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Thorium (Th) isotopes were applied to quantify the supply of lithogenic inputs from
the Kerguelen Plateau to the Southern Ocean. The dissolved concentrations of 232Th
and 230Th were measured following a novel pre-concentration method using the
Nobias resin from 10 stations above and on the slopes of the plateau. Elevated
282Th/230Th ratios in the upper 500 m of the water column confirm the input of lithogenic
material from islands, glaciers and the resuspension of shelf-deposited sediments. 230Th
concentrations were used to calculate a scavenging residence time for Th, which was
then applied to calculate the flux of dissolved 232Th required to match the observed
concentrations of dissolved 232Th. The 232Th content of the lithogenic material from
the Kerguelen Plateau was used with the solubility of Th reported in the literature, to
estimate a lithogenic particle flux of 7 to 810 mg m~2 day~ . This flux is comparable to
fluxes obtained using sediment traps (8-777 mg m~2 day~ ') in other continental-margin
zones of the Southern Ocean. The flux of dissolved iron, generated by the dissolution of
particles, was also calculated (4,189-6,800 nmol m~2 day~— ') based on the iron/thorium
ratio in the material from the Kerguelen Plateau. This is higher than previous estimates
(1,342 nmol m~2 day~"), suggesting the dissolution of particles as the missing source
of iron, thus closing the iron budget of the region. This study confirms the utility of
long-lived Th isotopes to quantify lithogenic inputs from continental margin settings.

Keywords: thorium, Southern Ocean, Kerguelen Plateau, lithogenic, natural fertilization, GEOTRACES

INTRODUCTION

The different isotopes of thorium (Th) provide important information about a variety of
processes that occur in the oceans. In seawater, Th has a stable oxidation state of IV, making it
highly particle reactive (Santschi et al., 2006). Thorium isotopes also have very well-constrained
and limited sources to the marine environment. The very-long lived primordial isotope 2*2Th
(t1/2 = 1.4 x 10'% years) represents ~99.98% of all natural Th and it is supplied to the ocean almost
exclusively by the dissolution of continental material transported by rivers, wind and the dissolution
of continental shelf sediments (Krishnaswami and Cochran, 2011). 239Th (t1/2 = 75,400 years)
is supplied to the ocean almost entirely by the decay of the highly soluble 2**U, which has
a uniform distribution in the ocean (Krishnaswami and Cochran, 2008). 23°Th is removed at
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an almost constant rate to the sediments by interaction with
particles (Anderson et al.,, 1983). The combination of particle
reactivity and well-constrained sources makes Th isotopes one
of the most versatile tools to study particle fluxes in the ocean
and in the sedimentary record (Francois et al., 1990, 2004;
Costa and McManus, 2017; Luo, 2017). In the last decade,
the 222Th-23Th system has gained popularity as a tracer to
quantify lithogenic sources of trace elements to the marine
environment (Hsieh et al., 2011; Hayes et al., 2013, 2015, 2017;
Deng et al,, 2014). The long-lived Th isotopes can be used to
track and quantify the input of lithogenic material to the ocean
because 232Th acts as the tracer of lithogenic input, while *Th
provides information concerning residence time with respect to
scavenging, which is assessed through its disequilibrium from its
soluble parent nuclide 2**U (Broecker et al., 1973). Finally, with
knowledge about the composition and solubility of the lithogenic
material it is possible to estimate the input and flux of lithogenic
particles and trace elements to the ocean (Hsieh et al., 2011;
Hayes et al., 2018).

Trace elements are important because they can limit primary
production by phytoplankton in the photic layers of large parts
of ocean. In particular, the absence of bio-available iron (Fe)
has been recognized to be the main cause of low productivity
in areas of the ocean’s surface with abundant macronutrients
such as nitrogen and phosphorus (known as high nutrient,
low chlorophyll or HNLC regions; Martin, 1990; Boyd et al.,
2007; Moore et al.,, 2013). The HNLC regions occupy around
one third of the world’s oceans, with the Southern Ocean (SO)
being the largest of these regions. HNLC conditions are often
relieved through the addition of Fe (Morris and Charette, 2013).
Outside the SO, Fe is supplied mainly through the dissolution
of continental dust transported to the oceans by the wind
(Jickells, 2005). However, the SO is located far away from dust
sources. Remote islands and shallow continental shelves in the
SO can be a natural source of Fe enabling the proliferation of
phytoplanktonic blooms (Blain et al., 2001; Tyrrell et al., 2005;
Tagliabue et al., 2009, 2014), and hence influencing the oceanic
carbon cycle and the sequestration of CO; from the atmosphere
(Fung et al., 2000; Sarthou et al.,, 2007; Mahowald et al., 2009;
Boyd and Ellwood, 2010).

The Kerguelen Plateau (KP) area hosts the largest
phytoplankton bloom of the SO (Blain et al., 2007). It appears
in the austral summer after photosynthesis is no longer light-
limited, and extends over more than 45,000 km2. A series of
voyages carried out during 2005 and 2011 (KEOPSI and 2)
significantly increased the understanding of how natural Fe
fertilization occurs and its important role in the global carbon
cycle, and noted the importance of islands in the supply of iron
to Antarctic and Subantarctic regions (Blain et al., 2007, 2008a,b;
Jacquet et al., 2008; Jouandet et al., 2008; Mosseri et al., 2008;
Sarthou et al., 2008). Remote-sensing and modeling were able to
simulate bloom conditions over the plateau and contributed to
constrain the processes that transport iron, acknowledging the
importance of the bathymetry and surface advection fields (Bopp
etal., 2008; Mongin et al., 2008), which was further confirmed by
detailed descriptions of the region’s physical oceanography and
its relation with the flow of the Antarctic Circumpolar Current

(ACCG; Figure 1; Park et al., 2008a,b, 2014). Particle dynamics
(Venchiarutti et al., 2008, 2011) and carbon fluxes (Savoye et al.,
2008; Planchon et al., 2015) were studied through the analysis of
Th isotopes in the dissolved and particulate phases of seawater.
Other work focused on constraining the origin of the lithogenic
material that allows Fe to sustain the phytoplankton bloom (van
Beek et al., 2008; Zhang et al., 2008; van der Merwe et al., 2015;
Grenier et al., 2018). The dominant source of iron was found
to be the dissolution of sediments deposited on the plateau
and transported to the surface by vertical mixing (Zhou et al.,
2014), and the lateral transport and dissolution of lithogenic
material supplied by the Kerguelen Islands (van Beek et al., 2008;
Sanial et al., 2015; van der Merwe et al.,, 2015). It was found
that the bloom persisted even with Fe concentrations close to
values known to be metabolically limiting for phytoplankton
(Bowie et al., 2015). This highlights the importance of efficient Fe
recycling in the mixed layer, as well as of other potential sources
of Fe to the region, e.g., from Heard and McDonald Islands
(HIMI) in the central part of the plateau (Bown et al.,, 2012;
Bowie et al., 2015).

