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Abstract Tropical cyclones erode and remobilize coastal sediments but their impact on the deep ocean
remains unclear. Hurricane‐driven transport of carbonates and associated materials from reef carbonate
platforms to the deep ocean has important implications for carbon storage, deep ecosystems and ocean
chemistry as carbonate platform reef‐sourced aragonite and high‐Mg calcite (HMC) may dissolve and
contribute to deep water total alkalinity. Here we describe two hurricane‐driven resuspension events where deep
sediment plumes from the Bermuda Pedestal (NW Atlantic) were advected to deep waters surrounding the
Oceanic Flux Program (OFP) mooring site, ∼75 km southeast of Bermuda. Hurricanes Fabian (Cat. 3, 2003) and
Igor (Cat. 1, 2010) generated large near‐inertial waves propagating to >750 m depths, leading to widespread
sediment resuspension from the Pedestal. Following Fabian, carbonate fluxes at the OFP site increased 15‐fold,
32‐fold, and 6‐fold at 500, 1,500 and 3,200 m, respectively, with the 1,500 m flux equivalent to the total annual
carbonate flux. OFP traps similarly captured a large detrital carbonate plume following Igor; here, the plume
was shallower and persisted longer. Microscopy, geochemistry, and mineralogy confirmed that both plumes
consisted of fine‐grained shallow‐water detrital carbonates alongside other materials accumulated on the
Pedestal including phosphorus, lithogenic, authigenic, and pollutant elements. Clay‐sized particles (<4 μm) in
both plumes exhibited high contents of lithogenic and authigenic elements, and Zn, Cd, and V, facilitating their
transport over long distances. Grain‐size, elemental, and lipid composition indicated that plumes intercepted at
different depths originated from different source areas on the Pedestal.

Plain Language Summary This study demonstrates, for the first time, hurricane‐induced transport
of deep sediments from reef carbonate platforms to the deep ocean in near‐real time. This phenomenon has
important implications for the marine carbon cycle because carbonate platform‐derived carbonates may dissolve
in the deep ocean and contribute to its buffering and carbon storage capacities. Our paper focuses on two
hurricanes, Hurricane Fabian in 2003 and Hurricane Igor in 2010, that resuspended large amounts of sediment
from the Bermuda Pedestal, generating large plumes of detrital carbonate sediments that were transported
offshore to the deep waters surrounding the Oceanic Flux Program (OFP) mooring site 75 km southeast of
Bermuda. Fabian delivered a year's worth of the carbonate flux to the deep ocean in only 2 weeks. Hurricane‐
driven resuspension and offshore transport of carbonate platform sediments is also important for ocean
chemistry and deep ocean ecosystems as this process also transports phosphorus, lithogenic and authigenic
minerals, and pollutants, such as lead, that accumulate in reef platform sediments to the deep ocean.

1. Introduction
Shallow‐water reefs, globally distributed throughout the tropics and subtropics, build extensive flat‐topped reef
rimmed carbonate platforms (Pomar & Hallock, 2008), such as those found in the Caribbean, Red Sea, Indo‐
Pacific islands, and Great Barrier Reef (Laugié et al., 2019; Michel et al., 2019). Reef carbonate platforms
(active reefs as well as adjacent lagoons) play an essential role in sedimentary processes shaping geomorpho-
logical features of the shelf, slope, and basin environments (Markello et al., 2008; Thran et al., 2020; Tucker
et al., 1990).

Carbonate platforms are important components in the marine carbon cycle. Globally, coral reefs are estimated to
account for ∼50% of shallow water carbonate production and >25% of the carbonate buried in marine sediments
(Jones et al., 2015; Milliman, 1993). Platform carbonates largely consist of metastable detrital aragonite and
magnesian calcite synthesized by corals, coralline algae, and other carbonate‐producing reef organisms (e.g.,
Chave, 1954). Thus, offshore transport of carbonate platform‐derived sediments to deep waters also affects
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seawater chemistry and carbon cycling as detrital aragonitic and magnesian calcite may dissolve in the water
column or at the seafloor due to metabolic or environmental dissolution (Andersson, 2014; Milliman, 1993;
Sulpis et al., 2021).

Tropical cyclones frequently pass through low‐latitude areas having extensive carbonate platforms, providing
opportunities for large‐scale sediment resuspension and advective redistribution (e.g., Bianucci et al., 2018;
Patrick et al., 2022). Multiple factors, including wave intensity, winds, storm tracks, topography, sediment
composition, and water depth influence shallow sediment resuspension on carbonate platforms (Fabricius
et al., 2008; Harmelin‐Vivien, 1994; Jamison‐Todd et al., 2020). The shear stress produced by hurricane‐
generated upper ocean currents and waves can resuspend large volumes of sediments from as deep as ∼100 m
water depth (Teague et al., 2007).

Additionally, tropical cyclones also generate strong deep internal waves, which may break along deep slope
boundaries and lead to extensive sediment resuspension. Wind‐generated inertial motions within the mixed layer
radiate near‐inertial waves into the ocean's interior (Alford et al., 2016; Kawaguchi et al., 2016), with downward
energy propagation influenced by water column structure, circulation, and topography (Cheriton et al., 2021;
Spencer et al., 2016; Zedler et al., 2002). Sediment resuspension events related to deep internal waves impinging
on the seabed have resulted in turbidity currents and sediment plume formation (Larcombe & Carter, 2004; Liu
et al., 2012; Miramontes et al., 2020; van Haren & GostIaux, 2012).

Sediment transport from carbonate platforms to offshore waters is rarely documented by in situ data. Remote
sensing can evaluate shallow water sediment resuspension and transport triggered by hurricanes (e.g., Acker
et al., 2004, 2010), but remote sensing images are restricted to at most 100 m depth. Rather, most evidence of
advection of shallow‐water platform carbonates to the deep ocean has been obtained indirectly from topographic/
geomorphological studies, and sediment coring of nearshore regions and wash‐over fans (e.g., Jamison‐Todd
et al., 2020; Mattheus & Yovichin, 2018; Spiske et al., 2022), for example, geologic studies of bathymetric
data and sediment facies distributions in the Caribbean Islands (Browning et al., 2019; Jamison‐Todd et al., 2020)
and the Great Barrier Reef in Australia (Larcombe & Carter, 2004).

Morphosedimentary studies have observed the accumulation of fine‐grained shallow water carbonates in slope
and deep water sediments adjacent to carbonate platforms, evidencing mobilization and transport of carbonate off
the platform into surrounding basins. For example, reworked shallow‐water carbonate debris is found on the deep
margins of the Great Barrier Reef and Less Antilles (Dunbar & Dickens, 2003; Seibert et al., 2020; Thran
et al., 2020), the Bahama Bank (Boardman & Neumann, 1984; Heath & Mullins, 1984; A. C. Neumann &
Land, 1975), and the Bermuda Platform (Berner et al., 1976; Ericson et al., 1952; James et al., 2023; Mackenzie
et al., 1965). Farther offshore Bermuda, Ericson et al. (1952, 1961) additionally documented a thick turbidite
sequence of well‐sorted detrital carbonate in the abyssal plain southeast of Bermuda, highlighting the role of
turbidity currents in sediment transport. We have sampled the same turbidite feature, which consists of a thick
carbonate layer approximately 8–12 cm below the seafloor with extensive mixing of turbidite and pelagic sed-
iments at the flow margins (OFP unpublished observations).

Bermuda is the northernmost subtropical coral reef and carbonate platform in the world and is frequently
impacted by hurricanes. Since 1960, 46 hurricanes passing through the North Atlantic have passed within 300 km
of Bermuda. Approximately 60% of the 46 hurricanes passing near Bermuda since 1960 approached from the
south to southwest. Consequently, hurricane‐generated swells and waves generally have the greatest impact along
the southern and southeastern Pedestal (Smith Warner International, 2004). Previous studies have described how
hurricane events impact upper ocean physics and biology (Acker et al., 2010; Black & Dickey, 2008; Dickey,
Frye, et al., 1998; Malone et al., 1993; Zedler et al., 2002) and the particle flux (Pedrosa‐Pàmies et al., 2018, 2019)
in the open ocean.

Here we report the first real‐time in situ observations of resuspension, advection and settlement of platform‐
derived carbonates to offshore deep ocean waters during Hurricanes Fabian 2003 (Cat. 3, Sep. 2003) and Igor
2010 (Cat. 1, Sep. 2010). Both hurricanes induced massive sediment resuspension on the deep slope of the
Bermuda Pedestal and transported these sediment plumes offshore to the abyssal plain surrounding the Oceanic
Flux Program (OFP) sediment trap time‐series mooring site, ∼75 km southeast of Bermuda. Using a suite of
microscopic and chemical tracers (major and trace elements, lipids, carbonate isotopic composition, and
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mineralogy), we document the plumes' composition and provide evidence
that the Fabian and Igor plumes intercepted at different depths by the OFP
sediment traps were sourced from different areas on the Pedestal.

2. Study Area
Bermuda is situated in the North Atlantic subtropical gyre about 1,000 km
east of Cape Hatteras. The islands lie on an extinct Eocene/Oligocene shield
volcano, the Bermuda Pedestal, that measures approximately 130 km by
80 km at its base depth of 4,200 m (Figure 1 and Figure S1 in Supporting
Information S1). Capping the Bermuda Pedestal is a shallow (∼50 m depth)
reef carbonate platform (the Bermuda Platform) of approximately 650 km2

area (Coates et al., 2013; Courtney et al., 2016; Iliffe et al., 2011; Lavoie &
Matthews, 1983; Stanley & Swift, 1968) that is covered with 26–90 m thick
veneer of Quaternary carbonate sediment and limestone (Land et al., 1967).
The sediment was and is being produced today by corals, calcifying marine
algae and a myriad of calcareous invertebrates that thrive in the lagoons,
seagrass meadows, and reefs around the islands. The broad upper terrace of
the Platform (20–22 m depth) transitions to a distinctively steeper slope
starting at ≈55–65 m, which descends almost vertically to ∼100 m depth
(Coates et al., 2013; Iliffe et al., 2011) (Figure S1 in Supporting Informa-
tion S1). Seafloor samples collected along the southern margin of the

Bermuda reef platform slope between 40 and 468 m depth indicate the presence of limestones: coralline algal
boundstones variably constructed with ahermatypic corals, bryozoans, and the hydrozoan Millepora sp, and other
benthic components such as benthic foraminifera, serpulid worms, and gastropods. Increased abundance of
burrowed carbonate sand and silt is observed at the distal slope (230–468 m) (James et al., 2023 and references
therein). The Bermuda Pedestal geology has been summarized by Lavoie and Matthews (1983). The Pedestal has
significant topographic features such as ridges and canyons (Stanley & Swift, 1968). Its slope is most extreme on
its southeastern flank, deepening from 185 to 4,200 m depth over a distance of 37 km (Vacher & Rowe, 2004). At
depths below 1,000 m, the Pedestal sediments are a combination of detrital shallow‐water reef‐derived carbonates
remobilized from the Platform sediments (e.g., red and green algae, sponge spicules, bryozoan and coral parti-
cles), with lesser amounts of pelagic carbonates (e.g., ostracods, coccoliths, and planktonic forams) (Lavoie &
Matthews, 1983). Variability in grain size and carbonate content indicates discontinuous resuspension and
deposition of the swallow‐water carbonates on the deep Pedestal slope (Ericson et al., 1952; Lavoie & Mat-
thews, 1983). Additionally, the percentage of clay‐sized minerals from the erosion of red soils in Bermuda
limestone increases on the lower slopes of the Bermuda Pedestal (ibid).

The mineralogy and geochemistry of the Bermuda Platform and Pedestal sediments reflects the shallow‐water
reef‐sources of the carbonate limestones with lesser amounts eolian‐derived lithogenic minerals. Calcite and
low‐Mg‐calcite on the Bermuda Platform mostly originate from erosion of limestone and eolianite (Andersson
et al., 2007) and biogenic carbonate debris from corals, coralline algae, benthic foraminifera, bryozoans and
echinoderms, which is strongly dominated by aragonite and high Mg‐calcites (e.g., Chave, 1962; Neu-
mann, 1965). Relative abundances of aragonite, calcite (and low Mg‐calcite), and high Mg‐calcite ranges from
65%:26%:9% inside Harrington Sound (Andersson et al., 2007; Neumann, 1965), to 68%:11%:22% across the
northern reef lagoon (Chave, 1962), to 51%:16%:33% in sediments near active reefs (Figure S1 in Supporting
Information S1). The relative contribution of eroded limestone decreases toward the edge of the Platform while
contributions from high Mg‐calcite calcifiers such as benthic foraminifera and coralline algae increases (e.g.,
Courtney et al., 2016), resulting in increased relative concentrations of high Mg‐calcites to ∼40% at the Platform
edge (Chave, 1962; Andersson, unpublished data).

The detrital carbonate composition deeper on the Bermuda Pedestal slope reflects its shallow‐water origin and
diagenetic alterations. Between 1,000 m and 2,000 m depths, the relative percentages of carbonate minerals
average 28%–37% aragonite, 13%–29% calcite and 34%–50% high Mg‐calcite (Berner et al., 1976; Lavoie &
Matthews, 1983). Seawater saturation with respect to carbonate mineral phases decreases as a function depth and
becomes undersaturated below the depth where the mineral specific solubility product equals the in situ ion
concentration product (i.e., Ω = 1; saturation horizon) favoring net dissolution of aragonite and high Mg‐calcite

Figure 1. Map of Bermuda bathymetry and the locations of the Oceanic Flux
Program (OFP) mooring, the Bermuda Testbed Mooring (BTM),
Hydrostation S, and the Bermuda Atlantic Time‐series Study (BATS).
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(aragonite saturation horizon depth ∼2,400 m). This leads to an increasing relative abundance of calcite on the
deeper slopes of the Pedestal. For example, below 3,000 m depth 84% of the carbonate composition is comprised
of calcite with aragonite and high Mg‐calcite making up only 5% and 11%, respectively (Berner et al., 1976).The
Bermuda Time‐Series Site (Figure 1) southeast of Bermuda hosts several ongoing time‐series: the Hydrostation S
(since 1954) time‐series of hydrographic parameters (Michaels & Knap, 1996; Phillips & Joyce, 2007; Steinberg
et al., 2001), the Oceanic Flux Program (OFP, since 1978) time‐series of deep ocean particle fluxes (Conte
et al., 2001, 2025; Conte & Weber, 2014; Deuser, 1986), and the Bermuda Atlantic Time‐series Study (BATS,
since 1988) of upper ocean biogeochemistry (Lomas et al., 2013; Michaels & Knap, 1996; Steinberg et al., 2001).
The OFP time‐series has continuously measured the deep particle flux at 3,200 m depth since 1978, and at 500 and
1,500 m depth since 1984, with a temporal coverage of >90%. Between 1995 and 2007, the Bermuda Testbed
Mooring (BTM) time‐series of ocean physical and optical properties in the upper 750 m was located just south of
the OFP site (Dickey et al., 2001).

