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Abstract: Salt marshes are vulnerable to sea-level rise, sediment deficits, and storm impacts. To re-
main vertically resilient, salt marshes must accrete sediment at rates greater or equal to sea-level 
rise. Ice-rafted debris (IRD), sediment that has been moved and deposited from ice sheets, is one of 
many processes that contribute to salt marsh sediment accretion in northern latitudes. On 4 January 
2018, a winter storm caused major ice mobilization in the Plum Island Estuary (PIE), Massachusetts, 
USA, which led to large deposits of ice-rafted sediment. We aimed to quantify the volume and mass 
of deposited sediment, and evaluate the significance of IRD to sediment supply in Plum Island using 
pixel-based land-cover classification of aerial imagery collected by an Unmanned Aircraft System 
(UAS) and a Digital Elevation Model. Field measurements of patch thickness, and the area of IRD 
determined from the classification were used to estimate annual sediment accretion from IRD. Re-
sults show that IRD deposits are localized in three areas, and estimates show that IRD contributes 
an annual sediment accretion rate of 0.57 ± 0.14 mm/y to the study site. New England salt marsh 
accretion rates typically vary between 2-10 mm/y, and the average PIE sediment accretion rate is 
2.5-2.7 mm/y. Therefore, this event contributed on average 20% of the annual volume of material 
accreted by salt marshes, although locally the deposit thickness was 8-14 times the annual accretion 
rate. We show that pixel-based classification can be a useful tool for identifying sediment deposits 
from remote sensing. Additionally, we suggest that IRD has the potential to bring a significant sup-
ply of sediment to salt marshes in northern latitudes and contribute to sediment accretion. As re-
motely sensed aerial imagery from UASs becomes more readily available, this method can be used 
to efficiently identify and quantify deposited sediment. 
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1. Introduction 
Salt marshes provide storm protection, habitat, carbon storage, and nutrient cycling 

[1,2]. Marshes are vulnerable to climate change due to their sensitivity to sediment supply, 
sea-level rise, and storm events [1]. The estimated rate of mean global sea level rise since 
1993 is 3.3 ± 0.4 mm/y, and this rate is accelerating [3,4]. Regional rates of sea level rise are 
highly variable [5]; the greater Boston area has experienced SLR rates of 2.8 ± 0.5 mm/y 
since 1920 [6,7]. To keep up with increasing rates of sea level rise, salt marsh sediment 
accretion rates must increase as well [8]. This makes sediment accretion a crucial factor 
for assessing future marsh stability.  

 Salt marshes increase in elevation by accumulating inorganic sediment and organic 
material [9]. Organic processes influence the long-term vertical accretion from low marsh 
to high marsh [10]. Inorganic sediment accretion occurs during periods of inundation and 
stormy weather [11–14]. In high-latitude areas prone to winter ice formation, such as New 
England, ice influences marsh sediment accumulation, erosion, and transport [15]. Salt 
marshes at these latitudes can easily exceed 1 M hectares worldwide, or 20% of the global 
salt marsh area [16]. The contribution of ice drift to these processes varies with location 
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and marsh geomorphology [17]. Using plots with marker horizons, Ice Rafted Debris 
(IRD) was quantified and identified as an important mechanism of marsh sediment accre-
tion in Maine salt marshes, where IRD may contribute to over 20% of total surface sedi-
mentation rates [17]. The mechanisms of ice raft formation, mobilization, and subsequent 
deposition of sediment layers have been studied in detail: ice rafts can form in tidal flats, 
channel beds, and ponds [18]. During formation, the ice block entrains sediment from the 
bottom. The volume of sediment entrained and the sediment characteristics vary with lo-
cation and severity of winter conditions. After formation at low tide, the rafts are detached 
from the bottom with rising waters. During exceptional storm surges, the rafts are moved 
and deposited on the marsh platform. Warm temperatures in the following days melt the 
ice leaving the entrained sediment layer that buries marsh vegetation. 

