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Abstract  10 

Surface elevation tables (SETs) are a standard metric for measuring precise sediment accretion in wetlands. 11 

They are used to evaluate whether marshes are keeping pace with sea level rise and to determine whether 12 

management interventions are needed to prevent marsh inundation. The SET method combined with sediment core 13 

studies provides constraints on short-term (annual) and long-term (decadal) accretion rates. Sediment core records 14 

provide necessary constraints on slow occurring processes not adequately captured by SET methods such as 15 

subsurface decomposition and compaction. This long timescale view is relevant for land management in the context 16 

of sea level rise and carbon accumulation. New data are reported from Piermont Marsh, a brackish tidal wetland on 17 

the Hudson River. SET measurements reveal accretion rates from 3.1 to 6.5 mm/year from 2019 to 2024, while data 18 

from sediment cores collected 2 m from SETs provide rates of 2.4 mm/year and 3.9 mm/year since 1975. The 19 

contrast between methods is important for marsh managers interpreting accretion data and understanding the 20 

urgency presented by sea level rise for coastal marsh erosion. The relatively high accretion rates measured by SETs 21 

imply resilient marshes, but lower long-term rates indicate marshes are in need of assistance to survive. Future 22 

research on the North American Atlantic coast tidal wetlands should consider coupling SETs with lead (Pb) 23 

abundance measurements on sediment cores using X-Ray Fluorescence Spectroscopy; this is a relatively fast, non-24 

destructive way, (in comparison to radionuclide measurements) to assess accretion rates on decadal timescales, 25 

which are needed to accurately estimate marsh resilience to inundation from sea level rise.  26 

Introduction  27 

Coastal wetlands are being lost at increasing rates along the Atlantic Coast of the United States, reflecting a 28 

global trend (e.g. Maher and Starke, 2023; Weis et al. 2021; Roman et al. 2023; Haaf et al. 2021; Saintilan et al. 29 

2023; Webb et al. 2013; Fluet-Chouinard et al. 2023).  Losses are driven by land use change, pollution, (e.g. Wigand 30 
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et al. 2014) and accelerated sea level rise caused by climate change (Valiela et al. 2022). Wetlands provide critical 31 

services including water quality maintenance, protection from storms and erosion (Sheng et al., 2021a), carbon 32 

sequestration (Barbier et al. 2011) and cultural value (Alikhani et al. 2022). 33 

Sea level rise (SLR) is accelerating on the Atlantic Coast of the United States at 3-4 times faster than the 34 

global average (Sallenger Jr et al. 2012) due to ongoing glacial isostatic adjustment (e.g. Peltier, 2004, 2005; Kopp 35 

et al. 2014), ice melt (e.g. Gomez et al. 2010; Mitrovica et al. 2009), and changing patterns of ocean circulation (e.g. 36 

Yin et al. 2009). Relative sea level rise in the New York City harbor averaged 2.9 mm/yr between 1900 and 1990, 37 

increasing to 4.5 mm/yr between 1990 and 2019 (Gornitz et al. 2020). Water levels are rising in Hudson River 38 

Estuary marshes at rates consistent with sea level change measured by the tide gauge at the Battery in NYC 39 

(Courtney et al. 2023). It is projected that relative sea level (RSL) rise in New York City may be 32% greater than 40 

the global average by the end of the century (e.g. Horton et al. 2015; Miller et al. 2013).  41 

Tidal wetlands grow at the land-water interface. As sea level rises, accommodation space is created, which 42 

is filled by vegetation growth and sediment deposition (Morris et al. 2002). Slow and moderate rates of sea level rise 43 

cause marshes to accrete vertically and horizontally (Morris et al. 2002). Inundation adds mineral sediment and can 44 

enhance productivity (Kirwan et al. 2016). Indeed, moderate sea level rise rates over the past ~6,000 years have 45 

been responsible for the creation of U.S. Atlantic coast marshes (Peteet et al. 2006; Stevenson et al. 1986; Redfield, 46 

1972). However, if the maximum vertical accretion rate is lower than the rate of relative sea level rise, the marsh 47 

will become submerged (Reed, 1995; Kirwan et al. 2010; Fagherazzi et al. 2020). Although some losses may be 48 

compensated through migration landward (Kirwan et al. 2016), this is not possible if marshes are blocked by steep 49 

slopes (e.g. Molino et al. 2021), human developments (i.e., “coastal squeeze”; Doody, 2004; Valiela et al. 2018; 50 

Torio and Chmura, 2013), or starvation of source sediment (e.g. Peteet et al. 2018; Mariotti and Fagherazzi, 2013). 51 

Marsh accretion reflects a balance between inputs (e.g., plant growth, sediment deposition) and losses (e.g., erosion, 52 

decomposition, dewatering, compaction, and bioturbation), influenced by climate, geology, and human activity (e.g., 53 

Cahoon et al. 2015; Holmquist et al. 2021). 54 

Measuring Marsh Accretion  55 

Accurate measurement of sediment accretion is essential to assess whether a marsh is keeping pace with 56 

sea level rise (Cahoon et al. 1995; Cahoon, 2015; Webb et al. 2013) and determine if interventions are needed to 57 

prevent inundation and wetland collapse (e.g. Raposa et al. 2023). Although a variety of methods have been 58 
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employed to evaluate sediment accretion, the main approaches include 1) building high resolution age models from 59 

sediment cores and 2) directly measuring the marsh surface with techniques such as marker horizons and surface 60 

elevation tables. The two methods are often used interchangeably but can yield significantly different accretion rates 61 

from the same marsh, leading to confusion and conflicting guidance for management.   62 

Sediment cores use stratigraphic markers such as lead, copper, zinc, mercury, nitrogen isotopes, and pollen 63 

to reconstruct historical accretion tied to pollution and vegetation changes (e.g. Lima et al. 2005; Delaune et al. 64 

1978; Wigand et al. 2014; Brush, 1984; Kearney and Ward, 1986; Chmura et al. 2000).   Another key marker is 65 
137Cs, an artificial radionuclide released from nuclear bomb testing (~1950-1980) (Delaune et al. 1978; Faucher et 66 

al. 2021). Like other historical markers, 137Cs interpretation can be complicated by additional sources of radioactive 67 

contamination (Appleby et al. 1991). In the Hudson River, the 137Cs curve is impacted by historic releases from the 68 

Indian Point Nuclear Power Plant and the Knolls Atomic Power Laboratory (Simpson et al. 1976; Bopp et al. 1981). 69 

To reduce the dating uncertainty, multi-proxy data approaches are recommended to create a regional historical-70 

marker dataset (e.g. Wright et al. 2017; Kemp et al., 2011, 2017; Peteet et al. 2018, 2020).  71 

In contrast, artificial marker horizons provide direct, short-term surface accretion measurements by 72 

installing a reference layer and tracking sediment accumulation above it, however, they do not account for 73 

subsurface processes such as belowground growth (Bartholy et al. 2004; Goodman et al. 2007; Lacy et al. 2020). 74 

The surface elevation table (SET) method (later developed into the rod surface elevation table marker horizon, 75 

RSET-MH system) was designed to directly measure subsurface processes (Figure 1; Schoot and deJong, 1982; 76 

Boumans and Day, 1993; Cahoon et al. 1995; Cahoon et al. 2002a; Cahoon et al. 2002b; Cahoon et al. 2015).  In this 77 

method, a rod is driven up to 40 m into the substrate and fitted with a leveled arm with eight fixed positions. Surface 78 

elevation is determined by lowering pins in the SET arm to the wetland surface and measuring the height of each pin 79 

relative to the arm at each fixed position. The distances between the arm and the wetland surface provide a measure 80 

of wetland elevation change (Cahoon et al. 2015). Elevation change is often compared to an artificial marker horizon 81 

(MH) -typically feldspar clay- monitoring plot, which is used to calculate “shallow subsidence” processes of 82 

compaction and decomposition. Measurements are typically collected every three months (Lynch et al. 2015).  83 

