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ARTICLE INFO ABSTRACT
Editor: Edward Anthony Overwash deposits from tropical cyclone-induced storm surges are commonly used as modern analogues for
paleo-storm studies. However, the evolution of these deposits between their time of deposition and their
Keywords: incorporation into the geologic record is poorly understood. To understand how the characteristics of an over-
s{"erwaSh deposit wash deposit can change over time, we analyzed overwash deposits from four mangrove islands in southern
angrove

Florida two to three months and twenty-two months after Hurricane Irma’s landfall in the region on 10

St . L. .

Hzrrrnilczzzge September 2017. We analyzed the stratigraphy, mean grain size, organic and carbonate contents, stable carbon
Carbonate isotopic signatures, and microfossil (foraminifera and diatom) assemblages of pre-Irma and Irma overwash
Paleotempestology sediments. Hurricane Irma’s storm surge deposited light gray carbonate muds and sands up to 11 cm thick over

red organic-rich mangrove peats throughout mangrove islands in southern Florida. Stratigraphy, grain size, loss-
on-ignition, and foraminifera analyses provided the strongest evidence for differentiating Irma’s overwash de-
posit from underlying mangrove peats and, if preserved, are expected to identify Hurricane Irma’s overwash
event within the geologic record. Mean grain size showed the overwash deposit (5.0 + 0.8 ¢) was coarser than
underlying mangrove peats (6.7 + 0.7 ¢), and loss-on-ignition showed the overwash deposit had a lower organic
content (19.8 + 9.1%) and a higher carbonate content (67.8 & 20.7%) than the underlying peats (59.4 &+ 14.6%
and 33.7 + 11.0%, respectively). The overwash deposit was dominated by a diverse, abundant assemblage of
sub-tidal benthic calcareous foraminifera compared to a uniform, sparse assemblage of agglutinated foraminifera
in the pre-Irma mangrove peats. Geochemical indicators were not able to provide evidence of an overwash event
by differentiating organic §'3C or C/N of the overwash deposit from those of the mangrove peats. The complex
relationship between diatoms and local environmental factors prevented diatom assemblages from providing a
statistically clear distinction between Irma’s overwash sediments and underlying mangrove peats. By visiting
Hurricane Irma’s overwash deposit immediately following landfall and nearly two years post-storm, we were
able to document how the overwash deposit’s characteristics changed over time. Continued monitoring on the
scale of five to ten years would provide further insights into the preservation of overwash deposits for paleo-
storm studies.
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K.M. Joyse et al.
1. Introduction

Extreme flooding from storm surges causes substantial damages to
coastal communities in terms of damages to infrastructure and loss of life
(Lin et al., 2012). Storm surges are rises in water level above predicted
tides, which can be generated by storms, such as tropical cyclones
(Brandon et al., 2014). The storm surges can transport sediments from
nearshore and beach environments (Schwartz, 1975; Liu, 2004) land-
ward to low-energy coastal environments in fan-shaped overwash de-
posits (Fig. 1) (e.g., Liu and Fearn, 2000; Liu, 2004; Donnelly and Webb
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111, 2004). Distinguishing the properties of an overwash deposit from
those of the low-energy coastal sediments is fundamental to identifying
storm-surge events in the geologic record (e.g., Liu and Fearn, 2000;
Donnelly et al., 2001a; Scileppi and Donnelly, 2007). Reliable geologic
records of tropical cyclone activity prior to instrumental tide gauge re-
cords are important to provide empirical constraints on tropical cyclone
trends and risks and to better understand the influence of climate change
on landfalling tropical cyclones (e.g., Reed et al., 2015; Lin et al., 2016;
Garner et al., 2017). Empirical constraints are important because model
predictions indicate the proportion of extreme tropical cyclones to
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Fig. 1. Idealized cross-section of tropical mangrove environment with sedimentary and micropaleontological indicators used to contrast marine originating over-
wash deposits and brackish mangrove peat sediments. (A) Pre-storm; Left: Shallow marine environment with sea grass, diverse calcareous foraminifera species,
marine and brackish diatom species, coarse-grained carbonate sediments, and mean tidal level. Right: Mangrove forest with fringe adjacent to shoreline and basin
landwards. Organic-rich red mangrove peat with few agglutinated foraminifera and freshwater diatoms residing on forest floor. (B) During storm; Storm surge
suspends and transports coarser-grained carbonate sediments and biologic components from offshore into mangrove forest. An overwash deposit is deposited within
the mangrove forest. (C) Post-storm; Deposition of organic mud and peat formation resumes preserving the overwash deposit into the geologic record. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increase over time, while the overall number of tropical cyclones is
expected to remain similar (Arias et al., 2021).

Geologic records of overwash deposits from tropical cyclones are
stratigraphically visible in sediment cores, tidal channel bank exposures,
and outcrops in low-energy coastal environments such as salt marshes,
mangroves, and lagoons (e.g., Kiage et al., 2011; McCloskey and Liu,
2012; Bregy et al.,, 2018). Overwash deposits are often identifiable
within coastal stratigraphy by a sharp, erosional contact at their base
and a gradational contact above (e.g., Liu and Fearn, 2000; Donnelly
et al., 2004; Denommee et al., 2014) and by a larger grain size and a
lower organic content than the surrounding sediments (e.g., Donnelly
et al., 2001a, 2001b, 2004). Microfossils (e.g., foraminifera and di-
atoms) (e.g., Hippensteel et al., 1999; Hippensteel and Garcia, 2014;
Kosciuch et al., 2018) and biogeochemical indicators (e.g., 5'%C and C/
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N) (e.g., Lambert et al., 2008; Das et al., 2013; Breithaupt et al., 2019)
have been used to further identify geologic records of overwash de-
posits. The ecological zonation of modern foraminifera and diatom
species within a coastal environment can be used to classify the trans-
port and deposition of allochthonous sediments via storm surge (e.g.,
Hippensteel et al., 1999; Pilarczyk et al., 2014; Kosciuch et al., 2018;
Wang et al., 2019). Similarly, stable carbon isotope geochemistry in
conjunction with organic carbon and total nitrogen content ratios (C/N)
of coastal sediments can be indicative of terrestrial and brackish versus
marine sediment origins (Khan et al., 2015a), making geochemical sig-
natures useful in identifying overwash deposits based on sediment
source (e.g., Lamb et al., 2006; Kemp et al., 2010; Khan et al., 2015b).

Reconstructing geologic records of overwash deposits relies on
modern analogue studies to describe their endmember characteristics,
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Fig. 2. (A) Path of Hurricane Irma across Florida, USA. Islands of the (B) Ten Thousand Islands National Wildlife Refuge and (C) Lower Florida Keys with locations of
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yet most studies of modern overwash deposits occur in temperate rather
than tropical settings (e.g., Horton et al., 2009; Hawkes and Horton,
2012; Pilarczyk et al., 2016). Furthermore, discerning geologic records
of overwash deposits requires an understanding of if and how such
events are preserved in coastal environments (Swindles et al., 2018). If
overwash deposits are not preserved in the geologic record, the record
would underestimate the frequency of tropical cyclones (Lin et al.,
2016). However, it is poorly understood which sedimentological,
microfossil and/or biogeochemical characteristics are best preserved
within geological records and how diagenesis and taphonomy can affect
these characteristics over time.

Hurricane Irma was an extremely powerful hurricane that caused
widespread destruction with storm surges reaching heights from 0.15 to
2.4 m above Mean Higher High Water (MHHW) (Cangialosi et al., 2018).
Previous studies of Hurricane Irma’s overwash deposit have described
biogeochemical signatures (Breithaupt et al., 2020) as well as sedi-
mentological and micropaleontological (foraminifera) characteristics
(Martin and Muller, 2021; Mitchell et al., 2021; Wang et al., 2021) of the
overwash sediments. Here, we characterize the post-depositional
changes in overwash deposits from Hurricane Irma, which made land-
fall in southern Florida on 10 September 2017. We describe the strati-
graphic, sedimentological, microfossil (foraminifera and diatoms), and
geochemical (stable carbon isotopes and C/N values) indicators of
Irma’s overwash deposit two months and twenty-two months after the
storm’s landfall from five sites in the Lower Florida Keys and the Ten
Thousand Islands National Wildlife Refuge, Florida. By revisiting the
deposit nearly two years after the storm, we were able to identify which
overwash characteristics were preserved over the study period.

2. Study area

The Florida Keys is an archipelago stretching 240 km (Hoffmeister
and Multer, 1968) off the southern tip of Florida, USA, between the
Atlantic Ocean and Gulf of Mexico. The Lower Florida Keys (Fig. 2C) are
formed by Upper Pleistocene oolitic limestone, which comprises the
upper facies of the Pleistocene Miami Limestone (Sanford, 1909; Hoff-
meister and Multer, 1968; Schomer and Drew, 1982). During the Late
Pleistocene, an east-west oriented oolitic sand bar formed off the
southern coast of Florida (Hoffmeister and Multer, 1968, Schomer and
Drew, 1982). As relative sea level fell during the onset of the Last Glacial
Maximum, the retreating waters formed channels that cut normal to the
oolitic sand bar and created the north-south oriented platforms on which
mangroves grow today (Hoffmeister and Multer, 1968, Schomer and
Drew, 1982).

The Ten Thousand Islands National Wildlife Refuge, on the Florida
mainland (Fig. 2B), consists of mangrove forests growing on several
meters of interbedded mangrove peats and carbonate muds and sands.
These layers of sediment sit above the seaward-dipping Miocene lime-
stone of the Tamiami Formation (Shier, 1969). Relative sea-level rise
following the end of the Last Glacial Maximum created a shallow sea
over the region in which a vermetid gastropod reef formed parallel to the
coast (Shier, 1969). The growth of the vermetid reef created a lagoonal
environment between the reef and coast. Thus, the outermost mangrove
islands overlie reef barrier sediments consisting of fused vermetid tubes,
reef rock, and silty sand material, while the innermost islands overlie
lagoonal sediments consisting of silty sands interspersed with peaty
clumps and oyster shells (Shier, 1969).