3. Methods
3.1. Remote Sensing Data

Hurricane information was obtained from the National Oceanic and Atmospheric Administration (NOAA) Na-
tional Hurricane Center (NHC)'s post analysis data product of hurricane position and intensity. Hurricane
translational speed was calculated using centered time differencing of changes in longitude and latitude at 6‐hr
interval.

Satellite images were obtained from NASA's Modis Aqua and Terra satellite products distributed by NASA's
Goddard Earth Sciences Data, Information Services Center (Ocean Biology Processing Group). Sea surface
temperature (SST) was obtained from the Moderate Resolution Imaging Spectrometer on the Aqua platform,
using 4‐km resolution Level 3 binned data. Sea surface height (SSH) data were obtained from the daily outputs of
the operational Mercator global analysis (spatial resolution of 0.083° × 0.083°).

3.2. Hydrographic Data

Bermuda Testbed Mooring (BTM) deployment #18 continuously collected temperature profiles during Hurricane
Fabian 2003 using Seabird MicroCATs (SeaBird Instruments, Bellevue WA) located at 2, 8, 19, 35, 47, 57, 72,
101, 151, 201, 501, and 751 m depths. Details of the BTM measurements are provided in Black and
Dickey (2008). Horizontal current measurements were obtained with an upward‐looking RDI 150 KHz Acoustic
Doppler Current Profiler located at 201 m depth, and with data averaged every 15 min and binned within 3‐m
vertical intervals with the deepest bin at 192 m.

During Hurricane Igor in 2010, the OFP mooring was equipped with a two‐dimensional acoustical current meter
(FASI ACM 2D, Falmouth Scientific, Falmouth MA) at 750 m depth. The instrument sampled data every 2 hours,
with duplicate measurements spaced 5 minutes apart.

Additional temperature profiles were obtained from CTD deployments at the BATS site collected pre (25 Aug
2003) and post Fabian (19 Sep 2003). Details of the BATS methodologies are provided in Steinberg et al. (2001).

3.3. Particle Fluxes

The OFP mooring and sample collection methods are provided in Conte et al. (2001). The OFP mooring uses
conical Parflux sediment traps (McLane Research Laboratories, Falmouth MA, USA) having a 0.5 m2 sampling
area. Traps are deployed at 500, 1,500 and 3,200 m depths and continuously collect the sinking particle flux at an
approximate biweekly resolution. Trap cups are filled with deep seawater brine (41 ppt) poisoned with ultra‐trace
metal purity HgCl2 (200 mg L−1) to prevent organic matter degradation. Before deployment, trap cups are filled in
a laminar flow hood with a trace metal clean brine (41 ppt), prepared from seawater collected at 3,000 m depth
using trace‐metal clean Go‐Flo bottles, poisoned with ultra‐purity mercuric chloride (200 mg L−1) to arrest
bacterial activity. Process and deployment blanks are collected during each deployment to assess potential
contamination.
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3.4. Analytical Methods

OFP sample processing: Sample processing protocols are described in Conte et al. (2001, 2003, 2019). Prior to
quantitative sample splitting, >1,000 μm‐sized material is transferred to a pre‐weighed Petri dish for photog-
raphy, removal of swimmers, and dried at 55°C for mass determination. The remaining, <1000 µm material is
split using a McLane rotary splitter (McLane Research Laboratories, Falmouth, MA, USA). Three subsamples are
designated for organic analysis and one for trace elemental analysis. The remaining subsamples (60%) are
recombined and fractionated into 500–1,000 μm, 125–500 μm, and <125 μm size fractions. For Hurricanes
Fabian (25 Aug‐8Sep 2003) and Igor (13–28 Sep, 28 Sep −12 Oct 2010) samples, the <125 μm fraction was
divided into additional size fractions to better characterize the hurricane sediment plumes. The 63–125 μm (“fine
sand”) and 37–63 μm (“coarse silt”) fractions were separated using stainless‐steel sieves. The 4–37 μm (“me-
dium‐fine silt”) fraction was concentrated by centrifuging 7 min at 1,000 rpm, and the supernatant containing the
<4 μm (“clay”) fraction was concentrated by centrifuging 10 min at 3,000 rpm (modified from Pedrosa‐Pàmies
et al., 2013). We note that for these detrital carbonate sediments the standard nomenclature commonly used for
these fractions is an operational definition only.

The larger size fractions (>125 μm) were quantitatively photographed (described below), dried at 55°C and
weighed to the nearest 0.01 mg. <125 μm size fraction was freeze‐dried and weighed. Mass flux was calculated
from combined weights of all size fractions.

Microscopy: Microscopy details are provided in Shatova et al. (2012). All >125 μm size fractions were quan-
titatively photographed using a Zeiss Stemi SV‐11 stereomicroscope with an Olympus DP73 camera (17.3 MP).
The sample dish was placed atop blue optical glass with a laser‐etched cm2 grid (Schott IMERA 4218, Schott
USA). Magnification, photographic, and illumination settings were tightly controlled to maintain image
uniformity.

Scanning Electron Microscopy (SEM) of larger size fractions of samples collected just after hurricane passage
was conducted using a Zeiss Supra 40VP instrument. Samples were coated with 5 nm of Pt before SEM imaging.

Carbonate analyses: Carbonate analyses were performed using a Coulometrics model 5011 coulometer (UIC
Inc.) equipped with a System 140 module for inorganic carbon determination. Analytical uncertainty is <1.8%
based on repeated measurements of flux material working standards. Carbonate δ13C and δ18O were analyzed
using a Finnigan MAT252 mass spectrometer following the procedure of Ostermann and Curry (2000).
Analytical precision was ±0.04 for δ18O and ±0.05 for δ13C based on the reproducibility of the internal WHOI
Atlantis II coral standard. Bulk and isotopic analyses are made on the <125 μm size fraction and converted to total
flux by assuming that the total mass composition approximates that of the <125 μm fraction which comprises
most of the mass.

X‐Ray Diffraction (XRD) analysis was conducted for the Fabian plume material collected in the 1,500 m OFP
trap. XRD was performed using a Scintag PAD V powder X‐ray diffractometer at the School of Ocean and Earth
Science and Technology at the University of Hawaii at Manoa. The X‐ray source was a copper anode tube
emitting X‐rays at 1.540562 Å for κα1. The detector was a solid‐state Ge detector. Data measurements were made
during two scans, the first covering 2°–60° 2θ at a rate of 1°2θ/minute and the second scan focusing on the main
Mg‐calcite peak between 28° and 32° 2θ at a rate of 0.1°2θ/minute. The average Mg‐calcite composition was
calculated from the d‐spacing offset of the calcite peak owing to incorporation of Mg following Bischoff (1985):
d104 = −0.29166 (XMgCO3) + 3.0350, where d104 is the d‐value of the Mg‐calcite peak obtained from the slow
scan and XMgCO3 is the mol fraction MgCO3. The last term (3.0350) is the d‐spacing of the main peak of pure
calcite.

A semi‐quantitative estimate of the relative mineralogical composition aragonite, calcite and Mg‐calcite in the
trap sample was calculated by integration of peak areas using processing software JADE (Materials Data Inc.,
MDI). The aragonite content was calculated from a relationship derived by Sabine (1992): %
Arag = 97.711 − 25.145e(−0.455×PAR) − 68.791×e (−4.952×PAR), where PAR is the peak area ratio of aragonite
(peak 111) to calcite (peak 104). The relative composition of Mg‐calcite and calcite was calculated directly from
the PAR of these mineral phases.

Organic carbon analyses: Particulate organic carbon (POC) and nitrogen (N) concentrations and stable isotopic
composition were analyzed using a Europa 20‐20 CF‐IRMS interfaced with the Europa ANCA‐SL elemental
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analyzer. Before analysis, carbonates were removed by pre‐treatment with 4% sulfurous acid using a modified
Verardo et al. (1990) method. Analytical uncertainty is <0.18% based on repeated measurements of flux material
working standards.

Elemental analysis: Elemental analyses were made on the total <1,000 μm material using a fusion‐Inductively
Coupled Plasma Mass Spectrometry (ICPMS) method developed for multi‐elemental analysis of flux material
(Huang et al., 2007). Briefly, the dried sample (4–6 mg) is fused with high purity lithium metaborate (LiBO2) flux
at 1,000°C in a dedicated combustion furnace, using a sample to LiBO2 flux ratio of 1:2.5. The fused sample bead
was dissolved in 1M HNO3 for ICPMS analysis. Samples were analyzed on a Finnigan Element 2 ICPMS at the
Woods Hole Oceanographic ICPMS Facility.

Lithogenic concentration was estimated from Si and Al concentrations, assuming that the Al flux was carried
mainly by lithogenic particles whose composition approximates that of pelagic clay sediments (25% Si and 8.4%
Al, Li and Schoonmaker, 2003):

[Lithogenic] =
[Al]
0.084

(1)

Biogenic Si was estimated by subtracting the lithogenic Si from the total Si and converted to opal assuming an
opal water content of SiO2·0.4H2O (Mortlock & Froelich, 1989).

Element enrichment factors (EF) were calculated relative to the average concentration of upper continental crust
(UCC) normalized to aluminum (Al) (Rudnick & Gao, 2003):

EF =

[X]sample
[Al]sample

[X]UCC
[Al]UCC

(2)

Phosphorus is the sum of particulate P (measured by ICPMS) and dissolved P lost into the supernatant during
sample collection. Dissolved P was analyzed using a Lachat autosampler (QuikChem FIA+ 8000 series, XYZ
Autosampler 500 Series). Typical sample c.v. is ∼2%.

Lipid analysis: Lipid analytical methods are detailed in Pedrosa‐Pàmies et al. (2018). An internal standard
mixture (n‐C21:0 fatty alcohol, n‐C23:0 fatty acid, 5α‐cholestane and n‐C36:0 alkane) was added to samples prior to
lipid extraction. Lipids are ultrasonically extracted using 2:1 CHCl3‐MeOH, transesterified using anhydrous 10%
methanolic HCl (55°C, 12 hr) (Christie, 1982), and trimethylsilylated using pyridine and N,O‐Bis (trimethylsilyl)
trifluoroacetamide + 1% Trimethylchlorosilane (BSTFA + 1% TMCS). The transesterified TMS derivatives were
analyzed on an Agilent 7890A GC coupled to a 5975C MS equipped with triple‐axis MS and FID detectors. A
Varian CPSil 5CB column (60 m × 0.25 mm diameter x 0.25 μm film thickness) was used for compound sep-
aration. Compounds were identified by mass spectra and quantified from their FID response relative to the in-
ternal standard. Analytical uncertainties range between 4% and 11%, based upon repeated analyses of samples
having similar lipid composition (Pedrosa‐Pàmies et al., 2018).

4. Results
4.1. Hurricane Fabian 2003

4.1.1. Hurricane Characteristics and Ocean Response

Hurricane Fabian passed through the region as a Category 3 storm with maximum sustained winds of 54 m s−1

and a central pressure near 950 mb. Fabian tracked 9° northward at 8.8 m s−1. Its eyewall was approximately
26 km west of Bermuda and 115 km west of the OFP mooring at 1800 UTC on Sep 5. Fabian generated 9 m
surface waves and a 3 m storm surge along Bermuda's south shore (Pasch et al., 2003). The 8‐day composite SST
shows a cool swath about 200 km wide centered about 140 km to the right of the hurricane track and over the OFP
site, with the SST ∼3°C lower than the surrounding waters (Figure 2a). Sea surface height (SSH) did not reveal
any strong mesoscale eddy features during Fabian (Figure 2b).

Fabian caused platform‐wide sediment resuspension, seen in a satellite image the day after Fabian (Figure 2c). In
the image, the platform rim is revealed by the distinct change in water color from cyan, corresponding to water
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rich in resuspended platform sediments, to dark blue. A surface sediment plume extends offshore south of the
platform, with one filament stretching toward the OFP site.

The BTM mooring provided in situ data as Fabian passed. Black and Dickey (2008) describe the upper ocean
response. SST decreased ∼3.5°C during Fabian's closest approach to the BTM (Sept 5), consistent with satellite
data. The mixed layer deepened from 20 to 50 m depth. Coincident warming between 17 and 92 m depths
indicated entrainment of thermocline waters. Surface currents > 160 cm s−1 were measured on Sep 6. Currents did
not drop below 30 cm s−1 until Sep 15, approximately 11 inertial periods later (inertial period = 22.8 hr). Vertical
velocities in the mixed layer were ∼10−4 m s−1, resulting in rapid downmixing to >130 m depth (Black &
Dickey, 2008).