Comparing SET and Long-Term Accretion Rates  84 

A compilation of SET and sediment core accretion rates from coastal wetlands around the world shows a 85 

significant offset between the two methods (Breithaupt et al. 2018). If the SET study is not corrected with a marker 86 
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horizon, the offset includes shallow subsidence (Cahoon et al. 2015). Differences can also be attributed to timescale; 87 

cores typically capture much longer periods of accretion than SETs. The shorter timescale represented in SET 88 

records is less likely to capture periods of non-deposition and erosion, as well as longer term processes of 89 

compaction and organic matter decomposition (Wiberg et al. 2020; Sadler, 1981; Sommerfield, 2006). Conversely, 90 

sediment cores may also capture events that add a significant amount of sediment deposition to a system, such as 91 

flooding and storms (Callaway, 1996; Tweel & Turner, 2014). However, sediment core and marker horizon studies 92 

can also be impacted by bioturbation and other processes that mix sediments and disturb stratigraphy (e.g. Swales 93 

and Lovelock, 2020) though, modeling can correct for these processes (Olsen et al. 1978). 94 

Offsets are also explained by temporally variable SLR trends; it is difficult to directly compare accretion 95 

rates averaged over different lengths and periods of time. In the northeastern United States, RSLR (relative sea level 96 

rise) has been spatially and temporally variable due to glacial isostatic adjustment and regional factors including 97 

groundwater withdrawal and compaction (Kemp et al. 2011, 2017; Miller et al. 2013; Peltier, 2006, Rovere et al. 98 

2016; Englehart & Horton, 2012). For example, according to a sediment core-derived record from foraminifera and 99 

d13C in a New York City tidal wetland, relative sea level rise (RSLR) has varied from 0.5 mm/year in 600-1000 CE 100 

to 1.52 mm/year at 1400 CE. Around 1630 CE, RSLR was 1.37 mm/year; this rate steadily rose to 2.98 mm/year in 101 

2014 consistent with tide gauge data (Kemp et al. 2017).  102 

The timescale question has been central to ongoing studies estimating global wetland vulnerabilities and 103 

local wetland management with respect to RSLR (Wiberg et al. 2020). On one hand, it has been argued that it is 104 

inappropriate to use slower, millennial scale SLR scenarios while the current rate of sea level change is so much 105 

higher than historical values; in this argument shorter term SET derived data should hold greater weight (e.g. 106 

Kirwan et al. 2017). On the other hand, longer timescale processes such as compaction, decomposition, and singular 107 

events of erosion, deposition, and non-deposition have a major effect on vertical accretion and must be considered 108 

(e.g. Parkinson et al. 2017). Recent studies show that a 50-year RSL trend is the best predictor of tidal wetland 109 

resilience to inundation (Saintilan et al. 2022; Hein et al. 2024). Formal analyses reconciling SET records and 110 

longer-term core derived measurements are needed to understand factors influencing small scale local variability 111 

(Breithaupt et al. 2018; Wiberg et al. 2020). Specific protocols must be developed to inform interpretation of 112 

individual data sets for research and management. 113 
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There are few studies on long-term accretion rates comparing cores and nearby SET monitoring locations. 114 

Breithaupt et al. (2018) identified case studies from the northeastern and southwestern United States. They found a 115 

large degree of spatial variability and few correlations to quantify the relationship between the two methods. Hein et 116 

al. (2024) attempted to extrapolate 50-year accretion rates from SET data in the Georgia Bight, but found these rates 117 

to be overly high compared to relative sea level curves and sediment cores. We conducted an updated literature 118 

review on mid-Atlantic sites with both core and SET data, finding a similar absence of overlapping records (Table 119 

1). SET rates are generally higher; however, they are more comparable to sediment core data in longer SET 120 

monitoring studies (Table 1). No clear trends emerged that could easily reconcile these two methods. More detailed 121 

side-by-side comparisons of SETs and cores are needed (Breithaupt et al., 2018). These comparisons must be paired 122 

with context on local hydrologic processes, nutrients, vegetation, and long-term land use and environmental trends.  123 

To address this research gap, we collected two 1-meter-long sediment cores next to (~2 meters away) SET 124 

stations in Piermont Marsh, Piermont, NY. We measured historic pollution chronologies using X-Ray Fluorescence 125 

Spectroscopy (XRF), a rapid, non-destructive method of determining the elemental composition of sediment (Kenna 126 

et al. 2011). By using a lead pollution chronology, we calculate the 50-year accretion rate needed to predict marsh 127 

resilience (Saintilan et al. 2022) and compare with SET data. By comparing SET and sediment core data, we provide 128 

constraints on longer-timescale processes causing vertical decrease in sediment elevation such as compaction, 129 

decomposition and depositional hiatuses. We employ loss on ignition (LOI), potassium, and titanium measurements, 130 

and nitrogen stable isotopes to evaluate sediment stability and mineral input. 131 

Methods 132 

Study Site: Piermont Marsh   133 

Piermont Marsh is a brackish tidal wetland (salinity ranges from 0-12 ppt, NYSDEC 2019) on the western 134 

side of the Hudson River estuary. It is a federally protected Hudson River National Estuarine Research Reserve 135 

(HRNERR) site. It is bracketed to the north by Piermont Pier and to the west by Tallman Mountain State Park, 136 

which includes the 100 m vertical Palisades Sill.  137 

Sediment accretion in this marsh is a function of the integrated tidal and hydrological systems. Piermont 138 

Marsh is connected to Sparkill Creek and the Hudson River. Permanent, shallow tidal creeks traverse the marsh. 139 

Sparkill Creek drains 11.1 square miles of a predominantly urban watershed and discharges into the north end of the 140 

marsh (NYSDEC 2019). In 2021, water testing showed high turbidity, high nutrients, and chlorophyll a 141 
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concentration (Riverkeeper, 2022). To the best of our knowledge, the sediment load and composition for Sparkill 142 

Creek has not been characterized. The Hudson River estuary is a 38,000 km2 watershed. It is microtidal, with an 143 

average tidal range of 1.5 m (Ralston et al. 2020a) and freshwater input is highly seasonal (Olsen et al. 1978). The 144 

largest tributaries in terms of both water discharge and sediment load are the Upper Hudson and Mohawk River 145 

(Wall et al. 2008). However, smaller tributaries are also a significant sediment source (Nitsche and Kenna, 2018). 146 

The total estimated sediment load for the estuary is 1.2 Mt/year (Ralston et al. 2020b). 147 

Piermont Marsh is significant in terms of age and depth compared to nearby marshes. At 13.7 m peat depth, 148 

it has a radiocarbon (14C) age of 5,700 before present (Peteet et al. 2006).  The 1,030-acre wetland represents a 149 

major reservoir for carbon storage (Peteet et al. 2020). Its sedimentary dynamics are a function of the integrated 150 

history of surrounding land use. Piermont Marsh and the adjacent territory are the ancestral homeland of the Tappan 151 

tribe of the Lenape people (Baker et al. 2022). Pollen records indicate this region was colonized by European 152 

settlement in the 1700s (Pederson et al. 2005). Settlement is evident from a decline in tree pollen and increase in 153 

Ambrosia (weedy ragweed) typical of forest clearance and subsequent mineral sediment input due to enhanced 154 

erosion (Pederson et al. 2005). The paleo-ecological record shows that the 20th century brought reforestation 155 

(Pederson et al. 2005) and large population growth. This change is reflected in measurements of industrial metal and 156 

nitrogen pollution (Peteet et al. 2020). Half a century ago, Piermont Marsh was covered by 66% Spartina patens and 157 

Distichlis spicata (saltmarsh hay and saltgrass; native marsh grasses) as well as Typha angustifolia (narrowleaf 158 

cattail; invasive) (Peteet et al. 2020). Today, the landscape is almost entirely dominated by invasive Phragmites 159 

australis (common reed), with small patches of native vegetation.  160 

Study Site: Sea Level Rise Resilience  161 

Several studies have investigated and modeled the resilience of Piermont Marsh and nearby tidal wetland 162 

systems to sea level rise. Tabak et al. (2016) used the Sea Level Affecting Marshes Model (SLAMM) to simulate 163 

changes in the Hudson River estuary by the year 2100 under medium (88 cm SLR by the year 2100) and high sea 164 

level rise scenarios (187 cm SLR by the year 2100). They modeled these two scenarios using low (maximum 5 165 

mm/year), medium (maximum 10 mm/year) and high accretion rates (maximum 15 mm/year). Modeling shows that 166 

with medium SLR and high accretion, Piermont Marsh would largely stay high marsh. With medium SLR and low 167 

accretion, Piermont would be converted to almost entirely low marsh. With high SLR, high accretion, Piermont 168 
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would be converted largely to tidal flats. If there was high SLR and low accretion, Piermont Marsh would be 169 

completely drowned by estuarine water in the next 80 years (Tabak et al. 2016).  170 

