
Contents lists available at ScienceDirect

Marine Geology

journal homepage: www.elsevier.com/locate/margo

Evaluating the effects of regional climate trends along the West Antarctic
Peninsula shelf based on the seabed distribution of naturally occurring
radioisotopic tracers

Richard S. Taylora,⁎, David J. DeMastera, Craig R. Smithb, Carrie J. Thomasa

a Department of Marine, Earth and Atmospheric Sciences, North Carolina State University, Raleigh, NC 27695-8208, USA
bDepartment of Oceanography, University of Hawaii at Manoa, Honolulu, HI 96822, USA

A R T I C L E I N F O

Keywords:
Radiochemical flux
Seabed
Sea-ice
Climate change
Antarctica

A B S T R A C T

Measurements of 230Th, 14C, 210Pb and 234Th activities were made on sediment cores collected along a N-S
transect exhibiting a gradient in annual sea-ice duration off the West Antarctic Peninsula. The resultant data
were used to evaluate the effects of regional warming on particle flux reaching the seabed on timescales from
millennial to seasonal. Shelf samples were collected at five stations, over three cruises, between February 2008
and March 2009, as part of the FOODBANCS2 Project. Sea-ice conditions (the number of days ice-free prior to
core collection) were evaluated at the five stations to understand the relationship between ice abundance and
particle/radionuclide flux. Based on the millennial tracer 14C, rates of sediment accumulation along the pe-
ninsula decrease southward, consistent with the observed sea-ice gradient. 230Th data provide additional evi-
dence on millennial timescales that sediment focusing (i.e., lateral transport) occurs to a greater extent in the
northern reaches of the study area compared to the southernmost stations. The distribution of steady-state, 210Pb
flux to the seabed (representing centurial trends) displays a similar trend to 14C, showing higher radionuclide/
particle flux in the northern study area (where sea-ice duration is diminished) and lower flux southward as sea-
ice duration increases. Additionally, 210Pb data suggest that lateral transport plays an important role in the
sediment distributions of this radiotracer on hundred-year timescales, which is explainable by the relatively
short circulation times of peninsular waters relative to 210Pb's half-life. On seasonal and annual time scales, the
distribution of steady-state 234Th flux to the seabed shows an increase in radionuclide flux at the southernmost
stations. This increase in radionuclide flux on seasonal and annual time scales is consistent with the warming
trend along the peninsula and the reduction in sea-ice duration over the past decade. A significant statistical
relationship, however, could not be established between annual sea-ice free days and 234Th-derived particle flux
to the seabed. The fluxes/distributions of long-lived particle-reactive tracers (14C, 230Th, and 210Pb) on the West
Antarctic Peninsula shelf appear to be controlled primarily by the long-term pattern of increasing annual sea-ice
duration in the southward direction, whereas the fluxes of the short-lived tracer (234Th) are consistent with the
more recent decreases in sea-ice duration (associated with climate change) that have occurred over the past
decade, primarily in the southern West Antarctic Peninsula stations.

1. Introduction

Global warming is a non-local phenomenon that is impacting nearly
every part of the planet. However, not all regions are impacted equally.
High-latitude, polar-regions are experiencing some of the greatest in-
creases in air and water temperatures (Meredith and King, 2005;
Mulvaney et al., 2012). Reported air temperatures during the West
Antarctic Peninsula (WAP) winters have warmed over 5 °C since 1950
(Mayewksi et al., 2009; Turner et al., 2013), and the annually averaged

air temperature has risen ~3 °C (Meredith and King, 2005; McClintock
et al., 2008). Although there has been a period of cooling along the
WAP from 1997 to 2014 (Turner et al., 2016), the cooling up to 2009
(the time of this study) has been small compared to the warming
documented from 1950.

As a consequence of global heat retention, westerly wind intensity
has increased around Antarctica (Mayewksi et al., 2009; Fan et al.,
2014), reducing annual sea-ice extent along the WAP, i.e., producing
decreased sea-ice duration per year (Harangozo, 2006; Stammerjohn
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et al., 2008; Smith et al., 2012). On the WAP, the increased air tem-
perature has translated into a 1 °C increase in the surface ocean tem-
perature along the peninsula (Meredith and King, 2005; Turner et al.,
2014). Increased sea-surface temperatures have been shown to be a
contributing factor in the decrease of sea-ice on the WAP (Jacobs and
Comiso, 1993; Stammerjohn et al., 2008; Fan et al., 2014). Sea-ice
extent has diminished along the WAP by 40% since satellite measure-
ments began in 1978, and there has been a 90-day decrease in average
sea-ice days (over the last 30 years) within the Palmer LTER area
(Stammerjohn et al., 2008; Ducklow et al., 2013).

The WAP exhibits a wide ranging and complex ecosystem, and much
of the marine ecosystem dynamics are coupled to seasonal sea-ice
parameters, e.g., the timing of sea-ice advance/retreat (McClintock
et al., 2008; Montes-Hugo et al., 2009; Ducklow et al., 2012; Smith
et al., 2012; Rozema et al., 2016). As a result, many pelagic species
have evolved to have life cycles synchronized with sea-ice growth and
retreat (Ducklow et al., 2012; Pirtle-Levy, 2016). Phytoplankton and
zooplankton rely on seasonal ice conditions for their sustained growth
and development. These planktonic organisms serve as the foundation
of the overall food web on the WAP shelf (Ducklow et al., 2013; Cape
et al., 2014). Ultimately, organic matter from the pelagic food web rains
down onto the sea floor, providing nutrition to the benthic ecosystem
creating benthic “foodbanks” (Mincks et al., 2005).

