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Abstract High rates of carbon burial observed in wetland sediments have garnered attention as a
potential “natural fix” to reduce the concentration of carbon dioxide (CO2) in Earth's atmosphere. A
carbon accumulation rate (CAR) can be determined through various methods that integrate a carbon stock
over different time periods, ranging from decades tomillennia. Our goal was to assess howCAR changed over
the lifespan of a salt marsh. We applied a geochronology to a series of salt marsh cores using both 14C and
210Pbmarkers to calculate CARs that were integrated between 35 and 2,460 years before present. CARwas 39
g C·m−2·year−1 when integrated over millennia but was upward of 148 g C·m−2·year−1 for the past century.
We present additional evidence to account for this variability by linking it to changes in relative sea level rise
(RSLR), where higher rates of RSLR were associated with higher CARs. Thus, the CAR calculated for a
wetland should integrate timescales that capture the influence of contemporary RSLR. Therefore, caution
should be exercised not to utilize a CAR calculated over inappropriately short or long timescales as a current
assessment or forecasting tool for the climate change mitigation potential of a wetland.

Plain Language Summary Earth's vegetated habitats convert atmospheric carbon dioxide
(CO2) into plant material, or organic matter (OM), through photosynthesis. In most habitats, OM
decomposes back into CO2 within decades; however, OM that becomes buried in coastal wetland
habitats such as salt marshes can resist decomposition for thousands of years. Due to concerns over
increasing CO2 concentrations in the atmosphere, this mechanism, described as the carbon accumulation
rate (CAR), has been assessed as a means to naturally remove CO2 from the atmosphere in hopes of
offsetting fossil fuel emissions. Previously calculated rates of OM burial and CAR have been quite
variable, making it difficult to calculate the current total burial capacity of the global salt marsh
ecosystems. To better understand this process, we measured CAR in a salt marsh and investigated how
this rate changed from 2,400 years ago through present time. We found that while the rate of carbon
burial was variable, over the lifetime of this marsh it has been closely correlated with local sea level rise.
Moving forward, calculation of CAR must accommodate both the influence of sea level rise while also
omitting the recently deposited plant material that will decompose and not contribute to long‐term
OM storage.

1. Introduction

Coastal saline wetlands are recognized for their high productivity, ability to accrete vertically, and capa-
city to preserve organic carbon (OC) in their sediments for long periods of time (Chmura et al., 2003;
Duarte et al., 2005). This unique carbon sequestration and storage capability of vegetated coastal ecosys-
tems, as compared to their terrestrial and freshwater counterparts, has resulted in their designation as
“blue carbon” ecosystems (Howard et al., 2017; Mcleod et al., 2011; Nellemann, 2009). Mangrove forests,
for example, are among the most carbon‐rich tropical forests (~1,000 Mg C/ha) owing to both their above-
ground standing biomass and high C content belowground that can be preserved for millennia (Donato et
al., 2011). Salt marshes possess stores of carbon up to meters deep that have formed over hundreds to
thousands of years (Brevik & Homburg, 2004; Johnson et al., 2007; Redfield, 1965). Redfield's (1965)
seminal work recreating the “ontogeny” of a salt marsh by aging multiple depth horizons in a New
England salt marsh provided the blueprints for the modern approach to understand coastal geomorphol-
ogy. Here, we combine that approach with measuring OC stocks to assess the carbon storage capacity of a
salt marsh over various time periods.
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Key Points:
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accumulation rate (CAR) varied
with local relative sea level rise
(RSLR) over the past two millennia
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highest CAR was during the most
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with the highest RSLR

• The time period to report CAR
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include contemporary sea level rise
but omit labile carbon that will
decompose
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Coastal wetlands can continually drawdown CO2 from the atmosphere because of their ability to accrete ver-
tically in response to rising sea level, thus, creating a new volume of sediment in which to accommodate
additional organic matter (OM; Rogers et al., 2019). Several ecogeomorphic feedbacks in salt marshes allow
them to keep pace with sea level rise (Kirwan & Guntenspergen, 2012). In general, accelerated relative sea
level rise (RSLR) causes increased inundation, which leads to enhanced inorganic sediment loading, assum-
ing adequate sediment supply in tidal creeks compared to the position of the marsh platform in the tidal
frame (Kirwan &Guntenspergen, 2012; Kirwan &Megonigal, 2013; Pethick, 1981). Sedimentation and accel-
erated RSLR then promote increased belowground biomass production by the marsh plants (Drexler, 2011;
Morris et al., 2002). Together these factors cause vertical marsh accretion and subsequent increased carbon
accumulation in sediments (Kirwan & Mudd, 2012). The relationship between accelerating RSLR and
increased carbon accumulation in sediments has been affirmed in a recent global synthesis by Rogers et
al. (2019). The authors demonstrated that tidal ecosystems that have experienced accelerated RSLR exhibited
sediment carbon concentrations 1.7 to 3.7 times higher in their most surficial 20 cm compared to those that
have experienced stable sea level in the same timeframe. Notably though, even low rates of RSLR can cause
marshes below their optimum growth elevations to drown (Kirwan &Megonigal, 2013). However, where no
barriers to the upland exist and the landward gradient is shallow, a salt marsh can transgress landward as
higher inundation elevations create new intertidal habitat and vertical accretion will occur provided an ade-
quate supply of sediment (Oertel et al., 1989).

We focus on the rate at which salt marsh OC is shunted into stable belowground pools, referred to here as
the carbon accumulation rate (CAR). Various methods exist to measure CAR (Choi & Wang, 2004). One
approach measures vertical accretion as a proxy to burial of OM (e.g., feldspar marker horizons and sedi-
ment elevation tables), while others integrate a C inventory over the age of a sediment horizon that has
been dated using radioisotopes (e.g., 137Cs, 210Pb, and 14C). All methods that measure CAR standardize
their rate per annum, yet the actual time periods the rate integrates can vary from years to millennia
(e.g., years to decades for feldspar marker horizons, since 1963 for 137Cs, up to ~150 years for 210Pb,
and >10,000 years for 14C).

