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Abstract 
 

The delivery of lithogenic material from atmospheric dust to remote regions of the Southern 

Ocean is thought to be a key source of micronutrients, particularly iron, essential for 

phytoplankton. Here, we present a time series of lithogenic flux estimates from 2010 to 2019 

using sinking particles collected by sediment traps at 1000m at the Southern Ocean Time Series 

mooring station in the subantarctic Southern Ocean. Lithogenic flux estimates were made 

based on aluminium, titanium, iron and thorium concentration in sinking particles and showed 

good agreement with one another. A multi-tracer flux estimate was calculated using an average 

of all individual tracer flux estimates in order to reduce biases associated with each element’s 

reactivity in seawater. This mean lithogenic flux exhibited a strong seasonality, with two peaks 

in late spring and in summer. The magnitude of our multi-tracer lithogenic flux was comparable 

to previous sediment trap-based fluxes reported in the Southern Ocean and to 230Th-normalised 

lithogenic fluxes from core-top sediments at the same study location. A lack of lithogenic tracer 

enrichment in our samples compared to the average upper continental crust values indicated 

that lithogenic material dominates iron supply in this region. Sinking particle samples from 

SOTS showed similar Fe enrichment to aerosols collected over southern marine regions around 

Australia, suggesting that Australian dust may be the primary lithogenic source to SOTS 

sinking particles. Evidence of lead (Pb) enrichment in sediment trap samples at 1000m 

highlighted a non-negligible contribution from anthropogenic particles in SOTS sediments, the 

later source which could represent a secondary Fe supply to the samples. Therefore, we 

concluded that aeolian emissions from Australia likely compose the primary source of 

lithogenic particles to SOTS subantarctic Southern Ocean 1000m-deep waters.  This hypothesis 

was further supported by maximum lithogenic particle flux at 1000m depth in late spring 

preceded by seasonal atmospheric aerosol loading from aerosol optical depth and satellite 

reanalysis modelled dust deposition maxima that occurred during the Australian dust storm 

season in spring across the study period.  

 

While carbon export at 1000m showed good correlation with surface chlorophyll 

concentrations at SOTS across the study period, a lack of linear relationship between lithogenic 

fluxes at 1000m and productivity leaves the link between marine productivity and 1000m-deep 

sinking particles in this subantarctic region of the Southern Ocean unclear.  
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1. Introduction 
 
1.1 – Role of the Southern Ocean in atmospheric carbon dioxide uptake 
The Southern Ocean plays a critical role in the regulation of global climate by acting as an 

interface between atmospheric carbon dioxide (CO2) and carbon storage in the deep ocean 

(Sabine et al., 2004; Gruber et al., 2009; Shadwick et al., 2015; Pardo et al., 2017). The 

ventilation of natural (pre-industrial) CO2 from carbon rich deep waters driven by the global 

thermohaline overturning circulation (Marshall and Speer, 2012), is balanced by the fixation 

of atmospheric CO2 by primary productivity into organic matter (Lauderdale et al., 2017). The 

subsequent transport of sequestered carbon to the deep ocean through detritus and excreted 

particles is termed the biological pump (Marinov et al., 2006; Hauck et al., 2015; Lauderdale 

et al., 2017). Regional variations in the balance between uptake and outgassing of CO2 generate 

uncertainty in Southern Ocean carbon flux understanding (Marinov et al., 2006; Gruber et al., 

2009; Hauck et al., 2015; Shadwick et al., 2015). The Southern Ocean’s ability to sequester 

carbon from the atmosphere via primary productivity is therefore an important factor in 

quantifying carbon budgets in this globally significant region. Moreover, with already a 

significant (~40%) proportion of anthropogenic CO2 stored in the Southern Ocean (Khatiwala 

et al., 2009), understanding the efficiency of the biological pump is an integral part in 

predicting future climate scenarios.  

 

1.2 – Iron limitation in the Southern Ocean 
The Southern Ocean is characterised as a high nutrient low chlorophyll (HNLC) oceanic 

region, where excess macronutrient levels indicate that the efficiency of the biological pump 

is limited by restriction in the growth of primary producers (Hauck et al., 2015). Early work by 

Martin et al. (1990) suggested that phytoplankton growth in HNLC regions like the Southern 

Ocean was limited by the scarcity of the essential trace nutrient iron (Fe). This hypothesis was 

further confirmed by subsequent mesoscale iron fertilisation experiments (Boyd et al., 2007), 

prompting a quest to understand iron sources to the ocean (Tagliabue et al., 2014) and 

mechanisms governing its biogeochemical cycle (Tagliabue et al., 2017). Other trace elements 

(TEs) are essential to phytoplankton, including zinc (Zn), manganese (Mn), nickel (Ni), copper 

(Cu), cobalt (Co) and cadmium (Cd) (Twining and Baines, 2013), which may co-limit 

phytoplankton growth at low oceanic concentration. In particular, iron and manganese 

colimitation was observed in some areas of the Southern Ocean (Middag et al., 2013; Browning 
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et al., 2014). Since the dissolved fraction of trace metals in seawater denotes the bioavailability 

of trace nutrients, the solubility of trace metals delivered to the ocean may also be a limiting 

factor to phytoplankton growth (Twining and Baines, 2013). Investigating the sources, delivery 

pathway, and uptake of iron and other trace metals in seawater is key to better constraining the 

link between biogeochemical cycles and marine primary productivity, as well as their impact 

on the oceanic carbon budget and climate change (Boyd et al., 2007; Boyd and Ellwood, 2010; 

Smetacek et al., 2012; Tagliabue et al., 2017).  

 

1.3 – Sources of trace metals to the open ocean  
In remote open ocean regions, TE supply to surface seawater from sediments is supplemented 

by atmospheric deposition of mineral dust, anthropogenic aerosols and biomass burning (Duce 

and Tindale, 1991; Jickells et al., 2005; Mahowald et al., 2005; Luo et al., 2008). Around 25% 

of global dust emissions (1490 – 1814 Mt yr-1) are deposited to the ocean annually (Shao et al., 

2011). Much of this deposition occurs in the northern hemisphere due to the presence of large 

deserts and arid regions of North Africa, the Middle East and Asia (Maher et al., 2010). In the 

Southern Ocean however, only three major land masses – Australia, South America and 

Southern Africa – act as dust source regions (Shao et al., 2011). Despite dust emission in the 

Southern hemisphere being smaller than north of the equator (Maher et al., 2010), the Fe-

limited nature of the vast Southern Ocean may result in a disproportionate impact of TE 

delivery from mineral dusts on ocean productivity in this region (Mahowald et al., 2005; 

Myriokefalitakis et al., 2018). A better understanding of mineral dust delivery to the Southern 

Ocean is therefore essential in order to constrain lithogenic inputs and biogeochemical cycles 

in this region (Boyd et al., 2010). To this effect, sources of TE delivery to the ocean, such as 

lithogenic inputs from mineral dust, can be identified using tracers of crustal material including 

Fe, aluminium (Al), titanium (Ti) and thorium (Th) (Ohnemus and Lam, 2015; Anderson et al., 

2016).  

 

In addition to lithogenic sources, TEs may be supplied to the ocean by anthropogenic aerosols 

(Pacyna and Pacyna, 2001; Sholkovitz et al., 2009; Baker et al., 2016). These latter aerosols 

are produced by fossil fuel emissions such as coal burning, industry, commercial shipping and 

transport emissions (Pacnya and Pacnya, 2001). Combustion aerosols are of particular interest 

as they were demonstrated to contain a higher fraction of soluble iron compared to mineral dust 

(Sholkovitz et al., 2009; Ito et al., 2019). This is significant for HNLC regions, since increased 

input of bioavailable iron to phytoplankton may largely stimulate primary productivity 
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(Sholkovitz et al., 2012; Ito et al., 2020b). Thus, in the context of high anthropogenic emissions 

to the atmosphere, atmospheric source apportionment is important to assess the impact of 

atmospheric deposition of soluble TEs on ocean productivity and subsequently on oceanic 

carbon drawdown (Ito et al., 2019; Ito et al., 2020b). Chemical tracers such as vanadium (V) 

and lead (Pb) (Sholkovitz et al., 2009; Eyring et al., 2010; Shelley et al., 2017b) are valuable 

tools to trace aerosols emitted by fuel combustion (Perron et al., 2020a). In particular, relatively 

stable and small Pb content in the upper continental crust (UCC) (Rudnick and Gao, 2003) 

make Pb enrichment in marine particles a strong indicator of anthropogenic ‘contamination’ 

(Shelley et al., 2017b; Buck et al., 2019).  

 

1.4 – TE supply to the ocean from models vs. observations  
Previous efforts to quantify modern atmospheric TE deposition to the Southern Ocean have 

largely relied on modelled dust deposition (Li et al., 2008; Boyd et al., 2010), due to the 

difficulty in obtaining direct observations in this remote ocean region (Bullard et al., 2016; 

Myriokefalitakis et al., 2018). The parameterisation of northern hemisphere dust emission, 

transport and deposition in the tuning of models has previously been implicated in over 

estimation of dust deposition to the Southern Ocean (Bowie et al., 2009; Albani et al., 2014; 

Myriokefalitakis et al., 2018; Ito et al., 2020a). Atmospheric deposition observations in the 

Southern Ocean are thus essential for improved Southern Hemisphere dust modelling (Albani 

et al., 2014; Myriokefalitakis et al., 2018). Although atmospheric deposition estimates from at-

sea collection of aerosol samples (Bowie et al., 2009; Perron et al., 2020a; Strzelec et al., 2020) 

are key to understanding the geochemistry and solubility of aeolian TEs, these samples only 

integrate atmospheric measurements over a few days (Anderson et al., 2016). Moreover, the 

short time scale of oceanographic campaigns (several weeks) does not allow an accurate 

representation of either highly episodic major weather events (dust and fire emission) or 

seasonal and inter-annual dust deposition trends from aerosol sampling alone (Mahowald et 

al., 2009; Jickells and Moore, 2015). Finally, the extreme weather conditions and remoteness 

of the Southern Ocean prevent the practical installation of time series aerosol sampling devices 

outside of oceanographic expeditions.  

 

1.5 – Dust deposition estimation using lithogenic tracers 
To obtain estimates of dust deposition to the ocean over longer time scales, tracers of lithogenic 

material in sub-surface particles (sinking and benthic surface sediments) and dissolved tracer 

concentrations can be used as a proxy for estimating dust deposition (Anderson et al., 2016). 
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In oceanic regions where lateral inputs of advected hemipelagic sediment contribution to 

particle flux is negligible or corrected for, the lithogenic flux derived from sub-surface particles 

can be equated to dust deposition (Anderson et al., 2016). Lithogenic flux estimates on the 

scale of 1-3 years can be estimated from sinking particles using the 230Th-normalised flux of 
232Th (Francois et al., 2004), 230Th-based particle sinking rates and 232Th particle 

concentrations (Anderson et al., 2016), or particle Al, Fe and Ti concentrations in combination 

with models (Ohnemus and Lam, 2015). The 230Th-normalised flux of 232Th from surface 

sediments can be used to estimate lithogenic flux over much longer periods (several hundred 

years to millennia) due to sediment accrual over time (Francois et al., 2004; Kienast et al., 

2016). Dissolved concentrations of lithogenic tracers including Al and 232Th can provide 

estimates of lithogenic flux at 1-5 year time scales depending on the solubility of aerosols 

delivered to the ocean and the residence time of dissolved tracers (Anderson et al., 2016). 

Sediment traps measure the flux of sinking particles through the water column during 

deployments lasting up to 18 months, with estimates of lithogenic flux derived from the 

concentration of lithogenic tracers (Al, Ti, Fe and Th) in collected particles or by mass balance. 

While these methods all contain inherent biases of varying magnitude, the combined use of 

multiple methods and tracers for dust flux estimation was recommended in order to provide 

more reliable estimates by identifying inconsistencies between methods (Anderson et al., 

2016).  

 

 

1.6 – Sediment traps and lithogenic particle flux 
Sediment traps are useful tools to collect sinking marine particles in remote ocean settings, as 

they allow autonomous and continuous high-resolution sample collection (minutes to weeks), 

capable of capturing seasonal and annual variability in particle fluxes. Nevertheless, 

quantitative flux estimates from sediment traps are subjected to biases. Under-collection of 

sinking particles may occur when turbulence at the trap mouth and tilting of the trap are induced 

by hydrodynamic interactions between the trap and ocean currents (Yu et al., 2001; Buesseler 

et al., 2007; Chiswell and Nodder, 2015). Collected particle solubilisation can selectively alter 

particle composition reducing particle mass flux calculations (Antia, 2005; Buesseler et al., 

2007). Zooplankton swimmers may actively enter traps, especially at shallower depths, 

disturbing the passive flux of sinking particles or becoming trapped and perturbing particle 

component concentrations (Yu et al., 2001; Buesseler et al., 2007). Despite these inherent 

biases, sediment traps can be set up to minimise these effects and currently provide the best 
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direct year-round measurements of particle flux and export production in remote ocean settings 

(Wynn-Edwards et al., 2020).  

 

The calculation of lithogenic fluxes using sediment trap material has principally relied on either 

the measurement of lithogenic tracers in particles collected, or by the calculation of the mass 

balance of particle constituent components collected. In the Southern Ocean, sinking sediment 

Al concentrations have been used previously to proxy lithogenic flux, where the total lithogenic 

material is inferred using the crustal concentration of Al (Trull et al., 2001; Nodder et al., 2016). 

Lithogenic fluxes from sediment traps may also be indirectly estimated by subtracting 

individual measurements of components of the total mass flux, typically inorganic carbon, 

organic matter and biogenic opal, providing a residual lithogenic component estimate by mass 

balance (Wefer and Fischer, 1993). However, this method relies on assumptions on organic 

matter composition in samples and does not account for authigenic mineral contributions to 

total particle mass which may cause uncertainty. Since the use of lithogenic tracers and 

sediment trap particles relies on the refractory nature of the tracer used, variations in the 

reactivity of lithogenic tracers (such as Al, e.g. Dymond et al. (1997)) may generate 

uncertainty. The combination of multiple tracers (Al, Ti, Fe and Th) may provide more robust 

estimates of lithogenic flux variability by reducing inconsistencies due to tracer specific biases. 

Additionally, the analysis of anthropogenic tracers (V, Pb) can used to assess anthropogenic 

contributions of TE delivery to the ocean.  

 

 

1.7 – Aims 
The estimation of lithogenic particle fluxes in the Southern Ocean using sediment traps is made 

possible by the Southern Ocean Time-Series station, located in the subantarctic (SAZ) 

Southern Ocean, south of Tasmania, Australia (47°S, 142°E). The SAZ comprises waters 

between the sub-tropical front and subantarctic front (Figure 1). The SOTS location is 

considered broadly representative of Indian/Australian sector SAZ waters from ~90 to ~145°E 

(Trull et al., 2001; Shadwick et al., 2015; Trull et al., 2019). With Australia the largest dust 

contributor in the southern hemisphere (Shao et al., 2011), remote ocean observations from 

SOTS south of Australia presents a unique setting to sample atmospheric deposition of 

lithogenic material to the Southern Ocean.  
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Here, a time series of lithogenic flux estimates is presented based on the analysis of sediment 

trap samples collected at 1000m depth at SOTS (47°S, 142°E) between 2010 and 2019. 

Sediment digestion by a cocktail of strong acids was used to completely extract trace metals of 

interest in this study. Principally Al, Ti, Fe and Th concentrations in sediments were used to 

estimate lithogenic flux and averaged to reduce flux estimate biases associated with variations 

in metal reactivity in the marine environment. The estimation of lithogenic particle fluxes from 

sediment traps contributes to much needed observations of TE supply and dust deposition to 

the Southern Ocean, which are currently limited (Bullard et al., 2016; Myriokefalitakis et al., 

2018). 

 

Through our obtained average lithogenic particle flux time series, we aim to assess: 

1) The variability and sources of crustal material downward flux in the SAZ between 2010 

and 2019  

2) The use of such estimates as a proxy for aeolian deposition of mineral dust at SOTS  

3) Lithogenic particle interactions with components of the total mass flux in particles 

obtained at SOTS 2010-2019 and remotely sensed productivity signals.  