The Heard and McDonald Earth-Ocean-Biosphere
Interactions study (HEOBI; GEOTRACES process study
GIpr05), undertaken during the summer of 2016, focused on
sampling the central part of the KP around HIMI. The main
objectives of this voyage were to increase knowledge about the
contribution of HIMI and surrounding shallow areas to the
biogeochemical cycle of Fe in the region. Special attention was
paid to the role of particles originating from the islands as well
as any possible hydrothermal contribution to the Fe inventory.
Results from this expedition noted the importance of HIMI to
Fe availability that influences the drawdown of nutrients above
the plateau (Holmes et al., 2019), and also confirmed that glacial
erosion from Heard Island and probably hydrothermal activity
from McDonald Island can support the previously unaccounted
biological demand (van der Merwe et al., 2019). The aim of this
work was to apply dissolved 2*2Th and 2*Th measurements in
samples collected during the HEOBI voyage in order to quantify
the input of lithogenic material released from the areas around
HIMI. This lithogenic material has the potential to release iron
and therefore, to naturally fertilize surface waters around and in
the wake of the KP.

MATERIALS AND METHODS
Sampling

Seawater samples and hydrographic data' were collected in the
KP region during the HEOBI voyage in January and February
2016 onboard the R/V Investigator (IN2016_VO01; Figure 2).
All sampling was performed following the protocols described
in the GEOTRACES intercalibration for Th and Pa isotopes
(Anderson et al., 2012). Samples ranging from 5 to 10 L were
collected directly from Niskin bottles mounted on a standard
CTD and filtered through AcroPak capsule filters (0.2 um) into

Thttp://www.marlin.csiro.au/geonetwork/srv/eng/search#!6ba5a0ce-b87a-4bda-
bl6c-3527279c3bca
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FIGURE 1 | Predominant circulation pattern in the Kerguelen plateau (reproduced with permission from Park et al., 2008b). The green color represents areas where
phytoplankton blooms are historically known to develop above the plateau, however high biomass areas also extend eastwards off the plateau in downstream

10 L pre-weighted plastic containers. Samples were then acidified
with 1 mL of 11M HCI distilled acid per liter of sample to a
final pH value ~1.7. In order to determine procedural blank
concentrations, 2 L of ultra-high purity water (UPW) were
collected from the onboard system and acidified in the same way
as the samples. In total, 75 samples from 10 different locations
(Figure 2) were preconcentrated and analyzed. Two stations
(18 and 25) were sampled on the western flank of the plateau
in waters located generally upstream of the plateau; the water
column characteristics at sampling time support their use as
reference stations. A series of samples was collected within 1 km
of Heard (30 and 31) and McDonald (22 and 34) Islands in
order to establish a Th signal from the islands. Station 16 was
collected from the middle of the plateau and is part of a transect
that includes stations 6, 9, and 12 that were collected to sample
the transition from the plateau (~450 m depth) to open water
(3600 m depth) sub-Antarctic conditions.

Pre-concentration and Column
Chemistry

The pre-concentration and chromatographic separation
methodology applied in this study was part of a technique to
simultaneously determine Th and neodymium (Nd) isotopes
from a single seawater sample, and is described in full detail in
Pérez-Tribouillier et al. (2019). Briefly, samples were amended
with ~200 pL of concentrated hydrofluoric acid (HF) and
spiked with 1 pg of 2?’Th per kg of seawater. Samples were left

to equilibrate for at least 48 h. After this period, enough 2.5M
ammonium acetate buffer solution was added to reach a final
concentration in the sample of 0.05M. The pH was then adjusted
to 4.75 with concentrated HCL. Immediately thereafter, samples
were pumped through an array of two Nobias PA1L cartridges.
Once all sample passed through the cartridges, remaining salts
were washed off the resin with UPW. Finally, Th and other trace
elements were eluted with 5 mL of 3M HNOj3.

After pre-concentration, samples were oxidized with 0.5 mL
of a mixture of concentrated HNO3 and HCIO4 (4:1) at 200°C
in order to remove any organic substances (originating from
either the sample, or from the column extraction). Thorium
isotopes were chromatographically separated and purified using
1 mL Bio-Rad AG1-X8 anion exchange resin following protocols
described in Anderson et al. (2012). Samples were transformed
to the HCI form and loaded onto the pre-conditioned resin
in order to remove transition metals as well as uranium and
protactinium isotopes. The samples were oxidized again and
converted into 8M HNO;3 form and loaded onto the same
resin (pre-conditioned with 8M HNOs3) to remove the rare
earth elements. Thorium isotopes were finally eluted from the
resin with 11M HCI, oxidized and redissolved in 0.6 mL 2%
HNO3 + 0.3% HF in preparation for analysis. Sample processing
occurred in batches consisting of six samples. For each different
CTD station, a 2.5 L UPW procedure blank (spiked with
29Th) and the intercalibrated reference material SW2010-2
(Anderson et al., 2012) were processed. An aliquot of ~ 0.5 g of
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FIGURE 2 | High resolution bathymetry of the Kerguelen plateau (Beaman and O'Brien, 2011) and location of the stations sampled for Th isotopes during the HEOBI
voyage. Different colors of the station numbers have been chosen for better visualization against the background. Included are stations from previous studies used in
the discussion, including Stations B1, B5, B11, and C11 (Savoye et al., 2008) sampled during the KEOPS 1 voyage and Station A3 from KEOPS 2

(Bowie et al., 2015).

76 78 8

this reference material was diluted in 2.5 L of UPW. Both the
blank and the reference material were treated in the same way as
the samples, including pre-concentration and column chemistry.
The measurement of Th isotopes was performed on an Element
2 SF-ICP-MS at the Central Science Laboratory (University
of Tasmania), with sample introduction via an Aridius II
Desolvating Nebulizer to minimize oxide/hydride formation.
The pre-concentration factor of the solution introduced to the
instrument is about 16,000 for a 10 L sample.

