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Abstract. A significant decrease of dissolved iron (DFe) sition acts as a net sink of DFe, rather than a source. Taking
concentration has been observed after dust addition inténto account the role of excess iron binding ligands and biotic
mesocosms during the DUst experiment in a low Nutrientprocesses, the critical DFe concentration might be applied to
low chlorophyll Ecosystem (DUNE), carried out in the sum- explain the short-term variability of DFe after natural dust
mer of 2008. Due to low biological productivity at the exper- deposition in various different ocean regions.
iment site, biological consumption of iron can not explain the
magnitude of DFe decrease. To understand processes regu-
lating the observed DFe variation, we simulated the experi-
ment using a one-dimensional model of the Fe biogeochemi-1 Introduction
cal cycle, coupled with a simple ecosystem model. Different
size classes of particles and particle aggregation are taken
into account to describe the particle dynamics. DFe condron is an essential micronutrient for marine life. Due to
centration is regulated in the model by dissolution from dustits low solubility under oxic conditions, the bioavailability
particles and adsorption onto particle surfaces, biological upof iron in the ocean is often limited. The important role
take, and photochemical mobilisation of particulate iron. ~ Of iron in controlling marine primary production has been
The model reproduces the observed DFe decrease aftéwdely confirmed in bottle incubation and in situ iron fertili-
dust addition well. This is essentially explained by particle sation experiments over the last decadéartin et al, 199Q
adsorption and particle aggregation that produces a high extutchins and Brulandl998 Mills et al., 2004 de Baar et a).
port within the first 24 h. The estimated particle adsorption2005 Boyd et al, 2007. One of the major sources of iron
rates range between the measured adsorption rates of sollit Open ocean regions is the atmospheric input of dDsté
ble iron and those of colloidal iron, indicating both processesand Tindale 1991 Jickells et al. 2005. The impact of dust
Controuing the DFe removal during the experiment_ A disso- deposition on biO'OgiCﬁ' activities has been investigated in
lution timescale of 3 days is used in the model, instead of arfeveral modelling (e.dvioore and Brauche2008 Aumont
instantaneous dissolution, underlining the importance of dis€t al, 2008 Tagliabue et a).2009 and laboratory studies
solution kinetics on the short-term impact of dust deposition(€-9.Mills etal., 2004 Herut et al, 2005 Reche et a]2009.
on seawater DEe. For instanceMills et al. (2004 found in a shipboard exper-
Sensitivity studies reveal that initial DFe concentration be-iment that dust addition stimulated a significant growth of
fore dust addition was crucial for the net impact of dust ad-chlorophyll. Some field studies in the HNLC (high-nutrient-
dition on DFe during the DUNE experiment. Based on the low-chlorophyll) and oligotrophic waters also reported en-
balance between abiotic sinks and sources of DFe, a criticalancement of biomass following natural dust deposition, in

DFe concentration has been defined, above which dust depdarticular by nitrogen fixers; whereas others found no evi-
dence of a response or low biological responses to dust sup-

ply (Boyd et al, 2010. The difference between these ob-
Correspondence tov. Ye servations is attributed to limiting factors other than iron,
BY (ying.ye@awi.de) e.g. phosphorus and lighBédwick et al.2005 Boyd et al,
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2004, but also to complex processes controlling the bioavail-One focus of this project is to investigate the role of dust par-
ability of iron supplied by dust events. ticles at Fe cycling in a high temporal and spatial resolution.

