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Abstract The ocean contributes to regulating atmospheric CO2 levels via the biological carbon pump
(BCP). One critical aspect of the BCP is the depth at which sinking particulate organic carbon (POC)
remineralizes in the mesopelagic zone (200–1,000 m). In the Southern Ocean, the circulation is such that the
products generated from POC remineralization may have drastically different fates depending on (a) the latitude
at which sinking particulate material is produced and (b) the depth at which its remineralization occurs. Here, we
assess latitudinal and depth variations of POC export marine aggregate abundance and composition in the
Southeast Pacific sector of the Southern Ocean. We show changes in flux attenuation depth horizons in the
upper mesopelagic in the subantarctic zone. These correspond to rapid particle accumulation below the depth of
the euphotic zone followed by abrupt export. We believe that such rapid changes may be linked to diatom life
cycles, including resting cell and spore formation and resulting changes in particle sinking velocities rather than
attenuation due to heterotrophic degradation or solubilization in the upper mesopelagic zone. We further discuss
the occurrence of such features in the Southern Ocean and at the global scale. Our results highlight the
importance of alternative flux attenuation processes, such as sudden changes in particles sinking velocities, in
explaining variability in organic carbon sequestration by the ocean's BCP.

Plain Language Summary The oceanic biological carbon pump (BCP) influences the Earth carbon
cycle by transporting part of the CO2 fixed by phytoplankton into the deep ocean. The main pathway of the BCP
is the formation and vertical export of particulate organic carbon (POC) out the surface ocean into the dark
ocean. These particles are often referred to as “marine aggregate.” The depth to which marine aggregate flux
penetrates in the deep ocean dictates the strength of CO2 sequestration. At present, POC flux attenuation is
mainly attributed to the consumption of marine aggregate by heterotrophic organisms (bacteria and
zooplankton). In this study, we document rapid changes in POC flux attenuation within the upper hundreds of
meters of the subantarctic zone. We show that the strong POC flux attenuation corresponds to the formation of
suspended marine aggregate at specific depths. Our results suggest that such particle accumulations may be
associated with phytoplankton's life cycle leading to drastic and rapid changes in marine aggregate sinking
velocities. Our study represents yet another example of how changes in phytoplankton biology can generate
significant differences in POC flux attenuation in the deep ocean.

1. Introduction
The Southern Ocean (SO) plays an important role in regulating atmospheric carbon dioxide (CO2) concentration
(Khatiwala et al., 2009) due to its unique physical circulation and biological processes (Joos et al., 1991; Pon-
daven et al., 2000; Sarmiento et al., 2004). The SO displays clear biogeochemical features separating the Antarctic
domain (South of the Polar front) from the subantarctic domain (North of the Polar front) (Marinov et al., 2006).
Surface nitrate, phosphate, and silicate concentrations follow this divide with strong gradients increasing and
progressing southward throughout the season due to phytoplankton uptake (Le Moigne, Boye, et al., 2013; Le
Moigne, Henson, et al., 2013; Le Moigne, Villa‐Alfageme, et al., 2013). Within this context, the depth and
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location at which particulate organic matter (POC) penetrates via the biological carbon pump (BCP) partly sets
the timescale of carbon sequestration (Baker et al., 2022).

The BCP exports photosynthetically produced POC mainly in the form of marine snow (such as aggregates and
fecal pellets) large and dense enough to sink through the water column (Eppley & Peterson, 1979; Le
Moigne, 2019; Turner, 2015). The depth at which sinking POC is remineralized has a strong influence on the
long‐term air‐sea CO2 balance (Kwon et al., 2009). Regarding the northern domain of the SO, the complex
interaction between ocean circulation and phytoplankton seasonality is such that sinking POC can experience
significantly different fates. For instance, shallow remineralization (<500 m) should result in dissolved inorganic
carbon (DIC) being stored in the subducting waters leaving the SO to upwell further north within decades to
hundreds of years (Sarmiento et al., 2004). On the contrary, POC remineralization in deeper water masses flowing
south may result in DIC coming back in contact with the atmosphere again within decades in the Antarctic
divergence zone (Devries et al., 2012).

Conventionally, POC remineralization is assessed from the change in POC flux intensity with depth (Martin
et al., 1987) with various metrics (Boyd & Trull, 2007; Buesseler & Boyd, 2009; Buesseler et al., 2007; François
et al., 2002; Marsay et al., 2015). However, a decrease in observed POC flux does not always necessarily mean
immediate conversion into DIC. Recent findings clearly show that up to half of the flux attenuation (i.e. par-
ticulate organic carbon flux decrease with depth) can be explained by particles being fragmented in the meso-
pelagic zone (Briggs et al., 2020). Such fragmentation effectively results in a decrease in particle sinking
velocities (Laurenceau‐Cornec et al., 2019). The origin of such fragmentation and the fate of fragmented particles
remains unclear. For instance, the remineralization rate of fragmentated particles relative to that of sinking
particles remains unknown. Therefore, the consideration of such processes is crucial when assessing the link
between POC flux change and the fate of remineralization products via ocean circulation. Besides, other pro-
cesses driving a sudden change in particle sinking velocities (other than the one listed above) may exist. These
includes numerous mechanisms driving changes in particles densities and/or shapes.

Past work has focused on the local differences in the magnitude of the BCP between Fe‐fertilized and high
nutrient low chlorophyll regions of the SO (Morris & Charette, 2013 and reference therein). However, as far as we
are aware, there are no field‐based assessments of POC penetration depth in relation to SO circulation. Moreover,
although empirical algorithms for estimates of both POC export and attenuation exist (Henson et al., 2011, 2012;
Marsay et al., 2015), they are deemed unsuitable for the SO (Le Moigne et al., 2016; Maiti et al., 2013; Sanders
et al., 2016).

Here, we provide observations of POC fluxes and associated POC flux reduction with depth combined with
particle concentrations and estimates of particle sinking velocities from the upper mesopelagic zone in the
southeast Pacific sector of the high nitrate low chlorophyll SO (West of the Drake passage). This novel approach
allows us to distinguish the role of remineralization from particle sinking velocity changes in driving the decrease
of POC flux intensity with depth. Three distinct sites with contrasting nutrient concentrations were reoccupied
four times each during 5 weeks (December 2019–January 2020).

We show clear and sudden changes in POC export fluxes and reduction in POC flux in the upper mesopelagic at
each station occurring within weeks. These changes correspond to rapid particle accumulation at certain depths
followed by abrupt export. We show that such rapid changes may be linked to diatom resting cell formation
resulting in changes in particle sinking velocities rather than upper mesopelagic bacterial degradation. This result
highlights the importance of considering phytoplankton life cycle transition and their impact on particle sinking
velocities in addition to heterotrophic processes in explaining variations in flux attenuation and hence POC
sequestration depth.

2. Methods
Sampling took place from 4 December 2019 to 4 January 2020 on board the RRS Discovery, West of the Drake
passage in the Pacific subantarctic sector of the SO (Figure 1) during cruise DY111. Three locations (OOI, TS,
and TN) were occupied four times each. Throughout the manuscript, stations are named using the location name
and the reoccupation number (e.g., TN‐2 is the second occupations of TN). Water samples were collected from
Niskin bottles attached to a rosette with a Sea‐Bird 911 CTD system fitted with 2 SBE temperature, salinity,
oxygen and pressure sensors. This package was also interfaced to a PAR sensor, a chlorophyll fluorometer and a
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Sea‐Bird C‐Star optical beam transmissometer, and an underwater vision profiler (UVP) particle imaging system.
Silicate concentration in seawater was measured onboard using a Quattro autoanalyzer following procedures
presented by Le Moigne, Boye, et al. (2013), Le Moigne, Henson, et al. (2013), Le Moigne, Villa‐Alfageme,
et al. (2013).

