration rate estimated
for a tidal freshwater marsh in Virginia (0.05±0.035 g
organic C cm−2 year−1; Neubauer et al. 2002).

The range of mean carbon sequestration rates found in
this study (0.38–0.79 Mg C ha−1 year−1) brackets the mean
carbon sequestration rate of 0.71 Mg C ha−1 year−1 for
peatlands in the conterminous USA estimated by Bridgham
et al. (2006). Unlike the carbon sequestration rates deter-
mined for Delta marshes in this study, which were calculated
at small time intervals throughout the entire lifetime of each
marsh, this estimate by Bridgham et al. (2006) was
determined using the long-term apparent rate of carbon
accumulation (LORCA) method. This method relies on basal
peat dates alone, assumes a linear accumulation rate through
time, and is thought to overestimate carbon accumulation
(Bridgham et al. 2006). Other LORCA-derived estimates
exist including rates for a salt marsh and a freshwater marsh
in southern California (0.20 and 0.39 Mg C ha−1 year−1,
respectively, over a 5,000-year period; Brevik and Homburg
2004) and a 0.82 Mg C ha−1 year−1 estimate for Pacific coast
undisturbed organic soil wetlands (Armentano and Menges
1986).

The long-term carbon sequestration rates in this study
are less than short-term estimates for other coastal wetlands.
In a review paper by Chmura et al. (2003), carbon densities
for salt marshes from the Gulf of Mexico and the northeast
and northwest Atlantic were within a similar range as the
marshes in this paper (Table 4), but the salt marsh sites had
much higher carbon sequestration rates (mean=174; 72–
456 g organic carbon m−2 year−1; all peats <100 years old;
Chmura et al. 2003). The global average rate of carbon
storage in salt marshes and mangroves was estimated to be
approximately 210 g organic carbon m−2 year−1

(<100 years; Chmura et al. 2003), which is almost three
times the millennial rate estimated for Browns Island.

These few comparisons raise several questions. Of
particular importance is whether tidal saline or tidal
freshwater wetlands have higher carbon sequestration rates,
especially when methane emissions are accounted for, or
simply whether older peats are subject to greater losses of

sequestered carbon due to ongoing decomposition processes.
Clearly, more research is needed, especially over long, well-
calibrated time scales in order to address such questions.
These issues are of greater than academic importance because,
if carbon sequestration in marshes is to be utilized for
mitigating carbon pollution, storage trajectories will surely
be important beyond the 50–100 year time scale commonly
reported in the literature.
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