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A B S T R A C T   

Storminess and sea-level can both have a significant impact on landforms in cyclone-prone coastal regions, although much of our understanding comes from short- 
timescale modern observations. This study aims to understand the variability of sediment transport and deposition in the Choctawhatchee Bay/Santa Rosa Island in 
the northern Gulf of Mexico, establishing the dominant sediment transport processes and morphological response of the barrier system to long-term variations in 
storminess and rising sea-levels. 

Here, we study the spatial and temporal changes in physicochemical properties of the sedimentary record of Choctawhatchee Bay to examine the character and 
fidelity of records of storm impacts spanning the Holocene. Proxies for marine and terrestrial conditions in the cores situated closer to the present barrier (proximal) 
show that sedimentation in coastal areas and marine influence of the bay during the last ~8000 yrs. were mainly determined by barrier response to the Holocene 
transgression and changes in storminess. In contrast, sedimentation close to the landward shore was governed by terrigenous input. The correlation of grain size and 
terrigenous proxies with regional hurricane records indicates that hinterland erosion by the rainfall during hurricane events is likely the dominant terrigenous 
sediment transport mechanism in areas close to the landward shore of the bay. These results suggest that sediment archives in large coastal deposition environments 
are equally suitable for sea level and cyclone modulated coastal morphological studies and paleo tropical cyclone studies, depending on the location, selected with an 
understanding of sedimentation processes in the vicinity.   

1. Introduction 

Tropical cyclones (TC) in the Indo-Pacific and hurricanes in the 
Atlantic pose a growing threat because of the increasing population and 
wealth in TC-prone areas (Pielke et al., 2008). Therefore, researchers are 
interested in determining the mechanisms governing TC frequency and 
intensity changes. Instrumental records span time intervals far too short 
to appropriately assess risk and understand the climatic forcing 
responsible for TC activity changes. In contrast, sediment archives pre
served in various coastal depositional settings, such as coastal bays, la
goons, marshes, sinkholes, and blue holes on carbonate platforms, offer 
unique insights into the variability of storm activity over 1000’s years. 
Knowledge of past storm patterns can help identify the forcing factors 
that control storminess, giving insights into potential future variability, 
which is a valuable asset for coastal management. 

Site selection for paleo-TC studies is challenging because coastal 
systems are also undergoing complex changes in response to sea-level 
rise. Variations in storminess can also alter the sensitivity of a given 
site to storm impacts and influence the preservation potential of storm- 
induced deposits. For example, sediment supply and transport pathways 
may change, altering the character of storm-induced sediment transport 
and deposition (Sallenger Jr, 2000; Otvos, 2011). Storm surges are 
erosive events that can erode beach, dune, and barrier bars and back- 
barrier lowlands (Reimnitz and Maurer, 1979; Morton and Barras, 
2011). During high-energy events, erosion can even remove portions of 
the sedimentary record (Morton, 2002; Eisemann et al., 2018). About 
48 cm of sediment was eroded by hurricane Harvey which made landfall 
in 2017, in the San Jacinto Estuary (Du et al., 2019). 

The well-developed Holocene sea-level and TC records of the 
northern Gulf of Mexico make Choctawhatchee Bay on the panhandle of 
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Florida an ideal laboratory (Brandon et al., 2013; Lane et al., 2011; 
Rodysill et al., 2020 Milliken et al., 2008; Donnelly and Giosan, 2008to 
examine the effects of different coastal processes on the sediment record. 
Here, we studied the spatial and temporal changes in physicochemical 
properties of the sedimentary record of Choctawhatchee Bay (Fig. 1) to 
examine the character and fidelity of records of storm impacts spanning 
the Holocene. 

1.1. Modern hydromorphology of choctawhatchee bay 

Choctawhatchee Bay, FL is a drowned river valley system currently 
separated from the Gulf of Mexico by the Okaloosa peninsula and Santa 
Rosa Island (30.49oN, −86.58oW and 30.39oN, −86.10oW; Fig. 1). The 
bay opens to the Gulf of Mexico through “East Pass” (Destin Pass), which 
today is a nearly 500 m wide inlet at the east end of the Okaloosa barrier 
fronting the bay. 

Fig. 1. Location of sampling sites in the Choctawhatchee Bay. Lines on the bottom image show shallow seismic (CHIRP) profiles . Geological formations are based on 
Otvos (1995) and the southeastern Geological society (2013). 
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According to data from Pensacola, FL, the area receives the highest 
rainfall during the summer (Jun-Sep) and winter (Jan-Mar) (NOAA). 
During most fall and winter, rainfall occurs in the region mainly asso
ciated with frontal systems from the northwestern United States. During 
most spring and summer, rainfall occurs mainly by convective processes 
and tropical storms (Baigorria et al., 2007). The Choctawhatchee River 
discharges into the bay about 37 km east of East Pass. Monthly discharge 
values at Bruce, FL (USGS 02366500) (Fig. 1) show that the Chocta
whatchee River discharge is high during December – April, with the 
highest discharge in March. Annual discharge data for the period 
1931–2017 show that annual discharge varied between 311 and 57 m3/ 
s. The tidal range within Choctawhatchee Bay is averaging 0.15 m (Ruth 
and Handley, 2006). Choctawhatchee Bay connects to Pensacola Bay by 
a narrow back-barrier channel formed behind Santa Rosa Island. Ac
cording to Otvos (1985), over half of Santa Rosa Island is underlain by 
relict Pleistocene Gulfport formation made of barrier sand. Fort Walton 
Beach on the eastern portion of Santa Rosa Island is composed of Ho
locene sandy sediment. In contrast, the Okaloosa peninsula to the east of 
Destin Pass is largely the Pleistocene Gulfport formation. 

1.2. Northern Gulf of Mexico sea-level history 

While some investigators have argued for a complex Holocene sea- 
level history for the Gulf of Mexico, with a series of high and low 
stands (e.g., Tanner et al., 1992; Morton et al., 2000), dated sea-level 
indicators demonstrate that the region experienced a largely mono
tonic increase in sea level over the last 10,000 years (Milliken et al., 
2008; Donnelly and Giosan, 2008) (Fig. 2). In general, the relative sea- 
level in the Gulf of Mexico increased about 20 m over the Holocene at a 
gradually decreasing rate. For example, the overall rate of rising over the 
last few millennia was only about 0.5 mm/year, compared to approxi
mately 4 mm/year in the early Holocene (Milliken et al., 2008). Ac
cording to the local tide gauge (Station 8,729,840, Pensacola, FL), the 
current sea-level rise rate over the last century is approximately 2.3 mm/ 
year. 

(https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml? 
id=8729840). 

The barrier complexes of the Gulf of Mexico formed during the Ho
locene as post-glacial sea-level rise slowed down after around 5000 yrs. 
BP (e.g., Otvos Jr, 1970; Otvos, 1982; Otvos, 1985; Rodriguez et al., 
2004; Rodriguez and Meyer, 2006; Törnqvist et al., 2004). Over the last 
150 years, sea-level rise rates have increased dramatically in response to 
climate warming (e.g., Kemp et al., 2011), and sea-level rise is likely to 

accelerate as warming continues (Kopp et al., 2016). Moore et al. (2010) 
reveal that substrate composition, followed in rank order by substrate 
slope, sea-level rise rate, and sediment supply rate, are the most critical 
factors determining barrier island response to sea-level rise. Simple 
morphodynamic models suggest width and height drowning are the key 
modes of barrier failure in response to accelerated sea-level rise (Ashton 
and Lorenzo-Trueba, 2018). Because of the recent increase in the rate of 
sea-level rise, barriers may be more susceptible to breaching and over
topping during storm events today and into the future than they were 
150 years ago. Studying sedimentological and geochemical changes in 
the proximal and distal sites to the barrier would reveal the barrier 
response to the sea level and its environmental impact on the bay, 
providing important clues about potential future changes in the system. 
Better constraints on the character of the evolution of back-barrier bay 
systems will provide important context for interpreting potential storm 
reconstructions from these environments. 

