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Carbon cycle
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Oceanic CO2 biological pump

Scientific context
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Oceanic CO2 biological pump
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Photosynthesis reaction

Scientific context

Sunlight

106 CO2 + 77 H2O + 16 HNO3 + H3PO4 + 1/2 H2SO4

C106H174O49N16P, S0,5 + 147 O2
Jacques, 2006
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Photosynthesis

Scientific context

Redfield ratio: C:N:P (106:16:1)

Proportionnal uptake of :

	 CO2 = Cinorganic

	 Nitrogen
	 Phosphorous	  

	 Micronutrients
	 by phytoplankton.

Redfield, 1963
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Bioavailability
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The Southern Ocean: HNLC area

[Phytoplankton pigment] (Chlorophyll; mg.m-3)
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The Southern Ocean: HNLC area
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Oceanic fluxes

Cinorganic N
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Micronutrient supplies

Deep ocean diffusion

Advection

Atmospheric deposition
major source of new micronutrients
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Dust cycle
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Atmospheric deposition to the open ocean

Simulated averaged dust
deposition flux (g.m-2.yr-1)
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Dust sources in the South Hemisphere
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Dust sources in the South Hemisphere
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Dust sources in the South Hemisphere
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Atmospheric deposition is not well known
over the Southern Ocean
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What we know?

Atmospheric deposition is not well known
over the Southern Ocean

Very low atmospheric concentrations:
measurements are very difficult to 
performed, adapted ultra clean work 
conditions are essential!
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What we know?

Only two studies based on observations available in literature before this work1.

Planquette et al. (2007) and Wagener et al. (2008):
sporadic offshore atmospheric measurements (aerosols, rainwater)
	 	 deposition fluxes (dust, iron, dissolved iron)

Atmospheric deposition is not well known
over the Southern Ocean
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What we know?

Only two studies based on observations available in literature before this work

Models need to be contrained and/or validated by atmospheric measurements over the 
Southern Ocean (deposition, chemical composition, solubility, dust sources)

2.

1.

Planquette et al. (2007) and Wagener et al. (2008):
sporadic offshore atmospheric measurements (aerosols, rainwater)
	 	 deposition fluxes (dust, iron, dissolved iron)

Atmospheric deposition is not well known
over the Southern Ocean
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Issues

1. What is the atmospheric deposition flux 
of dust derived micronutrients that reaches 

the remote Southern Indian Ocean? 

2. What is its chemical composition?

3. What are its different sources?

4. What is its bioavailable part for phytoplankton?
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Strategy

Issues

1. What is the atmospheric deposition flux 
of dust derived micronutrients that reaches 

the remote Southern Indian Ocean? 

2. What is its chemical composition?

3. What are its different sources?

4. What is its bioavailable part for phytoplankton?

Long term observations on atmospheric deposition
over the South Indian Ocean

Methods ResultsScientific context Issues
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FLATOCOA
« FLux Atmosphérique d’Origine Continentale sur l’Océan Austral »

Trace metal measurements
on a continious basis

Two-year sampling
 (end of 2008 - end of 2010)

Kerguelen IslandsCrozet

46°S 51°E 49°S 70°E
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Sampling sites

Jacky
Pointe basse

Guillou

Crozet Kerguelen
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Material preparation 
Under ISO1 laminar flow bench 
in ISO5 clean room

Air quality on Kerguelen Islands: 
ISO4 (analog)

Class

ISO 1

ISO 4

0,1 µ

10

10000

0,2 µ

2

10000

0,3 µ

0

1020

0,5 µ

0

1 µ

0

83

5 µ

0

0

Concentration (particle.m-3)

352
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Total atmospheric deposition sampling

Duplicat systems (A, B)

Monthly or bi-monthly sampling
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37 analyzed and validated elements
ICP-AES and HR-ICP-MS
		        (clean room)
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Analytical validation
Measured values

of SLRS-5
(µg.L-1)

Certified and published values of SLRS-5 (µg.L-1)

Accuracy on very low trace metal concentrations
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Experimental validation

Quantities in field blanks <10% of 
the ones in samples



42

ResultsScientific context Issues Methods

Experimental validation

Duplicat B

Duplicat A

Al fluxes (µg.m-2.d-1)