Temperature oscillations measured by sensors on the BTM mooring evidenced generation of strong near‐inertial,
sub‐ and super‐inertial waves down to depths of at least 751 m, the deepest sensor on the BTM (Figure 3a). The

Figure 2. (a) Sea surface temperature (SST, °C) and (b) Sea surface height (SSH, m) after the passage of hurricanes Fabian
2003 and Igor 2010. The stars indicate the location of the OFP site, and the lines/circles correspond to the hurricane tracks.
(c) Satellite imagery taken the day after hurricanes passed Bermuda showing surface sediment plumes. The inset shows a
typical non‐hurricane disturbed satellite image of the Bermuda Platform.
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Figure 3. (a) Temperature records from sensors on the BTM mooring as Hurricane Fabian passed through (unpublished data, T. Dickey et al.). (b) Temperature structure
of the water column pre (25 Aug 2003) and post (19 Sep 2003) Fabian passage. (c) Current (top) and pressure (bottom) data collected at 750 m before and after Igor
passage through Bermuda (20 Sep 2010). Red hurricane symbols indicate timing of hurricane closest approach.
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BTM measured temperature profile of the upper 800 m water column during Fabian is compared with the pre‐
Fabian temperature profile to estimate wave displacements at the different depths (Figure 3b). Oscillations at
100 m depth recorded a wave displacement of ∼7 m at the base of the seasonal thermocline. Small temperature
oscillations within the ∼18°C subtropical mode water (150 and 201 m depth) revealed wave oscillations were in
phase with those in the seasonal thermocline.

Importantly, very large temperature oscillations in the deep water column indicated that the wave energy
generated by Fabian propagated downward at least 751 m depth (Figure 3a). Notably, a large abrupt temperature
increase was observed at both 500 and 751 m depths on Sep 5. We calculated wave isopycnal displacements (η)
using the formula of Black and Dickey (2008):

η =
∆T

dT/dz
(3)

where ΔT is the temperature displacement at 501 and 751 m for the oscillation peak (0.8 and 2.1°C, respectively)
and dT/dz is the temperature gradient of the depth interval bracketing the thermistor depths, measured by the CTD
cast eight days prior to Fabian (Figure 3b). Between 650 and 800 m the temperature gradient dT/dz was
0.026°C m−1, resulting in an initial isopycnal displacement of 80 m at 751 m depth. Between 450 and 550 m the
temperature gradient dT/dz was 0.0108°C m−1, resulting in a comparable initial isopycnal displacement of 75 m
at 501 m. Temperature oscillations remained above baseline until the end of the record on Sep 27.

We estimated vertical velocities (w) at 501 and 751 m depths using the formula of Black and Dickey (2008):

w =
4η
IP

(4)

where η is the isopycnal displacement and IP is the inertial period (22.8 hr). The estimated magnitude of vertical
velocities at 501 and 751 m were similar and on the order of 4 × 10−3 m s−1 for the initial deep internal waves
arriving at the BTM site on Sep 5.

Although we do not have direct evidence of interactions of these large deep internal waves with the Pedestal slope,
models and observational studies (e.g., Alford et al., 2012; Keen & Allen, 2000; H. van Haren et al., 2020) have
shown downward energy propagation by hurricanes producing deep internal waves of a similar magnitude deeper
than 500 m depth, which then interact with sloping boundaries to resuspend and transport large plumes of
sediments.

4.1.2. Particle Export to the Deep: Bulk Fluxes and Plume Carbonate Composition

Following Fabian, Total Mass Flux (TMF) increased 9‐fold at 500 m, 16‐fold at 1,500 m, and 4‐fold at 3,200 m
(Figure 4a, and Table 1). Notably, the TMFs at depths of 1,500 and 3,200 m were the highest measured at the OFP
site since 1978. The TMF at 1,500 m depth during the 2 weeks after Fabian was equivalent to ∼50% of the annual
TMF at this depth (average 12.7 g m−2 y−1).

The plumes intercepted by the traps contained primarily fine‐grained (<125 μm) particles (Table 1; Figure S2 in
Supporting Information S1): 91% of TMF at 500 m, 96% at 1,500 m and 94% at 3,200 m depths (Table 1),
significantly higher than that in the typical oceanic flux (annual averages: 51% at 500 m, 77% at 1,500 m and 81%
at 3,200 m).

Further grain size separation of the <125 μm particles was conducted for the samples collected during the
hurricane plume peak (Figure 5). The fine‐grained size distribution of the plume at 500 m depth was 35.7% 63–
125 μm size particles (“fine sand”), 20.2% 37–63 μm (“coarse silt”), 35.1% 4–37 μm (“medium‐fine silt”), and
0.5% < 4 μm (“clay”) (note that the size category definitions are operational only.) The 1,500 m and 3,200 m
plumes consisted of finer particles, with “fine silt”‐sized particles approximately 4% and 8% more abundant,
respectively. “Clay”‐sized particles were also more abundant in the 1,500 m and 3,200 m plumes by 0.1% and
0.4%, respectively (Figure 5).

The hurricane plumes were overwhelmingly composed of carbonates (88.2% at 500 m, 92.8% at 1,500 m, and
73.5% at 3,200 m) (Table 1). Relative to pre‐Fabian conditions, carbonate fluxes increased 15‐fold at 500 m, 32‐
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fold at 1,500 m, and 6‐fold at 3,200 m (Figure 4b). During the two‐week period after Fabian, carbonate fluxes at
1,500 m and 3,200 m depths were equivalent to ∼ 91% and ∼20% of the annual carbonate flux at these depths,
respectively (7.8 g CaCO3 m−2 y−1 1,500 m avg. 1984–2022, 8.1 g CaCO3 m−2 y−1 3,200 m avg. 1978–2022).

Microscopic analysis of the larger size fractions of plume material (>125 μm) showed the dominance of platform
reef‐sourced carbonate debris (Figure S3 in Supporting Information S1). Many fecal pellets and amorphous
particle aggregates contained abundant quantities of shallow‐water detrital carbonates such as coral and coralline
algae fragments, as well as typical pelagic biogenic carbonates such as coccoliths, foraminiferal and pteropod
shell fragments.

Carbonate stable isotopes, elemental ratios, and carbonate mineral composition provided further evidence of the
Pedestal carbonate origin of the hurricane plumes (Figure 6). Prior to Fabian's passage, the background carbonate
δ13C of the particle flux measured 0.63‰ at 500 m depth, 0.23‰ at 1,500 m depth, and −0.29‰ at 3,200 m
depth, and the background carbonate δ18O measured 0.15, 0.09‰, −0.02‰, at 500 m depth, 1,500 m depth, at
3,200 m depth, respectively. These values are typical of that of open ocean pelagic calcifiers at the OFP site
(Anand et al., 2003; Babila et al., 2014; Deuser et al., 1981; Gray, 2019; Jasper & Deuser, 1993; Juranek
et al., 2003; Steiger, 2019).

Figure 4. (a) Total mass flux (TMF), and (b) carbonate (CaCO3) and (c) particulate organic carbon (POC) fluxes at 500 m
(red), 1,500 m (orange) and 3,200 m (dark blue). Samples collected immediately after the hurricanes are shaded gray.
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Following Fabian, these values increased to approximately 1.5‰ at all depths. Carbonate δ18O decreased from
0.15‰ to −0.34‰ at 500 m depth, 0.09‰ to −0.59‰ at 1,500 m depth, and −0.02‰ to −0.27‰ at 3,200 m
depth. Carbonate δ13C increased from 0.63 to 1.64‰ at 500 m depth, 0.23–1.49‰ at 1,500 m depth, and −0.29–
1.40‰ at 3,200 m depth. The isotopic composition of the plumes lies within the range of δ18O and δ13C of neritic
biogenic carbonate production (approx. −1 to +3‰ and 0 to +5‰, respectively (Higgins et al., 2018; Swart
et al., 2009)).

Extreme increases in the molar Mg/Ca, Sr/Ca and Mg/Sr elemental ratios in the Fabian plume (Figure 6) also
evidenced the greatly increased percentages of aragonite and high‐Mg calcites in the plume relative to the typical
pelagic carbonate flux at the OFP site (Conte et al., 2019; Huang & Conte, 2009). The carbonate elemental

Table 1
Total Mass Flux (TMF) and Fluxes of Major Components in the Sample Collected Prior to Hurricane Passage and in the Plume Sampled After the Hurricane Passed
Over

Depth TMF <125 µm CaCO3 flux CaCO3 POC flux POC
Lipid content in

total POC P flux Opal flux Opal
Lithogenic

flux Lithogenic

(m)
(mg

m−2 d−1) (%)
(mg

m−2 d−1) (%)
(mg

m−2 d−1) (%) (%)
(mg

m−2 d−1)
(mg

m−2 d−1) (%)
(mg

m−2 d−1) (%)

Fabian

500 pre‐
hurricane

26.6 66.9 13.6 60.9 2.2 8.3 5.2 137.5 2.3 8.6 3.2 12.3

500 hurricane
peak

251.4 91.4 221.7 88.2 4.7 2.5 2.0 323.9 1.5 0.6 2.6 1.0

500 *flux ratio 9.4 16.3 2.1 0.4 2.4 0.7 0.8

1,500 pre‐
hurricane

31.5 84.1 16.6 52.6 2.3 7.2 4.9 59.3 3.0 9.6 3.4 10.7

1,500 hurricane
peak

510.0 95.8 473.3 92.8 10.2 2.0 1.2 310.3 2.4 0.5 11.2 2.2

1,500 *flux ratio 16.2 28.6 4.5 0.2 5.2 0.8 3.3

3,200 pre‐
hurricane

34.4 82.4 18.9 54.6 1.8 5.2 1.0 25.2 4.4 12.8 6.6 19.2

3,200 hurricane
peak

149.1 93.5 109.6 73.5 3.5 2.3 1.3 91.5 7.0 4.7 ND ND

3,200 *flux ratio 4.3 5.8 1.9 1.3 3.6 1.6 ND

Igor

500 pre‐
hurricane

26.1 76.3 14.6 67.3 2.4 9.1 7.1 176.6 1.2 5.4 1.9 8.4

500 hurricane
peak

732.2 95.3 716.9 97.9 6.4 1.2 2.1 463.5 6.4 0.9 3.5 0.5

500 *flux ratio 28.0 49.2 2.7 0.3 2.6 5.1 1.8

1,500 pre‐
hurricane

20.7 75.5 12.9 62.4 1.4 6.9 18.8 53.2 3.0 14.8 3.1 15.0

1,500 hurricane
peak

333.9 90.1 298.7 89.4 5.8 1.8 5.2 201.9 9.8 2.9 6.0 1.8

1,500 *flux ratio 16.2 23.1 4.1 0.3 3.8 3.3 1.9

3,200 pre‐
hurricane

27.7 77.2 15.3 59.7 1.3 4.6 2.4 25.0 3.0 10.6 5.6 19.8

3,200 hurricane
peak

143.9 86.7 137.2 95.3 2.5 1.8 1.8 76.9 2.5 1.7 5.7 4.0

3,200 *flux ratio 5.2 9.0 2.0 0.8 3.1 0.8 1.0

Note. For Hurricane Fabian, the pre‐hurricane sampling period was 11 Aug–8 Sep 2003 and plume sampling period was 8–23 Sep 2003. For Hurricane Igor 2010, the
pre‐hurricane sampling period was 14 Aug–23 Sep 2010 and plume sampling period was 13–28 Sep 2010. *Flux ratio is the ratio post‐hurricane/pre‐hurricane.
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composition of the plume is compared to background pelagic carbonates in
the sinking flux prior to the hurricane event (Figure S4 in Supporting Infor-
mation S1). The Mg/Ca ratio in the pelagic flux prior to Fabian ranged from
0.2 to 0.5, within the range of pelagic calcifying organisms (e.g., Anand
et al., 2003; Stoll et al., 2007) and consistent with the dominance of calcite in
the particle flux (Fabry & Deuser, 1991; Huang & Conte, 2009). During the
Fabian plume event, the Mg/Ca molar ratio increased 2‐fold at 500 m depth,
3.4‐fold at 1,500 m depth, and 2.0‐fold at 3,200 m depth. Similarly, the Sr/Ca
molar ratio in the plume increased 1.6‐fold at 500 m depth, 1.7‐fold at 1,500 m
depth, and 1.5‐fold at 3,200 m depth. The Mg/Sr molar ratio increased 1.3‐
fold at 500 m, 1.9‐fold at 1,500 m, and 1.4‐fold at 3,200 m depths (Figure 6).
These observations are consistent with a dominance of aragonite and high‐Mg
calcites in the Fabian plume.

XRD analysis of carbonates in the 1,500 m depth Fabian plume supported the
elemental data. XRD‐based estimates of the relative mineralogical compo-
sition of aragonite, Mg‐calcite and calcite in the Fabian plume were 43%,
46%, 11% respectively. This relative percentage of carbonate minerals is
consistent with reef‐sourced biogenic detrital carbonates characterizing the
Bermuda Pedestal sediments, which averaged between 40% and 50% of high
Mg‐calcite at depths ranging from 1,000 m to 2,000 m (Lavoie & Mat-
thews, 1983). In contrast, the pelagic carbonate flux is dominated by low Mg‐
calcite synthesized mainly by the coccolithophores and forams (Morse &
Mackenzie, 1990), with lesser amounts of aragonite synthesized mainly by
pteropods and minimal production of high‐Mg calcites (Fabry &

Deuser, 1991). The semi‐quantitative estimate of the relative carbonate percentage of the Mg‐calcite phase
averaged 14.1 mol% MgCO3. This is within the typical 13–15 mol% MgCO3 of the average Mg‐calcite
composition of shallow (<20 m) sediments (Pickett & Andersson, 2015; Andersson, unpublished), and similar
to the average mol% MgCO3 measured in mid slope sediments (11.5–12.5 mol % MgCO3, 1,475–2,800 m) of the
Bermuda Pedestal (Berner et al., 1976).

In contrast to the massive increase in the carbonate flux, opal fluxes did not increase significantly during the
Fabian plume event (Table 1).

Fluxes of P and lithogenic elements increased several‐fold during the Fabian plume event, indicating significant
transport of phosphorus and lithogenic materials that had accumulated on the Pedestal (Table 1). P fluxes
increased ∼2‐fold at 500 m, ∼5‐fold at 1,500 m and ∼4‐fold at 3,200 m. The lithogenic flux at 1,500 m depth
increased 3.3‐fold, partly due to the high lithogenic percentage in the plume material at this depth.

