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Tidal marshes are important habitats for wildlife, and they provide a wide variety of 

ecosystem services, one of the most important of which is carbon storage and 

sequestration. Studying and modeling carbon storage in tidal marshes is very difficult due 

to the highly variable, highly site-specific biogeochemical processes that occur within 

them. Many studies attempt to understand the environmental factors that impact carbon 

storage in tidal marshes, but few assess marsh sediments at depths below 1 meter; 

therefore, this study seeks to understand the influence of environmental factors (spatial 

location, elevation, vegetation/sediment type) on carbon storage and to estimate total 

carbon stored throughout the entire depth of the marsh sediments. 16 cores were collected 

to refusal in a small urban tidal marsh, and percent organic carbon and organic carbon 

density were assessed along the full core depth. Interpolation maps of sediment thickness 

and carbon storage were generated to estimate total carbon stocks. Average carbon stocks 

per unit volume were similar to those collected by previous studies, but when summed 

across the entire vertical profile, total carbon stock estimates were over three times higher 

than the assessment that relied solely on stock estimates for the top 1 meter of sediment. 

While studies that only assess the top meter may be useful, assessing the true depth of 
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marsh sediments could be key to gauging the potential of tidal marshes in sequestering 

and storing carbon. Trajectories of percent organic matter throughout each core depth 

suggested that the landward portion of the study site may have vegetated first; this is 

unusual, as seaward marshes are generally older, since marsh systems migrate inland with 

sea level rise. The landward portion of the study site likely originated as a freshwater 

riparian wetland, while the seaward portion may have formed later under the influence of 

sea level rise and tidal regimes; as sea level gradually increased over time, the entire 

study site transitioned into a tidal marsh system. Surface elevation and distance from 

creek showed no relationship to organic matter or carbon density, while both percent 

organic matter and organic carbon density showed significant variation when grouped by 

sediment type. Percent organic matter was significantly higher in areas covered by 

Spartina patens than areas covered by Phragmites australis. Further research is needed to 

clarify the relationship between tidal marsh carbon storage and environmental factors 

such as sea level, tidal regimes, vegetation, elevation, spatial distribution, salinity, and 

other factors that may add to the complexity of biogeochemical interactions. If we can 

better understand the true depth of tidal marsh sediments, as well as how environmental 

factors may have impacted organic matter storage in the historic past, then we may be 

better able to predict how changing environmental conditions may alter carbon storage 

potential in the future. Now more than ever, it is essential to study the dynamics of these 

important blue carbon systems so that we can better approach tidal marsh management in 

the face of global climate change. 
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Introduction 

Tidal marshes, wetland environments inundated by ocean water on a daily basis, 

are highly productive coastal systems that provide numerous ecosystem services. These 

marshes are important habitats for a variety of wildlife species, including those that are 

threatened and endangered; in the United States, they provide food, refuge, or nursery 

habitat for over 75 percent of commercial fisheries species (NOAA 2018). They also 

protect coastal communities from flooding and storm damage; in New Jersey, $625 

million in storm damage was prevented by tidal marshes during Hurricane Sandy 

(Narayan 2017).  

One of the most important ecosystem services provided by tidal marshes is carbon 

sequestration and storage. Tidal marsh systems sequester and store carbon from the 

atmosphere much more efficiently than even the most productive terrestrial forests 

(Mcleod et al. 2011). Tidal marsh vegetation sequesters carbon through photosynthesis, 

in a manner similar to that of forests; however, the saturated, anaerobic environment also 

causes the decomposing biomass to build up as peat. This peat accumulates over time and 

can serve as long-term carbon storage for hundreds, or even thousands, of years. This 

type of ñblue carbonò is an essential tool in the fight against climate change (McLeod et 

al. 2011); understanding the dynamics of carbon sequestration and storage in tidal marsh 

environments will help to guide management priorities and marsh restoration practices. 