Though storm and ice-deposited sediment has been researched and accepted as a 
mechanism of marsh sediment accretion, the importance of these processes varies from 
site to site and arguably, the measured contribution depends on the scale of observation. 
For example, the extent to which IRD contributes to overall sediment accretion rates in 
Plum Island marshes (Massachusetts USA) has been reported previously [19]; a large ice-
rafting event in 2018 delivered the equivalent of 15 years of mineral deposition to the 
marsh surface. However, that study focused on the entire Plum Island system, using aerial 
images with a horizontal resolution of 10 cm and no information about vertical elevation. 
Many ice raft deposits are very small (less than 1 m in diameter), and therefore require 
high-resolution remote sensing data to be correctly identified. Here we use data collected 
from an UAS at 2.5 mm horizontal resolution in a subset area of the PIE to determine 
mineral deposition. The goal of this paper is two-fold: we present a robust classification 
approach and field surveys to correctly identify the sediment patches and refine the esti-
mate of total deposition, then determine whether prior estimates [19] hold when all small 
raft deposits are accounted for; thereby providing a robust estimate of the importance of 
IRD.  

2. Materials and Methods 
2.1. Site Description 

Plum Island Estuary is an estuary-marsh complex in northeastern Massachusetts 
near the New Hampshire border. Our study site covers 1.45 km2 in the northern area of 
the PIE (Figure 1). Plum Island Estuary is connected to the Gulf of Maine through an inlet. 
The average mean tidal range at the NOAA buoy station 8441241, located offshore of Plum 
Island, is 2.8 m, and the mean tidal range within the estuary is 2.6 m [2,20]. The Ipswich, 
Parker, and Rowley Rivers debouch in the PIE sound. The Parker and Rowley Rivers drain 
a watershed of about 212 km2 [15]. PIE is composed of salt marshes, freshwater marshes, 
intertidal flats, and open-water tidal creeks and bays. Our study site is a salt marsh dis-
sected by tidal creeks, and the marsh vegetation mainly consists of Spartina patens and 
Spartina alterniflora.  

Water circulation in salt marshes involves the interaction between vegetation, topog-
raphy, tides, and wind-driven currents [21,22]. Seasonal cycling influences the productiv-
ity of Spartina alterniflora and other marsh vegetation. Productivity rates of marsh vegeta-
tion peak during mid-summer, while mats of dead plant matter form during winter 
months [23]. Some previous studies suggest that marshes with higher tidal ranges, such 
as those in PIE, are more stable than marshes with lower tidal ranges with respect to sea 
level rise, because vegetation can survive in a larger range of elevations [7,24,25].  
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Figure 1. Plum Island Estuary (PIE) in Massachusetts, USA; the boundaries of the study site are in 
red. ESRI image collected on 12 October 2021. . 

Salt marshes in PIE are subject to ice events during winter months. Ice disturbances, 
often associated with severe winter storms, move sediment from channels to the marsh 
platform through ice rafting and scouring [26]. Because ice tends to accumulate on tidal 
flats at low tide, tidal cycles influence the frequency and quantity of ice rafts. These ice 
rafts are responsible for the deposition of coarser sediment (e.g. silt and sand) on marsh 
platforms [10].  

During winter storm Grayson on 4 January 2018, the water level reached a maximum 
of 2.93 m above NAVD88 at the Boston NOAA station (8443970), one of highest levels ever 
recorded. Maximum offshore wave heights reached 7.7 m [27]. Rafted ice from the storm 
resulted in the transport of large patches of sand and mud from tidal flats and the bottom 
of channels in PIE onto the marsh platform (Figure 2). These patches are identifiable in 
aerial imagery collected after the storm. This project uses aerial imagery collected before 
and after the storm to quantify the amount of IRD deposited during the event and inter-
pret the importance of IRD to annual patterns of sedimentation in PIE. 
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Figure 2. Examples of IRD sediment patches deposited by winter storm Grayson in Plum Island 
Estuary (PIE) in Massachusetts, USA, photos taken in April 2018. . 