Blanks and Quality Control

In order to reduce blank contributions, all sample processing was
performed inside a ducted laminar-flow hood (ISO-1 conditions)
in an ISO-5 environment. The procedural blank values ranged
from 2-17 pg and 0.2-1.8 fg for 2*2Th and 2*°Th, respectively.
The reproducibility of the intercalibrated reference material
SW2010-2 remained within 5% of the reported values over a
period of 7 months (Figure 3), indicating good method reliability.

Data Treatment

232Th and 2*°Th signals were corrected for instrument blank
and measurement mass bias (Pérez-Tribouillier et al., 2019).
Thereafter, 2>?Th and 2°Th concentrations were obtained using
isotope dilution equations (Sargent et al, 2002). Finally, an

40
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FIGURE 3 | Measured 232Th/230Th ratios in SW2010-2 reference solution for
six separate analyses performed over a 7-month period. Solid gray line
represents the average value and the dashed gray lines represent 1 standard
deviation of the values reported by participating laboratories of the
GEOTRACES intercalibration (Anderson et al., 2012). Error bars on
measurements are 1o of the instrument error.

average procedural blank, based on the blank determinations
from all stations, was subtracted. For 2*Th, the procedural blank
represented < 5% of the total signal, however it increased toward
10% for shallower samples. For 2*Th the blank contribution
was generally less than 3%. The measured 23°Th concentrations
were corrected for ingrowth due to decay of 2**U during the
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storage period. The initial content of 2*U was calculated based
on the 238U activity of each sample, obtained through the salinity
relationship of Owens et al. (2011) and a 8234 = 146.8 + 0.1%0
(Andersen et al.,, 2010). With this information, the ingrowth-
corrected (**°Thigc) was calculated using the sample 23*U
activity, a 1> of 2.8263 x 107 yr~! and a sample storage time
of 2 years (Eq. 1). The ingrowth correction varies from 5 to 50%
and is higher toward the surface of each station because of the
lower 22°Th concentrations.

20T 00 = 20TR 24y (1 e x years)) (1)

The contribution of lithogenic 2**Th was estimated using the
measured > Th concentration of each sample and a 2*°Th/?**Th
for the lithogenic material of 4.0 x 10~° mol/mol (Roy-Barman
etal., 2009). The lithogenic contribution was subtracted from the
total dissolved 2*Th to obtain the excess 2**Th (3*Th,; Eq. 2).
The contribution of lithogenic 2*°Th is less than 2% for most
samples considered.

230 Thxs = 20 ThIGC - 3 Thmeasured S [230 Th/232 Th]litho
(

A 29T residence time (230gr) was calculated for each station
as shown in Eq. 3 (Hayes et al., 2013). Additionally, Eq. 4 was used
to calculate a 24Th residence time (234gT).

J§ dissolved 230, activity dz

230grr (2) = ’
RT (2) S5 34 Uactivity x Aoz dz )
I 24T activity/238U activity 92
234pr (2) = 31 — X 1234
1— f2 Th acthty/BgU activity dz
4)

The dissolved 2*°Thyg activity was defined as the measured
concentration converted into activity units (dpm), the 234y
activity was obtained from the measured salinity, and X3
(9.2 x 107° year™!) as the radioactive decay rate of 23°Th where
z is the depth of integration. For the 234gT, dissolved 234Th and
2381 activities reported in Savoye et al. (2008) for the KEOPS
1 voyage were used and T34 is the mean life of Z4Th (1/)0).
The 230gr was then used to calculate a dissolved 2**Th flux by
dividing the depth-integrated 23>Th inventory by the residence
time (Eq. 5; Hayes et al., 2013):

J§ dissolved 22Th dz
T (d2)

The dissolved 2*2Th flux was then used to estimate a
particulate lithogenic flux considering the content of 2*2Th in
the basaltic lithogenic material around the KP (5.3 ppm; Duncan
et al,, 2016) and the fractional solubility of 2*2Th in lithogenic
material (Sty; Arraes-Mescoff et al., 2001; Roy-Barman et al,
2002) as shown in Eq. 5 (Hayes et al., 2013).

Dissolved > Th flux (z) = (5)

Dissolved **2Th flux (z)

Lithogenic flux (z) = [Thlkere X St
erg

(6)

Subsequently with knowledge about the composition and
solubility of metals relative to 2*2Th, it is possible to produce
an estimation of dissolved metal fluxes originating from the
dissolution of lithogenic particles as follows (Hayes et al., 2013):

tal S
Dissolved metal flux = [Tnﬂ] % ( metal)
Th Kerg STh (7)

x Dissolved ***Th flux

RESULTS

Water Mass Distribution During the
HEOBI Voyage

The temperature-salinity diagram (Figure 4) indicates that the
samples from stations located near HIMI (stations 22,30,31,34),
all from depths < 200 m, have salinities (absolute salinity
units) below 34.1 g kg~ ! and temperature above 2°C, consistent
with properties of the Antarctic Surface Water (AASW). The
same is the case for surface samples (<200 m) from other
stations, with the exception of Station 6. At Station 6, above
75 m the water temperature was greater than 4.5°C and density
below 26.75. These characteristics might indicate transient
seasonal warming of the upper water column. Below the mixed
layer, at depths between 150 and 300 m, Stations 9, 16, 18,
and 25 exhibited a subsurface temperature minimum (<2°C)
and fresher water (<34.2 g kg™!) than deeper layers. These
characteristics match the definition of Winter Water reported for
the KP, centered at ~200 m water depth (Park et al., 2008b).
Below 300 m there is a transition to Upper Circumpolar Deep
Water (UCDW) associated with a temperature maximum of
~2.5°C and an oxygen minimum (180 pmol L™1). A deep
salinity maximum confirms the presence of Lower Circumpolar
Deep Water (LCDW). Below 2,600 m, Stations 6, 9, and 18
display properties consistent with the presence of Antarctic
Bottom Water (AABW), i.e., low temperature and salinity but
with a higher oxygen content towards the bottom (Park et al.,
2008b). This water-column composition is typical for the austral
summer (Park et al., 1998) and is consistent with the findings
of other studies (Park et al., 2008b, 2014; Park and Vivier, 2011;
Holmes et al., 2019).