Regional climate (and sea-ice) influences both the biogenic and li-
thogenic components of particle flux. Lithogenic flux originates from
coastal discharge of terrestrial sediment that can become resuspended
via tidal currents and wind induced circulation, creating a nepheloid
layer and facilitating seaward transport (Hillenbrand et al., 2003; Khim
et al., 2007; García et al., 2011). On the inner WAP shelf, surface gyres
can transport suspended fine-grained particles southward of their ori-
ginal location. Net bottom transport is seaward as noted from sediment
cores and clay provenance studies along the WAP (Hillenbrand et al.,
2003). The interplay between the glaciological setting and shelf circu-
lation around the WAP drive the lithogenic component of particle flux
(Hillenbrand et al., 2003), which is mainly derived from terrestrial
sources, e.g., sub-glacial runoff, ice sheet basal flow, and ice-rafted
debris (Harden et al., 1992; McGinnis et al., 1997; Khim et al.,
2007;García et al., 2011 ; Weston et al., 2013). The lithogenic flux is
enhanced during the relatively warmer spring and summer seasons
along the peninsula (García et al., 2011; Weston et al., 2013).

Given the decline in sea-ice duration over the past few decades
(Stammerjohn et al., 2008) and the tightly coupled interaction between
pelagic productivity and benthic food webs (Mincks et al., 2005), it was
postulated that changes in the pelagic ecosystem function and structure
would translate into changes in the benthic environment. To test this
hypothesis, the second phase of the FOODBANCS Project, FOODBA-
NCS2, was initiated. The focus of FOODBANCS2 research was to ob-
serve and document changes in the benthic environment along a cli-
matically sensitive, N-S transect on the WAP shelf that exhibited a
gradient in sea-ice duration (Smith et al., 2012; Figs. 1 and 5). In-
vestigators proposed to examine particle/radionuclide flux dynamics
and benthic ecology in the context of changes in sea-ice coverage for
this sensitive, high-latitude environment.

There have been numerous flux studies employing particle traps
along the peninsula, e.g., FRUELA96 (Anadón and Estrada, 2002;
Palanques et al., 2002), the Palmer LTER (Ducklow et al., 2012) and
FOODBANCS (McClintic et al., 2008; Smith et al., 2008b). However,
particle traps may under-sample both in time and space (Buessler et al.,
2010), as well as miss near-bottom lateral transport. Consequently, the
net flux to the benthic environment in some cases may have substantial
uncertainties and be poorly understood. In order to get a better un-
derstanding of particle and radionuclide fluxes, sediment cores were
retrieved to examine particle/radionuclide flux dynamics along the
WAP, because the seabed is the ultimate integrator of net seafloor
fluxes.

To evaluate the influence of climate change on the WAP and to

understand the nature of particle flux over a range of time scales, a suite
of radiochemical tracers (230Th, 14C, 210Pb and 234Th) with variable
half-lives (75.2 ky, 5730 y, 22.3 y and 24.1 days, respectively) were
measured on sediment samples from several shelf locations (shelf
depths between 500 and 600 m), where fine-grained sediment accu-
mulates. By comparing the distributions of these tracers in the seabed,
the effects of regional warming on the Antarctic Peninsula over the past
few decades can be resolved from long-term conditions extending back
centuries to millennia.

The goal of this research is to evaluate trends in the radio-isotopic
flux/inventories of four particle flux proxies, and to test the hypothesis
that the southernmost stations along the 550 km N-S WAP transect are
exhibiting enhanced particle fluxes (comparable to the northernmost
stations). Specifically, it is hypothesized that the inventories of 234Th
(characterizing monthly time scales) collected from the southernmost
stations, during 2008 and 2009, are suggestive of a temporal increase in
particle flux relative to the northern stations of the transect and the
long-term (centurial to millennial) trend of decreasing particle flux with
increasing latitude. The underlying expectation is that as warming oc-
curs along the West Antarctic Peninsula, there should be an increase in
particle flux, both lithogenic and biogenic, as a consequence of in-
creasing erosion of continental sediments and pelagic production.

2. Methods

2.1. Study sites

The WAP was sampled along a 550 km N-S transect between 63°S
and 68°S (Fig. 1). Three cruises were completed using the RV Lawrence
M. Gould during the austral summers of 2008 and 2009 and the RV
Nathaniel B. Palmer during the austral winter of 2009. Cruises were
timed to coincide with periods of highest and lowest primary produc-
tion (and presumably particle flux), summer and winter, respectively.
Five stations were selected along the WAP shelf, each at water depths of
~600 m (where the seabed accumulates fine-grained sediments). Sta-
tion selection coincided with a natural gradient in sea-ice coverage and
duration (Smith et al. (2012)): Station AA, the northernmost station, on
average ice-free> 9 mo per year, in contrast to Station G, the south-
ernmost station, ice free ~3 mo per year of the year from 2004 to 2008

Fig. 1. Map of study sites for FOODBANCS-2 Project. Contour lines represent
shelf bathymetry. Stations (shown as red dots) were occupied during Austral
Summer and Winter 2008, and Austral Summer 2009.. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).
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(Smith et al., 2012). Stations were occupied multiple times during each
cruise, and each time a station was occupied, a megacore with 12 tubes,
each 10-cm diameter, was collected.

Cores with the least disturbed sediment-water interfaces were
sampled for radiochemical analysis at 0.5-cm intervals down to 2 cm,
every centimeter from 2 to 10 cm, every other centimeter from 10 to
20 cm and at 2-cm intervals from 20 cm to the bottom of the core. A
Kasten core was also collected at each of the five stations and sub-
sampled over 3-cm depth intervals at 5–8 depths throughout the 1–3 m
cores. Sediments used to measure 14C were dried at 100 °C aboard ship.
All other radiochemical samples were stored at 4 °C and dried just prior
to analysis. Three to five megacore tubes from each station on each
cruise were analyzed for 234Th activity. 210Pb was measured on one
core from each station per cruise (3 total per station). 230Th analyses
were run on four Kasten cores (Stations AA, B, F, and G).