1.3. Northern Gulf of Mexico tropical cyclone history 

In the Gulf of Mexico, the most dominant types of severe storms are 
TCs. In contrast to the slowly decelerating rates of long-term sea-level 
rise, hurricane activity in the northeastern Gulf of Mexico appears to 
have changed significantly over the latter half of the Holocene (Fig. 2). 
Reconstructions of event beds likely related to hurricanes from coastal 
ponds and embayments in the northeastern Gulf of Mexico indicate 
significant centennial-scale variability within much of the last 4500 
years, experiencing more frequent intense hurricane strikes than were 
suffered historically (Brandon et al., 2013; Lane et al., 2011; Rodysill 
et al., 2020; Fig. 2). In particular, the intervals between 4500 and 2300 
years ago and 1500 and 700 years ago were much more active in terms 
of intense hurricane activity in the northeastern Gulf of Mexico than in 
the last 700 years (Lane et al., 2011; Brandon et al., 2013). 

1.4. Choctawhatchee Bay tropical cyclone history 

Over the last few decades, TC storm surges overwashed the western 
part of Santa Rosa Island and deposited sand sheets in Santa Rosa Sound. 
Several TCs significantly impacted the eastern Santa Rosa barrier island 
over the last few decades. Hurricane Dennis, which made landfall in 
2005 as a Category-3 storm and created over 3 m surge at eastern Santa 
Rosa barrier; Hurricane Ivan, which made landfall in 2004 as a Category 
−3 hurricane and created 3–4 m storm surge; Hurricane Opal, which 
made landfall in 1995 as a Category −4 hurricane and created about 3 m 

Fig. 2. Sea level and hurricane variability in in 
northwest Florida (Donnelly and Giosan, 2008), A: 
Sea-level data from the Mississippi delta (open boxes; 
from Törnqvist et al., 2006) and northwestern Florida 
(black boxes; Wright et al., 2005). Boxes represent 
age and vertical uncertainties. Bars with arrows are 
dated terrestrial samples from northwestern Florida, 
and length of the arrow represents vertical uncer
tainty. b). Coarse fraction anomaly plot of Mullet 
Pond Florida representing hurricane events (Lane 
et al., 2011).   
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surge (National Hurricane Center, 2012) are some of them. During 
Hurricane Ivan, extensive inundation and overwash occurred within 
100 km from the storm center at landfall. Significant beach and dune 
erosion occurred as far as 300 km east of the storm center (Wang et al., 
2006). The island morphology changed from a discontinuous foredune 
backed by hummocky back-barrier dunes and maritime forest (at the 
cuspate headlands) to washover terraces at the headlands and washover 
corridors between headlands (Houser, 2008). 

Modern as well as Paleoclimate records for mid-late Holocene show 
tight coupling between the strength of El Ninὸ-Southern Oscillation 
(ENSO) and winter rainfall intensity (Donders et al., 2005; Cronin et al., 
2002). Records show establishing modern ENSO frequency between 
7000 and 5000 yrs. BP and increasing the ENSO intensification after 
3500 yrs. BP (Donders et al., 2005). While the future of hurricane ac
tivity in the Gulf of Mexico is uncertain, basic theory (e.g. Emanuel, 
1987), statistical relationships between large-scale climate parameters 
and TC activity(e.g., Mann et al., 2009), and downscaling global models 
(e.g., Emanuel, 2013; Knutson et al., 2007; Knutson et al., 2015) indicate 
that the intensity of TCs may increase as earth’s climate continues to 
warm from increased concentrations of greenhouse gases in the atmo
sphere. Some studies have concluded that we already see an increase in 
the frequency of the most intense storms (Elsner et al., 2008; Kossin 
et al., 2013; Webster et al., 2005) and overall North Atlantic TC activity 
has increased over the last several decades. However, these conclusions 
have been challenged due to the brevity and inconsistency of the 
instrumental record (Landsea et al., 2006). Alternatively, Sobel et al. 
(2016) suggest that detectable TC activity trends will only emerge if 
greenhouse gas forcing continues to outpace anthropogenic 
aerosol-related cooling over the coming decades. Many modeling studies 
point toward increasing TC intensity over the coming century, but the 
significant regional variance is likely with some locations seeing an in
crease in the intensity of TCs and others seeing little change or even 
decrease inactivity. The modeling of Knutson et al. (2015) points toward 
more Category 4 and 5 TCs in the Gulf of Mexico by 2100 CE. 

Detailed records of past hurricane activity are essential for under
standing hurricane variability on multidecadal to centennial time scales. 
The main objective of this study is to understand the complex sedi
mentary processes in back-barrier depositional environments and 
fundamentally assess their potential for hurricane reconstructions using 
Choctawhatchee Bay, Florida, an ideal site to study such processes in a 
large hurricane-prone back-barrier bay. 

2. Methods 

2.1. Fieldwork 

We mapped the subsurface strata in Choctawhatchee Bay with an 
Edgetech 512 (0.5–12 kHz) and 424 (4–24 kHz) Chirp shallow seismic 
systems from RV Seminole and RV Arenaria. Handheld GPS systems were 
used for navigation, and Kingdom Suite software was used to process 
and -visualize the Chirp data. An average seismic velocity of 1500 ms−1 

was used to convert the two-way travel time (TWT) to depth. The 
seismic and GPR surveys were used to scan the subsurface layers and 
identify undisturbed sediment sequence for coring (Figs. 1 and 3A). 

Six coring locations (CHO2, CHO3, CHO4, CHO6, CHO20, and 
CHO21) were selected for analysis based on seismic mapping/imaging 
(Figures1 and 3A). Coring was carried out using a concrete vibrator 
vibracorer and hand-driven with rods (CHO2, CHO3, and CHO4) and a 
Rossfelder P-3 underwater electric vibracorer (CHO6, CHO20, and 
CHO21) to collect continuous sediment cores of 4–9 m in length. Cores 
were collected in water depths between 8 and 12 m. Sediment 
compaction and/or rodding was minimal, and core recovery was 89% - 
99%. To ensure that we collected undisturbed sediment sequences near 
the surface. Hand-driven piston cores were collected with polycarbonate 
core tubes. Cores were sectioned in the field for transport, and they were 
split longitudinally in the lab for analysis and subsampling. 

2.2. Laboratory analysis 

All cores were stratigraphically logged, photographed, and radio
graphed (at 200 μm resolution) using ITRAX core scanner. The density 
contrast of sand and clay helps to identify the sand layers in radiographs. 
To understand the sea level influence and terrigenous input, chemical 
composition was determined at high resolution (1 mm) by scanning the 
cores with the X-ray Fluorescence Spectrophotometer (XRF detector) of 
the ITRAX core scanner having a Mo tube. Voltage was set for 30 kV, and 
30 mA current was applied for 10 s exposure time. For this study, the 
four longest cores (CHO21, CHO3, CHO6, and CHO20) were selected for 
detailed analysis. 

Visual and radiographs based core logging of the cores revealed that 
the sediment predominantly consists of siliciclastics. Loss on ignition 
(LOI) (Santisteban et al., 2004) analyses of selected test samples taken 
every 20 cm indicate organic content between 12 and 16% of the dry 
weight. Acid tests performed using 10% HNO3 for samples taken at 20 
cm intervals confirmed that sediment does not contain calcareous mud, 
and CaCO3 was found only in the form of micro and macrofossils. 
Therefore, to characterize barrier overwash events and terrigenous 
erosional events, we measured the particle size of bulk sediments in 
cores at 1–2 cm resolution, using a Beckman Coulter LS13320 particle 
size analyzer. When selecting a sample for particle sizing, visible shells, 
organic fragments, particles >2 mm were manually removed. 

Foraminiferal assemblage composition determined on the most 
landward core, CHO20, was used to understand the salinity changes 
associated with sea level and barrier changes. Approximately 1 cm3 

sample was taken at 20 cm intervals for analysis. Samples were washed 
through a 63 μm sieve and dried in an oven at 50 ◦C and again sieved 
through 125 μm and where the resultant larger fraction was used for 
analysis (>125 μm). Up to 200 foraminifera tests were picked (Patterson 
and Fishbein, 1989), identified, and counted for distributional analysis 
under a binocular microscope (4×). Online foraminifera identification 
guide (https://foraminifera.eu/) was used in the identification of 
species. 

