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ABSTRACT 

APPLICATIONS FOR ASSESSING SEDIMENT SOURCES IN BACK-BARRIER SYSTEMS 

MAY 2019 

CAROLINE LADLOW, B.S., LAFAYETTE COLLEGE  

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST  

Directed by: Professor Jonathan D. Woodruff 

In order to improve our understanding of present and future coastal environmental change, we look 

into the past using sediment that accumulates in coastal environments. We have done this for two 

disparate systems: a back-barrier lagoon in southwestern Japan, and freshwater tidal marshes along 

the Hudson River, New York, USA. In Japan, we used a 2,500-year sediment record to investigate 

coastal flood risk from tsunamis and typhoons. This is a critical area of study to better understand 

the spatial and temporal variability of these hazards in Japan. In the Hudson River we looked at 

modern (since 1800) deposition of sediment in anthropogenically constructed embayments that 

have formed tidal wetlands in the last few centuries.  A better understanding of the factors that have 

attributed to these successful tidal marsh systems in the past can help inform future management 

decisions in the face of future sea level rise. Studying the history of coastal systems using the 

sediment record is a valuable tool for assessing hazard risk and habitat loss in the present and future.  
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CHAPTER 1 

A FLUVIALLY DERIVED FLOOD DEPOSIT DATING TO THE KAMIKAZE 

TYPHOONS NEAR NAGASAKI, JAPAN 

1.1 Abstract 

Previous studies in western Kyushu revealed prominent marine-derived flood deposits that date to 

the late-13th century and are interpreted to be a result of two legendary typhoons linked to the failed 

Mongol invasions of Japan in 1274 and 1281. The regional persistence and prominence of 

sediments dating to these “Kamikaze” typhoon events (meaning divine wind), raise questions about 

the origins of these late-13th century deposits. This is due in part to uncertainty in distinguishing 

between tsunami and storm induced deposition. To provide additional insight into the true cause of 

prominent late-13th century flood deposits in western Kyushu, we present here a detailed 

assessment of an additional event deposit dating from the late-13th century from Lake Kawahara 

near Nagasaki, Japan. This particular deposit thickens landward towards the primary river flowing 

into Lake Kawahara and exhibits anomalously high Ti:Sr ratios that are consistent with a fluvial 

rather than a marine sediment source. When combined with previous reconstructions, results 

support the occurrence of an extreme, late-13th century event that was associated with both intense 

marine- and river-derived flooding. Results therefore contribute to a growing line of evidence for 

the Kamikaze typhoons resulting in wide-spread flooding to the region, rather than the late-13th 

century deposit being associated with a significant tsunami impact to western Kyushu.  

1.2 Introduction 

The shorelines of Japan experience extreme coastal flooding from both seasonal typhoons 

and episodic tsunami events (Komatsubara and Fujiwara, 2007; Sasaki and Yamakawa, 2007; 

Suzuki et al., 2008). There are significant restrictions when assessing spatially varying flood risk 

from these two separate hazards, however, due to limited observations of their extremes within 
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short instrumental records (e.g. Goto et al., 2017; Suppasri et al., 2013; Woodruff et al., 2013a). 

Prior to the onset of the best-track data set of typhoons in the Northern West Pacific in the mid-

twentieth century (Chu et al., 2002), one must rely on historical records and natural archives of 

coastal flooding to constrain flood risk across Japan. The magnitude and impact of the most recent 

tsunami to strike Japan, the 11 March 2011 Tōhoku tsunami, greatly exceeded prior expectations 

at the time of the event (Japan Meteorological Agency, 2013), underscoring the importance and 

impact that additional insight from the historical record could offer. Quantifying risks and spatial 

variations associated with typhoons and tsunamis across Japan is an essential part of hazard 

preparation and planning (e.g. Normile, 2011; Goslin and Clemmensen, 2017). 

Examples for compilations of historical records and natural archives of coastal flooding in 

Japan include Goslin and Clemmensen (2017), Nakata and Kawana (1995), and Watanabe (2001). 

Historical documentation of tsunamis and typhoons in Japan extends back at least several hundred 

years, but significant uncertainty associated with these early records limits their utility in improving 

flood risk assessments (Kortekaas and Dawson, 2007; Morton et al., 2007). Natural archives of 

flooding preserved within the geologic record are frequently used to independently validate early 

historical flood accounts. For example, overwash deposits from high-energy flood events that are 

preserved within the sedimentary sequences of coastal environments, such as those from back-

barrier lakes and marshes, can be used to reconstruct pre-instrumental tsunami and typhoon 

frequency and intensity (e.g. Komatsubara and Fujiwara, 2007; Komatsubara et al., 2008; Chagué-

Goff et al., 2012; Wallace et al., 2014; Brandon et al., 2015; Baranes et al., 2016, 2018; Chaumillon 

et al., 2017). The sandy overwash deposits left by both tsunamis and typhoons can often have very 

similar characteristics including being composed of coarse-grained beach material, exhibiting a 

lateral thinning landward, and containing elemental signatures consistent with marine-derived 

sediments. Though it is difficult to unambiguously differentiate between storm and tsunami 

overwash deposits preserved in back-barrier environments, distinguishing between these types of 

event layers is important because of the need to separately quantify the risks associated with both 
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storms and tsunamis (Nanayama et al., 2000; Kortekaas and Dawson, 2007; Morton et al., 2007; 

Komatsubara et al., 2008; Sawai et al., 2009). Especially in countries like Japan with longer written 

historical records, pairing event deposits to historical documentation can help circumvent the 

uncertainty between deposits left by these coastal flooding hazards (Nanayama et al., 2000; Goff 

et al., 2004; Kortekaas and Dawson, 2007; Morton et al., 2007; Goto et al., 2015).  

The subjectivity of historical accounts of natural disasters often raises questions about the 

reliability and accuracy of the descriptions of these events. For example, legend states that the two 

failed attempts by the Mongol Empire to invade Japan, first in 1274 and again in 1281, were 

prevented by the timely intervention of two intense typhoons. Now known as the Kamikaze 

typhoons, meaning ‘divine wind’, the storms were believed to be an intervention from the gods to 

protect Japanese sovereignty from the Mongols (Neumann, 1975; Rossabi, 2009; Sasaki, 2015). 

The historical significance of these typhoons leaves them susceptible to exaggeration over time, as 

the Mongols emphasized the storms as the reason it was impossible for their invasions to succeed, 

and Japan highlighted the storms as divinely sent to protect their nation’s sovereignty. The 

occurrence of two intense typhoons striking Japan within only 7 years is also inconsistent with the 

substantially lower average reoccurrence rate for typhoon landfalls in the region based on the 

modern instrumental record (Woodruff et al., 2015). Despite the potential for exaggeration and 

inconsistencies with modern typhoon climatology, natural archives and recent archeological 

observations support the occurrence of the Kamikaze typhoons. Evidence includes the recent 

discovery of sunken Mongol ships from the second invasion in Takashima Island and Imari bay 

(Kimura et al., 2014; Sasaki, 2015) and geologic evidence of contemporaneous overwash deposits 

in western Kyushu (Woodruff et al., 2009, 2015). Depositional evidence of the Kamikaze typhoons 

stems from prominent event deposits at Lakes Daija and Kamikoshiki (Fig. 1), with both sites 

preserving deposits from a marine-sourced flood event consistent with the timing of the two failed 

Mongol invasions (Woodruff et al., 2009, 2015). A tsunamigenic cause for these deposits could not 

be ruled out, however, due to similarities in deposition by tsunami- and typhoon-induced coastal 
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flooding. Western Kyushu is largely considered to be at low risk of tsunamis relative to other 

regions of Japan, but this risk could be greater than current perception should the 13th century 

deposit be tsunamigenic in origin. Further research is therefore warranted to both confirm the 

regional persistence of the late-13th century deposits, as well as to help identify these events as 

either typhoon or tsunamigenic in origin. 

Here we present a new sedimentary record from Lake Kawahara, a coastal lake in western 

Kyushu, to provide further insight regarding the history of extreme flooding in southwestern Japan 

and the underlying cause of the late-13th century deposits observed at the Daija and Kamikoshiki. 

The Kawahara site is significant because of its sensitivity to both coastal overwash and river 

flooding, and the potential to use concurrent rainfall-induced river flooding and coastal overwash 

flooding to delineate typhoon-induced deposition from strictly coastal flooding during tsunami 

inundation.    

1.3 Site Description  

Lake Kawahara is a small, coastal, and presently eutrophic lake on the inland side of the 

Nagasaki Peninsula, approximately 40 and 80 km north of Lakes Daija and Kamikoshiki, 

respectively (Fig. 1, 32.62 N, 129.83 E). The lake has a 13 ha (0.013 km2) surface area, a maximum 

depth of 9 m, and a thermally stratified water column from February to October each year 

(Furumoto et al., 1999). The barrier beach is composed of fine to coarse sand and gravel and is 

approximately 250 m long, 130 m wide, and 7-10 m above mean sea level (MSL). A small inlet 

through this barrier beach on its southeastern end has resulted in an ephemeral connection between 

the lake and the ocean. A small high-gradient river empties into the western end of Lake Kawahara 

and drains a high-relief watershed of 1.4 km2 with a maximum elevation of 330 m (Fig. 1).  The 

bedrock within the watershed is primarily Cretaceous metamorphic schist, bordered by ultramafic 

rocks (Geological Survey of Japan, 2017). Sea level has remained relatively stable in the region 

over the past few millennia with a rise of approximately 50 cm since 4100 years BP (Yokoyama et 
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al., 1996, 2012; Sato, 2001). The area is also tectonically stable relative to other regions of Japan 

closer to active faults (Nakada et al., 1994; Fukumoto, 2011).  