2.2. Radiochemical analysis

Analyses for 234Th, 210Pb, and 230Th were accomplished by chemical
digestion of approximately 5 g of dried, homogenized sediment in near-
boiling 6 M hydrochloric and 7 M nitric acids, following the methods of
Aller and DeMaster (1984). All three radiochemical analyses were made
on separate subsamples of sediment from the same core. An analyte-
appropriate spike of known activity was introduced prior to initial di-
gestion: 230Th (for 234Th), 209Po (for 210Pb) and 228Th (for 230Th). For
analyses of thorium isotopes and their uranium parents, thorium and
uranium fractions were isolated after initial digestion using anion ex-
change (AG1-X8, 200-400 mesh, Cl− form) techniques. Thorium and
uranium activities were further purified using 0.4 M thenoyltri-
fluoroacetone (TTA - in benzene) extractions followed by dry deposition
onto stainless steel planchettes on a heated chimney (Aller and
DeMaster, 1984). Activities of 232Th, 230Th, and 228Th were determined
using alpha spectroscopy, whereas the activity of 234Th was determined
via anti-coincidence beta counting. 210Pb analyses were made by iso-
lating its granddaughter, 210Po, in 1.5 M HCl, followed by deposition of
the polonium isotopes on 1-cm2 silver planchettes. After plating, sam-
ples were counted using surface barrier detectors and alpha spectro-
scopy. The statistical uncertainties inherent in observing decay events
were propagated throughout the various data calculations.

For both thorium isotopes, the uranium parent was directly mea-
sured, but for 210Pb, the activity of the effective parent (226Ra) was
approximated by determining the asymptotic activity of the total 210Pb
activity profile at depth. To understand particle flux along the pe-
ninsula, inventories of excess activities for each of the three radio-
isotopes were calculated using the equation:

∑= ∗I ρ zΔA db (1)

where A⁎ is the excess activity at depth interval Δz and ρdb is the dry
bulk density (Table 1). Under steady-state conditions, the radio-
chemical flux of a particular radioisotope to the seabed can be calcu-
lated by multiplying the seabed inventory by its radioactive decay
constant.

The magnitude of observed radiochemical fluxes often can be used
to resolve the relative contributions from vertical settling and from
lateral transport. The production of each tracer in the water column
from a dissolved, long-lived parent is relatively well known and a
function of water depth; therefore, a focusing factor (Psi) can be derived
by comparing observed seabed fluxes to the expected water column
production for a particular radioisotope (Bacon, 2004). Values equal to
one indicate vertical settling is the predominant component of sediment
flux. Values greater than one indicate contributions from both vertical
settling and lateral transport to the sediment flux. Values less than one
indicate that the tracer is transported laterally away from the station
area (or for isotopes with short half-lives, as is the case for 234Th, decay
within the water column).

14C activity was determined on the organic‑carbon fraction of
Kasten-core sediments. Particulate inorganic carbon was removed using
an overnight, 1 M HCl aqueous pretreatment. Thirty to 90 mg of pre-
treated sediment were combusted on an elemental analyzer (Flash EA
1112), followed by CO2 isolation into glass tubing using cryogenic
techniques (Purinton et al., 2008). The CO2 samples were analyzed for
14C activity using the accelerator mass spectrometer at the NOSAMS
facility (Woods Hole Oceanographic Institution). 14Corg ages were cal-
culated by multiplying the natural log of the 14C fraction modern value
(corrected for 13C variations) by 8267 years. Sediment accumulation
rates were determined from the least squares fit of a 14C age versus
depth profile (Fig. 2). Geochemical data were handled as discrete ob-
servations and arithmetically averaged when pooled values were used
in statistical analyses. For seasonal and annual trends, 234Th data were
pooled for each station and evaluated spatially and temporally using a
linear model, treating both station (spatial) and cruise (temporal) ef-
fects as fixed.

2.3. Sea-ice metrics

Annual sea-ice trends along the WAP were evaluated from the
Bootstrap-2 passive microwave dataset available through the National
Sea Ice Data Center (NSIDC) in Colorado for the interval 1979–2009.
The five stations were geo-coordinated with Interactive Data Language
(IDL) using the modified source code provided by NSIDC. A single
25 km2 cell of the satellite data matrix represented each of the five
stations. Binary satellite data were input into Matlab and the resultant
daily concentrations were used to derive the sea-ice statistic used in this
study. The parameter of interest, sea-ice free days, was quantified by
counting the number of days that had ice concentrations less than 15%
(Stammerjohn et al., 2008). For annual trend analysis, a year was de-
fined as occurring from March 15th of the initial year to March 14th of
the subsequent year. Due to incomplete data, 1987 was excluded from
the analyses.

To evaluate seasonal trends in sea-ice coverage at each station and
spatial trends per cruise (FB2-x), the sea-ice free days were counted for
the 120 days (approximately 5 half-lives of the shortest lived tracer,
234Th) prior to collection of each megacore sample. The ratio of ob-
served sea-ice free days out of 120 was treated as binomial count data
and run as a generalized linear model, treating both station and cruise
as fixed effects. The ratios of ice-free days out of total days were log-
rhythmically transformed in order to account for the use of count data
when evaluating ice trends. All statistical analyses were performed
using SAS v. 9.4 at the alpha significance level of 0.05.

3. Results

3.1. Millennial trends

The sedimentary distribution of 14C in Kasten cores is not influenced
to a significant extent by particle mixing (bioturbation) (Harden et al.,
1992); therefore, this long-lived radioisotope is an effective tracer of
sediment accumulation rates (SAR) on the WAP shelf. 14C ages near the
top of the Kasten cores (Fig. 2) ranged from 2300 to 3900 years, in part
because of the high reservoir age (1300–1500 years: average pre/post-
bomb reservoir age of 1300 ± 100y - Berkman and Forman, 1996) of
plankton as a result of high-latitude upwelling and also presumably
because of lateral transport of aged organic matter down into these
shelf basins. The 14C sediment accumulation rates ranged from 67 cm/
ky at Sta. AA, to 28 cm/ky at Sta. B, to 22 cm/ky at Sta. E, to 5.6 cm/ky
at Sta. G.