Tidal marshes, especially those in highly developed areas, are increasingly 

subjected to a variety of human impacts that lead to complex changes in carbon flux 

cycles as well as significant degradations in marsh health. Coastal states in the NY/NJ 

metropolitan area are experiencing rapid urbanization; so much urban land development 
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has occurred in New Jersey that in recent years, the rate of urban growth outpaced the 

rate of population growth by a factor of four (Hasse and Lathrop 2010). When 

stormwater runs off the impervious surfaces of a densely developed landscape, nutrients 

and organic waste end up in nearby waterways and oceans in excessive amounts (Savidge 

et al. 2016). Ordinarily, this excess nutrient runoff is filtered by marsh vegetation and 

buried by the accumulating marsh soils, which buffers oceans and estuaries from nutrient 

enrichment (Nelson and Zavaleta 2012; Valinsky et al. 2017); however, some studies 

suggest that a high nutrient influx may negatively impact above- and belowground 

biomass, thus limiting nutrient filtration, reducing carbon sequestration rates, and 

destabilizing marsh sediments enough to release stored carbon back into the system 

through increased erosion (Wigand et al. 2014; Alldred et al. 2017; Wedge and Anderson 

2017; Logan 2018; Matzke and Elsey-Quirk 2018; Martin et al. 2018). Few studies have 

investigated carbon sequestration dynamics in highly urbanized marsh systems and the 

environmental factors that may alter carbon storage and sequestration regimes. 

Climate change can also have a significant impact on tidal marshes and their 

carbon fluxes. Sea level change influences sediment accretion rates, causes inland marsh 

migration, and increases likelihood of submersion; these changes have the potential to 

influence carbon sequestration rates (Morris et al. 2002, Kirwan et al. 2016, Rogers et al. 

2019).  The potential increase in frequency of severe coastal storms may increase the 

likelihood of erosion, thus exacerbating the release of stored carbon (IPCC 2019; Lane et 

al. 2016). In the future, understanding the impacts of climate change will grow 

increasingly important to the health of tidal marsh systems. 
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A wide variety of local factors have been known to influence greenhouse gas 

fluxes in tidal marsh sediments, including vegetation type, salinity, nutrient and sediment 

availability, accretion rates, and tidal regimes; however, interactions between these 

biogeochemical and geomorphological processes are complex and not well understood 

(Holmquist et al. 2018; Sheng et al. 2015; Reid et al. 2013; Poffenbarger et al. 2011; 

Kirwan et al. 2016). As a result, the processes governing tidal marsh carbon storage and 

sequestration are incredibly site-specific, and this makes carbon modeling difficult and 

often inaccurate (Holmquist et al. 2018). Many blue carbon studies address site-specific 

carbon storage in tidal marsh sediments, but most of these studies only analyze sediments 

to 1 meter depth, leaving carbon variation at greater depths virtually unexplored 

(Holmquist et al. 2018). In many tidal marshes, sediments have accumulated due to 

relative sea level rise over the thousands of years that followed the last ice age (Kemp et 

al. 2013). These post-glacial tidal marsh sediments can extend much deeper than 1 meter, 

potentially storing much larger amounts of carbon than previous research has tabulated. 

The goal of this project is to better understand the influence of several 

environmental factors on carbon density and sequestration rates in urban tidal marsh 

sediments. Understanding carbon sequestration in these dynamic urban wetland systems 

has important implications for tidal marsh management in the face of climate change. The 

following research questions were posed using a little-studied tidal marsh system on 

Staten Island, New York. 
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Research Questions 

1) How much organic carbon is stored in the sediments of a small, urbanized estuary 

along the Raritan Bay? 

2) How much carbon is stored in the tidal marsh sediments of the top 1 meter (the 

usual limit for blue carbon studies) as compared to the full vertical depth profile? 

I.e., how much carbon is missed when we only account for the top meter of 

sediment? 

3) Does the amount of organic carbon stored in tidal marsh sediments vary according 

to: 

a) Spatial distribution (e.g. distance from tidal creek) 

b) Dominant vegetation 

c) Surface elevation 

d) Sediment age/depth 

e) Sediment type 

 

 

Methods 

Study Site 

The study site is a portion of a tidal marsh located in Lemon Creek Park, a 

property located on Staten Island, New York and owned by New York City Parks (Figure 

1). Based on permitting and accessibility restrictions, a 7 hectare section located about 

600 meters landward of the bay was selected as the study area. Phragmites australis 

dominated the northernmost quarter of the study site, with additional narrow strips 
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located along the western, eastern, and southern fringes. The remainder of the study site 

was dominated by tall-form Spartina alterniflora with mixed patches of Spartina patens 

and Distichlis spicata in areas of slightly higher elevation between channels and 

mosquito ditches. A few small locations within the marsh were dominated by other 

vegetation such as Bolboschoenus maritimus. 