232Th and 23°Th Concentrations

Plateau and Off-Plateau Stations
All 29Th and ?*Th concentration data can be found in
Supplementary Table 1. 2*°Th,, concentrations in the samples
range from 0.7 fg kg=! (Station 18, 60 m) to 18.2 fg kg~!
(CTD6, 3579 m). These values are similar to other parts of the
SO including the Weddell Sea (Rutgers van der Loeff and Berger,
1993), the Drake Passage (Venchiarutti et al., 2011), the Crozet
Basin (Coppola et al., 2006) and particularly similar to a previous
study in the KP (Venchiarutti et al., 2008).

All profiles indicate a somehow linear increase of 23Thy,
concentration with depth (Figure 5). The “slope” of this
increase seems to be different in the top 600 m of the
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water column, compared to the water column below this
depth. Additionally, Stations 16 and 18 show a depletion
of 29Th,, toward the bottom. Similar mixed features in
230Thy, concentration profiles have been observed in other
oceanic settings in the Southern Atlantic (Moran et al., 2002;
Deng et al, 2014), the Arctic (Trimble et al, 2004), and
along the path of the ACC (Rutgers van der Loeff and
Berger, 1993; Venchiarutti et al., 2011), including the KP
(Venchiarutti et al., 2008).

The dissolved 2*Th concentrations range from 6.9
pg kg™! (CTDI12, 30 m) to 101 pg kg~! (CTD25,
200 m). Most of our data is within the same order of
magnitude of previous 2*’Th concentrations reported
on the plateau by Venchiarutti et al. (2008). However,
these authors report several samples with higher
concentration that in some cases are as much as 4.5
times greater (450 pg kg~!) than the maximum values
found in our study.

With the exception of Stations 18 and 12, all profiles
show a spike in the ?*’Th concentration in the top 600 m of
the water column. Below that depth, 23*Th concentrations
generally increase with depth, however some spikes stand
out in all the stations (excepting Station 18; Figure 5).

In particular, Station 25 shows two prominent peaks at
200 m (100 pg kg=') and 1200 m (87 pg kg~ !). Such
concentrations could very easily be a result of contamination
during sampling or analysis. However, the blank contribution
at that station remained low. Therefore, and because of
the higher concentrations previously reported for the
plateau (Venchiarutti et al., 2008), we prefer not to exclude
those measurements.

Near-Island Shallow Stations

The 22Th and 2°Th concentrations in samples collected
close to Heard (Stations 30, 31) and McDonald (Stations
22, 34) Islands (Figure 2) are similar regardless of location
or depth [average of 87.5 & 13 pg kg~ ! (1-0; Table 1)].
These concentrations are amongst the highest of our
data set and can be compared with 2*Th concentrations
found near Heard Island during the KEOPS 1 expedition
(84-273 pg kg~!'; Venchiarutti et al, 2008). 239Thy,
concentrations average 2.7 + 1.2 fg kg=! (1-0) (Table 1).
These concentrations are higher than those reported in
the previously mentioned study around HIMI (0.5-1.35
fg kg~!). In particular, the °Th concentration of Station
30 at 75 m (5.4 fg kg™!) is unusually high for that depth
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FIGURE 5 | 232Th (stars) and 230Th,s (blue circles) concentration profiles for HEOBI stations in the left panel and on the right one the turbidity profiles at each station.
Note that the deepest sample of each profile was collected ~10 m above the bottom. Red lines on the right panel represent the depth at which Th samples were

compared to previous studies in the region (Coppola et al., 20065
Venchiarutti et al., 2008).

232Th/230Th Ratios

The highest 232Th/?30Th ratios were found near HIMI (Table 1
and Figure 6), with a maximum value of 32,600 found in Station
34 at the boundary between the WW and the AASW (og =27.15;
122 m depth), and the lowest value of 1,735 in the LCDW
component of reference Station 18 (o = 27.8; 2,200 m depth).

All stations show an increase of the 232Th/?*Th ratio above the
UCDW (0p < 27.5; 600 m), except Station 18, which exhibits an
almost uniform ratio with depth (Figure 6). In the UCDW and
below, Stations 6 and 9 also display a uniform 232Th/2**Th ratio.
Additionally, stations 12 and 25 exhibit 2**Th enrichments at 900
(09 =27.7) and 1,200 m (og = 27.8), respectively. The samples
collected around McDonald Island present a higher 2>*Th/?**Th
(24,821-32,600) ratio compared to the samples collected around
Heard Island (12,870-16,938).

TABLE 1 | 232Th, 239Th,g, and 232Th/2%0Th ratio in the near-island stations 22, 30, 31, and 34.

Station Depth [m] 232Th [pg kg~ '] 1-0 [pg kg~ ] 230Thys [fg kg~ ] 1-0 [fg kg~ 1] 232TH/230Th
34 50 97 1.9 2.8 0.3 28,695 + 1545
34 80 94.3 1.9 44 0.4 25,278 + 1361
34 122 815 1.6 3.9 0.2 32,600 + 1756
31 45 81.3 1.6 35 0.2 16,938 + 912
30 88 59.8 1.2 2.5 0.2 16,162 + 918
30 75 88.8 1.8 55 0.4 12,870 + 731
22 151 100.8 2.0 2.3 0.2 27,243 + 1853
22 190 96.8 1.9 25 0.2 24,821 + 1688
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each station was collected ~10 m above the seafloor.
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FIGURE 6 | 232Th/230Th ratio plotted against potential density anomaly for the HEOBI samples. Different background shading indicates the different water masses
present during the HEOBI sampling campaign. The analytical standard error of many of the samples are smaller than the symbol. Note that the bottom sample of

DISCUSSION

232Th Enrichments Above the Plateau

and the Role of Circulation

Lithogenic material from the plateau allows the development of
productivity once the light is no longer limiting in the region.
Supplied by the direct subaerial erosion of the islands, glacial
input (subglacial and fluvial discharge) and the resuspension of
continental shelf sediments, this material releases 232Th, Fe and
other trace elements (Figure 7). Because 232 Th is only supplied to
the ocean by the dissolution of lithogenic material, an increase in
the 232 Th concentration can be indicative of the supply from the
Kerguelen Plateau. The spikes in the 2*2Th concentration near the
surface of Stations 6, 9, and 25 can be associated with the direct
dissolution of particles, introduced in the surface and transported
downward. This is somehow confirmed by the turbidity data
(Figure 5, right panel) that indicate the highest particle loads
toward the surface. However, in Stations 9, 12 and 25, mid-depth
spikes in the 2*’Th concentration cannot be explained by the
direct dissolution of lithogenic material because there are not

increased turbidity values at those particular depths, therefore
this 22Th must have been laterally advected from other parts
of the plateau. Surprisingly, only Stations 16 and 18 present a
nepheloid layer. This layer is reflected in a depletion in 2*°Th
concentration in the deepest samples of those stations due to
enhanced scavenging by particles resuspended from the bottom.
However, these particles do not seem to be a source of dissolved
2327Th, very likely because of their low reactivity.