Vegetation of the mangrove islands in the Lower Florida Keys and
Ten Thousand Islands is dominated by Rhizophora mangle (red
mangrove) interspersed with Laguncularia racemosa (white mangrove)
and Avicennia germinans (black mangrove) (Radabaugh et al., 2020). The
Great Diurnal tidal range in the regions of Lower Florida Keys and Ten
Thousand Islands is 0.69 m and 0.82 m, respectively (NOAA, 2020a,
2020Db). The mangrove peats established when the rate of deglacial
relative sea-level rise slowed below ~5 mm/yr at approximately
6000-4000 years ago (Willard and Bernhardt, 2011; Saintilan et al.,

Marine Geology 461 (2023) 107077

2020; Khan et al., 2022).
3. Hurricane Irma

The Tropical Depression that became Hurricane Irma formed off the
western coast of northern Africa on 30 August 2017 and rapidly
strengthened to reach hurricane status 30 h later on 31 August. Hurri-
cane Irma tracked west-northwest across the Atlantic Ocean and
strengthened, reaching maximum intensity as a Category 5 hurricane
(on the Saffir-Simpson Hurricane Wind Scale) on 5 September with
winds reaching 213 km/h and minimum pressure of 914 mb (Cangialosi
et al., 2018).

On 10 September, Hurricane Irma made landfall in the Lower Florida
Keys as a Category 4 hurricane with maximum winds at 213 km/h and a
minimum pressure of 931 mb and subsequently made landfall just south
of Marco Island, FL as a Category 3 storm with maximum winds at 185
km/h and a minimum pressure of 936 mb (Cangialosi et al., 2018). By 11
September, Irma was reduced to a tropical storm over northern Florida
and then to a tropical depression as the storm continued to track
northwest over the United States (Carisio et al., 2018).

The Lower Florida Keys and the Ten Thousand Islands study areas
were within the direct path of Irma’s eyewall, which is a hurricane’s
most destructive region for winds and precipitation (Emanuel, 2003). In
the Florida Keys, storm surge heights were highest in parts of the Lower
Florida Keys. High water marks in the Lower Florida Keys, from Cudjoe
Key to Big Pine Key, were as high as 1.5 to 2.4 m above MHHW (Can-
gialosi et al., 2018). The highest recorded water level at the National
Ocean Service tide gauge in Key West, Florida, which is approximately
19 to 24 km to the southwest of study sites, reached 0.8 m above MHHW
(Carisio et al., 2018). In Goodland, Florida, which is located on Marco
Island and is approximately 3 to 13 km to the west of study sites, a
United States Geological Survey (USGS) storm tide sensor recorded a
maximum water level of 1.9 m above MHHW (Cangialosi et al., 2018).

4. Methods

4.1. Sampling design

We selected mangrove islands in the Lower Florida Keys (Lower
Snipe Key, Waltz Key, and Upper Saddlebunch Key) and the Ten
Thousand Islands National Wildlife Refuge, Florida (Faka Union Canal
and Blackwater Bay) as sites to characterize changes in the stratigraphic,
sedimentological, microfossil, and biogeochemical indicators of Hurri-
cane Irma’s overwash deposit (Fig. 2).

Four mangrove islands, two each in the Lower Florida Keys (Lower
Snipe Key and Waltz Key) and the Ten Thousand Islands National
Wildlife Refuge (Faka Union Canal and Blackwater Bay), were selected
based on satellite imagery, aerial maps, and preliminary site recon-
naissance that met the following criteria: (1) Hurricane Irma-related
overwash sediments were present; (2) no site cleanup or reconstruc-
tion had been initiated; and (3) no buildings or coastal infrastructure
were present to complicate inundation flow patterns. Additionally, sites
were co-located with locations of ongoing work (Chappel, 2018; Khan
et al., 2022), which provided baseline conditions for sites prior to the
storm. We surveyed and sampled overwash sediments and the under-
lying substrate from five mangrove islands (including Upper Sad-
dlebunch Key) from two months to three months (November and
December 2017) following the landfall of Hurricane Irma. Sediments
were re-collected at each site (along the same transects established in
2017) twenty-two months after landfall (in July 2019). We revisited the
deposit nearly two years post-storm to understand how the character-
istics of Irma’s overwash deposit changed over the short-term.

Upper Saddlebunch Key in the Lower Florida Keys served as a control
for comparison with the other study sites where overwash sediments
were present. The transect on Upper Saddlebunch Key did not have
Hurricane Irma-related overwash sediments present due to the
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transect’s interior location on the mangrove island, which provided
protection from Irma’s storm surge (Fig. 2F). At this site, the surficial 1
cm of sediment and organic detritus served as a comparison for the Irma
deposit.

We measured local topography along cross-shore transects at each
site. Along each transect, sampling stations (between 12 and 22 stations
per site) were placed at evenly spaced intervals in distance (in basin
mangroves with flat topography) or elevation (in fringe mangroves with
an elevation gradient). The elevation of each station was related to
North American Vertical Datum 1988 (NAVD88) using a Differential
Global Positioning System (DGPS) or real-time kinematic (RTK) GPS.
Vdatum (Yang et al., 2012) was used to convert NAVD88 to local tidal
datums. Transects ranged from 50 to 255 m in distance and from —0.86
to 0.29 m NAVDSS in elevation.

During each field survey, we described the stratigraphy from a 25
mm-diameter hand gouge corer or sediment pit at each sampling station
using the Troels-Smith sediment classification system (Troels-Smith,
1955). The thickness of the overwash deposit was measured once per
sampling station. At one station along the transect in each of the fringe
and basin mangrove environments and also at the station with peak
overwash thickness, we recorded four overwash deposit thickness
measurements, within an area of ~1 m?, to monitor small-scale spatial
variations. The overwash deposit was identified and differentiated from
pre-Irma mangrove sediments visually in the field by colour and sedi-
ment type. At all stations where a measurable overwash deposit was
present, surficial overwash sediment from a 5 x 5 cm area was collected
for sedimentological, geochemical, and microfossil analyses. At stations
where a measurable overwash deposit was not present (e.g., Upper
Saddlebunch Key), the upper 1 cm of sediment was collected for analysis
of the surficial sediment. Pre-overwash sediments of 1 cm thickness were
also collected below the contact with the overwash deposit or surficial
sediment at a similar sample volume. Each sample contained approxi-
mately 10 to 20 cm?® of sediment.

4.2. Sedimentological analyses

We measured the grain size of pre-Irma and overwash sediment
samples from each station from all five mangrove islands. The samples
were prepared by rinsing sediments through a 2-mm sieve to remove
large roots and organic detritus. No grains larger than 2 mm were
observed during sieving. Samples were digested in 30% H305 to remove
any remaining organic matter and to prepare samples for grain-size
measurements (Donato et al., 2009). Samples were kept at 60 °C in a
hot water bath to speed the reaction (Donato et al., 2009) and triple
rinsed with deionized water upon digestion completion. Grain size dis-
tributions were measured with a Malvern Mastersizer 3000 laser particle
size analyzer (Donato et al., 2009). Grain size statistics were calculated
using GRADISTAT software (Blott and Pye, 2001) according to the Folk
and Ward (1957) method, including mean grain size, sorting, skewness,
and kurtosis.

Following standard practice for paleostorm analysis (e.g., Liu and
Fearn, 1993, 2000; Donnelly et al., 2001a, 2001b, 2004) we measured
the loss-on-ignition of pre-Irma and overwash sediment samples from
each station from all five mangrove islands as a proxy for their organic
and carbonate weight percentages. Samples were dried at 105 °C for
twenty-four hours to determine the dry mass of each sample (Dean Jr.,
1974). Each sample’s percent organic and inorganic content were
measured by combusting samples in a muffle furnace at 550 °C for three
hours and reweighing to obtain mass loss (Dean Jr., 1974). The loss of
carbon dioxide (LOC) of each sample was measured by combusting
samples in a muffle furnace at 990 °C for one and a half hours and
reweighing for mass loss (Dean Jr., 1974). The LOC and the fraction of
carbon dioxide in calcium carbonate (the amount of CO5 lost during
combustion at 990 °C) were used to calculate each sample’s percent
calcium carbonate (Dean Jr., 1974).
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4.3. Geochemical analyses

We analyzed organic and bulk stable carbon isotopes (5'3C) as well
as organic carbon and total nitrogen content ratios (C/N) of pre-Irma
and overwash sediment samples from each station from all five
mangrove islands. Samples for organic carbon isotopic analysis were
digested in 5% HCI to remove any carbonate sediments and triple rinsed
with deionized water (Vane et al., 2013; Khan et al., 2019). To prepare
both the bulk and organic samples for measurements of 53¢, percent
total nitrogen, and percent organic carbon, samples were dried at 45 °C
for twenty-four hours and milled to a fine powder with a mortar and
pestle (Vane et al., 2013, Khan et al., 2019). Samples were weighed into
tin capsules (for bulk carbon samples) or silver and tin capsules (for
organic carbon samples).

Samples were analyzed for 5!3C and C/N using a Flash Elemental
Analyzer coupled to a Thermo Fisher Delta V isotope ratio mass spec-
trometer (Thermo Flash EA 1112) (Pérez et al., 2017). To calibrate for
5'3C, a pair of working standards (glucose, 10.7 %o and urea, 41.3 %)
were measured every 20 samples. The standards were initially calibrated
against international absolute standards LSVEC and NIST8542. Analyt-
ical precision was 0.1% for organic carbon, 0.1% for total nitrogen,
0.1%o for 83C, and 0.15% for §'°N (Pérez et al., 2017).