Pollutant elements (e.g., Pb, V, Cd, Zn, Cu) also increased significantly during the Fabian plume event (Table 2).
Pb fluxes increased ∼6‐fold at 500 m, ∼12‐fold at 1,500 m, and ∼2‐fold at 3,200 m depth, and V fluxes increased
∼3‐fold at 1,500 m. Cd fluxes increased ∼3‐fold at 500 m, ∼21‐fold at 1,500 m, and ∼4‐fold at 3,200 m, and Zn
fluxes increased ∼3‐fold at 500 m, ∼12‐fold at 1,500 m, and ∼2‐fold at 3,200 m. Cu fluxes also increased ∼2‐fold
at 500 m, ∼6 fold at 1,500 m, and ∼2‐fold at 3,200 m. Notably, the Pb flux at 1,500 m after Fabian was the highest
observed in the entire OFP elemental time‐series (2001–2015), and was equivalent of ∼50% of the annual Pb flux
at the OFP site (Conte et al., 2019).

POC fluxes also increased during the Fabian plume event (Figure 4c, Table 1). POC fluxes were ∼2‐fold higher at
500 and 3,200 m and ∼5‐fold higher at 1,500 m depth. The lipid percentage of the POC at 500 and 1,500 m depths
decreased from ∼5%–2% and to ∼1%, respectively, indicating the plume contained more refractory POC, further
evidence of a sedimentary origin. The lipid percentage of the POC did not increase at 3,200 m depth, reflecting the
low contribution of plume POC to the TMF.

Figure 5. Percentage of particle size fractions (>1,000 μm, 500–1,000 μm,
125–500 μm, 63–125 μm, 37–63 μm, 4–37 μm, and <4 μm) in the Fabian
(a) and Igor (b) hurricane plumes collected at 500 m (red), 1,500 m (orange),
3,200 m (blue).
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4.1.3. Fabian Sediment Plume Composition: Non‐carbonate Components

4.1.3.1. Element Enrichments and Particle Size Associations

The enrichment of non‐carbonate elements in the plumes was estimated by comparing the enrichment factor (EF)
of element X in the peak plume flux to the median EF in the particle flux (Conte et al., 2019):

EF hurricane sediment plume =
[X EF]hurricane peak flux

[X EF]OFP median flux
(5)

The plumes intercepted at all depths were consistently enriched in the pollutant element Pb and depleted in the
lithogenic element Ti. Otherwise, each depth exhibited a distinctive elemental signature (Figure 7). At 500 m

Figure 6. Carbonate stable isotope and molar elemental ratios in the flux at 500 m (red), 1,500 m (orange) and 3,200 m (blue)
prior to and after hurricanes Fabian and Igor. The flux samples collected immediately after the hurricanes are shaded gray.
(a) δ13C, (b) δ18O, (c) Mg/Ca, (d) Sr/Ca, and (e) Mg/Sr.
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depth, the plume was highly enriched in Mn, Cu and Zn and depleted in P, Ba and Co. At 1,500 m depth, the plume
was highly enriched in Zn and Cd, and slightly enriched in Cu and P. At 3,200 m depth, the plume was highly
enriched in Zn, Cd and P, and slightly enriched in Cu and Ba.

Strong positive correlations (p < 0.001) were observed between some elements and specific grain size fractions in
the hurricane sediment plumes (Table 3). Fabian and Igor results are discussed jointly in Section 4.2.2.

Table 2
Element Fluxes (μg m−2 d−1) Prior to Hurricane Passage and in the Hurricane Plume

Depth (m) Al Sc Ti Cu Ni P Zn Cd Fe Mn Ba Co Pb V

Fabian

500 pre‐hurricane flux 272.6 0.03 12.1 1.28 0.55 142.96 3.37 0.05 152.43 11.9 18.47 0.14 3.45 0.41

500 hurricane peak flux 216.8 0.03 ND 3.08 1.36 349.2 9.23 0.14 161.4 19.9 14.3 0.14 17.8 0.36

500 *flux ratio 0.80 0.84 ND 2.41 2.45 2.44 2.74 3.04 1.06 1.67 0.77 0.93 5.15 0.88

500 ** plume flux ‐ ‐ ‐ 1.80 0.8 206.3 5.86 0.10 8.98 8.00 ‐ ‐ 14.3 ‐

500 ** plume conc. ‐ ‐ ‐ 8.01 3.58 917.6 26.1 0.43 40.0 35.6 ‐ ‐ 63.7 ‐

1,500 pre‐hurricane flux 283.0 0.03 9.40 1.92 0.88 63.5 1.72 0.03 166.9 26.4 23.6 0.32 3.55 0.52

1,500 hurricane peak flux 939.4 0.13 17.3 11.2 3.86 339.1 25.4 0.45 589.6 84.1 82.6 0.79 34.8 1.86

1,500 *flux ratio 3.32 3.68 1.84 5.84 4.36 5.34 14.8 16.81 3.53 3.19 3.50 2.47 9.82 3.60

1,500 ** plume flux 656.4 0.09 7.86 9.31 2.97 275.6 23.7 0.42 422.7 57.7 59.0 0.47 31.3 1.35

1,500 ** plume conc. 1,371.7 0.19 16.4 19.5 6.21 576.0 49.5 0.88 883.4 120.5 123.2 0.99 65.4 2.82

3,200 pre‐hurricane flux 553.1 0.07 21.9 3.01 1.73 25.2 2.73 0.02 326.4 44.7 30.0 0.54 4.5 1.11

3,200 hurricane peak flux 587.4 0.09 11.6 4.68 1.58 91.5 4.8 0.06 346.8 41.1 45.7 0.42 9.93 1.16

3,200 *flux ratio 1.06 1.22 0.53 1.56 0.91 3.64 1.76 3.23 1.06 0.92 1.53 0.78 2.21 1.04

3,200 ** plume flux 34.2 0.02 ‐ 1.68 ‐ 66.4 2.07 0.04 20.5 ‐ 15.7 ‐ 5.45 0.05

3,200 ** plume conc. 298.5 0.14 ‐ 14.6 ‐ 578.7 18.1 0.38 178.5 ‐ 137.2 ‐ 47.5 0.43

Igor

500 pre‐hurricane flux 160.4 0.02 8.42 1.19 1.49 176.6 3.19 0.09 157.9 ND 15.4 0.12 1.45 0.92

500 hurricane peak flux 291.0 0.22 17.8 1.77 3.37 463.5 7.87 0.15 913.0 32.5 68.7 0.42 9.19 2.27

500 *flux ratio 1.81 9.12 2.12 1.49 2.27 2.62 2.47 1.74 5.78 ND 4.46 3.46 6.34 2.48

500 **plume flux 130.5 0.19 9.40 0.59 1.88 286.9 4.68 0.06 755.2 ND 53.3 0.30 7.74 1.35

500 ** plume conc. 184.9 0.27 13.3 0.83 2.66 406.3 6.62 0.09 1,069.5 ND 75.5 0.42 11.0 1.92

1,500 pre‐hurricane flux 262.1 0.04 12.9 1.48 0.72 54.0 1.46 0.02 178.8 20.9 22.1 0.22 1.86 0.61

1,500 hurricane peak flux 502.2 0.16 20.5 2.23 2.11 190.5 5.81 0.09 464.5 54.1 53.2 0.57 7.62 1.47

1,500 *flux ratio 1.92 3.96 1.59 1.50 2.92 3.53 3.98 5.52 2.60 2.59 2.40 2.51 4.09 2.41

1,500 ** plume flux 240.1 0.12 7.56 0.74 1.39 136.5 4.36 0.08 285.7 33.2 31.1 0.34 5.76 0.86

1,500 ** plume conc. 766.6 0.38 24.1 2.37 4.43 435.8 13.9 0.25 912.3 106.0 99.2 1.09 18.4 2.74

3,200 pre‐hurricane flux 467.1 0.07 22.8 2.57 1.02 25.0 1.28 0.03 314.4 32.1 29.5 0.31 2.64 1.11

3,200 hurricane peak flux 480.8 0.11 19.8 2.36 1.17 76.9 1.37 0.04 375.1 39.1 65.6 0.39 6.39 1.21

3,200 *flux ratio 1.03 1.58 0.87 0.92 1.15 3.08 1.07 1.42 1.19 1.22 2.22 1.26 2.42 1.09

3,200 ** plume flux 13.7 0.04 ‐ ‐ 0.15 51.9 0.09 0.01 60.8 6.98 36.0 0.08 3.75 0.10

3,200 ** plume conc. 117.6 0.34 ‐ ‐ 1.31 446.3 0.81 0.09 522.8 60.1 309.9 0.69 32.2 0.84

Note. For Hurricane Fabian, the pre‐hurricane sampling period was 11 Aug–8 Sep 2003 and plume sampling period was 8–23 Sep 2003. For Hurricane Igor 2010, the
pre‐hurricane sampling period was 14 Aug–23 Sep 2010 and the plume sampling period was 13–28 Sep 2010. *Flux ratio is the plume/pre‐hurricane ratio. The plume
elemental fluxes and concentrations (mg kg−1) were estimated by subtracting the pre‐hurricane flux from the plume flux. “‐“ indicates element flux was not elevated in
the plume. ND = no data.
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4.1.3.2. Lipids

Plume lipid composition in the three trap depths had distinctive fatty acid (FA), fatty alcohol (FAL) and sterol
compositions (Tables S1 and S2 in Supporting Information S1). At 500 m depth, the plume was enriched in 16:1
ω7, 18:1ω7 and 20:1ω11 monounsaturated FAs. At 1,500 m depth, the plume was enriched in long‐chained
saturated FA (26:0‐28:0), monosaturated FAs (20:1ω11, 20:1ω9, 22:1ω11), monosaturated FALs (16:1 and

Figure 7. Ratio of elemental enrichment factors (EF) in the plume to the median EF in the oceanic flux at 500 m (red), 1,500 m
(orange) and 3,200 m (blue) depths. EF ratios >1 indicate that the plume is more enriched in that element than in the typical
particle flux at that depth.

Table 3
Pearson Correlation (p < 0.001) of Percentage of Different Grain Particle‐Size Fractions With Elemental Concentration (mg/kg) in the Fabian and Igor Sediment
Plume Samples at 500, 1,500 and 3,200 m Depth

Element Associated primarily with
%Coarse sand
500–1000 µm

% Medium sand
125–500 µm

%Fine sand
63–125 µm

% Course silt
38–63 µm

%Medium‐fine silt
4–38 µm

% Clay
<4 µm

Mg Carbonates −0.076 −0.297 −0.118 0.461 0.436 −0.764

Ca Carbonates 0.398 −0.551 −0.607 0.575 0.728 −0.352

Sr Carbonates 0.381 −0.462 −0.516 0.564 0.618 −0.442

Al Lithogenic minerals 0.603 −0.172 −0.616 0.036 0.181 0.926

Sc Lithogenic minerals 0.103 0.288 −0.005 −0.349 −0.334 0.804

Ti Lithogenic minerals 0.384 0.335 −0.169 −0.027 −0.468 0.889

Fe Lithogenic/Authigenic 0.273 0.021 −0.227 −0.272 −0.103 0.900

Ni Lithogenic/Authigenic 0.669 −0.331 −0.745 0.116 0.413 0.802

Cu Lithogenic 0.777 −0.586 −0.938 0.385 0.634 0.664

Total Si Biogenic/Lithogenic 0.105 0.512 0.029 −0.253 −0.426 0.647

Total P Organic matter 0.367 −0.032 −0.209 0.293 0.119 −0.349

Zn Organic/pollutants 0.415 −0.623 −0.705 0.773 0.668 −0.146

Cd Authigenic/pollutants 0.235 −0.627 −0.606 0.906 0.524 −0.128

Mn Authigenic/lithogenic 0.474 −0.044 −0.503 0.076 0.026 0.908

Ba Authigenic/lithogenic 0.256 0.031 −0.257 −0.039 −0.218 0.953

Co Authigenic/lithogenic 0.407 −0.020 −0.429 −0.029 0.017 0.887

Pb Pollutants 0.768 −0.547 −0.908 0.708 0.539 0.352

V Lithogenic/Pollutants 0.314 0.009 −0.288 −0.207 −0.068 0.909

Note. Red and green color highlight significant negative and positive correlations, respectively. Green bold values are r > 0.7, so more significantly positively correlated.
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18:1). At 3,200 m depth, the plume was enriched in saturated 14‐28:0 FA, monosaturated FA (18:1ω7, 18:1ω9,
20:1ω11, 20:1ω9, 24:1), polyunsaturated FAs, saturated C12 and C16 FAL, cholesterol (C27Δ5), and stanols
(C26Δ22, C27Δ22, C27Δ0, C28Δ0) (See Table S2c in Supporting Information S1 for sterol abbreviation details). The
20:1ω11 FA was the only compound consistently enriched at all depths.

4.1.4. Persistence of the Advected Sediment Plume

Advected plumes primarily impacted the particle flux during the 2‐week period (8 Sep‐12 Oct) following Fabian
passage. However, while the flux largely returned to typical values in the next sampling period, the Mg/Sr ratio of
fine (<125 μm) flux material at 1,500 m depth remained elevated for two months (Figure 6), indicating continued
minor presence of shallow water carbonates and their removal by suspended particle repackaging (e.g., Figure S3
in Supporting Information S1).

4.2. Hurricane Igor 2010

4.2.1. Hurricane Characteristics and Ocean Response

Hurricane Igor passed 159 km west of the OFP mooring at 2200 UTC on Sept 19, 2010, as Category 1 storm with
winds of 33 m s−1 and a central pressure near 953 mb (Figure 2a). Igor also tracked northward at 9° but about 65%
of the speed (5.7 m s−1) of Fabian. Igor's eyewall passed 65 km west of Bermuda at 0200 UTC on September 20.
Waves >4.6 m and a minor (0.53 m) storm surge were observed on Bermuda's south shore (Pasch & Kimber-
lain, 2006). No significant mesoscale features were present as Igor passed (Figure 2b).