The 2*2Th/?*°Th ratio can therefore be used to track supply
of lithogenic material to the ocean because 2*’Th is released
only by the dissolution of lithogenic material (in a similar way
as Fe). Under open-ocean conditions, it might be expected that
the 2*2Th/?Th ratio would decrease with increasing depth.
Such behavior can be seen at Station 18 (Figure 6, squares)
where the 22Th/?*°Th goes from 4800 = 396 near the surface
(o9 = 27; 65 m) to 1731 £ 65 near the bottom (o9 = 27.8;
2,725 m). A similar pattern can be seen in Station 6 below 100
m (09 = 26.8), where the 22Th/**Th ratio is 14,743 + 2876,
and decreases with depth to 3,288 £ 20 (o9 = 27.9; 3,576 m).
These findings, allow us to establish Station 18 as a reference
site of oceanic conditions. In contrast, the rest of the stations
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show (to different extents) *>’Th enrichments to the AASW
and WW components of the water column (o9 < 27.5;
depth < 300 m). These enrichments are the “fingerprint” of the
lithogenic material from the KP. As expected, this imprint is
more intense for the stations located near HIMI because they
provide a constant input of lithogenic material which supplies
232Th but not 23°Th, resulting in the highest 22 Th/?**Th ratios.
The highest of which are found near Stations 22 (24,821-27,243)
and 34 (25,278-32,600), located close to McDonald Island. Near
Heard Island, Stations 30 (12,870-16,162) and 31 (16,938), also
show elevated 232Th/?3%Th ratios, although not as high as near
McDonald Island. This difference can be explained because
of the different content of ?*?Th in basalts from McDonald
(28 £ 19 ppm) and Heard (5 & 2 ppm) islands respectively (J.
Fox, personal communication).

Once the lithogenic material supplied by the islands enters
the ocean, it releases dissolved 23>Th, Fe and other trace
elements. These dissolved elements as well as some lithogenic
particles can be transported away from the islands via local
circulation enabling a downstream development of productivity.
In fact, the historical position of both branches of the bloom
that occurs above the KP (Figure 1, green areas) match with
the main trajectories of the circulation of the PF and the
topography-controlled circulation in the northern and central
parts of the plateau.

Considering 23>Th/?*Th as a fingerprint of lithogenic input
and that most of the lithogenic material is supplied to surface
waters, a gradient in 23?Th enrichment would be expected,
being stronger near the source and decreasing as the signal
is transported away. Zhang et al. (2008) confirmed, through
the use of rare earth elements (REE), the recent dissolution of
basaltic material close to the Kerguelen Archipelago (KA) and
HIMI, and suggested that this material is transported by the

predominant circulation patterns in the northern and central
parts of the KP, respectively (Figure 1). Neodymium isotopic
composition (eng) data further proved this transport from the KA
to the stations located north of the Polar Front (Grenier et al.,
2018), and our own gng and REE data also confirms that the
material supplied close to HIMI is transported northwards, all the
way to the southern edge of the Polar Front (Pérez-Tribouillier
et al., unpublished).

Our Th data over the plateau lacks the spatial distribution
necessary to accurately track the possible pathways of
surface/subsurface circulation. However, some patterns do
exist in the 2*Th/?**Th distribution that seem to confirm
the importance of the HIMI for the natural fertilization of
the waters north and to the east of these islands (Figure 8).
Specifically, the near-surface 2*>Th/?**Th ratio is highest near
HIMI (22,259 £ 6600, n = 8). In the middle of the plateau at
Station 16 this value decreases to 10,262 4= 1042. Considering the
predominant northwards circulation in this part of the plateau
(Figure 1, Park et al., 2008b), this lower 232TH/230Th value at
Station 16 could very well be attributed to a dilution of the HIMI
signal. This hypothesis is supported by the low 2*2Th/?*0Th ratio
(4141 &£ 341) at Station 18. This station is located before the
circulation turns west toward HIMI and therefore at this point,
seawater has not yet received any lithogenic material from the
plateau. After the current passes next to HIMI, it travels north
toward Station 16 at a speed of ~2.6 km day~! (Park et al,
2008b), a component turns east and reaches Station 9 where the
value decreases to 4853 % 500. The enrichment at Station 12 is
even smaller (2,683 £ 240). We hypothesize that this low value
is associated with the western boundary current that flows along
the eastern flank of the plateau and flushes away 23>Th from
Station 12. The surface enrichment at Station 6 (7,300 =+ 200) is
higher than at station 9, even though Station 6 is further away
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from the plateau. In this region however, the circulation from the
central KP converges with the flow of the PF, plausibly driving an
increase in surface 2*>Th/?°Th ratios. More detailed sampling
above the central part of the plateau, especially between HIMI
and Station 16 would have been useful to better constrain the
circulation over the plateau using the 2*2Th/2**Th signal.

Th-Scavenging Removal Residence Time
in Surface Waters of the Kerguelen
Plateau

The calculation of 2*Th fluxes requires information about
its removal rate from the dissolved fraction of seawater. This
residence time can be obtained from the less abundant isotopes
228Th, 250Th, and 2**Th and the disequilibria from their parent
nuclides, making two assumptions: (1) considering a steady state,
and (2) by neglecting physical transport.