The calculated SARs assume that the surface age of bulk organic
matter is constant over time. The sediment accumulation rates decrease
from N to S along the transect, and there is an 11-fold greater flux of
sediment, on millennial time scales, at Station AA compared to Station
G (Fig. 3). The SAR for Station F was not reported due to an unresolved,
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down-core 14C sediment profile.
230Th inventories, listed in Table 1, were integrated to the bottom of

the Kasten core (Stations AA, B and F) or to a depth horizon of ap-
proximately 7ky (Station G). Excess activity was very small (near

detector limits) for Station AA, probably due to the high sediment ac-
cumulation rate and subsequent dilution of the thorium signal. Station
G had the highest (measurable) inventory, 31.6 dpm/cm2, and Station
AA the lowest, 0.2 dpm/cm2. There was an increase in inventory along

Table 1
Geochemical results from radioisotopic analyses.

Station 230Th 14C 210Pb Ice-free Days 234Th

Inventory error SAR error Inventory error mean Db Db Inventory error Cruise cruise annual

(dpm/cm2) (± ) (cm/ky) (± ) (dpm/cm2) (± ) (cm2/y) (cm2/y) (dpm/cm2) (± ) Mean mean

AA 0.3⁎ 0.1 67 17 184.3 (13.3) 120 2.7 2.4 0.1 2–1 5.5 (2.1) 11.2 (2.5)
175.5 2.3 0.1 120 2.7 5.9 0.1

120 3.4 8.2 0.1
120 5.1 0.1
120 8.6 6.3 0.1
120 2.2 0.1 2–2 3.9 (1.5)
120 1.0 4.4 0.1

199.6 2.9 0.1 120 2.1 5.0 0.2
120 35.1 11.6 0.2 2–3 9.0 (2.4)

177.7 2.0 0.4 120 8.5 8.6 0.2
120 6.5 6.9 0.1

B 4.4⁎⁎ 0.3 28 24 70.3 2.8 84.2 (12.3) 0.3 120 1.4 2.4 0.1 2–1 1.9 (1.4) 5.1 (2.1)
120 3.3 4.0 0.1
120 3.0 1.4 0.1
120 1.2 0.1
120 0.5 0.0
119 1.3 1.7 0.1 2–2 1.7 (1.2)

88.7 2.0 0.8 119 4.4 3.4 0.1
119 1.8 1.0 0.1
119 0.7 0.0

93.7 2.0 0.1 120 6.3 2.2 0.1 2–3 4.9 (1.5)
120 12.2 5.7 0.1
120 4.8 4.9 0.1
120 16.8 6.0 0.2
120 1.8 5.6 0.2

E ND 22 17 65.4 1.7 65.2 (4.4) 0.3 119 1.3 0.0 2–1 0.4 (0.8) 2.8 (2.5)
116 0.0 0.0
116 1.8 0.0 0.0

69.4 2.6 0.4 114 0.8 0.0 2–2 0.6 (0.2)
114 0.6 0.0
113 0.4 0.4 0.0
120 4.5 4.9 0.1 2–3 4.0 (0.9)
120 6.5 3.1 0.1

60.7 1.7 0.5 120 7.9 4.0 0.1
F 7.2 1.6 ND 66.4 (26.9) 120 1.1 5.1 0.1 2–1 2.1 (2.7) 11.5 (10.0)

118 2.4 1.2 0.0
97.3 2.6 1.6 118 0.0 0.0

107 2.2 0.1 2–2 2.3 (0.7)
106 3.0 0.1

53.8 2.9 1.7 106 1.7 0.0
48.1 2.3 0.9 119 6.5 11.8 0.1 2–3 16.3 (5.4)

119 14.6 0.1
119 1.0 22.3 0.1

G 30.2 1 6 3 46.1 (13.9) 102 1.2 0.0 2–1 4.0 (2.4) 9.5 (3.6)
102 10.9 2.7 0.1

33.1 0.9 0.4 102 7.1 0.3
103 3.1 0.1
103 2.0 5.8 0.1
104 2.0 2.8 0.1 2–2 2.9 (0.9)
104 1.6 2.5 0.1

64.2 1.8 0.8 103 0.9 4.5 0.1
103 3.9 2.8 0.1
102 1.2 2.1 0.0
100 137.0 16.1 0.1 2–3 9.1 (5.1)

37.5 0.7 0.9 100 6.2 6.1 0.1
49.4 1.3 0.5 100 1.2 4.9 0.1

100 10.1 12.9 0.1
100 3.0 5.5 0.1

Cruise information: 2–1 is Summer 2008, 2–2 is Winter 2008 and 2–3 is Summer 2009. Absolute error was determined primarily from counting statistics. Annual
mean 234Th inventories presume the winter contribution was the same for 2008 and 2009. For calculated mean inventories, parenthetical values represent standard
deviations (1σ). ND = not determined.

⁎ 230Th activities from Station AA were at detector limits and were not considered when evaluating trends along the WAP.
⁎⁎ 230Th data from Station B were interpolated from 0 to 10 cm.
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the transect southward of Station AA, which can be attributed to the
increased time interval over which the sampled sediments at the
southern stations (especially Station G) integrated, because of south-
wardly decreasing sediment accumulation rates (67 cm/ky at Station
AA versus 5.6 cm/ky at Station G – Table 1).

230Th, which is highly particle reactive, is produced at a constant
rate from its more soluble parent, 234U. 230Th has a short residence time
in the water column (< 40 years in deep water) relative to its half-life
(Francois et al., 2004). These properties result in the nearly complete
scavenging of 230Th from the water column. 230Th inventories were
used to calculate a sediment-focusing factor (Psi) following the method
of Francois et al. (2004), based on the formula:

∫=
∗

ψ
A ρ z
β hs

bd

230 (2)

where A* is the age corrected excess activity of the depth horizon z, rho
is the dry bulk density, β230 is the water column production of 230Th
over water depth h, and s is the dated age of depth horizon z. Age
correction and tie-points used in the Psi calculation were based on 14C

sediment accumulation rates. In the calculation of Psi, 230Th activity
was only integrated to a time horizon of at most 7 thousand years, a
period of relatively uniform sedimentation in this high-latitude en-
vironment (Heroy and Anderson, 2007; Bentley et al., 2011). Stations
AA and B had Psi values> 2, suggesting that sediment focusing plays a
substantial role at the northern stations. Southern stations had 230Th Psi
values slightly greater than one (1.3–1.6), suggesting vertical particle
scavenging predominates and less lateral transport and focusing of se-
diment (Table 2).