Since 1945, only three typhoons at or above Category 3 intensity (Simpson and Saffir, 

1974) have occurred within 90 km of Lake Kawahara: Typhoon Jean in 1965 as a Category 4 storm; 

Typhoon Bart in 1999 at Category 3 intensity; and Typhoon Leepi in 2015 as a Category 3 event 

(Fig. 1). Each of these typhoons made landfall to the south of Lake Kawahara, closer to the 

previously studied Daija and Kamikoshiki sites. No tsunamis have impacted western Kyushu with 

the exception of a localized tsunami event in 1792 caused by a volcanic dome collapse and resulting 

landslide internal to Shimabara bay and located to the east of the Kawahara site (Hoshizumi et al., 

1999) (Fig. 1). The area surrounding the lake has been modified heavily in recent decades in part 

to mitigate against typhoon impacts. This includes the construction of a seawall that now armors 

the beach and several jetties near the outlet of the lake. Additionally, Lake Kawahara was 

historically brackish but a pump was installed in 1974 to remove saltwater from the lake and a 

sluice gate was installed at the inlet in 1979 (Hossain et al., 2013). Due to coastal fortification and 

modifications to Lake Kawahara, is it likely that the site is less sensitive to recording coastal 

flooding within sediments spanning the instrumental period (1945 CE to present); however, the 

sluice gate and recent pumping of the lake may provide a modern example for the transition from 

salt to fresh analogous to past natural closures of the barrier beach inlet. 

1.4 Methods 

Primary core locations from the deeper part of Lake Kawahara were chosen using 

bathymetry data collected with a 10 kHz echo-sounder (Kurnio and Aryanto, 2010), and 

subsequently cored using a modified Vohnout-Colinvaux piston corer (Baranes et al., 2016). Initial 

bathymetric mapping and coring were completed in November 2010, and supplementary surface 

cores at the same locations were collected in July 2014. Primary cores KAW5 (32.62311°N, 

129.832°E), KAW2 (32.62334°N, 129.83264°E), and KAW4 (32.62356°N, 129.83316°E) lie 
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along a shore-normal transect with a spacing of approximately 60-70 m (Fig. 1). Multiple, 

overlapping drives were collected from each core location in order to recover a continuous 

sequence. Additional discrete surface sediment samples from the riverbed and the beach were 

collected to characterize allochthonous sediments from fluvial- and marine-derived sources, 

respectfully. The central core (KAW2) was selected for constructing a detailed depth-to-age model 

based on 14C and 137Cs age constraints (Pennington et al., 1973; Ritchie and McHenry, 1990; 

Reimer et al., 2013).  

After collection, all cores and discrete surface samples were shipped to the University of 

Massachusetts (Amherst, MA, USA) and stored at 4°C. Cores were opened using a Geotek core 

splitter followed by a complete visual description. Bulk geochemistry of cores and discrete surface 

samples was evaluated using an ITRAX x-ray fluorescence (XRF) core scanner (Croudace et al., 

2006) with a molybdenum (Mo) tube operating at 30kV and 55mA and a ten second exposure time. 

The ITRAX core scanner also provided high-resolution x-radiograph images of relative density, 

which has proven particularly effective in initially identifying anomalously dense event deposits 

within cores (e.g. Woodruff et al., 2009, 2015). The ITRAX measures the relative abundances of a 

wide variety of elements. For the Kawahara cores however, particular attention was paid to 

variability in the relative abundance of titanium (Ti), strontium (Sr), and sulfur (S). Ti and Sr are 

commonly associated with terrigenous- (Peterson et al., 2000; Haug et al., 2001; Peterson and 

Haug, 2006) and marine- (Bowen, 1956; Chen et al., 1997; Chagué-Goff, 2010; Croudace and 

Rothwell, 2015) derived sediments, respectively, such that rises and peaks in the ratio of Ti:Sr 

could potentially represent an increase in terrigenous relative to marine sediment delivery. 

Elemental sulfur has been used to assess fluctuations in lake salinity associated with past inlet-

connectivity to the sea, with higher S indicating higher salinity (Chagué-Goff, 2010; Sato, 2001; 

Croudace and Rothwell, 2015; Casagrande et al., 1977).  

Following scanning with the non-destructive ITRAX core scanner, identified event 

deposits and background sediments were sub-sampled at 1cm intervals for grain size. All grain size 
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samples were treated twice with 30% hydrogen peroxide to remove organic material following 

methods described by (Triplett and Heck, 2013). Grain sizes were obtained using a Beckman 

Coulter LS 13 320 laser diffraction particle size analyzer with a range of 0.04 µm to 2000 µm.  

Ages of recent sediments were determined based on identification of the 1954 onset and 

1963 peak in 137Cs activity associated with atmospheric testing of nuclear weapons (Pennington et 

al., 1973), and measured using a Canberra GL2020R low-energy germanium detector. Age control 

points below the onset of 137Cs were obtained based on radiocarbon (14C) analysis of terrestrial 

macrofossils (leaves and seeds) subsampled from KAW2. Macrofossils were cleaned with 

deionized water, dried, and shipped to the National Ocean Science Accelerator Mass Spectrometry 

(NOSAMS) center in Woods Hole, MA for analysis. All provided radiocarbon ages were converted 

to calendar years BP (years before 1950 CE), using IntCal13 (Reimer et al., 2013). Both the 137Cs 

and radiocarbon dating results were used to create a Bayesian-derived depth-to-age model with 

associated uncertainties using the Bchron software package (Haslett and Parnell, 2008; Parnell et 

al., 2008).  

1.5 Results 

1.5.1. Bulk geochemistry of river and beach surface samples: 

Sr and Ti counts for discrete samples from the barrier beach and primary freshwater stream 

are evaluated to assess the validity of Ti:Sr as a proxy for terrigenous material enrichment in Lake 

Kawahara sediments. Ti counts for the river sample were roughly fourteen times that measured for 

beach sediments, while Sr counts are approximately three times higher in the beach sample than in 

the river sample (Fig. 2). Therefore, similar to previous results (e.g. Baranes et al., 2016), resultant 

Ti:Sr ratios are elevated substantially for fluvial-derived material when compared to those with a 

marine source at Kawahara.  

1.5.2. Visual, Physical, and Chemical Characteristics of Sediment Cores: 
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The three primary cores KAW5, KAW2, and KAW4 extend to a depth of 377 cm, 540 

cm, and 295 cm below the sediment-water interface, respectively. Each core is composed 

primarily of fine-grained silt and clay, with no sand present, and can be split into three primary 

lithologic units based on texture, composition, color, and bedding characteristics (Fig. 3). The 

lower unit in all cores is composed of brown-grey mud and extends from the base of KAW5, 

KAW2, and KAW4 up to a depth of 245, 280, and 270 (Fig. 3). For the two deeper cores this 

lower unit contains subunits of darker grey mud at intervals of 260-306 cm in KAW5 and 355-

385 cm in KAW2. The intermediate unit in all cores consists of heavily laminated brown-grey 

mud extending between 150-245 cm, 150-280 cm and 165-270 cm in KAW5, KAW2, and 

KAW4. This is with the exception of a break in lamination in the intermediate unit in KAW4 

between 200-245 cm. An upper unit extends from 0-150 cm in KAW5 and KAW2, and 0-165 cm 

in KAW4, and is primarily composed of organic-rich black-grey mud and black gyttja, with a 

section of laminated muds in between. The upper unit of KAW4 extends down into the brown-

grey mud of the intermediate unit, and the delineation between these units is based on the absence 

of laminations and the decrease in S. The thickness of the laminated section varies across the 

transect, from 30-40cm in KAW5 and KAW4, and 30-55cm in KAW2. Anomalous event 

deposits in Lake Kawahara appear as high-density layers in the x-radiographs and were also 

apparent upon visual inspection as light-grey-to-white clay deposits. KAW5 only contains one 

such prominent deposit from 210-216cm (6 cm thick), KAW2 has two such deposits from 212-

215cm (3 cm thick) and 486-487cm (<1 cm thick), and KAW4 contains two very thin (<1cm) 

deposits between 200-250cm (Fig. 3). The event deposits at 210 cm in KAW5, 212 cm in KAW2, 

and 223 cm in KAW4 appear correlative and represent a unique, basin-wide depositional event 

not repeated elsewhere in the record. Across the core transect, median grain sizes in the deposit 

for inorganic sediments ranged from 15.7-19.3 μm and did not exhibit much in terms of 

distinguishable spatial trends. Clastic material within background sedimentation above and below 



9 

 

the deposit were comparable in size, with a median grain sizes range of 15.0-to-31.7 μm (Table 

1). 

The XRF results for primary core sites exhibit patterns that broadly coincide with the three 

different lithologic units (Fig. 3).  The lower unit has relatively high levels of S and low Ti:Sr ratios 

that remain fairly constant throughout the unit.  There does not appear to be a substantial increase 

or decrease in S or Ti:Sr at the boundary between the lower unit and intermediate unit, but the top 

of the intermediate unit shows an up-core increase in Ti:Sr and a rapid step-function decrease in S. 

The transition from the intermediate to upper unit at ~150 cm is particularly evident: all cores show 

a sudden drop in elemental S and a doubling in Ti:Sr that begins in the upper portion of the 

intermediate unit. All three cores also show elevated S abundances that coincide with the heavily 

laminated sediments both in the intermediate unit, and near the surface at roughly 30-50 cm depth. 

Following the rise in S at ~50 cm in the upper laminated unit is relatively rapid up-core decline at 

approximately 30 cm in all three cores and the disappearance of laminations. This transition to 

unlaminated sediments is followed by an increase in Ti:Sr within the uppermost 5-10 cm.  

The unique, high-density event deposit at 210 cm in KAW5, 212 cm in KAW2, and 223 

cm in KAW4 are all located directly below the rapid up-core drop in S and based on this 

stratigraphic marker are consistent with being deposited concurrently (Fig. 3). This unique, high-

density event deposit identified in all three cores is associated with peaks in both S and Ti:Sr (Fig. 

4). The peak in Ti:Sr is most pronounced in the most landward core KAW5, and observed to 

decrease in relative value for the middle KAW2 core, and followed by the lowest spike in Ti:Sr in 

the most seaward KAW4 core. A similar seaward decrease is observed in the thickness of this 

deposit, with a maximum thickness of 6 cm at KAW5, a thickness of 2-3 cm in KAW2, and a 

thickness of less than 1 cm in KAW4 (Fig. 4).    