 

2. Methods 
 
2.1 – Study design and location 
This study uses sinking marine particles collected at the Southern Ocean Time Series (SOTS) 

mooring station established in 1997. The SOTS moorings are located at 47°S 142°E, about 500 

km southwest of Tasmania (Australia) in 4500m water depth. This open ocean location is 

situated at the convergence of nutrient-poor subtropical waters to the north and high nutrient 

low chlorophyll waters of the Southern Ocean to the South (Figure 1). SOTS is comprised of 

a deep ocean sediment trap mooring (SAZ), a surface biogeochemistry mooring (Pulse, 

intermittent deployment) and an air-sea flux mooring (SOFS). SOTS therefore provides 

continuous and valuable insights into a range of physical and biogeochemical processes in 

subantarctic waters over time (Shadwick et al., 2015; Trull et al., 2019; Wynn-Edwards et al., 

2020). Sinking marine sediments have been collected at a range of depths at SOTS, using 

McLane Parflux conical sediment traps, almost continuously since 1997, affording nearly two 

decades of archived sinking particle samples.  
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Here, we use a selection of <1mm size 

fraction sediment samples collected 

between 2010 and 2019 at 1000m 

depth. Samples were selected 

according to the consistency of 

sampling during mooring 

deployments, as multiple gaps exist in 

the sampling activity due to ship 

availability, funding or mooring 

damage/loss. The 1000m depth 

sediment trap series was selected in 

preference to SOTS deep traps at 

2000m and 3800m due to its proximity 

to the ocean surface. In order to 

effectively determine mineral dust 

inputs of lithogenic particles arriving at 

depth, this relatively shallower trap 

deployment avoids sub-surface 

lithogenic inputs from re-suspended 

sediments (Buesseler et al., 2007) or 

hydrothermal sources (Tagliabue et al., 

2010). Trap deployment at 1000m depth reduces many of the uncertainties of sediment 

trapping, since greater trapping biases are generally observed in the upper 1000m largely due 

to faster currents (Buesseler et al., 2007). At SOTS, the 1000m trap depth is sufficiently deep 

to avoid turbulence from the winter mixed layer that reaches 500m depth (Rintoul and Trull, 

2001; Trull et al., 2019).  

 

Detailed information on the SOTS moorings and the design of sediment traps can be found in 

Trull et al. (2001), Wynn-Edwards et al. (2020) and in CSIRO-MNF technical reports (and 

references therein).  

 

 

Figure 1. The SOTS deep water mooring station 
at 47°S 142°E (yellow diamond) is located at the 
interface between temperate sub-tropical waters 
and cool subantarctic waters of the Antarctic 
Circumpolar Current. Solid lines denote 
approximate front locations. Shading denotes 
satellite (MODIS-Aqua) mean surface chlorophyll 
concentration (mg m-3) for December, January, 
and February 2011-2018.  
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2.2  – Sample collection   
Full details on sediment trap sample handling and processing, 

including quality assurance and control procedures, can be found 

in Wynn-Edwards et al. (2020). 

 

Sinking marine sediments were collected in McLane Parflux 

Mark-78H 21-cup sediment traps of 0.5 m2 effective collection 

area (Figure 2). Traps were fitted with a 2.5 cm-grid honeycomb 

baffle to exclude large swimmers. Each cup collected sediment 

samples over a period of 15-17 days (duration dependent on 

deployment), thus each cup represents a single sample point. Cups 

(sampling bottles in Figure 2) were filled with a high density brine 

solution consisting of 0.8 um GF/F-filtered seawater collected at 

the SOTS, with added NaCl (5 g L-1) to increase density, reduce 

re-sedimentation and improve particle retention, 

Na₂[B₄O₅(OH)₄]·8H₂O (borax; 2 g L-1) to buffer pH and reduce 

carbonate dissolution, SrCl2·6H2O (0.22 g L-1) to preserve SrSO4 

acantharians, and HgCl2 (3 g L-1) to act as biocide. Cups 

displaying a noticeable foul odour were spiked with an additional 

100 μL of HgCl2 (saturated solution). The <1 mm size fraction 

was obtained by passing the contents of each cup through a 1 mm 

nylon sieve rinsed with a stream of 0.8 μm GF/F filtered seawater 

buffered with borax (1 g L-1). This material was split into 10 sub-

samples using a McLane wet sample divider (McLane, WSD-10). 

Three sub-samples were archived, and the remaining seven were 

re-combined and filtered onto a 0.4 μm 47 mm polycarbonate 

membrane filter. The filter was rinsed with ultra-high purity water 

(UHPW) to remove remnant brine salts (preventing the need for 

salt correction in dry sample mass) and dried over several days at 

60◦C until constant weight was obtained. Dried samples were 

scraped from the filter and ground using a mortar and pestle, 

accurately weighed and stored in scintillation vials. Total mass 

Figure 2. McLane Parflux 21-
cup sediment trap schematic. 
Effective catchment area 
(baffled area) is 0.5 m2.  
Image: Woods Hole 
Oceanographic Institute 
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flux (TMF) for each sample was calculated following Equation 1, resulting in an average mass 

flux over the duration of each cup sample collection.  

 

TMF  = 
10
7 ×(dry sample mass)

0.5 × (cup collection duration in days)
                                                                                        (1) 

 

Mass flux data was not corrected for trapping efficiency owing to lack of consensus on how to 

apply current speed and trap tilt to hydrodynamic processes impacting trapping of a broad size 

range of particles (Buesseler et al., 2007; Chiswell and Nodder, 2015; Wynn-Edwards et al., 

2020; see §4.1). Total mass fluxes, biogeochemical component analyses and sample quality 

controls were conducted by Wynn-Edwards et al. (2020) and references therein. Open access 

data is available from the Australian Ocean Data Network portal (https://portal.aodn.org.au/).  

 

2.3  – Sample preparation 
2.3.1 – Sample selection 
For this study, archive samples of <1 mm size fraction dried sinking marine sediment collected 

at SOTS at 1000m depth were used. Archived samples were selected in order to generate 

minimal gaps in the time-series, with preference given to data covering complete years/seasons. 

Due to chemical safety, time and practical constraints, all samples, references and blanks were 

digested in batches of 22 to 48 samples, with a total of 4 batches, resulting in a total of 124 

SOTS samples being analysed. 

 

Reference materials used included: 

- BCR-414 plankton certified reference sediment (European commission – Joint 

Research Centre, Geel, Belgium) 

- CROCCA-2S TT1811-MC45 Indian Ocean surface sediment, in house reference  

- IN2018_V02_KC07 0cm sediment core sample from SOTS site.  

 

Reference materials together with archive SOTS samples were dried again at 60°C for a 

minimum of 48 hours prior to analysis to remove potential moisture accrued during storage.  

Dry samples were left to cool and weighed (~50 mg nominal mass) directly into acid-washed 

Teflon PFA vials (Savillex 15 mL, see cleaning procedure below). At least two procedural 

blanks were included in each digestion batch. All sample handling and processing was 

undertaken in a ducted laminar flow hood (HEPA-100 class) following GEOTRACES 
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guidelines on trace metal clean techniques (Cutter et al., 2017) to prevent sample 

contamination. Distilled nitric (HNO3) and hydrochloric (HCl) acids were produced in house 

from instrument quality acids (IQ grade, SEASTARTM, Sidney, BC, Canada) using a Savillex 

DST-1000 Acid purification system 100V (Eden Prairie, Minnesota, USA). Hydrofluoric (HF) 

and perchloric (HClO4) acids were ultra-pure baseline quality (SEASTAR BASELINETM). 

 

2.3.2 – Vial cleaning procedure 
Vials were cleaned following GEOTRACES guidelines for sampling and sample handling 

(Cutter et al., 2017). Vials and lids were rinsed with ultra-high purity water (UHPW) (x3) prior 

to soaking in a 2% Decon-90 solution for 1 week. Vials were then placed in a bath of dilute 

HNO3 (~3 M final concentration) and heated at 60°C for 1 week. Vials and lids were submerged 

again in diluted HCl (~2 M final concentration) and heated at 60°C for 1 week. Between each 

cleaning step, vials were thoroughly rinsed using UHPW (x5). Vials were then fluxed (lids 

closed) at 120°C overnight, firstly with concentrated HNO3 (2 mL, 16 M), then concentrated 

HCl (2 mL, 12 M), with abundant rinsing with UHPW (x3) between and after fluxes. Vials and 

lids were finally dried in a ducted laminar flow hood (HEPA-100 class) and double bagged in 

clean polyethylene bags until use.   

 

2.4  – Sample digestion 
The following steps 2.4.1 to 2.4.4 were performed sequentially on each digest batch. The 

digestion method was a modification of methods employed by Bowie et al. (2010). Vial digests 

were performed open (un-capped) due to small digest volumes and need for evaporation. 

Procedural blanks were included in each digest batch and consisted of 2 to 3 empty vials that 

received the same additions of reagents and isotope spikes to test cleanliness of reagents, 

spikes, procedures and any cross contamination between vials during digestion.  

 

2.4.1 – Peroxide/nitric acid oxidation 
Samples were first oxidised with hydrogen peroxide (H2O2) and HNO3 to partially digest 

samples in preparation for isotope spike addition (§2.4.2) and avoiding potential spike mass 

recording errors from addition to dry sediment. To each dry sample, H2O2 (1 mL, 9.8 M) and 

concentrated HNO3 (1 mL, 16 M) were added and heated without lids at 60°C on a Teflon 

coated hotplate. After one hour, vials were capped and heat turned off, with vials left to cool 

overnight.  

2.4.2 – Isotope spiking 
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The technique of isotope dilution (ID) was employed to improve accuracy in determining 

thorium and uranium concentrations in SOTS sediment samples (Stracke et al., 2014). Briefly, 

isotope dilution operates on the principle of adding a known quantity of isotope enriched spike 

to a sample. The relative mass spectrometric signal intensity between isotopes of a target 

element can then be used to back-calculate the concentration of target isotope, since the 

chemical behaviour of isotopes is analogous and the dilution factor of isotopes in the sample 

is known because of the spike (Stracke et al., 2014). Subsequently, spikes of enriched 230Th 

and 236U in dilute HNO3 (0.8 M) were used for the determination of 232Th and 238U isotopes, 

owing to negligible concentrations of 230Th and 236U in sinking marine particles. Samples were 

spiked with 230Th (50 µL, 49157 pg/g) and 236U spike (250 µL, 48137.1 pg/g), with vials tared 

prior to each spike addition and the mass of spike recorded. Samples were left to equilibrate 

for a minimum of 48 hours prior to heating at 150°C until dry.  

 

2.4.3 – Strong acid digestion 
To decompose all components of the sample matrix and labilize all trace metals, a combination 

of strong acids was used. To each dry sample, concentrated HCl (1 mL, 12 M), concentrated 

HNO3 (4 mL, 16 M) and HF (300 µL, 29 M) were added before heating vials at 150°C until 

dry. HNO3 (4 x 1 mL, 16 M) was then added to each vial with dryness between each addition 

to remove residual HF, the final addition leading to turning off the heat. Vials were capped and 

left overnight on the still warm hotplate, importantly enabling the samples to flux for a time.  

 

2.4.4 – Perchloric acid oxidation 
Due to the presence of residual organic material in some samples, final oxidation of samples 

by HClO4 was used to free and labilize remaining complexed trace metals. To each vial, HClO4 

(1 mL, 12 M) was added prior to heating at 220°C until dry. To each still hot vial, concentrated 

HNO3 (3 x 1 mL, 16 M) was added and continually heated to dryness between each addition 

to remove traces of HClO4. Finally, heat was turned off and concentrated HNO3 (2 mL, 16 M) 

was added to each vial prior to fluxing at 60°C for three days. After cooling, the content of 

each vial was transferred to a clean, labelled and tared 10 mL PP tube. Each vial was rinsed 

with UHPW (2 x 1mL) with both rinses added into the 10 mL tube. The mass of the final 

diluted sample (~4 mL, 8 M HNO3 solution) was recorded, solution was visually inspected for 

clarity and sample stored at room temperature prior to analysis.  

 



In submission of S7Z – Master of Marine and Antarctic Science Research Component 

 - 12 - 

2.5  – Sample analysis by ICP-MS 
Digested samples were analysed by high resolution inductively coupled plasma mass 

spectrometry (HR-ICP-MS) performed at the Central Science Laboratory (CSL), University of 

Tasmania. Each analysis session was comprised of a single digest batch of references, blanks 

and SOTS sediment samples. To assess instrument drift through analysis sessions, an 115In 

internal calibration standard was used. To a clean, labelled and tared 10 mL plastic tube, 1.000 

g of digest (in 8 M HNO3) was added, followed by 1.000 mL of 115In internal standard (1000 

± 3 µg/mL High Purity Standard (HPS) stock solution). UHPW was added to make up to 10.000 

g, resulting in a 1:10 dilution by mass of each digest and 115In internal standard concentration 

of 100 ng/g. The instrument, Thermo Scientific Element 2 HR-ICP-MS (Thermo Fisher 

Scientific, Bremen, Germany) was linearly calibrated for each target analyte (Table 1) using 

LGC VHG Labs MISA standards. While a large suite of elements was analysed, a subset (Al, 

Ti, V, Fe, Pb, Th) was focussed on for the purposes of this study.  

 

Instrument cleanliness and stability was monitored by in-house quality control (QC) standards 

prepared by CSL. QC analysis was performed every 10 samples followed by a rinse (UHPW). 

Analysis of QC samples indicated that instrument drift by linear calibration was significant 

only for 232Th. Subsequently, 232Th concentration data by linear calibration was not used. 

Reported concentrations of 232Th and lithogenic flux calculations using 232Th thus come from 

isotope dilution values and not ICP-MS linear calibration 232Th standard values.   

 

 

Table 1. List of isotopes analysed by ICP-MS in this study. Acquisition was performed in low and 
medium resolution modes in order to optimise low mass isotopes detection where polyatomic 
interference may occur (Bowie et al., 2010). Isotopes in bold indicate tracers of lithogenic material 
used in this study.  

Low resolution 
88Sr 
89Y 

95Mo 
98Mo 

107Ag 

109Ag 
111Cd 
133Cs 

137Ba 
138Ba 

139La 
140Ce 

146Nd 
169Tm 
171Yb 

185Re 

187Re 
205Tl 
208Pb 
229Th 

230Th 

232Th 
236U 
238U 

Medium resolution 
23Na 
24Mg 
27Al 

31P 

32S 
42Ca 

45Sc 
47Ti 

49Ti 

51V 
52Cr 

55Mn 

56Fe 
59Co 
60Ni 

63Cu 
66Zn 
68Zn 
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2.5.1 – Rinse analysis 

A rinse injection (5% HNO3) was analysed at the beginning, end and every 10 samples during 

analysis sessions to a minimum of 7 rinses per session. Across all batches, rinse concentrations 

did not exceed 1.6 ppb for Al, 0.07 ppb for Ti, 0.70 ppb for Fe, and 0.05 ppb for 232Th. No 

patterns of accumulation were observed in rinse profiles indicating that sample carryover (for 

lithogenic tracers) was not apparent. 

 

2.5.2 Repeated sample injections over the course of analytical runs 
Further to rinse analysis, a subset of three samples from one analytical session was re-injected 

at the conclusion of the session to determine if changes in the instrument sensitivity or drift 

were affecting concentration data. The three re-injected samples provided spacings of 25, 32 

and 39 sediment samples between the initial and repeated injections. Average relative standard 

deviation for the three paired (initial-repeat) sample concentrations were 5.73% for Al, 5.86 % 

for Ti, 6.44% for Fe, 3.20% for 232Th by isotope dilution. Differences between paired samples 

were usually an increase in concentration indicating a small degree of instrument calibration 

drift towards increasing concentrations of Al, Ti and Fe. However, sample accumulation was 

ruled out as rinses were deemed clean and 232Th by isotope dilution showed good consistency.  

 

2.5.3 – Variability between digest batches using reference materials and 
samples 
Relative standard deviation for key lithogenic tracers between all digest batches of in-house 

(TT1811-MC45) sediment reference was less than 8% (n = 6; Al = 7.57%, Ti = 3.60%, Fe = 

5.44%, 232Th (ID) = 4.51%). Recovery based on previous in house TT1811-MC45 digestion 

using all analytes (Table A1) produced 105.80 %, while just lithogenic tracers of Al, Ti and Fe 

(Th by ID not available) indicated recovery of 104.19 %. TT1811 MC45 concentration data is 

provided in Table A1. Increased concentrations leading to higher recoveries compared to 

previous in-house digestion may be due to the use of HClO4 in this study leading to improved 

digestion efficiency (cf. Durand et al. (2017)).  

 

BCR-414 was not certified for any lithogenic tracer concentrations, however average sample 

recovery based on BCR-414 certified metals (V, Cr, Mn, Ni, Cu, Zn, Pb) was 89.9%. Average 

recovery based on BCR-414 indicative concentrations of some trace metals (Fe, Co, Sc, Sr, 

Mo) was 90.50%. Average BCR-414 recovery based solely on Fe was 91.85%. BCR-414 

concentration data is provided in Table A2. A dearth in reference materials certified for Al, Ti, 
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Fe and Th and finding a reference material with a matrix representative of mineral rich sinking 

sediments (not plankton and not benthic sediment) was identified as an analytical hinderance 

and requires remedy for future work.  

 

Five SOTS sediment samples were also digested a second time to confirm digest batch 

repeatability in addition to reference materials. Here, average relative standard deviation across 

the five paired samples between digest batches 1 and 2 was 4.50% for Al, 5.77% for Ti, 4.43% 

for Fe, 6.04% for Th (ID), indicating ~5% variation between digest batches. Digest batch 

replicate concentration data is provided in Table A3. 

 

2.6  – Data processing and analysis 
Raw ICP-MS concentrations were blank-subtracted using procedural blanks (§2.4) run during 

each respective digest batch. The concentration of target elements (Z) in dry samples was 

calculated from blank subtracted ICP-MS concentrations of each target in the 4mL digest mass 

([digest4mL]). Dilution factors from the digestion procedure and ICP-MS sample preparation 

were accounted for in this calculation (Equation 2).  