3.2. Decadal-centurial trends

210Pb, with a 22.3 year half-life, can be useful in understanding
sedimentary processes over ~110 years, i.e., five half lives (Table 1).
There was a southward decrease in radiochemical inventory/flux along
the transect from Station AA (mean inventory of 184 dpm/cm2) to
Station G (46.1 dpm/cm2, Table 1 and Fig. 4). Stations E and F had
similar inventories of 65.2 and 66.4 dpm/cm2, respectively (Table 1).
At Station AA, one near-surface sample had an activity of 150 dpm/g,
which was higher than any other recorded activity in the samples. If
this sample were excluded from the inventory calculations as an outlier,
the conclusions drawn from the statistical tests remain the same;
therefore, the sample was included in the final analysis. 210Pb in-
ventories were significantly different among the stations (one-way
ANOVA, n = 16, p-value< 0.0001). The post-hoc test Tukey multiple
comparisons test showed that the mean 210Pb inventory at Station AA

Fig. 2. Plot of 14Corg age (non-Libby) as a function of depth in the seabed for 4
West Antarctic Peninsula stations. Accumulation rates vary by an order of
magnitude and decrease southward. The analytical uncertainty in the 14C ages
(typically 30 years) is smaller than the size of the symbol used to represent the
data point in this figure.

Fig. 3. Sediment accumulation rates (SAR) along the 550 km N-S transect. On
millennial timescales, there is decreasing particle flux as distance from AA
(farther south) increases. Error bars represent the 95% confidence limits on the
SAR from linear regression. The linear regression of sediment accumulation rate
versus distance along the N/S transect (beginning with Sta. AA) has an R-
squared value of 0.88, p-value = 0.062.

Table 2
Focusing factors (Ψ) for 230Th, 210Pb, and 234Th.

Station 230Thxs 210Pbxs 234Thxs

Observed Observed Observed

Ψ Ψ Ψ

AA 2.4 22.0 0.014–0.078
B 2.2 10.0 0.003–0.040
E na 7.8 0.003–0.033
F 1.5 7.9 0.008–0.151
G 1.3 5.5 0.008–0.109

230Th Psi values were calculated based on a water column production rate of
26.7 dpm m−3 ky−1 (Francois et al., 2004). The estimated 226Ra activity in the
water column was 0.14 dpm/kg (Ku and Lin, 1976), and the estimated 238U
activity was 2.4 dpm/kg (Pilson, 2012). 234Th Psi ranges were based on the
minimum and maximum observed inventories. na = not analyzed.

Fig. 4. 210Pb inventories from all sampled cores denoted by
Station-FOODBANCS cruise, e.g., AA-2 is Station AA cruise FOODBANCS2–2.
Station G had 2 cores (a and b) analyzed from cruise FOODBANCS2–3. Error
bars represent absolute errors (calculated from counting statistics).
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was significantly different than the other 4 stations' means (p-value<
0.0001). There is a significant trend of decreasing 210Pb inventory from
north to south (Fig. 5, R2 = 0.81; p-value< 0.0001).

3.3. Seasonal patterns

Due to its short half-life of 24 days, 234Th is an excellent tracer for
radiochemical flux and particle dynamics over seasonal timescales
(~120 days). For cruise FOODBANCS2–1, mean 234Th inventories
ranged from 0.4–5.6 dpm/cm2. There was a decrease in inventory from
Station AA to E followed by an increase in inventory at Stations F and G
(Fig. 6). Mean 234Th inventories from FOODBANCS2-2 (Austral winter)
ranged from 0.6–3.9 dpm/cm2. Mean inventories exhibited the same
latitudinal pattern as observed the previous summer. Summer 2009
(FOODBANCS2-3) had 234Th inventories as high as 22.3 dpm/cm2 at
Station F, and as low as 4.0 dpm/cm2 at Station E; the same general
pattern observed during the previous two cruises was observed during
cruise FOODBANCS2-3 (Table 1 and Fig. 6).

A two-way ANOVA test showed a significant interaction between
Station and Cruise effects (n = 56; p-value = 0.03); therefore, the main
effects of the Station (on 234Th inventory) depended upon the cruise. In
fact, 234Th inventories did not differ significantly along the transect

during cruise FB2-1 or FB2-2. Post-hoc Holm-Sidak multiple compar-
ison showed that Cruise FB2-3 234Th data were significantly different
from Cruises FB2-1 or FB2-2 (p-values< 0.001).

Seasonal variability in particle flux has been well documented along
the WAP (McClintic et al., 2008; Smith et al., 2008b; Buessler et al.,
2010; Ducklow et al., 2012). Although the magnitude of the 234Th in-
ventory differed from season to season, consistent station to station
patterns in the inventory (high-low-high) were observed during the 12-
month study period (Fig. 6). For the WAP, the inventories were ap-
proximately the same along the N-S transect during each cruise. There
was no statistically significant linear trend along the transect for any of
the three cruises (weighted linear regressions, p-values> 0.132).