2.3. Statistical methods 

A combined compositional data set was built using concentration 
data of nine elements (Cl, Fe, Ti, K, Ca, Se, Br, Sr, and Zr) for CHO 20, 
CHO21, and CHO6 sediment cores. Varimax Rotated Principal compo
nent analysis (PCA) was performed for the combined data set using the 
normalized concentrations of the above elements as variables to identify 
the key sources determining the chemical composition of the sediment. 
To examine whether distal and proximal sites can be separated based on 
chemical and grain size proxies, stepwise discriminant function analysis 
(DFA) was performed for the combined data set using the Mahalanobis 
distance classification method (Davis, 2002). The nine elements and 
grain size parameters d(10), d(50), and d(90) (The portion of particles 
with diameters smaller than d(10), d(50), and d(90 values were 10%, 
50%, and 90% respectively) were treated as independent variables. 

A set of statistical methods analyzed foraminiferal species distribu
tions. R mode clustering was used to identify sub-assemblages or asso
ciations within the total living foraminiferal assemblage. Cluster 
Analysis was performed using Ward’s method (Ward Jr, 1963) with 
combining minimum variance with a Euclidean distance based on the 
absolute abundance of the species. The results are displayed in a hier
archical dendrogram, indicating environmentally controlled associa
tions (Osterman, 2003; Van Hengstum et al., 2008). PCA was used using 
foraminifera species as variables to verify the sub assemblages further. 
Varimax normalized rotation method was used and PCs with eigen
values over one were extracted, and factor scores were used to explain 
the down-core variability of sub-assemblages, 
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2.4. Age determination 

Mollusc shells (bivalve and gastropod) and wood fragments were 
extracted at various depths for radiocarbon dating. When available, we 
selected terrestrial plant fragments for dating. When no terrestrial ma
terial was available, we selected small mollusc shells (~1–5 mm), taking 
special care to avoid shells in sand layers to reduce the likelihood of 
dating reworked material. When present, we selected intact articulated 
shells to avoid transported material. In a few cases, we dated bulk 
organic samples if shells and terrestrial macrofossils were not present. 
The gas accepting ion source method (GAIS) is a rapid and low-cost 
radiocarbon dating method developed by the National Ocean Sciences 

Accelerator Mass Spectrometry (NOSAMS) facility of the Woods Hole 
Oceanographic Institution (Roberts et al., 2013). If 30 mg of carbonate 
sample was available, we used the GAIS method at NOSAMS for radio
carbon dating. Standard AMS techniques were used for age dating the 
other samples (Table 1). Since the 13C value of an organic sample is 
indicative of whether it is derived from a marine or terrestrial envi
ronment, we used those values to select the radiocarbon calibration 
curve (Oehlert and Swart, 2014). Altogether, 51 samples were radio
carbon, dated from the six cores (Table 1). 

Radiocarbon results of marine samples were calibrated for secular 
changes in atmospheric radiocarbon concentrations with the Marine 13 
calibration curve (Reimer et al., 2013), using reservoir age of Map No 

Table 1 
Results of AMS and GAIS radiocarbon analysis. Calibrated ages and 2σ errors are given. Accession numbers begin with OS represent AMS dates while rest are GAIS. 
Numbers in italics were considered as outliers.  

Accession # Core Depth Type Age/yrs. BP δ13C Cal age/yrs. BP 2σ 

86,457 CHO2 D2 2:5 86–87 cm 186 Mollusc 3859 ± 126  3823.5 342.5 
86,458 CHO2 D2 3:5 15–19 cm 217 Mollusc 3582 ± 127  3477.5 328.5 
86,459 CHO3 D2 5:5 1–4 cm 451 Mollusc 4210 ± 125  4286 359 
86,460 CHO3 D2 1:5 2–3 cm 77 Mollusc 1333 ± 121  888.5 245.5 
86,461 CHO3 D2 1:5 48–49 cm 123 Mollusc 1066 ± 120  655.5 212.5 
86,462 CHO3 D2 2:5 40–43 cm 188 Mollusc 2753 ± 123  2464 304 
86,463 CHO3 D2 3:5 50–51 cm 300 Mollusc 3387 ± 128  3216 327 
86,464 CHO3 D2 3:5 92.5–96.5 cm 343 Mollusc 3519 ± 126  3391.5 329.5 
86,465 CHO3 D2 4:5 51 cm 400 Mollusc 3632 ± 125  3541 320 
86,466 CHO3 D2 4:5 64–67 cm 411 Mollusc 3696 ± 125  3620.5 319.5 
86,467 CHO3 D2 5:5 41.5–44 cm 492 Mollusc 3755 ± 126  3692.5 326.5 
86,468 CHO3 D2 5:5 94.5 cm 543 Mollusc 5618 ± 133  5997.5 296.5 
86,469 CHO4 D2 1:3 65–69 cm 151.5 Mollusc 791 ± 120  706.5 75.5 
104,590 CHO21D1_3of4_87 cm 642 Mollusc 4213 ± 100  4278 293 
104,591 CHO21D1_4of4_II _47 cm 794 Mollusc 5149 ± 102  5496.5 227.5 
104,592 CHO21_D1_2of4_132 cm 541 Mollusc 3531 ± 98  3407 254 
105,402 CHO20 D1 2:6 55 cm 180 Mollusc 7466 ± 23  7914 79.5 
105,403 CHO20 D1 1:6 63 cm 63 Mollusc 1121 ± 109  700 192 
105,404 CHO20 D1 3:6 7 cm 278 Mollusc 3583 ± 113  3483 296 
105,405 CHO20 D1 4:6 60 cm 475 Mollusc 4573 ± 115  4765 545 
105,406 CHO20 D1 6:6 96 cm 797 Mollusc 7653 ± 126  8030 270 
105,407 CHO6 D2 1:5 84 cm 84 Mollusc 891 ± 109  478.5 186.5 
105,408 CHO6 D2 2:5 82 cm 196 Mollusc 2904 ± 112  2620.5 280.5 
105,409 CHO6 D2 3:5 48 cm 302 Mollusc 3466 ± 113  3316.5 296.5 
105,410 CHO6 D2 4:5125 cm 523 Mollusc 4681 ± 115  4930.5 328.5 
105,411 CHO6 D2 5:5 53 cm 591 Mollusc 6248 ± 119  6693 293 
105,412 CHO6 D3 5:6 21 cm 636 Mollusc 6269 ± 120  6718 299 
105,413 CHO6 D3 5:6133 cm 748 Mollusc 6710 ± 122  7196.5 261.5 
105,418 CHO2 D2 3:5 3 cm 203 Mollusc 5491 ± 117  5878 270 
105,419 CHO2 D2 3:5 74 cm 274 Mollusc 3880 ± 113  3848.5 312.5 
105,420 CHO2 D2 4:5 79 cm 355 Mollusc 6568 ± 121  7051.5 279.5 
105,421 CH02 D2 5:5 50 cm 411 Mollusc 7330 ± 125  7790.5 243.5 
105,422 CHO4 D2 3:3 55 cm 385 Mollusc 3498 ± 113  3364 297 