The short lived 2**Th isotope (1,2 = 24.1 days) is routinely
used to estimate the export of particulate organic carbon from
the surface of the ocean (Buesseler et al., 1992; Cochran et al.,
2000). 239Th has also been used to calculate surface residence
times (Luo et al., 1995; Hsieh et al., 2011; Hayes et al., 2013;
Deng et al., 2014; Lopez et al., 2015). However, differences have
been found in the surface scavenging residence times obtained
through the use of both isotopes. In the Equatorial Pacific,
Luo et al. (1995) found significantly higher 2**Th residence
times (RT,39) in the euphotic zone, compared to the ones
obtained with 2**Th and ?28Th data. This was attributed to the
longer half-life of 2°Th, which allows for “pre-formed” 2*°Th
to be transported from deeper waters to the surface through
water mixing processes, thereby violating one of the basic
assumptions of this method, and producing an over-estimation of
its scavenging residence time. Hayes et al. (2013) also emphasize
the possible impact of vertical mixing to surface scavenging
residence times calculated with 23°Th data in the Pacific, however,
these authors did not have 2**Th data available for comparison.
In the tropical and subtropical regions of the Atlantic Ocean,
234Th and 2*°Th residence time estimates for the top 25 m of

the water column seem to be in more agreement (Hsich et al.,
2011). However, some discrepancies remain in the equator and
higher latitudes, that again, could be very well-explained by the
upwelling of 220 Th.

In several sectors of the Southern Ocean, including the
Kerguelen Plateau, the assumption of no vertical transport
could be severely violated, as upwelling of Circumpolar Deep
Waters, with high 23°Th content, has been previously observed
(Rutgers van der Loeff and Berger, 1993; Walter et al,
2000; Chase et al, 2003; Venchiarutti et al., 2008, 2011;
Rutgers van der Loeff et al, 2016; Roy-Barman et al., 2019).
Therefore, it is necessary to investigate the extent to which
vertical mixing can produce an overestimation in the 2*°Th-
estimated surface residence time over the KP. Rosso et al.
(2014) noted that over the shallow areas of the KP, vertical
velocities are weak and that the water-motion is dominated
mainly by the horizontal component, and it is only on
the eastern flank of the plateau where the vertical motion
becomes very strong.

As a starting point to constrain the vertical input of 23°Th,
we estimate the vertical advective supply of 22°Th by multiplying
its concentration at 100 m (or the nearest sample available)
by the upwelling velocities reported over (0.5 m day~!) and
on the eastern (5 m day~!) flank of the plateau respectively
(Rosso et al.,, 2014). Additionally, we calculate the supply of 2*°Th
through vertical diffusive mixing by multiplying the dissolved
230Th concentration gradient at ~100 m by the vertical mixing
coefficient for the plateau (K, = 35 m? day_l; Park et al.,
2008a). Using these parameters, we estimate that at Station
16 vertical mixing and upwelling above 100 m could supply
an amount of 2*'Th equivalent to up 50% of the production
rate of 220Th, which could lead to an overestimation of 230gT
by a factor of 1.5. In Stations 6, 9 and 12, located on the
eastern flank of the plateau, and in an area that Rosso et al.
(2014) suggests having strong vertical velocities, upwelling
itself can produce an overestimation of 230grr by a factor
of 4 to 10 times.

Another way of investigating the effect of upwelling on the
230gt is by comparing it with the residence time obtained with
234Th (234gr), as its shorter half-life makes it less susceptible
to the impact of deep upwelling (Luo et al, 1995). To do
so, we have applied Equation 4 to the 23*Th data obtained
during the KEOPS 1 voyage (Savoye et al., 2008). Although the
samples were not collected in the same year or from exactly
the same location, we consider that both datasets were collected
close enough and during the same season making a comparison
valid (Figure 2). For a comparison of the residence time in
the shallow areas of the plateau (<500 m) we compare Station
16 (HEOBI) to Stations Bl and B5 (KEOPS 1). To compare
the residence time on the eastern flank of the plateau, Stations
6, 9, and 12 (HEOBI) are compared to Stations B1ll and
C11 (KEOPS 1).

The residence time at 100 m obtained with both Th isotopes
is almost identical over shallow areas of the plateau (Table 2),
confirming the almost neglectable effect of vertical mixing in
this area as suggested by Rosso et al. (2014). Surprisingly, in
Stations 6, 9 and 12 the 230gr is, at most, 1.5 times higher
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TABLE 2 | Comparison between residence times obtained above 100 m using
230Th (this study) and 234Th (Savoye et al., 2008) data from stations located
on-plateau and on the eastern flank of the Kerguelen Plateau.

Station 230RTt [years] 234Rt [years]
16 0.4
On-plateau B3 — 0.3
B5 - 0.4
6 0.5 —
9 0.6
Eastern 12 0.6 —
flank B11 — 0.4
C11-dan - 0.5
C11-Feb - 0.4

than 234rr. This minor difference between the Th isotopes
can be attributed to upwelling, although it is clear that it is
not nearly as intense as the 10 times overestimation predicted
for this area using the advection parameters. Alternatively, the
difference in 230rr and 234grr in this area could also reflect
different conditions at the time of sampling given that the data
are from different years and locations. The use of multiple Th
tracers, coupled with an accurate understanding of the physical
oceanographic setting of the area, is necessary to fully constrain
the scavenging residence time of Th in regions susceptible
to deep upwelling.

With increasing depth, the 230rt increases gradually reflecting
the long-term process of 23Th adsorption and desorption
from particles through its path down the water column
(Figure 9A; Nozaki et al, 1981; Anderson et al., 1983;
Nozaki and Nakanishi, 1985). In particular, 230rt in the
mixed layer is less than a year at all stations (Table 3).

At 500 m the 230rt reaches more than a year for all
stations with the exception of Station 16 at 430 m where it
is slightly lower (0.9 years) due to enhanced scavenging of
20Th by sediments resuspended from the bottom (Figure 5,
right panel).

The mixed layer 230rt values are comparable to those found
in the North Pacific (0.7-1.2 years; Hayes et al., 2013), but shorter
than residence times calculated from samples collected from the
Atlantic Ocean (1.2-2.5 years; Hsieh et al., 2011; Deng et al,
2014). This difference is expected because the Atlantic studies
were conducted in a more open oceanic environment with low
biological productivity and away from direct sources of particles
other than the deposition of aeolian dust. In contrast, the sampled
areas of the North Pacific and the KP are closer to particle
sources including a larger supply of lithogenic particles to the
water column, increasing scavenging rates and shortening 230gT.
However, at 500 m the 230gy for the KP is considerably shorter
than for the Pacific at the same depth (3.3-6.4 years; Hayes et al.,
2013) and the Atlantic at 250 m (3.5-6.4 years; Deng et al,
2014). This difference arises very likely because of the shallow
bathymetry over the plateau (<500 m) and its interaction with
the ACC that generates a dynamic coastal environment, with
a continuous supply and resuspension of particles. This larger
particle load over the plateau increases scavenging rates, thus
shortening residence times.