3.4. Annual patterns

Annual 234Th inventories were calculated based on the assumption
that the winter inventory (FOODBANCS2-2) was constant from year-to-
year; i.e., the 2008 inventory is equivalent to FOODBANCS2-1 plus
FOODBANCS2-2 inventories and the 2009 inventory equals the FOO-
DBANCS2-2 plus FOODBANCS2-3 inventories. Annual 234Th in-
ventories were highest at Station AA for 2008 (9.4 dpm/cm2) and
highest at Station F for 2009 (18.6 dpm/cm2). For both 2008 and 2009,
inventories were lowest at Station E (1.1 and 4.6 dpm/cm2, respec-
tively), and increased away from Station E, both northward and
southward (similar to the observed seasonal patterns – Fig. 6). The
observed inventories at every station for Summer 2009 were the same
as or greater than 234Th inventories for all of 2008. There was no sta-
tistical trend in annual 234Th inventories N-S with distance along the
transect (R2 = 0.014; p-value = 0.192).

3.5. Sea-ice patterns

Table 1 shows the counts of ice-free days for the 120 days prior to
sediment core retrieval. The number of ice-free days observed were
lower in the winter compared to the summer for southern Stations E, F
and G. Stations AA and B were ice-free for the previous 120 days re-
gardless of season. Over all, Station G had the fewest ice-free days
observed for every cruise. Based on satellite ice patterns, Stations B, E, F
and G had an apparent increase in the number of ice-free days over the
29 years prior to 2008. Stations E, F and G showed the largest per-
centage increase in ice-free days (62%–94%) relative to the natural
decrease in ice-free days with increasing latitude.

No statistical correlation existed between ice-free days and 234Th
inventories, based on pooled inventories from the three cruises (ex-
cluding observations of zero inventories) across stations (n = 56, p-
value = 0.147). However, at station E and G, a correlation between ice-
free days and station 234Th inventory was observed (Fig. 7). The 234Th
inventory at Station E increased as ice-free days increased (p-
value = 0.013 – Fig. 7). Station G had a statistically significant de-
crease in 234Th inventory as the number of ice-free days increased (p-
value = 0.019 –Fig. 7). Station F demonstrated no statistical correlation
(Fig. 7, p-value = 0.326) between observed inventory and the number
of ice-free days, likely due to the large difference in 234Th inventory
between summer 2008 and 2009, sampling timing, and/or variation in
sea-ice concentration during “ice-free” (0–15%) and ice-covered
(15–100%) conditions (see discussion).

4. Discussion

4.1. Radiochemical patterns

In any marine environment, there are two main components of
particle flux to the seabed – vertical settling and lateral transport. The
vertical component is derived from particulate matter settling vertically
through the water column overlying the seabed. Laterally transported
sediment comes from outside the study area, and transport is generally

Fig. 5. 210Pb inventory weighted regression analysis. The centurial trend is that
of decreasing radiochemical flux to the seabed from north to south (R2 = 0.81;
p-values< 0.0001).

Fig. 6. 234Th inventories from the three FB2 cruises. Points are mean core in-
ventories (n = 5) and error bars are standard deviations of the means. Each
cruise (season) had decreasing inventories from Stations AA to E, but increased
inventories from E to G. Cruise FOODBANCS2-3 (Summer 2009) had higher
inventories than either previous cruise, consistent with documented inter-an-
nual variability in 234Th (McClintic et al., 2008).
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accomplished via currents, tides and (in shallower environments)
waves. The seabed acts to integrate these sources.

The 230Th data suggest that sediment has been accumulating at all
stations on millennial timescales (Table 2). Estimates of sediment fo-
cusing at the northern station are approximate due to the high sediment
accumulation rate at Station AA, leading to excess 230Th activities near
detection limits. The 230Th data suggest that sediment flux over mil-
lennial timescales (1-7ky) effectively scavenges all of the thorium from
the overlying water column. The observed inventories provide some
supportive evidence for sediment focusing and lateral transport via
currents on long-term time scales consistent with ADCP derived phy-
sical oceanographic data reported for the Peninsula area by Savidge and
Amft (2009) and Moffat et al. (2008). A portion of the sediment flux at
Station AA, with a 230Th Psi value> 2 (Table 2), is likely attributable to
focusing via lateral transport. Sediment focusing within the Bransfield
Strait has been documented in the past (Palanques et al., 2002). The
230Th Psi values near one (Table 2) along the southern reaches of the
WAP transect indicate that vertical scavenging of particle has pre-
dominated and that minimal 230Th has been supplied from surrounding
waters, i.e., very little net lateral transport has occurred on millennial
timescales. The lack of lateral transport on millennial timescales in-
dicates that 230Th inventories in the seabed are not sensitive to recent
changes in climate and particle flux as suggested by Smith et al. (1999),
who describe a warmer, maritime climate moving southward along the
Peninsula over the past several decades.

The 14C-derived sediment accumulation rates (SARs) decrease along
the N-S FOODBANCS-2 transect (Table 1;Figure 8), coincident with the

natural sea-ice gradient along the Peninsula (Smith et al., 2012). SARs
decreased from Station AA (67 cm/ky) through Station B and E
(28–22 cm/ky) to Station G (5.6 cm/ky) along the 550 km N-S transect
(R2 = 0.88; p-value = 0.062) Similarly, 210Pb inventories statistically
decreased along the WAP transect from north to south as shown in
Figs. 4 and 5 (p-value<0.001). The predicted 210Pb inventory (Ψ = 1)
can be calculated based on the water column activity of its effective
parent, 226Ra (see Table 2 above), and the overlying water column
height (yielding a value of ~8.0 dpm/cm2 for a water depth of ~600 m
which is ~20 times less than the observed average 210Pb sediment in-
ventory at Station AA). The water-column path length necessary to
support the observed 210Pb inventories along the WAP transect ranged
from 3 to 14 km (compared to the actual water depth of ~600 m).
Clearly, there is a significant mechanism by which excess 210Pb is lat-
erally transported to all of the WAP study sites on 100-year time scales.