2.1. POC Export Fluxes and Primary Production
234Th downward flux is obtained based on a one‐box thorium‐water model describing sinking 234Th,

∂Atotal
Th
∂t

= Atotal
U · λTh − Atotal

Th · λTh −
∂(Flux234Th)

∂z
+ V (1)

where Flux234Th is the 234Th downward flux, Atotal
Th and Atotal

U are activity concentration of 234Th and 238U,
respectively, in the total fraction of the water column, λTh is the radioactive decay constant of 234Th, and V is a
physics term that includes processes such as upwelling or lateral advection. In essence, this term accounts for the
advective and diffusive fluxes of 234Th both horizontally and vertically. Most often, it is accounted for in the
context of coastal upwelling (Xie et al., 2020). Briefly, we assume no supply of 234Th related to physical processes
in the region. A previous study located within the Antarctic Circumpolar Current (ACC) like ours has tested how
valid is the hypothesis of ignoring V in such region (Morris et al., 2007). They concluded that advection and
diffusion (both horizontal and vertical) had no significant impact of the 234Th budget. This is because of limited
topography for instance. If one wants to include the horizontal advection in the continuity equation used to
calculate the 234Th export (Equation 1), a dedicated horizontal sampling strategy would be required which we do
not have here.

Equation 1 is solved considering the steady state (SS) approximation and no supply of 234Th related to physical
processes in the region. Although theoretically applicable here given our sampling strategy (reoccupations of
stations), nonsteady state (NSS) conditions were not used here. This is because the NSS approach may improve
flux estimates but only if the sampling was conducted in a Lagrangian framework (Resplandy et al., 2012). This

Figure 1. Sampling stations (OOI, TN, TS) locations (left panel) and satellite‐derived surface primary production (mg C m− 2 d− 1, see Section 2) over the course of the
campaign in Julian day (right panels: OOI, TN, and TS from top to bottom). Note that the cruise extended over the new year to 2020, days 368 and 369 are the third and
fourth of January, respectively. SAF stands for Subantarctic Front and PF for Polar Front.
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was not the case in the present study. Furthermore, considering NSS conditions always leads to considerably
larger errors than the simpler SS approach (see details in Supporting Information S1).

To test if an SS approximation can be applied to our results, we followed the approach presented by Buesseler
et al. (2005), which evaluates whether total 234Th (calculated by averaging 234Th activities from surface to a
specific depth) increases linearly with time. The results are shown in Supporting Information S1 and demonstrate
that the steady state approach to solve Equation 1 is valid for the three TN stations considering the associated
uncertainties. In addition, we applied the concept of window of success (WOS, duration where the deviation in the
results using the SS approximation is kept within the uncertainty associated to the experimental 234Th mea-
surements) developed by Ceballos‐Romero et al. (2018) to our sampling strategy. This sensitivity analysis tells us
that only the first 10 days of the cruise fell outside the WOS implying that POC fluxes at first occupations of OOI,
TN, and TS may be underestimated by 10% because of the SS assumption.

Total 234Th (particulate and dissolved) was precipitated from seawater samples using a small‐volume technique
(4 L) following procedures presented by Pike et al. (2005) with addition of a 230Th spike as yield for precipitation
efficiency. Counting efficiencies was determined by collecting deep samples (2,000 m) to find equilibrium be-
tween 234Th and 238U. Samples were processed for 230Th precipitation recovery analysis using a multicollector
ICP‐MS (NEPTUNE Thermo Fisher at NOC Southampton) with addition of 229Th as internal standard. Re-
coveries yielded an average of 95.9± 3.2% (n= 188). 238U activities were estimated from salinity using equations
provided by Chen et al. (1986). 234Th activity concentration was then integrated to export depths to obtain 234Th
flux following Equation 1. Export depths were determined as the depth of the euphotic zone where the light
incidence (PAR) was 0.1% that of surface (EZ0.1, Figure 2). We decide to choose EZ0.1 as integration depth over
the primary production zone (PPZ) depths as defined by Owens et al. (2015) show in Figure 2 because some of the
calculated PPZ depth fall below 234Th excess peaks we observed (see Section 3.2). POC export fluxes were
estimated from 234Th flux using the POC/234Th ratio in particles measured at each station as conversion factor.
Large (>53 μm) particles were collected using large volumes of seawater (1,000–2,500 L) filtered through 53 μm
mesh (293 mm diameter, NITEX®) with in situ pumps SAPs (Stand Alone Pumping Systems, Challenger
Oceanic®). Splits (¼) samples were analyzed for POC and particulate 234Th as described by Le Moigne, Boye,
et al. (2013), Le Moigne, Henson, et al. (2013), and Le Moigne, Villa‐Alfageme, et al. (2013). This corresponded
to a volume ranging between 250 and 625 L. Filter blanks were subtracted from measured concentrations and

Figure 2. Vertical profiles of 234Th and 238U activity (dpm L− 1) during DY111. Dotted yellow lines denote depths of the euphotic zone as calculated using 0.1% of
surface PAR, and dotted green lines denote the primary production zone depths as defined by Owens et al., 2015.
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activities. Pumps were placed 10 m below the depth at which the change from the surface temperature is 0.5°C at
110 m below that and at 400 m (Table 1).

We used the vertically generalized production model (http://www.science.oregonstate.edu/ocean.productivity/)
estimates of integrated primary production (PP) rate in the study region. PP was estimated considering a
0.5° × 0.5° box centered around each station (Figure 1, right panel) and integrated over 24 days corresponding to
the half‐life of 234Th (Henson et al., 2011).

2.2. Particles Concentration and Cp

The particulate optical beam attenuation coefficient Cp was measured at 650 nm wavelength using a Sea‐Bird
Scientific C‐Star transmissometer with a 25 cm path length. Factory calibrated Cp was adjusted for instrument
drift by subtracting the minimumCp of each profile as an in situ “blank.” The concentrations of particles >125 μm
in diameter were measured by a Hydroptic UVP 5 HD capturing 5 megapixels side‐lit images at a 64 μm res-
olution. The UVP was manufacturer calibrated prior to deployment to provide consistent particle size distribu-
tions. Diameters reported are “equivalent spherical diameters,” calculated as ESD = 2(A/π)0.5 where A is the
particle cross‐sectional area. Particle concentrations were bin averaged vertically with bin width increasing with
size: 12.5 m for 125–250 μm ESD from 10 m downward, 25 m for 500–1,000 μm ESD from 35 m downward, and
50 m for >2,000 μm ESD from 25 m downward.

2.3. Particle Average Sinking Velocities (ASVs)

The SV‐210Po and SV‐234Th methods are novel estimates of sinking velocity using radioactive pair disequilibria
(Villa‐Alfageme et al., 2014, 2016, 2024). The use of 234Th to estimate POC downward flux is well established
(Le Moigne, Boye, et al., 2013; Le Moigne, Henson, et al., 2013; Le Moigne, Villa‐Alfageme, et al., 2013;
Verdeny et al., 2009; Villa‐Alfageme et al., 2016). The disequilibrium daughter‐parent 234Th‐238U disequilibrium
emerges when the particle reactive radionuclide (234Th) is scavenged from the water column by particles sinking
at different velocities. This way, as explained in Section 2.1, a downward 234Th flux is generated by the sinking
particles and thus average particle sinking velocity (ASV) at specific depths can be diagnosed from

Flux234Th(Bq m− 2s− 1) = SV(m s− 1) · Apart
Th (Bq m− 3) (2)

Where Apart
Th is the 234Th activity concentration in the particulate fraction (>53 μm) measured at that depth. In

essence, we assume that particles <53 μm do not contribute significantly to the flux. We have implemented a
method applying an inverse model to Equation 1 to obtain an estimate of the mean sinking velocity (ASV) of the
particles responsible for the observed 234Th‐238U disequilibrium.

Equation 1 is rearranged to include the parameter δ, the fitting parameter in our inverse model, and it is combined
with Equation 2 as

Atotal
U (z) · λTh− Atotal

Th (z) · λTh − λTh
d(δ · Atotal

Th )

dz
= 0 (3)

where δ corresponds to

δ(z) = SV ·
Apart
Th
λTh

1
Atotal
Th

(4)

Using inverse modeling, Atotal
Th is solved in Equation 3 and the parameter δ is tuned for each profile to obtain the

modeled Atotal
Th that best recreates experimental Atotal

Th . Note that δ is given in depth units (m) and is related to the
depth at which the radionuclide pair reaches equilibrium. From the optimized δ, SV is estimated using Equation 4
at the depths where Aparticle

Th is available. In this case, a confidence interval is associated with the fitting parameter δ
of the inverse model, and subsequent error propagation is used to calculate the uncertainty.