Thorium-Derived Lithogenic Fluxes to

the Kerguelen Plateau

To obtain an estimation of the flux of lithogenic material
using dissolved Th-isotopes it is first necessary to convert 2>>Th
concentrations into a dissolved flux using the residence time
calculated in the previous section. For this, dissolved 2*’Th
concentrations were integrated from the surface to an integration
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TABLE 3 | Comparison between residence time and 232Th fluxes in the mixed layer (ML) depth and at 500 m during the HEOBI voyage.

Station (ML depth) ML residence time (years)

500 m residence time (years)

500 m dissolved 22Th
flux [ng m~2 day~ 1]

ML diss. 232Th flux [ng m~2 day ']

6 (110 m) 05+ 0.1 12402
9 (154 m) 0.7 £ 0.1 14+03
12 (189 m) 0.8+0.2 13+03
16 (181 m) 05+0.1 0.9" +0.1
18 (282 m) 0.6+ 0.1 1.0+02
25 (202 m) 0.8 £ 0.1 13+03

17 +4 33+6
9+2 21+5
5+2 12+£3
34+5 43+£9
10£3 20+5
24 +£5 18+3

*The residence time for station 16 was calculated at 430 m because the station had a bottom depth of 446 m. Error has been propagated considering all variables used

for the calculation of the residence time and 232 Th flux.

depth and divided by the corresponding 230rt (Figure 9B; Eq. 5).
Selecting an integration depth at which the lithogenic inputs
can be effectively quantified has been a subject of discussion.
Previous studies aimed mostly to quantify the flux of trace metals
originating from the dissolution of mineral dust, therefore Hsieh
et al. (2011) integrated only to 25 m, where most of the dust
dissolution is expected to occur. However, Hayes et al. (2017)
suggests that integration should be done at least to the base of
the euphotic zone (50-200 m) in order to capture the effect of
Th cycling in the upper layers of the ocean, which is a complex
process regulated by particle aggregation, passive sinking and
active transport by zooplankton. Furthermore, integrating even
deeper (250-500 m), might also account for dissolved Th
regeneration below the euphotic zone (Hayes et al., 2017).

In the KP, we expect a source of 23>Th (and Fe) at the ocean
surface, from glacial and fluvial runoff. However, given the KP is
a “shallow” area (<500 m), plateau-deposited sediments might
become an extra source. If 23*Th is supplied to the surface,
it would be expected for the 2*’Th flux to be higher at the
surface, and if no sub-surface source exists, this flux should
remain constant with deeper integration. However, in all stations
sampled on the KP (except Station 25), we observe an increase
in the 232Th flux from the mixed layer toward 500 m (Table 3),
and in general all the way to the bottom. Such an increase
in the 2*2Th flux with depth has been observed in all of the
previous studies where this technique has been applied (Hsieh
et al,, 2011; Hayes et al., 2013, 2015, 2017; Deng et al., 2014;
Lopez et al., 2015; Anderson et al., 2016), and its cause is still
not completely understood. Two main hypotheses have been
suggested: (1) different chemical speciation between 2*°Th and
232Th that lead to difference in their scavenging rates (Hayes
et al., 2013), and (2) irreversible scavenging of both isotopes in
the euphotic zone that causes a downward export of Th out of
this zone (Hayes et al., 2017). These authors made an important
contribution toward explaining the reason for the increase of
the 2*2Th flux with depth, as they were able to reject the first
theory for the Atlantic and the North Pacific and pointed at the
second hypothesis as the most likely cause. Therefore, we opt
to use an integration depth of 500 m to estimate the lithogenic
flux to the plateau, in order to capture all the sub-surface Th
cycling and concentration spikes observed in most of the stations.
In Station 25, the flux at the base of the mixed layer (202 m;
23 ng m~ 2 day™!) is higher than at 100 m (12 ng m~?2 day~!)

and 500 m (18 ng m~2 day~!). This elevated value is due to the
spike in the 2*2Th concentration at this depth (Figure 5), which
as we mentioned in the results section could be due to sample
contamination, or possibly a shelf-derived sub-surface source of
lithogenic material, although turbidity data suggests its not a
local source (Figure 5).

The 232Th fluxes (Figure 9B) can now be converted to
lithogenic-material fluxes with knowledge about the composition
of the material and its Th fractional solubility (Eq. 5). In
other words, this flux of lithogenic material is required to
sustain the calculated dissolved 2*’Th fluxes and therefore
measured concentrations of 2*2Th. Previous studies dedicated
to quantifying the input of dust to the ocean have used the
average 2*2Th concentration for the upper continental crust
that can range from 10.5 to 14.6 ppm (Taylor and McLennan,
1985; Rudnick and Gao, 2013; Serno et al.,, 2014). The lithogenic
material from the volcanic KP province has a lower 2*’Th
content than average continental crust (5.4 £ 1.5 ppm; Duncan
et al., 2016; Fox, 2019, personal communication). Therefore,
we use this value for the calculations of the lithogenic flux in
our area of study.

The largest source of uncertainty in the calculation of
lithogenic fluxes is the solubility of 2*2Th from particles, which is
a highly unconstrained parameter, especially for volcanic-derived
material. From the few studies that report 232Th solubility in
marine particles, highly variable values were found, ranging from
1 to 23%, depending on the particle size and depth (Arraes-
Mescoff et al., 2001; Roy-Barman et al., 2002). When using a Th
solubility of 1% we obtain fluxes of lithogenic material that range
from 144 to 810 mg m~2 day ™! in the top 500 m of the water
column, while the values range from 7 to 39 mg m~2 day~! when
using a Th solubility from particles of 20% (Table 4).