Based on a visual assessment of available aerial imagery (USGS Earth Explorer), 

the area surrounding Lemon Creek was sparsely residential and mostly forested in the 

early-to-mid 20th century. In the 1970s, residential development density started to 

increase until mostly leveling off to its current state by the mid-1990s. Currently, the 

study site is predominantly surrounded by medium- and low-intensity development, with 

the exception of the northeastern corner, which is bordered by deciduous forest (NLCD 

2016). 

According to the National Wetland Inventory (USFWS 2020), the northern and 

western portions of the study site are classified as estuarine intertidal emergent wetland, 

irregularly flooded, and dominated by Phragmites australis (E2EM5P). The southern and 

eastern portions of the study site are classified as estuarine intertidal emergent wetland, 

irregularly flooded, dominated by persistent vegetation, and partially drained/ditched 

(E2EM1Pd). The USDA Web Soil Survey (NRCS 2020) classifies the soil as Ipswich 

mucky peat, 0-2 percent slopes, and very frequently flooded (IwA). 

 

Sediment Core Collection 

Sediment cores were collected to assess water content, bulk density, and organic 

matter content to determine the carbon stocks contained within the sediments. Sediment 
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cores were collected using a Russian Peat Corer at 16 locations throughout the study site 

between October 3 and November 21, 2019. Cores were collected within 3 hours of low 

tide to avoid flooded conditions at sites (with the exception of core 2, which was 

collected within an hour of high tide). Core sites were selected based on accessibility, but 

also to evenly sample differing parts of the marsh based on vegetation cover and spatial 

distribution. In most cases, 2 cores were collected at each site: 1) a short core, typically 

reaching down to 130 cm from the surface, and 2) a long core, collected to refusal. At this 

site, refusal was reached by encountering sand layers or very dense clays. Long core 

depths ranged between 330 and 770 cm in depth. Cores were collected in 50 cm 

segments, alternating between two adjacent holes (typically about 0.5-1 m apart) in which 

the segments overlapped in depth by 10 cm to replicate the portions of each core that 

were disturbed by the corerôs tip. Core segments were stored in 50 cm lengths of 

Schedule 40 2-in. PVC pipe, halved lengthwise. Each tube was wrapped in plastic wrap, 

secured on the ends with duct tape, and stored in a refrigerator upon returning from the 

field. 
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Figure 1. Lemon Creek Marsh study site located in Staten Island, NY. Study site 
boundary (labeled as AOI) outlined in cyan. 
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Core Descriptions, Sampling, and LOI 

All sediment cores were visually described, including sediment type (Peat = > 75 % 

organic fragments; Muddy Peat = > 50% organic fragments; Peaty Mud = < 50% but > 

25% organic fragments; Mud = < 25% organic fragments), sediment color (Brown, Dark 

Brown, Orange Brown, Dark Gray, etc.), grain size (Clay, Silt, Sand), type of organic 

matters (fibers vs. coherent fragments of stems or leaves, etc.) and other items of note 

such as large rhizomes, cedar pieces, and shell fragments. The majority of the cores (1, 2, 

4, 5, 7, 10, 11, 12, 13, 16) were sampled at 5 cm resolution. Variability in the organic 

material was determined to be low enough to reduce sampling resolution; therefore, the 

remaining cores (3, 6, 8, 9, 14, 15) were sampled at 10 cm resolution within the more 

variable peat layers and 25 cm resolution within the less variable mud layers. Prior to 

sampling, the top few mm of sediments within each core tube were scraped off to remove 

any contaminated material on the surface. Sediment samples of 1 cm3 were retrieved by 

gently inserting a 5 mL plastic syringe with the tip removed into the sediment, dislodging 

or cutting any surrounding material, and holding the sample inside with a metal spatula to 

prevent compaction. Samples were inserted into 15 mL high-form porcelain crucibles and 

dried for 12 hours at 105oC in a muffle furnace. Using a precision scale (Mettler Toledo 