This method was first implemented using 210Po‐210Pb disequilibrium and has been successfully applied in the
North Atlantic Ocean (Villa‐Alfageme et al., 2016). More details about the method implementation can be found
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by Villa‐Alfageme et al. (2014). In essence, this method uses both the disequilibrium between total 234Th and 238U
activities in water and the concentration of 234Th and POC in sinking particles. This means that sinking velocities
are estimated at depths where the particles were sampled using in situ pumps (see above). At depths where total
234Th‐238U activities were measured but not in particles, ASV estimates need to be interpolated from other depths.
Given the high variability of 234Th in surface, we do not provide ASV estimates above this reference depth.

2.4. Marine Snow Catcher Samples

Sinking particles for dedicated chemical spectroscopy (see Section 2.5) were collected using the Marine Snow
Catcher (MSC). A full description of the MSC and its assumptions are described (Baker et al., 2017; Riley
et al., 2012). Briefly, MSCs were deployed at the same depths as the SAPs (see Section 2.1). After recovery, the
MSCs were left to settle for 2 hr on deck before sampling. An aliquot (50 mL) of fast‐sinking particles collected in
the 1L base of the MSC was fixed to a final concentration of 3.6% formaldehyde, buffered with di‐sodium tet-
raborate, and stored in the dark at 4°C until onshore analysis. 5 mL of the aliquot was then filtered onto 0.8 μm
25 mm silver filters (Sterlitech, US) and rinsed with buffered ultrapure MilliQ water (where drops of NH4

+ were
added) for chemical characterization using Fourier transform infrared (FTIR) imaging spectroscopy. In addition,
another aliquot of the fast‐sinking particles collected in the 1L base of the MSC was preserved in 3.6% form-
aldehyde and buffered with di‐sodium tetraborate for further plankton taxonomy analysis.

2.5. Measurements With FTIR Imaging System

The chemical composition of the extracted marine particles was determined using a linear‐array FTIR imaging
system, Spotlight™ 400 FTIR Imaging System coupled to Frontier™ IR Spectrometer (PerkinElmer, Llantrisant,
UK) and equipped with a triple Cassegrain optical system and a 2 × 8 linear array Mercury Cadmium Telluride
detector. The entire area of the filtered sample (201 mm2 based on the aperture of the AdvantecMillipore filtration
cup) was first imaged in visible light. Several regions of interest (square markers) were then defined for infrared
imaging to optimize the spectral data output per image. For TN2 and TN4 samples, 4 markers with a combined
area of 110.5 mm2 corresponding to 55% of the sample were scanned; a 100 mm2 marker (50% of the sample) was
scanned for TN‐3 sample. For all samples, FTIR imaging was carried out in reflectance mode over a spectral
range of 4,000–750 cm− 1 at 4 cm− 1 spectral resolution and 25 μm pixel resolution applying four co‐added scans.
A total of 176,800 single spectra were generated for all four IR images combined (both TN‐2 and TN‐4 samples)
and 160,000 spectra for the TN‐3 sample. The IR image background was collected on the unused part of the silver
filter under the same spectral settings but with an increased number of co‐added spectra (n= 120). Note that this is
a qualitative analysis not quantitative.

The analysis of the acquired hyperspectral IR images was performed using the PerkinElmer Spectrum™ IMAGE
and Spectrum™ 10 software. In essence, chemometric technique of principal component analysis was used to
reduce noise and to explore the major variations in chemical composition of the imaged particles and then collect
individual spectra from each variation (principal component) displayed on the reconstructed PCA‐based IR image
(Amigo et al., 2015; Karlsson et al., 2016; Pabortsava & Lampitt, 2020; Vidal & Amigo, 2012). For each
spectrum, the vibrational bands were assigned following previous spectroscopic studies of biochemical
composition of whole algal cells, their organelles, and macromolecules (Giordano et al., 2001; Jungandreas
et al., 2012). The FTIR method is based on identifying the distinct absorption bands of carbohydrates (C‐O‐C
bonds at 1,200 cm− 1 to 900 cm− 1), lipids (C=O of esters at 1,740 cm− 1), proteins (C=O of amides at 1,650 cm− 1;
N‐H of amides at 1,540 cm− 1), and silica (Si‐O of silica at 1,075 cm− 1), which together represent >90% of the
cells' dry biomass (Giordano et al., 2001). The imaging/scanning mode of the FTIR analysis used in this study
also allowed reconstruction of each IR image using a correlation coefficient between a reference spectrum and
each pixel of the IR image. The resulting correlation map was showing the locations and areas occupied by a
particle of a specific chemical composition.

2.6. Estimates of Particle‐Associated Microbial Respiration

Estimates of particle‐associated microbial respiration were performed using particles collected using the MSC
(fast sinking fraction, see Section 2.4) incubated in the autoBOD system (Van Mooy, Wood Hole Oceanographic
Institution, Patent US 9, 188,512 B2, https://patents.google.com/patent/US9188512B2/en). The autoBOD is an
automated carousel with an integrated optical optode sensor system (PreSens®, Germany) used to measure the
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oxygen concentration in BOD (biological O2 demand) bottles. These measurements were performed only at
stations OOI‐2, TS‐2, TN‐2, TN‐4, and OOI‐4. Each bottle was fixed with an optode sensor spot inside. The O2

concentration was measured 25 times every 15 min. Incubations of the BOD bottles were performed for
approximately 36 hr allowing for 3,600 individual measurements of each bottle's oxygen concentration. The
oxygen concentrations and rates were corrected for temperature (Bittig et al., 2018) using an internal infrared
temperature sensor and salinity following known equations (Garcia & Gordon, 1992). The repeated measurement
over time allowed respiration to be determined by the change in O2 concentration through time in each bottle.
Additionally, the high density of oxygen measurements allowed for respiration to be statistically resolved via
Monte‐Carlo approximation as by Karthäuser et al. (2024). This involved calculating the change in O2 over time
by randomly pairing data points at least 1 hr apart. The random pairing was performed 1 million times and a
distribution of the respiration rates was generated. The mean of the respiration rate distribution was determined to
be the actual respiration rate for each bottle. The standard error on the O2 rate measurements ranged from 1% to
8% and were generated from Monte‐Carlo approximation described by Karthäuser et al. (2024). Using the
autoBOD procedure described above, particle respiration rates were measured on the Fast‐sinking fraction of the
Marine Snow Catchers at three depths during the second re‐occupation of each site. The O2 consumption rates
(μmol O2 l− 1 d− 1) were converted into C consumption rates (μg C l− 1 d− 1) using the C:O2 stoichiometry of
remineralizing organic matter in the mesopelagic (117:170) (Anderson & Sarmiento, 1994). Further, the C
consumption rates (μg C l− 1 d− 1) were normalized to the POC concentration measured in the fast‐sinking fraction
in order to obtain C turnover rates expressed as (d− 1) following (Collins et al., 2015).

3. Results
3.1. Regional Description

The study area was located in the upper limb of the ACC being located in the subantarctic north of the Polar Front
(PF) as defined by (Orsi et al., 1995). Three stations were occupied four times each. Stations OOI (54.4S; 89.1W)
and TN (57.0S; 89.1W) were located north of the Subantarctic Front (SAF) whereas station TS (59.9S; 89.1W)
was located between SAF and PF (Figure 1; left panel). Several water masses were present within the first 1,000 m
layer including the northward flowing Surface Water (SW, 0–100 m), the Subantarctic Mode Water (SAMW,
100–400 m), the Antarctic Intermediate Water (AAIW, 400–800 m), and the southward flowing Circumpolar
Deep Water (CDW, >800 m), García‐Ibáñez et al (personal communication).