4.4. Microfossil analyses

We analyzed the microfossil assemblages (foraminifera and diatoms)
of pre-Irma and overwash sediments from Waltz Key and Lower Snipe
Key in the Lower Florida Keys. These two sites were selected because
Irma’s overwash sediments were present at all sampling stations across
the transects. We selected a total of three stations from each site
covering both the fringe and basin mangrove environments to capture
the distribution of microfossil assemblages across the sites.

Samples obtained for foraminiferal analysis were stored in buffered
ethanol upon collection (Scott et al., 2007). Samples were washed, and
the 63- to 500-um fractions were wet split into eight aliquots for
counting (Scott and Hermelin, 1993; Horton and Edwards, 2006).
Foraminifera species were identified and counted wet using a binocular
microscope at 20 to 40x magnification. If possible, a total of 200
specimens in each Irma overwash sample and 100 specimens in each
pre-Irma peat sample were counted to capture the range of species
present in each sample. A higher number of specimens was counted in
the Irma overwash samples in order to adequately quantify the greater
range of species diversity observed in these samples. Dead versus alive
foraminifera were not distinguished; therefore, both were included in
count totals. Total counts have been used in many foraminiferal studies
(e.g., Scott and Medioli, 1980; Culver et al., 1996; Hayward et al., 1999).
The number of broken or fractured foraminifera tests were counted.
Taxonomic classifications were based on Phleger (1965), Todd and Low
(1971), Javaux and Scott (2003), and Rabien et al. (2015). Foraminifera
counts are reported at the genus level due to the wide range of species
present, particularly in the overwash sediment samples.

To prepare samples for diatom analysis, 1 cm® of sediment was
digested in 30% H30; to remove all organic material prior to counting
(Zong and Sawai, 2015). Samples were kept at 60 °C in a hot water bath
filled with deionized water to aid the digestion process, and samples
were triple rinsed with deionized water upon digestion completion. An
aliquot (100 to 150 pL) of each sample was placed on a coverslip and
dried overnight (Hemphill-Haley, 1996; Zong and Sawai, 2015). The
coverslip was mounted to a glass slide using Naphrax and labeled for
counting. A maximum of 300 specimens of diatoms were counted in
each sample under light microscopy at 1000x magnification (Zong and
Sawai, 2015). Species identifications were made using Krammer and
Lange-Bertalot, 1986, 1988, Krammer and Lange-Berlot, 1991a, 1991b
and Witkowski et al. (2000) and classified by salinity based on global
observations (Denys, 1991).
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4.5. Statistical analyses

Sedimentological and geochemical datasets of pre-Irma and Irma
overwash sediments at each site from 2017 and 2019 were tested for
normality using a Shapiro-Wilk test (Shapiro and Wilk, 1965). Because
many datasets failed the tests for normality (due to the small sample size
and large range of values within the datasets), they were compared
nonparametrically via Kruskal-Wallis H-tests (Kruskal and Wallis,
1952), which determines the statistical likelihood datasets originated
from the same distribution based on the datasets’ medians rather than
means. The datasets were tested in a univariate manner in three pairs for
each site [e.g., (1) Nov. 2017 pre-Irma vs. Nov. 2017 Irma; (2) Jul. 2019
pre-Irma vs. Jul. 2019 Irma; and (3) Nov. 2017 Irma vs. Jul. 2019 Irma]
to determine which datasets (if any) had statistically significant differ-
ences at p-value <0.05. Data were analyzed using the stats package in
SciPy (Virtanen et al., 2020).

Microfossil data at Waltz and Lower Snipe Keys were analyzed via
hierarchical clustering to identify groups of samples across both sites
with similar microfossil assemblages. Hierarchical clustering was used
to reduce subjectivity and allow the algorithm to determine the number
of clusters within the data. Data were clustered via Ward’s Minimum
Variance Linkage Algorithm based on Euclidian distance using the hi-
erarchical linkage and clustering packages in SciPy (Virtanen et al.,
2020). Principal component analysis (PCA) was also conducted on
microfossil relative abundance data from both sites to determine which
genera (for foraminifera) or species (for diatoms) of microfossils had the
greatest influence in grouping samples by sediment type (e.g., pre-Irma
or Irma) and collection date. PCA was chosen to analyze the microfossil
relative abundance data because the gradient lengths of the foraminifera
and diatom datasets were < 3 (2.53 and 1.23, respectively) indicating
PCA was an appropriate analysis (ter Braak and Prentice, 1988). The
gradient lengths were calculated using detrended correspondence
analysis (DCA) in R 4.0.3 using the vegan package (Oksanen et al.,
2022). The PCA analysis was conducted in R 4.0.3 using the Stats
package (R Core Team, 2020). Only genera and species with the highest
relative abundances (>5% of all individuals counted) were used in the
clustering, DCA, and PCA analyses for foraminifera and diatoms,
respectively. Samples with <40 specimens were not included in the
clustering analysis to prevent samples with few to no specimens from
distorting results (Horton and Edwards, 2006).

5. Results

We describe the results for Waltz Key (Fig. 2D) and Lower Snipe Key
(Fig. 2E) from the Lower Florida Keys (Tables 1 & 2) because their re-
sults are representative of our results from the larger southern Florida
region. We provide a brief description of results from Upper Sad-
dlebunch Key. Summaries of the results from analyses for Blackwater
Bay and Upper Faka Union Canal in the Ten Thousand Islands National
Wildlife Refuge are shown in the Supplementary Materials.

5.1. Waltz Key

In November 2017, Irma’s overwash deposit was composed of light
gray carbonate silt with a trace of very fine sand and a Troels-Smith
classification of Ag4Ga,Dh,, ranging in thickness from 0.1 to 4.3 cm
over the 50-m transect (Fig. 3). The deposit was thickest (4.3 cm) on the
eastern edge of the island and thinned (to 0.1 cm) westward. Conversely,
in July 2019, the overwash deposit was thickest on the western edge of
the island (6 cm) and thinned (<0.1 cm) eastward. The underlying pre-
Irma sediments were organic-rich, heavily rooted red mangrove peats
with a Troels-Smith classification of ThyoAgs. In 2017, the contact be-
tween the overwash deposit and underlying sediment was sharp. In
2019, this sharp contact persisted where the overwash deposit was
thickest (>4 cm) but was less distinct elsewhere. Fallen mangrove leaves
and windblown detritus were mixed into the carbonate silts, and a layer
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Table 1

Summary statistics [median and interquartile range (IQR)] of sedimentological,
geochemical, and microfossil data of pre-Irma and Irma overwash sediments
from Waltz Key in the Lower Florida Keys collected in November 2017 and July
2019.

Waltz Key Pre-Irma Irma Pre-Irma Irma
November November July 2019 July
2017 2017 2019

Median [IQR]

Mean Grain Size 7.3 [0.42] 4.8 [1.1] 5.5 [2.3] 4.0
()] [0.65]

D10 Grain Size (¢) 5.0 [0.96] 2.1 [0.89] 2.2 [2.0] 1.4

[0.75]

D90 Grain Size (¢) 9.5 [0.57] 7.7 [0.81] 8.0 [0.71] 7.6

[0.35]
Sorting (¢) 1.6 [0.31] 2.0 [0.17] 2.0 [0.54] 2.4
[0.19]
Skewness (¢) —0.10 [0.17] 0.26 [0.09] -0.22 0.37
[0.53] [0.12]

Organic Content 66.2 [2.1] 21.6 [20.1] 66.4 [3.6] 41.0
(%) [17.0]

Carbonate (%) 39.5 [3.8] 73.8 [13.8] 46.9 [8.9] 54.0

[17.2]

Organic §13C (%o) —26.4 [0.8] —23.4 [3.6] —-25.9 —-25.0

[0.2] [1.8]
Bulk 813C (%0) —25.3 [0.7] —10.5 [10.7] —24.95 —20.3
[0.6] [2.1]
C/N 32.4 [6.0] 73.1 [24.6] 28.2 [7.8] 34.0
[16.0]

Agglutinated 98.0 [50.0] 0.0 [1.5] 30.0 [30.] 4.0
Foraminifera [11.5]
(%)

Calcareous 4.0 [50.0] 100.0 [1.5] 70.0 [30.5] 96.0
Foraminifera [11.5]
(%)

Freshwater 46.0 [17.5] 18.0 [13.0] 16.0 [3.5] 10.0
Diatom (%) [11.0]

Brackish Diatoms 31.0 [14.5] 24.0 [18.5] 37.0 [7.5] 50.0
(%) [6.0]

Marine Diatoms 22.0 [3.0] 50.0 [28.0] 42.0 [9.0] 50.0
(%) [11.5]

of seagrass (Thalassia sp.) wrack accompanied the overwash sediments
across the island in November 2017 (Supplemental Fig. 2). By July 2019,
few seagrass blades remained in a highly decomposed state.

Grain size analysis showed a statistically significant difference (p-
value <0.05) between Irma’s overwash deposit and pre-Irma sediments
in November 2017 and July 2019 (Fig. 3 & Table 1). From November
2017 to July 2019, the mean grain size increased from a median of 4.8 to
4.0 ¢ in the overwash deposit and from a median of 7.3 to 5.5 ¢ in the
pre-Irma sediments.

Loss-on-ignition analysis indicated a statistically significant differ-
ence (p-value <0.05) in pre-Irma and Irma overwash sediments in
November 2017 and July 2019. Irma’s overwash sediments were
composed primarily of carbonate sediments (median 73.8% in
November 2017 and 54.0% in July 2019) with a lesser amount of
organic material (median 21.6% in November 2017 and 41.0% in July
2019). By contrast, the underlying mangrove peat sediments were pri-
marily composed of organic material (median 66.2% in November 2017
and 66.4% in July 2019) with a lesser amount of carbonate sediment
(median 39.5% in November 2017 and 46.9% in July 2019) (Fig. 3 &
Table 1).