2.2. Structure from Motion Photogrammetry 
On November 14, 2017 and February 27, 2018, using a camera mounted on a 3DR 

Solo unmanned aircraft vehicle (UAV), true-color and 5-band multispectral imagery sur-
veys were collected over 1.45 km2 of PIE. True-color imagery was collected using a Ricoh 
GRII digital camera and 5-band multispectral imagery was collected using a MicaSense 
RedEdge 3 camera. The images were collected at an altitude and with sufficient overlap 
to generate 2.5 mm resolution digital elevation models (DEM) using Structure-from-Mo-
tion (SfM) photogrammetry with Agisoft PhotoScan Professional software. Accuracy and 
precision were improved with 24 ground-controlled points on the marsh platform and a 
transect of 57 points on a nearby road. The points coordinates were measured with a high-
precision Real Time Kinematic Global Position System [27]. After post-processing, the 
DEMs had a measured horizontal accuracy of 7 cm and 10 cm vertical accuracy. The ac-
curacy was relatively low because of the complex vegetated surface. complete details of 
imagery and GCP acquisition can be found in [27,28]. The DEMs, orthophotos and multi-
spectral imagery were referenced to the North American Datum of 1983. Complete details 
can be found in associated data releases.   

2.3. Pixel-Based Classification 
All classification and associated DEM and accuracy analysis were performed using 

ArcGIS 10.6.1 from the area of intersection between the 2017 and 2018 orthoimages. The 
classification method used a combination of pixel-based classification, elevation data, and 
accuracy assessment, which has been successfully used to detect marsh features in prior 
studies [29].  

The 2017 orthoimage was classified using Iso Cluster unsupervised classification. All 
bands were used from the Ricoh true color imagery, and each pixel of size 2.5 mm was 
assigned to one of 26 classes. All clusters containing less than 20 pixels after the classifica-
tion process were eliminated. The 26 classes were evaluated and combined into three cat-
egories that represented water, deposited sediment, and marsh vegetation.  

Trained maximum likelihood classification (MLC) was the preferred method for the 
2018 orthoimage because it minimized the number of misclassifications of IRD. For the 
2018 imagery the true color bands were used. The training samples categorized water, 
sediment deposits, high-contrast marsh vegetation, low-contrast marsh vegetation, and 
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shrub as separate classes. These categories were then evaluated and combined with marsh 
vegetation, water, and sediment.  

The digital elevation model derived from SfM was used to separate intertidal channel 
sediments from sediments deposited on the marsh platform. The elevation data were re-
classified into two categories representing areas above and below a specific water level. A 
value of 1.2 meters above mean sea level (NAVD88) was used as the breakpoint because 
it effectively separated ice-raft deposits on the marsh platform from the low-elevation sed-
iment deposits in the tidal flats and close to the channels. The typical elevation of the salt 
marsh in Plum Island Sound is 1.4 m above NDV88, while the storm surge reached an 
elevation of 2.93 m at the NOAA station in Boston (8443970). The 1.2 m threshold, there-
fore, separates the marsh platform from tidal flats and channels also when the vertical 
error of 10 cm is accounted for. For both classified maps, areas with elevation below this 
threshold were re-categorized as water. Further processing was performed on the 2018 
classification to convert it into a binary IRD/non-IRD output. First, the orthoimages and 
classified maps from 2018 and 2017 were compared to ensure that the classified 2018 sed-
iment deposits included only IRD that were deposited during the storm. Then the water 
and the vegetated marsh platform categories were combined, and the final classification 
output defined each pixel as IRD or non-IRD.  

Both automated and manual editing techniques were used with the classified maps 
to reduce the number of misclassifications. A combination of editing tools within the ESRI 
ArcMap 10.6.1 Spatial Analyst toolbox were used to merge clusters of under 100 pixels to 
the surrounding class. Manual editing was implemented where larger clusters of misclas-
sified pixels were present. These clusters were corrected to the surrounding class based 
on comparisons with the ortho-imagery.   