R² =0.94

Slope = 1.09
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Lead isotopes: 206, 207, 208
HR-ICP-MS
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Aerosol sampling

Filtration on Téflon® filters 
2 m from ground level

Same sampling time than
atmospheric deposition

Analyzed using X ray 
fluorescence spectrometry 
(Al, Na)

At «Jacky» only (Kerguelen)
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Rainwater sampling (event basis)

Direct filtration on PC filters:
separation of the both 
soluble and insoluble 
fractions during the sampling

16 collected rains

Analyses using HR-ICP-MS
(soluble and insoluble)

On Kerguelen base «PAF»

Digestion using H2O2 and 
HF/HNO3 (insoluble)
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7 analyzed and validated elements in 5 rains
HR-ICP-MS
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Scientific context Issues Methods Results
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Issues

1. What is the atmospheric deposition flux 
of dust derived micronutrients that reaches 

the remote Southern Indian Ocean? 

2. What is its chemical composition?

3. What are its different sources?

4. What is its bioavailable part for phytoplankton?

Scientific context Issues Methods Results
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  Total dust deposition flux
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Fdust = FAl

AbundanceAl
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  Total Al deposition flux (dust proxy)

Scientific context Issues Methods Results

Al flux
µg.m-2.d-1

Dates (month/year)

654 ± 70 μgDust.m-2.d-1
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 Total dust deposition flux in literature (1)

Scientific context Issues Methods Results

38 ± 14 µg.m-2.d-1

(Wagener et al., 2008)

Observations

654 ± 70 µg.m-2.d-1

(Heimburger et al., 2012)
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 Total dust deposition flux in literature (1)

Scientific context Issues Methods Results

38 ± 14 µg.m-2.d-1

(Wagener et al., 2008)

Observations

654 ± 70 µg.m-2.d-1

(Heimburger et al., 2012)

Indirect measurements of total deposition calculation:

Ftotal = Fdry + Fwet

Ftotal = direct measurements

Fwet = Caerosol  . SR . rainfallFdry = Caerosol  . vdry deposition
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38 ± 14 µg.m-2.d-1

(Wagener et al., 2008)

Observations

654 ± 70 µg.m-2.d-1

(Heimburger et al., 2012)

Indirect measurements of total deposition calculation:

Ftotal = Fdry + Fwet

Ftotal = direct measurements

Fwet = Caerosol  . SR . rainfallFdry = Caerosol  . Vdry deposition
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 Total dust deposition flux in literature (1)
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38 ± 14 µg.m-2.d-1

(Wagener et al., 2008)

Observations

654 ± 70 µg.m-2.d-1

(Heimburger et al., 2012)

Indirect measurements of total deposition calculation:

Ftotal = Fdry + Fwet

Ftotal = direct measurements

Fwet = Caerosol  . SR . rainfallFdry = Caerosol  . Vdry deposition

SR = 200 (constant)
(Wagener et al., 2008)

SR = measured
(Heimburger et al., 2012)
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 Scavenging ratio

Scientific context Issues Methods Results

SR = Crain

Cair
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 Scavenging ratio
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aerosol sampling

SR = Crain

Cair
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concentration in
total deposition

wet deposition > 90%

 Scavenging ratio

Scientific context Issues Methods Results

aerosol sampling

SR = Crain

Cair
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 Scavenging ratio

SR 

Dates (month/year)

Measured Al SR (FLATOCOA)

SR from 
Jickells and Spokes, 2001
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SR 

Dates (month/year)

Measured Al SR (FLATOCOA)

SR from 
Jickells and Spokes, 2001

Scientific context Issues Methods Results

 Scavenging ratio

7000 (median)
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 Scavenging ratio
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SR 

Dates (month/year)

Measured Al SR (FLATOCOA)

SR from 
Jickells and Spokes, 2001

7000 (median)

200
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 Scavenging ratio
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SR 

Dates (month/year)

Measured Al SR (FLATOCOA)

SR from 
Jickells and Spokes, 2001

one order of magnitude

one order of magnitude

7000 (median)

200

38 ± 14 µg.m-2.d-1

(Wagener et al., 2008)
654 ± 70 µg.m-2.d-1

(Heimburger et al., 2012)
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 Scavenging ratio