1.5.3 Age Model: 

 The five radiocarbon (14C) ages and the modern Cesium (137Cs) age constraints from 

KAW2 are all chronologically consistent (Table 2). Based on 14C ages the 540 cm core extends 
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back to approximately 2,500 years BP. The slope of the median age line of the depth-to-age model 

suggests a relatively steady accumulation rate of 1.5-2.1 mm/yr from the base of the core at 540 

cm up to the youngest 14C age at 178.5 cm and extending through both the lower and intermediate 

lithologic units. The accumulation rate increases to approximately 4 mm/yr somewhere between 

the youngest 14C age at 178.5cm and the onset for 137Cs at 39cm near the basal extent of the upper 

lithologic unit. The modern chronological constraints for the onset and peak of 137Cs are consistent 

with an average accumulation rate of roughly 7mm/yr and are the highest in the core. Applying this 

modern accumulation rate to recent sediments dates the most up-core recent drop in S at 30 cm to 

the early 1970’s (Fig. 5). The prominent deposit at 212 cm in KAW2 falls within older sediment 

below the observed rise in accumulation rate above 178.5cm. The depth-to-age model derived 2-

sigma age range for this event deposit is 1155-1487 CE, with a median age of 1321 CE (Fig. 5).  

1.6 Discussion and Interpretation 

The transect of cores from Lake Kawahara display three fine-grained lithologic units that 

likely represent periods of varying degrees of connectivity to the ocean, as shown by the counts of 

Ti:Sr and S (Fig. 3). The up-core decrease in S at 30 cm (Fig. 5) is concurrent with the installation 

of the pump and sluice gate in the 1970s to de-salinize the lake, supporting S as a qualitative proxy 

of salinity in Lake Kawahara, and consistent with past studies (e.g. Croudace and Rothwell, 2015; 

Boyle, 2000; Sato, 2001; Haug et al., 2003; Chagué-Goff et al., 2012). Additionally, periods of 

elevated S at Kawahara are largely coincident with the higher preservation of laminations. The 

lower and intermediate units across the cores have relatively depleted Ti:Sr and elevated S, 

suggesting a more open connection to the ocean during this time and an increase influx of marine-

sourced material.  The intermediate unit contains the greatest preservation of laminations across all 

three cores, which is indicative of the salinity-induced stratification of the water column and 

resulting anoxic-bottom waters in the lake. The upper unit of all three cores show depleted S and 

elevated Ti:Sr, which together signify less marine connectivity and an enrichment in fluvial 
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sedimentation relative to marine. The transition between the intermediate and upper units around 

1600 CE (~150 cm depth) indicate that the inlet was likely closed off to the ocean at this time, 

cutting off the majority of marine seawater and sediments.  

Lake Kawahara sediments lack modern flood deposits for comparison to paleo-deposits 

(likely due to the fortification of the beach and man-made closure of the barrier inlet in recent 

decades), and exhibit evidence for sudden shifts in environment and the level of connectivity of the 

lake to the sea. Both of these factors make it difficult to assemble a complete flood reconstruction 

through the full 2500-year sedimentary record obtained from the lake. However, the prominent 

event layer identified in all three cores stands out as a unique depositional event within the lower 

and intermediate units, spanning an interval of 900 years from 1,600-2,500 CE. The high-density 

signature of this deposit is consistent with a higher mineralogic content relative to surrounding 

sediment, which could have been sourced from either fluvial input of terrestrial material or 

overwash transport of beach sediment (Fig. 4). At Lake Kawahara, this event deposit is fine-grained 

(15-19 μm) and thickens landward which is consistent with flooding from the river (Wright, 1977; 

Cook et al., 2015). In contrast, marine overwash deposits typically thin landward and are coarse-

grained (Nanayama et al., 2000; Morton et al., 2007; Komatsubara et al., 2008). Additionally, the 

cores also show that this Kawahara deposit is elevated in Ti:Sr (Fig. 4), which in turn points to an 

enrichment in fluvial rather than marine sediments (Fig. 2). The KAW2 depth-to-age model reveals 

that this prominent flood occurred between 1155-1487 CE (95% age range) and is consistent with 

the timing of the Kamikaze typhoons in 1274 and 1281 and the age of prominent marine overwash 

deposits previously identified in Lakes Daija and Kamikoshiki. Of the Kamikaze events the 1281 

typhoon is generally considered to be of greater intensity (Turnbull, 2013). Therefore, we attribute 

the single late-13th century Kawahara deposit to the later of the two Kamikaze events in 1281 

(although it is also possible that the deposit could be combined deposition from the 1274 and 1281 

events).  
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The elemental signature, high density, and landward thickening of the most prominent 

deposit at Kawahara all support the occurrence of a 13th century extreme precipitation event that 

overlaps in time with the prominent marine-flood deposits previously identified at Daija and 

Kamikoshiki.  Collectively, these results point to the occurrence of anomalous flooding from both 

the land and sea during the timing of the failed Mongol invasions, thereby strengthening the 

evidence for the occurrence of the Kamikaze typhoons. The more prominent fluvial deposit at  Lake 

Kawahara when compared to predominant marine deposits at Daija and Kamikoshiki could be due 

to a number of factors, including: 1. the barrier at Kawahara being substantially higher (~10 m) 

than the barrier beaches at  the other two sites (between ~2-4 m), 2. the watershed of Kawahara 

being over twice the size of that at Kamikoshiki and Daija, and 3. the storm tracks for the 1281 

event passing between the more northerly Kawahara site and the more southerly Daija and 

Kamikoshiki sites such that the front right quadrant of the storm where coastal flooding is enhanced 

passed over the two southern sites (Landsea et al., 2004; Brandon et al., 2013), while the left side 

of the storm with potentially greater precipitation passed over the Kawahara site. 

Mechanisms other than extreme precipitation exist that could potentially explain the 

terrestrially derived deposit at Kawahara. For instance, earthquakes accompanying tsunamis could 

result in landslides that would increase the sediment output from regional rivers (e.g. Milliman and 

Farnsworth, 2011). However, relative to the rest of Japan the area around Kawahara is depleted in 

active tsunamigenic faults (Yokoyama et al., 1996; Taira, 2001). Further, an enclosed tsunami event 

generated by local fault sources and localized landslides are unlikely to cause a tsunami large 

enough in size to impact all three openly seaward facing sites mentioned in this study. Conversely, 

a tsunami derived from non-local sources such as the Nankai trough or the Ryukyu Islands would 

not be associated with local earthquake/landslides and in turn would be less likely to result in the 

terrestrially derived deposit observed at Kawahara.  Goto et. al. (2017) showed evidence of a 

tsunami with a return flow back to the sea that resulted in deposition of both fluvial and marine 

sediments into the lagoon. Thus, a tsunami event of this nature is difficult to rule out completely as 
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the cause of the regional deposit across western Kyushu, despite the evidence of the fluvial deposit 

observed at Kawahara. However, a tsunami large enough to impact all three sites in western Kyushu 

would likely have been mentioned in historical records, yet no such documentation for a significant 

tsunami event exists. In contrast, accounts of the Kamikaze typhoons indicate that these extreme 

floods were being documented in the late-13th century in the region. Thus, the prominent late-13th 

century fluvial deposit at Kawahara, when combined with historical accounts of the Kamikaze 

typhoons, and previously identified coastal flood deposits at Daija and Kamikoshiki dating to the 

same time period, all support the Kamikaze typhoons causing significant flooding in the region by 

both land and sea. 

1.7 Conclusion 

Prior results from Lake Daija and Kamikoshiki support the occurrence of late-13th century 

events associated with extreme coastal flooding in southwestern Kyushu. New analyses presented 

here from Lake Kawahara provide additional evidence for a late-13th century flood event. The 

modal age for the most prominent event deposit in Lake Kawahara is matched to the timing of the 

Mongol invasions, and the deposit can be traced continuously through the transect of cores. 

However, in contrast to evidence of marine flooding from Lake Daija and Kamikoshiki, the late-

13th century deposit at Kawahara thins seaward, shows no significant grain size increase, and 

exhibits an enrichment in terrigenous material that increases when progressing towards the lake’s 

primary freshwater tributary. The most prominent deposit from Lake Kawahara, therefore both 

dates to the timing of the Mongol invasions and supports significant freshwater flooding during the 

timing of at least one of the events. When combined with previous regional studies, preserved late-

13th century event deposits from near the location of the Mongol invasions in 1274 and 1281 

provide evidence for the two leading forms of typhoon-induced flooding (i.e. coastal and fluvial), 

and in turn contribute to a growing line of evidence for the occurrence of intense typhoons around 

the time of these invasions.  
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Figure 1 a) Regional map showing the location of Kawahara (diamond), along with other study locations 

referred to in the text (Daija-triangle, Kamikoshiki-circle), and the paths of best track Category 3 and 

greater typhoons within 90km of Lake Kawahara. b) Topographic map of Lake Kawahara watershed 

(black lines, 10m contour interval). The primary tributary draining into the lake enters from the southwest. 

c)  Bathymetry (1m colored-contour interval) of Lake Kawahara and numbered core locations (note the 

order of cores across the transect). Hashed grey area of the lake has no bathymetry data, the light area with 

a dashed outline represents the location of the barrier beach, and the black triangle marks the location of 

the sluice gate constructed on the inlet along the site’s barrier beach 

 

Figure 2 Relative concentrations of elemental strontium (Sr), 

titanium (Ti), and the ratio of Ti:Sr in discrete surface samples from 

the river and beach at Lake Kawahara. Each horizontal line in the 

box plot marks the 25th, 50th, and 75th percentile, with the whiskers 

extending to the maximum and minimum values that are not outliers, 

and then plus signs mark the outliers 
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Figure 3 Depth profiles for the central transect of KAW5, KAW2, and KAW4 at Lake Kawahara (see 

Fig.1 for location).  Note the order of cores 5, 2, and 4 go from landward to seaward. From left to right 

for each core: a graphic core description is pictured with the key below (the upper, intermediate, and 

lower unit of each core is delineated, and triangles delineate event deposit locations), the x-radiograph 

images with light bands indicating denser sediments, the Ti:Sr ratio, and relative abundance of S showing 

total counts 
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Figure 4 Left to right- 30 cm section of KAW5, KAW2, and KAW4 surrounding the most notable 

deposit at approximately 210cm depth. Presentation is similar to Fig. 3 showing first the graphic 

description for each core, followed by the core’s radiographs, and the ratio of Ti:Sr. Dashed vertical line 

in Ti:Sr depth-profiles are all at 6 for reference. Note the different y-axis values for each core section 

and that the black lines are a graphic representation of the laminae rather than the actual lamination 

counts 
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Figure 5 Left: from left to right: 

KAW2 core description, radiograph 

image, and the depth-to-age model 

constrained by radiocarbon ages 

(black filled curves) and the onset and 

peak in 137Cs (red and orange circles, 

respectively). The black line 

designates the median age, while the 

light and dark grey filled regions 

show the 68 and 95 percent highest 

posterior density uncertainty ranges. 