Due to its 22.3y half-life, approximately half of the observed 210Pb
inventories (and resultant Psi values> > 1) along the WAP can be
attributed to sedimentary process occurring before 1979. It is con-
ceivable that the inventories indicate a diminished impact from climate
change effects; however, the climate record may not go back far enough
to determine long-term relationships between sedimentary processes
and climate change effects. The high inventories likely reflect the water
depth and the fine-grained sediments of the study area, as well as cir-
culation dynamics on the shelf. Fine grained sediments (those more
likely to scavenge radiochemical tracers from the water column) tend to
accumulate below 400 m on the WAP shelf (Harden et al., 1992). The
sediments occurring at water depths< 400 m are primarily reworked

Fig. 7. The log-transformed 234Th inventories at Station E, Station F and Station G relative to ice cover 120 days prior to core recovery for all three cruises. Station E
showed a positive, linear trend between 234Th inventory and ice-free days. Station G, however, had a negative linear trend. Station F showed high inter-annual
variability between summer 2008 and 2009 and thus no correlation between ice-free days and 234Th inventory.
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sands containing very little or no fine-grained sediment (and thus, very
low abundance of particle reactive tracers such as 210Pb). Approxi-
mately 30% of the total shelf area along the WAP has water depths in
excess of 400 m. Therefore, scavenging of the nearby, shallow-shelf
environment's 210Pb (from water column production) can explain a
210Pb Ψ value of approximately 3.

In addition, the high 210Pb inventories and large Psi values can (in
part) be explained by the short (relative to the half-life of 210Pb) re-
sidence time of the waters along the WAP, as part of regional circula-
tion. Harden et al. (1992) reported a residence time for Marguerite Bay
of approximately 8y and as short as 2y for the Gerlache Strait. The 100-
year timescale integrated by 210Pb is sufficiently long compared to the
water's residence time that 210Pb produced in offshore waters (where
particle flux is very low) has time to be transported onto the shelf,
where it can be scavenged by the enhanced fluxes of fine-grained se-
diment (lithogenic and biogenic) occurring on the shelf and deposited
in the shelf basins (acting as localized depocenters).

In the Bransfield Strait, subglacial discharge is highest during the
spring-summer melt, forming sediment-rich plumes (Harden et al.,
1992). These plumes move seaward via tidally induced resuspension
events and density flows (Masqué et al., 2002; Isla et al., 2004; Cape
et al., 2019). Continued warming trends would likely elevate the se-
diment load in this region (Cape et al., 2019) resulting in enhanced
particle scavenging, which would lead to future increases in seabed
inventories of 210Pb.

Within Marguerite Bay, sediment is mainly lithogenic in origin and
glaciomarine processes control its distribution and rate of accumulation
(McGinnis et al., 1997; Hillenbrand et al., 2008). Intrusions of warmer
circumpolar deep water (CDW) have been shown to increase ice-shelf
melt, resulting in increased suspended sediment concentrations (Taylor
et al., 2001; Gilbert et al., 2003; Cape et al., 2019). Again, further
warming within Marguerite Bay could lead to increases in sediment
load to the water column (lithogenic and biogenic). Coupling the short
residence time of water parcels within Marguerite Bay to an increased
sediment load would tend towards increasing the seabed inventories of
210Pb in the future.

As sea-ice melts it produces a freshwater lens, promoting stratifi-
cation and subsequently enhancing primary productivity (Smith and
Nelson, 1985). Increased atmospheric temperatures and subsequent
higher wind intensities have made the WAP sea-ice season shorter
(Stammerjohn et al., 2008). Smith et al. (2008a) showed that the de-
crease in the sea-ice season has the potential to increase the rates and
duration of primary production along the WAP. Indeed, southern WAP
productivity has increased in recent years (Montes-Hugo et al., 2009). It
is reasonable to presume that as warming trends continue, particle flux
will increase due to the increased water column productivity. Coupled
with the potential lithogenic material increase from increased basal
flow, subglacial runoff and resuspension, the higher sediment load will
effectively scavenge more particle reactive tracers from the water
column, increasing seabed inventories. Such enhancement to the
radiochemical signal could help to explain the apparent lack of a
monotonic trend in 234Th inventories N-S.

The data from the N-S transect showed similar 234Th inventories for
a given station from both FOODBANCS2–1 and FOODBANCS2–2, i.e.,
the austral summer and winter of 2008, respectively (Fig. 6). There was
no statistical difference in inventories between the two seasons (p-
value = 0.812). The flux to the seabed observed at Station B during
winter 2008 (488 dpm/m2/d) was similar to that observed at a nearby
near-bottom sediment trap deployed during the summer of 2000
(400 dpm/m2/d - McClintic et al., 2008). Presumably, little primary
production occurs in the winter; as such, the observed winter in-
ventories would more likely be explained by the resuspension and lat-
eral transport of lithogenic material from other locations.

The range in the observed mean 234Th sediment inventories at the 5
stations during the 3 cruises (1.1 to 19 dpm/cm2) can be explained by
complete scavenging of 5–80 m of water column, or incomplete

scavenging of a taller column. During the winter seabed inventories are
likely the result of more complete scavenging of particles in near-
bottom waters. During the spring and summer, much of the 234Th
produced in the euphotic zone is likely to be scavenged by the organic
matter sinking out of the surface waters. However, significant particu-
late organic matter is recycled at depth (releasing the associated 234Th),
i.e., scavenging during the summer is likely to occur in a vertical mode
over a greater part of the water column (but at much less than 100%
removal). Thus, with very different modes of scavenging and tracer
transport during the different seasons, it is likely fortuitous that the
winter and summer 234Th inventories were similar. It should also be
noted that during the spring and summer sampling periods, much of the
234Th signal produced in surface waters may reside temporarily on
particles suspended in the water column (and not in the seabed),
especially during plankton blooms.