Scientific context Issues Methods Results

SR 

Dates (month/year)

Measured Al SR (FLATOCOA)

SR from 
Jickells and Spokes, 2001

7000 (median)

200

Hypothesis:
aerosols scavenged by rain are in altitude and not at surface level
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Dust deposition is one order of magnitude 
higher than the one previously observed:

atmospheric deposition is more important than expected 
for micronutrient supply in the South Indian Ocean 

Measurements of Caerosols at surface level only
do not allow atmospheric deposition flux 

to be well calculted over remote oceanic area

 Total dust deposition flux in literature (1)
Observations
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  Total dust deposition in literature (2)

Scientific context Issues Methods Results

Simulated averaged dust 
deposition flux (g.m-2.yr-1)

Estimated dust deposition flux:
between 550 and 1400 µg.m-2.d-1

 (Mahowald et al., 2007)

654 ± 70 μg.m-2.d-1

(Heimburger et al., 2012)

Models
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Case study:
the model does not reflect observed seasonality

Scientific context Issues Methods Results

Al flux
µg.m-2.d-1

Dates (every 3 months)

  Total dust deposition vs. models

H
ei
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rg
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01
2

Observed deposition fluxes 
(averaged on 6 samples)
Modeled deposition fluxes 
(on three months)
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Issues

1. What is the atmospheric deposition flux 
of dust derived micronutrients that reaches 

the remote Southern Indian Ocean? 

2. What is its chemical composition?

3. What are its different sources?

4. What is its bioavailable part for phytoplankton?

Scientific context Issues Methods Results
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 Total deposition fluxes
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 Correlation coefficients (Jacky)

Scientific context Issues Methods Results

Fe flux

Al flux Na flux

Na flux Ca flux

R²= 0.99

Al flux

R²= 0.15 R²= 0.97

Slope = 0.54

n = 42

Slope = 0.04

n = 42

n = 42
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 Principal Component Analysis

Scientific context Issues Methods Results



70

 Enrichment factors

Scientific context Issues Methods Results

EF = [Al]
[X]

[Al]ref

[X]ref
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 Enrichment factors

Scientific context Issues Methods Results

Enrichment
factors

Dates (month/year)

Constant EF for elements identified 
as coming from crustal origin...
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Enrichment
factors

Dates (month/year)

 Enrichment factors

... in comparison with others elements
such as Pb, As, Cr, Cu and V....
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Enrichment
factors

Dates (month/year)

Scientific context Issues Methods Results

 Enrichment factors

... for which an anthropogenic contribution in deposition
is observed during the austral winter.
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 Enrichment factors

Enrichment
factors

Dates (month/year)

Gradient from Crozet to Kerguelen Islands
due to transport and/or emission?
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 Total deposition fluxes
PCA, correlation coefficients and enrichment factors

Scientific context Issues Methods Results

Sea-salt
Crustal
Anthropogenic
in winter
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Issues

1. What is the atmospheric deposition flux 
of dust derived micronutrients that reaches 

the remote Southern Indian Ocean? 

2. What is its chemical composition?

3. What are its different sources?

4. What is its bioavailable part for phytoplankton?

Scientific context Issues Methods Results
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Dust sources in the South Hemisphere
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 Pb isotopes

Scientific context Issues Methods Results

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)



79

 Pb isotopes

Scientific context Issues Methods Results

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)

South America (33 crustal samples)

Correlation between Kerguelen (no enriched) and South America samples
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 Pb isotopes

Scientific context Issues Methods Results

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)

South Africa (10 crustal samples)

Correlation between Crozet (no enriched) and South Africa samples

South America (33 crustal samples)

208Pb / 206Pb
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South Africa (10 crustal samples)

 Pb isotopes

Scientific context Issues Methods Results

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)

Australia (14 crustal samples)

But no correlation with samples from Australia

South America (33 crustal samples)
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 Pb isotopes

Scientific context Issues Methods Results

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)

Kerguelen (enriched) influenced by both South America and South Africa
during the austral winter

South Africa (10 crustal samples)

Australia (14 crustal samples)

South America (33 crustal samples)
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 Pb isotopes

Scientific context Issues Methods Results

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)

Crozet (enriched)?