 

Below left: Age probability 

distribution for the most prominent 

event layer at 213 cm.  

Below right: X-radiograph image of 

the top 40cm of KAW2, along with 

depth profiles of 137Cs activity and S. 
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Table 1 Grain size results for the background sediments 

above, below, and within the most prominent event 

deposit. The numbers reported are an average of the 

median (D50) for each sample, the standard deviation of 

the samples, and n is the number of samples used for 

each average (a total of 30 samples in each core) 

Core: KAW5 

D50 (μm) 

KAW2 

D50 (μm) 

KAW4 

D50 (μm) 

Above Deposit 
15.7 ± 1.2 

(n=8) 

15.0 ± 1.8 

(n=11) 

19.4 ± 4.4 

(n=16) 

Deposit 
16.9 ± 2.4 

(n=7) 

19.3 ± 2.4 

(n=3) 

15.7 

(n=1) 

Below Deposit 
15.9 ± 2.0 

(n=15) 

15.8 ± 5.0 

(n=16) 

31.7 ± 9.6 

(n=13) 

Table 2 Radio carbon NOSAMS C-14 Lab numbers, sample 

depths, radiocarbon ages with uncertainties, and 1-sigma age 

ranges in years BP (Reimer et al., 2013) calibration 

Lab 

Number 

Depth 

(cm) 

Uncalibrated 
14C Age 

Calibrated 1-

sigma age ranges 

(Years BP) 

OS-86784 178.5 325 ± 25 435 

413 

333 

418 

353 

314 

OS-86711 268.5 1020 ± 25 955 927 

OS-86553 396.6 1780 ± 25 1727 

1669 

1691 

1626 

OS-86570 426 2090 ±35 2004 

2035 

2076 

2027 

2073 

2113 

OS-86721 508.2 2430 ± 35 2678 

2659 

2607 

2492 

2675 

2644 

2604 

2362 
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CHAPTER 2 

RAPID TIDAL MARSH DEVELOPMENT IN RESPONSE TO ANTHROPOGENIC 

SHORELINE MODIFICATION- HUDSON RIVER ESTUARY 

2.1 Abstract 

To improve the Hudson River Estuary’s resilience to sea level rise, there are plans to create and 

restore marshes throughout its tidal reach. While there is evidence that humans have had negative 

impacts on marshes globally, there is an increasing awareness that some forms of modifications 

have actually created healthy tidal marshes along the tidal extent of the Hudson River. Here we 

present results from three inadvertent successful examples of marsh creation due to the 

emplacement of dredge spoils and the construction of piers and the railroad since the industrial 

era: Stockport Marsh, Tivoli Bays: North and South, and Esopus Marsh. For comparison, we 

present results from a marsh that long predates the industrial era and has been relatively 

unaffected by the changes to estuarine morphology. Sediment cores show that anthropogenic 

alteration of the flow conditions at these locations in the form of railroad causeways, dredge spoil 

islands, and jetties created low-energy areas with high sediment trapping efficiency. This allowed 

for the fast accumulation of sediment and the development of robust freshwater tidal marsh 

systems that have accreted at rates ranging from 0.8 to 1.5 cm per year, exceeding projected rates 

of sea level rise over the next century. These rapidly formed marshes can serve as models to 

guide future marsh restoration efforts in the Hudson River estuary.  

2.2 Introduction  

Wetlands and marshes provide society with valuable ecosystem services including storm 

protection, water purification, carbon sequestration, and many others (Craft et al., 2009; Barbier et 

al., 2011). Many natural tidal marshes in the northeastern United States have developed over the 

past few millennia since rates of sea level rise stabilized about 6,000 years ago (Redfield, 1972). 
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Marshes in Jamaica Bay (Queens, NY), Westport River, MA, and Chesapeake Bay are commonly 

used as examples of sediment starved systems that may not keep pace with accelerated sea level 

rise and climate change (Hartig et al., 2002; Sritrairat et al., 2012). The vulnerability of marshes to 

sea level rise (SLR), tides, and sediment supply creates a pressing need to understand the factors 

that influence the formation and health of marshes and wetlands. These factors have yet to be well-

constrained, particularly in the less-studied freshwater tidal marshes and wetlands which are 

widespread on passive margins where prominent freshwater tidal reaches of river systems can often 

extend over 100 kilometers landward and are common to the eastern US. One of the longest tidal 

reaches observed for this region is within the Hudson River Estuary (Hudson River Estuary) (Tabak 

et al., 2016; “HRECRP,” 2016). The Hudson River Estuary is highly channelized and fjord-like, 

with steeply sloping shorelines, fringed where possible by a relatively small and narrow floodplain.  

The Hudson River Estuary was accepted into the National Estuary Program in 1988 and 

since then there have been efforts to create a comprehensive strategy for habitat restoration through 

a collaboration of federal, state, and local agencies. The objective for ‘Wetlands’ is to “create or 

restore 1,000 acres (4.05 kilometers2) of wetlands by 2020… (and) a total of 5,000 acres (20.24 

kilometers2) by 2050” (“HRECRP,” 2016). These goals involve an estimated $3.5 billion USD on 

the wetland objective alone. Despite a concerted focus on tidal wetland restoration and growth in 

these most recent Hudson River Estuary Comprehensive Restoration Plans (HRECRP), many 

questions remain about how to best increase the extent and elevation of existing marshes. Models 

and projections of future wetland change explicitly acknowledge a lack of data for constraining 

accretion rates of marsh and mudflat systems particularly in freshwater systems (e.g. Tabak et al., 

2016), and it remains unclear how wetland growth has and will continue to be impacted by changes 

in sea level, tides, and river discharge (e.g. Ralston et al., 2018; Wall et al., 2008; Kemp et al., 

2017; Tabak et al., 2016; Nitsche et al., 2010).  Thus, prior to these costly investments, an effort to 

constrain sedimentologic and hydrologic factors in addition to understanding previously successful 

wetland creation projects is needed. Future marsh restoration projects would benefit greatly from a 
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better understanding of the conditions that have allowed for the evolution and development of 

existing tidal marshes factors that allow existing tidal marshes in the Hudson River Estuary. We 

define the Hudson River Estuary as the full tidal reach of the Hudson River.  

The tidal regime and glacial over-deepening of the channel have resulted in very unique 

hydrologic and sediment dynamics, and the tidal marshes that grow along the riverbanks are of 

great interest now due to the aforementioned projects to create and restore marsh habitat. The 

primary upstream inputs to the Hudson River are the Mohawk and Upper Hudson Rivers, 

accounting for 70% of the freshwater and sediment source (Abood, 1974; Woodruff et al., 2001; 

Wall et al., 2008). Prior studies on a few of the Hudson River tidal marshes including Piermont 

Marsh, Iona Marsh, and Tivoli North Bay indicate that these systems are relatively stable and have 

persisted for millennia (Pederson et al., 2005; Chou, 2010; Sritrairat et al., 2012).  

This study focuses on the Lower Hudson Basin, the tidal portion of the Hudson River 

south of Albany, NY (Wall et al., 2008) (Figure 6). Here, we will examine three marshes within 

these anthropogenically modified shorelines: Stockport Marsh, Tivoli Bays, and Esopus Marsh. 

For comparison, we will also present results from Iona, a Hudson River tidal marsh that has been 

studied previously (Chou, 2010).  

2.3 Site Descriptions 

The tidal stretch of the Hudson River from New York City at The Battery, up to Albany, 

NY has undergone major modifications in the last few hundred years. These alterations for 

shipping, recreation, and trade have dramatically altered the natural sedimentologic and hydrologic 

regimes. The Hudson River Railroad runs directly along the bank of the river from New York City 

to Albany, often crossing shallow embayments. The southern railroad section up to Peekskill, NY 

was constructed in 1849, and the northern section to Albany was constructed in 1851 (Aggarwala, 

1993). Additionally, the river channel has been actively dredged since the 1800s to deepen the 

channel and allow for increased navigation (Ralston et al., 2018).  Historical records suggest that 
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the tidal range from 150 to 200 km north of The Battery is 1.2 m (this stretch includes Stockport, 

Tivoli, and Esopus), and near 80 km is approximately 0.8 m (the Iona site) (Ralston et al., 2018). 

For the purposes of this study, the entire tidal reach of the Hudson River will be referred to as the 

Hudson River Estuary. An assessment of the impacts of these anthropogenic modifications to the 

tidal marshes of the estuary has yet to be complete.  

The historically braided, shallow upper estuary presented difficulties during the 19th 

century with navigation and transportation up to Albany. The federal government took control of 

Hudson River navigation projects in 1831, constructing a number of longitudinal dikes to constrict 

flow, and dredging to deepen the channel (Collins and Miller, 2012). These efforts were expanded 

repeatedly in 1867, 1925, and 1932 and compared to the modern extent over 1200 hectares (ha) of 

the total water area have been filled by dredge spoils during the 20th century (Collins and Miller, 

2012). In 1819 the Hudson River average channel depth was just over 1 m, but since the 1930s has 

been maintained at about 9.7 m (Collins and Miller, 2012). The New York railroad section 

connecting New York City, Poughkeepsie and Albany was completed in 1851. Piers cutting across 

the channel to lighthouses and other features were also constructed throughout the 19th and 20th 

centuries, including the Saugerties lighthouses (“Timeline – Saugerties Lighthouse,” 2011) (Figure 

8).  