 

[ZSediment]= [digest4mL]×10×( digest4mL mass
sediment mass

)                                                                               (2) 

 

2.6.1 – Lithogenic flux derivation 
In order to calculate the flux of lithogenic particles reaching the depth of 1000m, four lithogenic 

tracers Al, Ti, Fe and 232Th (referred to as Th hereafter) were used. Al, Ti and Th are useful 

tracers of lithogenic material in the open ocean, being almost exclusively of lithogenic origin 

and having little if any biological utility (Brewer et al., 1980; Otosaka et al., 2004; Boës et al., 

2011; Hsieh et al., 2011; Lam and Marchal, 2015; Ohnemus and Lam, 2015; Anderson et al., 

2016; Baker et al., 2016; Kienast et al., 2016; Hayes et al., 2017). Whereas Fe is a vital nutrient 

for the marine microbiota (Geider and Laroche, 1994), the abundance of this metal in sinking 

marine sediments at depth may also stem from the transport of biological organisms and iron-

binding ligands by ocean currents in addition to lithogenic inputs (Hunter and Boyd, 2007; 

Boyd and Ellwood, 2010; Gledhill and Buck, 2012). The use of multiple tracers enables 

assessment of the variability in lithogenic material between different tracer techniques, 

improving determination of the fraction sinking particle flux as lithogenic material (Ohnemus 

and Lam, 2015).  
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Elemental fluxes (FZ) in mg m-2 d-1 were estimated for each lithogenic tracer by multiplying 

the Al, Ti, Fe and Th concentrations measured in sediment trap samples by the total mass flux 

(TMF) of the respective cup (Equation 3). 

 

FZ=[ZSediment]×TMF                                                                                                                 (3) 

 

Total lithogenic particle fluxes (FLith, Z) were calculated using each of the selected tracers by 

dividing the elemental flux of respective tracers (FZ) by their globally averaged upper 

continental crust (UCC) concentrations ([Z]UCC; Equation 4). Tracer globally averaged UCC 

concentrations were obtained from Rudnick and Gao (2003).  

 

FLith, Z= FZ
[Z]UCC

      (Z = lithogenic tracer; 27Al, 47Ti, 56Fe or 232Th)                                         (4)          

 

2.6.2 – Lithogenic flux from mass balance 
A recent assessment of sinking sediment biogenic component fluxes at SOTS over the past two 

decades by Wynn-Edwards et al. (2020) indicated lithogenic particle fluxes at SOTS 1000m 

may account for up to 10% of TMF. This estimation was based off the mass balance of the 

total mass flux as the sum of major biogenic component fluxes (FPIC, FBSi, FPOM) and lithogenic 

component (FLith, MB) to a theoretical TMF of 100% (Equation 5). Comparison of lithogenic 

particle fluxes by mass balance to lithogenic particle fluxes by chemical tracers is examined to 

quantify differences between the methods.  

 

TMF = FPIC + FBSi + FPOM + FLith, MB                                                                                  (5) 

 

Where F is a fraction of TMF, also called total biogeochemical mass balance (mass balance). 

 

The calculation of FLith, MB by mass balance is thus made under the assumption that the 

remaining fraction of the TMF minus biogenic flux components can be attributed to lithogenic 

material as shown in Equation 6. This method has been used by a number of sediment trap 

studies to estimate lithogenic particle fluxes (Wefer and Fischer, 1993; Ratmeyer et al., 1999b; 

Francois et al., 2002; Helmke et al., 2005; Fischer et al., 2009; Nowald et al., 2015; Wynn-

Edwards et al., 2020; Harms et al., 2021). 
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FLith, MB= TMF - FPIC - FBSi - Forganic matter ≡ TMF - FCaCO3 - FBSiO2- 2.2×FPOC            (6)  

 

Where: 

POM (particulate organic matter) = 2.2×POC from Klaas and Archer (2002).   

F = TMF component flux 

PIC (inorganic carbon) and BSi (opal) fluxes being estimated from their most abundant 

molecular forms, CaCO3 and BSiO2 respectively (Wynn-Edwards et al., 2020).  

 

2.6.3 – Other calculations   
Enrichment factors were calculated to study the enrichment of each lithogenic tracer relative 

to the other tracers used, as well tracers of anthropogenic emissions. This analysis provides 

information on the enrichment of a suite of elements (Al, Fe, Pb, Th, Ti, V) relative to 3 of our 

lithogenic tracers (Al, Th and Ti, Fe being subjected to further variability). The aim of 

calculating such enrichment factors in SOTS sediment samples is to enable comparison with 

reported enrichment in aerosols and alluvial dusts from different potential source regions in 

Australia. Enrichment factor for an element (Z) was calculated as the concentration ratio of Z 

relative to each lithogenic tracer (Al, Ti, Th) using Equation 7 compared to reported global 

UCC concentration ratios (Rudnick and Gao, 2003). 

 

EFZ= 
[Z]sample [tracer]sample�

[Z]UCC [tracer]UCC⁄
                                                                                                            (7) 

 

Pearson’s correlation coefficient (r) was used to quantify linear relationships between particle 

flux components and also lithogenic tracer concentrations in samples. Determination of 

significance in observed correlations was established by the Pearson critical value of p = 0.05 

for significant correlation.   

 

2.7 – Remote sensing observations 
To examine the factors that might contribute to lithogenic particle flux patterns at SOTS, such 

as dust deposition, as well as direct productivity responses, a range of remotely sensed 

observations and a satellite re-analysis product were examined. 
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Aerosol optical depth (AOD) from MODIS-Aqua remotely sensed reflectance at 869 nm was 

used to generate a time series of aerosol loading above SOTS over the study time period. 8-

day AOD area-averaged for a 2°x2° box around SOTS (47.98°S 141.02°E, 46.02°S 142.98°E) 

was provisioned from Giovanni (Acker and Leptoukh, 2007; NASA Goddard Space Flight 

Center, 2018b).  

 

To investigate possible productivity responses to increased lithogenic particle delivery at 

SOTS, 8-day ocean surface chlorophyll a concentration area-averaged for a 2°x2° box around 

SOTS (47.98°S 141.02°E, 46.02°S 142.98°E) over the study period was obtained from 

MODIS-Aqua satellite data provisioned from Giovanni (Acker and Leptoukh, 2007; NASA 

Goddard Space Flight Center, 2018a).  

 

In addition to AOD, the Modern-Era Retrospective analysis for Research and Applications, 

Version 2 (MERRA-2) satellite re-analysis model for dust deposition (GMAO, 2015) was 

examined over SOTS across the study period. Since MERRA-2 incorporates satellite 

measurements of AOD, MERRA-2 modelled dust deposition provides a plausible link between 

atmospheric aerosol loading and deposition to the ocean surface. MERRA-2 modelled dust 

deposition was provisioned from Giovanni (Acker and Leptoukh, 2007; NASA Goddard Space 

Flight Center, 2018b) using mean monthly area averaged total wet and dry deposition for the 

region 48.00°S 141.88°E, 46.00°S 143.13°E.  
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3. Results  
 
3.1 - Lithogenic particle flux estimates at SOTS, 1000m depth, 2010-2019 
Obtained lithogenic particle flux estimates using each lithogenic tracer were compiled for the 

124 samples to generate a time-series of lithogenic flux at SOTS at 1000m depth (Figure 3). 

The variability of FLith estimates across the four tracers demonstrated good agreement, with 

magnitude only varying up to a factor of 2. Lithogenic particle flux estimate based on Fe 

measurements produced the highest FLith and Th-based estimates defined FLith lower bound. 

 

Figure 3. Lithogenic particle flux (FLith) estimates at 1000m depth derived from 
measurements of Al (green), Fe (blue), Th (yellow), and Ti (red) in sediment trap 
samples collected at SOTS between 2010 and 2019. Sample collection midpoint is 
the date corresponding to half of the sampling period for each sediment collection. 
Gaps in the time series result from insufficient material in sediment trap samples to 
overcome analytical detection limits or from a lack of trap deployment (see §2. 
Methods).  
 

Lithogenic flux estimates from the four tracers (Figure 3) were averaged to produce a multi-

tracer mean lithogenic flux (FLithAv) in order to reduce bias from choosing one tracer and better 

estimate lithogenic particle flux variability (Figure 4a). Peaks in FLithAv, over 3 mg m-2 d-1 

(Figure 4a), were observed during the Austral spring-summer season from September to 

March. This peak flux period coincides with previous observations at SOTS of TMF and 

biogeochemical component fluxes by Trull et al. (2001) and Wynn-Edwards et al. (2020). 

Monthly averages were calculated across all years with relatively consistent sampling coverage 
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(Figure 4b). FLithAv seasonal variability was characterised by a main peak in November 

(spring/early summer), with a second, more variable, flux peak of smaller magnitude in 

February (late summer) (Figure 3, Figure 4a, b). Conversely, the lowest mean monthly FLithAv 

was observed in July (winter, Figure 4b), however noticeable increases in FLithAv occurred 

during the winters 2015 and 2017 (Figure 3, Figure 4a).  

 

Figure 4. a) Lithogenic particle flux estimate (FLithAv) averaged from all lithogenic 
tracers (Al, Ti, Fe and Th, Figure 3). Blue bars denote sediment trap cup samples 
analysed in this study, red shading denotes upper and lower bounds of individual 
tracer estimates shown in Figure 3. Grey shading indicates the spring-summer season 
from September to March. b) Mean monthly FLithAv calculated across all years. Error 
bars denote 1 standard deviation from the mean and white numbers denote the total 
number of days sampled in each month across all years. c) Mean FLithAv during the 
austral spring-summer excluding 2012-13, 2014-15 and 2016-17 seasons due to a 
lack of data (see methods section). Total days sampled throughout each season is 
given (maximum 211 days possible).  
 

 

Seasonal averages were calculated for the spring-summer period (September-March) of each 

year presenting consistent sampling coverage (Figure 4c). Highest mean seasonal FLithAv 
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values, around 1.5 mg m-2 d-1, were observed during spring-summer seasons of 2010-11, 2011-

12, 2013-14 and 2017-18, while much lower fluxes of 0.4-0.7 mg m-2 d-1 were recorded in 

2015-16 and 2018-19 seasons (Figure 4c). The lowest mean summer FLithAv of 0.5 mg m-2 d-1 

occurred in 2018-19 (Figure 4c). The absence of data for seasons 2012-13, 2014-15 and 2016-

17 prevented determination of any decadal trend in mean seasonal FLithAv. Despite gaps in data 

collection and inconsistent sampling between years, sampling coverage over the entire analysis 

period was relatively consistent between months (Figure 4b). The average FLithAv across all 

samples (i.e. average of all months presented in Figure 4b) was 0.91±0.87 mg m-2 d-1 (Table 

2). 

 

3.2 – Comparison to previous subantarctic lithogenic particle flux estimates 
Lithogenic particle flux estimates to the Australian-New Zealand (NZ) sector of the 

subantarctic (SAZ) Southern Ocean were compiled from previous studies, incorporating 

various measurement techniques and model estimates of dust deposition to the study area 

(Table 2). Additionally, a recent timeseries compilation of export fluxes at SOTS (Wynn-

Edwards et al., 2020), using the same samples as those analyzed in this study, was used to 

estimate lithogenic particle flux by mass balance calculation described by equations 5 and 6 

(§Methods 2.6.2). Thus, a maximum possible lithogenic flux (FLith, MB) was estimated using the 

mass balance equation (Equation 6) from Wynn-Edwards et al. (2020).  

 

Comparison of the FLithAv estimate to lithogenic flux by mass balance calculation, FLith, MB 

(calculated using data reported in Wynn-Edwards et al., 2020), resulted in FLith, MB on average 

6.7 times greater than FLithAv (Figure 5, Table 2). While lithogenic flux at 1000m depth was 

proposed to contribute as much as 10% of TMF at SOTS (Wynn-Edwards et al. 2020), our 

FLithAv estimate at this site and depth is far lower, representing about 1-2% of TMF (Table 2), 

in line with previous estimates using Al-tracer technique (Trull et al. 2001; Table 2). Greater 

difference in lithogenic flux magnitude between FLithAv and FLith, MB was observed during the 

spring summer season (Figure 5b).  In the spring-summer season, FLith, MB secondary seasonal 

peaks in late summer occurred at greater relative magnitude than initial spring peaks compared 

to FLithAv peak flux patterns (Figure 5b). This may be indicative of additional components of 

the TMF contributing to the TMF residual mass balance that have not been accounted for so 

far. The higher correlation between FLith, MB with biogenic TMF components of POC and opal, 
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compared to FLithAv correlation with POC and opal (Table 3) might indicate additional biogenic 

mass flux components not previously analysed at SOTS (see §3.3). 

Figure 5. a) Comparison of this studies multi-tracer averaged lithogenic particle flux 
(FLithAv, red line) with mass balance-derived maximum lithogenic flux, FLith, MB (blue 
line). Calculation of FLith, MB was derived from the TMF mass balance equation (6) and 
data reported in Wynn-Edwards et al. (2020). b) Difference in lithogenic flux (mg m-2 
d-1) between FLith, MB and FLithAv. Dashed line denotes 1st of January in each sampling 
year.  
  

Earlier 1000m-deep lithogenic particle flux estimates calculated at SOTS (based on Al tracer, 

Trull et al., 2001) range between 1.04 and 1.31 mg m-2 d-1, falling within the higher range of 

FLithAv estimated in this study (0.91±0.83 mg m-2 d-1, Table 2), which corresponds to our Fe 

tracer-based FLith estimate (FLith, Fe = 1.14±1.07; Figure 3, Figure 4a). Similarly, Al-tracer flux 

estimate at 1500m depth in subantarctic waters south-east of NZ by Nodder et al. (2016) of 

1.2±1.5 mg m-2 d-1 is comparable to FLithAv of ~1.5 mg m-2 d-1 in higher seasons (Figure 4c).  

Nodder et al. (2016) note that 1500m deep lithogenic particle flux (Nodder et al. 2016 Figure 

9) does not display marked seasonality in their study region, contrasting with the strong 

seasonality observed in our FLithAv at 1000m at SOTS (Figure 4a, b). Additionally, the 

proportion of TMF associated with lithogenic material is higher in Nodder et al.’s estimate 

(3.9±5.9 %) compared to SOTS (1.7±0.8 %). Differences between lithogenic fluxes at SOTS 

and southeast of NZ (Nodder et al., 2016) are possibly due to the different oceanographic 
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setting (productivity and downstream proximity to continental shelf and fluvial lithogenic 

sources). 

 

Alternatives methods for lithogenic flux estimation at SOTS were also examined (Table 2). 

Lithogenic flux calculated at SOTS from aerosol samples during the SAZ-Sense cruise (21 

January to 19 February 2007) produced a smaller estimate of 0.37±0.18 mg m-2 d-1. An estimate 

from 230Th-normalised lithogenic flux (Francois et al., 2004; Anderson et al., 2016) from a 

core-top sediment sample from SOTS by Weis et al. (unpublished) of 1.68±0.08 mg m-2 d-1 

agrees with seasonal FLithAv averages of 1.5 mg m-2 d-1 (Figure 4c), but pushes the upper limit 

of the overall FLithAv (0.91±0.83 mg m-2 d-1).   

 

Table 2. Estimates of the mean lithogenic particle flux and dust deposition to surface water (in mg m-2 d-1) from field 
studies and model outputs, respectively, in the Australian-NZ sector of the subantarctic Southern Ocean. The proportion 
(%) of the total mass (TMF) flux associated with lithogenic flux estimate is also reported where available. Where 
possible, data is only reported for the SOTS study area (2°x2° box around 47°S, 142°E) specifically. 