Various rates have been cited for Piermont Marsh and nearby brackish Hudson River tidal wetlands. Peteet 171 

et al. (2020) found that accretion rates in Piermont Marsh range from 1 to 6 mm/year over 2000 years, with an 172 

average of 2 mm/year. This finding is consistent with a synthesis of 137Cs based accretion rates from the Atlantic 173 

Coast that shows natural marshes have an upper limit of 5 mm/year accretion (Holmquist et al. 2021). Feldspar 174 

marker horizons show a 7 mm/year accretion rate from 2013 to 2015 (Dubossi et al. 2015). Sheng et al., (2021b) 175 

suggest that Piermont Marsh accretion may be closer to 10 mm/year.  They contend that Phragmites australis, the 176 

dominant vegetation in Piermont, increases accretion rates. Sheng et al. (2021b) based this rate on SET 177 

measurements from Phragmites dominated areas in Chesapeake Bay (Rooth & Stevenson, 2000) and New Jersey 178 

(Weis et al. 2021). Piermont Marsh is already showing signs of increased inundation. In 2019, relative to 1999, the 179 

surface flooded more frequently (Courtney et al. 2023; Montalto et al. 2006).  180 

Coring and Sampling  181 

Cores were collected using a side-opening Russian Dachnowski corer approximately 2 m from SET sites 2 182 

and 4 (Figure 2, cores PMT 2 and PMT 4). PMT 2 is further from the Hudson River estuary, and is 30 m away from 183 

the stream (Figure 2C). PMT 4 is closer to the Hudson River estuary (Figure 2D). Both cores were collected in areas 184 

completely dominated by Phragmites. The side-opening corer design was used to avoid compaction artifacts 185 

(Belokopytov and Beresnevich 1955; Jowsey, 1966; Faegri and Iversen 1975; Smeaton et al. 2020). Cores were 186 

wrapped in plastic wrap and aluminum foil, labeled, and refrigerated at the Lamont Doherty Earth Observatory core 187 

repository.  188 

The sediment cores were sampled, dried in a 50°C oven overnight, and homogenized with a mortar and 189 

pestle. Samples of carbon and nitrogen stable isotopes and for carbon and nitrogen concentrations were measured by 190 

the Cornell University Stable Isotope Laboratory (COIL) on a Thermo Delta V isotope ratio mass spectrometer 191 

(IRMS) interfaced to a NC2500 elemental analyzer. Loss on ignition (LOI) samples were incinerated at 550°C for 192 

two hours in a combustion furnace (Dean, 1974).  Samples were measured for 137Cs and other gamma emitting 193 

radionuclides in sealed tubes in a low-background, intrinsic germanium well detector. XRF elemental chemistry 194 

measurements were conducted on the split sediment core by the ITRAX core scanner at Lamont Doherty Earth 195 

Observatory core repository (30kV, 55mA, 10 seconds, 0.5cm step size; Cox Analytical Systems). XRF 196 
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measurements were not calibrated with external chemistry because relative elemental abundance, rather than 197 

absolute concentrations, were important to this study. 198 

Hierarchical cluster analysis was used to identify the lead rise and subsequent decline to calculate accretion 199 

rates (hclust function, stats package; R Core Team, 2013). The rise has been dated to between 1830-1850 with AMS 200 

radiocarbon dates and pollen analysis in Piermont Marsh (Pederson et al. 2005; Peteet et al. 2020) as well as 210Pb 201 

near the Great Lakes (Edgington and Robbins, 1976; Farmer, 1978; Yohn et al. 2004). In this paper we use 1839 as a 202 

date for lead rise consistent with Pb isotopes in Jamaica Bay Marsh (Peteet et al. 2018). The decline in lead 203 

concentration has been previously demonstrated to be 1975 in the Hudson River via 210Pb and 137Cs of Hudson River 204 

estuary (Nitsche et al., 2010) and nearby tidal wetlands (Sritrairat et al. 2012). In the northeastern United States, the 205 

lead rise is associated with industrial revolution coal burning and the fall is associated with the phase-out of leaded 206 

gasoline (e.g. Yohn et al. 2004) or municipal solid waste incineration in New York City (Chillrud et al. 2004). We 207 

estimate accretion by dividing how much sediment accumulated since 1850 and 1975 respectively, by the numbers 208 

of years represented; the top of the core is the year the core was collected (e.g. 2020-1839 = 181 years; 2020-1975 = 209 

45 years).  210 

SETs 211 

SETs were installed in 2019, following protocols from Lynch et al. (2015). These areas were dominated by 212 

Phragmites throughout the study period. Rods were installed to refusal at depths between 18 m and 23 m with a 213 

gasoline powered jackhammer. A sectional platform was installed around each SET to ensure monitoring activities 214 

did not cause subsidence, or surface disturbance. Elevation change was measured seasonally (except during winter 215 

months). Surface disturbance, such as ice, footprints (from animals such as deer, raccoons), burrows, and other 216 

animal activity were noted and interactions with pin locations were flagged with data codes. The SET record 217 

discussed in this paper spans from May 2019 to October 2023.  218 

Results 219 

Lead Curve  220 

Core PMT 2 shows a Pb rise at 41 cm and decline at 11.5 cm (Figure 3, Table 2). Core PMT 4 shows a Pb 221 

rise at 56 cm, and decline at 18.5 cm. The PMT 2 core has a pronounced, narrow lead peak (Figure 3, Table 3).  222 
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Carbon and Nitrogen Stable Isotopes and Concentrations  223 

Nitrogen concentration (%N) is between 1-2% through cores PMT 2 and PMT 4. d15N values increase after 224 

1839 in both cores. Carbon concentration (%) is variable throughout both cores and has a range from 10% to 44% 225 

(Figure 4, Figure 5), shows a decline from about 70 to 40 cm, increases again to about 1975, and then declines 226 

towards the top of the core. Carbon concentration is correlated with LOI (Figure 6). Titanium and potassium are 227 

highly correlated with one another (Figure 6) and negatively correlated with LOI (Figure 6).  228 

Accretion Rates from Piermont Cores and SETs  229 

The accretion rate measured from RSET 2 is 5.2 mm/year (Table 6), while the core collected 2 m away 230 

shows an accretion rate of 3.91 mm/year (Table 7, Figure 7). The accretion rate measured from RSET 4 is 5.6 231 

mm/year (Table 6), while the core collected 2 m away shows an accretion rate of 2.43 mm/year (Table 7). The core 232 

collected in the north of Piermont Marsh (sampled in the year 2000) shows an accretion rate of 1.72 mm/year (Table 233 

7). The core collected in the south of Piermont Marsh, also sampled in the year 2000 and dated with 137Cs, yields an 234 

accretion rate of 3.70 mm/year (Table 7). The average accretion rates calculated from sediment cores is 2.94 235 

mm/year (Table 7). Accretion rates calculated from RSETs collected in the entire east-west transect range from 3.1 236 

to 6.5 mm/year with an average of 4.97 mm/year (Table 6). We also calculated accretion rates based on the lead rise 237 

in 1850. The 1850-2020 average accretion rate for core PMT 2 was 2.44 mm/year, in contrast to the 1975-2020 238 

average accretion rate for PMT 2 which was 3.91 mm/year (Table 7). The 1850-2020 average accretion rate for core 239 

PMT 4 was 3.05 mm/year, in contrast to the 1975-2020 average accretion rate for PMT 4 which was 2.43 mm/year 240 

(Table 7).  241 

Discussion 242 

Sea Level Rise Resilience in Piermont Marsh  243 

The 50-year average accretion rates calculated from sediment cores PMT 2 and PMT 4 (2.43 mm/year and 244 