OS-90477 CHO421–40 MICROC 124 Organic C 1160 ± 25 −19.5 1080.5 94.5 
OS-90622 CHO421–40MACSH 124 Mollusc 800 ± 25 0.2 413 84 
OS-90669 CHO421–40MACOC 124 Plant/Wood 285 ± 25 −26.53 361.5 73.5 
OS-93962 CHO21D21/3–105 cm 105 Mollusc 820 ± 25 0.34 426 87 
OS-93963 CHO21D22/3–61 cm 177 Mollusc 1150 ± 25 1.37 700.5 65.5 
OS-94147 CHO21D21/3–50 cm 50 Plant/Wood 90 ± 30 −26.53 143.5 121.5 
OS-94148 CHO21D23/3–14 cm 275 Mollusc 2810 ± 25 −1.31 2550.5 139.5 
OS-94149 CHO21D11/4–143 cm 405 Mollusc 3360 ± 25 −0.54 3215 116 
OS-94150 CHO21D12/4–56 cm 465 Mollusc 3450 ± 25 0.99 3311.5 102.5 
OS-94151 CHO21D12/4–110 cm 520 Sediment Organic C 4830 ± 30 −25 5118 143 
OS-94174 CHO21D13/4–43 cm 618 Plant/Wood 28,100 ± 160 −24.16 31,971 544 
OS-94175 CHO21D14/4-I -38 cm 733 Mollusc 5260 ± 30 1.24 5624.5 89.5 
OS-94176 CHO21D14/4-II -94 cm 841 Mollusc 6110 ± 40 0.02 6528.5 120.5 
OS-94314 CHO21D13/4–128 cm 683 Mollusc 5070 ± 35 0.87 5421 117 
OS-95165 CHO3D21/5–49 cm 124 Mollusc 1710 ± 30 −1.48 1257 86 
OS-95258 CHO20 D1 5:6–28 cm 588 Mollusc 5910 ± 30 1.02 6322 87.5 
OS-95424 CHO6D36/6–98 cm 857 Mollusc 7400 ± 50 1.3 7847 123 
OS-96575 CHO2_D2_2:5_96–97 cm 196 Mollusc 3760 ± 30 0.5 3690 120 

. 

Fig. 3. A)- A 3-D view of the spatial locations of shallow seismic profiles across coring sites. Modern tidal channel path is marked by an arrow. B) Interpreted seismic 
profiles showing stratigraphic units A, B and C and reflectors. Lower boundary of Unit B and reflector showing basement reflector and erosional unconformity 
(dashed line) are marked as R1 and R2. Thickness of the interpreted lines represents the strength of the reflector. 
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1782 (Hadden and Cherkinsky, 2015) (ΔR −3 and ΔR error 23), which 
was extracted from the Marine Reservoir ages database (Stuiver et al., 
2020) for the Choctawhatchee Bay. Terrestrial samples were calibrated 
using the Intcal13 calibration curve (Reimer et al., 2013). Because 
sediment preserves signals of the bay-wide marine influence, we use 
Sr/Ti, a proxy for marine influence (Rasmussen et al., 2020), to correlate 
prominent features between sediment cores to generate a composite 
depth scale. The effect of syn and post-depositional processes, such as 
erosion, variable sedimentation rates, or sediment compaction during 
coring can be addressed using this technique. As a test of the correlation 
between the cores, 14C dates can be transferred to the common depth 
scale (Darby et al., 2012 a). If the correlations are valid, then the CALIB 
calibrated 14C data will plot along with a coherent, functional trend 
versus the composite depth scale. If the correlations are spurious, there 
will be no significant relationship between the composite depth scale 
and age (Darby et al., 2012). This age-depth relationship provides us 
with an objective means of determining which 14C ages are valid and 
which are outliers. 

Sr/Ti data from cores CHO3, CHO6, CHO21, and CHO20 were 
plotted as a function of depth, and the signals from each core were 
correlated by insertion of depth–depth tie points to core CHO 20 to 
develop the composite depth scale (Fig. 4). These cores have sandy silt to 
silt grain size variability, and the maximum compaction/rodding was 
10%. Therefore, compaction/rodding was minimal and assumed to be 
uniform and progressive, as observed in homogenous sediment by 
Morton and White (1997). Since this correlation method addresses the 
effect of core compaction (Darby et al., 2012), no correction was made 
for compaction in constructing age models. When plotted, the 14C dates 
on the composite depth scale yielded r2 = 0.92 for n = 38 valid AMS 14C 
depth age pairs (Fig. 4) showing, a significant relationship between 
composite depths and ages. Therefore, a common age model for the 
western end of the bay was constructed using converted depths of the 
four cores CHO3, CHO6, CHO20, and CHO21 using R based WinBacon 
2.2 software (Blaauw and Christen, 2013) (Fig. 4), which uses Monte 
Carlo techniques to reconstruct Bayesian accumulation histories. Results 
are represented as calibrated years before present (cal yrs. BP), of which 
1950 CE is considered as the present by convention. 

3. Results 

3.1. Age model 

The composite age model built using WinBacon software v. 2.2 
(Blaauw and Christen, 2013) yielded bottom ages of ~7430 cal yrs. BP, 
6770 cal yrs. BP, and 7430 cal yrs. BP, 6250 cal yrs. BP for CHO6, 
CHO21, CHO20, and CHO3 cores respectively (Fig. 4). Except for the 
slight decrease in sedimentation rate (~0.04 cm yr−1) between 
~1200–1900 cal yrs. BP and missing sediment above the R2 unconfor
mity due to erosion (below describe under the results of the reflection 
seismic survey), sedimentation rates were almost constant (~0.1 cm 
yr−1) during the last 8000 yrs. period. Calibrated radiocarbon ages are 
given in Table 1. 

3.2. Reflection Seismic and grain size data 

CHIRP shallow seismic profiles indicate the sub-bottom stratigraphy 
of Choctawhatchee Bay (Fig. 3). Seismic reflectors are formed due to the 
density contrast of layers at stratigraphic boundaries. Sand layers within 
silty sediment form strong acoustic reflectors, allowing us to identify 
barrier overwash derived sand layers through their reflectivity (Goff 
et al., 2005; Freeman and Roberts, 2013). Sand layers interpreted based 
on seismic profiles were verified using sediment cores. Three seismic 
stratigraphic units bounded by prominent reflectors were identified. 
Unit A, which has few individual reflectors visible, is found below the 
prominent reflector R1. Reflector R1 is found at around 6 m below the 
sediment surface at CHO21 and CHO4 core sites in seismic lines 35 and 

5. Unit B, with a series of individual reflectors and having sandy sedi
ment than unit A, is found between prominent reflectors R1 and R2. 
These individual reflectors may represent sand layers deposited by 
overwashing events. Reflector R2 exists about 1 m below the sediment 
surface at CHO3 in lines 35, cuts through the horizontal reflectors, and 
reached about 3 m depth at CHO2, providing evidence of an erosional 
unconformity. The same can be found in Line 37 as well. In Line 005, the 
R2 reflector is located about 3 m below the sediment surface. Based on 
CHIRP profiles, this unconformity is found in an area of about 2.4 km2, 
and this erosional event scoured about 12 million cubic meters of 
sediment. Unit C also has a series of reflectors, including some promi
nent reflectors. In CHO4, Unit C is about 1.5 m thick. 

When considering the stratigraphic relationship, grain size mea
surements in sediment cores CHO21, CHO4, CHO6, CHO3, and CHO2 
confirm the presence of sandy layers at strong reflectors in seismic im
ages (Fig. 5). Core CHO21, which is 561 cm in length, has silty sand 
between 200 and 290 cm (1200–2300 cal yrs. BP) and below 520 cm 
(3800 cal yrs. BP) (Fig. 5). Core CHO4 has a significant increase in sand 
content up to 135 cm (~360 cal yrs. BP) depth from the abrupt sand 
layer at 285 cm (Layer 3). Sand peaks (>40% sand) centered around 55 
cm 165 cm, and 420 cm in the grain size plots are also evident in the 
grain size results of core CHO4 (Fig. 5). 

CHO3, which was extracted from 400 m and 1100 m distances from 
CHO4 and CHO2 respectively, is 536 cm long, and 0–190 cm (top to- 
2500 cal yrs. BP), 360–430 cm (~3400–3600 cal yrs. BP), 480–536 cm 
(~3700–6000 cal yrs. BP) depth intervals have silty sand units (coarser- 
grained units) (Fig. 5). Other depth intervals composed of clayey silt 
units. 

CHO6, which was extracted about 170 m north of CHO3, is 873 cm in 
length, has four stratigraphic intervals 0–200 cm (top to 2600 cal yrs. 
BP), 350–420 cm (~3600–4300 cal yrs. BP), 475–610 cm (~4800–6200 
cal yrs. BP) and 685–775 cm (~6700–7400 cal yrs. BP)) of increased 
grain size (sandy silt units) (Fig. 5). The grain size pattern of the upper 
550 cm of CHO6 is similar to that of CHO3. Radiographs well record 
distinct sand layers in sediment cores. Fig. 6 shows abrupt sand layers 
with sharp lower contacts between 122 and 252 cm section of the CHO6. 