Salt marsh CAR exhibits a wide range of values. Ouyang and Lee (2014), who expanded the meta‐analysis of
Chmura et al. (2003), report an average salt marsh CAR of 244 g C·m−2·year−1 from methods that include
137Cs, 210Pb, and 14C dating and feldspar marker horizons. However, the CARs they surveyed ranged from
3–1,713 g C·m−2·year−1 and possessed a right‐tailed distribution with a median rate of 139 g C·m−2·year
−1. A shorter time used to derive CAR might bias the rate by including labile OC that will later decompose
and return to CO2 within annual to decadal timescales (Davis et al., 2015). For example, some of the highest
CARs reported by Ouyang and Lee (2014) were measured using 137Cs or feldspar marker horizons, two
approaches that employ relatively short timescales (<50 years) for CAR derivation. This range of salt marsh
CAR, spanning three orders of magnitude, has led to uncertainty in assessing the long‐term carbon sink
potential of blue carbon ecosystems, which have recently garnered attention for their potential role in cli-
mate change mitigation as a CO2 sink (Crooks et al., 2011; Mcleod et al., 2011; Trumper et al., 2009).
Moreover, it has been specified as a knowledge gap that requires further investigation (Howard et al., 2017).

Aside frommethodological nuances, physical (e.g., compaction and erosion) and biological (e.g., decomposi-
tion and root production) factors can affect CAR. Utilizing long cores and/or dating multiple horizons will
better incorporate these events into the CAR calculation, whereas shorter cores will represent a more recent
snapshot of CAR that may have been modulated by physical and/or biological drivers. It is well known that
net sediment accumulation rates decrease with increasing time span across subtidal and terrestrial deposi-
tional environments mainly due to discontinuous sedimentation (Sadler, 1981). Sediment accumulation of
salt marsh strata, however, has been shown by many researchers to be continuous over decadal to millennial
timescales (e.g., Gehrels, 1999; Kemp et al., 2017; van de Plassche et al., 1998) mainly due to salt marshes
having a high resistance to erosion (Neumeier & Ciavola, 2004) and a strong positive relationship between
accretion and inundation time (Morris et al., 2002; Pethick, 1981).

Stable carbon isotope ratios (δ13C) are a useful tool to determine the provenance of OM deposited in salt
marshes (Cloern et al., 2002; Lamb et al., 2006). Primary producers that fix different inorganic carbon pools
(e.g., freshwater vs. marine) or use different photosynthetic pathways (e.g., C3 vs. C4 pathways) can be differ-
entiated by predictably disparate δ13C values. For example, C3 vegetation like Juncus roemerianus exhibits
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relatively 13C‐depleted values from −30‰ to −22‰, whereas C4 vegeta-
tion like Spartina alterniflora possesses relatively 13C‐enriched values
from −18‰ to −13‰ (Lamb et al., 2006).

Factors such as salinity, regional climate, water chemistry, soil type, and
vegetation can make comparisons of salt marsh carbon stocks complex
(Holmquist et al., 2018). Our objective was to investigate how CAR from
the same salt marsh might change over time with changing RSLR. In this
study, we measure CAR using both 14C and 210Pb that provide timeframes
between 35 and over 2,400 years to integrate different carbon stocks over
multiple time horizons. We hypothesize that CAR will be highest when
measured over the shortest, most recent time frames but will decrease as
the time CAR is integrated over lengthens (i.e., a negative relationship).
Therefore, the magnitude of the carbon sink depends on the time period
investigated. Understanding how CAR has changed over the past millen-
nia in a salt marsh is important to developing strategies to utilize blue car-
bon habitats tomitigate climate change and to improvemodels of potential
future CAR.

2. Methods
2.1. Sample Collection and Plant Community Surveys

Traps Bay Creek is situated along the southern shore of the New River Estuary, NC, on Marine Corps Base
Camp Lejeune (Figure 1). The creek's watershed is ~8 km2 and drains the sandy paleoshoreline of the last
interglacial sea level highstand (Winker & Howard, 1977). The fringing marsh ranges from 20 to 40 m wide
from creek bank to upland maritime forest, is mixed S. alterniflora and J. roemerianus, and experiences ~30‐
cm mixed semidiurnal tides.

Between 2009 and 2016, emergent plant community structure was assessed in mid‐July to early August each
year during peak biomass. Percent cover of either J. roemerianus or S. alterniflora was measured in the same
experimental plots each year and recorded as Carolina Vegetation Survey category (Peet et al., 2018).
Replicate plots (n = 5) were arranged along parallel transects at distances of 0, 10, and 20 m from the creek
bank. Mean (and standard deviation) percent cover was determined for all replicates using the numerical
maximum percent coverage for each category.

Multiple cores were collected at Traps Bay marsh with various coring devices for subsequent analyses as a
component of the Defense Coastal/Estuarine Research Program project (https://dcerp.rti.org/). Three long
(L) cores were collected with a stainless steel Russian peat corer (diameter = 5 cm) to the depth of resistance
(i.e., the basal paleoshoreline sand unit or marsh contact) since the corer cannot penetrate the basal
paleoshoreline sand unit. Depth of the marsh contact varied by core between 90 and 224 cm from the surface
(Table 1). We assume no carbon from the current marsh lies below the marsh contact. Cores were arranged
along a shoreline‐perpendicular transect at distances of 5.6, 12.1, and 16.6 m from the creek bank and are
referred to as 1L, 2L, and 3L, respectively (Figure 1). Cores were cut into 1‐m long sections and transferred
to PVC cradles in the field. Distance from the creek bank was measured by meter tape to the nearest 0.1 m.
All core material was similar in consistency in that they contained high proportions of peat with a black‐
brown sandy mud. Near the surface of the cores, OM was identifiable as fine roots or leafy material, but dee-
per than 50 cm the core material was mostly fine, unidentifiable organic material mixed with black, sandy
mud. In Core 2L from 154 to 160 cm, a woody material was identified. All cores were underlain with a
gray‐brown fine clayey sand, which we denote as the marsh contact.