3.91 mm/year) are close to local sea level rise (3.69 mm/year at the Battery in 2022), indicating that the marsh is in 245 

danger of inundation with SLR (Saintilan et al. 2022). Two additional cores collected in 2000 show accretion rates 246 

of 1.72 mm/year (1975-2000, Peteet et al. 2020) and 3.70 mm/year (1963-2000, this study), which also show lower 247 

accretion rates of concern to the future of the wetland.  The lowest SET measurement (3.1 mm/year) is also lower 248 

than SLR, however, other SET measurements are slightly higher (4.5-6.5 mm/year). These rates are all lower than 249 
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the 10 mm/year accretion predicted for Piermont Marsh to keep up with severe SLR scenarios over the next 80 years 250 

(Tabak et al. 2016, Sheng et al. 2022).  251 

  Accretion rates appear to be increasing over recent years. The 1975-2020 average accretion rates calculated 252 

from cores are higher than the 1975-2000 average accretion rates calculated from cores (Table 7). Since these two 253 

numbers are averaged over different periods of time, the 1975-2020 accretion rates should include a greater signal of 254 

compression and decomposition.  Therefore, it appears likely that accretion rates are truly increasing.  This trend is 255 

consistent with rising sea levels and increasing accommodation space (Kirwan et al. 2016). Since the cores collected 256 

in 2000 were collected in different parts of Piermont Marsh, this observation may also be a reflection of local 257 

vegetation, and topography. For the PMT 2 core, higher accretion rates may also be due to proximity to a nearby 258 

stream. Higher soil drainage increases aeration and results in higher productivity (Chmura and Hung, 2004). This is 259 

supported by the finding that PMT 2 has a higher average carbon content than PMT 4 (Figures 3, 4). 260 

The very recent higher rates of accretion may also be due to enhanced productivity from nitrogen 261 

fertilization (e.g. Martina et al. 2016). Nitrogen concentrations in surface sediment collected in 2020 (1.16% and 262 

1.92%) are higher than nitrogen concentration in 2000 (1.00%) (Table 8). Enriched δ15N values near the top of the 263 

core are consistent with wastewater and fertilizer pollution. This phenomenon is occurring in other systems such as 264 

Jamaica Bay (Wigand et al. 2014; Peteet et al. 2018) and Long Island Sound (Copple et al. 2022).  It is also possible 265 

that accretion rates are supported by higher sediment discharge in the Hudson River since the extreme precipitation 266 

and flooding in 2011; this observation is supported by rising inorganic sediment inputs (Ralston et al. 2020a). 267 

Mineral sediment influx is also likely influenced by construction of the Mario Cuomo Bridge from 2013-2018 268 

(Berger, 2017). Increased sediment load may also be a result of dam removal efforts in the Hudson River estuary 269 

(Wu et al. 2017; Wu and Knack, 2015; Tonitto and Riha, 2016); even if this sediment flux represents a small 270 

proportion of overall estuary discharge (Ralston et al. 2021). Finally, it is also possible that the increasing density of 271 

Phragmites may be impacting accretion rates. Interestingly, the 1850-2020 average accretion rates are generally 272 

comparable to the 1975-2020 accretion rates in spite of many changing factors in land use, vegetation, and 273 

hydrology (Table 7). 274 

Our findings about Piermont Marsh’s vulnerability to submergence from SLR are particularly significant 275 

because this marsh closely flanks the Village of Piermont. Modeling analysis shows that this marsh buffers the 276 

nearby community from waves, floods, and structural loss during storms. During Superstorm Sandy in 2013, 277 
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Piermont Marsh reduced flooding by 8% and wave activity by 11% (Sheng et al. 2021). As sea levels rise, the marsh 278 

will also be an important buffer against smaller floods and wave action (Sheng et al. 2022). Degradation of this 279 

marsh also raises concerns about the release of anthropogenic organic compounds (e.g. Mittal and Rockne, 2010) 280 

and heavy metals (Figure 3, Peteet et al. 2020) into the surrounding tidal waters, which have toxic health risks. 281 

Further loss of habitat would also impact native and migratory species that rely on this fundamental wetland habitat 282 

(e.g. Wells et al. 2008) and their critical roles in the food web. 283 

Shallow Subsidence  284 

Piermont Marsh is a difficult site to monitor because the vegetation is almost entirely dominated by 285 

invasive Phragmites australis. Phragmites’ fibrous roots make it difficult to use the feldspar artificial marker 286 

horizon method. In Piermont Marsh, the feldspar layer degrades after ~5-10 years. Therefore, the artificial marker 287 

horizon method cannot capture decadal-scale subsurface processes important to vertical accretion. Here, we use the 288 

historic lead pollution prevalent throughout the northeastern United States (and likely elsewhere) to provide an 289 

independent, 50-year timescale estimate of sediment accretion which captures signals of decomposition and 290 

compaction (“shallow subsidence”, Figure 1).  291 

The offset between sediment cores (1.72-3.91 mm/year) and SETs (3.1-6.5 mm/year) represents 50-years of 292 

marsh surface decrease, including dewatering, compaction, bioturbation, decomposition, and singular events of 293 

erosion and non-deposition. Variable LOI, bulk density, macrofossil assemblages, d13C and d15N (Peteet et al. 2020) 294 

show that sediment composition changes significantly down the core. This is because different materials are 295 

undergoing diagenesis at varying timescales. The 50-year accretion period may also include hiatuses from both 296 

stream dynamics (Figure 3) and from historical changes in climate and vegetation. During the intense human impact 297 

interval (80-40 cm), for example, deforestation led to increased mineral input into the marsh and changed 298 

sedimentation rates (Peteet et al. 2020). There may also be a bioturbation effect. Oligochaete and polychaete worms 299 

were found in the upper 10 cm in Piermont Marsh sediments (Mittal and Rockne, 2010). Notably, Nereis found in 300 

Piermont substrate were 20-30 mm long, and Hobsonia florida were 7-15 mm long.  These animals are large enough 301 

to alter sediment geometry and change drainage patterns (Mittal and Rockne, 2010). However, worms are more 302 

likely to be present in the ponds.  We have never observed macroinvertebrates of any kind in peat sediment cores 303 

and given the consistent stratigraphy in palynology, isotopes, and dating amongst several cores sampled throughout 304 

the marsh platform, it is unlikely that bioturbation is mixing very large amounts of sediment. Fiddler crabs are also 305 
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present; however, they predominantly stay on the marsh edges and do not appear to burrow into the dense 306 

Phragmites platform.  307 

Another potential factor in shallow subsidence is decomposition: in tidal wetlands, processes include 308 

oxidation, methanogenesis, denitrification, and sulfate reduction (Stevenson et al. 1986). A higher water table and 309 

the presence of Phragmites australis may increase methanogenesis (Grunfeld and Brix, 1999). Higher salinity may 310 

decrease denitrification (Osborne et al. 2015). Extended tidal reach and hydroperiod (Courtney et al. 2023) could 311 

change marsh drainage pathways, potentially increasing sediment flushing, and release of nutrients into the estuary 312 

(Wilson and Morris, 2012). Enhanced inundation could potentially reactivate dormant microbial communities and 313 

organic decomposition at depth (Steinmuller et al. 2019, Steinmuller and Chambers, 2019, Vaughn et al. 2020). 314 

Such decomposition processes are likely significant, as there is high lateral carbon export flux from tidal wetlands to 315 

estuaries in eastern North America (Najjar et al. 2018). 316 

Deep Subsidence  317 

Vertical movement occurring below the SET rod is termed “deep subsidence” (Figure 1, Cahoon et al. 318 

2015). For example, it is known that glacial isostatic adjustment (GIA) is causing subsidence on the Atlantic Coast 319 

at ~2 mm/year (Davis and Mitrovica, 1996). GIA is captured in RSLR measurements at the Battery and therefore 320 

included in our sea level resilience assessment. However, there may be other local subsidence effects that would not 321 

be captured by the Battery tide gauge and have an impact on wetland elevation with respect to sea level (Hammond 322 

et al. 2021). For example, Piermont Marsh and nearby marshes are unique because they are underlain by a very thick 323 

layer of sediment. Seismic refraction and borehole data ~5 miles north of Piermont in the Hudson River estuary 324 

show 255 m of sediment overlaying the local Triassic age bedrock. The top 30 m of sediments are organic rich silt 325 