The Hudson River National Estuarine Research Reserve has several marshes that are the 

focus of several studies. Three of the marshes in this study, Stockport, Tivoli Bays, and Iona are 

among these study sites, and Esopus is just three kilometers north of the Tivoli Bays at the outlet 

of a sediment-rich watershed. For consistency with prior studies, the locations of each site are in 

reference to their distance from The Battery in New York City. 

2.3.1 Stockport Marsh (SPM): 190 km north of The Battery 

Near Stockport, NY the Kinderhook and Claverack creeks join to form the 

Stockport Creek 2.5 km east of the Hudson River, draining a catchment area of 1300 km2 

(Table 3). Historical air photos and navigational charts indicate that dredge spoils were 
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placed just south of the outlet of Stockport Creek during the early 1930s (Figure 7). The 

predominant vegetation type in this marsh is narrowleaf cattail (Typha angustifolia). 

2.3.2 Tivoli Bays: North (TVN) and South (TVS): 158 and 156 km north of The Battery 

Tivoli Bays Natural Heritage Area is comprised of a north and south embayment 

bound by the railroad trestle to the west and bedrock to the east. During the semi-diurnal 

tides water enters these two embayments through a series of culverts. The northern bay 

(Tivoli North, TVN) has developed into a full marsh and the southern bay (Tivoli South, 

TVS) remains a tidal mudflat (Figure 8). Each bay is located at the mouth of a small 

tributary, Stoney Creek at TVN, and Sawkill Creek at TVS, with catchments of similar 

areas of 60-70 km2 (Table 5). The predominant vegetation at TVN is narrowleaf cattail 

(Typha angustifolia) and at TVS is non-native water chestnut (Trapa natans).  

2.3.3 Esopus Marsh (ESP): 160 km north of The Battery 

The Esopus marsh/delta complex lies approximately three kilometers north of the 

Tivoli Bays, and on the opposite side of the Hudson River at Saugerties, NY (Figure 8). 

The Esopus tributary drains a 1100 km2 watershed with sub-catchments known for their 

relatively high regional sediment yields, resulting in a well-developed delta at its mouth  

(Table 5) (Yellen and Steinschneider, 2019). The channel for Saugerties Harbor was 

dredged and piers were built out to the lighthouse in 1888, dividing the marsh system into 

a northern and southern section (“Timeline – Saugerties Lighthouse,” 2011). The main 

vegetation in the southern portion is the invasive common reed (phragmites australis), and 

in the northern section is the narrowleaf cattail (Typha angustifolia). The marsh/delta 

complex is fringed along the shore by the seasonal development of non-native water 

chestnut (Trapa natans) in shoaling regions along the west side of the Hudson’s main 

channel.  

2.3.4 Iona Island (INA): 72 km north of The Battery 
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Iona Island Marsh is located on the west side of the Hudson River and 

approximately 90 km downstream of Tivoli Bays and Esopus (Figure 9). The main 

tributary to this marsh is Doodletown Brook, draining a watershed of 10 km2 (Table 3). 

While the other marshes discussed here are entirely freshwater, Iona Island exhibits 

brackish conditions when freshwater discharge is low on the Hudson River and the salinity 

reach of the estuary extends beyond the site (Chou, 2010). While the railroad does intersect 

this marsh system, prior sediment cores from Iona suggest that the marsh has since 

approximately 4400 BCE, likely due to the presence of bedrock outcrops, including Iona 

Island, in this portion of the river (Chou, 2010). Additionally, there is a small causeway 

road built in the 1980s that runs out across the railroad track to some facilities on the eastern 

side of the railroad tracks. The primary vegetation at this site is narrowleaf cattail (Typha 

angustifolia).  

 2.4 Methods 

2.4.1 Field methods and sampling 

This study is framed on assessing the development of representative wetland 

systems within the tidal reach of the Hudson River including three freshwater marshes 

(SPM, TVN, ESP), one brackish marsh (INA), and one mudflat (TVS) (Figure 6). The 

main coring strategy when possible was to collect cores across a transect from the tributary 

inlet to the outer edge of the marsh on the Hudson River. At Iona Island and Esopus Marsh, 

cores were taken where access was possible as the density of the vegetation made traversing 

the marshes difficult. A 200 MHz Mala ground-penetrating radar (GPR) was used initially 

to approximate the depth of sediment across the marsh. This was followed by a probing 

survey with a 2.5 cm diameter small gouge corer in order to confirm depth to basement 

material and to confirm targeted coring sites. 
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Cores in the marsh were primarily obtained using a 1-m long, 6.3 cm diameter 

gouge corer. When the gouge corer failed to recover poorly consolidated surficial 

sediments, the cores were collected using a shorter 0.5 m long, 5 cm diameter Russian peat 

corer for surface drives. Cores from Tivoli South were obtained using a modified Vohnout-

Colinvaux piston corer with 4.8cm diameter, 2.2 m long polycarbonate barrels. Where 

possible, cores were taken at overlapping intervals to ensure continuous recovery (see 

Appendix: Table 6).  

 2.4.2 Core splitting and descriptions 

Following collection, cores were brought to the University of Massachusetts 

(Amherst, MA, USA) and stored at 4°C. All piston cores were opened with a Geotek core 

splitter, while gouge cores were split and stored in 6 cm halved-PVC piping. For the gouge 

and piston coring methods an archive half was preserved, while the Russian peat corer 

provided a single half upon recovery. After opening, all cores were visually described for 

an initial qualitative assessment of down-core variability in gran size, organic content, 

cohesiveness, and color.  

2.4.3 X-ray fluorescence 

Each core was scanned for bulk geochemistry using an ITRAX x-ray fluorescence 

(XRF) core scanner with a molybdenum tube running at 30kV and 55mA with ten-second 

exposure times (Croudace et al., 2006). The ITRAX provides an image, an x-radiograph 

showing relative density, and results for the relative abundances of a variety of elements. 

Along the Hudson River, introduction of metals to the sediments has been particularly 

useful as a relative dating technique marking the onset of the industrial era (1850 C.E.) 

(e.g. Williams et al., 1978; Benoit et al., 1999; Kemp et al., 2017). Thus, particular attention 

was paid to patterns in the relative abundance of heavy metals including lead (Pb) and zinc 

(Zn). In addition, zirconium (Zr) is used as a proxy for grain size, and relative decreases in 
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potassium (K) have been used to mark peat development (Croudace and Rothwell, 2015), 

and were employed in this study to identify the onset of marsh development and changes 

in inorganic sediment supply.  

2.4.4 Sediment physical characteristics 

Following non-destructive ITRAX scanning, cores were subsampled at 10cm 

intervals, as well as above and below identified lithologic transitions for loss on ignition 

(LOI). When possible, samples of uniform volumes (1 cc) were taken with modified 

syringes. Some samples were too fibrous or too unconsolidated for the uniform volume 

method to be to be possible, so bulk samples of 2-3 cm3 were taken. All subsamples were 

placed into crucibles wet, then dried at 100°C, then burned at 550°C for 4 hours and 

weighed after each step to measure water content and percent organic (Heiri et al., 2001). 

After LOI, samples were gently disaggregated with mortar and pestle then run through a 

Beckman Coulter LS 13 320 laser diffraction particle size analyzer with a range of 0.4 µm 

to 2000 µm, 15 seconds of sonication before running the sample, and a run time of 60 

seconds. An alternative digestion method using a double treatment of 30% hydrogen 

peroxide was also tested (Yellen et al., 2016). However, following this digestion method 

lignin-rich organic material was still evident upon inspection with a 100x microscope, 

resulting in anomalously coarse grain size distributions when compared to grain sizes 

obtained at the same sampling depth following LOI treatment.  

Based on LOI results, we also calculated an average dry bulk density for each 

marsh (Equation 1) using the mass and volume of the wet sample to calculate this (Equation 

2). We calculated this using percent water, organics, and clastics from the LOI data, 

assuming samples were 100% saturated when weighing them wet. For the samples where 

we were unable to get a uniform volume sample, we calculated approximate sample 

volumes assuming an organic density of 2 g/cm3, water density of 1 g/cm3, and clastic 
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sediment density of 2.65 g/cm3 (Equation 2). We checked this method by doing this 

calculation for the samples of known volume.   

Calculating the dry bulk density allows us to estimate the mass of clastic sediment 

in the entire marsh, and therefore how many metric tons per year are accumulating at each 

location. To do these calculations, we estimate the area of each marsh using Google Earth. 

These estimates include open water within the marsh, and therefore provide an upper bound 

of marsh area and sediment mass accumulation. The area of each marsh, average 

accumulation rate since the onset of 137Cs, and the dry bulk density provide us with an 

upper bound estimate of how much sediment is being trapped in each site (Table 5). For 

these calculations, the average accumulation rates and percent clastic since 1954 are used 

to compare to modern estimates of annual Hudson River sediment yield (0.4 Mt) 

(Woodruff et al., 2001).  

Equation 1:   ρ𝑑𝑟𝑦𝑏𝑢𝑙𝑘  = ((1 − 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦) ∗ ρ𝑤𝑒𝑡𝑏𝑢𝑙𝑘) ∗ 1000 

Equation 2:   ρ𝑤𝑒𝑡𝑏𝑢𝑙𝑘  =
𝑀𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒(𝑤𝑒𝑡)

𝑉𝑠𝑎𝑚𝑝𝑙𝑒(𝑤𝑒𝑡)
 

Equation 3: 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑀𝑎𝑠𝑠𝑂𝑟𝑔𝑎𝑛𝑖𝑐𝑠

𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑂𝑟𝑔𝑎𝑛𝑖𝑐𝑠
+

𝑀𝑎𝑠𝑠𝑊𝑎𝑡𝑒𝑟

𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑊𝑎𝑡𝑒𝑟
+

𝑀𝑎𝑠𝑠𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡

𝐷𝑒𝑛𝑠𝑖𝑡𝑦𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡
 

2.4.5 Age constraints on sedimentation 

A combination of techniques were used for determining age constraints including 

gamma spectroscopy, XRF heavy metals, and historical charts. At least one core at each 

location was selected for depth profiles of 137Cs to determine ages of modern sediments. 