Organic stable carbon isotopes from Irma’s overwash sediments were
statistically different (p-value <0.05) from those of pre-Irma sediments
in November 2017 and July 2019. In November 2017, Irma’s overwash
sediments were slightly heavier in 613Corg (median — 23.4 %o) than pre-
Irma sediments (medians —26.4 %o) (Fig. 4 & Table 1). This signal was
diminished by July 2019, when 613C0rg values of the overwash sedi-
ments became lighter (median — 25.0 %o0) compared to overwash sedi-
ments collected in November 2017.
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Table 2

Summary statistics [median and interquartile range (IQR)] of sedimentological,
geochemical, and microfossil data of pre-Irma and Irma overwash sediments
from Lower Snipe Key in the Lower Florida Keys collected in November 2017
and July 2019.

Lower Snipe Key Pre-Irma Irma Pre-Irma Irma July
November November July 2019 2019
2017 2017
Median [IQR]

Mean Grain Size 6.5 [0.93] 5.4 [0.65] 6.6 [1.2] 4.0 [1.3]
()

D10 Grain Size (¢) 4.4 [1.5] 3.2 [0.84] 4.7 [1.2] 1.5 [1.0]

D90 Grain Size (¢) 8.8 [0.48] 8.2 [0.89] 8.2 [0.56] 8.0

[0.90]

Sorting (¢) 1.7 [0.38] 1.9 [0.34] 1.4[0.16] 2.4

[0.61]
Skewness (¢) —0.04 [0.17] 0.11 [0.23] —0.11 0.42
[0.22] [0.20]

Organic Content 66.0 [3.4] 15.8 [3.8] 66.8 [2.6] 46.1
(%) [21.3]

Carbonate (%) 37.8 [4.1] 81.4 [5.0] 45.9 58.8

[12.1] [14.2]
Organic 813C (%o) —25.7 [1.4] —26.5 [1.1] —25.7 —25.2
[1.7] [2.4]

Bulk 513C (%0) —25.1 [1.2] —11.2 [4.6] —24.9 —20.5
[3.3] [6.1]
C/N 34.8 [10.5] 84.6 [17.4] 30.3 [9.4] 34.6
[9.2]

Agglutinated 98.0 [50.0] 1.0 [2.5] 76.0 7.0
Foraminifera [45.0] [19.0]
(%)

Calcareous 0.0 [1.0] 99.0 [2.5] 24.0 93.0
Foraminifera [45.0] [19.0]
(%)

Freshwater 17.0 [11.0] 9.0 [13.0] 50.0 14.0
Diatom (%) [26.0] [25.0]

Brackish Diatoms 33.0 [4.0] 21.0 [6.5] 29.0 7.0
(%) [10.5] [19.5]

Marine Diatoms 52.0 [8.5] 64.0 [10.0] 32.0 52.0
(%) [21.0] [19.5]

Bulk stable carbon isotopes from Irma’s overwash sediments were
significantly different (p-value <0.05) from pre-Irma sediment values in
November 2017 and July 2019. Bulk stable carbon isotopes from
November 2017 showed Irma’s overwash sediments were heavier in
613Cbulk (median — 10.5 %o) than pre-Irma mangrove sediments (me-
dian — 25.3 %o) (Fig. 4 & Table 1). This signal weakened in sediments
analyzed from July 2019, where the median 5'3Cpyx was —20.3 %o for
the overwash sediments and was —25.0 %o in the pre-Irma sediments.

C/N was significantly different (p-value <0.05) between Irma’s
overwash and pre-Irma sediments in November 2017. Irma’s sediments
had higher C/N values (median 73.1) than their pre-Irma counterparts
(median 32.4). However, this signal was reduced to the point where C/N
values of Irma’s overwash and pre-Irma sediments were not statistically
different (p-value = 0.200) by July 2019 (medians 34.0 and 28.2,
respectively).

Total foraminifera illustrated a distinct difference in assemblage,
diversity, and standing crop between Irma’s overwash deposit and pre-
Irma sediments (Fig. 5 & Table 1). Between 230 and 250 tests per sample
were identified in Irma’s overwash deposit from November 2017 while 2
to 97 tests per sample were identified in pre-Irma sediments collected at
the same sampling period. The pre-Irma standing crop count of 2 tests is
the only sample that was below the threshold of 40 tests per sample for
further statistical analyses. In November 2017, the Irma overwash de-
posits were dominated by a diverse, abundant calcareous assemblage
with genera such as Ammonia, Bolivina, Haynesina, Quinqueloculina, and
Rosalina. In contrast, the pre-Irma sediments were dominated by a low
diversity, sparse agglutinated assemblage with genera such as Tro-
chammina and Siphotrochammina. We identified between 173 and 243
tests per sample in Irma’s overwash deposit and 100 to 145 tests per
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sample in pre-Irma sediments collected in July 2019. By July 2019,
agglutinated specimens were found with the diverse calcareous species
in the assemblage of Irma’s overwash deposit, and calcareous specimens
were found with the agglutinated species in the assemblage of pre-Irma
sediments. The relative abundance of broken foraminifera tests
remained consistent between Irma’s overwash deposit and pre-Irma
sediments and sampling periods.

The hierarchical clustering and PCA analyses largely differentiated
samples by pre-Irma sediment versus Irma overwash sediments and by
collection date. Cluster 1 was composed entirely of 2017 Irma overwash
deposit samples. Clusters 2 and 3 were composed of a mixture of 2019
pre-Irma sediment and Irma overwash deposit samples. Cluster 4 was
composed of a mixture of 2017 and 2019 pre-Irma sediment samples
(Fig. 6). The three pre-Irma sediment samples from July 2019 were
clustered with samples of Irma’s overwash deposit from July 2019 in
Clusters 2 and 3 due to a relatively high number of calcareous specimens
(St. 2 & 5) and lack of agglutinated specimens (St. 11) (Figs. 5 & 6).

Diatom analysis showed changes in species assemblage between
Irma’s overwash deposit and pre-Irma sediments (Fig. 7 & Table 1). We
identified between 14 and 262 diatoms per sample in Irma overwash
deposit and between 89 and 265 diatoms per sample in pre-Irma sedi-
ments collected in November 2017. Freshwater species (e.g., Achnanthes
minutissima var. affinis, Pinnularia borealis, and Pinnularia subcapitata)
present (>5% abundance) in pre-Irma samples but were rare (<5%
abundance) or absent in the Irma overwash deposits. Although brackish
species (e.g., Amphora coffeaeformis and Diploneis pseudovalis) and the
allochthonous marine species Paralia sulcata were found in both pre-
Irma and Irma sediments from 2017, the sudden presence of an anom-
alous marine species, Dimeregramma fulvum, was only observed in the
overwash deposit. In samples from July 2019, we identified 7 to 61
diatoms per sample in pre-Irma sediments and 2 to 281 diatoms per
sample in Irma overwash deposit. Freshwater species (e.g., Navicula
erifuga and Gyrosigma acuminatum) were again present in pre-Irma
samples but became rare or absent in the Irma overwash deposit.
However, brackish and marine species (e.g., Amphora subacutiuscula,
Gammatophora oceanica, Melosira moniliformis, and Navicula micro-
digitoradiata) were present in both Irma overwash and pre-Irma sedi-
ments. Four samples did not meet the threshold of 40 diatoms: tow
samples were from pre-Irma sediment, and two samples were from
Irma’s deposit. One sample was collected in 2017, and three samples
were collected in 2019. Hierarchical clustering and PCA analysis were
unable to differentiate samples by sediment type (pre-Irma versus Irma)
or collection date (Fig. 8).

5.2. Lower Snipe Key

In November 2017, Irma’s overwash deposit was a light gray car-
bonate silt with a trace of very fine sand and a Troels-Smith classification
of Ag4Ga Dh, ranging in sediment thickness from 0.1 to 5.5 cm over the
250 m transect (Fig. 9). The deposit was thickest (5.5 cm) at the
mangrove fringe-basin boundary and thinned (0.1 cm) on either side of
this boundary. By July 2019, the deposit remained thickest (4.5 cm) at
the fringe-basin boundary and appeared to be mixed with an organic
mud. The deposit had thickened on either side of the point of maximum
thickness before thinning to ~0.1 c¢m in the fringe and basin. Underlying
Irma’s overwash deposit was autochthonous organic-rich, heavily
rooted red mangrove peat with a Troels-Smith classification of ThyAgs.
The contact between the overwash deposit and the underlying mangrove
peats remained sharp between sampling periods, particularly where the
deposit was thickest (>2 cm). Fallen mangrove leaves and other wind-
blown detritus were mixed in with the carbonate silts, and a layer of
seagrass (Thalassia sp.) wrack accompanied the overwash sediments in
the fringe of the mangrove island in November 2017 (Supplemental
Fig. 2). By July 2019, very few blades of seagrass remained in a highly
decomposed state.

Grain size analysis was able to significantly differentiate (p-value
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<0.05) Irma’s overwash deposit from the underlying pre-Irma
mangrove sediments in both November 2017 and July 2019 (Fig. 9 &
Table 2). Mean grain size increased from a median of 5.4 to 4.0 ¢ in the
overwash deposit and remained constant (median 6.5 to 6.6 ¢) in the
pre-Irma sediments from November 2017 to July 2019.
Loss-on-ignition analysis showed a significant difference (p-value
<0.05) in pre-Irma sediment and Irma’s overwash deposit from
November 2017 and July 2019. In 2017, the overwash deposit was
predominantly composed of carbonate sediments (median 81.4%) with
a lesser component of organic material (median 15.8%) (Fig. 9 &

(B) organic 8"°C (%), (C) bulk §'3C (%), and (D) Corganic/Niotal- Box plots indicate

Table 2). In contrast, the pre-Irma sediments were largely organic
(median 66.0%) with a smaller portion of carbonate material (median
37.8%). Although this signal was diminished by July 2019, the over-
wash deposit (median 46.1% organic and 58.8% carbonate) remained
statistically different from the underlying mangrove peat (median
66.8% organic and 45.9% carbonate).