In summer 2009, the southern stations (F and G) had the highest
234Th inventories (10-fold greater than summer 2008), and indicated
substantial inter-annual variability on the WAP (McClintic et al., 2008;
Smith et al., 2008a; Buessler et al., 2010). In contrast, the 234Th in-
ventories at Stations AA and B were nearly constant during these two
summers. The high 234Th inventory observed at Station G during the
summer of 2009 corresponded with some of the lowest number of ice-
free days at this station. The high inventory at G may be explained in
part by the timing of the ice-edge retreat at the station (sampling at
Station G occurred at or near the ice edge, enhancing biogenic particle
flux, Smith and Nelson, 1985), and not the absolute number of ice-free
days (Fritsen et al., 2011). During the summer of 2009, Station F ex-
hibited the highest 234Th inventories observed in the study. In contrast
to Station G (which had only 100 ice-free days prior to sampling, out of
120), Station F had 119 days of ice-free conditions (of 120) prior to
sampling.

The mean 234Th inventories at Station F during FOODBANCS2–3
were (nearly) twice as high as at Station G during the same period. The
enhanced 234Th seabed inventories (and by analogy particle flux) ob-
served at Station F relative to Station G is consistent with a longer time-
period of open-ocean conditions and the likelihood that Station F was
near the ice edge for an extensive and longer period of time (perhaps
2–3 weeks) than Station G.

The sea-ice data (along with the 234Th sediment inventories) suggest
that the northern stations AA and B may not have been greatly influ-
enced by changes in sea-ice duration or the timing of the ice-edge re-
treat in recent years. However, the 234Th inventories at Stations F and G
are consistent with the idea that particle flux is increasing, possibly in
response to the climate shift and the changing sea-ice dynamics along
the peninsula.

4.2. Summary of temporal patterns in particle flux

Millennial tracers, 14C and 230Th, suggest that particle flux along the
WAP follows a long-term climatic gradient (maritime controls in the
north, continental controls to the south – Smith et al., 1999), with ice-
free conditions of more than 9 months a year at Sta. AA transitioning to
3 months a year ice-free at Sta. G (Smith et al., 2012). Northern sta-
tions, ice-free most of the year, receive the most particle flux, whereas
the southern stations, that are ice-bound most of the year, receive the
lowest particle flux (Smith et al., 1999; Smith et al., 2012).

The particle reactive tracer, 230Th, is efficiently removed from the
water column and indicates little net lateral transport on 1000-year
timescales. On 100-year timescales, in contrast, the focusing factor
derived from the 210Pb data indicates that lateral transport does play an
important role in scavenging particle-reactive tracers from the water
column. Although the trend of decreasing particle flux with increasing
latitude is maintained with the 210Pb inventory data, a simple one-di-
mensional flux (vertical component only) cannot explain the observed
inventories (Table 2).

Decadal sea-ice trends can help to explain observed particle fluxes
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along the WAP (especially the southern stations) as open-ocean con-
ditions increase in this area, allowing more primary production and
increasing particle export from the euphotic zone, as well as facilitating
resuspension and lateral transport. The high 234Th seabed inventories at
Stations F and G suggest that the faster rate of change in sea-ice cov-
erage brought on by warming oceans is more important to flux dy-
namics in the southern, more continental stations, than at the northern,
more maritime, stations (AA and B; Fig. 8).

This study used<15% ice coverage as the criterion for ice-free
days. Phytoplankton can bloom in Antarctic waters with much higher
ice cover than 15%. Thus, a fruitful line of research might be to explore
correlations between higher percentage ice cover days with the short-
lived radioisotope inventories to explore the relationship between sea-
cover and particle export to the seabed.

The long-term trends in particle flux (i.e., centurial, 210Pb, and
millennial, 14C, timescales) both show a statistical decrease in magni-
tude with increasing latitude (i.e., from Sta. AA to Sta. G; Figure 8). In
contrast, the seasonal and annual particle fluxes, as revealed by the
234Th data, show no consistent N-S pattern or systematic relationship
with sea-ice duration prior to core collection. In fact, the southern-most
stations (F and G) sampled during 2008 and 2009 have statistically
comparable 234Th inventories to the northern-most station (Sta. AA).
This pattern of particle flux on short (seasonal/annual) timescales is
consistent with enhancement of particle fluxes at stations F and G in
recent years, most likely induced by climate changes and decreases in
sea-ice duration (Stammerjohn et al., 2008; Ducklow et al., 2013).

5. Conclusions

Over the last 50 years, higher temperatures have been recorded
along the WAP; these have been correlated with sea-ice dynamics with
a significant decline in sea-ice duration and an increase in open-ocean
conditions, along the peninsula during the past 30 years.

Evaluation of millennial, particle flux proxies (230Th- derived Psi
values and 14C sediment accumulation rates) reveal a N-S trend of
higher particle flux at Station AA decreasing southward to Station G.
Additionally, 210Pb inventories display a similar gradient in particle
flux along the peninsula, decreasing as latitude increases, character-
izing particle flux on centurial time scales. The high 210Pb inventories,
relative to water column production, suggest extensive sediment fo-
cusing via lateral transport over the past 100 years. Seasonal and

annual trends derived from 234Th inventories along the Peninsula show
an increase in particle flux at the southern stations relative to the
northern stations. Although there is a discordant correlation between
sea-ice days and 234Th at the southern stations, data collected along the
WAP suggest that the nature of particle flux has been changing in recent
times, and is consistent with changes in climate and sea-ice coverage. It
would appear that the decrease of sea ice, associated with warming
trends on the Peninsula, is perturbing the long-term trends in particle
flux, and leading to an increase in vertical transport (higher primary
productivity) and lateral transport (resuspension during winter storms),
especially at the southern stations, on seasonal and annual time scales.

There appears to be a systematic increase in particle flux as sea-ice
diminishes, which is linked to Stations F and G exhibiting the largest
and most systematic changes in sea-ice coverage over the last 35 years.
The data indicate some predictive power for radioisotope inventories
(234Th) towards climatologically significant variables (ice coverage),
but a robust model for either forecasting or reconstructing these vari-
ables has not been realized. Further investigation between ice coverage,
radioisotope inventories and biogeochemical tracers, e.g., chlorophyll-
a, may help to understand natural and anthropogenic forcing on par-
ticle flux along the WAP and to aid in the development of a better
model for understanding climate change effects on particle flux.
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