AE160 analytical balance), crucibles were weighed 1) empty, 2) with the wet samples, 

and 3) with the dry samples to determine the dry bulk density. Dried samples were heated 

to 550oC for 4 hours and weighed again to measure the organic matter lost (Loss on 

Ignition, LOI). The LOI value was converted to gC cm-3 using established relationships 

between organic matter and organic carbon content in estuarine marsh soils (Craft, 1991; 

Holmquist et al., 2018). Samples were dried and burned in batches of 60-90, and the 

crucibles were wiped clean of sediment and reweighed between each use. 
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Data Analysis and Interpolation 

Organic carbon storage and distribution within the study site was estimated using 

interpolation techniques similar to those utilized by Ardenne et al. 2018. The 

interpolation method used was Inverse Distance Weighting (IDW) with a distance weight 

of two. Edge estimate points, which assume a sediment thickness of 0, were manually 

placed around the border of the marsh soils at distances of 25-50m apart, based on 

analyzer judgement. A refusal depth interpolation and sediment thickness interpolations 

for both peat and mud/sand sediment types were completed both with and without edge 

estimates to compensate for potential bias in edge estimate results. Total carbon stocks 

were estimated for each sediment type by averaging carbon density at each core site for 

each sediment type, creating carbon interpolations from these averages, and multiplying 

the carbon interpolation rasters by the sediment depth interpolation rasters. The final 

carbon values within each cell for each sediment type were then added together to 

generate an estimate of total carbon stock within the study site. 

After assessing percent organic matter throughout each core depth, cores were 

grouped based on visual similarities in their trajectories and similar spatial location. 

These groups were established based on the assumption that similar spatial and 

volumetric patterns between cores may indicate wetland environments that formed under 

similar conditions; the groups were then analyzed to ascertain possible environmental 

factors that could have guided marsh development. 

Variations in organic carbon within individual cores were analyzed in conjunction 

with sediment type, sediment depth, surface elevation, surface distribution, and 

vegetation type to assess whether any of these factors could explain variation in carbon 

storage across this site. Mixed model Nested ANOVA and Tukey Multiple Comparisons 
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Post-Hoc tests (where applicable) were performed in R to determine statistically 

significant differences (Ŭ = 0.05) when grouping percent organic matter and carbon 

density by vegetation type and sediment type. 

 

Results 

Stratigraphy 

The stratigraphy indicated by the collected cores was predominantly characterized 

as follows (from marsh surface to depth):  

a) a thick layer of interspersed brown, dark brown, and red-brown peat near the 

top of the cores,  

b) smaller layers of brown muddy peat directly below or interspersed within the 

lower portions of peat,  

c) a rapid transition to a small brown or gray-brown peaty mud layer,  

d) a thick layer of dark gray mud, and in some cases, and   

e) thin layers of dark gray sand at refusal (Figures 2-7).  

Some cores reached refusal (i.e., greatest depth of core penetration) upon reaching a sand 

layer (3, 4, 5, 9, 10, 11, 14, 16), while others reached refusal after encountering a layer of 

wood chips (7) or other unknown dense materials, such as thick mud (1, 6, 8, 12, 13, 15; 

Table 2). Some core sections were not collected due to time constraints in the field (13, 

14) or difficulty with extraction (4, 12).  
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Percent organic matter and organic carbon density variation 

The average percent organic matter across all core samples was approximately 

28.89 Ñ 19.08%. Organic carbon density across all core samples was much less variable 

at 0.028 Ñ 0.008 (Table 1, Figure 8).  In the top 1 meter of sediments, both organic matter 

and carbon density values were higher than the overall average and the values from the 

depths below 1 meter were similar to the overall average (Table 1). Organic carbon 

density showed a slight negative linear trend, with carbon density decreasing as depth 

increased (Figure 8; R2 = 0.2263). 

 
Table 1. Average organic matter and organic carbon density of all analyzed core 
samples. 