Organic 5'3C signatures were unable to distinguish Irma’s overwash
deposit from underlying pre-Irma sediments in November 2017 (p-value
= 0.481) or July 2019 (p-value = 0.233). While §'3Cyy, values of the
overwash deposit (median — 26.5 %o) were slightly lighter than those of
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the pre-Irma sediments (median — 25.7 %o) in November 2017, the
values were too similar to be considered significantly different (Fig. 10 &
Table 2). Median 5]3C0rg of Irma’s overwash deposit became heavier
(—25.2 %) by July 2019 but was not significantly different than the 5'3C
of underlying pre-Irma sediments (—25.7 %o).

Bulk §'3C values were able to differentiate (p-value <0.05) Irma’s
overwash deposit from pre-Irma sediments in November 2017 and July
2019. Irma overwash sediments were heavier in §'3C (median — 11.2 %)
than pre-Irma sediments (median — 25.1%o) (Fig. 10 and Table 2).
Although the overwash sediments became lighter in 513C (median —
20.5 %o) by July 2019, they remained statistically differentiable from

pre-Irma sediments (median — 24.9 %.).

Organic carbon to total nitrogen ratios (C/N) were significantly
different (p-value <0.05) between Irma’s overwash deposit and pre-
Irma sediments in November 2017 but not in July 2019 (p-value =
0.121). C/N values were higher in Irma’s overwash deposit (median
84.6) in November 2017 than in pre-Irma sediments (median 34.8).
However, by July 2019, C/N values of Irma’s overwash deposit (median
34.6) were reduced enough to not be statistically different from pre-Irma
sediments (median 30.3). The inclusion of the outlier value from the pre-
Irma sediments from 2017 at Station 5 (C/N 215) did not influence the
statistical interpretations.

10
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Fig. 6. (A) Clustering and (B) PCA diagrams based on relative foraminifera genus abundances in pre-Irma and Irma overwash sediment samples from stations at

Waltz and Lower Snipe Keys in November 2017 and July 2019.

Total foraminifera showed a clear division in assemblage, diversity,
and standing crop between Irma’s overwash deposit and the underlying
pre-Irma sediments (Fig. 11 & Table 2). We identified between 86 and
271 and 0 to 105 tests per sample in Irma’s overwash deposit and pre-
Irma sediments collected in November 2017, respectively. In samples
collected from July 2019, we identified 63 to 200 and 44 to 101 tests per
sample within Irma’s overwash deposit and pre-Irma sediments,
respectively. The 2017 pre-Irma sediment sample at St. 21 contained
zero foraminifera tests, but by 2019 had 44 predominately comprised of
species from the Bolivina and Haynesina genera. In November 2017 and
July 2019, the foraminifera assemblage in Irma’s overwash deposit was
composed primarily of diverse and abundant calcareous genera
including Ammonia, Bolivina, Haynesina, Quinqueloculina, and Rosalina.
Conversely, the assemblage of the pre-Irma sediments was dominated by
sparse, low diversity, agglutinated genera including Trochammina and
Siphotrochammina. By July 2019, a small number of agglutinated spec-
imens were counted within the overwash deposit, particularly in the
mangrove basin (St. 1), and a small number of calcareous specimens
were counted in the underlying mangrove peat, particularly in the
mangrove fringe (St. 21). The relative abundance of broken foraminifera
tests in samples did not vary across Irma’s overwash deposit and pre-
Irma sediments or sampling date.

Clustering and PCA analyses separated samples by sediment type
(pre-Irma and Irma) and collection date. Two pre-Irma sediment sam-
ples collected in November 2017 did not exceed the 40 specimen per
sample threshold for further statistical analyses. Cluster 1 was composed
entirely of 2017 Irma overwash deposit samples. Clusters 2 and 3 were
composed of a mixture of 2019 pre-Irma sediment and Irma overwash
deposit samples. Cluster 4 was composed of a mixture of 2017 and 2019
pre-Irma sediment samples (Fig. 6). One pre-Irma sediment sample from
July 2019 (St. 21) was clustered with Irma overwash deposit samples

—
—

from the same sampling date due to its relatively high abundances of
calcareous genera.

Diatom analysis found a mixture of assemblages in Irma’s overwash
deposit and the underlying pre-Irma sediments (Fig. 12 & Table 2). We
identified 65 to 269 diatoms per sample in Irma’s overwash deposit and
52 to 249 diatoms per sample in pre-Irma sediments collected in
November 2017. All samples from November 2017 contained brackish
and marine species, but an absence of a freshwater species at >5%
abundance. The brackish species Amphora coffeaeformis and the marine
species Stenoneis obtuserostrata were observed in high abundances (28
and 46%, respectively) in the Irma overwash samples. From sediments
collected in July 2019, we identified between 5 and 267 diatoms in
Irma’s overwash deposit and 14 and 31 diatoms per sample in pre-Irma
sediments. In July 2019, both pre-Irma sediments and Irma’s overwash
deposit contained a mixture of freshwater (e.g., Melosira varians),
brackish (e.g., Amphora coffeaeformis), and marine (e.g., Cocconeis
krammeri) species. The presence of Paralia sulcata was observed in high
abundance in the Irma overwash samples from Stations 1 (41%) and 11
(40%). However, it should be noted only one sample of Irma’s overwash
deposit collected in July 2019 contained enough specimens to exceed
the 40-specimen threshold for statistical analyses. Therefore, while
slight increases in brackish and marine diatom species were found in
Irma overwash sediments over pre-Irma sediments, clustering and PCA
analyses were unable to group any of these samples by sediment type
(pre-Irma versus Irma) or collection date (Fig. 8).

5.3. Upper Saddlebunch Key

In November 2017 and July 2019, surficial sediments included a
carbonate silt with traces of fine sand (Troels-Smith classification
AgsGa, . Dh,) of 1 cm thickness that pinched out into a light dusting
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Fig. 7. Diatom relative abundances (%) from three
stations along the Waltz Key transect. Elevation of
stations and relative abundances of diatom species.
Order of columns for each station from left to right is
(i) pre-Irma sediments from November 2017, (ii)
Irma overwash sediments from November 2017, (iii)
pre-Irma sediments from July 2019, and (iv) Irma
overwash sediments from July 2019. Freshwater
species are in blue, brackish species are in yellow,
and marine species are in pink. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8. (A) Clustering and (B) PCA diagrams based on relative diatom species abundances in pre-Irma and Irma overwash sediment samples from stations at Waltz

and Lower Snipe Keys in November 2017 and July 2019.

over the 7 m of the transect closest to the tidal creek. It is assumed that
this carbonate silt originates from tidal wave action given its proximity
to the tidal creek. Over the remaining 86 m of transect in the basin of the
mangrove island, surficial sediments were comprised of a heavily rooted
red mangrove peat (Troels-Smith classification ThpAgoDh ).

Mean grain size of the surficial sediments in November 2017 ranged
from 2.9 ¢ in the carbonate silt to 7.2 ¢ in the mangrove peats (Sup-
plemental Table 1). Similarly in July 2019, mean grain size ranged from
4.2 ¢ in the carbonate silt to 6.9 ¢ in the mangrove peats.

Organic content of the surficial sediments ranged from 17.4% in the
carbonate silt to 74.1% in the mangrove peat in November 2017 (Sup-
plemental Table 1). In July 2019, organic content increased in the car-
bonate silt to 45.8% while remaining at 73.0% in the mangrove peats.
Conversely, carbonate content was higher in the silts along the tidal
creek ranging from 82.4% in 2017 to 59.8% in 2019. Carbonate contents
were lower in the mangrove peats ranging from 28.2% in 2017 and
33.9% in 2019.

Organic stable carbon isotope values of the surficial sediment ranged
from —27.7 to —21.4 %o across the transect in 2017 and remained
consistent ranging from —26.9 to —24.6 %o across the transect in 2019
(Supplemental Table 1). Bulk stable carbon isotope values, in 2017,
were heavier in the carbonate silts adjacent to the tidal creek (—7.2 %o)
compared to the mangrove peats further inland (—27.3 %o). In 2019,
83Cpyiic values were more consistent across the transect ranging from
—22.8 %o in the carbonate silts to —27.2 %o in the mangrove peats. In
2017, C/N values varied across the transect independently of sediment
composition, ranging from 31 to 79. Similarly in 2019, C/N values
ranged from 29 to 108 across the transect.

6. Discussion
6.1. Stratigraphy and deposit taphonomy

Tropical cyclone deposits have been identified in the geologic record
as allochthonous nearshore and beach sediments interbedded in

—
w

autochthonous coastal sediments in low-energy salt marsh or lagoonal
environments (e.g., Liu and Fearn, 1993, 2000; Donnelly et al., 2001a;
McCloskey and Liu, 2012). At all sites where overwash sediments were
present, Hurricane Irma’s overwash deposit was composed of allochth-
onous sediments originating from the carbonate-rich, shallow marine
environment surrounding the Lower Florida Keys and Ten Thousand
Islands National Wildlife Refuge. The overwash deposit was found
overlying autochthonous mangrove peats. At our control site of Upper
Saddlebunch Key, surficial sediments were composed of autochthonous
mangrove peats across the majority of the transect with tidally emplaced
carbonate silts found along the edge of the tidal creek.

Overwash sediments from tropical cyclones are often found as
landward-thinning, fan-shaped deposits (Liu and Fearn, 1993, 2000;
Donnelly et al., 2001a, 2001b, 2004). Hurricane Irma’s overwash de-
posit was similarly found to be landward thinning along transects. The
thickness of Irma’s overwash deposit ranged by site and across sites from
several centimeters (<11 cm) in thickness to a dusting (<0.1 cm). Wang
etal. (2021) study of the sedimentary characteristics of Hurricane Irma’s
overwash deposit in sink holes from Big Pine Key in the Lower Florida
Keys also found that overwash sediments thinned landward from a
maximum thickness of 5 cm.