2.4. Accuracy Assessment 
The classified maps were compared to a set of reference points to assess accuracy. 

The reference points were categorized based on whether IRD was visible in the ortho-
imagery. Four hundred reference points were randomly created. Two hundred points 
were distributed within the area that did not contain IRD. The other two hundred points 
were distributed within the area that contained IRD. A confusion matrix was computed 
to assess general accuracy, user’s accuracy, and producer’s accuracy. General accuracy 
was calculated as a Kappa index of agreement, which measures overall agreement. U-
accuracy shows false positives, or type 1 errors, and P-accuracy shows false negatives, or 
type 2 errors. U-accuracy for IRD assesses clusters that are incorrectly classified as IRD, 
and P-accuracy for IRD assesses the instances where areas containing IRD are not classi-
fied as IRD. 

2.5. Field Survey and Sediment Analysis 
The study area was visited on 9 April 2018, with the aim of collecting sediment sam-

ples and measuring IRD deposits. Twenty-six sediment samples were collected from 15 
sediment patches in one portion of the study area. A wet sieving procedure was used to 
characterize the grain size of sediment deposits due to ice rafting. The procedure consisted 
of separating the fraction of fine materials (clay and silt) from the fraction of coarse mate-
rial (sand and gravel). Approximately 50 cm3 of each sediment sample was first sonicated 
for 15 minutes at room temperature (~24°C) in a beaker, filled with 100 cm3 of water, to 
separate aggregated particles. The material was then separated into sand and silt/clay 
fractions with a 63µm sieve. Twenty-six undisturbed 5 cm3 volumes of sediment sample 
for each sediment patch were collected, dried at 60°C, and weighed to determine sediment 
density. The sediment was then burnt in a furnace at 375 °C for 16 hours. Once cooled 
down, fine sediment samples were weighed and the LOI (loss on ignition) was calculated. 
The thickness of the IRDs was finally measured in the field at 33 locations with a caliper. 
In Table 1 the percent of sand, sediment density, LOI, and deposit thickness are reported 
for each sample. 
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3. Results 
3.1. Image Classification  

Comparison of DEMs from 2017 and 2018 flights indicate only minor differences in 
elevation. In 2017, 88.5% of the study site had elevation values between 0 and 2 meters 
with respect to NAVD88. In 2018, 88.9% of the site fell within that range. The mean lower 
low water level (MLLW) for the domain’s tidal channel is -1.59 m (NOAA station 8441241). 
All elevation values below MLLW and above 4 meters were omitted (Figure 3). Changes 
in elevation caused by IRD were not detected due to the vertical accuracy of the DEM.  

The 2017 map classified 54.2% of the total domain area as marsh, 40.4% as water, and 
5.4% as sediment deposits (Figure 4). The 2018 map classified 73.7% of the domain as 
marsh, 24.8% as water, and 1.5% as sediment. The water-filled channels and ponds appear 
to cover a greater area in the 2017 imagery, probably because of the greater color contrast 
between wet-dry areas that was captured in 2017 (Figure 4a). In contrast, some of the 
ponds do not appear to be fully classified as water in the 2018 imagery. Pond extent de-
pends on past rainfall and flooding events, and varies from month to month. Both images 
were taken at low tide, so tidal level was not responsible for differences in wet areas.  

The final IRD-only classification map for 2018 indicates that the largest group of IRDs 
are deposited in three locations (Figure 5). The total domain area is 1.45 km2. The map 
identified 0.022 km2 of total IRD area within that domain. The IRD classified map (Figure 
5) has an overall Kappa index of 0.92.   