(Worzel and Drake, 1959; Herron et al. 1968).  Piermont SETs are installed ~15 m into sediments; it was not 326 

feasible to install into bedrock (Figure 1). Therefore, it is possible that the SETs, and indeed the whole marsh, are 327 

subject to long-timescale, slow subsidence, although practical implications are unclear. It has also been hypothesized 328 

that Hudson River tidal wetlands could be influenced by the Ramapo Fault Zone (RFZ); graben-like downfaulting 329 

could potentially cause local subsidence (Newman et al. 1987). Numerous earthquakes over the past century have 330 

been attributed to movement by the Ramapo Fault and nearby secondary faults (Page et al. 1968), including a 331 

magnitude 4.8 earthquake on April 5, 2024, with an epicenter near Lebanon, NJ (USGS, 2024). The signal in local 332 

subsidence from neo-tectonics is supported by the exceptional age and depth of Piermont Marsh. Piermont Marsh 333 
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peat depth relative to other tidal wetlands suggests subsidence resulting in increased accommodation space over 334 

several millennia. We recommend more research on this topic in the form of geophysical surveys and 335 

characterization of the subsurface marsh structure.  336 

 Importance of Old Wetlands  337 

It has been suggested that globally (Kirwan et al. 2016) and in the Hudson River estuary system (Tabak et 338 

al. 2016; Yellen et al. 2020), new marshes will form to compensate for the loss of old marshes, causing little net loss 339 

with sea level rise. For example, shallow new marshes are rapidly accreting in the Hudson River estuary behind 340 

railroad berms, jetties and dredge spoil islands (Yellen et al. 2020). These marshes are primarily clastic material and 341 

have very low LOI values (Yellen et al. 2020). In contrast, Piermont Marsh, which is over 13 m deep, represents 342 

over 6000 years of carbon storage (Peteet et al. 2006) and has significantly higher organic carbon content. Restored 343 

English marshes show that it takes at least 100 years for new wetlands to store the same amount of carbon as natural 344 

wetlands yearly (Alongi et al. 2022; Burden et al. 2019; Drexler et al. 2019). Wetlands formed over the past 3,000-345 

4,000 years or more store significantly more carbon globally than newer regions (Rogers et al. 2019; Saintilan et al. 346 

2022). It is therefore critically important to protect these deep marshes.  347 

Cores Measure Long Timescale Accretion Processes   348 

The main arguments for RSET-MH monitoring (opposed to sediment cores) are that they do not require as 349 

much historical land use information as a sediment core study, and can be easily integrated in global monitoring 350 

networks (Mackenzie et al., 2023; Webb et al., 2013; Bansal et al., 2023). However, monitoring RSET-MH systems 351 

requires a significant amount of fieldwork. It takes several years to generate usable data (Lynch et al., 2015). 352 

Feldspar markers from artificial marker horizons can degrade and be difficult to monitor in Phragmites dominated 353 

sites. Previous papers have stated that core-based studies require specialized coring equipment, and associated 354 

analyses and chemistry require time, and expertise (Mackenzie et al., 2023). The vast majority of core-based 355 

sediment studies exclusively use 137Cs and 210Pb to calculate accretion rates to estimate wetland response to SLR. 356 

Using the methods outlined in this study, core data can be generated and analyzed relatively quickly; 357 

accretion rates can be calculated in a matter of days, rather than years. We use lead pollution from the industrial 358 

revolution to calculate a 50-year accretion rate recommended by Saintilan et al (2022) to be the best predictor of 359 

marsh resilience with sea level rise. Lead was measured in sediment cores with X-Ray fluorescence spectroscopy 360 

(XRF) using an ITRAX core scanner (Croudace and Rothwell, 2015), which rapidly assesses elemental composition 361 
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down-core in hours. The benefit of scanning XRF is that it can provide sub-millimeter (60 µm) resolution down-core 362 

in hours, with little to no sediment core preparation or pre-treatment (Cox Analytical Systems). Samples can also be 363 

dried, homogenized, and measured on handheld XRF compared against standard reference materials, which provides 364 

quantitative elemental concentrations (Kenna et al. 2011). Moreover, a full suite of historical elemental data 365 

provides significant context on the depositional environment. For example, potassium and titanium are highly 366 

correlated with inorganic matter, indicating that these are very good elemental proxies for upland weathering and 367 

clay input (Figures 3,4,5). Other lithogenic elemental ratios may be useful to assess mineralogical change and 368 

sediment provenance (Nitsche and Kenna, 2018; Figures 3, 4, 5). This study also provides additional support for 369 

using LOI to estimate carbon concentration in brackish tidal wetland sediments. Carbon content (%) and LOI are 370 

highly correlated, indicating that LOI is an effective method to estimate wetland carbon concentration (Figure 5, e.g. 371 

Maxwell et al. 2023). 372 

The XRF-generated lead stratigraphy approach towards measuring accretion could be widely adopted in the 373 

United States and other well studied, urban regions because lead deposition from industrialization is well dated in 374 

sedimentary records. In the northeastern United States, the 1975 decline in atmospheric lead deposition has been 375 

seen in sediment cores from rivers, marshes and lakes from New York, New Jersey, and Connecticut (e.g. Bopp et 376 

al. 1993; Wenning et al. 1994; Benoit et al. 1999a, 1999b; Chillrud et al. 1999, 2003; Weis et al. 2005; Lima et al. 377 

2005; Nitsche et al., 2010; Sritrairat et al., 2012, 2013; Peteet et al., 2018, 2020; Copple et al., 2023). Similar lead 378 

curves are seen in the Great Lakes (rise in 1850, fall in 1975; e.g. Edgington and Robbins, 1976; Farmer, 1978; 379 

Graney et al. 1995; Yohn et al. 2004), and from 47 210Pb-dated sediment cores from the Adirondacks, Vermont, and 380 

Nova Scotia (Dunnington et al. 2020). It is important to exercise caution, as local contamination can impact lead 381 

chronology. Therefore, we recommend that reference cores be collected at specific sites first, and tools such as 382 
137Cs, 210Pb, 14C, and palynology be used to establish age chronology. Detailed historical research on different 383 

sources of contamination should be conducted to understand the environmental and geological systems impacting 384 

sediment composition. Historical markers such as lead concentration can be identified and used in accretion 385 

monitoring studies.  386 

Conclusion  387 

Based on sediment core data, the 50-year accretion rate for Piermont Marsh is ~3 mm/year. This finding indicates 388 

that the marsh is at risk from inundation due to sea level rise in the next 80 years as defined by the medium and high 389 
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SLR scenarios proposed by Tabak et al. (2016). The offset between sediment cores (1.72-3.91 mm/year) and SETs 390 

(3.1-6.5 mm/year) represents 50 years of marsh surface vertical decrease, including dewatering, compaction, 391 

bioturbation, decomposition, and events of erosion and non-deposition. Degradation of Piermont Marsh would 392 

represent a significant loss of stored carbon, which will not be easily offset by new marshes forming in 393 

anthropogenic backwaters and in upland areas. Scanning X-Ray Fluorescence Spectroscopy (XRF) in sediment 394 

cores is a rapid way to estimate historical pollution markers in the northeastern United States to calculate 50-year 395 

accretion rates relevant to assessing marsh resilience to SLR.  396 
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Figure 1. Figure 1. Schematic of RSET setup and subsurface processes that effect elevation change; use of historic markers to calculate accretion rates 
from sediment cores.  Modified from Cahoon et al. (2015).
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Figure 2. Map of study site. A, Map of Piermont Marsh, core locations, SET locations, and extent of the marsh. B, Regional map showing location of the 
study site, Atlantic Ocean and Long Island Sound. C, SET 2 and nearby core location (PMT2) map, with trail and stream labeled. D, SET 4 and nearby 
core location map (PMT 4), with trail and stream labeled. 