The dissolved thorium based lithogenic flux estimates for the
KP are much higher than sediment-trap based estimates reported
in a transect along the Southwest sector of the Pacific Ocean
(Honjo et al., 2000). This difference is consistent with the oceanic
setting of the transect in the Pacific Ocean at 170 W, distant
from any significant lithogenic source. Our calculated lithogenic
fluxes are however comparable to sediment-trap obtained fluxes
reported for more “coastal” parts of the Southern Ocean like
the Ross Sea (Chiarini et al., 2019) and the Bransfield Strait
(Wefer et al., 1988). Furthermore, all of our Th-derived lithogenic
fluxes fall within the range reported for the KP using drifting
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TABLE 4 | Comparison of the Th-derived lithogenic and dissolved Fe fluxes to those reported in the literature.

Area of study Th-litho. flux Sy, = 1%? Th-litho. flux St,, = 20%? Sed. trap litho flux? dFe flux? Non-litho Fe export flux?
KP-shallow (HEOBI) 586-810 23-40 - 4,189-6,800 -

KP-eastern flank (HEOBI) 230-617 11-30 - 1,400-4,700 -

KP-shallow KEOPS 2°¢ - - 35-625 1,342 2,797

Ross Sead - - 26-148 - -

Southern Ocean, along 170°W¢ - - 0.14-2 - _

Bransfield Strait, Ant. Peninsula’ - - 8.4-777 - -

The table also includes a comparison of the dissolved Fe fluxes estimated with Th long-lived isotopes against the fluxes obtained at Station A3 during the KEOPS 2
voyage. Lithogenic flux from KEOPS 2 was calculated as: Lithogenic flux = Total mass flux — (bioSIOz + PIC + POM). 2mg m~2 day~; ®nmol m=2 day~; °Bowie et al.,

2015; 9Chiarini et al., 2019; ©Honjo et al., 2000; fWefer et al., 1988.

sediment traps (Table 4; Bowie et al., 2015). Lithogenic material
flux calculation using thorium isotopes for coastal areas seems to
be promising and once the Th solubility in the plateau is better
constrained, the uncertainties will be reduced.

Quantification of Fe Fluxes to the Plateau

In a similar manner to the previous section, 232Th fluxes can be
used to derive fluxes of dissolved Fe and other trace elements
from lithogenic material. For this, information about the metal
concentration in lithogenic particles and their solubility relative
to that of 22Th is required (Eq. 7). Unfortunately, the solubility of
trace elements with respect to 2>2Th has so far not been reported.
However, it has been suggested that over time, relatively insoluble
elements (such as Th and Fe) tend to present a similar solubility
(Hayes et al., 2013). Therefore, we can expect that Fe and 23>Th
should have similar solubilities (Fe/?3*Th = 1), however it’s
necessary to mention that the residence time of Fe in the region
is still not completely constrained. Making this assumption and
considering an average Fe/?*2Th ratio of lithogenic material over
the shallow areas of the plateau of 16,400 g g~ ! (Duncan et al.,
2016; Fox, 2019, personal communication), we obtain dissolved
Fe fluxes at the base of the mixed layer at stations located over
the KP that range from 4,200 to 6,800 nmol m~2 day™~!. Such
amount of Fe is higher than the estimates produced from the
dissolution of natural mineral dust in the Northern Pacific Ocean
(245-736 nmol m 2 day’l; Hayes et al., 2013). This is because
of the higher flux of lithogenic particles in our area of study, and
increased content of Fe in the basalts from the KP.

This dissolved Fe supply from the dissolution of lithogenic
material can be compared to Bowie et al. (2015)’s estimate of the
dissolved Fe supply to the mixed layer at station A3 (Figure 1),
sampled during the KEOPS 2 voyage (Table 4). They estimate
a dissolved Fe supply of 1,342 nmol m~2 day~!, from total
vertical and lateral advective supply (1,292 nmol m~2 day™!),
and atmospheric soluble deposition (50 nmol m~2 day~!).
It becomes evident that the estimates of our study are more
than three times larger than the previously estimated supply of
dissolved Fe above the plateau. Furthermore, Bowie et al. (2015)
noted that at station A3, on the plateau (relatively close to our
station 16), the export of particulate non-lithogenic Fe from the
mixed layer (2,797 nmol m~2 day~!) exceeded the estimated
supply of dissolved Fe (1,342 nmol m~2 day~!). This suggests the
scavenging and biological removal of Fe from the mixed layer is

greater than the rate of supply of dissolved Fe. Hence, there must
be at least one source of Fe that has not been taken into account.
The same authors and Chever et al. (2010) noted that this extra
source is very likely from lithogenic particulate Fe, derived from
either the Kerguelen plateau or the HIMI region, that might be
converted into dissolved and bio-available Fe. This hypothesis
is supported by recent findings of van der Merwe et al. (2019),
who claimed that high-lability Fe particles sourced from glacial
erosion from Heard Island might be this missing source of iron.
Our dissolved Fe estimations, obtained independently through
the use of Th isotopes, support this claim as our larger estimate is
very likely reflecting the dissolution of Fe from these highly labile
particles. Furthermore, our dissolved Fe supply flux estimates
are very similar to the total downward particulate Fe export
flux (5,746 nmol m—?2 day_l) reported by Bowie et al. (2015).
Although both terms are not directly comparable, our estimates
might help to close the iron budget of the KP, implicating the
dissolution of lithogenic particles from HIMI as a major source
of dissolved Fe to this region.

CONCLUSION

The spatial distribution of 2>2Th concentrations near the surface
of the plateau clearly indicate that Heard and McDonald Islands
contribute to the supply of lithogenic material that fuels the
phytoplankton bloom in the central KP during the summer. We
applied long-lived Th isotopes to produce an estimation of the
fluxes of lithogenic material and Fe in the KP. We demonstrate
the potential of long-lived Th isotopes to produce this type of
information not only from the dissolution of aeolian dust to the
open ocean, like other studies have shown, but also from the input
of lithogenic sources to coastal areas. The similarity of our results
with those obtained using sediment traps in the SO suggests that
measuring Th isotopes can be an alternative approach to obtain
this type of information, and can also provide greater spatial
detail than sediment traps. However, some limitations arise due
to the lack of information about the solubility of Th. Systematic
studies about these parameters in particles of different origin and
composition will improve the results produced by this approach.
Nevertheless, our results help to close the iron budget in this
region, and confirm that the release of iron from the dissolution
of lithogenic particles is a key source of soluble iron to support
biological activity on the KP.
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