The upper ocean temperature response to Igor was comparable to Fabian. A regional cooling of ∼3.1°C was
observed in a ∼350 km‐wide swath centered about 150 km to the right of the hurricane track (Figure 2a). The
current meter deployed at 750 m on the OFP mooring showed an increase in currents between Sep 22 and 27
(Figure 3c). Using pressure and temperature sensors on the current meter we estimated wave isopycnal dis-
placements (Equation 1). Estimated isopycnal displacement was 92 m using the pressure data and 89 m using the
T data (assuming a T gradient of 0.026°C/m between 650 and 800 m). This displacement was comparable to that
measured during Fabian. Temperature and pressure oscillations remained elevated until 27 Sep 2010.

Igor's passage also triggered massive platform‐wide sediment resuspension (Figure 2c). The satellite image the
day after Igor shows a sediment plume southeast of Bermuda stretching ∼60 km offshore. The similar hurricane
track and plume dispersion patterns of Igor and Fabian suggest that Igor similarly generated strong deep internal
waves that broke on the Pedestal, although the dynamics likely differed due to differences in hurricane charac-
teristics (e.g., Dickey, Chang, et al., 1998).

4.2.2. Particle Export to the Deep: Bulk Fluxes and Plume Carbonate Composition

Following Hurricane Igor, TMFs increased 25‐fold at 500 m, 18‐fold at 1,500 m, and 6‐fold at 3,200 m depths
(Figure 4 and Table 1). The highest TMF was observed at 500 m depth (11.0 g m−2), in contrast to Fabian where
the highest TMF was observed at 1,500 m depth. The TMF at 500 m depth in the two‐week period following Igor
was the largest observed at the OFP site since 1978 and was equivalent to ∼70% of the annual TMF at that depth.

As in Fabian plumes, Igor plumes were overwhelmingly fine‐grained (<125 μm) particles (91% at 500 m, 96% at
1,500 m and 94% at 3,200 m depths) and detrital carbonates (Table 1, Figure S2 in Supporting Information S1).
The Igor sediment plume at 500 m depth had very similar grain size distribution as Fabian, with 41.5% 63–125 μm
sized particles (“fine sand”), 18.0% 37–63 μm sized particles (“coarse silt”), 35.5% 4–37 μm sized particles
(“medium‐fine silt”), and 0.3% < 4 μm sized particles (“clay”). In contrast, the Igor plumes at 1,500 and 3,200 m
depths consisted of higher percentages of 63–125 μm sized particles and lower abundances of 4–37 and 37–63 μm
sized particles (Figure 5).

Carbonate percentages in the Igor plumes (97.9% at 500 m, 89.4% at 1,500 m, and 95.3% at 3,200 m) were higher
than observed in the Fabian plumes. Carbonate fluxes increased by 48‐fold at 500 m, 26‐fold at 1,500 m, and 9‐
fold at 3,200 m. During the 2‐week period after Igor, the carbonate flux at 500, 1,500 and 3,200 m depths
accounted for ∼225%, ∼50%, and ∼25% of the annual CaCO3 flux at those depths, respectively. Over the 43‐day
period after Igor, the carbonate fluxes at 1,500 and 3,200 m depths corresponded to ∼75% and ∼60%, respec-
tively, of the annual carbonate flux at these depths.
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As in the Fabian plume, stable isotope and elemental signatures of carbonates confirmed the Igor plume was
mainly of shallow water detrital carbonate origin and most likely enriched in aragonite and high‐Mg calcites.
Carbonate δ13C was enriched (∼1.5‰), and δ18O depleted (∼‐0.4‰). Compared with prior to Igor's passage,
Mg/Ca molar ratios in the plume were 2.6‐fold higher at 500 m, 2.7‐fold higher at 1,500 m, and 2.3‐fold higher at
3,200 m depths. Sr/Ca and Mg/Sr molar ratios also increased ∼1.6‐fold at all depths (Figure 6 and Figure S4 in
Supporting Information S1). The larger size fractions of the Igor plume also contained large amounts of reef
debris and aggregates contained abundant detrital carbonate materials (Figure S3 in Supporting Information S1).

The lithogenic and opal percentages of the Igor plumes differed from the Fabian plumes (Table 1). The lithogenic
percentage of the Igor plume at 500 m (0.5%) and 1,500 m (1.8%) depths was 50% and 20% lower, respectively,
than in Fabian plumes at these depths. In contrast, the opal percentage of the Igor plume at 500 m (0.9%) and
1,500 m (2.9%) depths was 50% and 5‐fold higher, respectively, than in the Fabian plumes.

Despite the depth differences in the Fabian and Igor plumes, increases in POC and P fluxes were similar in both
events (Table 1). POC fluxes increased 2.7‐fold at 500 m, 4.1‐fold at 1,500 m and 2.0‐fold at 3,200 m during Igor,
in comparison to 2.1‐fold, 4.5‐fold and 1.9‐fold, respectively, during Fabian. P fluxes increased ∼2.6‐fold at
500 m, 3.8‐fold at 1,500 m and 3.1‐fold at 3,200 m during Igor, in comparison to 2.4‐fold, 5.2‐fold and 1.6‐fold,
respectively, during Fabian.

Elemental fluxes differed significantly between the Igor and Fabian events (Table 2). At 500 m depth, the relative
increase in fluxes of Sc, Ti, Fe, Ba, Co and V was significantly larger during the Igor event while that of Cu and
Cd was significantly lower. At 1,500 m depth, the relative increase in fluxes of Al, Ni, Fe, Ba and V and especially
the pollutant elements Cu, Zn, Cd and Pd in the Igor event was significantly lower than during the Fabian event,
while fluxes of Sc, Ti, Mn and Co were comparable. Smaller differences were observed at 3,200 m depth, where
the plume influence on the TMF was small. The relative increase in 3,200 m fluxes of Ti, Ba and Co was slightly
larger during the Igor event, while that of Cu, Zn, and Cd was slightly lower.

The lipid flux and composition also differed between the Igor and Fabian events (Tables S1 and S2 in Supporting
Information S1). At 500 m depth, Total Extractable Lipid (TEL) flux was 40% lower during the Igor event while
the hopanoid (HOP) flux was 50% higher, indicating a HOP enrichment in plume lipids. At 1,500 m depth, both
sterol (ST) and HOP fluxes increased 3‐fold but TEL flux remained constant, indicating significant enrichment in
both ST and HOP in plume lipids. At 3,200 m depth, both fatty acids (FA) and ST were slightly enriched in the
flux.

4.2.3. Igor Sediment Plume Composition: Non‐carbonate Components

4.2.3.1. Element Enrichments and Particle Size Associations in the Fabian and Igor Plumes

Element enrichment in the Igor plume relative to the typical oceanic flux was assessed in the same manner as for
the Fabian plume (Section 4.1.3.1). As with the Fabian plume, significant differences in elemental enrichments
were observed in the Igor plume intercepted at the three trap depths and there were also differences in elemental
composition between the Igor and Fabian plumes intercepted at the same depths (Figure 7). At 500 m depth, the
Igor plume was highly enriched in Sc, Fe, Mn and V and moderately enriched in Ni, Ba, Co and Pb in comparison
to the Fabian plume. The Sc, Fe and V enrichment in the Igor plume at 500 m depth was much higher than in the
corresponding Fabian plume while the Pb enrichment was much lower. At 1,500 m depth, the Igor plume was
moderately enriched in P, Zn, Cd and Pb, while the Fabian plume was highly enriched in Zn, Cd and Pb. At
3,200 m depth, the Igor plume was enriched in P, Cd, Ba and Pb while the Fabian plume was enriched in P, Zn, Cd
and Pb.

Strong positive correlations (p < 0.001) were observed between elemental composition and some grain size
fractions in the both the Fabian and Igor plumes (Table 3). Elements primarily associated with carbonates (Ca,
Mg, and Sr) demonstrate a strong positive correlation (Pearson r > 0.6) with silt‐sized particles (4–37 μm and 37–
63 μm). This correlation is consistent with the well sorted calcareous silts in mid‐slope surface sediments on the
Bermuda Pedestal (Ericson et al., 1952; Lavoie et al., 1983).

In contrast, elements associated with lithogenic and authigenic minerals (Al, Sc, Ti, Fe, Ni, Cu, Mn, Ba, Co), were
positively correlated (Pearson r > 0.8) with clay‐sized particles (<4 μm). The pollutant V was also strongly
positively associated with <4 μm particles, which agrees with the fact that significant amounts of vanadium are
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retained in refractory organic matter or clay minerals (Breit & Wanty, 1991). In contrast, lithogenic elements Al,
Ni, and Cu were strongly correlated (r > 0.60) with particles in the 500–1,000 μm size fraction.

Pb, Cu, Zn and Cd exhibited a strong correlation with silt‐size particles (4–37 μm and 37–63 μm). Additionally Pb
and Cu also were associated with the larger particle size fraction (500–1,000 μm). The association of Pb in the
larger size fraction could reflect its incorporation into biogenic carbonates (Kabata‐Pendias, 2001).

4.2.3.2. Lipids

The lipid composition of the Igor plume also differed among depths (Table S2 in Supporting Information S1). At
500 m, the plume was enriched in long‐chain saturated FA (24‐28:0), the sterols C28Δ5 and 4αC30Δ22, and the
stanols C27Δ0, and C29Δ0. At 1,500 m, the plume was enriched saturated FA (22‐28:0), monounsaturated FA
(20:1ω11, 20:1ω9, 22:1ω11), saturated FAL (20‐24:0), and in total sterol and stanols. At 3,200 m, the plume was
enriched in saturated FA (14‐16:0), monosaturated FAs, polyunsaturated FAs (20–22), saturated 16:0 FAL, the
sterols C27Δ5,22, C28Δ5, C29Δ5,22, C29Δ5, 4αC30Δ22, and the stanols C28Δ22, C29Δ22, C27Δ0, C28Δ0, C29Δ0.

Although the lipid composition of the Fabian and Igor plumes was highly heterogeneous, both contained rela-
tively high abundances of long‐chain saturated FAs at 1,500 m depth and monounsaturated FAs at 1,500 and
3,200 m depths.

4.2.4. Persistence of the Igor Plume

In contrast to the Fabian event, the Igor plumes persisted in the water column much longer at the OFP site, with
relatively high percentages of plume material observed in the sinking flux at 1,500 and 3,200 m for 2 months after
Igor (Figure 4). Carbonate isotopic and elemental composition also evidenced the temporal persistence of plume
material in the particle flux (Figure 6), with a progressive depletion in δ13C (∼0.3‰) and enrichment in δ18O
(∼0.2‰) as the plume shallow‐water carbonates were diluted with oceanic carbonates in the TMF. Elevated
molar ratios of Mg/Ca, Sr/Ca and Mg/Sr were also observed at 1,500 and 3,200 m depths for 2 months following
Igor, reflecting persistence of higher aragonite and high Mg calcite from the plumes in the TMF (Figure S4 in
Supporting Information S1).

Additionally, element EFs and lipid biomarkers also evidenced the persistence of non‐carbonate plume material
in the TMF. The TMF at 500 m depth remained relatively enriched in Fe and V, while the TMF at 1,500 and
3,200 m depths remained relatively enriched in Sc, P, and Cd (Table S3 in Supporting Information S1). The TMF
at 1,500 m depth remained elevated in saturated C26 and C28 FAs and stanols for two months, while the TMF at
3,200 m depth remained elevated in the 22:1ω11 FA and stanols (Table S4 in Supporting Information S1). Given
the mesoscale current regime (e.g., Figures 2 and 3), the months long persistence of plume material in the sinking
flux at the OFP site provides evidence that the plume was widely dispersed over a significant area.

5. Discussion
5.1. In Situ, Real Time Documentation of Hurricane‐Generated Sediment Transport to the Deep Ocean

The two case studies presented here are the first in situ documentation of hurricane‐generated sediment plumes
during their transport through the water column to the deep ocean. Obtaining in situ data on sediment transport
during extreme weather events is rare. Most studies have investigated sediment resuspension and dispersion using
models and satellite imagery (e.g., Freeman et al., 2015; Palinkas et al., 2014; Porcile et al., 2020). However,
satellite studies only reveal plume transport at near‐surface depths, and lack information on advective transport
deeper in the water column, which is crucial for understanding plume dispersion and deposition in offshore
waters. Additionally, the studies do not provide data on plume composition, which provide information on
material origins and the slope area impacted by resuspension.

This study indicates that resuspension and offshore advective transport of detrital carbonates resulting from the
propagation of internal waves generated by hurricanes and their intersection with slope sediments is an under-
appreciated mechanism. The advection of suspended sediment plumes has been indirectly suggested by the
presence of fine‐grained shallow water carbonates in abyssal sediments near the Bermuda Pedestal and further
offshore on the abyssal plain (Berner et al., 1976). Our data provide direct evidence of this transport and show that
fine plume materials can remain in suspension in the water column for at least 2 months. Storm‐advected
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materials can be transported even farther offshore than documented here by regional mesoscale circulation. Thus,
abyssal sediments more distant than the OFP site are likely to be influenced by advection of detrital carbonate
sediments from the Bermuda carbonate Platform and Pedestal.

The resuspension and offshore advection of Bermuda Pedestal sediments to the deep waters differed significantly
between Fabian and Igor. Furthermore, the distinctive composition of the plumes intercepted at different depths
suggests that even during a single hurricane there can be multiple resuspension events occurring at different areas
and depths on the Pedestal. The higher abundance of fine sand‐sized particles (63–125 μm), and greater
enrichment of Mn, Fe, and Ba in the Igor versus Fabian plume at 500 m depth suggest that the particles trapped
during Igor originated from a shallower depth on the Pedestal than particles trapped during Fabian (Figures 5 and
7). Furthermore, the enrichment of pollutant elements in the Fabian versus Igor plume at 1,500 m depth suggests a
resuspension area of the former where anthropogenic inputs from Bermuda accumulate, possibly a canyon on the
Pedestal (Figure S1 in Supporting Information S1). This study indicates that resuspension and transport processes
are likely specific to each hurricane and influenced by regional circulation. Additional characterization of grain
size and geochemical fingerprints of Bermuda Platform and Pedestal sediments and the adjacent abyssal plain
would further our understanding of the impact of storm‐driven advection on offshore sediment transport.