Data source Mean lithogenic flux Method Location & 
depth 

Period 

This study, FLithAv 

  
0.91±0.87  
1.68±0.77 % of TMF  

Sinking particles 
[Al, Ti, Fe, 232Th] 

SOTS, 1000m 2010-2019 

Nodder et al. (2016) 1.20±1.50  
3.90±5.90 % of TMF  

Sinking particles 
[Al], 8.4 % UCC 

46°40’S 178°30’E 
1500m 

2001-2011 

Wynn-Edwards et 
al. (2020) 

4.66±4.08* 
8.64±3.64* % of TMF 

Sinking particles 
TMF mass balance  

SOTS, 1000m 2010-2019 

Trull et al. (2001) 1.04 – 1.31  Sinking particles 
[Al], 8.4 UCC % 

SOTS, 1000m Sept 1997- Feb 
1998 

     

Weis et al., 
Unpublished 

1.68±0.08 230Th normalised flux 
from benthic sediment 

SOTS, 4474m Last ~500 years 

Bowie et al., (2009) 0.37±0.18 Aerosol [Al], 7.7% 
UCC 

SOTS, surface Summer 2007 

 
Mean dust deposition Model Region 

Simulation 
period 

Albani et al. (2014) 0.55 – 5.48  CAM4 DustDep SAZ below TAS 
 

2020 - 2030 

Mahowald et al. 
(2006) 

1.37 – 5.48  CCSM3 (CAM3) 
DustDep 

SAZ below TAS 1996 - 2006 

NASA (2018b) 1.88±0.91  MERRA-2, monthly 
mean 

SOTS area 2010 - 2019 

* Calculated from data published in Wynn-Edwards et al., 2020. Data available at portal.aodn.org.au 
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Lithogenic particle flux estimates were also compared to models of dust deposition to both 

validate models and aid investigation into lithogenic particle source attribution. As shown in 

Table 2, Community Atmosphere Model (CAM; versions 3 and 4) estimates of dust deposition 

(Mahowald et al., 2006; Albani et al., 2014) to the surface subantarctic ocean south of Australia 

(range 0.55 – 5.48 mg m-2 d-1) capture the range of 1000m lithogenic particle flux variability 

(0.05 mg m-2 d-1 < FLithAv < 3.72 mg m-2 d-1) observed at SOTS, but may overestimate dust 

contributions to lithogenic particle flux. MERRA-2 estimate (2°x2° area averaged) of mean 

wet and dry dust deposition over SOTS (1.88±0.91 mg m-2 d-1) is twice greater than FLithAv, 

(0.91±0.83 mg m-2 d-1). Equivalency of dust deposition and lithogenic particle fluxes is 

discussed in §4.3.4) 

 

3.3 – Correlation between components of the TMF  
To examine a potential link between 1000m lithogenic particle flux and export production at 

SOTS, TMF and major biogeochemical flux components such as CaCO3, BSiO2 and POC 

(Wynn-Edwards et al., 2020) were compared to our estimates of FLithAv (Figure 6, Table 3). 

FLithAv showed a slightly different seasonal pattern compared with major biogeochemical 

components. Seasonal FLithAv peaked in late spring-summer, with a secondary seasonal spike 

of reduced magnitude occurring in late summer (Figure 4b; Figure 6h). Conversely, secondary 

peaks in TMF and CaCO3, BSiO2 and POC fluxes were characterised by similar or higher 

magnitude than the initial spring-summer peak for the 2010-11, 2011-12 and 2017-18 seasons 

(Figure 6a, b, c, d). This same pattern was also observed for FLith, MB estimates (Figure 5). 

Indeed, correlation between FLith, MB and TMF (0.881, p < 0.001) was higher than that between 

FLithAv and TMF (0.841, p < 0.001; Table 3), but both correlations were strong and significant 

(Pearson’s correlation test). Similarly, FLith, MB correlation with both POC and BSiO2 (0.802 

and 0.774 respectively, p < 0.001) was higher than correlation of FLithAv with POC and BSiO2 

(0.682 and 0.656 respectively, p < 0.001). These observations indicate the use FLith, MB may 

lead to misinterpretation of the role of lithogenic material in both productivity connections and 

mineral ballast of POC (see §4.6). 
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Significant FLithAv variability compared to TMF component fluxes was observed between 

seasons and a consistent pattern was hard to define. While seasonal FLithAv peaks of nearly 3 

mg m-2 d-1 occurred in the 2013-14 season, TMF, CaCO3, BSiO2 and POC fluxes remained low 

(Figure 6). The 2018-19 season demonstrated low FLithAv and low fluxes in all TMF 

components compared to previous years (Figure 6). Despite this variability, FLithAv correlation 

to TMF component fluxes across all years was highest with CaCO3 flux, showing a strong and 

significant correlation (r = 0.856, p < 0.001; Table 3). This was not surprising since previous 

studies show CaCO3 is the predominant component (> 60%) of the TMF at 1000m depth 

(Wynn-Edwards et al., 2020) due to the prevalence of coccolithophores at SOTS (Rigual 

Hernández et al., 2018; Rigual Hernández et al., 2020).  

 

3.4 – Lithogenic particle composition 
The composition of lithogenic particles was compared to global averaged UCC elemental ratios 

(Rudnick and Gao, 2003) in order to identify potential elemental enrichment (Equation 7) in 

1000m-deep sediments at SOTS. Comparisons were made between enrichment factors in our 

1000m sediment samples at SOTS and enrichments factors of SOTS benthic sediments (KC07 

0cm core), BCR-414 (plankton sediment), and mineral dusts from known Australian dust 

source regions previously reported in the literature (Kamber et al., 2005; Marx et al., 2005b, 

2005a; McGowan et al., 2005). Enrichment factor data is summarised in Table 4. Australian 

sources were investigated as atmospheric transport models (e.g. HYSPLIT) suggest that the 

south-eastward transport of dust particles from central Australian arid areas may represent the 

prevalent air-mass to the Southern Ocean south of Australia, including SOTS (Bowie et al., 

2009; O'Loingsigh et al., 2017). Enrichment factors for all sediment samples collected at SOTS 

demonstrated a good alignment with UCC ratios relative to the different lithogenic tracers (<2, 

Table 4). Fe and Al were slightly enriched compared to Ti and Th tracers, but Fe/Al ratios were 

Table 3. TMF and flux component correlation matrix using Pearson’s correlation value (r). 
All correlations were significant at p < 0.001 across all correlations (n = 124).  

 TMF CaCO3 POC BSiO2 LithAv Lith, MB 

TMF - - - - - - 
CaCO3 0.975 - - - - - 
POC 0.901 0.805 - - - - 
BSiO2 0.816 0.712 0.822 - - - 
LithAv 0.841 0.856 0.682 0.656 - - 
Lith, MB 0.881 0.810 0.802 0.774 0.707 - 
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close to global UCC, as were Ti/Th ratios. Detailed comparisons to enrichment factors are 

made in §4.3. 

 

While slight iron enrichment in 1000m sediment samples may be due to atmospheric input of 

aerosols that are enriched in iron, in the ocean biological utilisation of Fe (Twining and Baines, 

2013) can also impact Fe enrichment observed in sediment samples (Rauschenberg and 

Twining, 2015). To test this, Fe enrichment factor was examined in the certified plankton 

reference material BCR-414 and compared to SOTS 1000m sediments (Table 4). Concurrently, 

Fe concentrations were correlated against lithogenic tracer concentrations in SOTS 1000m 

sediments (Table 5) to test Fe concentrations association strength to more conservative 

lithogenic tracers Al, Ti and Th. This correlation was also used to assess the use of Al, Ti, Fe 

and Th tracers as crustal material markers (Figure 3) in SOTS sediments (Table 5). 

 

Fe enrichment relative to Th, Ti and Al was higher in BCR-414 (1.876, 2.321 and 1.512) 

compared to that in SOTS samples (1.523, 1.528 and 1.117), indicating SOTS samples were 

not enriched in Fe relative to planktonic concentrations. Very strong and significant 

correlations (Pearson’s correlation test) between concentrations of Fe and Al (0.913, p < 

0.001), Al and Ti (0.952, p < 0.001) and Ti and Th (0.903, p < 0.001) were observed in our 

samples (Table 5). The lowest correlation was observed for lithogenic tracers Fe and Th (0.846, 

p < 0.001). These close to linear and significant correlations, alongside low Fe enrichment 

compared to BCR-414, strongly indicate that the tracers examined in this study were of 

lithogenic origin and that Fe in sediment was unlikely to be impacted by biological Fe 

enrichment (§4.3.1) 

 

 

Figure 6. a) TMF components at 1000m depth at SOTS 2010-2019 (mg m-2 d-1) 
including b) CaCO3, c) POC and d) BSiO2 fluxes (mg m-2 d-1). *Biogeochemical flux 
data are taken from Wynn-Edwards et al. (2020). e) 8-day surface chlorophyll-a 
concentration (mg m-3) area averaged over SOTS (47.98°S 141.02°E, 46.02°S 
142.98°E) and f) 8-day aerosol optical depth (AOD) area-averaged over SOTS from 
MODIS-Aqua, NASA. Gaps in data is due to cloud coverage for Southern Ocean 
winter. g) MERRA-2 satellite reanalysis product of combined wet and dry dust 
deposition (mg m-2 d-1) over SOTS area (48.00°S 141.88°E, 46.00°S 143.13°E. h) 
multi-tracer average 1000m lithogenic particle flux estimate FLithAv (mg m-2 d-1) at 
SOTS between 2010 and 2019 (as in Figure 4a). 
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Table 4. Enrichment factors (EF) relative to lithogenic tracers from this study (1000m samples and KC07 bottom surface sediment). For comparison, enrichment factors 
from a range of alluvial mineral sources from dust emission areas of south-eastern Australia and aerosols representative of southern Australia marine regions are included. 
Uncertainty (where available) is given as one standard deviation from the mean.  

 SOTS 
1000m 

sediments 
2010-2019 

 
This study 

IN2018_V02
_KC07 0cm 
Core, SOTS 
ocean floor 

 
This study 

BCR-414 
plankton 
sediment 
reference 

 
This study 

Lake Eyre 
South, SA  

 
 
 

Marx et al. 
(2005b) 

Ceduna, SA  
 
 
 
 

Marx et al. 
(2005b) 

QLD mineral 
dust (30 
sample 

average)  
 

Kamber et 
al. (2005) 

Darling 
River, NSW  

 
 
 

Marx et al. 
(2005a) 

Cleve, SA  
 
 
 
 

McGowan et 
al. (2005) 

Buronga/ 
Mildura, 

NSW-VIC  
 
 

Marx et al. 
(2005a) 

Southwest 
marine 
region 
aerosol 

 
Perron et al., 

(2020) 

Southeast 
marine 
region 
aerosol 

 
Perron et al., 

(2020) 

Location 
47° S 

142° E 
47° S 

142° E 
Po river, 

Italy 
~29° 30’ S 

~137° 30’ E 
32° 07’ S 

133° 40’ E 
Queensland 

< 29° S 
30° 41’ S 

144° 50’ E 
33° 42’ S 

136° 29’ E 
34° 10’ S 

142° 11’ E 
112 - 139° E 26 – 38° S 

EFFe/Al 1.12±0.19 1.11±0.01 1.51±0.03   1.23    1.2±1.2 1.5±1.2 

EFFe/Ti 1.53±0.40 1.27±0.06 2.32±0.01   0.71      

EFFe/Th 1.52±0.39 1.74±0.06 1.88±0.06   1.17      

EFAl/Ti 1.38±0.33 1.14±0.06 1.54±0.04   0.58      

EFAl/Th 1.37±0.29 1.56±0.07 1.24±0.04   0.95      

EFTi/Th 1.03±0.26 1.37±0.05 0.81±0.03 1.10 1.16 1.65 1.41 0.95 0.88   

EFV/Al 2.52±0.92 1.38±0.02 3.04±0.02   1.08    13.4±7.7 50.0±41.8 

EFV/Ti 3.52±1.73 1.57±0.08 4.67±0.13 0.75 0.43 0.62      

EFV/Th 3.35±1.12 2.15±0.09 3.78±0.11 0.83 0.50 1.03      

EFPb/Al 9.14±4.76 1.56±0.03 7.50±0.22   0.94    14.4±6.1 63.2±74.6 

EFPb/Ti 12.42±6.74 1.77±0.08 11.51±0.20 0.67 0.72 0.54      

EFPb/Th 11.86±5.08 2.44±0.08 9.30±0.17 0.74 0.84 0.89      
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Concentrations of tracers of anthropogenic emissions, namely V and Pb (Pacyna and Pacyna, 

2001; Taylor, 2015; Shelley et al., 2017b; Streibel et al., 2017), were also correlated to 

lithogenic tracer concentrations in our sediment samples (Table 5) in order to discriminate 

whether 1000m deep particles at SOTS originate from crustal material or anthropogenic 

sources. One instance of very high Pb enrichment (EFPb) exceeding 300 relative to Ti, Al and 

Th was observed and this outlier removed prior to correlation and enrichment factor 

calculation. Enrichment in Pb (9.5 – 12.4; Table 4) and very slight enrichment in V (2.5 – 3.5; 

Table 4) were observed in SOTS sediments. EFPb in 1000m sediments (EFPb = 9.1 – 12.4) was 

considered to be significant due to anthropogenic activities according to Shelley et al. (2017b) 

criteria of EFPb >10 indicating enrichment external to natural crustal variability. As such, while 

EFV may be slightly high compared to benthic sediments at SOTS (Table 4), it may be due to 

natural variability in source lithogenic material (Shelley et al., 2017b). Correlation of Pb 

concentrations to Fe, Al, Ti and Th lithogenic tracer concentrations (0.500 – 0.608, Table 5) 

was less than lithogenic tracer intercorrelation (0.846 – 0.952, Table 5) but still significant 

(Pearson’s correlation test, p<0.001, n = 123).  

 

3.5 – Lithogenic flux estimate compared to remotely sensed aerosol optical 
depth, surface chlorophyll and MERRA-2 modelled dust deposition  

To further investigate potential sources of lithogenic particles arriving at SOTS 1000m depth 

and possible links between dust deposition and productivity, remotely sensed chlorophyll a 

(Chl a) and AOD data from MODIS-Aqua |(NASA, 2018) over the SOTS study area was 

examined and compared to MERRA-2 dust deposition reanalysis product from of satellite-

based observations (GMAO, 2015). Area-averaged Chl a over SOTS demonstrated spring-

summer seasonal maxima (Figure 6e), with mean monthly Chl a between 2010 and 2019 being 

Table 5. Pearson’s correlation value (r) matrix for lithogenic and 
anthropogenic tracer concentrations in SOTS 1000m samples. All 
correlations highly significant at p < 0.001 (n = 124 for Fe, Al, Ti, Th and 
V; n = 123 for Pb, see text).  

 Fe Al Ti Th 
Fe 1 - - - 
Al 0.913 1 - - 
Ti 0.894 0.952 1 - 
Th 0.846 0.898 0.903 1 
V 0.681 0.710 0.649 0.663 
Pb 0.529 0.500 0.528 0.608 
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the highest in December (Figure 7e). Interestingly, a strong sustained peak in Chl a coincided 

with our observed FLithAv positive anomaly during the 2013-14 season (Figure 6e), contrasting 

with low flux of CaCO3 and POC recorded during this season (Figure 6a, b, c, d). Area-

averaged aerosol optical depth (AOD) was more variable (Figure 6f), yet the mean monthly 

trend across 2010-2019 shows a noticeable increase in AOD in September and October and 

again in January (Figure 7f). MERRA-2 total dust deposition at SOTS showed some 

similarities with AOD and FLithAv variability at 1000m depth (Figure 6g, h, Table 2). Similar 

peak periods over spring-summer for AOD (Figure 7f) and MERRA-2 dust deposition (Figure 

7g) are not surprising considering the parameterisation of MERRA-2 model using AOD 

(GMAO, 2015). Notably however, mean monthly MERRA-2 dust deposition was highest from 

October to January (Figure 7g), coinciding with highest mean monthly FLithAv (Figure 7h).  

 

Lowest TMF, Chl a, AOD and MERRA-2 dust deposition all occurred in winter (Figure 7). All 

parameters shared the same peak season between September and March, with a progressive 

shift from the AOD peak to dust deposition peak, then 1000m-deep lithogenic flux maxima. 

AOD was greatest in September-October, reflecting the largest annual aerosol loading in the 

atmosphere (Figure 7f). MERRA-2 modelled dust deposition (which is parametrised using 

AOD) was then highest from October to December (Figure 7g). This deposition trend was 

followed by the observed peak of 1000m lithogenic particle flux (FLithAv) in November (Figure 

7h) and the maximum surface Chlorophyll-a concentration in December (Figure 7e). While 

both the CaCO3 and FLithAv flux peaks occurred in November (Figure 7b, h), the POC and BSiO2 

fluxes only peaked later, in February and December respectively (Figure 7c, d). 
 
 
 
Figure 7. Mean monthly a) total mass flux (mg m-2 d-1), b) CaCO3 flux (mg m-2 d-1), c) 
POC flux (mg m-2 d-1) and d) BSiO2 flux (mg m-2 d-1) at SOTS 1000m. Biogeochemical 
fluxes a-d from Wynn-Edwards et al. (2020). e) Mean monthly surface chlorophyll (mg 
m-3) from MODIS-Aqua 8-day area averaged for the region 47.98°S 141.02°E, 46.02°S 
142.98°E, from 2010-2019. f) Mean monthly AOD (RRS at 869nm) from MODIS Aqua 
8-day area averaged for the region 141.02°E, 47.98°S, 142.98°E, 46.02°S from 2010-
2019. g) Mean monthly dust deposition (total wet + dry, mg m-2 d-1) estimated from 
MERRA-2 satellite re-analysis model area averaged for the region 48.00°S 141.88°E, 
46.00°S 143.13°E from 2010-2019. h) Mean monthly lithogenic particle flux FLithAv (mg 
m-2 d-1) with white text total days sampled in month.  
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4. Discussion  
 
4.1 – Do lithogenic particle fluxes from SOTS sediment traps reflect the vertical 
flux of sinking particles?  
Sediment traps offer a convenient method of sampling sinking particles in the deep ocean, but 

questions remain about how well the particle fluxes estimated by sediment traps represent the 

true vertical particle flux. In particular, conical PARFLUX traps deployed at ~1000m can under 

collect true sinking fluxes by as much as 60% and over-collect by more than 40% in some 

regions (Yu et al., 2001). These effects largely arise from a combination of hydrodynamic 

biases from currents transporting particles in 3-dimensions and hydrodynamic biases of sinking 

particle due to their composition. However, the relationships between biases and trapping 

efficiency are non-linear and complex, compounding correction of particle fluxes without 

specialised analyses using constant flux radiogenic tracers such as 230Th and 231Pa (Scholten et 

al., 2001; Yu et al., 2001; Buesseler et al., 2007).  