The onset of 137Cs in 1954 and peak in 1963 is associated with atmospheric testing of 

nuclear bombs and gives us two modern age constraints to use for calculating accretion 

rates (Pennington et al., 1973). Subsamples at varying depths were dried at 100°C, ground 

into a powder, and analyzed using a Canberra GL2020R low-energy germanium detector 

(Pennington et al., 1973) for both the measurements of 137Cs and unsupported 210Pb 
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activities. The onset of heavy metals (Zn and Pb) from XRF data were also employed as 

an age horizon associated with the 1850-1900 onset of industrialization (e.g. Williams et 

al., 1978). Historical maps and aerial photos were also used for constraining approximate 

dates of anthropogenic impacts and construction in the area around each location. Average 

accumulation rates and associated age models are based on the gamma spectroscopy 

measurements of 137Cs and 210Pb in addition to the onset of heavy metals.  

2.5 Results and Interpretations 

The various elements from XRF data presented can be suggestive of environmental 

changes, anthropogenic pollution (increasing Zn), peat development (decreasing K), and maturity 

and grain size of sediments (increasing Zr) (e.g. Croudace and Rothwell, 2015; Koinig et al., 2003). 

The LOI data gives us the percentage of organics, which is useful in identifying the onset of a marsh 

environment with a high organic to clastic ratio. The grain size data is indicative of depositional 

environment, with larger grain sizes indicating high energy fluvial systems and small grain sizes 

suggesting low-energy systems like marshes and mudflats. Presented here are core transects for 

each marsh showing x-radiographs, elemental XRF Zinc (Zn) data, LOI results, and grain size. 

Additionally, for each location, one core is shown in more detail with an graphic stratigraphy 

column and additional elemental XRF results (Zr and K). The horizontal grey line on these figures 

depicts the change in deposition due to the emplacement of the anthropogenic shoreline 

modification at each site and is placed where the grain size change is most significant. Results for 

the Tivoli Bays are split into two sections, as one is a mature marsh (TVN) and the other remains 

a tidal mudflat (TVS).  

2.5.1 Stockport Marsh (SPM) 

Across this marsh we collected cores from five sites as a transect from north to 

south away from the dredge spoils and will display results from the three representative 
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primary cores SPM1, 4 and 7 in this section. SPM1 shows a steady increase in Zn from the 

base of the core at 1.5 m with a corresponding increase in LOI up-core (Figure 10). SPM4 

and SPM7 show increasing Zn at shallower depths, closer to 0.7 m, and a subsequent up-

core decrease beginning near 0.3-0.4 m. The coincident increase in LOI with the increasing 

Zn across all three cores is indicative of the beginning of marsh development. The rise in 

Zn is indicative of a change in depositional setting linked to fine-grained sediment, which 

trap metals more effectively than coarse-grained sediments (Singh et al., 1999).  

Overall, the sediment in all three cores have a median grain size, D50, under 50μm, 

with deviations above this range in the lower parts of the core. SPM1 and SPM4 show 

increasing grain size down-core (near 1.2 and 1.1 m, respectively). Based on historical 

charts and topographic maps, dredge spoils to the north of the marsh were placed there near 

1930 (Figure 7). The 137Cs results give variable accumulation rates from SPM1 to SPM4, 

supported by the depth differences for the increase in Zn. SPM1 has a very high 

accumulation rate, between 1-2 cm/year, while SPM4 is lower at approximately 0.9 

cm/year (Table 4). Using the various age constraints for SPM1, the average accumulation 

rate is 1.18 cm/year (Figure 16). This rate is much faster than annual sea level rise at 0.54 

± 0.14 cm/year in Albany (Ralston et al., 2018). Based on the deposition rate and the 

average depth of the cores, the sediment being stored in the Stockport Marsh is 

approximately 1000 tons/year, just 0.25% of the Hudson River annual sediment load (Table 

5).  

2.5.2 Tivoli North (TVN) 

At Tivoli North (TVN) we recovered cores from five sites along a transect from 

the outlet of Stoney Creek to the railroad trestle (Figure 8). Across the TVN transect, the 

increasing Zn signature was not clearly evident and thus is not shown so that changes in 

LOI and grain size can be seen (Figure 11). LOI results increase at 1.5 m from near 0% to 
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almost 50% in TVN2, TVN3, TVN1, and TVN4, concurrent with decreasing grain size up-

core. TVN5 is the most landward core and shows the most moderate increase in LOI up-

core.  

In TVN3 there is a rapid decline at 1.1 m in the relative abundance of K (Figure 

11). Decreasing K is indicative of peat development, so this change likely marks the 

transition to a full marsh environment with peat building up (Croudace and Rothwell, 

2015). Elemental Zr shows a steady decline from 2.0-1.4m followed by a sharp decrease 

at 1.4 m, which is indicative of the decreasing grain size and maturity of the sediments 

coming into the system because it is highly resistant to weathering (Koinig et al., 2003; 

Yellen et al., 2014). Age constraints for the TVN3 core show the onset and peak in 137Cs 

at 0.65 and 0.35 m, respectively, with an average accumulation rate of 0.83 cm/year (Figure 

17). Based on the deposition rate and the average depth of the cores, the sediment being 

stored in the Tivoli North marsh is approximately 1800 tons/year, 0.45% of the annual 

budget of the Hudson River (Table 5). 

2.5.3 Tivoli South (TVS) 

Tivoli South Bay was the only site that produced high-quality GPR results (Figure 

12). The topmost unit is shallower toward the east but moving westward it extends about a 

meter down from the surface-water interface. This unit aligns with the changes in the 

profiles of Zn, LOI, and grain size across the transect, with TVN3 to the east being the 

shallowest transition to marsh sediments. A second unit beginning at 1 m below the 

interface and deepening to 5 m to the west encompasses the lower portion of all three cores 

collected. None of the cores extend down into the third stratigraphic unit visible in the GPR 

profile. 

Three cores were collected from the mudflats of the Tivoli South embayment along 

a west-to east transect (Figure 8). The transect begins 120 m east of the railroad causeway 

on the Hudson River side of the bay (TVS1) and ends at TVS3 located 200 m west of the 
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mouth of the Sawkill Creek, a side tributary that enters directly into the bay. The XRF 

results for TVS1 and TVS2 show an initial increase in Zn at a sediment depth of 1.3 m, 

shallowing to a depth of 0.5 m for TVS3 which is nearest the outlet of the creek (Figure 

10). Across all three cores, the increase in Zn in coincident with rising LOI and decreasing 

grain size. Below this Zn onset LOI is low and relatively constant, with values ranging 

from 2-3% in TVS1 below 1.3 m (Figure 13). LOI steadily increase above the 1.3m 

transition to roughly 6% LOI at a depth of 0.9 m and above. Above 1.3 m in TVS1, there 

is also a steady decline in the abundance of K concurrent with the observed increase in Zn. 

The Zr profile shows a sharp decrease above 1.3 m, matched by the increase in LOI and 

decrease in grain size (Figure 13). The onset and peak of 137Cs in TVS1 appear at 0.4 and 

0.35 m, respectively, both resulting in an accumulation rate of 0.72 cm/year (Figure 18). 

Based on the accumulation rate the sediment being stored in the Tivoli South mudflat is 

approximately 2900 tons/year (Table 5) amounting to 0.74% of the long-term annual 

sediment budget in the Hudson River.  

2.5.4 Esopus Marsh (ESP) 

600 m long jetties extend from the mouth of the Esopus Creek into the Hudson 

River with a maintained navigation channel in between and fringing marshes on the north 

and south sides (Figure 8). Five marsh cores were collected from this site and include one 

on the north side of the jetties and four on the south side. The four cores collected from the 

south side show variable depths for the onset of industrial Zn at depths of: 0.9 m in ESP3, 

0.7 m in ESP2, 1.2 m in ESP4 (Figure 14). Similar to the TVN and SPM results, this rise 

in Zn is also accompanied by an increase in organics and drop in grain size. The ESP3 core 

shows the onset and peak of 137Cs at 0.65 and 0.5 m respectively at an accretion rate of 

0.66 cm per year (Figure 19). Based on the deposition rate and the average depth of all the 

ESP cores, the sediment being stored in the southern Esopus marsh is approximately 1800 
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tons/year which is just 0.46% of the long-term annual sediment flux of the Hudson River 

(Table 5).  

ESP5, separated from the other cores at ESP on the northern side of the jetties, 

shows evidence of long predating the industrial era. However, lacking radiocarbon dates 

and a comprehensive age model, we cannot be certain of the age of the northern marsh at 

Esopus. This site is proximal to a very sediment-rich catchment delta where the Esopus 

creek enters the Hudson River (Ralston et al., 2013; Yellen and Steinschneider, 2019). 

Down-core in ESP5 there are several variations in LOI that are less evident in the XRF 

data and grain size (see Appendix: Figure 22). The onset and peak of 137Cs at ESP5 occur 

at 1.0 and 0.8 m, respectively, requiring an accumulation rate of 1.11 cm/yr since 1954 

(Figure 20). However, LOI, grain size, and depth of the core indicate that the northern side 

of the marsh likely existed prior to the modern industrial era. The results from the ESP5 

core are indicative of a complex depositional history, likely due to its location near the 

delta of a sediment rich river.  

2.5.5 Iona Island (INA) 

Seven cores were collected from Iona Marsh all on the western inland side of the 

railroad causeway that runs along the west bank of the Hudson River (Figure 9).  INA4, 

INA3, INA2, and INA7 represent a south-to-north transect through the marsh, while INA4, 

INA1 and INA5 lie along an east-to-west transect. The remaining INA6 core is located in 

between the north-to-south and east-to-west transects and is closest to the location of the 

previously derived millennial-scale reconstruction of marsh accumulation for the site by 

Chou (2010). At Iona the onset of industrial Zn begins at a depth of approximately 0.4 m 

in both INA2, 3, and 4 (Figure 15). The LOI results for INA5 show wide variability and a 

slow decline in the surface 0.2 m but remain relatively stable around an average of 40%. 