CHO2, extracted from the area where the erosional unconformity 
occurs about 2 m below the surface (Fig. 3), is 408 cm in length. In
tervals 0–20 cm, 200–260 cm (~3500–3800 cal yrs. BP), and 410–470 
cm (> ~ 7300) have coarser material (silty sand). Abrupt and broad 
grain size spikes centered around 60 cm and 330 cm depths are also 
evident in the grain size results of CHO2 (Fig. 5). 

CHO20, which is the distal core, has coarse sand intervals at 
119–148 cm (1100–1700 cal yrs. BP), 174–213 cm (2200–2600 cal yrs. 
BP), 582–598 cm (5600–5700 cal yrs. BP), 640–650 cm (6700–6800 cal 
yrs. BP), and 715–725 cm (7250–7350 cal yrs. BP) (Fig. 8). 

Major event peaks (Layer 1–4) having significantly increased coarse 
fractions were identified after careful analysis of grain size distribution 
of individual layers. 

3.3. Geochemistry 

Principal component (PC) analysis identified 2 PCs explaining 76.8% 
of the total variability (Table 2a). XRF-PC1 has high correlations with 
Ca, Sr, and Zr, which are indicators for marine and beach sources 
(Carranza-Edwards et al., 2019; Goff et al., 2005) (Table 2b). XRF-PC2 
has higher correlations with Fe, Se, Ti, and K, which are proxy ele
ments of terrestrial sources (Gregory et al., 2015). XRF-PC1 scores are 
higher and XRF-PC2 lower in both CHO 6 and CHO21 sediment cores 
during the periods 3000–7000 cal yrs. BP and 300–1200 cal yrs. BP 
(Fig. 7), which likely indicates a higher degree of marine influence 
during these intervals (see discussion). Grain size follows XRF-PC1 in 
CHO6. In CHO20, XRF- PC1 has higher values during the periods 
6000–7000, 3000–5400, and 100–1000 cal yrs. BP (Fig. 7). Unlike in 
CHO6, grain size follows XRF-PC2 in distal core CHO20. 

Discriminant function analysis classifies distal sites with an accuracy 
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Fig. 4. Composite age model for Choctawhatchee Bay Fl. (A) Sr/Ti versus depth plots for CHO3, CHO6, CHO,21 and CHO20. Transfer functions were generated by 
correlating these Sr/Ti plots to interpolate them on to a common depth scale. (B) Sr/Ti versus interpolated depths of CHO3, CHO6 ad CHO21 . Depths were 
interpolated to CHO20 using the transfer functions(C). Correlation of Sr/Ti versus age plots of four cores obtained from both distal and proximal locations of the bay 
verify the accuracy of the regional age–depth model. (D). Correlation between interpolated depths vs ages . (E) of Age model constructed on CHO 20 depth scale using 
interpolated depths. Age model was constructed using Win Bacon 2.2 software Table shows the correlating depths of each core with CHO 20. 
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of 89.7% and proximal sites with an accuracy of 94.5% (Table 3). 
Structure matrix of DFA in which standardized beta coefficients are 
given for each variable in each discriminant (canonical) function, and 
the larger the standardized coefficient, the greater is the contribution of 
the respective variable to the discrimination between groups indicates 
that Fe, K, and D(90) have high coefficients for Function 1(Annex 1). 

3.4. Foraminifera assemblages 

A total of 32 species of foraminifera were identified in 43 sediment 
samples analyzed from CHO20. Twenty-four species with a relative 
abundance of >5% (>10 specimens per 200 individuals) in at least one 
sample were considered for statistical analysis. Taxa with unknown 
species were grouped into genera (Elphidium spp, Ammonia spp, Bolivina 
spp, and Quinqueloculina spp.), and less abundant species were grouped 
as minor spp. (Annex 2). A Factor analysis recognized three principal 
components (PC) having eigenvalues >1 (Table 4). These 03 factors 
explain 69.3% of the total variance. (Annex 3). The first component 
(PC1) explains 31.8% of the total variance, and Nonionella atlantica, 
Quinqueloculina spp, Bolivina spp, and minor spp show the highest cor
relation with PC 1. The second component (PC2) gain 21.4% of the total 
variance, and Elphidium spp, shows the highest positive correlation 
(0.562) while Ammonia spp. (−0.853) show the highest negative cor
relation. The third component (PC3) explains 16.1% with showing the 
highest positive correlation (0.895) with Buliminella elegantissima 
(Table 4). R mode cluster analysis recognized 3 clusters, and the 
dendrogram is shown in Annex 4. Combining the results of both cluster 
and PCA, 03 foraminiferal communities indicating three biofacies could 
be recognized (Table 5). Both cluster 1 and PC1 identify Quinqueloculina, 
Bolivina, Nonionella atlantica assemblage (Quinq-Bolivn- Nonio), which 
prefer higher salinities, between 25 and 40 PSU (Murray, 2006; Phleger, 
1960; Poag, 2015). This assemblage was abundant between 3100 and 
6500 cal yrs. BP (Fig. 9). Both Cluster 2 and PCA 2 identify Elphidium 
spp., which are abundant in brackish environments (Poag, 1981; Stew
art et al., 1994; Debenay, 2000; Debenay and Guillou, 2002). PCA 2 
scores were higher >7000 cal yrs. BP and started to decline after around 
2000 cal yrs. BP. Organic-rich environments that preferred Buliminella 
spp. (Murray, 2006; Mamo et al., 2013; Abu-Zied et al., 2008; Buzas- 
Stephens et al., 2014) show the highest correlation with PCA 3 and 

forms Cluster 3. They were abundant before (~6000 cal yrs. BP) and 
after (3000 cal yrs. BP). 

4. Discussion 

The results of this study show how spatially varying coastal processes 
account for the variations in stratigraphy of the Choctawhatchee Bay 
(Fig. 10). Most stratigraphically continuous sand layers, present at the 
proximal locations to the barrier, are not found in the distal site situated 
toward the north of the bay. Instead, a separate sequence of sand layers 
can be found in the distal bay (Fig. 11). A prominent erosional uncon
formity, which is found at proximal sites, is represented only by a sand 
layer at the distal site. Grain size variability shows that sediment dy
namics vary both spatial and temporarily. Nevertheless, as indicated by 
sediment chemistry and foraminifera assemblages, the temporal vari
ability of marine influence is bay-wide. 

4.1. Barrier dynamics and environmental changes in the proximal bay 

Grain-size variability and chemical compositional changes in prox
imal sediment cores to the barrier provide clues as to how the barrier 
contributed to changing the bay’s environment. CHO6 core has the 
longest record of grain size and chemical changes in the barrier’s 
proximal environment. 

4.1.1. Flooding Choctwahtchee estuary during the Holocene transgression 
(8000–7000 cal yrs BP) 

Increased terrigenous proxies and decreased marine chemical prox
ies in CHO6 indicate that the proximal environment of the present bay 
was a brackish coastal environment with more terrigenous input before 
7500 cal yrs. BP. During the late Pleistocene, most modern rivers dis
charged down to the continental slope, and estuaries were situated on 
the current shelf (Tsandev et al., 2010; Törnqvist et al., 2006). Fluvial- 
deltaic deposition occurred on the modern shelf. When the sea-level 
started rising at the end of the last glaciation, these sediment depo
centers migrated landward. Apalachicola estuary deltaic deposition 
occurred on the modern inner and mid-shelf between 10,000–7500 cal 
yrs. BP (Donoghue, 1993). Therefore, the terrigenous sediment-rich 
environment, reported in CHO6 before 8000 cal yrs. BP, likely 