 

Lithogenic particle fluxes at SOTS 1000m depth were treated as a 1-dimensional product of 

sinking particles through the water column without accounting for advective particle inputs 

outside the SOTS region (Wynn-Edwards et al., 2020). Our simplification is based on several 

oceanographic features at SOTS and sediment trap mooring sensor measurements. 

 

SOTS is located within a small anticyclonic gyre formed by the eastward flowing Antarctic 

Circumpolar Current and the westward flowing temperate subtropical waters to the north 

outflowing from the East Australian Current (EAC) extension (Rintoul and Trull, 2001; Trull 

et al., 2001; Herraiz-Borreguero and Rintoul, 2011). Horizontal current velocity measured by 

the SOTS mooring at 1200m depth averaged 12.29±13.89 cm s-1 across the 2010-2018 period 

(Table 6), which is consistent with earlier observations of decreased advection current speed 

from the surface to depth (e.g. <15 cm s-1 at 1000m by Bray et al. (2000). Wynn-Edwards et al. 

(2020) estimated that particles collected at 1000m depth at SOTS should be derived from no 

more than 170km at the surface. This distance indicates the radius of the ‘statistical funnel’ 

catchment area of particle flux with depth. The statistical funnel refers to the spatial derivation 

at the surface of particles trapped at 1000m depth, where >90% of particles collected are 

derived from the statistical funnel catchment area (Deuser et al., 1990; Siegel and Deuser, 1997; 

Francois et al., 2002; Siegel et al., 2008).  
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Previous sediment traps of the same design placed at 1000m deep at SOTS were subject to low 

mean tilts of 2.1° (range 1.4° to 4.1°; Bray et al., 2000), indicating collection efficiency of 

SOTS 1000m traps may not be significantly compromised by lateral currents. As Chiswell and 

Nodder (2015) point out, the operation of sediment trap collection is based on turbulence 

generated by the trap mouth, creating small scale eddies and decelerating particles that are 

intercepted at near horizontal trajectories by the trap funnel (Gardner, 1985; Baker et al., 1988; 

Siegel and Deuser, 1997). The highly non-linear and unpredictable nature of turbulence 

dynamics due to current and trap tilt hinders the quantification of current impacts on trapping 

efficiency (Yu et al., 2001; Honjo et al., 2008; Chiswell and Nodder, 2015). The requirement 

for trapping efficiency correction factors generated by a complex fluid dynamics model is thus 

beyond the scope of this study.  

 

Previous examinations of biases associated with moored sediment trap designs indicate that 

collection is less efficient for shallow traps deployed in high current regions (Yu et al., 2001; 

Buesseler et al., 2007; Dunne et al., 2007). The use of 1000m depth traps at SOTS in a remote 

abyssal ocean setting prevents many of the inherent trap biases detailed by Buesseler et al. 

(2007). Additionally, the use of 1000m traps maintains a reasonable proximity to the ocean 

surface in view to determine lithogenic particle inputs arising from atmospheric deposition 

(§4.3.4; Honjo et al., 2008). The depth of 1000m is also required to avoid strong currents that 

 Table 6. Mean annual horizontal current velocity associated with SOTS sediment 
traps between 2010 and 2018. No mooring was deployed in 2014. Data obtained 
from IMOS (portal.aod.org.au) 

 

 
Deployment year Mean horizontal velocity (cm s-1) 

Standard 
deviation 

 

 2010 9.76 13.50  

 2011 24.13 31.11  

 2012 10.81 18.56  

 2013 9.86 6.80  

 2014 NA NA  

 2015 8.65 14.03  

 2016 7.07 5.44  

 2017 14.08 9.84  

 2018 13.98 11.81  

 Mean 12.29 13.89  
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arise from winter mixing of the water column at SOTS, where the mixed layer depth can be 

found at >400m depth (Rintoul and Trull, 2001; Trull et al., 2019).  

 

Thus, despite the simplification of particle sinking model to a 1-dimensional framework, 

consistent trap design and sampling methodology for the duration of the SOTS programme 

provides reasonable insight into vertical particle flux trends and variability over time. 

 

4.2 – Lithogenic particle flux at SOTS at 1000m depth: characteristics and 
trends  
Lithogenic particle flux estimation at SOTS demonstrated strong seasonality with a peak flux 

in late spring/early summer followed by a smaller secondary peak in late summer (Figure 4a, 

b). This two-peak structure was also observed in TMF, CaCO3, POC and opal fluxes (Figure 

6a, b, c, d; Figure 7e, f). The two-peak structure of TMF components might be explained by 

distinct seasonality differences at SOTS due to regular temperate EAC intrusions (sub-tropical 

surface water) across the STF into the SAZ. Temperate EAC waters have characteristically late 

winter/spring productivity peaks, while cooler SAZ waters typically exhibit greater 

productivity in late summer (Trull et al 2001, Rintoul and Trull 2001, Herraiz-Borreguero and 

Rintoul 2011). FLithAv showed good correlation with TMF (0.841) and CaCO3 flux (0.856), and 

moderate correlation with POC (0.682) and opal (0.656). This observation may result from 

particle interaction dynamics between lithogenic and biogeochemical fluxes, or productivity 

response to nutrient relief, discussed further in §4.6. 

 

Despite clear seasonality in FLithAv, interannual variability was difficult to identify. This is 

largely due to gaps in the dataset from a lack of trap deployment, insufficient material for 

analysis or time constraints. Seasons of 2015-16 and 2018-19 demonstrated markedly reduced 

average seasonal FLithAv compare to earlier seasons, while the 2017-18 season saw a return to 

higher average FLithAv (Figure 4c). This reduced frequency of higher fluxes was highlighted by 

slightly lower total average FLithAv of 0.91 mg m-2 d-1 (all data 2010-2019) measured in our 

study compared to earlier SOTS seasonal flux estimate of 1.31 mg m-2 d-1 by Trull et al. (2001) 

at the end of last century (Table 2). Indeed, some seasonal FLithAv means of 1.5 mg m-2 d-1 

remained high in 2010-11, 2011-12, 2013-14 (Figure 4c). A possible explanation is the large 

dust storm events of 2002-2003 and 2009 (Gabric et al., 2010; Gabric et al., 2016; O'Loingsigh 

et al., 2017; De Deckker, 2019) that characterised the so-called “Millennium Drought” between 

2000 and 2010 (O'Loingsigh et al., 2017). This prolonged drought period led to enhanced dust 
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transport and may have caused increased lithogenic material delivery to SOTS early on in the 

period 2010-2019, subsequently declining throughout the decade with the retreat from drought 

conditions. Analysis of sediment trap samples from 2001-2010 and dust emission patterns may 

elucidate the hypothesis of decreasing frequency of high seasonal lithogenic fluxes at SOTS.  

 

4.2.1 – Comparison to 230Th-normalised lithogenic flux from SOTS benthic 
surface sediments 
An estimate of lithogenic flux at SOTS was produced (Weis et al., unpublished) based on 230Th-

normalised lithogenic flux (Francois et al., 2004) using benthic sediment core material (Table 

2). This surface sediment core top sample (sample ID, IN2018_V02_KC07) was collected at 

SOTS in 2018 and encompasses approximately 500 years of sediment deposition. The 230Th-

normalised lithogenic flux estimate of 1.68±0.08 mg m-2 d-1 agrees very well with the high end 

of our seasonal FLithAv estimates of ~1.5 mg m-2 d-1. Although higher than the total FLithAv 

average of 0.91±0.83 mg m-2 d-1, the 230Th-normalised flux, which represents a much longer 

temporal average, remains within the variability of our FLithAv estimate. The agreement between 

these two methods suggests that 230Th-normalised lithogenic flux from surface sediments is a 

reliable proxy for mineral dust deposition to the ocean where other lithogenic inputs can be 

discounted (see §4.3.2). A higher 230Th-normalised lithogenic flux (which was taken at 4474m 

depth) compared to FLithAv (taken at 1000m depth) may also be caused by lateral sediment 

inputs, since relative increases in Al-traced lithogenic material with depth have been previously 

observed at SOTS (Trull et al., 2001).  

 

 

4.3 – Lithogenic particle elemental composition and provenance  
4.3.1 – Biogenic factors influencing lithogenic material 
In sinking marine particles, Al, Ti and Th are almost exclusively derived from lithogenic 

material and thought to have no essential biological utility (Brewer et al., 1980; Otosaka et al., 

2004; Boës et al., 2011; Hsieh et al. 2011; Lam and Marchal, 2015; Ohnemus and Lam, 2015; 

Anderson et al. 2016; Baker et al. 2016; Kienast et al., 2016; Hayes et al. 2017). The terrestrial 

source of material analysed may originate from regions where lithogenic tracer concentrations 

deviate from global averaged UCC values (Hsieh et al., 2011; Ohnemus and Lam 2015). The 

use of multiple lithogenic tracers to determine lithogenic material fluxes aims to reduce 



In submission of S7Z – Master of Marine and Antarctic Science Research Component 

 - 35 - 

lithogenic flux uncertainty that might be caused by tracer concentrations outside of globally 

averaged UCC values. 

 

To confirm the appropriate use of Al, Ti, Fe and Th as tracers of lithogenic material arriving at 

1000m deep at SOTS, enrichment factors (EFs) and relative correlations between tracers were 

examined. Elemental enrichment factors were calculated (Equation 7) and compared to global 

UCC content (Rudnick and Gao, 2003), with EFs approaching 1 indicating a crustal origin for 

the selected lithogenic tracer. Deviation in crustal material composition from global averages 

due to regional variability can also result in enrichment factors exceeding 1 (Strzelec et al., 

2020). For example, Australian soils, particularly in the western part of the ‘red centre’ region, 

are characterised by elevated Fe content, leading to higher Fe/Al ratios compared to northern 

hemisphere soils (Mahowald et al., 2005; Radhi et al., 2011; Perron et al., 2020a). Another 

factor influencing elemental EFs in sinking particles is phytoplankton uptake of biologically 

essential metals such as Fe (Maldonado et al., 2001; Twining and Baines, 2013), resulting in 

sinking marine particles (detritus and dead cells) enriched in Fe following cell death and 

zooplankton grazing.  

 

Variability in Fe concentrations in sinking particles warrants investigation since biogenic 

enrichment and regional crustal source enrichment in Fe may cause deviations from global 

averaged UCC values. Slight enrichment in Fe relative to Al, Ti and Th was observed compared 

to global UCC values (Table 4), leading to FLith, Fe being the highest tracer-based lithogenic 

flux (Figure 3). This apparent enrichment may be due to enriched lithogenic sources compared 

to the averaged UCC or from different sources of Fe in addition to lithogenic material as 

discussed below. An improved estimate of lithogenic fluxes at SOTS might be found from 

using specific UCC content from possible aerosol source regions, since Australian soil 

characteristically contains a higher Fe/Al ratio compared to global UCC values (Radhi et al., 

2011).  

 

EFFe/Al in SOTS 1000m-deep sediments were examined to determine if biological Fe 

accumulation was observed. Additionally, correlation of Fe with more refractory lithogenic 

tracers Al, Ti and Th at SOTS was examined, since Al, Ti and Th do not demonstrate biological 

utility (Lam and Marchal, 2015; Ohnemus and Lam, 2015; Anderson et al., 2016). High 

correlation between Fe and Al (0.913), Ti (0.894) and Th (0.846) observed in our study (Table 

5, n = 124, p < 0.001) indicates that Fe in SOTS sediment samples predominantly originates 
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from lithogenic material. Slight enrichment in Fe relative to Al in SOTS 1000m-deep sediments 

(EFFe/Al = 1.12±0.19; Table 4) was typical of Australian soil mineralogy (cf. EFFe/Al = 1.23 by 

Kamber et al. (2005); Table 4) rather than biogenic, as plankton reference material BCR-414 

displayed higher EFFe/Al (1.51±0.03). The good correlation between Fe and lithogenic tracers 

together with relatively low EFFe/Al in SOTS 1000m-deep sediments compared to biological 

enrichment suggests that biological accumulation of Fe was not a major component of the 

lithogenic flux at SOTS across the time series.   

  

Only recently, the pool of authigenic particulate Fe was considered as an important sub-surface 

source of particulate Fe (Tagliabue et al., 2019). The determination of the authigenic fraction 

of particulate Fe is outlined by Tagliabue et al. (2019) and requires the assessment of biogenic, 

lithogenic and authigenic contributions to total particulate Fe. The proportion of lithogenic 

particulate Fe is determined by compositional gradients of Al, Ti and Th due to their 

conservation in seawater compared to the crustal source (Hsieh et al., 2011; Ohnemus and Lam 

2015). In our study, the good correlation between Fe and Al, Ti and Th (Table 5) suggests that 

Fe can predominantly be attributed to lithogenic sources in addition to sources described below. 

Authigenic contributions are thus assumed to be negligible. 

 

4.3.2 – Sub-surface sources of lithogenic material  
Lithogenic particles can in theory be delivered to the SOTS site either at the surface, as wind-

blown aerosols, or at the subsurface, as current-advected fine-grained sediment. Sub-surface 

features such as the South Tasman Rise have previously been used to explain potential sources 

of lithogenic material arriving at SOTS (Cardinal et al., 2001) as well as an increase in 

lithogenic material observed in 2000 and 3800m depth traps compared to the 1000m trap (Trull 

et al., 2001). However, the impact of advected particles is expected to be minimal at 1000m 

depth. Considering the closest continental shelf sediments to SOTS being advected at a 

moderate average horizontal current velocity of 20 cm s-1 (17.3 km d-1; see §4.1), it would take 

~29 days to reach SOTS positioned ~500 km away. If a moderate particle sinking velocity of 

50 m d-1 is used, the arrival of continental shelf sediments at SOTS would approximately occur 

at ~1500m depth, therefore avoiding the 1000m trap. Thus, the possibility of re-suspended 

sediment contribution from the South Tasman Rise to particles at SOTS suggested by Cardinal 

et al. (2001) is highly unlikely, since this continental source is also ~500km east of SOTS and 
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the south-westerly currents from the EAC extension south of Tasmania are limited (Herraiz-

Borreguero and Rintoul 2011). 

 

4.3.3 – Anthropogenic sources of lithogenic material 
While the crustal material from Australian soil appears to be the dominant source of lithogenic 

particles to SOTS, our data suggest anthropogenic sources also contribute. Average Pb 

enrichment factors of 9.1, 12.4 and 11.9 were found relative to Al, Ti and Th respectively, 

indicating that anthropogenic emissions contribute significantly to Pb concentration in SOTS 

1000m sediments (Table 4). Contributions of anthropogenic sources to V and Pb content is 

considered significant when the metal’s respective enrichment factors exceed 10 (Shelley et al 

2017b; Perron et al 2020). Such Pb enrichment relative to Ti, Al and Th was not found in the 

surface sediment dataset (Weis et al., unpublished) from SOTS (Table 4), likely because this 

sediment integrates sediment pre-dating significant anthropogenic Pb emissions. SOTS 1000m 

particle Pb concentrations were found to correlate moderately but significantly to Fe, Al, Ti 

and Th lithogenic tracer concentrations (0.529, 0.500, 0.528 and 0.608 respectively) in SOTS 

1000m particles (Table 5). Thus, the observed enrichment of Pb in SOTS 1000m sinking 

particles is likely to derive mostly from the same transport mechanism as main lithogenic 

inputs. Since enrichment of Pb due to anthropogenic sources is highly likely from combustion 

aerosols, the identification of Pb enrichment and correlation to lithogenic tracers is evidence of 

both lithogenic and anthropogenic particles arriving at SOTS from aeolian transport 

mechanisms, as previously suggested by Bowie et al. (2009).  

 

Evidence of anthropogenic TE contributions may also explain slight enrichment in Fe in SOTS 

1000m particles relative to lithogenic tracers Al, Ti and Th (EFFe = 1.12, 1.53, 1.52 

respectively), which are unlikely to be from biogenic contributions (cf. EFFe BCR-414 = 1.51, 

2.32, 1.74 respectively, Table 4). This supplementary anthropogenic contribution to lithogenic 

Fe might explain why FLith, Fe produced the largest lithogenic particle flux estimate in Figure 3, 

outside of deviations in UCC Fe content. This is particularly important, since anthropogenic 

sources of Fe from combustion aerosols contain a higher fractional Fe solubility than dusts, 

leading to increased phytoplankton bioavailability (Sholkovitz et al., 2009; Ito et al., 2019).  