One core adjacent to Core 2L, designated Core 2L‐Pb, was collected with an aluminum core (7‐cm diameter)
driven by hand to 50 cm deep for 210Pb geochronology determination. This core was kept intact in the alu-
minum core tube until sectioning the next day. Additionally, six shorter cores (10–35 cm) were collected with
a polycarbonate tube (7‐cm diameter) driven into the marsh by hand (Figure 1d). These cores were collected
in close proximity to one another (25–50 cm) to create a cross‐sectional carbon profile within 2 m of the
creek bank.

Figure 1. Location of study site within (a) North Carolina, USA, and (b) the
New River. Long core locations (white circles) are shown across (c) Traps
Bay creek onMarine Corps Base Camp Lejeune. The yellow triangle denotes
the location of the Class B elevation benchmark. (d) Short cores were taken
within 2 m of the creek bank in line with the long core transect.
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At each core location, elevation was measured with a laser level and stadia rod, relative to a Class B bench-
mark (Figure 1c). The benchmark was a stainless steel rod driven into the ground to the point of refusal,
whose elevation (NAVD88) was established via triplicate static GPS collections using the National
Geodetic Survey Online Positioning User Service Program.

2.2. Sample Preparation and Analysis for OC Content, 13C, and 14C

Cores collected with the Russian peat corer and with the short polycarbonate tubes were extruded, cut into 2‐
cm depth intervals, and dried at 60 °C until a constant weight was reached. Once dried and reweighed for
bulk density determination, samples were homogenized by hand (mortar and pestle) or mechanically by ball
mill (Retsch MM301). A subsample from every 2‐cm interval was weighed and ashed at 450 °C for 6 hr to
determine OM content (%OM) by loss‐on‐ignition (Nixon & Oviatt, 1973). A randomized subset of samples
underwent elemental analysis (Costech ECS 4010) to determine OC content (%OC) at the National
Oceanic and Atmospheric Administration (NOAA) Lab (Beaufort, NC). For analysis of %OC, a homogenized
subsample of sediment was subjected to an acidification treatment with 1 M HCl to remove carbonates that
would bias the OC content measurement. Using internal acetanilide standards, elemental analysis coeffi-
cient of variance was less than 1.5%. Additional subsamples from every 5–10 cm were wrapped in silver
capsules, subjected to the acidification procedure described above, dried, and wrapped in an additional
tin capsule for bulk stable carbon isotope ratio (δ13C) analysis. This analysis was conducted via
continuous flow isotope ratio mass spectrometer on a Thermo Delta V Advantage isotope ratio mass
spectrometer coupled to a Costech 4010 elemental analyzer at the University of Connecticut. Raw isotope
valueswere corrected by two‐point normalization usingU.S. Geological Survey 40 and 41, glutamic acid refer-
ence materials. Analytical precision was 0.2‰ or better for δ13C. Stable carbon isotope ratios are reported in
standard δ notation relative to the Pee Dee Belemnite standard, where δ13C = [(Rsample/Rstandard)− 1] * 1,000,
and R is 13C/12C.

A set of samples (n= 25) were analyzed for %OC at both the NOAA Lab and the University of Connecticut for
interlaboratory calibration. These samples were highly correlated (p < 0.001, r2 = 0.97) and justified our use
of data from either lab as one combined data set. Since only some samples were measured for %OC but all
were measured for %OM, we derived a site‐specific empirical relationship to predict %OC from %OM, based
on the approach of Craft et al. (1991). The relationship between %OC and %OM was best fit by a linear

Table 1
Depths, Ages, Carbon Inventories, and CARs for Long Cores Collected at Traps Bay

Parameter Core 1L Core 2L Core 3L

Surface elevation (NAVD88, m) 0.068 0.082 0.085
Distance from creek bank (m) 5.6 12.1 16.6
Depth of marsh contact (cm) 224 194 90
Depth of 14C sample (cm) 220 — —
14C age of sample (cal BP) 2330 ± 20 — —
14C calibrated age of sample (cal BP2016) 2416 ± 20a — —

Age of marsh contact (cal BP2016) 2460 ± 20b 1970 ± 70c 680 ± 80c

Carbon stock, entire core (g C·m2) 95,575 75,417 33,356
Carbon stock, 0–32 cm (g C·m2) 15,279 10,796 11,063
Carbon stock, 0–90 cm (g C·m2) 43,507 32,679 —

Carbon stock, 0–194 cm (g C·m2) 74,750 — —

CAR, entire core (g C·m−2·year−1) 39 ± 0.3 38 ± 2 49 ± 5
CAR, 0–32 cm (g C·m−2·year−1) 141 ± 1.3 100 ± 0.9 102 ± 0.9
CAR, 0–90 cm (g C·m−2·year−1) 64 ± 7 48 ± 5 —

CAR, 0–194 cm (g C·m−2·year−1) 41 ± 2 — —

Note. CAR values are arithmetic results ± propagated error from age measurement. A dash indicates no calculation was
possible. The age of marsh contact was determined by linear depth‐age inference from the depth and age of the actual
14C sample. CAR = carbon accumulation rate.
aCalibrated in Calib 7.1 where 0 cal BP is the year CE 1950. Sixty‐six years were added so the year CE 2016 is 0 cal
BP2016.

bA linear age‐depth extrapolation was used to extend the date of the sample to the depth of the marsh con-
tact. cAge was inferred by matching depth of marsh contact to geochronology produced in Kemp et al. (2017). See
section 2.4.
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regression (y= 0.47x+ 1.1, r2 = 0.92), which was subsequently used to convert %OM to %OC and to calculate
carbon inventories.