Fig. 5. Down-core (depth) variation of sand % (>63 υm) in sediment cores situated along proximal transects . CHO 4, CHO3, and CHO2 are situated along Seismic 
profile 2 (Fig. 3) and CHO 21 and CHO 6 are situated on seismic profiles 1 and 3. horizontally Calibrated ages are shown in BP and relevant depth is shown by an 
arrow. Shaded areas indicate periods of high energy conditions. Significant event beds are marked by hick arrows (Pls refer to text for the significance). Dash line 
shows the unconformity surface. 
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represents the Choctawhatchee River estuary’s gradual conversion 
during the Holocene transgression. Unit A, found below the strong 
reflector R1 in seismic profiles 1–4, has no distinct layering, but this 
coarse sandy sequence can likely be considered as the flooding surface 
(basement) of this paleo-estuary (Fig. 3). Deposition of sediment having 
geochemical, textural, and foraminiferal evidence for prevailed brackish 
conditions occurred in CHO6, CHO20, and CHO21 sites 8 m below the 
present bottom surface (−18 m present msl) before 7500 cal yrs. BP. 
When compared to the marine proxy values reported in recent sediment 
deposited at the present bay in CHO6, CHO2, and CHO20, it is clear that 
higher values which are found at the base of the cores indicate more 
brackish conditions prevailed before 7500 cal yrs. BP (Figs. 7 and 8). 
Sea-level rise in the Northern Gulf of Mexico area was relatively rapid 
between 8000 and 10,000 yrs. BP and reached −13-14 m present mean 
sea level at around 8000 yrs. BP (Milliken et al., 2008; Törnqvist et al., 
2020). According to Otvos (2011) the Gulf level stood at -8 m before 
7000 yrs. BP. Therefore, the chronology of this freshwater -brackish 

estuary stratigraphic sequence transition is compatible with the regional 
sea-level record. 

About 1 m thick, shell-bearing, fining- upward sand layer (Layer 1) 
with sharp lower and upper contacts is found at 685–775 cm depth 
(~7000 cal yrs. BP) CHO6 core. A correlating >14 cm thick sand layer is 
found at 340 cm (326–340 cm) depth in CHO2 (Fig. 5). They might have 
been deposited by erosion and reorganization of a transgressive barrier 
by a possible storm event. A short period of decreased marine influence 
and lower sand content (Fig. 7) occurs above this sandy event bed 
(~6500 kyrs). 

4.1.2. Transition to a coastal plain estuary (between 7000 and 3500 cal 
yrs BP) 

This relatively low energy environment (i.e. less sand deposition) 
ended after another distinct sand layer occurred at 630 cm (Layer 1a) in 
CHO6 (Fig. 5). Breaching the transgressive barrier, likely by a storm 
event represented by layer 1a could have converted the partly closed 

Fig. 6. X radiograph showing abrupt sand layers occur in between 122 and 252 cm depth interval in CHO6 sediment core. Corresponding sand layers are labeled in 
CHO6 coarse fraction anomaly plot. 
No 10 layer shows the significant abrupt sand layer (Layer 3 in Fig. 5) occurred around 2600 cal yrs. BP. 
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brackish estuary into an open coastal plain estuary, as evidenced by the 
subsequent more significant marine influence shown in Fig. 7. Another 
distinct 40 cm thick shell bearing sand layer (Layer 2) with sharp lower 
and upper contacts occurs in CHO21 (265–380 cm), CHO3 (478–510), 
and CHO6 (469–525 cm) (Fig. 5). Layer 2 occurs just after 4930 cal yrs. 
BP may represent an overwash event. This event is also followed by a 
short period of decreased sand accumulation. After this decrease in sand 
accumulation, sand content and marine indicators increase in CHO4, 
CHO3, and CHO6 cores between 4300 and 3400 cal yrs. BP(Figs. 5 and 
7). Breaching the protective barrier could have resulted in this change at 
the proximal end of the bay. Unit B in seismic profiles (16–13 m) with 
clear intermittent reflectors may indicate this dynamic interval with sea- 
level rise, storm surges, and barrier migration occurred between 
~7000–3400 cal yrs. BP (Fig. 3). 

Table 2 
Results of the PCA of XRF data  

a. Total Variance Explained 

Component Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 3.298 47.120 47.120 3.298 47.120 47.120 2.997 42.810 42.810 
2 2.078 29.692 76.812 2.078 29.692 76.812 2.380 34.002 76.812 
3 0.619 8.849 85.661       
4 0.576 8.223 93.884       
5 0.240 3.423 97.308       
6 0.141 2.008 99.316       
7 0.048 0.684 100.000         

b. Rotated Component Matrixa 

Element Component 
1 2 

K 0.612 0.680 
Ca 0.953 −0.072 
Ti 0.519 0.687 
Fe −0.180 0.911 
Se −0.044 0.762 
Sr 0.951 −0.090 
Zr 0.712 0.147 

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser Normalization. 
a. Rotation converged in 3 iterations. 

Fig. 7. Downcore variation of physiochemical properties in the two longest proximal cores (CHO21 and CHO6) . Intervals with higher marine proxies are shaded in 
plain blue while periods with increased sediment grain size are marked with a dotted shading. Dashed guide lines show proxy values of the modern barrier protected 
bay determined based on upper most values. 

Table 3 
Classification Results of Discriminant function analysis (DFA) performed to 
classify distal and proximal sites based on chemical and grain size of sediments.    

Group2 Predicted Group Membership Total   

1 2 

Original Count Distal 6905 795 7700 
Proximal 716 12,366 13,082 

Ungrouped cases 0 1298 1298 
% Distal 89.7 10.3 100 

Proximal 5.5 94.5 100 
Ungrouped cases 0 100 100 

a. 92.7% of original grouped cases correctly classified.  
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4.1.3. Transition to a bar-built estuary (3500 to 2500) 
Grain size, chemical, and foraminiferal proxies indicate marine 

conditions significantly decreased during the period 2500–3000 cal yrs. 
BP, while clay and silty sediment, terrestrial input, and organic condi
tions increased (Figs. 7 and 9). Other than distinct episodic overwash 
sand layers, there was no significant sand supply into the bay during the 
interval 2500–3000 cal yrs. BP. Conversion of the transgressive barrier 
bar into a more stable barrier in response to the slowing down of sea- 
level rise around 4000–5000 cal yrs. BP (Milliken et al., 2008; Simms 
et al., 2007; Donoghue, 2011; Donnelly and Giosan, 2008) (Fig. 1) may 
have limited the connection between the Gulf and bay by 3000 cal yrs. 
BP (Fig. 10). Despite intermittent intense events, the storm frequency 
was generally lower in the Mullet Pond between 2800 and 3200 cal yrs. 
BP (Lane et al., 2011). This reduced storminess could have limited 
overwash and inlet formation converting the coastal plain estuary into a 
bar-built estuary. A new inlet might have formed to maintain the 
outflow of the Choctawhatchee River. However, geochemical and 
micropaleontological evidence shows reduced marine conditions during 
this period, suggesting any inlet was small and/or a significant distance 
from our area of study. Slowing sea-level rise and reduced storminess 
could have allowed forming a stable bay mouth barrier and reducing the 
marine influence to the bay by 3000 yrs. BP. Formation of the barrier 
island chain that forms the rim of the Apalachicola Bay, situated in 
northeastern Florida, and the building of deltas also started about 
3000–4000 yrs. BP (Donoghue, 1993). 

4.1.4. Inlet formation and reestablishing the marine condition 
Layer 3 is another distinct and continuous sand layer that occurs 

around 2500 cal yrs. BP in all proximal sediment cores (CHO21 at 280 
cm, CHO4 at 280 cm, CHO3 at 200 cm and CHO6 at 200 cm) (Figs. 5 and 
6). According to radiocarbon ages of CHO21, CHO3, and CHO6 cores, 
Layer 3 was deposited between ~2340–2900 cal yrs. BP, whereas 
Bayesian age models suggest an average age of 2326 ± 529 cal yrs. BP. 
Increased TC activity recorded during 2300–2800 cal yrs. BP in Mullet 
Pond (Lane et al., 2011) suggests that a surge from a strong TC could 
have deposited Layer 3 event bed. Sand supply in the proximal area of 

Table 4 
– Rotated component matrix of the principal componenet analysis of for
mainifera species. Highligted species show the highest correlation with the 
relavent PC.  