Figure 3. Lead and Cs-137 chronologies. A; Lead curve from the North Core. This data was previously published in Peteet et al. (2020). B; Lead curve from PMT 2 
core. The units are in XRF counts and data was generated on the ITRAX core scanner. C; Lead curve from PMT 4 core. The units are in XRF counts and data was 
generated on the ITRAX core scanner. D; Cs-137 core from the South Core. The vertical error bars on the cesium-137 are sampling interval. The horizontal error 
bars on the cesium-137 graph are 1 sigma errors. 
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Figure 4. Down-core measurements for core PMT 2. A; lead concentration. B; % organic content measurements calculated from loss 
on ignition. C; titanium and potassium concentration. D; nitrogen concentration and stable isotopes. The lead, titanium, and 
potassium are uncalibrated XRF measurements. This decision was made because it is the down-core trend, and not the absolute 
value that is relevant for this study. 
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Figure 5. Down-core measurements for core PMT 4. A; lead concentration. B; % organic content measurements calculated from loss 
on ignition. C; titanium and potassium concentration. D; nitrogen concentration and stable isotopes. The lead, titanium, and 
potassium are uncalibrated XRF measurements. This decision was made because it is the down-core trend, and not the absolute 
value that is relevant for this study. 
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Figure 6. Relationships between potassium, titanium, LOI, and carbon. A, Potassium versus titanium for core PMT2. B, Potassium 
versus titanium for core PMT4. C, Titanium versus % organic content for PMT 2. D, Titanium versus % organic content for PMT 4. E, 
% carbon versus % organic for core PMT 2. F, % carbon versus % organic for core PMT 4.



Figure 7. Summary bar chart of core and SET derived accretion rates 

0

1

2

3

4

5

PM
N-
1

PM
N-
2

PM
M-
3

PM
M-
4

PM
M-
5

PM
N-
6

No
rth
co
re
Pb
Ri
se

PM
T 2

co
re
Pb
Ri
se

PM
T 4

co
re
Pb
Ri
se

So
uth
co
re
Cs
-13
7

No
rth
co
re
Pb
De
cli
ne

PM
T 2

co
re
Pb
De
cli
ne

PM
T 2

co
re
Pb
De
cli
ne

A
cc
re
tio
n
R
at
e
(m
m
/y
ea
r)

SETs

Cores



Table 1. RSET-MH derived accretion rates and nearby sediment cores and accretion rate calculations. 
1Roman et al., 2022; 2Roman et al., 2007; 3Cahoon et al., 2018; 4Peteet et al., 2018; however, accretion 
rates over 350 is 2.6mm/yr; 5Artigas et al., 2021; 6Artigas et al., 2015; 7Weis et al., 2021; 8Weis et al., 
2025; accretion rate is the average over the sub-estuary 

Location 

Average accretion 
rate from RSET-

MH method 
(mm/yr) 

RSET-MH monitoring 
duration period 

Average 
accretion rate 

from core 
(mm/yr) 

Core dating 
method and 
timescale of 

accretion 

Fire Island, Great 
Gun 2.5 +/- 2 20 years (2002-

2022)1 2.7 
Pb-210, Cs-137 
(44 years, 1963-

2007)2 

Fire Island, Watch 
Point 4.0 +/- 1 20 years (2002-

2022)1 2.2 
Pb-210, Cs-137 
(44 years, 1963-

2007)2 

Fire Island, 
Hospital Hill 3.0 +/- 1 20 years (2002-

2022)1 4.2 
Pb-210, Cs-137 
(44 years, 1963-

2007)2 

Jamaica Bay, 
JoCo High marsh 4.7 14 years (2002-

2016)3 5.0 

Pollution markers, 
pollen, 

radiocarbon, 
charcoal; (150 
years; 1850-

2000)4 
Meadowlands, 
Secaucus High 

School 
Marshlands Site 

5.52 +/- 2.15 11 years (2008-
2019)5 1.6 Cs-137 (49 years; 

1963-2012)6 

Meadowlands, 
Eight Day Swamp 6.45 11 years (2008-

2019)7 3.3 Cs-137 (1963-
2002)8 

 
 
 
Table 2. X-Ray Fluorescence Spectroscopy (XRF) data from core PMT 4. Data was generated on an 
ITRAX core scanner at the Lamont Doherty Earth Observatory Core Repository. Units are in XRF counts.  
 