Prior to drying core sections, a macroparticulate OM sample that was clearly identifiable as a single piece of
vegetative material was removed from core sections 4, 14, and 24 cm above the basal marsh contact in Cores
1L, 2L, and 3L, respectively (Table 1). The samples were cleaned of extraneous sediment with deionized H2O
under a dissecting scope. Samples were dried at 60 °C in ashed glassware and shipped to the National Ocean
Sciences Accelerator Mass Spectrometry lab in Woods Hole, MA, for radiocarbon (14C) age analysis. There
samples underwent standard acid‐base‐acid pretreatment. Samples were converted to graphite and sputtered
with heated, ionized Cs to produce 12C, 13C, and 14C ions that were collected in the accelerated mass spectro-
metry system. The 14C to 12C ratio of the sample was compared to the primary standard of National Bureau of
Standards Oxalic Acid I (NIST‐SRM‐4990). A modern age is defined as 95% of the 14C activity from CE 1950.
Various surfaces in the NOAA laboratory were checked for 14C contamination with seven “swab” tests ana-
lyzed at the Tritium Lab at the University of Miami and two “swipe” tests analyzed at National Ocean
Sciences Accelerator Mass Spectrometry. No contamination was detected.

Radiocarbon ages were calibrated using CALIB 7.1 (Reimer et al., 2013; Stuiver & Polach, 1977) and are
reported as the mean probability age rounded to the nearest decade ± 2σ. By convention, radiocarbon ages
use the year CE 1950 as the modern baseline (Stuiver & Polach, 1977). Thus, to determine the sample's actual
age, we added the difference between sample collection date and 1950 (i.e., 66 years for our samples collected
in 2016) to the calibrated age and hereafter report ages as calendar years before CE 2016 (cal BP2016).

Sediment carbon density (SCD) was calculated by multiplying the dry bulk density (g/cm3) of sediment by
the OC content (%OC). The SCD (g C/cm3) was then multiplied by the depth interval of the sediment section
it was measured from to integrate the density to the depth it represents. The mass of carbon per unit area
determined for each depth interval was summed and multiplied by 104 to produce a depth‐integrated carbon
stock (g C/m2). Sediment CAR (g C·m−2·year−1) was calculated by dividing carbon stock (g C/m2) by the age
at the target depth (y). Statistics (α= 0.05) and calculations were computed in R 3.4.2 (https://www.r‐project.
org/). Surface interpolations were created using inverse distance weighting in ArcMap 10.4.1 (Esri Inc.,
Redlands, CA) and used for qualitative assessment of the carbon cross section of the creek bank.

2.3. 210Pb Geochronology and Analysis via Alpha Spectrometry

The 7‐cm diameter core (2L‐Pb) was sectioned at 1‐cm depth intervals to 50 cm for 210Pb dating via alpha
spectrometry. 210Pb is a naturally occurring radioisotope in the 238U decay series with a half‐life of 22.3 years.
With this short half‐life, geochronology using 210Pb allows for high‐resolution sediment dating up to 150
years. The total 210Pb activity measured in a sediment sample is partitioned into supported and excess
210Pb. Supported 210Pb (210Pbsup) is the 210Pb that is produced in situ by the decay of its parent isotope
226Ra within the particle matrix. 210Pbsup is in equilibrium with 226Ra and is generally consistent throughout
the sediments of a given area. Excess 210Pb (210Pbxs) is the portion of 210Pb that is sorbed onto the particle
from surrounding waters and atmosphere. As sediments accumulate, buried sediments do not receive any
additional 210Pb, and the buried excess 210Pb decays with time, eventually reaching 210Pbsup levels.
210Pbsup is calculated by determining the 210Pb deep in the core where concentrations are constant with
increasing depth. The mean value within this constant 210Pb activity region is designated as the 210Pbsup
level. 210Pbxs in the depths above is calculated by subtracting 210Pbsup from the total 210Pb concentration.

The 210Pb content of the sediments was determined through isotope‐dilution alpha spectrometry of the
granddaughter isotope, 210Po, which is in secular equilibrium with total 210Pb (El‐Daoushy et al., 1991;
Flynn, 1968; Matthews et al., 2007). 210Po is a naturally occurring α‐emitter with a half‐life equal to 128.4
days. The fine fraction of each sample was spiked with 209Po tracer to determine chemical yield. The 209Po
activity was determined using the certified natural reference standard IAEA‐300. The vessels were micro-
wave digested (Sanchez‐Cabeza et al., 1998) at temperatures up to 90 °C. The supernate was separated from
the sediments by centrifugation; the sediments were discarded and the supernate was heated to remove nitric
acid. Hydrogen peroxide was added to the heated supernate to release organic components (Martin &
Hancock, 2004). Once the samples were near dry, ammonium hydroxide was added to precipitate iron.
The iron precipitate was separated from the supernate by centrifugation, the supernate discarded, and the
precipitate was dissolved with hydrochloric acid to prepare for plating onto stainless steel planchets.
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Ascorbic acid was added to the solution to prevent the iron from interfer-
ing with the plating process (Blanchard, 1966; El‐Daoushy et al., 1991).
After plating, the planchets were analyzed via α‐particle spectrometry
for 24 hr. The minimum detection limit for alpha‐particle spectrometry
is ~0.0002 dpm/g, and the analytical uncertainty ranged from 0.5 to
2.0%. Since Core 2L‐Pb was collected directly adjacent to Core 2L, the geo-
chronology measured from Core 2L‐Pb was applied to the OC stratigraphy
measured in Core 2L.