3.2. Field Survey  
On 7 April 2018, field measurements recorded the location and thickness of 15 

patches of IRD deposited after storm Grayson (Figures 2,6). The area of each of the 15 
patches was calculated based on its extent as measured from the classified map. 
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Figure 3. Digital elevation model of marsh surface derived with SfM. Figure 3A shows elevation on 
14 November 2017. Figure 3B shows elevation of the same domain on 27 February 2018. 
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Figure 4. True color orthoimages (4A, 4B) and corresponding classified land cover maps showing 
water (dark gray), marsh (gray), and sediment (yellow). Tiles 3A and 3C show data from 14 No-
vember 2017; tiles 3B and 3D show data from 27 February 2018. 

Based on the 2018 field measurements (Table 1), the average thickness of IRD depos-
ited at the study site after Grayson was 2.9 ± 0.69 cm. The thickness was relatively constant 
in each patch even along the patch borders, with a standard deviation around 0.7 cm (Ta-
ble 1). The vertical error of the DEM and the presence of vegetation before the event did 
not allow the derivation of the IRD thickness from the DEM.   

3.3. Estimation of Sediment Accumulation  
The thickness measurements were used with the total IRD area as quantified by the 

classification method (21670 m2) to estimate sediment accumulation and density. Overall 
sediment accretion was calculated by finding Vt/Ad, where Vt is the average thickness mul-
tiplied by total IRD area, and Ad is the above-water region of the study site as defined by 
the classified map (1,087,629 m2). Using this approximation, the sediment accretion was 
estimated to be 0.57 ± 0.14 mm. The average density of the samples was 0.76 ± 0.17 g/cc, 
Therefore, the average mass input of sediments to the marsh surface was 0.44±0.14 kg/m2. 
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Figure 5. Classification of the 2018 ortho-imagery. A, B, C are the classified IRD deposits located in 
the three rectangular areas reported in the ortho-image. 

Alternative calculations were made to estimate sediment accretion and density based 
only on the patches with measured field data. To address which areas within the study 
site are most likely to be affected by the IRD, marsh units based on flow accumulation and 
drainage direction were used (see Figure 6). These units represent the watersheds of each 
tidal creek and were derived from the DEM [30]. Instead of averaging patch thickness to 
calculate sediment accretion and density, Vt was determined by summing the average 
thicknesses of every patch that occupied the same marsh unit. In cases where individual 
patches overlapped marsh unit boundaries, the marsh units were aggregated and treated 
as one larger, combined unit. Three marsh units contained overlapping patches and were 
treated as one 0.1477 km2 area, which was estimated to have a sediment accretion of 0.30 
± 0.06 mm with a deposited sediment mass of 0.31 ± 0.06 kg/m2. One additional marsh unit 
of 0.092 km2 contained patches of IRD. This area’s estimated sediment accretion rate was 
0.0040 ± 0.00095 mm, and its deposited sediment mass was 0.0041 ± 0.0009 kg/m2. 
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Figure 6. IRD patches that were measured in the field and identified in the classified map. The red 
circles show the points at which thickness was measured. The dark grey patches were identified by 
the map but not measured. The light grey patches were identified by the map and measured. The 
grey lines show the boundaries of conceptual marsh units based on tidesheds in Plum Island [30]. 
Tiles C1, C2, and C3 show 4 patches that overlap at least one marsh unit boundary. 

Table 1. Field measurements of 15 patches of deposited IRD within the study site. Thickness meas-
urements were taken at multiple points within some large patches. Standard deviation is included 
for those averaged thickness values. Mean values of density, percentages of sand and organic matter 
for each patch are reported with their standard deviations. 