Hurricane Irma’s overwash deposit changed in thickness between
the time of deposition in 2017 and when the site was revisited in 2019.
At sites where the overwash deposit was originally (in November 2017)
observed to be thin (<0.1 cm), the overwash sediments were no longer
preserved or were preserved in the form of carbonate nodules on the
floor of the mangrove forest or in clumps under the prop roots of Rhi-
zophora mangle by July 2019 (Supplemental Fig. 2E). Williams and
Flanagan (2009) made comparable observations of Hurricane Rita’s
overwash deposit when it was revisited seventeen months after the
original survey. Williams and Flanagan (2009) found Rita’s overwash
deposit had been redistributed and was greatly reduced in thickness in
locations where the deposit was unvegetated. Contrarily, in densely
vegetated areas, they found sediment thicknesses were maintained
(Williams and Flanagan, 2009).
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Fig. 9. Sedimentological results of pre-Irma mangrove peats and Irma overwash sediments from November 2017 and July 2019 at Lower Snipe Key in the Lower
Florida Keys. (A) Elevation and location of stations along transect, (B) thickness of Irma deposit, (C) mean grain size (¢), (D) organic content (%), and (E) carbonate
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The stratigraphy of tropical cyclone overwash deposits commonly
have a sharp contact with the underlying pre-storm sediments (e.g.,
Donnelly et al., 2001b, 2004; Horton et al., 2009). Similarly, the contact
between Hurricane Irma’s overwash deposit and underlying mangrove
peats was sharp (<0.1 cm) (Supplemental Fig. 2) in most locations,
particularly at stations where the deposit was at its greatest thickness
(>2 cm). However, at stations on the fringes of mangrove islands (e.g.,
Waltz Key Station 12), the contact between the overwash deposit and
underlying mangrove peats appeared gradational (>0.1 cm). Hong et al.
(2018) similarly noted sharp contacts between the Tropical Cyclone Pam

overwash deposit and underlying sediments at all sites in Vanuatu
except for sites located closest to the shoreline. Williams and Flanagan
(2009) documented a similar preservation of Hurricane Rita’s overwash
deposit and the sharp contact with underlying woodland and salt marsh
sediments in coastal Louisiana when they surveyed the Rita deposit six
weeks and nineteen months post-storm. The sharp contact underlying
Hurricane Irma was maintained from November 2017 to July 2019 at
stations with a measurable (>0.1 cm) deposit.
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Fig. 11. Foraminifera relative abundances (%) from three stations along the Lower Snipe Key transect. Elevation of stations and genus relative abundances (%) per
sample. Order of columns for each station from left to right is (i) pre-Irma sediments from November 2017, (ii) Irma overwash sediments from November 2017, (iii)
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6.2. Sedimentological analyses

Numerous studies have investigated the sedimentological features of
modern overwash deposits and have noted the comparatively coarser
grain size of overwash sediments (e.g., Williams, 2010; Soria et al.,
2017; Hong et al., 2018). Soria et al. (2017) found overwash deposits
from Typhoon Haiyan throughout the northwestern coastal plains of the
Philippines. Typhoon Haiyan’s overwash sediments were larger in grain
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size across transects compared to the underlying pre-Haiyan soils (Soria
et al., 2017). Hurricane Irma’s overwash deposit was composed of car-
bonate silts and sands that had a coarser mean grain size (5.0 + 0.79 ¢
across sites) than the underlying mangrove peats (6.7 + 0.68 ¢ across
sites) at most sites where the deposit was present (e.g., excluding Upper
Saddlebunch Key). The exception was the site at Blackwater Bay in the
Ten Thousand Islands, where mean grain size of the underlying
mangrove peats was larger than other sites (5.6 + 0.94 ¢) and not



K.M. Joyse et al. Marine Geology 461 (2023) 107077

Lower Snipe Key

Elevation MSL (m)

‘I L
0 /W_O/O\OM%\‘
T st | ' | st St21
5ol Cocconeis krammeri y
0
| (ymatosira lorenziana
| Opephora pacifica A
®8
H
| Paralia sulcata

| Stenoneis obtuserostrata

5ok Amphora coffeaeformis

Relative Abundances (%)

0
| Diploneis didyma ©g
a2
5%
| Navicula salinicola
5ol Aulacoseia pusilla
0 -
; we
| Cocconeis placentula var euglypta -
55
=
| Melosia varians
£ 250}
o
x
5 0 50 100 150 200 250

Distance Along Transect (m)

] I November 2017 Pre-rma @ November 2017 Irma July 2019 Pre-Irma July 2019 Irma

Fig. 12. Diatom relative abundances (%) from three stations along the Lower Snipe Key transect. Elevation of stations, relative abundances of diatom species, and
specimen counts per sample. Order of columns for each station from left to right is (i) pre-Irma sediments from November 2017, (ii) Irma overwash sediments from
November 2017, (iii) pre-Irma sediments from July 2019, and (iv) Irma overwash sediments from July 2019. Freshwater species are in blue, brackish species are in
yellow, and marine species are in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

17



K.M. Joyse et al.

distinct from Irma’s overwash sediments (5.0 & 0.45 ¢). Sediments in
the Ten Thousand Islands region have a larger grain size, ranging from
coarse silts to very fine sands (5.0 to 3.0 ¢) (Scholl, 1963), given their
proximity to the open bay, between-island channels, and the mangrove
island belt. Sediments from the Florida Bay region of the Lower Florida
Keys are comparatively finer-grained with very fine (>4.0 ¢) to fine
(>3.0 ¢) grained sediments (Ginsburg, 1956). The coarser sediments of
the Ten Thousand Islands explain the larger mean grain size of the pre-
Irma sediments at our site in Blackwater Bay, which is located along a
large channel within the bay.

The carbonate content of Irma’s overwash sediments (67.8 4 20.7%
across sites) was higher than the underlying peats (33.7 & 11.0% across
sites). Higher carbonate contents were also found in Irma’s overwash
deposit at sites in the Everglades National Park and at Big Pine Key in the
Lower Florida Keys (Breithaupt et al., 2020; Wang et al., 2021). The
sediment source for Hurricane Irma’s overwash deposit included car-
bonate muds and sands from the Florida Bay and carbonate- and
organic-rich muds and quartz sands from waters surrounding the Ten
Thousand Islands National Wildlife Refuge (Ginsburg, 1956; Scholl,
1963). Martin and Muller (2021), on the other hand, found Irma’s
overwash sediments originating from Estero Bay were composed of
quartz sands, reflecting the local source material of the region north of
the sites studied here.

Overwash deposits can have several other defining sedimentological
characteristics related to their texture and grading (e.g., Schwartz, 1975;
Leatherman and Williams, 1977). For example, previously documented
modern overwash deposits have been shown to display fining- and
coarsening-upward trends in grain size (e.g., Wang and Horwitz, 2007;
Switzer and Jones, 2008; Phantuwongraj et al., 2013). Inundation from
storm surges that is slow moving and sustained can create fining-upward
sequences, as energy from the storm surge decreases and allows finer
particles to fall out of suspension with time. Conversely, coarsening-
upward sequences can occur if higher energy conditions are restored
by subsequent waves or return flow (Morton et al., 2007). However, no
such trends were found in Irma’s overwash deposit in this study or noted
in other sedimentological studies of the deposit (Martin and Muller,
2021; Wang et al., 2021). As Irma’s overwash sediments were deposited
as massive muds and sands, it can be assumed their deposition was rapid
as a traction load (e.g., Morton et al., 2007; Williams, 2009, 2010).

Overwash deposits from tropical cyclones have a characteristically
lower organic content than the surrounding sediments due to their
source material originating from a more minerogenic environment than
the organic-rich back-barrier environments in which they are deposited
(e.g., Donnelly et al., 2004; Scileppi and Donnelly, 2007; Reese et al.,
2008). Hurricane Irma’s overwash deposit had a lower organic content
(19.8 £ 9.07%) compared to the underlying mangrove peats (59.4 +
14.6%) among nearly all sites where the overwash deposit was present.
The site at Faka Union Canal was the only site with an overwash deposit
where the organic contents of the Irma and pre-Irma sediments were
indistinguishable (p-value >0.05) by July 2019. The overwash deposit at
Faka Union Canal in July 2019 was only present in the form of scattered
carbonate nodules and pockets of carbonate sediments under prop roots
(similar to what is shown in Supplemental Fig. 2E). Breithaupt et al.
(2020) also found one site in Everglades National Park, which experi-
enced minimal marine influence, where Hurricane Irma’s overwash
deposit had a lower organic content than underlying peats. Wang et al.
(2021) similarly found Irma’s overwash deposit had less total organic
matter than underlying sediments in sink holes on Big Pine Key in the
Lower Florida Keys, and Martin and Muller (2021) found Irma’s quartz
sands had a higher percent inorganic content than the underlying sed-
iments in a back-barrier lagoon in Estero Bay.

By July 2019, differences in the mean grain size and organic content
of Irma’s overwash deposit from underlying pre-Irma mangrove peats
remained larger at sites in the Lower Florida Keys than in the Ten
Thousand Islands National Wildlife Refuge (Supplemental Table 4) and
in areas of the mangrove islands where the deposit was thickest. This
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includes the fringe and basin-to-fringe boundary of the mangroves.
Similar findings were made by Williams and Flanagan (2009) regarding
Hurricane Rita’s overwash deposit, who saw overwash sediments
redistributed from high elevations to lower elevations with denser
vegetation and wetter conditions.