2.4. RSLR and Age Models

Rates of RSLR were calculated from relative sea level data and the age
model produced by Kemp et al. (2017) from Cedar Island, NC, which is
approximately 90 km northeast of our study site. To investigate if the
Cedar Island chronology was applicable to our study site, we compared
the age estimates of sediment horizons between Kemp et al. (2017) and
those we found using 14C and 210Pb. The marsh sediment depths from
Kemp et al. (2017) were reported in Mean Tidal Level (m) but were con-
verted to NAVD88 (m) for comparison to our sites after applying the con-
version offset reported from the tide gauge at Beaufort, NC (Station ID:
8656483), which is situated about halfway between the two sites. RSLR
rates were calculated from Kemp et al. (2017) as the vertical change in
reported historic sea level divided by the difference of median ages.
RSLR was plotted against time with locally estimated scatterplot smooth-
ing (LOESS) and 95% confidence interval in R 3.4.2.

3. Results
3.1. Sediment Core Profiles: δ13C, %OC, and SCD

The three cores collected with the peat corer (1L, 2L, and 3L) from Traps
Bay were 224, 194, and 90 cm long, respectively (Table 1). The marsh sur-
face elevations of the three cores were within 2 cm relative to each other
ranging from 0.068 to 0.085 NAVD88 (m). Sediment OC δ13C values from
all three cores fell between −34.1‰ and −20.5‰, but only two of 55 sam-
ples were heavier than −23‰ (Figure 2). OC content ranged from 2.0 to
32.6% for all peat cores at all depths (Figure 2). Much of core 1L contained
between 20% and 30% OC. Cores 2L and 3L exhibited higher carbon con-
tent in the upper parts of the core, whereas the carbon content was attenu-
ated downcore and approached the lower threshold of measured values.

The SCD of all cores ranged between 0.019 and 0.074 g C/cm3 (Figure 2).
The mean (±s.d.) values for Cores 1L, 2L, and 3L were 0.043 ± 0.010, 0.037
± 0.011, and 0.037 ± 0.005 g C/cm3, respectively. SCD showed no pattern
with depth in any of the cores. The depth‐integrated carbon stock of the
longest core (1L) was 95,575 g C/m2, while Core 2L, which was only 30
cm shorter, contained 75,417 g C/m2. Core 3L, the shortest core closest
to the upland, had 33,356 g C/m2.

3.2. Creek Bank Cross‐Sectional Carbon Profile and Plant Coverage

At the creek bank edge of Traps Bay, the closely spaced short cores
(Figure 1d) exhibited a wide range of OC content, from 0.1% to 29.8% (Figure 3a). The upper horizontal layer
of marsh sediment (0–20 cm) was lower in carbon content compared to the underlying sediment layers. The
creek bank consisted of horizontal layers that increased in carbon content with depth (Figure 3a). The SCD
profile reflected the OC profile between 1 and 2 m from the creek bank. However, the 1‐m edge of marsh
bank closest to the creek bank exhibited lower SCD than the interior 1 m, except for a tongue of higher car-
bon density at intermediate depths that reached the marsh edge (Figure 3b).

Figure 2. Traps Bay core profiles of stable carbon isotope ratio (top row),
organic carbon content (middle row), and sediment carbon density (bot-
tom row). In the top panels, the gray rectangle represents the δ13C range of
C3 vegetation, while the blue rectangle represents C4 vegetation (Cloern
et al., 2002; Kemp et al., 2010; Lamb et al., 2006).
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In Traps Bay marsh from 2009 to 2016, the emergent plant community was mixed S. alterniflora and J. roe-
merianus (Figure 4). Notably, at the zero transect (i.e., measured across the marsh at the creek bank) begin-
ning in 2013, S. alterniflora became more dominant in coverage surveys and remained so through 2016, the

last monitoring year. The transects across the marsh at 10 and 20 m from
the creek bank were relatively mixed in plant coverage.

3.3. Marsh Age and CAR

Of the three samples analyzed for 14C age, two were measured at ages
approaching modern dates, which indicates that young OM was intro-
duced to the bottom of Cores 2L and 3L. Younger (shallower) material
can be accidentally introduced to the bottom of a core by burrowing it dur-
ing the coring process or retrieving it during the core extraction process.
Those samples were omitted from further analysis. Using a linear age‐
depth model to infer the marsh contact age from the sample age for Core
1L (Johnson et al., 2007), the marsh contact age was estimated at 2460
± 20 cal BP2016 (Table 1). The 210Pb decay curve for Core 2L‐Pb resolved
the past 109 ± 1 years to 32 cm below the surface (Table 2).

These age‐depths cannot be translated into a precise sea level reconstruc-
tion since foraminiferal assemblages or another biostratigraphic proxy
needed to reconstruct the paleomarsh elevation within the tidal range
were not identified. Instead, we inferred past RSLR for this area from a
reconstruction completed in a nearby study site (Kemp et al., 2017). The
age‐depth horizons independently determined by Kemp et al. (2017) using
14C and 210Pb agreed remarkably well with ours (Table 3). Therefore, we
justified using the same RSLR estimates from the Kemp et al. study site
(Cedar Island) at Traps Bay and using the depth‐ages determined by
Kemp et al. (2017) to date the bases of Cores 2L and 3L.

Figure 3. Marsh sediment carbon cross section from short cores taken along the creek bank (denoted at 0 cm) to 200‐cm
inland. At each 5‐cm interval, (a) organic carbon content or (b) sediment carbon density was measured. Values were
interpolated between measurement points with inverse distance weighting and displayed in colored contours.