 

Particulate Pb emission to the atmosphere in Australia may include combustion of petroleum 

fuels (Pacyna and Pacyna, 2001; Eyring et al., 2010), traffic from major cities on the southeast 

coast of Australia, coal-fired energy production, oil and gas industries in the Great Australian 
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Bight and Bass Strait regions, and metal smelting industry on the coast of Victoria (Pacnya and 

Pacnya, 2001; Shelley et al., 2017b). Vanadium enrichment in SOTS 1000m sinking particles 

was only slight (2.5 – 3.5; Table 4) and thus undifferentiated from crustal sources and SOTS 

surface sediments (KC07 0cm core; Table 4). This lack of anthropogenic V may be due to the 

little shipping traffic and thus low fuel oil combustion emissions released in proximity to SOTS 

(Pacnya and Pacnya, 2001; Streibel et al., 2017). Nevertheless, the presence of Pb enrichment 

in sinking marine sediments is a strong indicator of atmospheric transport and deposition of 

anthropogenic aerosols to the ocean surface at SOTS.  

 

4.3.4 – Aeolian sources of lithogenic material  
EFFe/Al in SOTS samples of 1.12±0.19 is comparable to Southwest (EFFe/Al = 1.2±1.2) and 

Southeast (EFFe/Al = 1.5±1.2) marine regions of these higher latitudes (Perron et al., 2020). This 

is indicative that lithogenic material at SOTS may be derived from aerosols of southern 

Australia, as northern marine regions exhibited comparatively higher EFFe/Al of 2.2 – 2.5 

(Perron et al., 2020) due to the influence of higher EFFe/Al central Australian ‘red’ dusts 

(Kamber et al., 2005; Radhi et al, 2011; Strzelec et al., 2020). Significant anthropogenic tracer 

enrichment in aerosols was identified by Perron et al., (2020) in both the Southwest and 

Southeast marine regions (Table 4), providing further evidence for aerosol delivery of Pb (and 

to some extent, Fe) to SOTS sediments (Table 4).  

 

Further examination of SOTS EFs compared to known Australian mineral dust source EFs 

(Kamber et al., 2005; Marx et al., 2005b, 2005a; McGowan et al., 2005) suggests mineral dust 

sources from Southern Australia may explain Ti/Th conservation to the globally average UCC 

Ti/Th ratio at SOTS.  EFTi/Th in SOTS 1000m sediments of 1.03±0.26 (Table 4) is more aligned 

with South Australian and north-west Victorian dusts (EFTi/Th range of 0.88 to 1.16; Marx et 

al. (2005b, 2005a)) than dust samples from the Darling River in NSW and Queensland average 

dust composition which show some relative enrichment in Ti/Th (EFTi/Th of 1.415 and 1.646 

respectively; Marx et al., 2005a; Kamber et al., 2005). While the use of EFs to estimate 

lithogenic material orgin is limited to only 6 tracers here, refinement of more specifc source 

areas could be achieved using UCC normalised trace metal profiles incorporating the complete 

suit of trace elements analysed (Marx et al., 2005b, 2005a; Marx and Kamber, 2010). 
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Dust emission in Australia is highly seasonal, primarily driven by prevailing weather systems. 

The development of non-precipitation bearing cold front systems throughout the Austral spring 

is largely responsible for dust transported to the south-eastern seaboard (Ekström et al., 2004; 

O'Loingsigh et al., 2017). In summer however, the development of the high-pressure systems 

residing in the Great Australian Bight prevent insurgence of Southern Ocean cold fronts from 

transporting central Australian dust to higher latitudes (Ekström et al, 2004). Examining these 

seasonal meteorological patterns in tandem with HYSPLIT back trajectory of dust particles, 

O’loingsigh et al. (2017) suggest that dusts sampled at latitudes higher than 30°S originate from 

source regions closest to sample sites. Other HYSPLIT back trajectories of aerosol particles 

arriving at the SOTS site by Bowie et al. (2009) indicates that aeolian particles are derived 

from open ocean regions, where the prevailing westerly air mass circulation over the Southern 

Ocean is enriched by Australian dusts. These particle trajectory results from Bowie et al., 

(2009) and O’loingsigh et al. (2017) suggest dusts arriving at SOTS potentially originate from 

higher latitude sources closest to SOTS, such as the Eyre peninsula of South Australia (Marx 

et al., 2005b; McGowan et al., 2005) and Mallee region of northern Victoria (O’Loingsigh et 

al, 2017; Marx et al., 2005b).  

 

Another indicator of mineral dust being the dominant vector of lithogenic material to SOTS 

1000m sediments is the seasonal cycle of FLithAv at SOTS. We consistently observed a late 

spring-early summer FLithAv peak, occurring between October and December (Figure 7h), 

which is the expected peak in dust deposition originating from Australia. The typical Australian 

dust storm season occurs from September through to November (O'Loingsigh et al., 2017; Yu 

and Ginoux, 2020). This pattern was observed in analysis of AOD data (from MODIS-Aqua 

RRS at 869nm; NASA Goddard Space Flight Center (2018b)) for the period between 2010 and 

2019, which indicated maximum aerosol loading over SOTS occurred in September and 

October (Figure 7f). Concurrently, model output of dust deposition at SOTS by MERRA-2 

satellite shows enhanced aeolian deposition occurs from October through to March, with a peak 

in December (Figure 7g).  Together, this analysis suggests our late spring-early summer FLithAv 

peak observed at 1000m depth at SOTS may be a direct reflection of Australian dust transport 

and deposition to the time-series station.  
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4.4 – Using lithogenic particle flux at 1000m to constrain dust deposition  

Our study has made promising steps towards using sinking particles as a proxy for aeolian 

deposition. Current models of dust deposition such as CAM and MERRA-2 are in good 

agreement with the variability observed in our estimates of lithogenic particle flux (Table 2; 

Figure 6g, h). Agreement between our multi-tracer lithogenic flux and 230Th-normalised 

sediment flux estimates (Weis et al., unpublished) and previous SAZ lithogenic flux estimates 

(Table 2) by Trull et al. (2001) and Nodder et al. (2016) indicate that the methods used in this 

study contribute consistent observations to a growing pool of dust deposition estimates in the 

Southern Ocean. This comparison of multiple approaches reduces the inconsistencies found in 

all methods of dust deposition (Anderson et al., 2016), aiding the refinement of dust deposition 

estimates and their variability.  

 

However, there are many factors which can bias estimates of dust deposition at SOTS using 

marine lithogenic particle flux (FLithAv). The use of 1000m-deep FLithAv as a proxy for dust 

deposition at SOTS is dependent on a wide range of physical and chemical processes occurring 

between dust emission at the source and eventual particle trapping at 1000m depth. We show 

that multi-tracer estimate of FLithAv is more reliable as contributions of Fe from non-lithogenic 

sources, likely anthropogenic inputs (§4.3.3), can lead to overestimation of FLithAv when only 

using a Fe as a lithogenic tracer.  

 

For factors affecting sediment trap collection, the estimation of dust deposition from FLithAv 

relies on the simplification of the process of particle sinking through the water column (§4.1). 

If we treat FLithAv from sediment traps here purely originating from aeolian deposition with 

lateral inputs of hemipelagic sediment inputs discounted (§4.3.2), then the FLithAv estimates 

here indicate an upper limit of dust deposition (Anderson et al., 2016). However, if sediment 

trapping efficiency is reduced by strong advective currents (Buesseler et al., 2007), aeolian 

deposition may in reality be under sampled at depth due to sinking particle under-collection 

(§4.1).  

 

Solubilisation of collected sediment particles in sediment trap cups can result in loss of particle 

material to the overlying supernatant (Pohl et al., 2004; Antia, 2005; Buesseler et al., 2007). 

Lithogenic particle flux (FLithAv) estimation from lithogenic particle tracer concentrations may 

therefore be reduced by dissolution of trace metals in collected particles (Pohl et al., 2004; 

Antia et al., 2005). However, the dissolution for lithogenic tracers is generally low (e.g. 2% for 
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Fe, Pohl et al. (2004)) over longer trap deployments when compared to biogenic flux 

component dissolution (Pohl et al., 2004; Lamborg et al., 2008). Correction for lithogenic 

particle dissolution has not been made due to the large uncertainties in how to apply corrections 

to particle mass flux (Buesseler et al., 2007) and lack of sediment trap cup supernatant for 

dissolved particle assessment.  

 

Prior to sediment collection, dissolution of mineral aerosol particles may lead to reduced mass 

of lithogenic particles reaching 1000m depth, reducing the magnitude of FLithAv. However, 

processing of the TMF due to aggregation and remineralisation may result in dissolved 

lithogenic tracers being scavenged by particles. On this effect, Ohnemus and Lam (2015) 

suggest that Ti provides improved robustness as a lithogenic tracer owing to low reactivity and 

solubility. Shelley et al. (2017a) also noted low aerosol Ti solubility analysing a range of 

aerosol types. Th is also considered a robust tracer with respect to dissolution of aeolian 

particles. Th is highly insoluble in seawater (Hsieh et al., 2011; Hayes et al., 2013) and despite 

evidence of Th solubility ranging 1 - 23% (Arraes-Mescoff et al., 2001; Roy-Barman et al., 

2002), particulate Th solubility is considered very low compared to Fe, where solubility may 

range orders of magnitude (Mahowald et al., 2005; Sholkovitz et al., 2012). Additionally, the 

high particle reactive nature of Th means that dissolved concentrations are readily scavenged 

onto particles (Lam and Marchal, 2015). The use of multiple lithogenic tracers in the 

calculation of FLithAv allows for differences that may arise due to each tracers’ fractional 

solubility and scavenging potential. Indeed, the good agreement of Al, Ti, Fe and Th traced 

FLithAv values (Figure 3) delivers a more robust assessment of lithogenic variability due to 

compounding factors discussed above. 

 

 

4.5 – Uncertainties associated with lithogenic flux calculation by mass balance  

Comparison of FLithAv calculation from multiple lithogenic tracers with that of FLith, MB 

estimation from TMF mass balance (§3.2, Equation 6) indicates strong disparity between the 

two methods used at SOTS, 1000m depth. FLithAv represents 1.7±0.8 % of TMF compared with 

a FLith, MB estimate of 8±4 % of TMF (Table 2). Higher correlation between FLith, MB and POC 

and opal compared to that between FLithAv and POC and opal together with similarities between 

the variability of FLith, MB and TMF fluxes (Figure 5) indicate that FLith, MB is more associated 

with export production compared to FLithAv. The use of mass balance to estimate lithogenic flux 

(Wefer and Fischer, 1993; Ratmeyer et al., 1999a; Ratmeyer et al., 1999b; Francois et al., 2002; 
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Helmke et al., 2005; Fischer and Karakaş, 2009; Fischer et al., 2009; Nowald et al., 2015; 

Harms et al., 2021) might therefore overestimate the correlation between lithogenic particles 

and POC export at 1000m depth. As a consequence, FLith, MB estimates may exaggerate the role 

of lithogenic particles in the ballast process of POC (Klaas and Archer, 2002).  

 

On the contrary, our study suggests a small contribution of FLithAv to TMF (1.68±0.77 %), 

indicating that lithogenic particles do not play a major role in the ballast of POC (Klaas and 

Archer, 2002) at SOTS. This observation is consistent with open ocean settings where 

carbonate and biogenic opal are more important physical ballasts of POC than lithogenic 

material (Honjo et al., 2008). While our FLithAv estimates poorly contribution to TMF, it 

correlates well (0.682) with POC flux (Table 3), which might indicate that lithogenic flux at 

SOTS is more involved with productivity induction than the physical drive of POC to depth by 

ballasting (see §4.6.2).   

 

Another factor influencing FLith, MB estimates lies in the use of the POM:POC relationship in 

Equation 6. In TMF mass balance calculation, total particulate organic material (POM) is 

estimated based on the molecular mass of bulk organic material normalised to particulate 

carbon (POC). Our derivation of FLith, MB (from Wynn-Edwards et al. (2020) data) uses POM 

= 2.199´POC (Klaas and Archer, 2002). Francois et al. (2002) and Harms et al. (2021) employ 

the (Anderson, 1995) empirical marine organic matter formula C106H175O42N16P, yielding POM 

= 1.87´POC (from mean algal elemental composition). The POM:POC ratio may vary 

regionally due to local phytoplankton taxonomic composition and to nutrient depletion (Suess 

and Ungerer, 1981; Sharoni and Halevy, 2020). POM:POC ratios should ideally be used at a 

regional scale where information on both taxonomic composition and nutrient profiles of the 

water mass are known. Therefore, large uncertainty on the contribution of lithogenic particles 

to TMF may stem from mass balance calculations due to the use of poorly constrained 

POM:POC ratios. Indeed, when applying a back calculation to mass balance-based FLith,MB 

calculation (Equation 6) using our obtained FLithAv, we find a POM:POC ratio of 3.07±0.53. 

Based on previously used marine organic matter elemental ratios ~2, this value is probably 

unrealistic as it would imply significantly higher organic material molecular weight than 

previously reported (Anderson et al., 1995). Alternatively, authigenic particle contributions 

(e.g. barite; Ohnemus and Lam (2015)) to TMF may also perturb derivation of lithogenic flux 

by mass balance, and may explain the POM:POC coefficient of 3.07 obtained.  
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The complex dynamics and composition of particle fluxes indicates that the use of lithogenic 

particle flux calculation by mass balance can add much more uncertainty than the use of our 

multi-tracer approach. This study highlights that representation of lithogenic flux trends (e.g. 

Figure 5) can be subjected to large biases, challenging accurate assessment of the contribution 

of lithogenic material to trace nutrient inputs and particle ballast. Since multiple factors such 

as particulate organic matter composition, biological community structure and nutrient 

availability enter into play to determine particulate organic mass composition, the estimate of 

lithogenic particles based on lithogenic tracers (Al, Ti and Th) appears to be a more robust and 

simple method. 

 

4.6 – Lithogenic and biogeochemical component flux at 1000m depth 
characteristics 
4.6.1 – TMF component correlations: particle dynamics 
There are many factors that may influence the strong correlation of FLithAv with TMF 

component fluxes at depth (Table 3), where highest correlation of FLithAv was observed with 

carbonate flux (0.856; p<0.001). Processes including remineralization, scavenging and 

aggregation/disaggregation result in the substantially altered composition of particles arriving 

at 1000m depth compared to particles arriving or produced at the ocean surface (Arraes-

Mescoff et al., 2001; Lam and Marchal, 2015; Wilks et al., 2017). The mechanisms that may 

lead to apparent association of lithogenic and biogeochemical fluxes are discussed only briefly, 

since investigations into these complex processes are beyond the scope of this study. 

 

As discussed in §4.3.4, lithogenic material at SOTS is primarily thought to be sourced by 

atmospheric deposition of mineral dust (likely from Australia). The comparatively small size 

(<63 µm) of mineral dust particles (Mahowald et al., 2014) deposited to the ocean surface may 

result in slower sinking rate compared to larger biogenic particles, leading to prolonged 

residence time in the euphotic zone (Buesseler et al., 2007; Ebersbach et al., 2011). Scavenging 

of lithogenic material by larger, faster sinking carbonate rich particles, such as faecal pellets 

dominated by coccolithophores (Fischer et al., 2009; Rigual Hernández et al., 2020) may 

entrain lithogenic material into the particulate CaCO3 flux (Balistrieri et al., 1981). This 

mechanistic association of carbonate and lithogenic material by scavenging is likely 

responsible for the strong correlation observed between lithogenic and carbonate fluxes (Table 

3).  
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At SOTS, the peak in dust deposition, which follows the onset of the Australian dust storm 

season (O’Loingsigh et al., 2017; §4.3.4), occurs prior to peak carbonate production (Figure 

7f). This may explain why late summer FLithAv peaks are reduced compared to earlier spring 

peaks (Figure 6h), as scavenging by carbonates reduces the inventory of particulate trace 

metals. Variability in the magnitude and timing of these seasonal flux peaks (Figure 6) might 

be further explained by influence of different water masses on productivity at SOTS. 

Productivity arising from subtropical temperate water in early spring followed by SAZ waters 

in later summer (§4.1; Trull et al 2001) may cause differences in particle composition (ie. 

CaCO3:POC:BSiO2 ratio, Figure 6), altering the degree of lithogenic material scavenging. For 

example, Th has been shown to have increased particle affinity for higher carbonate 

concentration and decreased affinity in higher opal concentration particles (Chase et al., 2002).  

 

4.6.2 – Lithogenic particle flux at SOTS 1000m depth, dust deposition and 
productivity 
An additional mechanism that may also explain the strong FLithAv correlation to carbonate flux 

is that of productivity response is directly related to aerosol deposition in the Fe limited waters 

of the SAZ (Bowie et al., 2009; Boyd and Ellwood, 2010; Ebersbach et al., 2011). Examples 

of this effect south east of Australia were observed by Gabric et al. (2010); Gabric et al. (2016), 

however the latter study pointed out that such marine productivity responses were associated 

with atypical large dust storm events that occurred during the 2000-2009 ‘Millennium Drought’ 

period (O’Loingsigh et al., 2017). It might be proposed however, that dust deposition at SOTS, 

which appears to be small given the magnitude of FLithAv, is sufficient to relieve Fe limitation 

(Bowie et al., 2009) but only enough to induce small seasonal productivity responses reflected 

in summer chlorophyll concentrations of 0.3 – 0.6 mg m-3 observed in this study (Figure 6e, 

Figure 7e) and also by Trull et al. (2019). At SOTS, low inputs of lithogenic material from 

atmospheric deposition may contribute to the absence of high magnitude productivity 

responses ([Chl-a] >2.5 mg m-3; Yoder et al. (1993)) previously observed in North Atlantic 

spring phytoplankton blooms (Trull et al., 2019). 