Latitude, Longitude 
(°) Thickness (cm) 

IRD Patch 
Area (m2) Density (g/cc) % Sand 

% Mineral 
Sediment  

42.7732098, −70.8116516 2.8 ± 0.68 12.82 0.87 ± 0.19 14.29 ± 2.84 90.27 ± 2.28 
42.7723858, −70.8132415 2.3 ± 0.78 116.10 0.84 ± 0.04 14.47 ± 2.38 91.79 ± 2.03 
42.7719599, −70.813078 3.0 ± 0.61 321.74 0.54 ± 0.13 7.77 ± 2.07 85.95 ± 4.31 

42.7727812, −70.8127717 3.2 ± 1.70 6.74 0.81 ± 0.19 21.60 ± 1.05 88.84 ± 1.93 
42.7722308, −70.8131951 2.7  20.10 0.82 8.77 81.39 
42.7721826, −70.8131122 4.1 ± 0.60 501.61 0.69 ± 0.24 10.43 ± 1.67 89.74 ± 3.02 
42.7716978, −70.8133417 3.6 89.30 0.97 23.54 92.99 
42.7721314, −70.8130836 3.9 ± 2.23 82.38 0.53 4.65 83.05 
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42.7721067, −70.8125565 3.0 15.86 0.87 41.62 92.11 
42.7722182, −70.8125085 3.1 ± 0.57 62.28 0.89 11.43 90.91 
42.7725462, −70.8127865 2.7 5.23 - - - 
42.7727349, −70.8127529 2.8 12.99 0.84 17.29 90.71 
42.7725084, −70.8122061 1.8 5.44 0.76 22.48 89.86 
42.7725761, −70.811969 2.0 8.22 0.83 21.61 89.07 

42.7740023, −70.8117352 1.9 4.92 0.99 19.04 89.29 

4. Discussion 
The above results demonstrate the ability of high-resolution UAV orthoimages and 

DEMs to detect and classify IRD deposits in salt marshes. Where further constrained/sup-
ported by field measurements, they enable quantification of IRD accretion rates. Never-
theless, there are some methodological limitations that must be considered. 

While UAS is a valuable resource for obtaining high resolution aerial imagery and 
DEMs with more flexibility than LiDAR and satellite imagery, it is subject to some errors 
[31]. The GPS units that were attached to each UAS have theoretical accuracy of 10m ver-
tically and 3m horizontally. Accuracy and precision were improved with the addition of 
ground-controlled points, but some uncertainty of about 7 cm horizontally and 10 cm ver-
tically remains. Some areas may also exceed that uncertainty. SfM imagery requires that 
objects within the domain stay still during flights. Areas with moving objects and water 
are subject to higher degrees of inaccuracy [31]. In our case marsh vegetation can oscillate 
even at low wind conditions.  

A DEM vertical error in the order of 10 cm is common in salt marshes even when 
high resolution UAV datasets are used. [32] obtained an elevation error of 5.9 cm with an 
UAV-Based LiDAR and 17.2 cm with UAV Digital Aerial Photogrammetry, [33] reported 
an error of 19.9 cm using UAV images. This error is caused by the dense and complex 
vegetation that shades the ground, preventing the precise calculation of the marsh plat-
form elevation [34]. Depending on vegetation cover, it is often impossible to photograph 
the salt marsh ground even in winter months. This was the case at our field site, where a 
dense canopy of Spartina patens is always present (see areas around the sediment patch in 
Figure 2). This problem is also present in LiDAR data, with a difference or around 10-15 
cm between the lowest elevation where the signal can penetrate the vegetation and the 
ground surface [35].  

[36] reduced the vertical error of UAV-based Structure-from-Motion photogramme-
try to 2.7 cm for elevation and 1.0-2.9 cm for horizontal displacement. However, they used 
large disks (30cm) as UAV targets for the uncertainty estimate. The disks likely com-
pressed the vegetation below them thus reducing the error. In normal conditions, with 
vegetation cover above the ground, the error is higher. [37] used UAV photogrammetry 
to map salt marsh channels. They obtain a vertical error of 5.7 cm, higher than the hori-
zontal resolution of the images and DEM (3cm) because of the offsets generated by above-
ground plants. The error in channel width measurements was around 24 cm and caused 
by marsh vegetation shielding the banks. In unvegetated areas, like mudflats, DEMs can 
be obtained with higher accuracy (i.e. 2.2 cm horizontal and 2.7 cm vertical [38]).         