Rotated Component Matrixa  

Component 
1 2 3 

Buliminella elegantissma 0.104 0.092 0.895 
Quinqueloculina spp 0.769 0.464 −0.200 

Elphidium spp 0.130 0.562 0.374 
Ammonia spp −0.037 −0.853 −0.002 
Bolivina spp. 0.766 0.047 0.257 
Minor spp. 0.709 −0.178 0.257 

Nonionella atlantica 0.720 0.447 −0.125 

Extraction Method: Principal Component Analysis. 
Rotation Method: Varimax with Kaiser Normalization. 
a. Rotation converged in 10 iterations. 

Table 5 
Foraminiferal assemblages recognized by the PCA and cluster analysis and en
vironments indicated by the recognized assemblages.  

Cluster 
Assemblage 

Principal 
component 

Clustered Species Indication 

Assemblage 1 
(A1) 

PCA 1 Nonionella 
atlantica 
Quinqueloculina 
spp. 
Bolivina spp 

Marine environments 
Gregory et al., 2015, Poag, 
1981, Stewart et al., 1994,  
Debenay, 2000, Gischler 
et al., 2003, Hayward and 
Hollis, 1994, Hayward and 
Hollis, 1994, Murray, 2006 

Assemblage 2 
(A2) 

PCA 2 Elphidium spp. Brackish environment 
Poag, 1981, Debenay, 2000, 
Debenay and Guillou, 2002,  
Hayward and Hollis, 1994,  
Murray, 2006 

Assemblage 3 
(A3) 

PCA 3 Buliminella 
elegantissima 

Organic rich environments 
Gooday, 1993  

Fig. 8. Downcore variation of physiochemical properties in distal core CHO20. Intervals with higher marine proxies are shaded in plain blue while periods with 
increased sediment grain size are marked with a dotted shading. Event 4 which produced the R2 erosional event surface is marked by an arrow (4) on the grain size 
profile. Dashed guide lines show proxy values of the modern barrier protected bay determined based on upper most values. (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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the bay increased after this event, represented by Layer 3. Frequent sand 
layers between 1200 and 2600 cal yrs. BP(122–202 cm depth in CHO6) 
indicate that overwashing the weakened barrier or sediment transport 
through a new inlet formed by the Layer 3 event. However, the 
continuation of reduced marine conditions even after this event (Fig. 7) 
favours a weakened barrier rather than a new inlet formation. 

A distinct sand layer (Layer 4) occurs between 1000 and 1500 cal ys 
BP in both proximal (CHO3 and CHO4) (Fig. 5) and distal cores (CHO20) 
(Fig. 8). Marine proxies show the establishment of present conditions 
between 1000 and 1500 cal yrs. BP (Fig. 7). Therefore Layer 4 may have 
been the result of an intense cyclone that breached the barrier, which 
might have become lower due to frequent overwash by surges during the 
700–1500 cal yrs. BP stormy interval (Lane et al., 2011). Layer 4 chro
nologically correlates with a sand layer found above an erosional uni
formity dated ~1050 cal yrs. BP at the Basin Bayou attached to the north 
side of the Choctawhatchee Bay at its east end (Rodysill et al., 2020). 
Therefore, this event must have propagated through the Chocta
whatchee Bay, producing a strong storm surge. 

4.1.5. The erosive unconformity 
R2 reflector, which occurs between 12 and 15 m depth from the 

water surface (2–3 m from sediment surface) in seismic profiles, trun
cates sediment in the vicinity of CHO2 (to 4000 yrs. BP level), providing 
evidence of an unconformity surface that likely resulted from a signifi
cant erosional event (Fig. 3). A thick sand layer, possibly a lag deposit, 
occurs at the unconformity in CHO21 and CHO4 (Fig. 5). The uncon
formity reaches close to the surface in CHO6 and CHO3. At these sites, 
the thickness of the sand layer is also thinner than in CHO21 and CHO4. 
Radiocarbon dates from CHO21 suggest that this scouring event 
occurred just before 700 ± 65 yrs. BP. In CHO4, a peak in the coarse 
fraction is found between 360 ± 73 and 710 ± 75 yrs. BP, while in CHO6 
it lies just before 480 ± 187 cal yrs. BP. Therefore, we can assign 705 ±
99 yrs. BP for this event if we take the midpoint of the oldest upper date 
and the youngest lower date and propagate the uncertainty using a 
quadrature formula. Grain size plots of CHO21, CHO4, and CHO2 
clearly show an abrupt change of grain size into clayey silt above the 

unconformity, indicating a depositional environment change to a low 
energy setting. Since tsunamis are unlikely in the region, this erosive 
event most probably resulted from a high magnitude storm surge pro
duced by an intense TC. This surge could have easily encroached the 
coastal plain estuary through the inlet, scoured the bottom, and 
deposited the scoured material in the bay’s distal areas. Funneling 
through the inlet and changing the flow characteristics to subcritical 
conditions, when surge overwash the barrier, can scour the bottom of 
the bay. The depression formed by the erosional event was subsequently 
filled with sediment, brought by sediment transport processes such as 
currents and storm surges. No erosional uniformity is found at the 
CHO20 site, and this event is represented by a 4 cm sand layer that 
occurred at 60–63 cm depth (Fig. 8). 

4.1.6. Establishing present condition- back to a bar-built estuary 
As discussed above, a significant decrease in sedimentation is 

observed after R2 at CHO6 and CHO3, while other proximal sites record 
a significant decrease in sand content. This fine-grained sediment 
deposition continues till the present, indicating that the present-day 
barrier configuration was established after this erosive event at 700 
yrs. BP. The movement of the tidal inlet across CHO3 and CHO6 
(Fig. 3A) could have reduced sedimentation in the area. Unit A in 
seismic stratigraphy profiles, which is thinner and consists of coarser 
sediment on this unconformity surface in CHO3 and CHO6 region, also 
indicates reduced sediment deposition and higher energy conditions 
(Fig. 3). Therefore, we can identify this region as the modern tidal inlet 
of the bay. An increase in grain size is observed during the last 300 yrs. 

4.2. Environmental changes in landward reaches of the bay and tropical 
cyclone variability 

Geochemical proxy data for marine conditions (XRF PC1 and Sr/Ti) 
and foraminifera relative abundance data show that the distal site 
(CHO20) also responded to the environmental changes in the bay due to 
barrier dynamics resulted from sea-level rise and TC activity. In contrast, 
proxies for terrigenous input and particle size in the CHO20 show that 

Fig. 9. Down core variability of relative abundance of foraminifera assemblages. in CHO20 Age axis is based on ages based on the Bacon age models. Shaded area 
shows the period of increased marine influence as shown by Assemblage 1 (Marine). Dashed guide lines show proxy values of the modern barrier protected bay 
determined based on upper most values. 
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sedimentary processes in the distal bay are not sensitive to the barrier 
changes. The structure matrix of Discriminant Analysis also shows that 
terrigenous input and silt/clay have the highest correlation to Discrim
inant Function1 (DFA 1), identifying them as the most useful compo
nents in distinguishing distal and proximal sites. 

4.2.1. Changes in the estuary environment 
In CHO20, brackish environments preferred Elphidium foraminifera 

assemblage (PC2) (Debenay, 2000; Debenay and Guillou, 2002; Hay
ward and Hollis, 1994) became abundant around 7000 cal yrs. BP. 

Geochemical proxies of CHO20 were reached higher than the modern 
values before 8000 cal yrs. BP (Fig. 8). This evidence indicates that 
marine flooding of the freshwater dominant landward reaches of the 
former Choctawhatchee estuary during the Holocene transgression 
(Figs. 7–9). The abundance of the saline water (25–40‰) preferred 
Nonionella-Quinqueloculina-Bolivina assemblage (Debenay, 2000; Debe
nay and Guillou, 2002; Gischler, 2003; Hayward and Hollis, 1994; 
Murray, 2006) began to increase around 6500 cal yrs. BP (Figs. 8-9) 
providing evidence for the onset of the gradual transformation of the 
brackish estuary into a more saline estuary. 