South Africa (10 crustal samples)

Australia (14 crustal samples)

South America (33 crustal samples)
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 Sources of deposition

Scientific context Issues Methods Results
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Kerguelen:

Influenced
by dust coming
from South 
America

Deposition 
influenced by 
South Africa
during the
austral winter

 Sources of deposition

Scientific context Issues Methods Results
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Kerguelen:

Influenced
by dust coming
from South 
America

Deposition 
influenced by 
South Africa
during the
austral winter

 Sources of deposition

Scientific context Issues Methods Results
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Crozet:

Influenced
by dust coming
from South 
Africa only
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Kerguelen:

Influenced
by dust coming
from South 
America

Deposition 
influenced by 
South Africa
during the
austral winter

 Sources of deposition

Scientific context Issues Methods Results
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Issues

1. What is the atmospheric deposition flux 
of dust derived micronutrients that reaches 

the remote Southern Indian Ocean? 

2. What is its chemical composition?

3. What are its different sources?

4. What is its bioavailable part for phytoplankton?

Scientific context Issues Methods Results
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 Solubility

Scientific context Issues Methods Results

Bioavailability = Solubility 
Fe

Mn
Co
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S% = [X]soluble

[X]soluble+ [X]insoluble

Bioavailability = Solubility 
Fe

Mn
Co

 Solubility
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S% = [X]soluble

[X]soluble+ [X]insoluble

Bioavailability = Solubility 
Fe

Mn
Co

 Solubility
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High solubilities (> 60%),
high solubility for other not measured elements (Ni, Cu, Co, Zn...)

Al

Ce

Element

Fe

La

Mn

Nd

Ti

67% - 96%

68% - 96%

Range (5 rains)

51% - 91%

70% - 96%

66% - 94%

70% - 98%

33% - 83%

 Solubility
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 Fe solubility in rainwater

51% - 91%
Kerguelen islands

this study

16 - 48%
Bermuda

Kieber et al., 2003

20 - 40%
Buck et al., 2010

21%  ± 3%
Hawai

Zhuang et al., 1992

23%  ± 5%
Zhuang et al., 1992

18%  ± 23%
Finokalia

Theodosi et al., 2010
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Calculation from:

		  1) Median of Fe solubility = 82%

		

		  2) Fe flux on Kerguelen islands of 28 µg.m-2.d-1 (Heimburger et al., 2012),

 Bioavailable (dissolved) Fe flux

Fe

Element

51% - 91%

Range (5 rains)

Bioavailable Fe flux:
23 μg.m-2.d-1 (412 nmol.m-2.d-1)
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 Dissolved Fe flux in literature

23 µg.m-2.d-1 (412 nmol.m-2.d-1)
with a solubility of 82%

(Heimburger et al., in review)

Estimated dissolved Fe deposition flux
with a solubility of 17%:

between 3 and 8 µg.m-2.d-1

(between 54 and 143 nmol.m-2.d-1)
 (Fan et al., 2006)

Models
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23 µg.m-2.d-1 (412 nmol.m-2.d-1)
with a solubility of 82%

(Heimburger et al., in review)

Scientific context Issues Method Results

 Dissolved Fe flux in literature

Estimated dissolved Fe deposition flux
with a solubility of 17%:

between 3 and 8 µg.m-2.d-1

(between 54 and 143 nmol.m-2.d-1)
 (Fan et al., 2006)

a factor of 5

Models



97

Scientific context Issues Method Results

 Dissolved Fe flux in literature

23 µg.m-2.d-1 (412 nmol.m-2.d-1)
with a solubility of 82%

(Heimburger et al., in review)

Estimated dissolved Fe deposition flux
with a solubility of 17%:

between 3 and 8 µg.m-2.d-1

(between 54 and 143 nmol.m-2.d-1)
 (Fan et al., 2006)

a factor of 5

a factor of 5

Models
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 Atmospheric vs. oceanic inputs 

0,2 µg.m-2.d-1 (4 nmol.m-2.d-1) in HNLC waters
(Blain et al., 2007)

23 µg.m-2.d-1 (412 nmol.m-2.d-1)
(Heimburger et al., in review)
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High dissolved micronutrient fluxes 
over the South Indian Ocean due to high solubility

Micronutrient imputs coming from atmospheric deposition 
and bioavailable for phytoplankton are more important 

in the micronutrient oceanic budget than expected.