Surface satellite Chlorophyll‐a (Chl‐a) concentration images (Figure S1 in Supporting Information S1) revealed
that OOI had less phytoplankton biomass (0.1–0.3 μg Chl‐a l− 1) than the two southernmost sites (TN and TS) at
the commencement of the sampling period. However, OOI surface Chl‐a concentration increased over the course
the campaign to reach 1.0 μg l− 1 toward early January. At TS, the bloom clearly started before our first occu-
pation, peaked between our second and third occupations (>1 μg l− 1), and slightly declined toward the start of
January with concentration of about 0.5 μg l− 1. Surface Chl‐a concentration at TN followed the pattern observed
at TS with a few days delay.

EZ0.1 depths followed patterns consistent with those expected from the bloom cycle described in the above section
(Figure 2). At northerly station OOI, the EZ0.1 varied from 130 to 160 m decreasing with time. At TN, the EZ0.1

varied from 75 to 115 m with no distinguishable time variations. The EZ0.1 at TN2 was lower than at the other TN
reoccupations. The shallowest EZ0.1 were observed at the highest biomass site, TS (53–76 m) decreasing in depth
with time (Figure 2).

Estimates of satellite‐derived primary production PP (see methods) followed trends in surface Chl‐a described
above (Figure 1, right panel). Estimated PP at OOI (759–1,025 mg C m− 2 d− 1) was substantially lower than at
both TN (1,530–2,290 mg C m− 2 d− 1) and TS (1,697–2,371 mg C m− 2 d− 1). Over the course of the cruise, PP
increased slightly over time at OOI. At TN, PP remained stable during the first three reoccupations but decreased
before the ultimate reoccupation (TN‐4). Finally, TS experienced two distinct PP regimes. The first one during
TS‐1 and TS‐2 and a higher one during TS‐3 and TS‐4, although noting that these two last reoccupations were
occupied within 4 days, which fall below the time resolution of the satellite data used here.

Journal of Geophysical Research: Oceans 10.1029/2024JC021607

LE MOIGNE ET AL. 8 of 21

 21699291, 2025, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021607 by T
est, W

iley O
nline L

ibrary on [02/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3.2. Thorium Activity and Integrated Fluxes

Vertical depth profiles of 234Th and 238U activities for each station are presented in Figure 2. At OOI, surface
234Th deficits were relatively low during the two first occupations of the site, and the deficit was more pronounced
by the third or fourth reoccupations. Below surface at OOI, no significant excess of 234Th activity relative to 238U
activity was observed. The 234Th vertical profile measured at TN1 resembled that of OOI‐1 and OOI‐2. Hy-
drography at TN‐1 was closer to the characteristics of the OOI site than the TN site. In essence, surface tem-
perature and salinity at TN‐1 were similar to that observed at OOI. Surface 234Th deficits at TN‐2 to TN‐4 were
large and did not vary much between the three reoccupations. A localized 234Th excess peak was present at TN‐2
in the upper mesopelagic (between 100 and 150 m approximately) with 234Th activities up to 3.2 dpm l− 1. This
234Th peak spread further down (between 125 and 400 m) at TN‐3 with a slightly lower peak activity this time
(2.9 dpm l− 1). At TN‐4, the mesopelagic 234Th excess was not observed, 234Th activities were in equilibrium with
that of 238U below 150 m depth. At station TS, surface 234Th deficits were large and similar during the four
reoccupations with activities down to 1.5 dpm l− 1 at ∼50 m (Figure 2). Equilibrium was reached at about 150 m
for all four occupations with no significant 234Th excess observed at TS.

Vertical profiles of integrated 234Th flux (dpm m− 2 d− 1, using SS model) are presented in Figure 3 for each
station. Within the top 100 m, 234Th flux profiles varied little between reoccupations at each of the three locations.
One exception to this is TN. The SS 234Th flux profile at TN‐1 was much lower than other TN occupations and
more similar to OOI. This is consistent with the different hydrographic setting during TN‐1, which was likewise
more similar to OOI than TN‐2‐4. Fluxes calculated at OOI reach their maxima at around 100 m (1,250 dpm
m− 2 d− 1). At TN stations (TN‐1 excluded), fluxes increased sharply throughout the top 50 m and peaked at about
75 m with fluxes approaching 2,000 dpmm− 2 d− 1. Integrated 234Th fluxes at TS increased less sharply than at TN
with fluxes reaching 1,850 dpm m− 2 d− 1 at 50 m depth.

However, in the upper mesopelagic zone (∼100–500 m, Figure 3), integrated 234Th flux profiles show more
variability between reoccupations and locations. Integrated 234Th flux at TN‐2 decreased in magnitude between
75 and 150 m corresponding to the peak in 234Th activity centered around 100 m (Figure 3). Similarly, integrated
234Th flux at TN‐3 decreased between 75 and 300 m. This corresponds to negative fluxes observed from 200 to
500 m (0 to − 400 dpmm− 2 d− 1, respectively, and therefore excess of 234Th excess relative to 238U, Figure 2). This

Figure 3. Integrated 234Th flux (dpm m− 2 d− 1) with depth for each site. Station numbers are indicated. Uncertainties of depth integrated fluxes at Ez0.1 and Ez0.1 + 100
are provided in Table 1.
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feature disappeared at TN‐4 with integrated 234Th flux slightly increasing from 150 to 500 m. Integrated 234Th
flux at TS station varied only below 150 m. TS‐1 and TS‐2 flux decreased with depth whereas TS‐3 flux increased
with depth and TS‐4 did not vary within uncertainties below 150 m depth. OOI did not display large variations
between reoccupations.

3.3. POC Downward Export Flux and Associated Reduction in POC Flux

Integrated fluxes of 234Th (see section above) were then converted into POC fluxes using POC:234Th ratio
measured in large (>53 μm) particles (Table 1, Figures 4, and S2 in Supporting Information S1). We chose the
depth of the euphotic zone (EZ0.1, see methods) as reference for export depth. In addition, POC fluxes were
estimated at EZ0.1 + 100 m in order to assess potential reduction in POC flux (expressed in percentage of the
fraction between POC flux at EZ0.1 + 100 m and POC flux at EZ0.1) within the upper mesopelagic zone (Maiti
et al., 2010).

EZ0.1 POC fluxes ranged from 2.2 (OOI‐1) to 19.0 (TN‐2) mmol m− 2 d− 1. EZ0.1 POC fluxes at OOI were
relatively low (2.2–7.5 mmol m− 2 d− 1) moderate but more variable in time at TS (3.8–14.3 mmol m− 2 d− 1) and
relatively large at TN (7.4–19.0 mmol m− 2 d− 1). EZ0.1 + 100 POC fluxes ranged from 0.1 (TN‐3) to 9.6 (TN‐4)
mmol m− 2 d− 1 except for TS‐2 and TS‐4 (20.8 and 23.7 mmol m− 2 d− 1, respectively). These two stations pre-
sented significant increases in integrated 234Th flux with depth (Figure 3) as well as increase in POC:234Th ratio
(Table 1). Overall, such POC export rates are within the range observed at similar depths in other regions of the
SO (Maiti et al., 2013; Planchon et al., 2013; Roca‐Marti et al., 2015); however, they are lower than POC export
rates observed in naturally fertilized regions of the SO (Le Moigne et al., 2016).

We used POC fluxes at both depths (EZ0.1 and EZ0.1 + 100) to examine the reduction in POC flux within the
upper mesopelagic zone (Figure 4) and assess potential flux attenuation. It is typically within this depth range that
changes in POC flux attenuation and concentrations of remineralization products are the largest (Buesseler &
Boyd, 2009; Marsay et al., 2015). In essence, the reduction in POC flux is calculated as POC export flux at
EZ0.1 + 100/POC export flux at EZ0.1 (Maiti et al., 2010).

Most stations displayed a reduction of POC flux with increasing depth (Table 1). The reduction ranged from
− 102% (TS‐4) to 99% (TN‐3). Several stations also displayed a significant negative loss (i.e., an apparent increase
in POC flux with depth). As expected from the sections above (Figure 3), the largest upper mesopelagic variations
in flux reduction (Table 1) are observed at station TN.We exclude TN‐1 from this analysis given its hydrographic
setting being closer to the OOI site (see earlier explanations, OOI‐1 and TN‐1 having similar flux reduction, 10%
and 14%, respectively). POC flux reduction at TN ranged from − 30% (TN‐4) to 99% (TN‐3), the latter being the
largest flux loss observed during the campaign. Note that the uncertainty on the POC flux calculated at TN‐3 at
EZ0.1 + 100 is large (Table 1), and the loss of 99% may therefore be exaggerated.