The grain size results are relatively constant through INA2 and 5, while INA4 and 3 each 
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show increasing D50 values from 0.6-0.2 m and a subsequent decrease in the surface 0.2 

m. The longest core collected from Iona Marsh, INA5, had an onset and peak of 137Cs at 

0.15 and 0.025 m, and when combined with other age constraints results in an accumulation 

rate of 0.08 cm per year (Figure 21). This low accumulation rate suggests that marsh 

development was prior to the construction of the railroad causeway in 1851, consistent 

with previous results from Chou (2010). Based on the deposition rate and the average depth 

of the cores, the sediment being stored in the Iona Island marsh is approximately 30 

tons/year (Table 5), about 0.01% of the Hudson River Estuary annual budget.  

2.6 Discussion 

 Study sites near anthropogenic features like dredge spoils, railroad causeways, and jetties 

exhibit sediment accretion rates that exceed modern and projected rates of sea level rise. Our results 

show that some of the marsh systems on the Hudson River have developed rapidly in response to 

the creation of sheltered conditions that have allowed for fine-grained material to accumulate. Thus, 

marsh initiation and growth in this environment seems to be governed by suitable hydrodynamic 

conditions and not by sediment supply. It is estimated that between 0.4 to 1.0 Mt is delivered to the 

Hudson River Estuary annually, with most of that getting trapped in the estuary and only exiting 

the system during extreme flooding events (Woodruff et al., 2001; Ralston et al., 2013). For the 

purposes of this study, we used the lower estimate of Hudson River sediment flux (0.4 Mt) to 

calculate upper bound estimates of annual trapping at our marsh locations, between 0.01-0.74% of 

the river’s sediment budget (Table 5). Woodruff et. al. (2001) and Wall et. al. (2008) suggest that 

there are isolated pockets of anomalously high deposition in the Lower Hudson River Estuary, and 

results from this study indicate that one such environment is likely the anthropogenic embayments 

along the Hudson River banks, similar to results from a study on the Connecticut River wetlands 

(Woodruff et al., 2013b).  
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The impact of past and future climate change is an important factor in the stability of these 

marsh systems, particularly with respect to rising sea levels. The mean water level has risen 

approximately 0.54 ± 0.14 cm/year at Albany, NY and 0.33 ± 0.07 cm/year at The Battery, NY 

since 1965 (Ralston et al., 2018) and results from this study indicate that the rising water levels 

encourage high deposition rates. Additionally, modeling results from Tabak et. al. (2016) show a 

net increase in tidal wetland extent in the Hudson River in almost all sea level rise scenarios in 

response to the development of more sheltered off-river environments. Results from this study and 

others in the region indicate that the tidal range, mean water level, and sediment storage along the 

Hudson River have changed in response to the anthropogenic modifications to the system in the 

last few hundred years.  

2.6.1 Post-industrial Marshes: Stockport, Tivoli Bays, Esopus 

Based on prior studies we would expect low sediment yields across the Hudson River 

watershed due to the frequent construction of dams over the past few centuries (Fox et al., 

2016; Peteet et al., 2018), however this constraint on sediment does not seem to be hindering 

the growth and accumulation of marshes along most of the Hudson River. Throughout the 

Hudson River watershed, dam trapping efficiency is very low relative to the total annual 

sediment budget of the Hudson River. For example, all of the sediment trapped by dams in the 

Stockport Marsh watershed accounts for only 20-30% of the annual sediment budget of the 

Hudson River (Brian Yellen, personal communication).  

One of our primary age constraints is the increase in heavy metals, indicative of rising 

pollution during the industrial era between 1850 and 1900, as well as the enhanced trapping of 

fine-grained, organic material with a high affinity for heavy metal adsorption (Singh et al., 

1999) behind sheltered man-made landforms such as railroad causeways (TVN and TVS), 

dredge spoil islands (SPM), and jetties (ESP). Previous studies of Tivoli North and Iona 

marshes used radiocarbon dates to assess ages of the marshes. Sritrairat et. al. (2012) dates 
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marsh material back to 1100 years before present at a point behind the tombolo between Tivoli 

North and South Bays, indicating that this naturally sheltered region has supported marsh 

growth for a substantially longer period of time than within the embayment defined by the 

railroad causeway. Based on the historical chart depths of the embayments as a whole, Tivoli 

South began as a deeper lagoon than Tivoli North (Figure 8). At the outlet of adjacent 

watersheds of similar size, and with comparable sediment accumulation rates within these 

basins, it appears that the available accommodation space played an important role in the 

current state of each embayment as a marsh (TVN) and mudflat (TVS). The difference between 

these bays does not appear to be due to enhanced trapping and more organic production in 

TVN, but rather that TVS was deeper than TVN following railroad constructions and in turn 

has taken longer to infill and transition to a marsh environment. 

2.6.2 Pre-Industrial Marsh: Iona 

Based on the radiocarbon dates for the Iona Marsh core analyzed by Chou (2010), the 

marsh formed at approximately 4300 years CE. The Chou (2010) core was collected much 

closer to the road and bedrock islands, however, and has much higher deposition rates than in 

the INA cores analyzed in this study (approximately 0.78cm/yr since 1963). Based on results 

from this study the annual mass of sediment accumulated (400 t per year), less than 0.1% of 

the annual sediment budget of the Hudson River, is the smallest of all sites analyzed. This 

example indicates that not all marshes located behind anthropogenic structures are as recent as 

those structures. At Iona marsh, the sheltered region around the bedrock islands has supported 

marsh growth for several millennia prior to railroad construction. The example from this site 

illustrates that older systems that have reached equilibrium need less sediment to keep pace 

with sea level rise. 

2.7 Conclusion 

The study of anthropogenic marshes in the freshwater tidal portion of the Hudson River 

suggests that there is no shortage of sediment supply along the Hudson River, only a shortage of 
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accommodation space. Our results from four anthropogenic embayments in the freshwater tidal 

portion of the Hudson River show sediment accumulation rates between 0.6-1.1 cm per year since 

1963 which far outpace sea level rise (Table 4). Our results suggest that man-made landforms such 

as railroad causeways, dredge spoil islands, and jetties had the unintended consequence of 

establishing low-energy embayments along the sides of the Hudson River. These sheltered 

environments in combination with a steady supply of sediment from the tidal Hudson River 

supported relatively high sedimentation rates and the rapid development of freshwater tidal marshes 

(in the span of 50-150 years). Future research to continue assessing sediment transport along the 

tidal Hudson River and primary sediment storage locations would be invaluable for informing 

future marsh and wetland management decisions. These accidental historical successes of 

anthropogenic marsh creation provide an opportunity to identify the physical conditions required 

to successfully support wetland development and case studies for the development of wetland 

management plans.  
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Figure 6 Map of the entire tidal portion of the Hudson River from The Battery north to 

Albany, NY. The catchment is outlined in black for each marsh and the entire Hudson River 

basin at large (see inset). Each marsh at the outlet of these catchments is marked by a different 

colored symbol: an orange triangle for Stockport Marsh, a green square for Tivoli North, a pink 

diamonds for Tivoli South, a yellow plus sign for Esopus Marsh, and a blue circle for Iona 

Island.  
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Figure 7 Stockport marsh historical charts 

from 1915, 1929, and 1932 showing the 

emplacement of dredge spoils and marsh 

development since then.  The red box in 

the three charts outlines the location of the 

satellite image at the bottom, showing core 

locations. The black arrow in the lowest 

three images highlights the location of 

emplaced dredge spoils at the mouth of the 

river in the 1920s and 1930s.  

Water depths shown are in feet below 

mean low water. All historical chart 

images are from NOAA's Office of Coast 

Survey Historical Map & Chart Collection 

(https://historicalcharts.noaa.gov). 

https://historicalcharts.noaa.gov/
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Figure 8 The stretch of the Hidson River from Esopus to the Tivoli Bays showing historical 

images from 1863 and 1935, and satellite images from 2009 and 2016. The historical charts 

illustrate the construction of piers at Esopus and marsh development at Esopus and Tivoli 

Bays. The red box in the three images outlines the location of the satellite images at the 

bottom, showing core locations in the Tivoli Bays and Esopus marsh. Water depths shown are 

in feet below mean low water. All historical chart images are from NOAA's Office of Coast 

Survey Historical Map & Chart Collection (https://historicalcharts.noaa.gov). 

 

https://historicalcharts.noaa.gov/
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Figure 9 The earliest topographical map of Iona Island from 1892, showing topography of the 

bedrock islands in the marsh and location of the railroad and causeway through the marsh. The 

historical map image is from USGS topoView historical topographic maps 

(https://ngmdb.usgs.gov/topoview/).  

 

 

https://ngmdb.usgs.gov/topoview/
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Table 3 Summary of details for each location in the study listing catchment area, the month 

that cores were collected, how many cores were collected, and how deep the longest core 

was. 

Location Name Tributary Catchment 

Area (km2) 

Month 

collected 

Number of 

core sites 

Max. core 

depth (m) 

Stockport Marsh 1300 06/2017 5 1.5 

Tivoli North 60 06/2018 5 3.0 

Tivoli South 70 06/2018 3 3.5 

Iona Island 10 08/2018 7 3.9 

Esopus Marsh 1100 06/2018 5 4.2 

Table 4 Age constraints using one core from each marsh site except Stockport, where two cores 

were measured. For each core, values reported are the depth to the onset (1954) and peak (1963) 

of 137Cs, and the onset of heavy metals, and the approximate accumulation rates of sediment 

between these dates. The average accumulation rate are further constrained in the compiled age 

models (Figures 17-21).  