 Bioavailability
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Conclusion

Scientific context Issues Methods Results

First direct measurement of dust flux over the South Indian Ocean
Fdust = 650 µg.m-2.d-1

In line with atmospheric models but not with previous observation:
Atmospheric deposition flux more important than expected for micronutrient supply.
Using Caerosol to find total deposition flux over remote oceanic areas seems not 
appropriate because aerosols collected at surface level are not representative of 
aerosols scavenged by precipitations.

1.
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Conclusion

Scientific context Issues Methods Results

First direct measurement of dust flux over the South Indian Ocean
Fdust = 650 µg.m-2.d-1

In line with atmospheric models but not with previous observation:
Atmospheric deposition flux more important than expected for micronutrient supply.
Using Caerosol to find total deposition flux over remote oceanic areas seems not 
appropriate because aerosols collected at surface level are not representative of 
aerosols scavenged by precipitations.

First chemical composition of deposition flux over the South Indian Ocean
Anthropogenic contribution observed during the Austral winter

1.

2.
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Conclusion

Scientific context Issues Methods Results

First direct measurement of dust flux over the South Indian Ocean
Fdust = 650 µg.m-2.d-1

In line with atmospheric models but not with previous observation:
Atmospheric deposition flux more important than expected for micronutrient supply.
Using Caerosol to find total deposition flux over remote oceanic areas seems not 
appropriate because aerosols collected at surface level are not representative of 
aerosols scavenged by precipitations.

First chemical composition of deposition flux over the South Indian Ocean
Anthropogenic contribution observed during the Austral winter

Deposition received on Kerguelen comes predominantly from South America 
during all the year, except during the austral winter where deposition seems to come also
from South Africa. On Crozet, just one source was observed: South Africa

1.

3.

2.
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Conclusion
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First direct measurement of dust flux over the South Indian Ocean
Fdust = 650 µg.m-2.d-1

In line with atmospheric models but not with previous observation:
Atmospheric deposition flux more important than expected for micronutrient supply.
Using Caerosol to find total deposition flux over remote oceanic areas seems not 
appropriate because aerosols collected at surface level are not representative of 
aerosols scavenged by precipitations.

First chemical composition of deposition flux over the South Indian Ocean
Anthropogenic contribution observed during the Austral winter

Deposition received on Kerguelen comes predominantly from South America 
during all the year, except during the austral winter where deposition seems to come also
from South Africa. On Crozet, just one source was observed: South Africa

First measurement of solubility in rainwater events  in the South Indian Ocean
High solubility (> 60%)
Bioavailable Fe flux = 23 µg.m-2.d-1, i.e. 5 times higher than the ones previoulsy predicted 
and observed. This result suggests that atmospheric supply is the major source of 
micronutrients for phytoplankton in the studied area.

1.

Results

4.

3.

2.
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In order to confirm the hypothesis that aerosols collected at surface level do not allow 
total atmospheric deposition flux to be well calculated observed remote oceanic area, 
vertical aerosol measurements need to be perfomed.

In order to confirm deposition sources highlighted by Pb isotopes, new tracers are needed 
such as REE profils.

It is necessary to confirm solubility values found in rainwater samples by new field 
experiments on solubility in the South Indian Ocean.

1.

2.

3.

Results

Perspectives and remaining questions
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In order to confirm the hypothesis that aerosols collected at surface level do not allow 
total atmospheric deposition flux to be well calculated observed remote oceanic area, 
vertical aerosol measurements need to be perfomed.

In order to confirm deposition sources highlighted by Pb isotopes, new tracers are needed 
such as REE profils.

It is necessary to confirm solubility values found in rainwater samples by new field 
experiments on solubility in the South Indian Ocean.

What are the causes responsible for seasonality observed in atmospheric dust deposition 
during the austral spring? (intensity of dust emissions from sources, transport efficiency, ...)

What is the connection between higher dust deposition fluxes and phytoplankton bloom, 
both observed during the austral spring?