 

Satellite observations of increased surface chlorophyll-a (Chl-a) concentration have previously 

been used to measure dust delivery enhancement of primary productivity in Australia (Shaw et 

al., 2008; Gabric et al., 2010; Gabric et al., 2016). At SOTS, mean monthly surface chlorophyll 

concentration over the study period showed good correlation with both mean monthly AOD 

(0.843, p<0.001) and mean monthly MERRA-2 estimates of dust deposition (0.861, p<0.001) 



In submission of S7Z – Master of Marine and Antarctic Science Research Component 

 - 45 - 

(Table 7). Additionally, correlation of mean monthly FLithAv to mean monthly AOD (0.771, p 

= 0.003) and mean monthly MERRA-2 modelled dust deposition (0.637, p = 0.026) (Table 7). 

At depth, moderately strong and significant correlation observed between FLithAv and POC flux 

(0.682, p<0.001) as well as BiSO2 (0.656, p<0.001) fluxes in addition to high FLithAv and 

CaCO3 correlation (0.856, p<0.001) suggests a general association of export production and 

FLithAv (Table 3). Evidence of exported POC coupling to surface productivity was found in 

significant correlation of mean monthly POC flux at 1000m depth to mean monthly surface 

Chl-a over the study period (0.771, p = 0.003). However, a decoupling of primary productivity 

stimulation by Fe-bearing aerosol and lithogenic particle flux at depth was evidenced by the 

insignificant correlation (0.493, p = 0.104) between mean monthly FLithAv and mean monthly 

surface chlorophyll (Table 7) over the study analysis period.  

 

The correlation between mean monthly surface Chl-a and mean monthly POC exported to 

depth at SOTS (Table 7) suggests a link between marine productivity and POC export within 

average annual cycles over the study period. This finding does not however indicate integrated 

surface productivity and POC export to depth relationships between years. In this regard, 

Ebersbach et al. (2011) suggested that primary production (gross and net) and exported carbon 

flux measurements at SOTS are not linearly correlated. This hypothesis was echoed by Wynn-

Edwards et al. (2020) who found no correlation between integrated annual net primary 

production and integrated annual POC export at 1000m depth using the same samples 

examined in this study over a longer study period.  

 

Table 7. Correlation matrix using Pearson's correlation value (r) for mean monthly trends across 
the study period in FLithAv, AOD, MERRA-2 dust deposition, surface Chl-a concentration and POC 
flux (FPOC) at 1000m depth. Values for statistical significance (p) are given in parentheses. 
Significant correlations (p < 0.05) in bold (n=12).  

 FLithAv AOD MERRA-2 Chl-a FPOC 

FLithAv 1 - - - - 

AOD 0.477 (p=0.117) 1 - - - 

MERRA-2 0.637 (p=0.026) 0.772 (p=0.003) 1 - - 

Chl-a 0.493 (p=0.104) 0.843 (p<0.001) 0.861 (p<0.001) 1 - 

FPOC 0.635 (p=0.026) 0.521 (p=0.083) 0.696 (p=0.012) 0.771 (p=0.003) 1 
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Examining this discrepancy, Ebersbach et al. (2011) suggested that zooplankton are an 

important control on export production. Shipboard incubation experiments during the summer 

2007 SAZ-Sense cruise indicated high (>80%) primary production removal rates at SOTS by 

grazers (Pearce et al., 2011), resulting in substantial contribution from faecal aggregate to 

particle sinking fluxes out of the mixed layer (Ebersbach et al., 2011). Subsequently, very low 

concentrations of unprocessed phytoplankton material even at relatively shallow (150m) depths 

at SOTS indicate that secondary productivity consumption of sinking particle flux is an 

important consideration when examining deep particulate export production correlation to 

surface productivity (Ebersbach et al., 2011). Thus, any coupling of lithogenic particle fluxes 

and primary production induced by Fe fertilization is mediated by processes (scavenging, POC 

remineralization, aggregation/disaggregation cycles; Lam and Marchal, 2015) that alter the 

composition of particles prior to interception of the sinking particle flux at 1000m (Wynn-

Edwards et al., 2020). The linear correlation of lithogenic flux at depth with primary 

productivity markers like surface Chl-a concentration may therefore be oversimplistic, since 

aforementioned controls on particle export may temporally decouple lithogenic particles 

arriving at the surface and those arriving at depth.  

 

Further validation of primary productivity fertilization by mineral dust deposition at SOTS 

(Bowie et al., 2009) therefore requires mechanistic analyses to consolidate remotely sensed 

observations and particles collected beyond the mesopelagic zone. Importantly, the 

quantification of soluble Fe delivered to the Southern Ocean from aerosols (Ito et al., 2020b; 

Perron et al., 2020b) and further incubation experiments examining Fe and major nutrient 

limitation (Hassler et al., 2014) are required to determine if aerosol inputs of Fe are sufficient 

to provide observed Fe inventories and cycles in the SAZ (Bowie et al., 2009). This information 

is also suggested by Cosentino et al. (2020) as essential for use in methods of correlated dust 

deposition and satellite estimates of productivity, building on the advice of Boyd et al. (2010) 

who caution against inferring dust induced productivity using biological signatures such as 

Chl-a. 

 

5. Conclusions 
 
Analysis of multiple metals (Al, Ti, Fe and Th) as tracers of lithogenic input to seawater was 

applied to estimate the downward flux of lithogenic material using sinking sediments collected 

at 1000m depth at the Southern Ocean Time-Series sampling station (SOTS). Our results 
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demonstrated that, while all four lithogenic flux estimates were in good agreement, the 

averaged multi-tracer approach reduced uncertainties associated with a single element's 

reactivity in seawater and concentration in source material. For example, regions where 

biogenic processes or anthropogenic emissions are elevated may require the use of more 

conservative metals such as Al, Ti and Th over Fe, since Fe is subject to biological uptake and 

sources additional to lithogenic material. Al, Ti and Th measured in 1000m-deep sediments at 

SOTS were attributed only to crustal origin as evidenced by enrichment factors close to 1 

(relative to the average global UCC), while slightly enriched Fe content in sinking particles 

indicated a possibility of secondary anthropogenic contributions in addition to lithogenic 

material. Additional evidence of anthropogenic contributions to 1000m sinking particles 

collected at SOTS was highlighted by significant enrichment in Pb (EFPb>10) measured in our 

samples (relative to the average global UCC content).  

 

The multi-tracer lithogenic flux estimate, FLithAv, exhibited strong seasonality, with two peaks 

occurring in spring and in late summer. This seasonality was similar to that of TMF and its 

components, in particular the seasonal variability of carbonate flux which showed strong 

correlation with FLithAv. Our multi-tracer lithogenic flux estimate was comparable in magnitude 

to previous estimates at SOTS and in the SAZ south east of NZ using Al as a single lithogenic 

tracer. More recent lithogenic flux estimates at SOTS using mass balance calculation suggested 

a substantially higher value compared to FLithAv estimated in this study. However, we argue that 

lithogenic flux estimates based on mass balance may overestimate the downward flux of crustal 

material due to several factors, including exclusion of authigenic particle contributions to total 

particle mass and assumptions on the POM:POC ratio involved in the calculus. This is 

especially important for HNLC ocean regions where lithogenic flux is small and nutrients 

delivered by lithogenic material may be important for productivity, such as in the Southern 

Ocean.  

 

The FLithAv estimates were slightly smaller yet comparable in magnitude compared to global 

community atmosphere models and satellite re-analysis models of dust deposition. Inherent 

biases in the sediment sampling techniques when using sediment traps may underestimate 

lithogenic fluxes compared to other proxies such as the 230Th-normalised sediment method or 

lithogenic fluxes estimated by models. Alternatively, the strong variation in seasonality may 

result from lower average lithogenic flux over the study period when compared to previous 
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estimates and long-term averages like the 230Th-normalised sediment estimate. Further average 

lithogenic particle flux may be confirmed by analysis over additional time periods.  

 

Across the study period, peak atmospheric aerosol loading at SOTS from satellite observations 

coincided with typical dust storm seasonality in Australia, followed by maximum modelled 

dust deposition from MERRA-2 satellite reanalysis model. These observations preceded the 

main peak in lithogenic particle flux obtained at 1000m, indicating that lithogenic material in 

1000m-deep SOTS sediments could originate from aeolian deposition. Comparison of 

enrichment factors in SOTS 1000m sediments with Australian dust sources and aerosols 

collected over southern Australian marine regions indicated that dust sources from South 

Australia and the Mallee region of Victoria/New South Wales may contribute to 1000m-deep 

lithogenic sinking material at SOTS.  

 

Average atmospheric loading and modelled dust deposition showed good correlation with 

surface chlorophyll concentrations. However, no clear linear relationship was found between 

surface chlorophyll concentration and FLithAv measured at depth at SOTS. This was despite 

good correlation of surface chlorophyll concentration to POC flux at 1000m and good 

correlation of FLithAv with POC flux at 1000m within annual cycles. These findings indicate a 

complex relationship between lithogenic flux and productivity enhancement by dust deposition 

which may be oversimplified when using particles collected at depth.  

 

Additional work is required to confirm or reject the hypothesis that dust mediates primary 

productivity in the SAZ south of Tasmania. Evidence of lithogenic particles being transported 

to SOTS via the atmosphere may require further analysis of sediment samples collected at 

SOTS at 2000m and 3800m depth. Although these deeper traps are possibly subject to lateral 

inputs of sub-surface lithogenic material, they would provide additional information on particle 

processing in the bathypelagic zone. Improved lithogenic material source apportionment may 

be achieved by comparing SOTS particulate material to genuine soil measurement from 

suggested source regions within Australia using additional trace metals for increased 

rigorousness. Finally, analysis of lithogenic tracers in aerosols collected during several voyages 

to SOTS moorings would shed light on the local atmospheric composition above the sea 

surface. Overall, a multi-disciplinary approach is essential to fully understand the link between 

atmospheric composition and deposition with marine productivity and export production to 

depths at SOTS and in general, in the SAZ.  
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Appendix 1.  
 
Concentration data for internal sediment reference TT1811 MC45, certified plankton 
reference material BCR-414, and internal digestion replication assessment using 
SOTS sediment samples in this study are provided below.  
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Table A1. Target analyte blank corrected concentrations (ppm) of TT1811 MC45* from digests performed in this study (Batch 1-4) and in house reference runs. 
Relative standard deviation (%) for batches analysed in this study given. Digest recoveries based off previous in-house sediment reference TT1811 MC45. In-
house reference was performed in triplicate. Batch 2 TT1811 was run in triplicate dilution with the mean presented. LR: Low Resolution, MR: Medium Resolution, 
ID: Isotope dilution 

Analyte Batch 1 
Batch 2 

(triplicate 
mean) 

Batch 3 Batch 4 
All 

batches 
mean 

All 
batches 

RSD 
(%) 

Batches 
2-4 RSD 

(%) 

TT1811 
triplicate 

mean 

TT1811 
triplicate 
RSD (%) 

Mean 
Recovery 
relative to 
TT1811 

% 
Difference 

Sr88(LR) 1686.17 1398.77 1402.45 1455.05 1456.66 7.88 1.83 1517.72 6.06 95.98 4.02 
Y89(LR) 13.73 11.56 11.43 11.80 11.94 7.47 1.52 12.15 4.98 98.27 1.73 
Mo95(LR) 0.63 0.55 0.52 0.52 0.55 7.17 2.86 0.51 9.78 108.58 8.58 
Mo98(LR) 0.60 0.51 0.52 0.52 0.53 6.67 1.25     
Ag107(LR) 0.03 0.02 0.02 0.04 0.02 37.80 39.39 0.03 88.61 77.55 22.45 
Ag109(LR) 0.03 0.02 0.01 0.04 0.02 42.37 45.29 0.02 96.03 141.73 41.73 
Cd111(LR) 0.36 0.32 0.28 0.36 0.33 9.44 9.28 0.36 6.64 90.83 9.17 
Cs133(LR) 0.15 0.12 0.13 0.13 0.13 10.44 5.87 0.12 23.09 111.35 11.35 
Ba137(LR) 757.94 652.18 660.97 677.75 675.53 6.24 2.07 732.56 5.37 92.22 7.78 
Ba138(LR) 764.68 663.61 665.34 691.12 685.33 5.98 2.17     
La139(LR) 6.81 5.82 5.66 5.97 5.98 7.02 2.23     
Ce140(LR) 7.24 6.25 6.18 6.41 6.43 6.31 1.51     
Nd146(LR) 6.18 5.35 5.30 5.47 5.50 6.19 1.40 5.19 4.98 105.91 5.91 
Tm169(LR) 0.17 0.14 0.14 0.14 0.14 7.62 1.92 0.13 17.03 111.34 11.34 
Yb171(LR) 1.03 0.91 0.87 0.94 0.93 6.02 2.91 0.84 9.64 110.00 10.00 
Re185(LR) 0.02 -0.01 0.00 0.00 0.00 NA NA     
Re187(LR) 0.02 -0.01 0.00 0.00 0.00 NA NA     
Tl205(LR) 0.06 0.05 0.05 0.05 0.05 8.60 3.22 0.04 29.00 117.41 17.41 
Pb208(LR) 10.98 9.27 8.99 9.41 9.53 7.59 1.73 8.62 4.71 110.65 10.65 
Th230(LR) 0.33 0.30 0.29 0.30 0.30 4.51 2.20     
Th232(LR) 0.52 0.48 0.45 0.48 0.48 4.82 3.10 0.42 13.27 114.88 14.88 
Th232(ID) 0.33 0.13 0.17 0.14 0.30 4.51 2.20     
U236(LR) 0.32 0.30 0.29 0.28 0.30 4.58 2.10     
U238(LR) 0.29 0.27 0.25 0.26 0.27 4.83 2.74 0.26 16.60 101.06 1.06 
Na23(MR) 14766.65 12421.21 11011.84 12122.09 12527.37 10.00 5.61 11300.30 2.71 110.86 10.86 
Mg24(MR) 3733.87 3225.60 3062.37 3179.74 3275.46 7.27 2.80 2887.98 3.37 113.42 13.42 
Al27(MR) 6615.61 5604.84 5442.40 5705.79 5763.05 7.57 2.52 5576.17 4.64 103.35 3.35 
P31(MR) 478.02 408.36 381.61 419.43 417.36 7.80 3.68 443.21 9.68 94.17 5.83 
S32(MR) 1762.90 1444.10 1258.25 1375.52 1454.83 11.54 5.91 1515.27 3.93 96.01 3.99 
Ca42(MR) 400564.19 321543.07 312241.46 321746.34 333196.87 9.99 1.53 316905.36 10.16 105.14 5.14 
Sc45(MR) 2.57 2.27 2.23 2.23 2.31 5.82 1.75 2.23 7.82 103.53 3.53 
Ti47(MR) 723.29 676.95 654.35 667.72 679.37 3.60 1.93 648.61 4.67 104.74 4.74 
Ti49(MR) 750.00 674.35 642.34 667.81 680.53 5.36 2.22     
V51(MR) 27.56 24.68 24.33 24.55 25.08 4.96 1.17 23.59 7.09 106.30 1.06 
Cr52(MR) 4.32 4.13 3.65 3.53 3.98 8.02 7.81 3.70 10.04 107.67 1.08 
Mn55(MR) 1441.16 1288.45 1257.85 1321.02 1314.23 5.26 2.63 1283.18 7.73 102.42 1.02 
Fe56(MR) 8898.08 7992.69 7571.06 8220.44 8111.27 5.44 3.01 7763.74 7.82 104.48 1.04 
Co59(MR) 5.91 5.31 5.15 5.11 5.35 5.40 2.02 5.35 2.63 100.04 1.00 
Ni60(MR) 16.30 13.93 13.49 13.67 14.21 7.38 1.73 13.40 5.80 106.00 1.06 
Cu63(MR) 36.48 24.90 23.85 25.82 26.81 17.87 3.13 24.08 3.56 111.31 1.11 
Zn66(MR) 26.86 17.94 16.70 20.97 19.72 19.18 8.83 16.10 4.91 122.50 1.22 
Zn68(MR) 26.80 18.77 16.86 19.69 19.95 17.62 6.23     

Mean all analytes     9.35 5.08  13.95 105.80 7.66 

Mean Al, Ti, Fe     5.54 2.49  5.71 104.19 3.05 

*TT1811 MC45: Core sediment from CROCCA-2S cruise. Sediment origin from South Indian Ocean. 
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Table A2. Blank corrected concentration data (ppm) for certified plankton reference BCR-414 used in batches 1 and 2. Batches 3 and 4 did 
not include BCR-414, however high analytical precision was observed in batches 2-4 from internal reference TT1811 (Table S1). Recoveries 
are shown for the mean of all BCR-414 runs (n = 4). LR: Low Resolution, MR: Medium Resolution, ID: Isotope dilution 