These results highlight the important role that particle suspensions play in offshore transport of sediments to the
deep ocean. During both hurricanes, the resuspension plumes intercepted by the sediment traps mainly consisted
of fine‐grained (<125 μm) detrital benthic carbonates and other fine materials that had accumulated on the
Pedestal. As hydrodynamic processes resuspend and transport particles from nearshore to adjacent depositional
environments, the turbulent energy of hurricane‐induced internal waves generates a hydrodynamic instability that
can maintain higher suspended sediment concentrations (Hosegood & Van Haren, 2004; H. van Haren
et al., 2020). During transport, the coarser particles are settled out and only fine particles remain suspended (e.g.,
Cong et al., 2021; Dail et al., 2007; Pedrosa‐Pàmies et al., 2013). Thus, fine particle suspensions can be effectively
dispersed over long distances (McCave, 1984; Takesue et al., 2021).

The eventual sedimentation and removal of fine plume particles is intimately connected to biological repackaging
of suspended materials into large sinking particles by zooplankton grazers within the water column. Zooplankton
feeding activities throughout the water column recycle and repackage suspended materials into larger fecal pellets
(e.g., Shatova et al., 2012; Urrère & Knauer, 1981; Wilson et al., 2008), leading to enhanced sedimentation of both
biogenic and nonbiogenic materials (e.g., Deuser et al., 1983; Turner, 2015). The numerous large aggregates and
zooplankton fecal pellets packed with fine‐grained plume materials observed in the sinking flux (e.g., Figures
S3c–S3d, S3g–S3h, S3k–S3i in Supporting Information S1) indicated rapid consumption and repackaging of the
advected plume (Figure S3 in Supporting Information S1). Fecal pellet ballasting scales with carbonate content
due to the high density of carbonate (∼2.8 g cm−3) (Armstrong et al., 2002), which far exceeds the typical density
of pelagic zooplankton pellets (1.02–1.06 g cm−3, Dilling & Alldredge, 1993). Thus, ongoing zooplankton
repackaging of the fine grained plume carbonates into large rapidly sinking fecal pellets would accelerate removal
of plume material from the water column by increasing its sedimentation rate.

Elemental analyses of the flux material collected between 2001 and 2015 at the OFP site (Huang & Conte, 2009;
Conte et al., 2019) do not show any distinctive carbonate anomalies in the flux composition that can be attributed
to shallow water carbonate advection, indicating that the hurricane‐induced advection of plumes from the
Bermuda Platform/Pedestal are rare occurrences. However, hurricanes have been shown to influence pelagic
fluxes at the OFP site by induced nutrient upwelling and downmixing (Pedrosa‐Pàmies et al., 2019). The OFP
team is currently studying the impact of other major hurricanes that have passed through the OFP region.

5.2. Geochemical Impact of Hurricane‐Induced Transport of Carbonate Platform Sediments to the Deep
Ocean

Our observations highlight the major role that storm‐induced remobilization of carbonate platform sediments play
in carbonate export to the deep ocean. The massive offshore export of detrital carbonate sediments from the
Pedestal by Fabian and Igor plumes resulted in the highest carbonate fluxes observed in over four decades of
observations at the OFP site and accounted for approximately 80% and 60%, respectively, of the mean annual
carbonate flux at the OFP site.
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The carbonate minerals exported by the hurricane plumes were largely of
reef‐sourced debris, as evidenced by the increase in Mg/Ca and Sr/Ca
elemental ratios, the relative mineral composition of samples at 1,500 m
following Fabian (43% aragonite: 11% calcite: 46% Mg‐calcite), and the
average Mg‐calcite composition (14.1 mol% MgCO3). The transport of reef‐
derived detrital carbonates from the Bermuda Pedestal to adjacent abyssal
plain has been previously documented based on observations of fragments
from shallow‐water calcifiers such as Halimeda and Homotrema rubrum as
well as detrital aragonite and high Mg‐calcite in deep sea sediments (e.g.,
Berner et al., 1976; Lavoie & Matthews, 1983; Mackenzie et al., 1965).

The fate of reef‐derived material exported to depth partly depends on the
mineral solubility and the seawater saturation state. In Bermuda, the seawater
saturation horizon with respect to aragonite (Ω‐aragonite = 1) is found around
∼2,400 m, which coincides with rapid declines of the relative proportions of
aragonite and high Mg‐calcite in sediments (Berner et al., 1976) (Figure 8).
These trends may partly be explained by dissolution according to mineral
stability as reef‐sourced materials are exposed to increasing seawater
undersaturation as a function of depth. The saturation horizons with respect to
Mg‐calcites are poorly defined, but in general, Mg‐calcite with 8–12 mol%
MgCO3 is considered more soluble than aragonite (cf., Andersson
et al., 2008; Morse et al., 2006). Hence, the reef‐sourced Mg‐calcites inter-
cepted at 1,500 m depth in the Fabian plume (average composition of
14.1 mol% Mg‐calcite) certainly experienced decreasing seawater saturation
and potential undersaturation during resuspension and transit to depth
(Figure 8).

Regardless of the precise depths of seawater undersaturation with respect to
Mg‐calcite minerals, the majority of CaCO3 dissolution in the global ocean
has been identified to occur either in the water column at depth less than

1,000 m due to metabolic or Mg‐calcite dissolution, or at the seafloor following deposition in undersaturated
waters (Sulpis et al., 2021). Consequently, evidence presented in this study of large resuspension and advective
export of metastable aragonite and Mg‐calcite minerals to the deep ocean from hurricanes passing through
extensive areas of carbonate platform and slopes will most certainly contribute to increased mineral dissolution
and alkalinity generation throughout the water column. In theory, this natural alkalinity enhancement could buffer
part of the changes in seawater pH arising from microbial decomposition of organic material sinking toward the
seafloor as well as pH changes arising from anthropogenic CO2 uptake. It has been proposed that such buffering
may promote and protect the burial of carbonates that are less soluble than the dissolving phase (e.g., Sulpis
et al., 2022). Although dissolution of carbonate sediments is the ultimate sink of anthropogenic CO2 on timescales
of thousands of years (e.g., Archer et al., 1998), the potential interactions between resuspended carbonate sed-
iments and anthropogenic CO2 in regions impacted by tropical cyclone activity on shorter timescales (months to
years) remain limited to the penetration depth of anthropogenic CO2, which is restricted to surface and inter-
mediate waters (<2,000 m depth) (Sabine et al., 2004). To assess the global importance of such interactions and
buffering it would be necessary to estimate the total amount of carbonate exported and dissolved including the
excess alkalinity generated from this process, which are not trivial tasks.

5.3. Remobilization of Non‐carbonate Materials Accumulating on Carbonate Platforms

This study also documents significant offshore advection of phosphorus, lithogenic and authigenic minerals (e.g.,
Mn‐Fe oxides, barite), pollutants, and refractory POC phases that accumulate on the Bermuda Platform and
Pedestal. Substantial P enrichment in the plumes at all depths (Figure 7) evidences the strong sequestration of
phosphorus through adsorption of dissolved inorganic P (i.e., phosphate) onto carbonate particle surfaces (Kitano
et al., 1978). Offshore advection of P associated with shallow carbonate sediment remobilization could thus be a
potentially significant nutrient source for phytoplankton in highly oligotrophic waters (e.g., Jensen et al., 1998),
while plume advection at deeper depths would contribute to the P sink in abyssal sediments.

Figure 8. Seawater carbonate ion concentration close to Bermuda (black line;
WOCE A20 Stn.29) and the relative carbonate mineral composition with
respect to calcite (squares), aragonite (triangles) and high Mg‐calcite
(circles) in the sediments as a function of depth on the Bermuda pedestal
(Berner et al., 1976; Chave, 1962). Solid symbols show the relative
composition of the 1,500 m sediment trap carbonate material after Fabian
passage. The seawater saturation horizons (Ω = 1) with respect to calcite and
aragonite are shown by the dashed lines. The saturation horizon with respect
to 14 mol% Mg‐calcite (average composition of Mg‐calcite in sediment trap)
is shown as a range (gray area) owing to the uncertainty associated with the
solubility of this mineral phase (e.g., Morse et al., 2006).
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Advection of lithogenic materials was significant, particularly in the Fabian plume intercepted at 1,500 m depth
(Table 1). The lithogenic material is sourced from red soils in Bermuda limestones (Lavoie & Matthews, 1983),
Saharan dust deposition on the Bermuda Platform (Arimoto et al., 1992), and at deeper depths on the Bermuda
Pedestal by transport of lithogenic clays that have been advected from the North American continental slope
(Conte et al., 2019). Importantly, variations in lithogenic content of plumes intercepted at different depths (0.5%–
4.0%) as well as differences in relative abundances of elements associated with lithogenic minerals (Sc, Ti, Fe)
and sedimentary phases such as Mn‐Fe oxides (Mn, Fe, Co) and barite (Ba) provide strong evidence that the
plumes intercepted during Fabian and Igor originated from multiple sites and depths on the Pedestal. The sig-
nificant positive relationships found among elements associated with lithogenic, authigenic, and pollutant sources
indicate that these materials as well as other components that have accumulated on the Pedestal slopes can persist
as suspensions in the water column for prolonged durations and thus be transported over long distances.

Of note was the significant amounts of pollutants that were remobilized and advected offshore by the hurricanes.
The Fabian plume at 1,500 m depth transported the equivalent of ∼50% of the annual Pb flux at the OFP site in
only 2 weeks. This Pb is sourced from both leaded gasoline used in Bermuda until the 1990s, as well as long range
atmospheric transport and deposition of Pb (Church et al., 1990), and is subsequently sequestered post deposition
in biogenic carbonates (Kelly et al., 2009). Interestingly, the Pb concentrations in the plumes were lower than in
the typical deep particle flux (Conte et al., 2019), whose main source is advection of resuspended US continental
slope sediments. This observation suggests that Pb concentrations in the North American continental margin
sediments are higher than on the Bermuda Pedestal.

Zn, Cd, and Cu are widespread pollutants (Shahabi‐Ghahfarokhi et al., 2021), as well as trace constituents of Mn‐
Fe oxides (Druce et al., 2022). The association of Zn and Pb with pollutants is evidenced by nearly identical Zn/Pb
and Cd/Pb ratios (μg/μg) in the 500 m plumes advected during Fabian and Igor (Fabian: 0.41 Zn/Pb and 0.007 Cd/
Pb, Igor: 0.38 Zn/Pb and 0.007 Cd/Pd) as well as comparable ratios in the 1,500 m plumes (Fabian: 0.76 Zn/Pb
and 0.013 Cd/Pb, Igor: 0.61 Zn/Pb and 0.008 Cd/Pd). The differences between ratios at 500 and 1,500 m depths
suggest depth variations in pollutant composition of Pedestal sediments, possibly due to temporal trends in
relative emissions and subsequent downslope transport.

Finally, offshore transport of refractory POC in the plumes was evidenced by the low total lipid percentages in the
POC as well as enrichment of long‐chain fatty acids, which are characteristic of some reef‐building corals
(Latyshev et al., 1991). Although the sedimentary POC content is much lower than the oceanic flux, the massive
export of Pedestal sediments resulted in a POC flux that was significantly higher than during non‐hurricane
conditions.

5.4. Not All Hurricanes Trigger Sediment Resuspension and Offshore Transport‐ Why?

Thirty‐six hurricanes have passed within 300 km of Bermuda since the OFP time‐series began in 1978, but
resuspension plumes have only been captured at the OFP site after the passage of hurricanes Fabian and Igor
(Figure S5 in Supporting Information S1). For example, even though some offshore transport of resuspended
sediments was observed in satellite images during Cat. 3 Hurricane Gonzalo (Oct 2014), there was no impact on
the particle flux at the OFP site despite its similar track and translational speed (7.5 m/s). This indicates that the
sedimentary impacts of even quite similar hurricanes can differ substantially. One explanation is that critical
determinants of a hurricane's impact depends upon the details of water column structure and mesoscale circulation
which influences the downward propagation of internal waves as well as the wave interactions with the slope
sediments (e.g., Dickey, Frye, et al., 1998; Firing et al., 1997; Sanford et al., 2011). For example, storm‐generated
near‐inertial waves propagate downward more readily in an anticyclonic field (Guan et al., 2014; Jaimes &
Shay, 2010; Zhai et al., 2009; Zheng et al., 2023).

Although we have no information about the specifics of the wave‐slope interactions on the Pedestal nor the
advective transport to the OFP site, we can conclude that the hurricane‐driven deep internal waves were
responsible for remobilization of sediments on the Pedestal slope. Studies on the impact of deep internal waves on
sediment resuspension, transport and deposition are still scarce (Hosegood & Van Haren, 2004; Michallet &
Ivey, 1999; Pomar et al., 2012 and references therein). While gravity‐driven turbidity flows are a possibility (e.g.,
Keen & Allen, 2000; Normandeau et al., 2020), a more likely scenario is plume advection at mid water depths,
which is consistent with the depth profile of the intercepted plume and their compositional differences.
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It is well‐documented that bathymetry and topographic conditions influence the sediment transport processes. For
example, submarine canyons are well‐documented to serve as efficient delivery channels for downslope transport
of resuspended sediments and turbidity currents (Canals et al., 2006; Liu et al., 2012; Pedrosa‐Pàmies et al., 2013;
Puig et al., 2014 and references therein; Sanchez‐Vidal et al., 2012; Sequeiros et al., 2019). Canyons on the
Bermuda Pedestal (Figure S1 in Supporting Information S1) have been postulated to influenced the trajectory of
the massive turbidite located near the Pedestal's southeast flank (Ericson et al., 1952; Lavoie & Matthews, 1983).
Additionally, submarine canyons can also enhance internal‐wave activity, leading to particle grain‐size sorting
along the canyon axis (e.g., Gardner, 1989; Hotchkiss & Wunsch, 1982). After the Fabian and Igor, it is highly
plausible that part of the resuspended sediments from the upper Platform may have been funneled through the
canyons on the Pedestal, enhancing the offshore dispersion.