Figure 4. Particulate organic carbon export fluxes (mmol m− 2 d− 1) at EZ0.1 and EZ0.1 + 100 depths at the three sites.
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3.4. Particle Distribution

Figure 5 shows beam attenuation (Cp in m− 1) and particle concentration (# l− 1) within three distinct size classes
(125–250 μm, 500–1,000 μm and >2,000 μm from UVP images) along with water column chlorophyll fluo-
rescence (mg m− 3) and silicate concentrations (μmol l− 1) at all stations.

Vertical fluorescence profiles show that Chl‐a concentrations were high at the southernmost site (TS) with
subsurface (30–50 m) values >2 mg m− 3. OOI had relatively low concentrations with no clear subsurface Chl‐a
fluorescence maxima as observed for TS. Concentrations reached ∼0.5 mg m− 3 at depths between 45 and 65 m
(Figure 4). TN‐1, TN‐3, and TN‐4 displayed an intermediate situation between OOI and TS with limited sub-
surface maxima and concentrations peaking at about 1 mg m− 3 at 30 m for TN‐4. Surprisingly, TN‐2 had a
remarkably high Chl‐a peak (>2 mg m− 3) centered between 95 and 125 m deep. This was located below the base
of the euphotic zone (75 m, see Figure 2 and Table 1) suggesting a rapid accumulation process rather than in situ
production given the very low light levels at these depths. Note that Chl‐a concentration was measured by
fluorimetric analysis (Moore et al., 2007) during the cruise. At TN‐2, the measured Chl‐a concentrations were
2.12 μg L− 1 at 105 m and 1.26 μg L− 1at 125 m.

Vertical profiles of beam attenuation showed similar patterns to fluorescence. OOI reoccupations showed more
variability relative to fluorescence with higher values observed for OOI‐3. Similarly, TS sites had more variability
with TS‐1 having lower values than the three other occupations of the TS site. Yet again, stations occupied at TN
were lying in between except for TN‐2 where a strong peak in beam attenuation was observed at similar depths
than the peak in fluorescence (Figure S8 in Supporting Information S1). In the subsequent occupations of TN
(TN‐3 and TN‐4), no such peaks in beam attenuation were observed (Figure 5). It is worth noting that at TN‐1 the
vertical profile of beam attenuation was similar to some of the OOI occupations.

Particle concentration (# l− 1) vertical profiles for three particles size classes are shown in Figure 5. We arbitrarily
chose three size classes (125–250 μm, 500–1,000 μm, >2,000 μm) to represent particles with potentially different
characteristics both in terms of ecological origin and sinking velocities. Henceforth, we will refer to the 125–
250 μm size class as “small particles,” to the 500–1,000 μm as “medium particles” and to the >2,000 μm as “large
particles.”

Figure 5. Chlorophyll‐a fluorescence (mg m− 3), beam attenuation Cp (m
− 1), silicate concentrations (μmol l− 1), and particle concentrations (abundance l− 1) of three size

classes (125–250 μm; 500–1,000 μm and >2,000 μm). OOI stations are represented in increasing shades of blue, TN stations in red, and TS stations in green. The
magenta lines are not listed in the legend. They correspond to station TRAN‐2 (13/12/2019, 56.01S, 89.70W), which we consider being close to “pre‐TN‐2” conditions
(See Figure S5 in Supporting Information S1 and explanation in the main text). Note that the particle concentration profiles start approximately at 30 m depth not at the
very surface (see Section 2). Close ups on TN stations can be found in Figure S8 in Supporting Information S1.
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The vertical profiles of small particles were similar to those of beam attenuation (Figure 5) with high abundance
in the surface layer at TS and very low at OOI sites (with the exception of OOI‐2 and TN‐2, which appeared to
have lower particles abundance in the upper 50 m). One notable exception is the TN stations (apart from TN‐1
that remained close to features observed at OOI stations). Small particle concentrations peaked at TN‐2 below
100 m depth (270 particles l− 1), which is consistent with the maximum in fluorescence and beam attenuation for
that station (note that the UVP data are depth binned such that vertical resolution is less than that of beam
attenuation). Despite the courser depth binning, relatively high concentrations were recorded for TN‐2 at around
100 m depth (210 particles l− 1). In addition, a broader peak (150 particles l− 1) observed at TN‐4 was slightly
deeper (110–150 m) than the two previous occupations at the TN site. Medium sized particles presented a similar
pattern to the small sized particles described above. The peak concentrations at TN‐2, TN‐3, and TN‐4 between
100 and 150 m were of a similar magnitude as for TS (3 and 4) stations (8–10 particles l− 1). Overall, the con-
centrations of medium sized particles were about 10–100 fold lower than the small particles. Interestingly, large
particle abundances showed a different distribution pattern (Figure 5). Generally, concentrations were very low in
the surface but increased with depth reaching a maximum in the upper mesopelagic ranging from 0.4 to 0.7
particles l− 1. The maximum abundance for the small and large particle sizes deepened (110, 165 and >250 m,
respectively) at each chronological occupation of TN‐2, TN‐3, and TN‐4. Large particles at OOI sites (and TN‐1)
were absent.

3.5. Sinking Velocities

The depth profiles of ASVs (average sinking velocities, see methods section) are presented in Figure 6 and Table
S1 in Supporting Information S1. Such estimates are calculated to provide information on the vertical variations
of particle sinking velocities from the depth at which the change from the surface temperature is 0.5°C to the very
upper part of the mesopelagic. Such estimates are not always applicable at depth (only within depths where PTh,
particulate Th, activity is available), see detailed explanations by Villa‐Alfageme et al., 2014, 2016. Within the
Ez, ASVs range from 6 ± 1 m d− 1 to 67 ± 7 m d− 1 (TN‐4 and TS‐2, respectively) but most of the values are
relatively low between 10 and 50 m d− 1. Note that ASVs reached maxima of 280 and 200 m d− 1 at 150 m for TN4
and TS‐4, respectively. Location specific averages of ASV for OOI, TN, and TS were, respectively,
22 ± 20 m d− 1, 43 ± 25 m d− 1, and 47 ± 24 m d− 1.

Figure 6. Depth profiles of estimated sinking velocities (m d− 1). Dotted lines correspond to the base of the Euphotic zone (using 0.1% PAR), see main text. Uncertainties
at the base of the Ez are given in Table S1 in Supporting Information S1.
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Figure 7. Chemical composition of the extracted marine particles at TN‐2 (130 m) determined using a linear‐array Fourier
Transformed Infra‐Red (FTIR) imaging system. Panel (a) shows the reference spectrum of the particle accumulation
identified at TN2‐130 m (fast sinking fraction collected using the marine snow catcher, see methods). Panels (b–e) show the
reconstructed IR images depicted as a correlation between every IR pixel/spectrum of the IR image against the reference
“particle accumulation” spectrum shown in panel A for stations TN2, TN3, TN4, and TS‐3, respectively. Note that on panels
showing stations TN3, TN4, and TS‐3, the reference “particle accumulation” spectrum shown in panel A is absent. The full
range of spectra collected for fast‐sinking particles collected at stations TN‐2, TN‐3, TN‐4, and TS‐3 are presented in Figure
S3 in Supporting Information S1.
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3.6. Sinking Material Composition

Sinking material for chemical composition analysis was collected using the MSC (see methods). Figure 7 (top
panel) presents the spectra obtained for station TN‐2 (130 m), which revealed the occurrence of distinctive peaks
clearly associated to certain absorption wavelengths. For instance, TN‐2 samples show strong and simultaneous
vibration for the Si‐O band (∼1,070 cm− 1), carbohydrates (∼1,150 cm− 1), and lipid/unsaturated fatty acids
triplets (2,800–3,000 cm− 1). Such composition is typical of diatom resting cells or spores (Giordano et al., 2001;
Kuwata et al., 1993).