Vegetation height and density vary seasonally, and therefore the comparison be-
tween DEMs taken months apart is also subject to error. An imagery-based land cover 
classification is therefore more suitable to identify IRD, and ancillary data surveyed in the 
field (i.e. deposit thickness and sediment density) can help assessing the volume and mass 
of the sediment delivered to the marsh during a storm.  

Nevertheless, any generated land cover classification may also contain inconsisten-
cies stemming from the original TCI/multispectral imagery. Some inaccuracies in the land-
cover classification are associated with inconsistencies in the true color imagery. High-
contrast shadows and light-quality differences between adjacent mosaicked orthoimages 
can lead to false classification. Some of the ponds detected in 2017 were not classified as 



Remote Sens. 2022, 14, 5499 12 of 16 
 

 

ponds in 2018 (Figure 4D). This is likely due to differences in water level (Figure 4A,B). 
Salt marsh ponds are known to contract and expand as a function of flooding events and 
rainfall [39]. While high resolution imagery allows for the creation of detailed classifica-
tion maps, it introduces problems when measuring errors. To get statistically significant 
measurements of accuracy, more and better distributed reference points would poten-
tially be required [40,41]. In this project, the accuracy of classified IRD patches was meas-
ured more thoroughly than that of the surrounding non-IRD marsh area. While the Kappa 
index shows reliable accuracy and is based on a standard number of reference points, the 
values of 1 for marsh U-accuracy and IRD P-accuracy could be overestimated. 

The sediment accretion and density calculations based on field measurement of dis-
tinctive marsh units are likely underestimates due to the limited measurements available. 
Within both marsh units used for the analysis, there were a considerable number of large 
unmeasured patches of IRD that were excluded from the analysis (Figure 6). The patch 
measurements are constrained to one of three major sites of IRD deposition (site C in Fig-
ure 5). Within that site, there are still many unmeasured patches. The limitation of this 
dataset constrains the accuracy of the overall estimates, and subsequently limits the as-
sessment of IRD importance to sediment accretion. However, the field measurements of-
fered additional confirmation that this image-based classification method accurately iden-
tifies the spatial distribution of IRD. Each measurement point used for these estimates was 
located within the classified IRD area. With more field data to accompany geospatial anal-
ysis of aerial imagery, it is possible that IRD deposits can be quantified with relatively 
high accuracy and efficiency. It is important to note that both the thickness of deposited 
sediments and the sediment density are relatively constant in the measured patches. We 
are therefore confident that the extrapolation of the measured data to the entire area is 
meaningful, with an acceptable error. 

Vegetated marshes in the northeast typically accrete between 2 and 10 mm annually, 
though those rates can vary greatly [42]. In Spartina alterniflora and Spartina patens marshes 
in New England, recorded annual sediment accretion rates have been as low as 1-4 mm 
per year, and sites recorded in Bridgewater Bay ranged from 26-102 mm per year [42]. 
Studies of Plum Island Estuary sedimentation rates have also yielded mixed results. In 
marshes near the Rowley River, low-elevation marshes, subject to longer and more fre-
quent periods of flooding, have higher accretion rates than high-elevation marshes [43]. 
Plum Island Sound marsh elevation had to increase at a rate of at least 2.8 mm per year 
since 1920 to maintain elevation relative to sea level rise at a mean bulk density of 272 ± 
22 kg/m3 [6]. The high saltmarsh platform in Plum Island Estuary is accreting at about 2.5 
mm/y [44], at about the same rate as regional sea level rise. Considering this estimate of 
annual accretion in PIE and our highest estimate of IRD-related sediment accretion at 
~0.57 mm, ice-rafted sediment at this location accounts for over 20% of annual sediment 
accretion. 