6. Conclusions
The real‐time, in situ observations described here shed light on the influence of hurricanes on sediment transport
mechanisms previously inferred from geological evidence. This study highlights the complex nature of the in-
teractions between hurricane‐induced deep internal waves with bathymetry and slope characteristics leading to
sediment resuspension. Furthermore, our study indicates that the impacts of individual hurricanes on sediment
plume generation and advection offshore are shaped by both the specific hurricane characteristics (intensity, track
and translational speed) and ocean conditions. Additionally, we show that these plumes can persist for over
2 months in the water column, underscoring their potential for widespread redistribution offshore via mesoscale
circulation, and that repackaging of fine‐grained plume materials into rapidly sinking particles by zooplankton
grazers is a key process for its eventual sedimentation. Storm‐induced remobilization and transport of shallow‐
water carbonates to the deep ocean has implications for the ocean carbon cycle as the export and subsequent
dissolution of highly soluble aragonite and high‐magnesium calcite is a source of alkalinity that could contribute to
pH buffering and neutralization of anthropogenic carbon dioxide. Given recent interests in artificial interventions
to enhance ocean alkalinity (e.g., NASEM, 2021), sediment transport from carbonate platforms to the deep may
serve as an important natural analog that deserves further attention. Additionally, this study shows that hurricane‐
induced sediment resuspension can be a major process contributing to redistribution of phosphorus, lithogenic and
authigenic minerals, and pollutants into deep offshore waters and eventually their abyssal sediment sink.

Our findings have implications for interpretation of sediment core hurricane reconstructions. Chemical proxies of
shallow‐water carbonates in abyssal sediments surrounding Bermuda could provide a valuable reconstruction of
hurricane‐driven advective events and a statistical constraint on past hurricane activity in the western North
Atlantic.

How topographic features act in consort with hurricane characteristics to influence deep internal wave generation
and the wave‐slope interactions which are responsible for sediment resuspension and transport (Pomar
et al., 2012) is far from clear and an important area for future research. The isolated setting of Bermuda, together
with the richness of ongoing atmospheric and ocean research, makes it an exceptional model system for studying
tropical cyclone‐induced sediment resuspension and transport processes. This research would contribute to a
better understanding of the influence of tropical cyclones on sediment transport from reef carbonate platforms
throughout the tropics and subtropics and how this impacts the carbon cycle and ocean biogeochemistry.

Data Availability Statement
In addition to data tables published with the paper, OFP data are available from the NSF's Biological and
Chemical Oceanography Data Management Office (BCO‐DMO, www.bco‐dmo.org/project/2286) and the cor-
responding author.
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This supporting information includes one figure about the particle size change due to 
the hurricane passages. Also includes 4 tables, including specific lipid biomarker and 
elemental data.  
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Figure S1. Bathymetry of the Bermuda Pedestal and nearby seamounts; 
Plantagenet and Challenger to the southwest have relatively shallow platforms, 
about 50 m deep, which support photosynthetic organisms; Bowditch to the 
northeast is a deeply submerged volcanic peak. (Figure courtesy of the 
Government of Bermuda, Department of Environment and Natural Resources) 
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Figure S2. Particle size distributions of the flux material collected at 500, 1500 and 3200 
m depths before and after hurricane passage. The ring charts show the percentage of 
each particle size fraction in the samples pre- and post- hurricane (inner and outer rings, 
respectively). 
 
 



 
 

4 
 

 
 
 

 

Figure S3. Microscopic images of >500 µm particles in the Fabian (a-l) and Igor (m-x) 
plumes. SEM images b, j, n, p, r, v, are of benthic reef particles (corals or bryozoan) 
and/or detrital carbonates. SEM images c, g, k, s, w, are of fecal pellets, and d, h, l, t, x are 
of the pellet contents. Note the abundance of fine grained detrital carbonates within the 
fecal pellets during the Fabian event (d, h, i).  
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Figure S4.  
 

 

 
 

Figure S4. Mg/Ca vs Sr/Ca ratios (millimol/mol) from the sinking particles collected at 
the OFP site at 500 m (light brown), 1500 m (light blue), 3200 m (dark blue) before, 

during and after the passage of Fabian (preF, FABIAN, postF, respectively) and Igor (preI, 
IGOR, postI, respectively). Additionally, average ratios of coral collected from Hog Reef 

on the northern edge of the Bermuda platform (Andersson, in press), and Bryozoa, 
Calcareous branchiopods, and Calcareous sponges are also plotted to provide context to 

the values measured in the sinking particles and sediment plume (Mackenzie et al., 
1983). The compositions of calcareous algae has not been included in this plot, but 

generally ranges from a Sr/Ca mean ratio of 2.2 to 2.9 and Mg/Ca ratios from 83 to 350 
(Morse and Mackenzie, 1990). A recent study from Bermuda reported Mg/Ca ratios of 
124 to 174 for coralline algae while mixed sediments had a ratio of 156 (Pickett and 

Andersson, 2015). 
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Figure S5.  
 

 
Figure S5. Hurricanes passing within 300 km (black circle) of the Bermuda from 1978 to 

2023 (https://www.nhc.noaa.gov/).  
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Table S1. Total extractable lipid (TEL) flux and percentage of POC, and fluxes of lipid compound classes in the sample collected 
before the hurricane (Pre-H) and during the hurricane plume (H). The ratio between the plume and pre-hurricane ratio (Ratio) is also 

given, with values of >1 difference highlighted in bold. Fatty acids (FA), Fatty alcohols (FAL), Sterols (STER) and Hopanoids (HOP). 
 
 
  

 500 m   1500 m   3200 m   
 *Pre-H *H Ratio *Pre-H *H Ratio *Pre-H *H Ratio 

Fabian          
TEL (µg m-2 d-1) 176.1 126.3 0.7 113.2 125.2 1.1 18.4 43.9 2.4 
TEL (% of POC) 5.2 2.0 0.4 4.9 1.2 0.2 1.0 1.3 1.3 
FA (µg m-2 d-1) 105.4 80.7 0.8 65.1 61.3 0.9 7.6 22.0 2.9 
FAL (µg m-2 d-1) 8.7 1.8 0.2 1.6 4.6 2.8 0.5 0.9 2.0 
STER (µg m-2 d-1) 27.3 17.0 0.6 20.7 17.2 0.8 2.3 7.3 3.2 
HOP (µg m-2 d-1) 3.5 2.8 0.8 4.8 4.8 1.0 3.2 3.8 1.2 
          
Igor          
TEL (µg m-2 d-1) 298.4 175.5 0.6 283.4 301.1 1.1 28.0 45.3 1.6 
TEL (% of POC) 7.1 2.1 0.3 18.8 5.2 0.3 2.4 1.8 0.7 
FA (µg m-2 d-1) 173.4 59.9 0.3 231.4 199.1 0.9 10.3 21.2 2.1 
FAL (µg m-2 d-1) 11.7 3.7 0.3 13.5 12.1 0.9 1.9 1.9 1.0 
STER (µg m-2 d-1) 59.2 52.5 0.9 8.0 25.4 3.2 2.8 5.8 2.1 
HOP (µg m-2 d-1) 3.9 6.0 1.5 2.0 6.2 3.1 2.1 3.3 1.5 
          



 
 

2 
 

 

Table S2a. Fluxes (µg m-2 d-1) of individual fatty acid (FA) compound in the sample collecting before the hurricane (Pre-H), and during the 
hurricane plume (H). The ratio between the plume and pre-hurricane ratio (Ratio) is also given, with values of >1 difference highlighted in 

blue. *Fabian pre-hurricane sampling period is 25 Aug-8 Sep 2003. Igor pre-hurricane sampling period is 29 Aug-12 Sep 2010, and hurricane 
peak period is 13-27 Sep 2010. Bold, bold/italics, and italics highlight ratios >2.5, 1.20-2.5 bold, and <0.5, respectively. 

 
  

 FABIAN 2003         Igor 2010        
Depth 

(m): 
 500   1500   3200    500   1500   3200  

  *Pre-H *H Ratio *Pre-
H *H Ratio *Pre-

H *H Ratio  *Pre-
H *H Ratio *Pre-

H *H Ratio *Pre-H *H Ratio 

Saturated FA                  
14:0 3.5 2.5 0.7 1.2 1.2 1 0.0 0.1 4.7  4.7 3.1 0.7 8.8 10.7 1.2 0.4 1.1 2.7 
16:0 29.5 17.1 0.6 23.6 13.4 0.6 1.2 4.6 3.9  35.5 10.4 0.3 87.3 53.0 0.6 2.1 4.5 2.2 
18:0  7.1 4.5 0.6 3.3 2.8 0.8 0.5 2.7 5  14.3 3.4 0.2 8.0 15.4 1.9 1.3 1.3 1 
20:0 0.7 0.5 0.7 0.3 0.6 1.8 0.1 0.4 3  1.5 0.7 0.5 0.8 1.7 2 0.2 0.2 1.3 
22:0 0.8 0.7 0.9 0.4 0.6 1.4 0.2 0.5 2.2  2.5 0.9 0.4 0.7 2.8 4.1 0.2 0.3 1.8 
24:0 0.9 0.7 0.8 0.4 0.6 1.4 0.2 0.5 2.2  2.1 1.1 0.5 0.6 1.5 2.7 0.2 0.4 2 
26:0 0.3 0.3 1 0.3 2.6 8.4 0.1 0.3 2.2  0.2 0.6 2.3 0.2 0.5 3.3 0.2 0.0 0.1 
28:0 0.1 0.1 0.6 0.2 2.2 9.4 0.1 0.1 2.2  0.2 0.9 5.1 0.0 0.3 7.3 0.1 0.1 1.4 
Monounsaturated FA                   
16:1 5.0 11.5 2.3 3.6 3.7 1 0.7 0.8 1.2  27.6 8.9 0.3 14.5 12.2 0.8 0.4 1.5 3.6 
18:1 ω7 2.5 10.7 4.2 2.9 4.0 1.4 0.5 1.2 2.6  28.5 5.7 0.2 10.9 8.2 0.7 0.5 1.1 2.1 
18:1 ω9 18.4 9.2 0.5 12.7 7.7 0.6 1.2 3.0 2.4  14.9 3.9 0.3 45.8 28.6 0.6 0.9 2.8 3 
20:1 ω11 0.2 0.4 2.1 0.7 1.7 2.5 0.0 0.2 4.5  0.6 0.2 0.3 0.5 0.9 1.7 0.1 0.2 3.1 
20:1 ω9 1.4 0.5 0.4 0.4 1.2 3.1 0.2 0.6 3  2.1 0.4 0.2 3.3 7.2 2.2 0.1 0.7 9 
22:1 ω11 0.7 0.3 0.4 0.6 1.1 1.8 0.1 0.1 1.4  1.5 0.3 0.2 0.5 1.3 2.6 0.0 0.1 3.7 
22:1 ω9 0.9 0.3 0.4 0.5 1.6 3.1 0.3 0.4 1.1  1.5 0.3 0.2 1.8 2.1 1.1 0.2 0.3 1.8 
24:1 2.0 2.7 1.4 0.4 3.0 8.4 0.1 0.4 4  6.2 1.4 0.2 2.5 1.2 0.5 0.1 0.2 3.4 
Polyunsaturated FA                   
18:2 ω6 1.2 0.7 0.5 0.8 0.7 0.9 0.1 0.4 3.4  0.8 1.0 1.3 2.8 2.2 0.8 0.2 0.3 2 
18:3 ω6 0.7 0.5 0.7 0.3 0.4 1.1 0.1 0.3 5  1.1 0.4 0.3 1.9 1.1 0.6 0.2 0.3 1.3 
20:4 ω6 1.3 0.6 0.5 0.4 0.7 1.9 0.1 0.3 3.1  0.8 0.5 0.7 2.0 2.0 1 0.1 0.2 3 
20:5 ω3 4.7 2.1 0.5 2.6 2.1 0.8 0.2 0.6 2.5  2.3 0.6 0.3 8.4 7.5 0.9 0.1 0.3 2.3 
22:6 ω3 10.0 5.6 0.6 4.2 2.6 0.6 0.5 1.4 2.9  6.7 0.8 0.1 10.8 15.3 1.4 0.2 0.5 2.4 
Odd/Branched FA                   
15:0 1.3 0.7 0.5 0.5 0.4 0.8 0.0 0.2 4.8  1.8 1.0 0.6 2.0 2.1 1 0.2 0.5 2.4 
17:0 1.9 1.0 0.5 0.7 0.8 1.1 0.1 0.5 4.3  3.3 0.7 0.2 1.6 2.7 1.6 0.3 0.4 1.7 
19:0 0.5 0.4 0.7 0.2 0.3 1.1 0.1 0.2 2.7   1.4 0.4 0.3 0.6 1.0 1.7 0.2 0.2 0.9 
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 FABIAN 2003        Igor 2010        
Depth (m): 500 500 500 1500 1500 1500 3200 3200 3200 500 500 500 1500 1500 1500 3200 3200 3200 
 *Pre-H *H Ratio Pre-

H H Ratio Pre-H H Ratio Pre-
H H Ratio Pre-

H H Ratio Pre-
H H Ratio 

Saturated even FAL                   
16:0 3.9 0.5 0.1 0.9 3.1 3.5 0.0 0.1 6.0 3.6 1.0 0.3 3.5 2.4 0.7 0.2 0.5 3.0 
18:0 0.8 0.4 0.5 0.1 0.1 1.5 0.1 0.2 1.8 1.6 0.7 0.4 1.5 1.4 0.9 0.6 0.6 1.0 
20:0 0.2 0.1 0.6 0.1 0.3 2.1 0.1 0.1 2.2 0.5 0.2 0.4 0.2 0.4 2.6 0.1 0.1 0.7 
22:0 0.3 0.2 0.7 0.1 0.1 1.3 0.1 0.1 1.9 0.4 0.3 0.7 0.3 0.5 1.8 0.1 0.1 1.6 
24:0 0.2 0.2 0.6 0.1 0.1 1.3 0.1 0.1 1.4 0.2 0.3 1.4 0.1 0.4 2.5 0.1 0.1 1.9 
Monounsaturated even FAL                  
18:1 1.3 0.1 0.1 0.0 0.1 3.5 0.0 0.0 2.0 2.6 0.3 0.1 2.0 0.8 0.4 0.1 0.1 1.3 