Core SPM1 SPM4 TVN3 TVS1 INA5 ESP5 ESP3 

Depth to metals 

onset (cm) 140 70 150 135 50 150 85 

Depth to Cs onset 

(cm) 
110 60 65 40 15 100 65 

Depth to Cs Peak 

(cm) 
61 40 35 35 3 80 50 

Acc. Rate (cm/yr) 

metals onset-1954 1.3 0.4 0.8 0.9 0.3 0.8 0.3 

Acc. Rate (cm/yr) 

1954-2018 
1.7 0.9 1.0 0.6 0.2 1.6 1.0 
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Table 5 Marsh characteristics by site: approximate marsh area, depth to 1954, the 

average sedimentation rate since 1954, total volume of the sediment, the dry bulk 

density of sediment at each site, the associated total mass of sediment within each 

marsh, and mass of sediment deposited annually within each marsh location. All 

quantities are just for the sediment accumulation since 1954.  

Site SPM TVN TVS ESP INA 

Marsh Area 

(km2) 

0.19 1.32 0.97 0.25 0.51 

Avg. Depth to 

Cs Onset- 1954 

(m) 

0.85 0.65 0.40 1.00 0.15 

Avg. Sed Rate 

since 1954 

(cm/yr) 

1.19 0.83 0.72 0.66 0.08 

Total volume 

of sediment 

(m3) 

161500 858000 388000 250000 76500 

Average dry 

bulk p (kg/m3) 

1031 936 1043 908 296 

% clastic of 

bulk density 

(since 1954) 

39 14 47 52 9 

Total mass of 

sediment 

(metric tons 

(t)) 

64938 114780 188196 117132 2128 

Mass deposited 

annually since 

1954(t/yr) 

1015 1793 2941 1830 33 

% of HRE sed 

budget (0.4Mt) 

0.25 0.45 0.74 0.46 0.01 
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Figure 10 Transect of cores from Stockport Marsh. Top: SPM1, 4 and 7 showing Zn XRF data, LOI (%), 

and grain size (μm) from left to right for each core. Bottom: SPM4, the longest core, from left to right 

showing an lithologic sketch, elemental data of Zn, Zr, K, LOI (%), and grain size (μm). The red dotted 

lines on the LOI plot mark the onset and peak of 137Cs. The vertical dashed line on the grain size plots is 

at 63 μm, the distinction between sand and silt. The grey line on the bottom figure marks the change in 

environment at 1930, placed based on the sharp decrease in grain size. 
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Figure 11 Transect of cores from Tivoli Bay North. Top: TVN 2, 3, 1, 4, and 5 showing LOI (%) and 

grain size (μm) from left to right for each core. Bottom: TVN3, the longest core, from left to right showing 

an lithologic sketch, elemental data of Zn, Zr, K, LOI (%), and grain size (μm). The red dotted lines on 

the LOI plot mark the onset and peak of 137Cs. The vertical dashed line on the grain size plots is at 63 

μm, the distinction between sand and silt. The grey line on the bottom figure marks the change in 

environment at 1850, placed based on the sharp decrease in grain size. 
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Figure 12 The ground-penetrating radar results from Tivoli South. A) Analyzed results with the different 

reflectors unaltered. B) The interpreted units from the reflectors, and the core locations across the 

transect. C) The inset site image shows the location of the A-A’ GPR line. 

 

B. A. 

C. 
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Figure 13 Transect of cores from Tivoli Bay South. Top: TVS1, 2, and 3 showing Zn XRF data, 

LOI (%), and grain size (μm) from left to right for each core. Bottom: TVS1, the longest core, 

from left to right showing an lithologic sketch, elemental data of Zn, Zr, K, LOI (%), and grain 

size (μm). The red dotted lines on the LOI plot mark the onset and peak of 137Cs. The vertical 

dashed line on the grain size plots is at 63 μm, the distinction between sand and silt. The grey 

line on the bottom figure marks the change in environment at 1850, placed based on the sharp 

decrease in grain size. 
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Figure 14 Transect of cores from Esopus Marsh. Top: ESP3, 2, 4, and 1 showing Zn XRF data, 

LOI (%), and grain size (μm) from left to right for each core. Bottom: ESP3, the longest core, 

from left to right showing an lithologic sketch, elemental data of Zn, Zr, K, LOI (%), and grain 

size (μm). The red dotted lines on the LOI plot mark the onset and peak of 137Cs. The vertical 

dashed line on the grain size plots is at 63 μm, the distinction between sand and silt. The grey 

line on the bottom figure marks the change in environment at 1880, placed based on the sharp 

decrease in grain size. 
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Figure 15 Transect of cores from Iona Island. Top: INA4, 3, and 2 showing Zn XRF data, LOI 

(%), and grain size (μm) from left to right for each core. Bottom: INA5, the longest core, from 

left to right showing an lithologic sketch, elemental data of Zn, Zr, K, LOI (%), and grain size 

(μm). The red dotted lines on the LOI plot mark the onset and peak of 137Cs. The vertical dashed 

line on the grain size plots is at 63 μm, the distinction between sand and silt.  
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Figure 16 SPM1 from left to right- XRF data 

(Zn, Pb, and Zr), gamma spectroscopy results 

for 210Pb, 214Pb, and 137Cs, and the compiled 

age model from the data points in the legend. 

Figure 17 TVN3 from left to right- XRF data 

(Zn, Pb, and Zr), gamma spectroscopy results 

for 210Pb, 214Pb, and 137Cs, and the compiled 

age model from the data points in the legend. 
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Figure 18 TVS1 from left to right- XRF data 

(Zn, Pb, and Zr), gamma spectroscopy results 

for 210Pb, 214Pb, and 137Cs, and the compiled 

age model from the data points in the legend.  

Figure 19 ESP3 from left to right- XRF data 

(Zn, Pb, and Zr), gamma spectroscopy results 

for 210Pb, 214Pb, and 137Cs, and the compiled 

age model from the data points in the legend. 
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Figure 20 ESP5 from left to right- XRF data 

(Zn, Pb, and Zr), gamma spectroscopy results 

for 210Pb, 214Pb, and 137Cs, and the compiled 

age model from the data points in the legend. 

Figure 21 INA5 from left to right- XRF data 

(Zn, Pb, and Zr), gamma spectroscopy results 

for 210Pb, 214Pb, and 137Cs, and the compiled 

age model from the data points in the legend. 
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APPENDIX 

Table 6 Summary of core locations, and each drive at coring sites. The core 

type is noted next to site (RC is the 0.5-m Russian peat core, EX is the 1-m 

gauge core, and PPC is piston push coring).  

Site & Core 

Type 

Latitude Longitude Start Depth 

(cm)  

End Depth 

(cm) 

SPM1 RC 42.2996 -73.7755 0 50 

SPM1 RC 
  

50 100 

SPM1 RC 
  

100 150 

SPM4 RC 42.3008 -73.7745 0 50 

SPM4 RC 
  

25 75 

SPM4 RC 
  

50 100 

SPM4 RC     75 125 

SPM7 RC 42.3022 -73.7756 0 50 

SPM7 RC  
  

25 75 

SPM7 RC  
  

50 100 

SPM7 RC     75 125 

TVN1 RC 42.042 -73.9207 0 50 

TVN1 RC 
  

50 100 

TVN1 RC 
  

100 150 

TVN1 EX 
  

0 57 

TVN1 EX 
  

100 200 

TVN1 EX 
  

135 185 

TVN1 EX     200 265 

TVN2 RC 42.0429 -73.9233 7 57 

TVN2 EX 
  

50 150 

TVN2 EX     133 233 

TVN3 RC 42.0427 -73.9222 5 55 

TVN3 EX 
  

50 150 

TVN3 EX 
  

145 245 

TVN4 RC 42.0425 -73.9196 0 50 

TVN4 RC 
  

50 100 

TVN4 RC 
  

100 150 

TVN4 EX 
  

150 250 

TVN4 EX     212 312 

TVN5 RC 42.0427 -73.9184 0 50 

TVN5 EX 
  

0 50 

TVN5 EX 
  

50 150 

TVN5 EX     147 247 

TVS1 D1 PPC 42.0179 -73.9252 0 180 

TVS1 D2 PPC     175 350 

TVS2 D1 PPC 42.0182 -73.9221 0 160 
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TVS2 D2 PPC     186 345 

TVS3 D1 PPC 42.0182 -73.9197 0 140 

ESP1 EX 42.0703 -73.9324 0 100 

ESP1 RC     0 50 

ESP2 EX 42.0701 -73.9339 0 100 

ESP3 EX 42.0701 -73.9342 0 100 

ESP4 EX 42.0707 -73.933 0 80 

ESP4 RC     50 100 

ESP4 RC 
  

100 150 

ESP4 RC     150 200 

ESP5 EX 42.0729 -73.9397 0 94 

ESP5 EX 
  

75 175 

ESP5 RC 
  

175 225 

ESP5 RC 
  

225 275 

ESP5 RC 
  

275 325 

ESP5 RC 
  

325 375 

ESP5 RC     375 425 

INA1 EX 41.2978 -73.9771 0 75 

INA1 EX 
  

50 150 

INA2 EX 41.2998 -73.983 0 86 

INA2 EX     75 175 

INA3 EX 41.2982 -73.9826 0 95 

INA3 EX     100 190 

INA4 EX 41.2965 -73.983 0 100 

INA4 EX     105 195 

INA5 EX 41.2965 -73.983 0 100 

INA5 EX 
  

100 190 

INA5 EX 
  

200 300 

INA5 EX     300 390 

INA6 RC 41.3015 -73.9788 0 50 

INA6 EX 
  

50 140 

INA6 EX     100 200 

INA7 EX 41.3023 -73.9842 0 90 

INA 7 EX     105 205 
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Figure 22 ESP5, the longest core, from left to right showing an lithologic sketch, elemental data 

of Zn, Zr, K, LOI (%), and grain size (μm). The red dotted lines on the LOI plot mark the onset 

and peak of 137Cs. The vertical dashed line on the grain size plots is at 63 μm, the distinction 

between sand and silt. The grey line on the bottom figure marks the change in environment at 

1850, placed based on the sharp decrease in grain size. 
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