  BCR 
Batch 1 

BCR-414-
2.1 

BCR-414-
2.3 

BCR-414-
2.3 

Mean 
Batch 2 

% 
Change 
B1 to B2 

BCR-414 
Certified 

BCR-414 
indicative 

Recovery  
relative to 
certified/ 
indicates 

Sr88(LR) 247.02 224.79 226.84 225.21 225.61 -9.49 
 

261±25 88.49 
Y89(LR) 0.71 0.65 0.66 0.66 0.66 -7.66 

   

Mo95(LR) 1.18 1.32 1.32 1.31 1.31 10.19 
 

1.35±0.20 94.83 
Mo98(LR) 1.18 1.31 1.32 1.29 1.30 9.65 

   

Ag107(LR) 0.05 0.04 0.04 0.04 0.04 -19.03 
   

Ag109(LR) 0.05 0.05 0.04 0.04 0.04 -13.65 
   

Cd111(LR) 0.35 0.33 0.34 0.32 0.33 -5.14 
   

Cs133(LR) 0.44 0.28 0.28 0.27 0.28 -59.39 
   

Ba137(LR) 25.49 26.26 27.30 26.37 26.64 4.32 
   

Ba138(LR) 24.71 25.86 26.85 26.69 26.46 6.63 
   

La139(LR) 0.84 0.90 0.91 0.90 0.90 7.22 
   

Ce140(LR) 1.72 1.83 1.84 1.83 1.83 5.83 
   

Nd146(LR) 0.78 0.85 0.85 0.83 0.84 7.05 
   

Tm169(LR) 0.01 0.01 0.01 0.01 0.01 -5.09 
   

Yb171(LR) 0.06 0.06 0.06 0.06 0.06 -7.96 
   

Re185(LR) 0.01 0.00 0.00 -0.01 0.00 407.57 
   

Re187(LR) 0.01 0.00 0.00 0.00 0.00 426.47 
   

Tl205(LR) 0.03 0.04 0.04 0.04 0.04 14.88 
   

Pb208(LR) 3.70 3.67 3.71 3.65 3.68 -0.60 3.97±0.19 
 

92.78 
Th230(LR) 0.24 0.24 0.24 0.25 0.24 3.52 

   

Th232(LR) 0.35 0.41 0.41 0.40 0.40 12.72 
   

Th232(ID) 0.24 0.24 0.24 0.25 0.24 3.52 
   

U236(LR) 0.13 0.13 0.13 0.13 0.13 2.87 
   

U238(LR) 0.11 0.12 0.12 0.12 0.12 11.42 
   

Na23(MR) 8453.80 7857.25 7678.81 7939.04 7825.04 -8.04 
   

Mg24(MR) 2396.23 2340.58 2285.22 2279.37 2301.72 -4.11 
   

Al27(MR) 2119.84 2394.80 2297.11 2362.58 2351.50 9.85 
   

P31(MR) 13680.48 12293.11 12328.41 12036.85 12219.46 -11.96 
   

S32(MR) 6042.90 5525.57 5535.91 5505.32 5522.27 -9.43 
   

Ca42(MR) 67729.04 61339.32 60312.07 60470.37 60707.25 -11.57 
   

Sc45(MR) 0.40 0.46 0.48 0.48 0.47 14.52 
 

0.54±0.02 84.15 
Ti47(MR) 83.16 73.29 72.30 70.69 72.09 -15.35 

   

Ti49(MR) 67.30 71.96 68.28 69.66 69.97 3.81 
   

V51(MR) 8.46 8.63 8.32 8.61 8.52 0.72 8.1±0.18 
 

105.00 
Cr52(MR) 19.77 20.96 20.48 21.03 20.83 5.05 23.8±1.2 

 
86.40 

Mn55(MR) 271.02 256.78 252.69 255.18 254.88 -6.33 299±13 
 

86.59 
Fe56(MR) 1670.34 1736.12 1705.10 1685.21 1708.81 2.25 

 
1850±0.19 91.85 

Co59(MR) 1.32 1.30 1.32 1.38 1.33 0.75 
 

1.43±0.06 93.16 
Ni60(MR) 16.39 16.05 15.99 15.52 15.85 -3.41 18.8±0.8 

 
85.04 

Cu63(MR) 29.01 26.46 26.82 26.64 26.64 -8.88 29.5±1.3 
 

92.31 
Zn66(MR) 91.67 89.76 89.71 90.75 90.07 -1.77 111.6±2.5 

 
81.07 

Zn68(MR) 93.91 90.61 90.62 91.16 90.80 -3.42 
   

        
Average all 90.14 

      
Average recovery from certified 89.88 

      
Average recovery from indicative 90.50 
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Table A3. Blank corrected concentration data (ppm) for five SOTS sample digest replicates across batches 1 and 2 to test digestion repeatability. % change from batch 1 to 2 is shown 
for each paired sample repeat analysis (negative = increase in concentration, positive indicates decrease in concentration in batch 2. RSD between batch 1 and 2 is shown, with the 
average RSD (%) across all 5 replicates also given. LR: Low Resolution, MR: Medium Resolution, ID: Isotope dilution 

 
Sample 1 
digest 1 

Sample 1 
digest 2 

% Change 
sample 1 

RSD (%) 
Sample 1 

Sample 2 
digest 1 

Sample 2 
digest 2 

% Change 
sample 2 

RSD (%) 
Sample 2 

Sample 3 
digest 1 

Sample 3 
digest 2 

% Change 
Sample 3 

RSD (%) 
Sample 3 

Sr88(LR) 1294.10 1280.71 -1.03 0.74 1407.23 1292.81 11.17 5.99 1202.97 1213.50 2.46 0.62 
Y89(LR) 1.62 1.62 -0.36 0.25 1.84 1.61 12.17 9.33 2.02 2.01 3.46 0.54 
Mo95(LR) 0.46 0.42 -9.49 7.04 0.42 0.34 13.17 14.76 3.34 3.21 4.46 2.77 
Mo98(LR) 0.46 0.41 -10.94 8.18 0.42 0.33 14.17 16.03 3.41 3.20 5.46 4.52 
Ag107(LR) 0.63 0.68 7.30 4.98 0.75 0.66 15.17 9.12 0.49 0.52 6.46 4.46 
Ag109(LR) 0.62 0.64 3.32 2.31 0.73 0.65 16.17 7.67 0.49 0.50 7.46 1.55 
Cd111(LR) 2.52 2.51 -0.48 0.34 2.54 2.35 17.17 5.58 2.68 2.80 8.46 3.24 
Cs133(LR) 0.09 0.07 -19.88 15.61 0.05 0.04 18.17 19.46 0.14 0.14 9.46 4.80 
Ba137(LR) 1023.83 986.00 -3.69 2.66 1013.58 916.66 19.17 7.10 1186.31 1155.56 10.46 1.86 
Ba138(LR) 1025.46 1009.88 -1.52 1.08 1021.46 932.89 20.17 6.41 1200.29 1172.32 11.46 1.67 
La139(LR) 1.12 1.10 -1.82 1.30 1.23 1.02 21.17 13.27 1.24 1.23 12.46 0.81 
Ce140(LR) 1.61 1.55 -3.78 2.72 1.59 1.26 22.17 16.55 2.07 2.03 13.46 1.14 
Nd146(LR) 1.02 1.02 0.01 0.01 1.13 0.92 23.17 14.22 1.14 1.07 14.46 4.18 
Tm169(LR) 0.02 0.02 -12.57 9.49 0.02 0.02 24.17 16.37 0.03 0.02 15.46 8.15 
Yb171(LR) 0.13 0.13 0.72 0.50 0.14 0.13 25.17 6.04 0.19 0.18 16.46 3.97 
Re185(LR) 0.03 -0.01 -122.03 221.33 0.02 -0.01 26.17 247.81 0.00 -0.01 17.46 -289.09 
Re187(LR) 0.03 -0.01 -125.09 236.15 0.02 -0.01 27.17 248.29 0.00 -0.01 18.46 -275.79 
Tl205(LR) 0.02 0.01 -30.14 25.10 0.02 0.01 28.17 41.32 0.03 0.03 19.46 2.69 
Pb208(LR) 1.35 1.31 -3.37 2.43 1.33 1.03 29.17 18.30 2.36 2.26 20.46 3.10 
Th232 - ID 0.12 0.11 -7.87 5.79 0.11 0.09 30.17 13.43 0.17 0.17 21.46 3.39 
Th232(LR) 0.20 0.17 -15.52 11.89 0.18 0.12 31.17 25.05 0.29 0.25 22.46 12.15 
U238 - ID 0.24 0.24 -0.18 0.13 0.22 0.20 33.17 6.22 0.34 0.33 24.46 0.63 
U238(LR) 0.21 0.20 -2.67 1.92 0.20 0.16 34.17 16.53 0.32 0.28 25.46 7.78 
Na23(MR) 1835.76 1715.54 -6.55 4.79 1576.39 1374.80 36.17 9.66 4801.18 4375.60 27.46 6.56 
Mg24(MR) 1739.22 1795.90 3.26 2.27 1463.72 1405.38 37.17 2.88 3043.04 3031.26 28.46 0.27 
Al27(MR) 1216.35 1133.18 -6.84 5.01 826.22 757.52 38.17 6.13 1947.97 1849.86 29.46 3.65 
P31(MR) 1188.55 1286.37 8.23 5.59 1150.43 1119.22 39.17 1.94 1479.19 1519.26 30.46 1.89 
S32(MR) 2664.70 2568.73 -3.60 2.59 2441.56 2196.88 40.17 7.46 4660.34 4442.27 31.46 3.39 
Ca42(MR) 257839.76 262059.24 1.64 1.15 303205.35 289425.62 41.17 3.29 282559.61 264278.87 32.46 4.73 
Sc45(MR) 0.25 0.27 6.37 4.36 0.24 0.24 42.17 0.84 0.36 0.34 33.46 3.47 
Ti47(MR) 40.24 40.35 0.28 0.20 30.05 26.03 43.17 10.12 64.88 66.70 34.46 1.95 
Ti49(MR) 39.93 42.67 6.86 4.69 27.78 27.25 44.17 1.36 69.43 67.48 35.46 2.02 
V51(MR) 2.97 3.06 3.07 2.14 2.39 2.16 45.17 7.12 4.10 4.05 36.46 0.81 
Cr52(MR) 1.97 1.95 -1.25 0.89 1.93 1.46 46.17 19.39 3.42 3.53 37.46 2.21 
Mn55(MR) 5.06 3.38 -33.18 28.13 3.12 0.75 47.17 86.56 15.17 12.93 38.46 11.30 
Fe56(MR) 726.39 675.19 -7.05 5.17 461.42 406.02 48.17 9.03 1088.68 1051.55 39.46 2.45 
Co59(MR) 0.30 0.30 -0.34 0.24 0.25 0.24 49.17 3.81 0.75 0.80 40.46 4.58 
Ni60(MR) 9.44 9.12 -3.39 2.44 8.81 7.52 50.17 11.18 18.89 18.47 41.46 1.58 
Cu63(MR) 16.21 16.42 1.29 0.90 16.52 14.60 51.17 8.72 24.81 24.61 42.46 0.56 
Zn66(MR) 86.91 90.97 4.67 3.22 110.44 104.42 52.17 3.96 87.28 89.49 43.46 1.77 
Zn68(MR) 89.25 89.52 0.31 0.22 109.34 105.11 53.17 2.79 88.81 89.59 44.46 0.62 
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Table A3. continued 

 Sample 4 
digest 1 

Sample 4 
digest 2 

% Change 
sample 4 

RSD (%) 
Sample 4 

Sample 5 
digest 1 

Sample 5 
digest 1 

% Change 
sample 5 

RSD (%) 
Sample 5 

1-5 Mean 
change % 

1-5 Mean 
RSD (%) 

Sr88(LR) 1427.00 1437.12 2.62 0.50 1304.84 1370.46 -1.56 3.47 2.73 2.26 
Y89(LR) 2.14 2.20 3.62 1.75 1.98 2.07 -0.56 2.94 3.66 2.96 
Mo95(LR) 0.73 0.72 4.62 0.97 0.71 0.69 0.44 2.77 2.64 5.66 
Mo98(LR) 0.73 0.70 5.62 2.14 0.74 0.73 1.44 0.36 3.15 6.25 
Ag107(LR) 0.34 0.36 6.62 4.05 0.31 0.33 2.44 5.63 7.60 5.65 
Ag109(LR) 0.33 0.35 7.62 5.14 0.31 0.32 3.44 2.58 7.60 3.85 
Cd111(LR) 5.17 5.32 8.62 1.90 3.34 3.58 4.44 4.85 7.64 3.18 
Cs133(LR) 0.16 0.15 9.62 3.04 0.12 0.12 5.44 0.82 4.56 8.75 
Ba137(LR) 1107.84 1057.99 10.62 3.25 941.85 938.15 6.44 0.28 8.60 3.03 
Ba138(LR) 1107.16 1090.84 11.62 1.05 948.03 962.71 7.44 1.09 9.83 2.26 
La139(LR) 1.44 1.42 12.62 1.21 1.34 1.34 8.44 0.00 10.57 3.32 
Ce140(LR) 1.92 1.81 13.62 4.38 1.59 1.61 9.44 1.02 10.98 5.16 
Nd146(LR) 1.30 1.19 14.62 6.20 1.15 1.11 10.44 1.99 12.54 5.32 
Tm169(LR) 0.02 0.02 15.62 2.19 0.02 0.02 11.44 7.71 10.82 8.78 
Yb171(LR) 0.16 0.17 16.62 1.40 0.16 0.16 12.44 0.91 14.28 2.56 
Re185(LR) 0.02 -0.01 17.62 451.12 0.04 -0.01 13.44 235.83 -9.47 173.40 
Re187(LR) 0.02 -0.01 18.62 419.95 0.03 -0.01 14.44 250.07 -9.28 175.74 
Tl205(LR) 0.04 0.03 19.62 6.96 0.03 0.03 15.44 5.33 10.51 16.28 
Pb208(LR) 2.30 2.10 20.62 6.45 1.87 1.70 16.44 6.67 16.66 7.39 
Th232 - ID 0.17 NA NA NA 0.14 0.15 17.44 1.57 12.24 6.04 
Th232(LR) 0.29 0.25 22.62 9.53 0.25 0.21 18.44 10.22 15.83 13.77 
U238 - ID 0.41 0.41 24.62 0.19 0.66 0.70 20.44 3.68 20.50 2.17 
U238(LR) 0.39 0.35 25.62 6.58 0.61 0.57 21.44 4.15 20.80 7.39 
Na23(MR) 2297.12 2086.01 27.62 6.81 3334.57 3214.77 23.44 2.59 21.63 6.08 
Mg24(MR) 2665.66 2615.30 28.62 1.35 2642.88 2761.16 24.44 3.10 24.39 1.97 
Al27(MR) 2350.74 2194.57 29.62 4.86 1952.87 1875.52 25.44 2.86 23.17 4.50 
P31(MR) 1452.09 1477.36 30.62 1.22 1452.80 1859.25 26.44 17.36 26.98 5.60 
S32(MR) 3934.17 3694.76 31.62 4.44 3777.19 3764.18 27.44 0.24 25.42 3.62 
Ca42(MR) 284165.10 283102.38 32.62 0.26 258667.09 257369.20 28.44 0.36 27.26 1.96 
Sc45(MR) 0.45 0.47 33.62 2.33 0.44 0.45 29.44 1.41 29.01 2.48 
Ti47(MR) 61.13 70.05 34.62 9.61 51.89 57.24 30.44 6.94 28.59 5.77 
Ti49(MR) 65.29 75.95 35.62 10.67 51.42 62.62 31.44 13.90 30.71 6.53 
V51(MR) 4.68 4.40 36.62 4.40 4.82 4.90 32.44 1.15 30.75 3.12 
Cr52(MR) 3.56 3.72 37.62 3.19 2.76 2.88 33.44 2.95 30.69 5.73 
Mn55(MR) 12.52 10.25 38.62 14.11 10.47 8.41 34.44 15.43 25.10 31.11 
Fe56(MR) 1285.01 1207.81 39.62 4.38 956.03 941.26 35.44 1.10 31.13 4.43 
Co59(MR) 0.71 0.74 40.62 2.96 0.58 0.52 36.44 6.81 33.27 3.68 
Ni60(MR) 12.28 11.46 41.62 4.87 10.76 10.46 37.44 1.98 33.46 4.41 
Cu63(MR) 17.22 16.78 42.62 1.83 15.65 16.34 38.44 3.05 35.19 3.01 
Zn66(MR) 56.63 55.23 43.62 1.77 45.91 47.67 39.44 2.65 36.67 2.68 
Zn68(MR) 55.40 55.91 44.62 0.66 45.69 46.93 40.44 1.89 36.60 1.23 


	Lithogenic particle flux estimates were also compared to models of dust deposition to both validate models and aid investigation into lithogenic particle source attribution. As shown in Table 2, Community Atmosphere Model (CAM; versions 3 and 4) estim...