Table S2b. Fluxes (µg m-2 d-1) of individual fatty alcohol (FAL) compound in the sample collecting before the hurricane 
(Pre-H), and in the hurricane plume (H). The ratio between the plume and pre-hurricane ratio (Ratio) is also given, with 

values of >1 difference highlighted in blue. *Fabian pre-hurricane sampling period is 25 Aug-8 Sep 2003. Igor pre-
hurricane sampling period is 29 Aug-12 Sep 2010, and hurricane peak period is 13-27 Sep 2010. Bold, bold/italics, and 

italics highlight ratios >2.5, 1.20-2.5 bold, and <0.5, respectively. 
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 FABIAN 2003        Igor 2010        
Depth (m): 500 500 500 1500 1500 1500 3200 3200 3200 500 500 500 1500 1500 1500 3200 3200 3200 

  *Pre-H *H Ratio *Pre-
H *H Ratio *Pre-

H *H Ratio *Pre-
H *H Ratio *Pre-

H *H Ratio *Pre-
H *H Ratio 

Relative % to total sterols                  
C27Δ5 17.0 7.7 0.5 7.6 6.5 0.9 0.6 4.3 7.8 44.4 25.4 0.6 5.1 15.2 3.0 1.0 1.9 1.9 

C26Δ5,22 0.3 0.3 0.9 0.3 0.4 1.2 0.1 0.1 2.2 0.4 0.4 1.0 0.1 0.3 2.0 0.1 0.1 0.9 
Cnor27Δ5,22 0.9 0.7 0.8 1.3 0.9 0.7 0.1 0.2 1.7 1.5 1.0 0.7 0.3 0.6 1.8 0.2 0.3 1.7 
C27Δ5,22 3.0 2.6 0.9 4.7 4.2 0.9 0.3 0.5 2 5.4 3.8 0.7 0.7 1.7 2.5 0.3 0.6 2.0 
C28Δ5,22 0.5 0.3 0.5 0.5 0.2 0.4 0.1 0.2 1.7 0.1 0.2 1.5 0.1 0.4 4.6 0.1 0.1 1.3 

C28Δ5 0.3 0.4 1.1 0.5 0.8 1.7 0.1 0.2 1.9 0.4 0.8 2.2 0.1 0.5 3.6 0.1 0.2 2.4 

C29Δ5,22 0.6 0.5 0.9 0.5 0.6 1.2 0.2 0.3 1.8 0.6 0.9 1.5 0.2 0.6 4.1 0.1 0.2 2.7 

C29Δ5 0.8 0.6 0.8 1.0 0.8 0.9 0.3 0.4 1.5 0.9 1.0 1.1 0.3 0.9 3.0 0.3 0.4 1.6 

4αC30Δ2 0.4 0.4 1.0 0.3 0.1 0.3 0.2 0.3 1.9 0.3 0.9 2.6 0.2 0.8 4.8 0.1 0.4 2.9 

Stanols                   
C26Δ22 0.0 0.0 0.8 0.1 0.1 1.0 0.0 0.1 3.5 0.1 0.2 1.5 0.0 0.2 4.0 0.0 0.0 1.5 

C27Δ22 0.8 0.8 1.1 0.4 0.2 0.6 0.0 0.0 4 0.7 0.3 0.5 0.0 0.1 4.0 0.1 0.1 0.8 

C28Δ22 0.2 0.1 0.5 0.5 0.4 0.8 0.1 0.0 0.8 0.7 0.7 1.0 0.1 0.4 3.6 0.1 0.2 2.2 

C29Δ22 0.3 0.3 0.9 0.7 0.4 0.5 0.1 0.1 0.8 0.4 0.6 1.5 0.1 0.6 6.0 0.1 0.3 3.7 

C27Δ0 1.0 1.0 1.0 0.7 0.6 0.8 0.1 0.3 2.4 1.7 14.0 8.2 0.3 1.0 3.3 0.1 0.3 2.4 

C28Δ0 0.3 0.3 1.0 0.2 0.1 0.4 0.0 0.1 2.3 0.4 0.6 1.3 0.1 0.3 4.1 0.0 0.1 2.8 

C29Δ0 0.2 0.2 1.0 0.4 0.3 0.8 0.1 0.1 1.5 0.2 0.5 2.3 0.1 0.4 5.8 0.0 0.1 4.0 

Abbreviations: Cholest-5-en-3β-ol () (C27Δ5, cholesterol), 24-Nor-cholesta-5,22-dien-3β-ol* (C26Δ5,22), 27-nor-24-methylcholesta-5,22-dien-3β-ol* (Cnor27Δ5,22), 
Cholesta-5,22-dien-3β -ol* (C27Δ5,22), 24-Methylcholesta-5,22-dien-3β-ol*(C28Δ5,22), 24-Methylcholesta-5,24(28)-dien-3β-ol* (C28Δ5,24(28)), 24-Methylcholest-5-
en-3β-ol* (C28Δ5), 24-Ethylcholesta-5,22-dien-3β-ol* (C29Δ5,22), 24-Ethylcholest-5-en-3β-ol* (C29Δ5), 4α,23,24-Trimethyl-5a-cholest-22-en-3β-ol*(4αC30Δ22). 
Stanols: 24-Nor-5α-cholest-22-en-3β-ol (C26Δ22), 5α-Cholesta-22-en-3β-ol (C27Δ22), 24-Methyl-5α-cholest-22-en-3β-ol (C28Δ22), 24-Ehtyl-colesta-22-en-3β-ol 
(C29Δ22), 5α-Cholestan-3β-ol (C27Δ0), 24-Methyl-colestan-3β-ol (C28Δ0), 24-Ethyl-5α-cholestan-3β-ol (C29Δ0). (*Phytosterols) 

Table S2c. Fluxes (µg m-2 d-1) of individual sterols and stanol compounds in the sample collecting before the hurricane 
(Pre-H), and in the hurricane plume (H). The ratio between the plume and pre-hurricane ratio (Ratio) is also given, with 

values of >1 difference highlighted in blue. *Fabian pre-hurricane sampling period is 25 Aug-8 Sep 2003. Igor pre-
hurricane sampling period is 29 Aug-12 Sep 2010, and hurricane peak period is 13-27 Sep 2010. Bold, bold/italics, and 

italics highlight ratios >2.5, 1.20-2.5 bold, and <0.5, respectively. 
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Depth 
(m) 

 Sampling 
period 

Sampling 
duration Sc Ti Cu Ni Total 

P Zn Cd Fe Mn Ba Co Pb V 

500 Hurricane peak flux 13-28 Sep 15 4.8 1.2 0.6 1.8 0.7 0.9 0.8 5.2 6.5 2.4 1.9 2.8 4.8 
500 Post hurricane flux 28 Sep-12 Oct 14 ND ND ND ND ND ND ND ND ND ND ND ND ND 
500 Post hurricane flux 12-26 Oct 14 0.9 0.8 0.5 0.8 0.5 0.5 1.2 2.1 0.4 0.7 0.2 0.9 2.6 
500 Post hurricane flux 26 Oct- 9 Nov 14 1.1 1.1 0.7 0.8 1.2 0.6 0.5 1.9 3.2 0.9 1.1 1.0 1.8 
500 Post hurricane flux 9-23 Nov 14 1.0 1.2 0.8 1.1 0.6 0.5 0.9 1.5 0.9 0.8 0.7 0.9 2.4 
                 
1500 Hurricane peak flux 13-28 Sep 15 2.3 0.9 0.8 1.3 2.2 1.9 2.7 1.6 1.3 1.3 1.1 2.3 1.5 
1500 Post hurricane flux 28 Sep-12 Oct 14 1.7 1.0 1.0 1.2 1.2 0.8 1.7 1.4 1.4 1.4 1.2 1.6 1.2 
1500 Post hurricane flux 12-26 Oct 14 1.4 0.8 0.9 0.7 1.5 2.0 1.3 1.1 1.0 1.4 1.2 1.1 1.2 
1500 Post hurricane flux 26 Oct- 9 Nov 14 1.4 0.8 1.0 0.8 1.3 1.1 1.3 1.1 1.1 1.2 1.2 1.1 1.2 
1500 Post hurricane flux 9-23 Nov 14 1.3 0.8 0.9 0.7 2.7 3.3 1.8 1.2 1.0 1.1 1.1 1.0 1.1 
                 
3200 Hurricane peak flux 13-28 Sep 15 1.6 1.0 0.9 1.0 2.8 1.0 2.6 1.2 1.1 2.6 1.0 2.4 1.2 
3200 Post hurricane flux 28 Sep-12 Oct 14 1.6 0.9 1.6 1.1 2.4 0.9 6.3 1.3 1.2 1.4 1.0 1.5 1.1 
3200 Post hurricane flux 12-26 Oct 14 1.4 0.8 0.9 0.8 1.6 1.0 1.3 1.1 0.9 1.2 1.0 1.1 1.1 
3200 Post hurricane flux 26 Oct- 9 Nov 14 1.2 0.9 1.0 0.6 1.2 0.8 0.7 0.9 0.9 1.2 1.1 0.8 1.0 
3200 Post hurricane flux 9-23 Nov 14 1.4 1.1 0.7 0.8 2.6 0.9 1.4 1.1 1.0 1.2 1.1 1.1 1.0 

Table S3. Ratio of elemental enrichment factors (EF) in the flux at 500 m, 1500 m and 3200 m depths during and after the 
Igor plume in comparison to the median EF in the oceanic flux. EF ratios > 1 indicates that the plume is more enriched in 
that element than in the typical particle flux at that depth. ND- no data is available. Bold, bold/italics, and italics highlight 

ratios >2.5, 1.20-2.5 bold, and <0.5, respectively. 
 
 
 
  



 
 

6 
 

 
        Fatty acids      Sterols          Stanols             
Depth 
(m)   Sampling 

period 
Sampling 
duration 24:0  26:0  ´28:0  22:1w11  C27Δ5 Cnor27Δ5,22 C27Δ5,22 C29Δ5,22 C29Δ5 4αC30Δ2 C26Δ22 C27Δ22 C28Δ22 C29Δ22 C27Δ0 C28Δ0 C29Δ0 

500 hurricane peak flux 13-28 Sep 15 0.5 2.4 5.2 0.2 0.6 0.7 0.7 1.5 1.1 2.5 1.6 0.5 1 1.5 8.2 1.3 2.3 
500 Post hurricane flux 28 Sep-12 Oct 14 0.1 0.4 0.1 0 0 0.1 0.1 0.2 0.2 0.4 0.1 0.1 0.1 0.2 0.1 0.1 0.2 
500 Post hurricane flux 12-26 Oct 14 0.1 0.3 0.1 0 0.2 0.2 0.2 0.4 0.3 0.3 0.3 0 0.3 0.3 1.4 0.2 0 
500 Post hurricane flux 26 Oct- 9 Nov 14 0.3 1.2 1.2 0.5 0.5 0.7 0.7 0.9 0.8 0.4 0.6 0.7 0.5 0.5 0.8 0.7 0.2 
500 Post hurricane flux 9-23 Nov 14 0.4 1.1 0.9 0.2 0.9 1 1.1 0.9 1 0.5 0.8 0.9 0.6 0.5 1 1 0.6 
                     

1500 hurricane peak flux 13-28 Sep 15 2.7 3.4 7.7 2.6 3 1.8 2.5 4.3 3 4.8 4.4 4 3.6 6.2 3.3 4.2 6 
1500 Post hurricane flux 28 Sep-12 Oct 14 0.6 1.4 1.9 2.6 0.3 0.5 0.3 0.8 0.5 0.9 0.9 4.7 3 2.3 1 1 0.2 
1500 Post hurricane flux 12-26 Oct 14 1.1 2.4 2.9 0.8 2.1 1.5 1.8 2.4 1.9 1.3 2 11.6 4.2 2.3 2.2 2.4 2.7 
1500 Post hurricane flux 26 Oct- 9 Nov 14 0.9 2.1 2.6 7 1.9 1.1 1.6 2.1 1.6 1.9 1.1 8 2 1.8 2.1 2.5 1.8 
1500 Post hurricane flux 9-23 Nov 14 1.1 1.9 6.8 2.5 10.1 3.5 5.5 3 2.3 1.1 3.2 19.7 3.3 2.8 87.8 9.5 4.5                      
3200 hurricane peak flux 13-28 Sep 15 2 0.1 1.4 4.1 1.9 1.6 2 2.5 1.6 3 1.3 0.9 2.3 3.7 2.3 2.9 3.6 
3200 Post hurricane flux 28 Sep-12 Oct 14 2.4 2.1 0.8 3.8 6.7 1.9 2.4 3 1.8 3.3 1.8 1.1 3.2 3.6 3.2 3.6 4.4 
3200 Post hurricane flux 12-26 Oct 14 1.3 0.1 0.2 7.5 1 1.2 1.5 1.1 2.1 3.8 1.2 0.7 2 7.5 2 3.4 4.8 
3200 Post hurricane flux 26 Oct- 9 Nov 14 1.1 1 1.7 1.7 3 1.7 2 2.6 2 2.5 1 2.6 2.4 2.7 2.8 2.7 3 
3200 Post hurricane flux 9-23 Nov 14 1.2 1.2 1.7 6.3 15.3 2.4 3.3 2.8 2 2.7 1 3.3 1.4 3.1 5 5.7 3.6 

Table S4. Ratios of selected lipid biomarker fluxes at 500, 1500 and 3200 m depths during and after the Igor plume in 
comparison to pre-hurricane fluxes. Ratios > 1 (highlighted in bold) indicates that the post-Igor flux was more enriched in 

that lipid compound. Bold, bold/italics, and italics highlight ratios >2.5, 1.20-2.5 bold, and <0.5, respectively. Bold, 
bold/italics, and italics highlight ratios >2.5, 1.20-2.5 bold, and <0.5, respectively. 
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