Following a tropical cyclone, if accommodation space allows, it is
assumed normal back-barrier sedimentation that occurred prior to the
storm event resumes post-storm, preserving the overwash event into the
geologic record (Donnelly et al., 2001a, 2001b, 2004; Donnelly and
Webb III, 2004). This assumption is supported by the gradational con-
tact between the overwash deposits and overyling low-energy sediments
observed in sediment cores (e.g., Liu and Fearn, 1993, 2000; Donnelly
et al., 2001a, 2001b, 2004). In July 2019, Irma’s overwash deposit was
covered by a thin (<1 mm) layer of newly deposited organic mud at sites
in the Ten Thousand Islands National Wildlife Refuge, suggesting a
resumption of normal low-energy deposition. Wang et al. (2021), who
surveyed sites at Big Pine Key seven months post-storm, also found ev-
idence of post-storm sediments that matched the sedimentology (e.g.,
smaller grain size and higher organic content) of pre-storm sediments
suggesting a resumption of background sedimentation.

6.3. Geochemical signatures

Organic 5'3C in conjunction with C/N signatures have the potential
to indicate the provenance of overwash sediments in low-energy coastal
environments (e.g., Lamb et al., 2007; Lambert et al., 2008; Das et al.,
2013). The organic isotopic signatures of coastal sediments help
distinguish sources of terrestrial versus marine organic matter which
constitute the sediments (i.e., autochthonous vegetation versus
allochthonous phytoplankton and algae) (e.g., Emery et al., 1967;
Meyers, 1994; Khan et al., 2015b). The primary sources of organic
carbon in mangrove forests include mangrove litter, sea grasses, and
marine particulate organic matter (POM) (Kristensen et al., 2008). Re-
ported values of 613Corg in mangrove litter (i.e., leaves and branches) in
southern Florida mangroves are relatively light, ranging from —32 to
—27 %o (Fourqurean and Schrlau, 2003; He et al., 2021). On the other
hand, allochthonous marine organic matter have heavier values of
613C0rg; reported values for Thalassia sp. leaves range from —11 to —8 %o
(Fourqurean and Schrlau, 2003; Campbell and Fourqurean, 2009), and
values for POM range from —24 to —18%o depending on proximity to the
coast (Lamb and Swart, 2007).

The 613C0rg signature of Hurricane Irma’s overwash deposit (—25.0
+ 2.3 %o across sites) did not differ from that of pre-Irma mangrove
sediments (—26.0 £ 0.9 %o across sites) at sites where Irma’s overwash
deposit was present (Fig. 13). These results are not consistent with
previous studies of the organic geochemical signature of overwash de-
posits associated with storm surges (e.g., Lambert et al., 2008; Das et al.,
2013). Lambert et al. (2008) used positive organic 5!3C and 8'°N ex-
cursions in a core from coastal Lake Shelby, Alabama, to identify epi-
sodes of storm-surge flooding of the lake. Similarly, Das et al. (2013)
used organic 5'3C, 5!°N, and C/N indicators to identify occurrences of
marine inundation from storm surges in coastal lakes along the Gulf of
Mexico over the last 4 ka. Our study sites differ from previous studies in
that southern Florida is a carbonate-rich environment in a fully marine
setting. Hurricane Irma’s overwash deposit is composed primarily of
inorganic carbonate sediments, which are documented as having
heavily enriched values of 5'3C ranging from —4 to 4 %o (Scalan and
Morgan, 1970; Boutton, 1991). When the inorganic fraction is removed
from samples, the organic carbon within Irma’s overwash sediments is
not distinguishable from that of pre-Irma sediments.

Bulk (including inorganic carbon) §'3C was successful at differenti-
ating the carbonate-rich signal of the overwash sediments from the
organic-rich underlying mangrove peats at all sites where the overwash
deposit was present except for the site in the Upper Faka Union Canal in
the Ten Thousand Islands National Wildlife Refuge (Fig. 13). The
high-carbonate content of the overwash deposit resulted in high 613Cbu1k



K.M. Joyse et al.

Marine Geology 461 (2023) 107077

| Waltz Key
°[a] °[8]
<5 St
[ Y )
[ X ]
-10 -0 o .
[ )
& 15 o -5t
= N
S-20 . . | 20! .
o 5 R ° [ ) °
2 e 25 .]; B
- [ ] o) - ]
Loy o ¢ ° -
30 30
3 2 10 60 ) w0 g 20 ) 60 80 100
N (/N
| Lower Snipe Key
orc] °[0]
5 St
[}
10 07 .
& 15 o5t "
° = .
S .2 = o®
o [ )
W . 51 Cow -
» = "“_ m o0 o 1A _ o L- o n "
[ ]
330 30
3 2 10 60 80 00 o 2 ) 60 80 100
N N
| M November 2017 Pre-Irma @ November 2017 Irma July 2019 Pre-lrma July 2019 Irma |

Fig. 13. Stable carbon isotopic and C/N results from Waltz Key: (A) organic 8'3C vs C/N and (B) bulk §'3C vs C/N; and Lower Snipe Key: (C) organic 5'C vs C/N and

(D) bulk §'3C vs C/N.

values of —12.9 + 5.8 %o across sites where the overwash deposit was
present (—21.9 + 3.1 %o at Upper Faka Union Canal). A3Cpyik values of
the underlying mangrove peats were relatively low at —24.9 + 2.3 %o
across sites where the overwash deposit was present (—27.3 + 1.8 %o at
Upper Faka Union Canal). A13Cbulk is seldom utilized to determine the
provenance of coastal sediments as the 8'3C of inorganic carbon are
characteristically lower than those of organic carbon and can complicate
the interpretation of results (Khan et al., 2015a).

C/N ratios in conjunction with 613C0rg measurements are useful for
differentiating terrestrial versus marine provenances and providing in-
formation on the degree of diagenesis in coastal sediments (Lamb et al.,
2006; Khan et al., 2015a). Aquatic organic matter tends to have higher
levels of bulk N compared to terrestrial organic matter and, thus,
comparatively lower C/N ratios (Lamb et al., 2006, Khan et al., 2015a).
C/N values were useful in differentiating Irma’s overwash deposit from
underlying mangrove peats in November 2017 at sites in the Lower
Florida Keys (Fig. 13). The overwash sediments had higher C/N values
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(73 £ 17 across sites) compared to the underlying mangrove peats (38
+ 16 across sites). The C/N values were likely elevated by the presence
of the seagrass wrack that was found accompanying the overwash sed-
iments throughout sites in the Lower Florida Keys. Seagrasses have
relatively high values of C/N, with a mean of ~20 but as high as 50,
compared to other marine organic matter (e.g., Duarte, 1990; Four-
qurean et al., 1992; Khan et al., 2015a). However, by July 2019, the C/N
values of overwash sediments (43 4+ 26 across sites) from sites in the
Lower Florida Keys were undifferentiable from those of the underlying
mangrove peats (32 + 11 across sites) (Fig. 13). Although Fourqurean
and Schrlau (2003) also note an initial increase in C/N values during the
decomposition of Thalassia testudinum leaves in Florida Bay, they found
an overall net zero change in C/N values over a year of observations. C/
N values were not indicative of a difference between Irma’s overwash
deposit and underlying mangrove peats in December 2017 or July 2019
at sites in the Ten Thousand Islands National Wildlife Refuge. No sea-
grass wrack was noted at these sites during site surveys.
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6.4. Microfossil analyses

Foraminifera in overwash deposits have been shown to have distinct
assemblages from underlying pre-storm sediments that are more abun-
dant, more diverse, and more likely to be of marine origin than their pre-
storm counterparts (e.g., Hippensteel et al., 1999; Hawkes and Horton,
2012; Pilarczyk et al., 2016). Pilarczyk et al. (2016) used foraminifera
assemblages to characterize the overwash deposit from Typhoon Haiyan
at sites in the Leyte Gulf, Philippines. The foraminiferal assemblage of
Haiyan’s overwash deposit contained a high abundance of calcareous
specimens and a high species diversity indicating a marine origin for the
sediment (Pilarczyk et al., 2016). The foraminiferal assemblage in
Irma’s overwash deposit likewise consisted of diverse and abundant
calcareous taxa. While the limited number of samples analyzed for
foraminifera in this study may omit some of the spatial variability in
assemblages across site (e.g., Murray and Alve, 2000; Morvan et al.,
2006; Milker et al., 2015), the samples that were analyzed show a clear
differentiation between samples from pre-Irma sediment and Irma’s
overwash deposit. In November 2017, the foraminifera within the
overwash deposit were 98.5 + 2.1% calcareous specimens across sites
with 14 to 28 species identified per sample, largely from the genera of
Ammonia, Bolivina, Haynesina, Quinqueloculina, and Rosalina. The un-
derlying mangrove sediments had a uniform and sparse assemblage with
98 + 2% agglutinated foraminifera that consisted of Trochammina
inflata and Siphotrochammina lobata species.

Clustering and PCA analyses showed Irma’s overwash sediments
could be differentiated from underlying pre-Irma sediments based on the
abundance of calcareous versus agglutinated specimens within samples
(Fig. 6). This differentiation was greatest in samples from November
2017 due to high numbers of Quinqueloculina spp. and Rosalina spp.
specimens in Irma’s overwash deposit versus the exclusive presence of
Trochammina inflata and Siphotrochammina lobata specimens in pre-Irma
sediments. The foraminiferal assemblage of Hurricane Irma’s overwash
deposit did not change from November 2017 to July 2019. However,
samples from July 2019 displayed mixing between Irma overwash de-
posit and pre-Irma sediments as shown in Clusters 2 and 3 (Fig. 6).