Top 

Depth 

(cm) K Ti Pb 

0 0 5 0 

0.5 350 381 73 

1 1083 1107 273 

1.5 1490 1273 272 



2 1353 1206 105 

2.5 1401 1327 166 

3 830 826 30 

3.5 1162 1035 126 

4 1509 1282 282 

4.5 1356 1133 168 

5 1053 769 85 

5.5 1258 1243 118 

6 1307 1278 53 

6.5 1331 1197 127 

7 1106 1056 64 

7.5 1027 872 16 

8 1038 895 102 

8.5 1130 972 162 

9 1133 1135 196 

9.5 1348 1254 120 

10 1241 1318 173 

10.5 1611 1488 109 

11 1410 1339 199 

11.5 1384 1326 235 

12 909 960 0 

12.5 1094 1149 260 

13 902 885 262 



13.5 791 793 343 

14 722 719 273 

14.5 730 842 264 

15 411 371 10 

15.5 340 301 70 

16 498 484 289 

16.5 468 389 84 

17 447 386 156 

17.5 465 475 115 

18 513 624 382 

18.5 545 534 241 

19 642 705 561 

19.5 505 566 723 

20 493 585 735 

20.5 781 1011 1090 

21 708 827 609 

21.5 672 742 505 

22 603 661 290 

22.5 818 961 499 

23 693 912 417 

23.5 551 796 483 

24 498 690 584 

24.5 425 576 655 



25 484 469 633 

25.5 476 522 283 

26 565 616 416 

26.5 504 639 374 

27 567 735 353 

27.5 774 949 387 

28 785 838 403 

28.5 763 934 417 

29 664 624 546 

29.5 674 631 307 

30 588 660 526 

30.5 757 771 531 

31 895 914 352 

31.5 460 479 257 

32 621 630 303 

32.5 575 616 121 

33 398 413 282 

33.5 592 662 380 

34 481 516 409 

34.5 496 511 571 

35 816 945 228 

35.5 771 814 209 

36 685 798 196 



36.5 601 530 190 

37 1031 1220 481 

37.5 840 934 173 

38 505 631 259 

38.5 1207 1313 250 

39 1069 1161 215 

39.5 1192 1207 193 

40 1455 1606 251 

40.5 1179 1242 176 

41 1493 1557 267 

41.5 1242 1269 332 

42 1130 1188 145 

42.5 1210 1122 265 

43 1404 1421 189 

43.5 1601 1677 293 

44 1646 1713 235 

44.5 1662 1620 279 

45 1922 2002 197 

45.5 1695 1752 142 

46 1280 1347 379 

46.5 1641 1786 208 

47 1621 1655 218 

47.5 1688 1760 162 



48 1667 1765 217 

48.5 1640 1625 166 

49 1391 1475 203 

49.5 1229 1339 89 

50 1290 1351 80 

50.5 1300 1381 37 

51 1074 1130 110 

51.5 812 948 57 

52 1199 1206 58 

52.5 1327 1495 261 

53 1336 1513 206 

53.5 1712 1785 271 

54 1719 1781 339 

54.5 1744 1895 228 

55 1592 1887 186 

55.5 1694 1900 139 

56 1543 1685 207 

56.5 1344 1504 18 

57 1351 1551 107 

57.5 1568 1812 60 

58 1515 1644 116 

58.5 1795 1924 195 

59 1888 1970 137 



59.5 1680 1876 153 

60 1649 1720 10 

60.5 1686 1877 121 

61 1980 2256 35 

61.5 2083 2399 137 

62 1596 1759 65 

62.5 2013 2204 104 

63 1832 2053 300 

63.5 1648 1733 137 

64 1953 2183 160 

64.5 2004 2141 13 

65 1695 1847 27 

65.5 2340 2402 0 

66 2227 2372 159 

66.5 2356 2542 72 

67 2173 2489 74 

67.5 2000 2133 0 

68 1911 2021 162 

68.5 847 920 9 

69 1120 1255 224 

69.5 1254 1444 54 

70 1355 1535 84 

70.5 1482 1596 33 



71 818 899 0 

71.5 693 804 52 

72 1025 961 118 

72.5 929 848 78 

73 792 929 119 

73.5 1261 1499 66 

74 1067 1072 0 

74.5 978 1128 81 

75 905 1011 0 

75.5 850 924 267 

76 1072 1096 178 

76.5 1031 1107 5 

77 935 1065 57 

77.5 835 829 29 

78 888 994 53 

78.5 879 808 0 

79 745 770 26 

79.5 1083 1066 53 

80 1142 1254 127 

80.5 1155 1234 44 

81 1154 1125 86 

81.5 597 672 0 

82 558 531 37 



82.5 761 703 138 

83 681 657 24 

83.5 552 612 49 

84 587 667 146 

84.5 828 919 188 

85 594 633 0 

85.5 472 496 15 

86 595 593 19 

86.5 622 679 40 

87 437 401 0 

87.5 379 439 0 

88 468 536 0 

88.5 353 369 94 

89 546 607 23 

89.5 658 613 17 

90 657 772 0 

90.5 684 636 75 

91 812 773 15 

91.5 689 880 0 

92 524 625 0 

92.5 529 566 0 

93 306 354 0 

93.5 724 771 44 



94 696 621 76 

94.5 840 875 21 

95 1001 1052 151 

 

 
Table 3. X-Ray Fluorescence Spectroscopy (XRF) data from core PMT 4. Data was 
generated on an ITRAX core scanner at the Lamont Doherty Earth Observatory Core 
Repository. Units are in XRF counts.  
 

Top 

Depth 

(cm) K Ti Pb 

0 85 124 0 

0.5 524 541 0 

1 974 961 189 

1.5 1803 1686 236 

2 2379 2298 377 

2.5 1781 1724 253 

3 1906 1746 346 

3.5 1672 1692 164 

4 1648 1582 344 

4.5 2075 1973 373 

5 2598 2548 518 

5.5 2329 2232 391 

6 2249 2415 546 



6.5 2324 2387 351 

7 2178 2185 315 

7.5 1201 1405 321 

8 2174 2268 579 

8.5 1527 1711 631 

9 1703 1702 556 

9.5 1676 1909 489 

10 1711 1695 428 

10.5 1600 1573 493 

11 1228 1196 679 

11.5 1498 1636 1251 

12 1272 1281 1983 

12.5 1080 1242 2574 

13 1098 1329 2480 

13.5 570 402 692 

14 98 101 113 

14.5 209 291 373 

15 203 279 129 

15.5 719 786 406 

16 615 705 364 

16.5 673 837 69 

17 300 376 97 

17.5 450 534 327 



18 655 657 579 

18.5 438 483 332 

19 356 368 362 

19.5 503 484 256 

20 699 723 479 

20.5 885 969 525 

21 1251 1661 464 

21.5 893 1022 226 

22 780 853 316 

22.5 1320 1685 453 

23 998 1121 509 

23.5 635 804 299 

24 1096 1288 399 

24.5 1541 1697 528 

25 901 938 403 

25.5 753 779 386 

26 815 857 362 

26.5 1286 1236 388 

27 1509 1617 422 

27.5 1249 1249 414 

28 1000 1098 111 

28.5 1224 1201 227 

29 835 850 52 



29.5 382 310 0 

30 715 626 123 

30.5 732 786 107 

31 1065 1040 229 

31.5 2188 2194 249 

32 2219 2115 224 

32.5 2714 2567 243 

33 2411 2404 202 

33.5 2253 2186 234 

34 2142 2013 227 

34.5 2738 2608 309 

35 2458 2467 79 

35.5 2568 2479 170 

36 2766 2710 182 

36.5 2765 2739 253 

37 2510 2641 335 

37.5 2567 2629 331 

38 2186 2138 156 

38.5 1880 1574 340 

39 1373 1450 251 

39.5 1956 1971 344 

40 1489 1595 294 

40.5 1608 1680 218 



41 2110 2064 204 

41.5 2066 2077 89 

42 1908 2005 97 

42.5 1861 2083 96 

43 1384 1530 149 

43.5 1374 1447 170 

44 1797 1834 185 

44.5 1340 1476 141 

45 1352 1370 204 

45.5 1234 1290 80 

46 1286 1400 76 

46.5 1069 1191 119 

47 1121 1248 10 

47.5 1031 1082 19 

48 955 1053 76 

48.5 1031 1193 40 

49 1222 1301 65 

49.5 1195 1375 0 

50 1502 1540 45 

50.5 1749 1807 206 

51 1825 1881 0 

51.5 1724 1863 99 

52 1825 1938 0 



52.5 1850 1956 93 

53 1855 1977 0 

53.5 1973 2096 36 

54 1806 2106 144 

54.5 1533 1685 19 

55 1935 2129 124 

55.5 2036 2062 60 

56 1778 2106 127 

56.5 1584 1859 0 

57 1058 1259 109 

57.5 1165 1252 98 

58 1530 1656 227 

58.5 1761 1860 74 

59 2047 2297 139 

59.5 1923 2127 0 

60 1544 1561 53 

60.5 1919 2156 181 

61 1470 1645 182 

61.5 1724 1808 230 

62 1693 1817 150 

62.5 1438 1534 176 

63 1526 1675 241 

63.5 1963 2025 219 



64 2020 2132 28 

64.5 2020 2046 169 

65 2244 2230 23 

65.5 2202 2391 60 

66 2238 2369 0 

66.5 2020 2105 227 

67 1838 2055 0 

67.5 1730 1664 45 

68 1799 1881 29 

68.5 1968 2180 60 

69 1601 1740 83 

69.5 1658 1711 0 

70 1690 1757 29 

70.5 1221 1318 122 

71 1395 1638 51 

71.5 569 572 0 

72 1418 1468 19 

72.5 1294 1394 0 

73 1281 1260 156 

73.5 1573 1600 153 

74 1665 1759 51 

74.5 2086 2162 44 

75 2075 2238 95 



75.5 2178 2116 0 

76 1770 1700 0 

76.5 1922 1965 0 

77 1603 1826 116 

77.5 1459 1572 44 

78 1427 1459 0 

78.5 1485 1657 69 

79 1758 1670 0 

79.5 1817 1931 189 

80 1771 1908 0 

80.5 1863 1855 7 

81 1902 2055 57 

81.5 1381 1487 82 

82 1798 1877 47 

82.5 2061 2207 130 

83 1842 1871 244 

83.5 1529 1660 91 

84 1581 1739 71 

84.5 1617 1813 14 

85 897 978 37 

85.5 1598 1795 22 

86 1636 1599 38 

86.5 927 934 27 



87 959 1035 66 

87.5 1495 1633 100 

88 1513 1535 0 

88.5 1462 1588 158 

89 1024 1173 223 

89.5 1073 1132 212 

90 1154 1224 145 

90.5 1311 1492 81 

91 1194 1357 105 

91.5 1246 1485 104 

92 1432 1517 135 

92.5 2032 2191 92 

93 1494 1570 107 

93.5 1437 1465 58 

94 1280 1408 0 

94.5 768 733 0 

95 818 887 0 

95.5 1371 1419 0 

96 0 0 0 

96.5 0 9 0 

97 0 0 0 

 
 
 
Table 4. Loss on Ignition (LOI) data from core PMT 2. The units are in percent (%) lost 
after 4 hours of combustion at 550°C.  