Figure 4. Mean (± s.d.) percent cover for Traps Bay from 2009–2016 for
Juncus roemerianus and Spartina alterniflora. Percent cover was averaged
from replicate (n= 5) monitoring plots surveyed in mid‐July to early August
each year. Each replicate plot was situated along parallel transects 0, 10, or
20 m from the creek bank, as designated by the right y axis. Surveys used
percent cover indicated as Carolina Vegetation Survey category and was
converted to the numerical maximum for each category (Peet et al., 2018).
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When the Traps Bay salt marsh first formed above Pleistocene sediments thousands of years ago, plants occu-
pied the original surface but marsh plants grew roots into underlying sediments creating a carbon signature
deeper than the original marsh surface. This mechanism must be taken into account when reconstructing
the ontogeny of the Traps Bay marsh. We estimate that the original marsh surface was 20 cm above the mea-
sured marsh basal contact (i.e., we cored past the relict marsh surface to the deepest point of the original
marsh rhizosphere). Therefore, the original marsh surfaces in each core can be estimated as 204, 174, and
70 cm below the current marsh surface in Cores 1L, 2L, and 3L, respectively (Figure 5).

The relatively flat surface of the marsh (maximum difference of 2 cm between Cores 1L and 3L) suggests that
since initial colonization, the marsh was deposited in horizontal layers that lapped against the upland topo-
graphy and filled the Traps Bay creek basin. This vertical accretion is visible in the interpolated cross sections
as horizontal layers of sediment defined by similar OC and SCD contents (Figures 3a and 3b). Assuming this
ontogeny of the marsh, the age of sediment OC stock is uniform across a horizontal planar bed. Therefore,
radiocarbon dates represent horizontal planar time horizons that extend across the marsh. Based on the hor-
izontally equal time horizons, we can infer core accretion and CAR for the cores as punctuated rates in sec-
tions divided by the time horizons (Figure 5).

Dividing the entire carbon stock of Core 1L (95,575 g C/m2) by the age of the marsh contact (2,460 ± 20 years
cal BP) produces an average annual CAR of 39 ± 0.3 g C·m−2·year−1 (Figure 5). CARwas similarly calculated
to be 38 ± 2 and 49 ± 5 g C·m−2·year−1 from the time of marsh origination for Cores 2L and 3L, respectively
(Table 1). The OM at 194 cm below the surface of Core 1L was assumed to have the same age as the marsh
contact at 194‐cm depth in Core 2L (i.e., 1,970 years cal BP2016); therefore, the carbon stock of the top 194 cm
in Core 1L divided by the age of the base of the younger Core 2L marsh contact produced a second CAR for
that age interval of 41 ± 2 g C·m−2·year−1. In the same way, CAR for the past 680 ± 72 years (i.e., the age of
the marsh contact in Core 3L) in Core 1L and 2L was 64 ± 7 and 48 ± 6 g C·m−2·year−1, respectively, and was
49±5 g C m−2 y−1 for Core 3L (Figure 5).

Table 2
Comparison of Estimated Ages of Marsh Horizons Between This Study and Kemp et al. (2017)

Core
Geochronology

Method from this study
Sample depth from this
study (NAVD88, m)

Estimated age range from
this study (cal BP2016)

Sediment depth from Kemp et
al. (2017; NAVD88, m)

Estimated age range from Kemp
et al. (2017); cal BP2016)

1L 14C −2.132 2396–2423 −2.116 2423–2683
2L 210Pb −0.248 107–109 −0.254 90–113

Table 3
Sediment Properties and Carbon Accumulation Rates for Core 2L‐Pb, Using Ages Determined by 210Pb Geochronology

Depth
(cm from surface)

Age
(cal BP2016)

Cumulative OC
Stock (g C/m2) CAR (g C·m−2·year−1)

2 4.1 ± 0.1 684 167
4 10.6 ± 0.1 1,289 122
6 15.7 ± 0.1 2,087 133
8 21.2 ± 0.2 2,869 135
10 27.1 ± 0.2 3,645 135
12 31.7 ± 0.2 4,379 138
14 35.4 ± 0.2 5,236 148
16 40.4 ± 0.3 6,014 149
18 45.2 ± 0.3 6,710 149
20 49.7 ± 0.3 7,322 147
22 54.1 ± 0.3 7,975 147
24 59.8 ± 0.4 8,576 143
26 68.2 ± 0.4 9,189 135
28 76.4 ± 0.4 9,693 127
30 88.8 ± 0.5 10,256 116
32 108.6 ± 0.7 10,731 99

Note. OC = organic carbon; CAR = carbon accumulation rate.
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The estimates of OC stock integrated from surface to every 2‐cm depth were matched with the age hori-
zons determined by 210Pb geochronology from depths of 2 to 32 cm (e.g., surface to 2‐cm depth, surface
to 4‐cm depth, … , surface to 32‐cm depth). By this process, CAR was estimated sixteen times in the top
32 cm of the core between 4 cal BP2016 and 109 cal BP2016 (Table 2). Using only the past 4 years of OM
accumulation in the top 2 cm of the core, a CAR of 167 g C·m−2·year−1 was determined. However, as
the depth of marsh sediment used to calculate CAR increases, CAR decreases. Integrating the top 32 cm
of marsh sediment, which accumulated over 109 years, CAR was 99 g C·m−2·year−1 (Table 2).