Compared to vegetative diatom cells, diatom resting cells accumulate large amounts of silica and carbon but less
nitrogen. Diatom resting cells are thus characterized by elevated content of silicate, carbohydrates, lipids, and
fatty acids (Jungandreas et al., 2012; Kuwata et al., 1993). Based on the ecophysiological characteristics of resting
cells (Kuwata et al., 1993) and IR band assignments for the N‐starved diatom cells (such as resting cells and
spores; Giordano et al., 2001), the IR spectrum of a diatom resting cell can be characterized by the simultaneous
occurrence of the following bands in the mid‐IR region corresponding to those found in TN2 (Figure 7):

1. A very intense band at ∼1,070–1,080 cm− 1 attributed to Si‐O stretching vibration of the silica frustules that
surround the diatom cell.

2. Triplet peaks observed at ∼3,000–2,800 cm− 1 region 2,960 cm− 1 (CH3 – methyl group), 2,930 cm− 1 (CH3 –
methylene group), and 2,850 cm− 1 (CH2 and CH3 – methylene groups) attributed to stretching vibrations of
saturated CH bonds and indicative of lipids and fatty acids, which diatom resting cells and spores accumulate
during nutrient deficiency (Kuwata et al., 1993).

3. A broad band between 900 and 1,200 cm− 1 (often obscured by Si‐O band) with a C=O stretching vibration at
1,150 cm− 1 attributed to carbohydrates (glucose in the form of mono‐/oligosaccharides), which are also
accumulated in resting cells and spores during nutrient deficiency.

4. Clearly defined bands attributed to proteins were also observed in the diatom resting cells and included amide I
(C = O at 1,650 cm− 1), amide II (N‐H at 1,540 cm− 1), and bending vibrations of CH2 and CH3 at 1,455 cm− 1.

The material collected at TN‐3 at 130 m (Figure S3 in Supporting Information S1) had similar spectra consistent
with characteristics of diatom resting cells formation described above. TN‐4 (180 m), however, (Figure S3 in
Supporting Information S1) presented a different situation with less clear and distinctive peaks associated with
either Si‐O (∼1,070 cm− 1) or carbohydrates (∼1,150 cm− 1) bands. This indicates that the material collected at
TN‐4 was compositionally distinct from that collected at TN‐2 and TN‐3. Likewise, Figure 7 (bottom panels)
depicts the correlation coefficient between the reconstructed FTIR maps of TN‐2 (130 m), TN‐3 (130 m), TN‐4
(180 m), and TS‐3 (140 m) with reference to the spectra observed at TN‐2 (130 m). It clearly shows that the
chemical signature observed at TN‐2 remains present in the TN‐3 samples. Such analysis cannot provide us with
quantitative estimates. However, at TN‐3, the high abundance of particles with very similar composition as TN‐2
indicates that the material at both these stations had a similar origin and have characteristics consistent with
diatom resting cells. No such signal was recorded at TN‐4 (180 m) and TS‐3 (140 m, used here as a control)
indicating that the material collected at these stations had a different composition and thus origin.

Note that some of the large particles visible on Figures 7b and 7c (corresponding to TN‐2 and TN‐3) were likely
zooplankton fecal pellets given their elongated shape. UVP images (data not shown here) did record a substantial
amount of fecal pellets among fluffy phytoplankton aggregates.

MSC samples were also examined microscopically for taxonomy. Broadly speaking, the sinking material was
composed of diatoms with dominance of Chaetoceros sp., Fragilariopsis sp. And Corethron sp. Direct phyto-
plankton counts from MSC samples collected at the four reoccupations of TN are provided in Table S2 in
Supporting Information S1. At TN‐2, the fast sinking fractions (30 and 130 m) were dominated by Chaetoceros
spp. (112 cells ml− 1 at 30 m and 239 cells ml− 1 at 130m) and to a lesser extent by Fragilariopsis sp. (16 cells ml− 1

at 30 m and 31 cells ml− 1 at 130 m); at TN‐3 and TN‐4, the dominance of Chaetoceros spp. (39 cells ml− 1 at TN‐
3, 130 m and 29 cells ml− 1 at TN‐4, 180 m) over Fragilariopsis sp. (28 cells ml− 1 at TN‐3, 130 m and 3 cells ml− 1

at TN‐4, 180 m) was less obvious. For information, station TS‐3 (Table S2 in Supporting Information S1) had a
similar composition (mainly Chaetoceros spp and Fragilariopsis sp.) with Fragilariopsis sp dominating the cells
counts over Chaetoceros spp.
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3.7. Particle Respiration Rates

Our estimates of microbial particle respiration rates are presented in Figure S6 in Supporting Information S1. We
have estimates from stations OOI‐2, TS‐2, TN‐2, TN‐4, and OOI‐4 from 30 to 750 m depth. C respiration rates
ranged from 0.01 to 0.14 d− 1 (for TN‐4, 230 m and OOI‐2, 180 m, respectively). Overall, the highest rate was
observed at station OOI‐2 whereas the lowest rates were measured at TN‐4. Three measurements were performed
at TN‐4 (from three distinct MSC all deployed at 230 m) with C respiration rates ranging from 0.01 to 0.04 d− 1.
Vertically, C respiration rates did not display large differences between shallow (0.05 ± 0.02 d− 1, 30–100 m) and
deep rates (0.03 ± 0.02 d− 1, 400–700 m).

4. Discussion
4.1. POC Export in the Upper Limb of the Antarctic Circumpolar Current

Our three study sites were all located north of the PF, TN, and OOI being located north of the Subantarctic Front
(SAF, Figure 1). This region is known as the upper limb of the ACC and comprises the northward transport of
upwelled waters before the waters subduct between the PF and the subtropical front, STF (Orsi et al., 1995). The
upper limb is key for the SO carbon cycle because the interplay between POC penetration depth and mesopelagic
circulation means that the fate of photosynthetically fixed CO2 will be drastically different depending on the water
mass it is remineralized within (Devries et al., 2012).

Particulate organic carbon downward export from the base of the euphotic zone followed this pattern (Figure 4)
with larger fluxes at TS and TN relative to OOI. Such a latitudinal gradient in export was already observed in the
Atlantic sector of the SO; however, reason for such pattern was inconclusive (Planchon et al., 2013) with no
reasons being provided. A high proportion of fucoxanthin relative to Chl‐a pigment concentrations indicated a
clear dominance of diatoms at TN and TS (Wyatt et al., 2023), whereas the community composition at OOI was
more heterogenous.

Individually, it is challenging to distinguish the seasonal progression in POC export fluxes at each site from both
EZ0.1 and EZ0.1 + 100 POC depths. For instance, the northernmost location OOI with significantly lower fluxes
than the two southernmost sites show little depth variation in POC fluxes. This may be due to lower primary
production at the site and to the fact that the entire ecosystem structure may have taken more time to develop and
create significant differences in remineralization for instance. At TS, the changes are more pronounced but no
clear pattern with depth emerged. However, with the exception of TN‐1, the reoccupations at TN reveal a
consistent pattern (Figure 4) in which EZ0.1 POC flux decreases with time across TN‐2 to TN‐4. This pattern is
less evident deeper in the mesopelagic (EZ0.1+ 100) suggesting that deeper POC export fluxes do not necessarily
follow surface phytoplankton dynamic in our case. Looking at our estimate of POC flux reduction in the upper
mesopelagic (Table 1), it becomes clear that despite the limited variability of POC fluxes at the base of the Ez,
some mesopelagic processes severely altered the magnitude of POC flux deeper down in the water column.
Looking at the vertical distribution of particle concentrations may provide information on the processes
responsible for such POC flux reduction at TN‐2.