Why aerosol solubility observed in rainwater and colleced on Kerguelen Islands is so high? 
Which processes lead to such values?

1.

2.

3.

Results

Perspectives and remaining questions
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Thanks for your attention
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Oceanic CO2 pump

Scientifc context

The open ocean is an important sink of carbon
Strong contribution of high southern latitudes
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POC export (gC.m-2.yr-1)
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Oceanic CO2 physical pump

Scientific context

CO2

HCO3
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Euphotic layer 

Deep ocean

Ocean floor
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Oceanic CO2 biological pump

Issues Methods ResultsScientific context
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Oceanic CO2 biological pump

Issues Methods ResultsScientific context

39 GtC.yr-150 GtC.yr-1
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RespirationPhotosynthesis

POC

CO2

 1,6 GtC.yr-1

11 GtC.yr-1
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1,6 GtC.yr-1
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Carbon export in the open ocean

Scientific context

Strong contribution 
of high southern latitudes

Sc
hl

itz
er

, 2
00

0

POC export (gC.m-2.yr-1)



112

Issues Methods ResultsScientific context

The Southern Ocean: HNLC area

[Phosphates] in surface water (µmol.L-1)

[Nitrates] in surface water (nmolN.m-3)
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POC vs phytoplankton
[Phytoplankton pigment] (Chlorophyll; mg.m-3)
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37 analyzed and validated elements
ICP-AES and HR-ICP-MS
		        (clean room)
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Goals:

 

Field prospecting N/N-W of 
«Jacky» and «Guillou» sites: 
sampling of soils potentially 
erodable

over 500 km 2

analases using using X ray 
fluorescence spectrometry 
(Ti, Al)

ResultsScientific context Issues Methods

Soil sampling

32 collected soils:

Local emissions of dust?
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 Total deposition flux: variability

Biomass burning?

Scientific context Issues Method Results

MOPITT
700 hPa CO
(ppbv)

Dates (1 Jan year)
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Fdry = Caerosol . Vdry deposition

FLATOCOA Wagener
et al., 2008

Al concentrations
in aerosols

(ng.m-3)
median ± SD

Al dry 
deposition flux

(µg.m-2.d-1)

1,86  ± 1,75 1,00  ± 0,49

20 - 60 31  ± 11

 Total dust deposition flux in literature

1-3 cm.s-1 over the South Indian Ocean
(Ezat and Dulac, 1995; Wagener et al, 2008)
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FLATOCOA Wagener
et al., 2008

Al concentration
in aerosols

(ng.m-3)
median ± SD

Al dry 
deposition flux
(nmol.m-2.d-1)

1,86  ± 1,75 1,00  ± 0,49

< 10% > 50 %

of the total deposition

 Total dust deposition flux in literature
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Fwet = Caerosol  . SR . rainfall

Difference between fluxes is due to wet deposition calculation

 Total dust deposition flux in literature

FLATOCOA Wagener
et al., 2008

Al concentration
in aerosols

(ng.m-3)
median ± SD

Al dry 
deposition flux
(nmol.m-2.d-1)

1,86  ± 1,75 1,00  ± 0,49

< 10% > 50 %

of the total deposition
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Fwet = Caerosol  . SR . rainfall

 Total dust deposition flux in literature

FLATOCOA Wagener
et al., 2008

Al concentration
in aerosols

(ng.m-3)
median ± SD

Al dry 
deposition flux
(nmol.m-2.d-1)

1,86  ± 1,75 1,00  ± 0,49

< 10% > 50 %

of the total deposition

Différence between fluxes is due to wet deposition calculation



121

Scientific context Issues Methods Results

Fwet = Caerosol  . SR . rainfall
3,01  ± 0,3 mm.d -1 (Wagener et al., 2008) 

2 - 3 mm. d-1 (FLATOCOA)

 Total dust deposition flux in literature

FLATOCOA Wagener
et al., 2008

Al concentration
in aerosols

(ng.m-3)
median ± SD

Al dry 
deposition flux
(nmol.m-2.d-1)

1,86  ± 1,75 1,00  ± 0,49

< 10% > 50 %

of the total deposition

Différence between fluxes is due to wet deposition calculation
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Fwet = Caerosol  . SR . rainfall