  Average SD 
 

Organic matter 
(%) 

Overall 27.89 19.08 
Top 1 meter 30.23 12.78 
Below 1 meter 27.20 20.42 

Organic carbon 
density (gC cm-3) 

Overall 0.028 0.008 
Top 1 meter 0.034 0.007 
Below 1 meter 0.027 0.006 

 

Percent organic matter varied greatly relative to depth throughout each sediment 

core (Figure 9). Overall, the peat and muddy peat layers exhibited a high variability in 

organic matter, while the peaty mud and mud layers showed very little variation. Cores 

were grouped together to elucidate differing trajectories in organic matter variation that 

occurred in different spatial locations (Figures 9-10). Cores with similar trajectories were 

grouped together when their spatial locations were also similar, with Groups A and B 

near the landward end, Groups C and D in the middle, and Group E at the seaward end 

(Figure 10). Group A cores (2, 4) show highly variable percent organic matter in the peat 
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layers between 0 and 200 cm; then they show sudden transition to mud at 300 cm and a 

decrease in organic matter to about 10% with low variability. Group C cores (5, 11, 12, 

13) have approximately 20% organic matter in the peat layers, which increases to 60% at 

a depth of 300 cm, decreases to about 10% at 500cm, and levels off once the sediment 

type changes to pure mud. Group B cores (core 3 only) follow a similar trend as that of 

group C cores until 500 cm, at which depth the peat layer continues instead of tapering 

off, causing the percent organic matter to rise to about 70%. Group D cores (10, 14, 15, 

16) follow a very similar organic carbon trajectory as that of the group A cores, but they 

are located further south and separated from Group A by Groups B and C; therefore, they 

were placed into their own category. Group E cores (1, 6, 7, 8, 9) exhibit high-variability 

peat layers until about 200 cm, at which depth organic matter gradually decreases until 

leveling off at 200 cm at approximately 10%, with little variability. 
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Table 2. General information collected at each core site. 

Core 
Number 

Collection 
Date Lat Long 

Surface 
Elevation 
(m above 
NAVD88) 

Final 
Core 
Depth 
(cm) 

Reason for 
Refusal 

Dominant 
Vegetation 

1 10/12/19 40.51906 -74.20334 0.8497 410 Unknown 
Refusal 

Spartina 
patens 

2 10/3/19 40.52241 -74.20242 3.4382 170 Short core/no refusal 
Phragmites 
australis 

3 10/15/19 40.52165 -74.20376 0.935 770 Sand (850 cm) Phragmites 
australis 

4 10/24/19 40.52143 -74.20402 0.8308 500 Sand Phragmites 
australis 

5 10/24/19 40.52168 -74.20357 0.9042 530 Sand Phragmites 
australis 

6 11/6/19 40.51756 -74.20284 0.672 333 Unknown 
Refusal/Mud 

Spartina 
alterniflora 

7 11/9/19 40.51793 -74.20229 0.6233 450 Wood chips Spartina patens 

8 11/14/19 40.518 -74.20159 0.7543 330 Unknown 
Refusal/Mud 

Spartina 
alterniflora 

9 11/14/19 40.51878 -74.2028 0.7405 410 Unknown 
Refusal/Sand 

Spartina 
patens 

10 11/14/19 40.51896 -74.20227 0.8233 530 Sand Spartina 
patens 

11 11/16/19 40.52097 -74.20339 0.6891 630 Sand Bolboschoenus 
maritimus 

12 11/16/19 40.52081 -74.20383 0.9275 335 Unknown 
Refusal/ Hard 

Spartina 
patens 

13 11/16/19 40.52094 -74.20353 0.8175 700 Unknown 
Refusal 

Spartina 
alterniflora 

14 11/21/19 40.51995 -74.20347 0.9508 430 Sand Spartina 
patens 

15 11/21/19 40.52003 -74.20319 0.932 490 Unknown 
Refusal 

Spartina 
patens 

16 11/21/19 40.52032 -74.20273 0.8676 570 Sand Spartina 
patens 

 

According to the nested ANOVA, organic carbon density did not vary depending 

on the dominant surface vegetation type; however, after removing B. maritimus from the 

analysis due to small sample size, sites with S. patens were found to be significantly 

higher in percent organic matter than sites with P. australis (Table 3; Figures 12-13). 