The prior estimate of the volume of sediment deposited by Grayson on the entire salt 
marsh was 18,000 m3, equivalent to a thickness of 0.6 mm, if spread evenly [19]. Our esti-
mate in our high-resolution site is very similar (0.57mm), confirming the validity of the 
estimate at different spatial scales and with different methodologies. The mineral fraction 
of our samples was also in the same range of the prior estimate [18], between 82 and 93% 
(see Table 1), suggesting that the measurements in this study are representative. The thick-
ness of the ice-rafted deposits measured herein (2.9± 0.69 cm) is very close to the prior 
measurements, reporting a thickness of 3.19 cm [19], and another prior study [44], 
3.01±021 cm at different locations. We therefore conclude that the sediment layer en-
trained in the rafts is relatively constant in thickness. This thickness likely reflects the ac-
tive, mobile sediment layer in the tidal flats, below which the sediment is more compacted 
with higher soil strength. It could also be a consequence of the high-degree of cohesion 
driven by Extracellular Polymeric Substances (EPS) that characterizes the first layer of 
tidal flat sediments [45,46]   
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Where ice-rafted deposition occurred, the 2.9 cm thickness represents ~12 years of 
normal deposition, as already indicated by prior estimates [19,44]. However, our analysis 
in marsh units indicate that this deposition is highly variable at the small scale, with some 
watersheds receiving large amounts while others receiving very limited sediment depos-
its. Such uneven deposition affects the geomorphology of the marsh platform and likely 
vegetation distribution. This analysis also assumes that conditions shortly after the IRD 
deposits were formed, caused by high tides and associated re-working of the deposits, did 
not induce significant changes. 

A prior study [47] reported the stratigraphy of a sheltered salt marsh in Rhode Island, 
only 60 km from our study site. That study found and radiocarbon-dated tidal mud and 
low marsh deposits in the stratigraphic record of a high marsh. They interpreted this stra-
tigraphy as widespread erosion caused by hurricanes, with subsequent filling with mud 
from tidal flats and recolonization by vegetation. Here we put forward the hypothesis that 
some of these deposits, particularly the thinner ones, could have been caused by ice rafts. 
If preserved in the stratigraphic record, the tidal mud layer deposited during Grayson 
would look similar to the subtidal deposit found by [47]. Deposition would also disturb 
the vegetation mat, favoring the recolonization with low marsh species. Some of these 
deposits would not indicate erosive events triggered by hurricanes, but rather deposition 
caused by ice rafts during high storm surges in winter. 

Global warming could decrease the formation of IRDs, with warmer winters and less 
frequent freezing conditions. On the other hand, global warming increases sea level and 
therefore the frequency of extreme storm surges [48], which are the key mechanism for 
the transport of ice rafts on the marsh surface. High water levels are in fact necessary to 
move the largest rafts. It is therefore difficult to forecast the effect of global warming on 
IRD, and more research is needed in this direction. 

5. Conclusions 
Land cover classification of high resolution orthoimagery and DEMs generated using 

SfM from UAS-acquired aerial imagery are useful tools for identifying and quantifying 
the distribution of ice-rafted deposits caused by winter storms. This technique produces 
an orthoimage at a very high resolution (2.5mm) and the construction of a DEM with a 7- 
cm horizontal and 10-cm vertical accuracy. After the Grayson storm in January 2018, clas-
sification maps produced from the UAS DEMs and orthoimagery indicated that IRDs cov-
ered 21,670 m2 in a section of Plum Island marsh in Massachusetts. The classification had 
a relatively high degree of accuracy. These data in combination with field measurements 
were used to estimate sediment accretion and total mass of sediment deposited. The av-
erage measured thickness of the deposits was 2.9 ± 0.69 cm, which translates to an average 
accretion of 0.57 ± 0.14 mm for the entire area of study. The mass of the deposited material 
was 0.44 ± 0.14 kg/m2. These data agree with other studies that measured deposition dur-
ing the same event for the entire marsh but at a lower spatial resolution. We therefore 
conclude that the technique presented herein is well suited for the mapping of both large 
and small ice-rafted deposits at very high resolution.    
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