4.2. Upper Mesopelagic Particle Accumulation and Reduction in POC Flux

As described earlier, vertical profiles of particle concentrations at the TN site are presented and detailed in the
results section (Figure 5). Along with clear fluorescence and beam attenuation signals observed at TN‐2 around
130 m, particle concentrations also peak at similar depths in all selected size classes at TN‐2 (Figure 5). Sub-
sequent reoccupations (TN‐3 and TN‐4) do not display such peaks in fluorescence and beam attenuation. Particle
concentrations at TN‐3 are lower than TN‐2 and concentration maxima are located slightly below that of TN‐2
especially for the larger particles (>2,000 μm). This pattern is even more obvious from the particle distribution at
TN‐4 where upper mesopelagic peaks are observed deeper than 130 m and are also smoothed over a larger depth
horizon. For instance, small particle concentration peaked from 120 to 150 m and large particle concentration
increases below 150 m and stay relatively high down to 275 m at this station (Figure 5). Density profiles for all
stations are presented in Figure S7 in Supporting Information S1, we did not observe second density gradients at
the depths of particle accumulation at TN stations.

Examining 234Th activity profiles (Figure 2) provides further insight to these upper mesopelagic signals. A large
and narrow 234Th excess peak relative to 238U (>2.5 dpm l− 1) was observed at TN‐2 (Figure 2) localized at the
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same depth as the particle maxima (100 m), whereas at the subsequent occupation (TN‐3), the peak was less
pronounced but more spread throughout the water column and localized deeper. The surface deficit from 238U,
however, remained relatively similar. The presence of such 234Th excess peaks is generally interpreted as rep-
resenting intense particle remineralization (Maiti et al., 2010). However, such a peak may also be caused by the
transformation of sinking particles into nonsinking ones, as adsorbed 234Th would be expected to accumulate at
any depth where particles themselves accumulate, increasing the total 234Th activity. For instance, previous
studies have shown the impact of density gradients slowing down particles sinking velocities (Alldredge
et al., 2002; Prairie et al., 2015).

Together particle concentration distribution, supported by the 234Th excess, suggests a large fraction of the
particles produced at TN during the bloom phase (Figures 1 and S1 in Supporting Information S1) sank to
approximately 100 m, sank slower and accumulated. Subsequently, after approximately 1 week (corresponding to
the date of TN‐3), the spreading out of the subsurface peaks in 234Th activities and particle distributions (Figures 2
and 5) suggests that some of the accumulated material resumed sinking. The lack of Th excess at TN‐4 may
support such interpretation so does the higher POC flux at 208 m. Alternatively, this could be related to the
deepening of the Ez depth.

“Remineralization” is often used to refer to the combined biological and physical processes that cause vertical
POC flux depth attenuation. Due to the potential changes, we observed in sinking velocities, hereafter we will thus
refer to “remineralization or solubilization” (solubilization being the transformation of POC into dissolved
organic C) as the exclusively heterotrophic processes converting POC into dissolved C (organic or inorganic) for
clarity. Intuitively, one would associate large POC flux reduction (attenuation) with significant amounts of
particles in the surface and subsequent losses of particles between the two reference depths. However, our results
suggest that particle accumulation in the upper mesopelagic can also lead to large reduction in POC flux. Figure 8
presents the percentage of POC flux reduction (see Section 3.3) versus the integrated particle concentration
(Figure 5) between our key depths (EZ0.1 and EZ0.1+ 100) and the integrated particle concentration in the surface
(0 to EZ0.1) at each reoccupation of TN for three classes. In essence, on this plot when circles (integrated particle
concentrations # m− 2 between EZ0.1 and EZ0.1 + 100 m) are to the right of diamonds (integrated particle con-
centrations # m− 2 between surface and EZ0.1 depths), there is particle accumulation at depth. Clearly, stations TN‐
2, TN‐3, and TN‐4 accumulated particles between EZ0.1 and EZ0.1 + 100 with particle stocks being larger within
the upper mesopelagic relative to the surface (surface to EZ0.1 depth). This is true for all size classes of particles.
TN‐1, however, had a more typical/expected profile with less particles in the upper mesopelagic relative to the
surface sunlit layer (for all size classes). The upper mesopelagic particle accumulation is moreover associated
with large vertical POC flux reduction (e.g., attenuation) (Figure 8) for both TN‐2 and TN‐3 (Table 1). TN‐4,
however, does not follow this trend since the accumulation of particles in all sizes classes was not associated with

Figure 8. Integrated particle concentration (# m− 2) between EZ0.1 and EZ0.1+ 100 m depths (circles) and between surface and EZ0.1 depth (diamonds) versus particulate
organic carbon flux reduction (%) for three size classes of particles. Color code is as in Figure 5 (TN‐1 in pale pink to TN‐4 in dark red).
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actual reduction in POC flux. This may be related to the fact that the accumulation at TN‐4 is deeper than our two
reference depths (Table 1). This is especially true for large particles. Note that stocks of biogenic silica follow a
similar “particles accumulation” trend (Figure S4 in Supporting Information S1).

TN‐1 sampled a different water mass than TN‐2, TN‐3, and TN‐4 and cannot be used as “pre‐TN‐2” baseline.
However, TRAN‐2 is an additional station sampled on the same north‐south transect during the cruise survey,
which can potentially be used to represent a “pre‐ TN‐2” condition as station TRAN‐2 (13/12/2019, 56.01S,
89.70W) was located near the TN site and sampled before TN‐2 (TN‐2 sampled on the 19/12/2019). Figure S5 in
Supporting Information S1 compares the silicate concentration versus potential density between both TN‐2 and
TRAN‐2 stations. Similarly, density profile at TN‐2 and TRAN‐2 are alike (Figure S7 in Supporting Informa-
tion S1). The property‐property plot shows consistent trends between the two stations indicating that the water
mass and the biogeochemistry at TRAN‐2 followed a similar history to that of TN‐2. 234Th was not sampled at
TRAN‐2 but particle concentrations were measured (magenta lines in Figure 5) permitting the comparison be-
tween the baseline station TRANS‐2 and TN‐2. The particle concentrations at TRAN‐2 did not show pronounced
peaks located between 100 and 150 m as for TN‐2. Combined with the clear 234Th excess at depth (Figure 2),
these observations suggest that subsurface peaks at TN‐2 did not originate from the subduction of surface waters
and are more likely due to an accumulation phenomenon in the upper mesopelagic. Otherwise, we might expect to
observe particle maxima above 100 m at TRAN‐2 larger than those observed at TN‐2 between 100 and 150 m.

Therefore, understanding the processes that may be responsible for such particle accumulation is important. In the
following section, we examine the processes, which may potentially explain our observations. In addition, we
explain why accumulation can lead to significantly different POC flux reduction.

4.3. Processes Leading to Particle Accumulation

The most striking manifestation of the upper mesopelagic particle accumulation described above is the
concomitant peak in Cp and fluorescence observed at TN‐2 at about 130 m depth (Figure 5). The subsequent
occupation of station TN (TN‐3, 10 days later) did not display comparable vertical profiles in Cp and fluorescence
although particles larger than 125 μm (UVP, see methods) were present at similar depths (Figure 5). The chemical
composition of the sinking material collected at this depth (130 m, see Section 3.6) suggest the presence of intact
diatoms and/or the potential formation of resting diatom cells (Figure 7) at TN‐2. Moreover, FTIR data indicated
this also stands true for TN‐3 but not for TN‐4. Similarly, stocks in BSi concentrations and the particulate ratio of
BSi to PON concentrations (up to 5 mol mol− 1, see Figure S4 in Supporting Information S1) indicate the presence
of heavily silicified diatoms encountered in Fe limited region of the Southern Ocean (Hoffmann et al., 2007). In
addition, high fucoxanthin to Chl‐a concentration ratio at TN‐2 and TN‐3 at 100 m indicated the presence of
diatoms (Wyatt et al., 2023).