Fig. 10. A cartoon showing the morphological 
changes in the Choctawhatchee Bay through the last 
8000 yrs. Figs. 1a-7a show the changes in the plan 
view. Figs. 1b-7b show the cross sectional view of 
changes in barrier related sedimentation. 1a-1b – 
Former Choctawhatchee river estuary 2a-2b- Gradual 
marine flooding due to sea level transgression. Over- 
washing of the transgressive barrier forms over- 
wash fan deposits. 3a-3b –Conversion to a coastal 
plain estuary. Formation of over-wash fans by hurri
cane events and migration of the transgressive barrier 
control the sedimentation. 4a-4b. – Conversion to a 
bar-built estuary after sea level stabilization. Closure 
of the western inlet restricted marine influence. 5a-5b 
–Frequent over-wash events during the intense hur
ricane active interval make the barrier weaker, lead
ing to form a new inlet. 6a-6b – Intense hurricane 
event scoured the bottom of the bay. 7a-7b- Estab
lishing the present conditions through the new inlet 
formation.   
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Marine chemical proxy records show higher variability at the distal 
site than the proximal sites showing higher sensitivity to changes in 
salinity conditions. A significant decrease in marine conditions is 
recorded around 5600 and 1000–3000 cal yrs. BP (Fig. 7–9). A decrease 
in Nonionella-Quinqueloculina-Bolivina assemblage and a significant 
decrease in geochemical proxies, and the increase in terrestrial proxies 
clearly show that salinity decreased and accumulation of terrestrial 
matter increased during the above intervals. Geochemical and forami
nifera proxies show that the salinity increased and present conditions 
gradually established after around 1000 cal yrs. BP. Figs. 7–9). 

Grain-size variability in the distal core CHO20, which has a different 
pattern than the core locations closer to the barrier, shows increased 
grain size centered around 7300, 6500, 5500, 3700, 2500, and 1000 cal 
yrs. BP (Fig. 8). Some of these intervals with larger grain size positively 
correlate (r > 1) well with terrestrial proxies (XRF PC2), suggesting that 
these intervals have a terrestrial origin in contrast to the barrier origin of 
the sand layers in the proximal sites (Fig. 8). Grain size and terrestrial 
proxies (XRF-PC2) of CHO20, as well as Mullet Pond coarse fraction 
anomalies positively correlate with west-central Florida precipitation 
record dominated by TC, convection and frontal rainfall (Baigorria et al., 
2007), providing evidence for increased supply of sand by enhanced 
precipitation during TC cyclone active intervals. 

4.2.2. Cyclone history in preserved landward sediment deposits 
Increased TC active periods recorded in Mullet Pond between 2300 

and 2800 cal yrs. BP and 600–1500 cal yrs. BP in Basin Bayou and 
Shotgun Pond FL (centered at 1000 cal yrs. BP) (Rodysill et al., 2020) 
and Spring Creek, FL (centered around 1000 cal yrs. BP) (Brandon et al., 
2013) correlate with increased grain size periods centered around 1000 
and 2500 cal yrs. BP in CHO20 (Fig. 10), implying that coarse terrige
nous input is related to extreme precipitation driven by TCs. Therefore, 
grain size peaks at this distal site cannot be from overwash fans of storm 
surges. They are more likely deposited from hinterland erosion during 
heavy TC driven precipitation or landward shore erosion by large waves 
generated by TC due to east-west fetch of the bay. 

5. Potential for paleo-hurricane studies in large coastal 
depositional environments 

Although paleo-hurricane studies are conducted in TC belts, using 
sedimentary archives in various coastal and marine depositional envi
ronments, the suitability of these environments to isolate signatures of 
TCs has to be identified with utmost care. Sedimentary archives only 
preserve evidence of events that exceed the local intensity threshold 
necessary to transport and deposit coarse-grained material to the 
particular back-barrier environment. For example, Salt Pond, a coastal 
pond in Falmouth MA, USA, records only severe TCs (Donnelly et al., 
2015). Donnelly and Woodruff (2007) show that sites closer to barriers 
in Laguna Playa Grande (LPG), Vieques, Puerto Rico are also not suitable 
to construct hurricane records because proximal sites to the barrier can 
receive sediment from localized breaching by less intense events. Such 
sites are also susceptible to erosion and truncation of the sediment re
cord by over-washing and inlet processes. Liu and Fearn (2000) argued 
that both very close to the shore and very far from the shore locations in 
coastal lakes are not favorable to isolate storm surge events. 

Choctawhatchee Bay is a suitable environment to assess the spatial 
potential of a large, bar built estuary to construct long TC records. Grain 
size variability since the mid-Holocene, in the proximal areas of the 
barrier bar, indicates that energy changes in the environment are driven 
by the barrier dynamics, which is controlled by both TC and sea level 
rise, making it difficult to isolate the TC signal. Changes in sand depo
sition due to the presence or absence of a barrier, sea-level related 
barrier movement, hiatuses in the record due to erosion by extreme 
events are some of the processes making the construction of a TC record 
difficult. However, as discussed above, distal sites within the bay, away 
from other sediment transport processes such as barrier migration and 
river discharge to the bay, are more suitable to construct TC records. 
However, locations very close to the landward shore may also not be 
suitable because there is a high possibility for sand deposition from bank 
erosion, even during moderate local wave/rain events. 

Similarly, locations proximal to streams or rivers may not be 

Fig. 11. Correlation of grain size variability in distal core with the regional cyclone record by Lane et al., 2011 Rodysill (in prep). The CHO 20 record does not 
correlate with the red colour intensity (ENSO) record (Moy et al. 2002) or west central Florida record (Soto 2005, Pollock et al. 2016)) but correlate with regional 
cyclone records. The Proximal record (CHO6) does not correlate with any other records. (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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conducive due to sand supply during and after rainfall events. Therefore, 
mid-bay locations, away from the barrier and river input but close 
enough to deposit sand by TC related extreme precipitation events, can 
help reconstruct long TC records of the Gulf of Mexico. However, basin 
size, river input, and topography have to be considered when selecting 
the sampling sites. 

6. Conclusions 

Grain size, physicochemical, and micropaleontological proxies pro
vide insight into the evolution of Choctawhatchee Bay during the Ho
locene. Frequent overwashing of the transgressive barrier was the main 
sediment transport mechanism into the bay during this Holocene 
transgression. After the Holocene sea-level transgression gradually 
submerged the former estuary of the Choctawhatchee River, it was 
transformed into an open coastal plain estuary between 6000 and 7000 
cal yrs. BP. Its saline conditions prevailed until a stable barrier bar was 
established between 3500 and 4000 cal yrs. BP due to slowing down 
post-deglacial relative sea-level rise and decreasing storminess. The 
stable mouth bar (barrier) potentially converted the Choctawhatchee 
bay into a bar-built estuary and isolated from the Gulf of Mexico by 
around 3000 cal yrs. BP. Possible inlet formation by a storm surge of an 
intense hurricane made landfall around 2500 cal yrs. BP, reconnected 
the bay to the Gulf. More frequent overwash of the barrier by TCs during 
the stormy period between 700 and 1500 cal yrs. BP may have further 
weakened the barrier. The present condition was established in the bay 
when a significant barrier erosion event occurred between 1000 and 
1300 cal yrs. BP, which correlates with an erosive event recorded at 
Basin Bayou at the northern end of the bay. A similar erosive event, 
which is most probably a high magnitude storm surge of an intense 
hurricane, has scoured about 2 m sediment in about 2.4 km2 area at 
around 705 ± 99 yrs. BP. Such strong erosive surges by TCs, irrespective 
of the distance from the beach, is a vital process that needs to be studied 
in detail. Even though barrier dynamics controlled marine influence 
throughout the bay, sediment processes were area-specific and 
controlled by single or multiple processes such as barrier dynamics, 
shore and hinterland erosion, and streams discharge. The proximal areas 
of such large bar built estuaries in hurricane-prone areas are not suitable 
for constructing paleo tropical cyclone records due to sediment transport 
related to sea-level related barrier dynamics. However, distal areas in 
such coastal systems, away from stream inlets, may provide suitable 
sediment archives preserving event signals produced by hinterland 
erosion from hurricane rainfall. 
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