4. Discussion
4.1. Ontogeny of a Salt Marsh

Examination of the preserved OM layers in salt marsh sediments can elucidate both the provenance of that
material and the timeline over which that material accumulated, thus, revealing the “ontogeny” of a salt
marsh (Redfield, 1965). In Traps Bay, the δ13C values of the OM preserved in the marsh sediment were rela-
tively consistent downcore (Figure 2). All values were more 13C depleted than −20‰, which indicated that
the preserved OM was predominantly formed from C3 vegetation (Cloern et al., 2002; Kemp et al., 2010;
Lamb et al., 2006). Interestingly, the dominant emergent vegetation presently at Traps Bay is a mixture of
S. alterniflora, a C4 plant, and J. roemerianus, a C3 plant (Figure 4). From plant community monitoring con-
ducted from 2008–2016 CE, S. alterniflora replaced J. roemerianus as the dominant vegetation type after 2012
at the creek bank (i.e., the 0 transect in Figure 4), possibly from longer inundation times or increased salinity
in the creek. Cores 1L, 2L, and 3Lwere locatedwithin the 20‐msection ofmarsh nearest the creek bankwhere
S. alterniflora has been present for at least the past 8 years (i.e., since monitoring began). Even in the surface
sediment where S. alterniflora roots were adding carbon to the sediment, the δ13C values do not reflect the
input of C4 plant material (Figure 2). If S. alterniflora persists, then δ13C values would likely become more

Figure 5. Cross section of three cores collected at Traps Bay plotted by distance from creek bank (x axis) and depth (y axis). Plotted underneath each core label is the
current marsh surface (green circle), estimated original marsh surface (yellow circle), and marsh contact (orange circle) with estimated age. The current marsh
surface is represented with a green dashed line. At each marsh contact, a horizontal lamina (orange line) is drawn to intersect the other cores at the same depth
representing the same age horizon. Between each age‐depth horizon and the current marsh surface, the carbon inventory is given. The black dotted line connects
relict marsh surfaces to form the basal Pleistocene paleoshoreline sand unit underlying the current salt marsh.
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13C enriched at the marsh surface through time as the concentration of C4

plant material increases. Possible 13C enrichment in surface sediments was
possible from benthicmicroalgae or cyanobacteria, but if they were present
their signature was diluted against the larger OM pool (Cloern et al., 2002;
Currin et al., 2011). In Core 2L at 10 cm, the δ13C valuewas−20.5‰, which
indicates the mixing of C3 and C4 plant material, and potential microalgal
carbon, which in lower salinity estuarine marshes can have stable C
isotope values ranging from −16‰ to −22‰, if that material was
preserved upon deposition and subsequent burial (Currin et al., 2003).
Detrital S. alterniflora is several parts per thousand depleted in 13C
compared to live material (Benner et al., 1991; Currin et al., 1995) and
only a fraction of the annual belowground biomass produced by wetland
plants resists long‐term degradation (Davis et al., 2015; Morris &
Bowden, 1986). The observed depth profiles of the 13C signature of
organic C in the cores are consistent with a small amount of C4

vegetation diluted against the previously dominant C3 vegetation.

Based on the sediment OM stable carbon isotope signature, several
hypotheses can be devised regarding the historical plant communities that
created the carbon stock we measured. Since the stable isotope values
reflect almost exclusively C3 vegetation with some possible mixing of C4

vegetation, Traps Bay could have been a Juncus marsh from its inception until recent S. alterniflora
colonization. However, using only bulk stable carbon isotopes, it is not possible to decipher J. roemerianus
from upland maritime forest or other coastal C3 vegetation (e.g., cypress or cedar forests). Some of the carbon
stock in the bottom of the marsh unit could be remnant terrestrial C from when the marsh transgressed
upland if the terrestrial C did not completely decompose and/or erode during the period between forest
dieback and burial of surface OM by the newly formed marsh. In Core 2L, woody material was recovered
between 154 and 160 cm. This material was presumably allochthonous material captured in the marsh,
buried, and then preserved in the anoxic sediments before it could decompose. The woody material was of
similar δ13C value (−25.4‰) compared with the OM in the rest of the core but exhibited slightly lower
SCD (0.028 g C·cm−3).

4.2. Relating CAR to RSLR

The salt marsh at the study site has persisted there for the past 2,400 years. It has resisted drowning to RSLR
for over two millennia via natural ecogeomorphic feedbacks that allow coastal habitats to vertically accrete
and keep pace with sea level (Kirwan &Megonigal, 2013). Vertical accretion is a major driver of CAR (Morris
et al., 2012; Rogers et al., 2019), as the amount of buried C increases with increased depth (volume) of marsh
sediment. Therefore, a positive relationship exists between CAR and RSLR, even as C density remains
similar through time (Figures 2 and 6). The OC in Core 1L accumulated over 2,460 ± 20 years, during
which RSLR rates were <1 mm/year for >2,000 years before the most recent acceleration of RSLR
(Figure 6). While the 2.2‐m‐deep section of marsh contained a large reservoir of preserved OC, it was accu-
mulated on average at a relatively low rate of 39 ± 0.3 g C·m−2·year−1. Similarly, the OC in Core 2L formed
during relatively low rates of RSLR and exhibited relatively low CARs (Figure 6). Compared to the longer
Cores 1L and 2L, Core 3L experienced on average a higher rate of RSLR and exhibited a slightly higher
CAR (49 ± 5 g C·m−2·year−1); moreover, the sections of Core 1L and 2L from 0–90 cm (i.e., representing
the same sediment accumulation horizon as Core 3L) exhibited similar CARs as Core 3L (Table 1
and Figure 5).