 

Interval LOI 

0-2 48% 

2-4 52% 

4-5 63% 

5-6 78% 

6-7 33% 

7-8 45% 

8-9 40% 

9-10 50% 

10-11 50% 

11-12 67% 

12-13 64% 

13-14 73% 

14-15 68% 

15-16 70% 

16-17 77% 

17-18 55% 

18-19 14% 

19-20 16% 

20-21 63% 

21-22 12% 

22-23 68% 



23-24 87% 

24-25 71% 

25-26 64% 

26-27 59% 

27-28 66% 

28-29 65% 

29-30 65% 

30-31 92% 

31-32 61% 

33-34 68% 

35-36 60% 

36-37 59% 

37-38 86% 

38-39 44% 

39-40 35% 

40-41 35% 

41-42 26% 

42-43 26% 

43-44 22% 

44-45 29% 

45-46 27% 

46-47 41% 

47-48 23% 



48-49 29% 

49-50 22% 

50-51 24% 

51-52 30% 

52-53 22% 

53-54 17% 

54-55 22% 

55-56 19% 

56-57 28% 

57-58 21% 

58-59 22% 

59-60 20% 

60-61 22% 

61-62 23% 

62-63 22% 

63-64 19% 

64-65 19% 

65-66 19% 

66-67 21% 

67-68 34% 

68-69 37% 

69-70 24% 

70-71 23% 



71-72 24% 

72-73 35% 

73-74 29% 

74-75 38% 

75-76 58% 

-76-77 50% 

77-78 52% 

78-79 59% 

79-80 55% 

80-81 47% 

81-82 61% 

82-83 65% 

83-84 53% 

84-85 69% 

85-86 72% 

86-87 60% 

87-88 78% 

88-89 58% 

89-90 52% 

90-91 58% 

91-92 62% 

92-93 47% 

 



Table 5. Loss on Ignition (LOI) data from core PMT 4. The units are in percent (%) lost 
after 4 hours of combustion at 550°C. 
 

Interval LOI 

0-1 30% 

1-2 29% 

2-3 35% 

3-4 28% 

4-5 48% 

5-6 21% 

6-7 32% 

7-8 31% 

8-9 31% 

9-10 30% 

10-11 52% 

11-12 69% 

12-13 47% 

13-14 65% 

14-15 77% 

15-16 49% 

16-17 69% 

17-18 55% 

18-19 54% 

19-20 63% 



20-21 74% 

21-22 49% 

22-23 77% 

23-24 58% 

25-26 93% 

26-27 46% 

27-28 40% 

28-29 38% 

29-30 37% 

30-31 35% 

31-32 29% 

32-33 37% 

33-34 88% 

34-35 24% 

35-36 24% 

36-37 37% 

37-38 21% 

38-39 23% 

39-40 24% 

40-41 19% 

41-42 21% 

42-43 25% 

43-44 29% 



44-45 44% 

45-46 35% 

46-47 43% 

47-48 59% 

48-49 29% 

49-50 27% 

50-51 34% 

51-52 24% 

52-53 23% 

53-54 28% 

54-55 20% 

55-56 23% 

56-57 24% 

57-58 19% 

58-59 19% 

59-60 17% 

60-61 20% 

61-62 22% 

62-63 23% 

63-64 18% 

64-65 16% 

65-66 20% 

66-67 7% 



67-68 33% 

68-69 29% 

69-70 24% 

70-71 36% 

71-72 27% 

72-73 26% 

73-74 26% 

74-75 25% 

75-76 27% 

-76-77 26% 

77-78 0% 

78-79 24% 

79-80 25% 

80-81 21% 

81-82 16% 

82-83 37% 

83-84 30% 

84-85 25% 

85-86 27% 

86-87 21% 

87-88 25% 

88-89 26% 

89-90 3% 



90-91 25% 

91-92 29% 

92-93 44% 

93-94 32% 

94-95 25% 

 
Table 6. SET accretion rates from Piermont Marsh measured from May 2019 to October 2023. SET 2 is 2 
m from core PMT 2. SET 4 is 2 m from core PMT 4.  
 

Site Code Accretion (mm/year) 

SET-1 4.9 
SET-2* 5.2 
SET-6 4.5 
SET-3 3.1 
SET-4* 5.6 
SET-5 6.5 

 

Table 7. Accretion rates calculated from sediment cores. *The North sediment core is from Peteet et al. 
2020. 

  
Years of 
Accretion 
Captured 

Method Depth of 
horizon 

Number 
of years 

Accretion 
rate 
(mm/year) 

North 
core* 

1840-
2000 Pb-rise 54.5 161 3.0 

PMT 2 1840-
2020 Pb-rise 41 181 4.4 

PMT 4 1840-
2020 Pb-rise 56 190 3.4 

South 
core 

1963-
2001 Cs-137 10 38 3.8 

North 
core 

1975-
2000 

Pb-
decline 14.5 25 1.7 

PMT 2 1975-
2020 

Pb-
decline 11.5 45 3.9 

PMT 4 1975-
2020 

Pb-
decline 18.5 45 2.4 

 

Table 8. δ15N and %N values at 0-1cm 

Sample δ15N vs. At. Air (‰) %N 



PMT2 2021 4.88 1.16 
PMT4 2021 5.80 1.92 

Piermont 2000 4.20 1.00 
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Table S1. Carbon and Nitrogen Concentration and Isotope Data for core PMT 4. 
This data was measured by the Cornell University Stable Isotope Laboratory 
(COIL) on a Thermo Delta V isotope ratio mass spectrometer (IRMS) interfaced to 
a NC2500 elemental analyzer. 
 

Top Bottom 
Weight 
(mg) %N 

δ15N 
vs. At. 
Air %C 

0 2 5.09 1.9 5.8 32 
4 5 4.968 2.0 4.3 35 
8 9 5.006 0.9 3.5 41 
14 15 5.17 1.7 2.0 41 
18 19 5.102 1.7 2.5 40 
22 23 5.023 1.7 1.7 44 
27 28 5.085 1.7 1.5 38 
31 32 4.986 1.7 1.2 38 
35 36 5.014 1.5 1.2 33 
39 40 4.931 1.2 1.1 23 
43 44 5.114 0.8 0.7 13 
47 48 5.188 0.7 0.5 13 
51 52 5.181 0.7 0.2 12 
55 56 5.086 0.6 0.4 10 
59 60 5.1 0.7 0.2 11 
63 64 5.014 0.7 -0.8 12 
67 68 5.098 0.8 -0.4 13 
71 72 5.079 0.7 -0.7 12 
75 76 5.116 1.2 -1.0 27 
79 80 5.133 1.3 -0.2 30 
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83 84 4.898 1.4 -0.9 40 
88 89 5.007 1.5 -1.0 28 

 
 
Table S2. Carbon and Nitrogen Concentration and Isotope Data for core PMT 2. 
This data was measured by the Cornell University Stable Isotope Laboratory 
(COIL) on a Thermo Delta V isotope ratio mass spectrometer (IRMS) interfaced to 
a NC2500 elemental analyzer. 
 

Top Bottom 
Weight 
(mg) %N 

δ15N vs. 
At. Air %C 

0 1 5.176 1.2 4.9 14 
4 5 5.141 0.9 4.5 16 
12 13 5.101 1.3 3.9 26 
16 17 1.917 0.8 1.4 41 
20 21 5.084 1.3 1.7 39 
24 25 4.998 1.6 2.8 28 
28 29 5.127 1.2 1.5 27 
32 33 5.064 0.8 1.4 29 
36 37 4.982 0.7 0.4 10 
40 41 5.011 0.8 -0.2 16 
44 45 5.032 0.9 0.4 17 
48 49 5.008 1.1 -0.1 23 
52 53 5.205 0.7 0.1 11 
56 57 5.066 0.8 -0.2 12 
60 61 5.144 0.8 0.0 12 
64 65 5.328 0.8 0.5 11 
68 69 5.036 0.7 -0.2 12 
72 73 5.127 1.0 -0.6 25 
76 77 5.063 0.7 0.2 10 
80 81 4.956 0.9 -0.1 16 
84 85 5.113 0.7 0.2 12 
88 89 4.834 1.3 0.1 28 
92 93 5.047 0.9 0.3 15 
96 97 5.008 0.8 0.8 16 

 
Table S3. Cesium-137 data from core PMT S01. This core is in the south of 
Piermont marsh.  
 
Upper 
Depth 

Lower 
Depth 

Mass 
(g) 

Cs-137 
(pCi/kg) 

0 2 0.969 204 



4 6 0.973 472 
6 8 1.32 1396 
8 10 1.85 1999 

10 12 1.42 4235 
12 14 1.46 4303 
14 16 1.39 1360 
16 18 1.39 353 
20 22 1.37 169 
24 26 1.58 80 
26 28 1.83 2 
28 30 1.89 8 
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