Diatom cells have a high C:Chl‐a ratio. During the formation of resting cells, pigments are lost and C:Chl‐a ratio
increases drastically (Kuwata et al., 1993). This could explain why the fluorescence signal (Figure 5) disappeared
between TN‐2 and TN‐3; however, the causality cannot be firmly proven here. In addition, the pronounced
decrease in Cp relative to turbidity (Figure S7 in Supporting Information S1, on average between 110 and 140 m,
the ratio cp TN‐2 over cp TN‐3 is 4.4 ± 0.6, whereas the ratio turbidity TN‐2 over turbidity TN‐3 is 2.7 ± 1.2)
between TN‐2 and TN‐3 could be linked to the increase in mineral phases (biogenic silica) relative to POC. This is
because Cp provides information about POC concentration while turbidity traces particles concentration
(regardless of their content). Such increase in the biomineral content is typical from spores and resting cells
formation (Kuwata et al., 1993). Such stages formed by diatoms are considered a survival strategy for resisting
harsh environmental conditions such as light and/or nutrient limitation. Resting cells are similar in appearance to
vegetative cells but with weakly pigmented chloroplasts. Besides, they contain more silicon, less nitrogen, and
Chl‐a but similar amounts of carbon in comparison with the vegetative cells (Kuwata et al., 1993). We therefore
speculate that the accumulation we observed is associated with some aspects of diatom lifecycles, such as rapid
surface export of heavily silicified material, followed by the formation of resting cells between TN‐2 and TN‐3.
Alternatively, changes we observed in C:Chl‐a and C to mineral ratios may have resulted from to cell decay or
cells being grazed by zooplankton.

At both these stations, the accumulation is located below the depth of the silicline (Figure 5) and below the depth
of the euphotic zone (Figure 2). This could be interpreted as a “parking depth” at which they benefit from
relatively high nutrient concentration but also may avoid predation (grazing). The microscopic counts (Table S2
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in Supporting Information S1) are consistent with this with higher cell density at 130 m relative to 30 m. In
addition, we believe that the particles that accumulated sank as relatively small particles. This is because the
particle concentrations at TRAN‐2 display no peaks in large particles, whereas small and medium size particles
seem to dominate. It is possible that once at the “parking depth” particles aggregated due to the higher con-
centration leading to the occurrence of large particles at TN‐2 and TN‐3 (Figure 5).

Our estimates of particle sinking velocities (Figure 6) provide crucial information on the chronology of particle
accumulation and additional evidence for the ecological processes described in the section above. Averaged
particle velocities at TN‐2 and TN‐4 were relatively low compared to previously reported values in productive
regions of the Atlantic (Villa‐Alfageme et al., 2014, 2016). At TN‐3, however, particle sinking velocities were
higher (Figure 6) than TN‐4 and within uncertainties of TN‐2. Chronologically, this reinforces the idea that the
resting cells may have formed during or before the occupation of TN‐2 as sinking velocities decreased and
resulted in mesopelagic particle accumulation (Figure 5 and Section 4.2). Then, between the third (TN‐3) and the
fourth occupation (TN‐4), results demonstrate enhanced particle sinking velocities at depth (>125 m), thus
moving particles deeper down in the water column as indicated from the vertical profiles in particle concentration
(Figure 5). This, in turn, resulted in an accumulation of particles in the mesopelagic (Figure 8) at TN‐4 but deeper
than at TN‐3 yielding no POC flux attenuation at TN‐4 (Table 1) between Ez0.1 and Ez0.1 + 100 depths. The lack
of observed resting cells in the upper mesopelagic at TN‐4 (Figure 7) (based on chemical composition of the
sinking particles) is consistent with the scenario described above. In addition, particle POC specific respiration
rates measured at TN‐2 at 130 m (0.02 d− 1) were relatively low compared to the rates measured at OOI and TS at
similar depths (0.07 d− 1 on average) (Figure S6 in Supporting Information S1).

Alternatively, the accumulation of particles in the subsurface could also be caused by zooplankton activities.
Zooplankton feeding may also be an important process for particle fragmentation and subsequent size driven
changes in sinking velocities (Iversen, 2023). For instance (Gonzalez & Smetacek, 1994), identified cyclopoid
copepods as capable of repackaging large particles into smaller particles potentially sinking slowly. Altogether,
this indicates that the strong reduction in POC flux we observed at TN‐2 is potentially driven by an ecological
mechanism, which lowers particle sinking velocities rather than by strong heterotrophic remineralization.

4.4. Implications

We found, for a study site in the upper limb of the ACC, 234Th excess peaks located within a layer of upper
mesopelagic zone where rates of heterotrophic respiration of particles by bacteria and/or zooplankton and/or
particle fragmentation are fast enough (relative to sinking velocities and 234Th decay rates) to desorb a substantial
amount of 234Th back to the total fraction (Maiti et al., 2010) or transfer 234Th to a nonsinking phase. Coupling
measurements of 234Th activity, particle distributions, and estimates of particle sinking velocities, we suggest that
upper mesopelagic 234Th excess peaks may also result from sudden changes in particle velocities. This implies
that coupling existing global databases of 234Th activity (Ceballos‐Romero et al., 2022) to that of particle dis-
tribution (Guidi et al., 2015) may have the potential to decipher the various processes responsible for POC flux
attenuation (heterotrophic remineralization/solubilization vs. fragmentation/change in sinking velocities).

More broadly, particle flux reduction with depth is frequently solely attributed to particle respiration by het-
erotrophic organisms. However, recent findings by Briggs et al. (2020) showed that large fast sinking particles
fragmentation into small slow sinking particles accounted for a significant fraction of the observed flux loss.
Similarly, our study highlights the importance of diatom life history strategy that results in sinking events from the
surface after silicate depletion followed by the transformation to small suspended resting cells in the mesopelagic
that is coupled to an apparent reduction in POC flux. Diatoms are known to have the ability to regulate their
buoyancy to target nutrient rich layers just beneath the surface (Villareal et al., 1999). Such phytoplankton
lifecycle processes that are separated from the heterotrophic remineralization can also contribute to a diminishing
in POC flux reduction and is an important control of flux rate to consider on short timescales. This is because it
decouples particle flux attenuation with the release of remineralization products (inorganic nutrients and DIC) in
the upper mesopelagic zone. Therefore, assessing the biogeochemical consequences of observed reduction in
particle flux must be interpreted with care accounting for the potential decoupling described here. In addition, the
process described here is limited in time (weeks) and could even be below the time resolution provided by
autonomous platforms such as BGC‐Argo floats. This may have implications on the emerging picture that daily to
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seasonal variability in flux attenuation may modulate the ocean's CO2 sequestration by the BCP (de Melo Vir-
íssimo et al., 2022).

5. Conclusion
Large unknowns remain about the fate of sinking organic C in the SO and more specifically about the depth at
which this organic matter pool is being remineralized. This prevents further refining of the role of the SO in long‐
term CO2 sequestration. During the austral summer 2019–2020, we surveyed the time/depth variations of POC
fluxes along with particle distribution/composition in the Pacific sector of the SO. This provided detailed in-
formation on the potential process responsible for changes in POC flux with depth.

Our main conclusions are that:

1. The magnitude of POC flux attenuation in the upper mesopelagic zone may vary widely in the subantarctic
zone (Table 1, Figure 4).

2. The accumulation of medium size particles in the upper mesopelagic zone (Figure 5) may cause enhanced POC
flux attenuation. These are associated with relatively slow particle sinking velocities (Figure 6) and low
particle respiration rates (Figure S6 in Supporting Information S1).

3. The chemical composition and bio‐optical properties of the material indicated that the particle accumulation
layer was heavily dominated by live diatoms potentially including diatom resting cells.

4. Our results suggest that diatom life history “strategies” may play an important, and at times dominant, role in
upper mesopelagic sinking POC flux attenuation. The frequency at which such accumulation peaks occur in
the ocean remains unknown.

Particle flux attenuation with depth is frequently solely attributed to particle respiration by heterotrophic or-
ganisms. Our study potentially suggests that phytoplankton ecology is an additional nonheterotrophic process that
should be considered when evaluating POC flux vertical variation. We speculate that direct regulation of sinking
speed by diatoms was the dominant driver of upper mesopelagic flux attenuation at the end of a spring diatom
bloom just north of the Subantarctic Front. Considering such nonheterotrophic process yielding to POC flux
reduction is crucial for understanding short timescale observations of flux attenuation.

Data Availability Statement
Data are held at the British Oceanographic Data Centre (https://www.bodc.ac.uk/resources/inventories/edmed/
report/7320/).
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