Based on the 210Pb geochronology, the uppermost 32 cm of marsh formed over the last 109 ± 1 years and
accumulated OC when rates of RLSR were highest since the provenance of the marsh. The CARs over this
time period were 141 ± 1.3, 100 ± 0.9, and 102 ± 0.9 g C·m−2·year−1 for Cores 1L, 2L, and 3L, respectively
(Table 1). Following the trend of accelerating RSLR, each incrementally shallower, thus younger, section
of the core exhibited a higher CAR (Figure 6 and Table 2). There are two parts of this mechanism that cannot
necessarily be disentangled since we are confounded by simultaneously occurring processes. Rates of CAR

Figure 6. Relationship between carbon accumulation rate estimated by 14C
dating in Core 1L (circle), 2L (triangle), 3L (cross), and 210Pb geochronology
(squares) with relative sea level rise. Shaded region represents the 95%
confidence interval around median relative sea level rise (blue line) fitted
with a LOESS function. The year CE 2016 is denoted at x = 0.
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that increase with accelerated RSLR can be attributed to enhanced vertical accretion, an established ecogeo-
morphic response to RSLR (Kirwan & Mudd, 2012). However, living and/or undecomposed belowground
biomass of the salt marsh plants are included in the carbon stock of the near‐surface sediment (~20 cm),
which corresponds to the sections of highest CAR. While this biomass is part of the belowground carbon
stock at the time of sampling, it would inflate long‐term CAR if that material would eventually decompose.
It is, therefore, inherently impossible to forecast or extrapolate CAR as the future rate of carbon sequestration
when using these methods to measure CAR.

While the RSLR data from Kemp et al. (2017) extend to the year 2005 CE, RSLR monitored near the Traps
Bay study site show consistently accelerating rates of RSLR. From 2008–2016 CE, areas within 5 km of Traps
Bay exhibited RSLR rates as high as 10 and 14 mm/year, which greatly exceed the long‐term local average of
3.0 mm/year and is consistent with a Juncus to Spartina transition (Currin et al., 2018). Furthermore, the
region south of Cape Hatteras, NC, which encompasses the current study area, has exhibited sea level rise
acceleration to more than 20 mm/year between 2011 and 2015 CE (Valle‐Levinson et al., 2017). Similar
short‐lived, rapid sea level rise accelerations associated with combined cumulative effects of El Niño–
Southern Oscillation and North Atlantic Oscillation have occurred at least six times on the U.S. East Coast
since 1920 CE (Valle‐Levinson et al., 2017). Therefore, the extremely high rates of CAR calculated for the
surface sections of the marsh coincide with recent spikes in RSLR. If shallow cores (<20 cm) measuring
the recently deposited surface OC from past decades were used to calculate CAR and subsequently extrapo-
lated to the previous century or millennium, the CO2 storage of the salt marsh would be egregiously inflated.
This recent spike of RSLR may also contribute to the change of emergent vegetation species from J. roemer-
ianus to the more flood and salt tolerant S. alterniflora (Figure 4).

Our millennial CAR estimates align with other studies conducted elsewhere in the United States. Johnson
et al. (2007) collected and aged a New England salt marsh core to 3700 cal BP and reported a CAR of 40 g
C·m−2·year−1. Brevik and Homburg (2004) collected a core in Southern California that formed over 5,000
years and measured a CAR of 30 g C·m−2·year−1. Likewise, Drexler (2011) measured CAR in cores >6,000
years old and found CARs from 38 to 79 g C·m−2·year−1. In this study, CAR was 39 g C·m−2·year−1 when
integrated over ~2,400 years and 2.2‐m depth of marsh in Core 1L (Table 1). However, CAR in the surfi-
cial 30‐cm sections of marsh that accumulated during higher rates of RSLR was up to 3 times higher. For
example, the mean rate for the 109 year old, 0‐ to 32‐cm section from Cores 1L, 2L, and 3L was 114 g C·m
−2·year−1 compared to 39 g C·m−2·y−1 for the 2,400 year old section of marsh from Core 1L (Table 1).
These results demonstrate the carbon storage in salt marshes can be enhanced, at least temporarily, by
RSLR‐driven OM burial. However, the fate of this material over millennia is unknown. This finding is
consistent with the findings of Choi and Wang (2004) who showed centennial CAR measurements (130
± 9 g C·m−2·year−1) from a Florida Juncus marsh were approximately tenfold higher than their CAR mea-
surements integrated over the past 1,820 years (13 ± 2 g C·m−2·year−1).

Methodology biases exist for wetland vertical accretion rates where measurements made over years to dec-
ades are usually different for those from the same location made over centuries or millennia (Breithaupt
et al., 2018) and evidence exists that the shorter‐term marker 137Cs by itself is inadequate to estimate
CAR (Drexler et al., 2018). This methodological bias is also inherent in disentangling the changing CARs
over time with variations in rates of RSLR. Breithaupt et al. (2018) recommend using multiple timescales
withmultiple geochronology tools with overlap, if possible, to avoid this. We utilized different methodologies
that captured sediment accumulated over different time periods under different RSLR rates. We used both
14C and 210Pb to reconstruct marsh formation; therefore, we can assess variation in CAR at our study site
over decades and millennia.

As a conclusion, RSLR is a major driver of CAR in this salt marsh. It is pertinent to measure CAR over time-
scales that incorporate both environmental (e.g., contemporary RSLR and vegetation change) and biogeo-
chemical processes (e.g., long‐term diagenesis) that exhibit control over the rates or OM storage. CAR
measured over millennia will likely underestimate contemporary rates if RSLR at the sampling area has
increased recently. Conversely, CAR measured over only recent decades that incorporates live belowground
biomass into the carbon stock will likely provide overestimated rates for long‐term storage budgets since
some of that stock will eventually decompose. The challenge then is to balance potentially enhanced rates
of accumulation as RSLR accelerates with anticipated degradation processes that will occur over hundreds
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of years. We recommend using a geochronology that spans at least 100 years into the past, which is approxi-
mately five tidal epochs, to measure CAR so that it will be less influenced by short‐term processes like
decomposition of labile material. However, based on methodological constraints, CAR, which can only be
measured into the past, will always have shortcomings in being used to forecast future rates. These authors
caution against meshing short‐term (<100 years) CARs with calculations of long‐term storage potential (i.e.,
C emission offsets).
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