Only the top 50 cm of data were included in these analyses, because the deeper layers 

were unlikely to be influenced by the current vegetative environment. Surface elevation 

showed little evidence of influence on the organic matter or carbon density, neither 

within the complete core nor within the top 50 cm (Figures 14-15). When grouped by 
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sediment type, however, potential dependencies were more apparent; the nested ANOVA 

and post-hoc showed significant differences between all sediment types for both percent 

organic matter and organic carbon density (Figure 3). Peat-rich sediments showed the 

highest organic matter and carbon density; both values decreased as the sediment type 

became more dominated by mud and sand (Figures 16-17). Variation in the percent 

organic matter also dramatically decreased as the sediment type changed from pure peat 

to pure mud, although this trend was less apparent in the organic carbon density. The 

distance of each core site from the main creek did not appear to have any influence over 

percent organic matter or organic carbon density, with neither the top 50 cm nor the full 

core depth showing any apparent dependencies (Figures 18-19). 
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Table 3. Mixed model nested ANOVA (analysis of variance) statistical tests analyzing 
the variation in organic matter and carbon density according to vegetation type and 
sediment type. (Significance codes: 0 = ****; 0.001 = ***; 0.01 = **; 0.05 = *) 

VEGETATION TYPE - NESTED ANOVA (MIXED) 
Organic matter (%) Carbon density 

F-value p-value F-value p-value 
3.5701 0.0313 * 0.0972 0.9083 
Multiple Comparisons of Means: Tukey Contrasts ï Significance ï 

Organic matter (%) 
S. alterniflora ï P. australis 0.58980 
S. patens ï P. australis 0.00363 ** 
S. alterniflora ï S. patens 0.36113 
 

SEDIMENT TYPE - NESTED ANOVA (MIXED) 
Organic matter (%) Carbon density 
F-value p-value F-value p-value 
3.5701 <.0001 0.0972 0.9083 
Multiple Comparisons of Means: Tukey Contrasts ï Significance ï 

Organic matter (%) 
Muddy Peat ï Mud <0.00001 **** 
Peat ï Mud <0.00001 **** 

Peaty Mud ï Mud <0.00001 **** 
Sand ï Mud <0.00001 **** 

Peat ï Muddy Peat <0.00001 **** 
Peaty Mud ï Muddy Peat <0.00001 **** 
Sand ï Muddy Peat <0.00001 **** 
Peaty Mud ï Peat <0.00001 **** 
Sand ï Peat <0.00001 **** 

Sand ï Peaty Mud <0.00001 **** 
Multiple Comparisons of Means: Tukey Contrasts ï Significance ï Carbon 

density (gC cm-3) 
Muddy Peat ï Mud <0.001*** 
Peat ï Mud <0.001*** 

Peaty Mud ï Mud 0.00132 ** 
Sand ï Mud <0.001*** 

Peat ï Muddy Peat <0.001*** 
Peaty Mud ï Muddy Peat <0.001*** 
Sand ï Muddy Peat <0.001*** 
Peaty Mud ï Peat <0.001*** 
Sand ï Peat <0.001*** 

Sand ï Peaty Mud <0.001*** 
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Figure 2. Texture and color symbols representing sediment type and sediment color at 
each depth within all collected sediment cores. 
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Figure 3. Stratigraphy of sampled cores 2, 3, 4, and 5. Cores in figure are oriented west 
to east with indication of adjacency upland or creek. Empty sections indicate that no 
sample was collected. Black sections indicate that no color was recorded due to time 
constraints in the lab. See Figure 2 for legend. Y axis represents depth relative to ground 
surface in centimeters. Bar width represents grain size, with a wider bar indicating sandy 
sediments. All other sediments are silty mud. Normal grading (gradual upwards fining of 
grain size) is indicated by sloped boxes. 
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Figure 4. Stratigraphy of sampled cores 11, 12, and 13. Cores in figure are oriented west 
to east with indication of adjacency upland or creek. Empty sections indicate that no 
sample was collected. See Figure 2 for legend. Y axis represents depth relative to ground 
surface in centimeters. Bar width represents grain size, with a wider bar indicating sandy 
sediments. All other sediments are silty mud. Normal grading (gradual upwards fining of 
grain size) is indicated by sloped boxes. 












































