 Total dust deposition flux in literature

FLATOCOA Wagener
et al., 2008

Al concentration
in aerosols

(ng.m-3)
median ± SD

Al dry 
deposition flux
(nmol.m-2.d-1)

1,86  ± 1,75 1,00  ± 0,49

< 10% > 50 %

of the total deposition

Différence between fluxes is due to wet deposition calculation
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 Scavenging ratio

SR 

Dates (month/year)

Aerosol 
concentrations
(µg.m-3)
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SR 

 Scavenging ratio

Scientific context Issues Methods Results

Dates (month/year)

Measured Al SR (FLATOCOA)

SR from 
Jickells and Spokes, 2001

7000 (median)

200

Clouds

Aerosols

Calipso image

Hypothesis:
aerosols scavenged by rain are in altitude and not at surface level
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Al, Fe, Mn, Si:
Similar fluxes for the 3 sites (Ker and Cro: 1400km apart)

 Total deposition fluxes

Al Fe Mn Si Co Ti Nd Ce La Ni Ba Cu As V Pb Cr Zn
0.1

1

10
Guillou
Crozet
Jacky

Ratio:
flux at «X» / flux at «jacky»

Elements
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Differences between fluxes
for Co, Ti, Nd, Ce, La, Ni and Ba

Rapport 
flux X / flux jacky

Elements

 Total deposition fluxes

Al Fe Mn Si Co Ti Nd Ce La Ni Ba Cu As V Pb Cr Zn
0.1

1

10
Guillou
Crozet
Jacky

Elements

Ratio:
flux at «X» / flux at «jacky»
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Differences between fluxes
for Cu, As, V, Pb and Cr

Rapport 
flux X / flux jacky

Elements

 Total deposition fluxes

Al Fe Mn Si Co Ti Nd Ce La Ni Ba Cu As V Pb Cr Zn
0.1

1

10
Guillou
Crozet
Jacky

Elements

Ratio:
flux at «X» / flux at «jacky»
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Rapport 
flux X / flux jacky

 Total deposition fluxes: REE

Elements

Ratio:
flux at «X» / flux at «jacky»
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Enrichement of LREE
on Crozet Island

Rapport 
flux X / flux jacky

 Total deposition fluxes: REE

Elements

Ratio:
flux at «X» / flux at «jacky»
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Scientific context Issues Method Results

Anthropogenic enrichment for Pb (and As, Cu, Cr, V)
during the austral winter

Enrichment
factors
at Crozet
(PB)

 Enrichment factors
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 Rare earth elements

Scientific context Issues Methods Results

REE/UCC 
(Taylor and McLennam, 1985)

Kerguelen
Crozet

Elements

REE profils are different between Kerguelen and Crozet
suggesting that crustal source is not the same for both locations
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 CO satellite images

Scientific context Issues Methods Results
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 CO satellite images

Scientific context Issues Methods Results
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 CO satellite images
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 CO satellite images

Scientific context Issues Methods Results
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 CO satellite images

Scientific context Issues Methods Results
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 CO satellite images

Scientific context Issues Methods Results
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 CO satellite images

Scientific context Issues Methods Results

On Kerguelen and Crozet Islands
air masses comme from South America and South Africa
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 Pb isotopes

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)
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 Pb isotopes: local soil contamination?

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)

Kerguelen rocks (26 samples)

No correlation with Pb ratios in Kerguelen rocks
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 Pb isotopes: anthropogenic contamination?

208Pb / 206Pb

208Pb / 207Pb
Kerguelen (no enriched)

Kerguelen (enriched)

Crozet (no enriched)

Crozet (enriched)

Gasoline, lichens 
(gasoline pollution)

No correlation with Pb ratios in gasoline and polluted lichens
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 Solubility

High solubility
> 65%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Ti Fe NdLaCeAlMn
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 Fe solubility in literature