Other studies of Hurricane Irma’s overwash deposit found compa-
rable results in foraminiferal assemblages to this study. Wang et al.
(2021) found an increase in the diversity of marine foraminifera species
in Irma’s overwash sediments from a sink hole on Big Pine Key. Pre-Irma
sediments were dominated by Ammonia spp. or Quinqueloculina spp.,
while Irma’s overwash sediments contained an abundance of Ammonia
spp., Elphidium spp., Quinqueloculina spp., and Triloculina spp. (Wang
et al, 2021). Irma’s overwash deposit from Estero Bay contained
calcareous foraminifera (Martin and Muller, 2021).

Taphonomic analysis of foraminifera can be used to determine the
alteration and preservation potential of foraminifera tests in intertidal
sediments through time (e.g., Berkeley et al., 2009; Pilarczyk et al.,
2014, 2016). However, foraminifera within Irma’s overwash deposit
appeared unaltered through time with no change in the relative abun-
dance of fractured foraminifera, perhaps due to the limited time length
of our study. Infaunal foraminifera species or reworked sediments are an
additional process by which foraminifera assemblages can be skewed
over time (Berkeley et al., 2007). Our foraminifera assemblages suggest
some reworking of sediments may have occurred over the 2-year study
period, where pre-Irma samples incorporated higher abundances of
marine calcareous foraminifera by 2019.

Diatoms have previously been used to identify overwash deposits via
anomalous changes in assemblages (e.g., Parsons, 1998; Horton and
Sawai, 2010; Wang et al., 2019). Parsons (1998) used diatoms to identify
an overwash deposit from Hurricane Andrew in a Louisiana salt marsh
pond. Hurricane Andrew’s diatom assemblage showed the overwash
sediments had a composite nature with components from freshwater,
brackish, and marine origins (Parsons, 1998). The diversity of diatom
species in Hurricane Andrew’s overwash deposit increased over pre-
Andrew pond sediments. Similarly, Wang et al. (2019) looked at
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diatoms in modern samples from a multitude of wetland and aquatic
environments, including a salt marsh, plant bog, river, and bay, to
determine the provenance of an 8-cm sand layer interbedded in peat
sediments in coastal Alabama that is thought to be from the landfall of a
hurricane in 1772. A combination of freshwater, brackish, and marine
diatoms were identified within the sand layer indicating multiple sedi-
ment sources from simultaneous marine inundation and terrestrial
flooding from a storm (Wang et al., 2019).

As in previous studies, the diatom assemblage of Irma’s overwash
deposit displayed a mixture of freshwater (e.g., A. pusilla), brackish (e.g.,
A. coffeaeformis), and marine (e.g., S. obtuserostrata) diatom species.
However, only samples from Waltz Key displayed an increase in
assemblage diversity in the Irma overwash deposit compared to pre-
Irma sediments, consistent with the overwash deposit of Hurricane
Andrew (Parsons, 1998). At Waltz Key, samples with >40 specimens
counted had an average of 40 (+4) species identified compared to 27
(£10) species in pre-Irma sediments. At Lower Snipe Key, species di-
versity was consistent between pre-Irma and Irma sediments.

While our study shows qualitative differences in the diatom assem-
blages of Irma’s overwash deposit and pre-Irma sediments (i.e., marine
species being dominant or in higher relative abundances in Irma sedi-
ments over pre-Irma sediments), these differences were not captured by
clustering analyses (Fig. 8). The lack of a clear clustering of diatom as-
semblages between Irma’s overwash sediments against underlying
mangrove peats in statistical analyses may reflect the influence of
several local environmental factors including elevation, salinity, and
substrate (Admiraal, 1984; Vos and de Wolf, 1993; Desianti et al., 2019)
and the small sampling size of this study. Differences in diatom assem-
blages between pre-Irma and Irma samples may be driven by changes in
environmental factors over a short distance (McIntire, 1978). Hong et al.
(2021) found site-specific variability in diatom assemblages at four sites
in Willapa Bay, Washington when showing the use of diatoms to
reconstruct relative sea-level in the region. This variability originated
from the multitude of environmental factors that can control diatoms
(Hong et al., 2021).

Studies have been conducted to document the geographic and tem-
poral distributions of diatom species in Florida Bay, and two of the main
conclusions drawn from these studies were (1) salinity was the dominant
environmental factor contributing to the clustering of diatom samples in
the region; and (2) distributions of diatoms varied seasonally, seemingly
due to changes in temperature and salinity (Frankovich et al., 2006;
Wachnicka et al., 2010). Wachnicka et al. (2010) documented diatom
assemblages from freshwater, mangrove, and marine sites throughout
Florida Bay and found, while the assemblages of freshwater and marine
sites were distinct, the assemblages from mangrove sites had taxa typical
of the freshwater and marine sites. Additionally, inter-site variability
was attributed to seasonal changes in water quality (Wachnicka et al.,
2010). Our sampling times of November 2017 and July 2019 fell within
typical periods of minimum and maximum annual salinity, respectively,
within Florida Bay (Kelble et al., 2007). Additionally, both the Waltz Key
and Lower Snipe Key transects experience daily marine influence
through tidal inundation. Therefore, it is reasonable to hypothesize the
variation created by seasonal salinity changes in addition to the mixed
assemblages observed in mangrove environments contributed to com-
plex diatom assemblages found at our sites. A study looking at the spatial
and temporal distribution of modern diatom species with respect to local
environmental factors in southern Florida mangrove forests is needed to
shed light on how to better statistically analyze and interpret pertur-
bations in diatom assemblages observed following a storm.

7. Conclusion

We analyzed the stratigraphic, sedimentological, geochemical, and
microfossil characteristics of Hurricane Irma’s overwash deposit in
southern Florida mangroves (Fig. 14). We tracked changes in the over-
wash deposit’s characteristics compared to those of underlying pre-Irma
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e . , | Presence in Irma’s Overwash Deposit
Characteristic Indicative of Irma’s WI - Bk T
Overwash Deposit altz ower ackwater | Upper Faka
P el Key Snipe Key | Bay Union Canal Legend
Allochth hore sediments* 2017
ochthonous nearshore sediments 2019 Presentin 2017
o 2017
Larger mean grain size 2019 Presentin 2019
) 2017
Lower organic content Presentin 2017 and
2019 statistically distinct
2017 (p-value > 0.05)
Higher carbonate content
2019
2017 Presentin 2019 and
Positive excursion in organic 6™C statistically distinct
2019 (p-value > 0.05)
2017
Positive excursion in bulk §™C
2019 Absent
Lower (/N )

" 2019 Not measured
Higher abundance of calcareous 2017 *Not tested for
foraminifera® 2019 statistical significance
Higher abundance of marineand 2017
brackish diatoms* 2019

Fig. 14. Summary table indicating which sedimentological, geochemical, and microfossil characteristics were present within Irma’s overwash deposit in November/
December 2017 and which remained present until July 2019. Darker shading indicates which characteristics’ presence was found to be statistically distinct (p-value
<0.05) compared to mangrove peats. * Indicates which characteristics were only documented for presence/absence and not tested for statistical significance.

mangrove peats through time from Novembers 2017 to July 2019. In
doing so, we found:

e Evidence from stratigraphy, grain size analysis, loss-on-ignition, and
foraminifera analyses provided the strongest proxy evidence for
Irma’s overwash event through time. Irma’s overwash deposit had a
consistently larger mean grain size, lower organic content, and
higher carbonate content than underlying mangrove peats in
November 2017 and July 2019.

The carbonate sediment source of Irma’s overwash sediments in the
Lower Florida Keys and the Ten Thousand Islands provided an
additional sedimentological indicator that may not be available in
temperate environments but should be utilized in paleo-storm
studies in the region.

Loss-on-ignition and bulk 8'3C indicators were both successful at
distinguishing Irma’s carbonate-rich overwash deposit from under-
lying organic-rich mangrove peats.

Organic 8'3C or C/N indicators were not able to discern the marine
provenance of Irma’s overwash deposit. Therefore, geochemistry did
not provide evidence for Irma’s overwash event that could not be
found by other sedimentological and microfossil analyses.
Foraminifera were successful in differentiating the calcareous,
diverse foraminiferal assemblage of Hurricane Irma’s overwash de-
posit from that of underlying mangrove peats. The presence of the
calcareous foraminifera was maintained through time and preserved
the evidence of marine inundation via the storm surge into the
mangroves.

Diatoms showed a qualitative change in assemblage between Hur-
ricane Irma’s overwash deposit and that of underlying mangrove
peats. The relationship between diatoms and local environmental
factors was too nuanced to statistically differentiate pre-Irma and
Irma sediments within our sampling design.

21

Repeated sampling of Hurricane Irma’s overwash deposit in southern
Florida mangroves has shown that the overwash deposits are altered
between their time of deposition and when they are incorporated (or
excluded) from the geologic record. But regular monitoring of Irma’s
overwash deposit should continue because the sedimentologic and
microfossil characteristics of the deposit are expected to continuously
evolve beyond this two-year study period. For example, while forami-
nifera proved successful in differentiating Hurricane Irma’s overwash
deposit from underlying mangrove peats over the two-year study period,
calcareous foraminifera tests are known to undergo taphonomic alter-
ation and preservation in intertidal sediments through time (Berkeley
et al., 2009; Pilarczyk et al., 2014, 2016; Edwards and Wright, 2014).

To maximize the chances of capturing the most complete picture of
overwash events available within the geologic record, Irma’s overwash
deposit has shown that small-scale sampling across sites and within
cores is essential. It is possible overwash deposits in southern Florida
will be preserved in small clumps of carbonate mud as they were found
under mangrove prop roots. A multi-proxy approach based on the local
environment, taking into consideration sediment source and local
redistribution processes, that includes sedimentological, geochemical,
and/or microfossil analyses will yield the highest resolution paleo-storm
records. Hurricane Irma’s deposit shows, within mangrove ecosystems
on carbonate platforms, grain size analysis, loss-on-ignition, and fora-
minifera are the mostly likely indicators of an overwash deposit to be
preserved into the geologic record.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.margeo.2023.107077.
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