51% - 91%
Kerguelen islands

this study

16 - 48%
Bermuda

Kieber et al., 2003

9 - 89%
Antarctica

Edwards and Sedwick, 2001

20 - 40%
Buck et al., 2010

21%  ± 3%
Hawai

Zhuang et al., 1992

23%  ± 5%
Zhuang et al., 1992

rain samples

aerosol samples

10 - 90%
Witt et al., 2010

18%  ± 23%
Finokalia

Theodosi et al., 2010

snow samples

5.1 - 17%
Baker et al., 2006



144

Scientific context Issues Methods Results

 Al solubility in literature

67% - 96%
Kerguelen islands

this study

rain samples

aerosol samples

snow samples

18 - 37%
Buck et al., 2010

7.8 - 51%
Backer et al., 2006

5 - 62%
Bermuda

Lim et al., 1994

91% ± 66% (max, pH 1)
Witt et al., 2010

19% ± 26%
Tour du Valat

Guieu et al., 2010
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 Mn solubility in literature

66% - 94%
Kerguelen islands

this study

rain samples

aerosol samples

snow samples

18 - 75%
Backer et al., 2006

63% ± 28%
Tour du Valat

Guieu et al., 2010

69% ± 26%
Finokalia

Theodosi et al., 2010

7 - 88%
Buck et al., 2010 49% ± 12%

Hsu al., 2010
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 Dissolved Fe flux in literature

Observed dissolved Fe deposition flux 
using a solubility of 14% (wet deposition):

6 µg.m-2.d-1

(100 nmol.m-2.d-1)
 (Planquette et al., 2007)

23 µg.m-2.d-1 (412 nmol.m-2.d-1)
with a solubility of 82%

(Heimburger et al., in review)

Total Fe flux = 50 µg.m-2.d-1

28 µg.m-2.d-1 (Heimburger et al., 2012)

Crozet

Observations
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 Dissolved Fe flux in literature

Observed dissolved Fe deposition flux 
using a solubility of 14% (wet deposition):

6 µg.m-2.d-1

(100 nmol.m-2.d-1)
 (Planquette et al., 2007)

23 µg.m-2.d-1 (412 nmol.m-2.d-1)
with a solubility of 82%

(Heimburger et al., in review)

Total Fe flux = 50 µg.m-2.d-1

28 µg.m-2.d-1 (Heimburger et al., 2012)

Crozet

a factor of 5

Observations



148

Scientific context Issues Method Results

 Dissolved Fe flux in literature

Observed dissolved Fe deposition flux 
using a solubility of 14% (wet deposition):

6 µg.m-2.d-1

(100 nmol.m-2.d-1)
 (Planquette et al., 2007)

23 µg.m-2.d-1 (412 nmol.m-2.d-1)
with a solubility of 82%

(Heimburger et al., in review)

Total Fe flux = 50 µg.m-2.d-1

28 µg.m-2.d-1 (Heimburger et al., 2012)

Crozet

a factor of 5
a factor of 5

Observations
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 Atmospheric vs. oceanic inputs 

23 µg.m-2.d-1 (412 nmol.m-2.d-1)
with a solubility of 82%

(Heimburger et al., in review)

0,2 µg.m-2.d-1 (4 nmol.m-2.d-1) in HNLC waters
1,7 µg.m-2.d-1 (31 nmol.m-2.d-1) close to Kerguelen Islands

(Blain et al., 2007)
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Publications
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3 published articles as first author,

1 pubished article as second author,

1 article in review (first author),

1 article in prep (firsti author),

1 blog on my field campaign on Kerguelen Islands (on Paris 7 website),

1 short film (popularization of my thesis research),

9 communications (talk and poster) during international conferences.

Results
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Recommandations
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Testing our hypothesis that aerosols collected at surface level do not allow total 
atmospheric deposition flux to be calculated:
a) sampling of aerosols in altitudes,
b) direct measurements of total atmospheric deposition coupled with aerosol 
measurements have to be performed over other remote oceanic areas in a continious basis 
during one year at least.

Automatic samplers are needed to minimaze human factors.

Studies on chemical composition (solubility, REE profils, Pb isotopes) of aerosols emitted in 
aera sources of the South Hemisphere (South America, South Africa). 
Evolution of aerosols during their transport in the atmosphere.

Review the micronutrient budget in the South Indian Ocean with our results.

1.

2.

3.

Results

4.
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Islands in remote ocean

Scientific context Issues Methods Results
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