The bioavailable fraction of iron input by atmospheric de- Processed dust particles were added into mesocosms. Within
position strongly depends on dissolution and removal pro-the first hours after the dust addition, a rapid decrease of DFe
cesses in seawater. Elevated concentrations of dissolved irozoncentration inside the mesocosms was observed and this
(DFe) in surface waters following dust events have beerlower concentration remained until the end of the experiment
widely observed \{ink and Measurgs2001; Bishop et al. (8 days after the dust addition). This indicates a predominant
2002 Sarthou et a).2003 Johnson et al2003 Rijkenberg  effect of adsorptive scavenging compared to Fe dissolution
etal, 2008, although the reported Fe solubility shows a large from dust particlesWagener et al2010.

range from 0.01-80 ¥dMahowald et al.2009. Interactions In this study, we simulate the DUNE experiment using a
with organic Fe binding ligands are supposed to alter the solone-dimensional model of the Fe cycle. Fe speciation and
ubility of deposited ironBaker and Crogt2010. particle dynamics are described based on prior model studies

Since the studies on loss processes of iron in seawater iby Weber et al(2007 andYe et al.(2009, and simplified for
the 1980’s (e.gBalistieri et al, 1981, Honjo et al, 1982, the DUNE experiment. We aim to explain mechanisms con-
it is well known that iron has the metallic property to ad- trolling the observed decrease of DFe following dust addition
sorb onto the surface of sinking particles and is removed ouby:
of the dissolved pool. The measured sorption time varies 1
from hours to daysNyffeler et al, 1984 Honeyman et aJ.

1988, indicating that several different processes regulate
the adsorption kinetics. Importance has been attached to 2. estimating the adsorption rate constant needed for re-
a pathway called “colloidal pumping” biHoneyman and producing the observed DFe concentrations;
Santsch(1989. “Colloidal pumping” describes the removal
of particle-reactive trace metals such as thorium or iron via
colloid formation and aggregation. The kinetics of these re-
actions has been further investigated in a few studiésllé
and Goldber91993 Johnson et al1994 Wen et al, 1997 2 DUNE experiment description

Rose and Waite2003h Pham et al.200§. Measurements

on colloidal and particulate iron are however very limited in In June 2008, six mesocosms were deployed in the preserva-
number and the chemical properties of particulate iron in thetion area of Scandola near Corsica (42.R78.55 E). The
ocean are largely unknowrfuland and Rug2001;, Mof- mesocosms were cylindrical with a diameter of 2.3 m and a
fet, 2001). One of the most important issues in study on thevolume of 52, enclosing an upper water layer of 15m.
marine Fe cycle is still how adsorptive scavenging and sol-Details of the mesocosm construction have been described
ubilisation of particulate iron influence the steady state con-in Guieu et al.(2010. After deployment and closing of
centration of DFe. the mesocosms, the initial conditions of the experiment were

Dust deposition plays a double role in regulating iron con-measured. Dust particles were collected in a dust source area
centration in seawater. Besides the dissolution of iron fromin southern Tunisia and processed by physico-chemical treat-
dust particles, dust particles provide surfaces for adsorptionment in laboratory to mimic the ageing of dust particles by
They are also involved in particle aggregation and act as baleloud cycling. These particles contairl2+0.39 % Al and
last for sinking organic material (e.4rmstrong et al.2002 2.31+0.04 % Fe by weightGuieu et al.2010. Three of the
Ternon et al.2010, changing the settling velocity of iron ad- mesocosms (DUST-meso) each had 41.5g of the processed
sorbed on particle surfaces. The net effect of dust depositiomlust particles added with a trace metal clean water spray to
on DFe in surface waters is therefore influenced by varioussimulate a wet dust deposition of 10gf The addition
factors: while the input flux of iron is mainly determined by lasted for 60 min. No dust was added to the other three meso-
the Fe solubility and content in dust particles, the loss flux de-cosms used as control (CONTROL-mes0). Sampling was
pends on the size and composition of sinking particles, rateperformed daily for 3 depths (0, 5 and 10 m) during 8 days to
of particle aggregation as well as of the Fe adsorption andetermine particulate aluminium (PAl), dissolved (DFe) and
desorption at particle surfaces. Dust deposition does not onlparticulate iron (PFe), and chlorophyll concentration (Chl).
supply Fe but also other nutrients like Baker et al. 2003 Every 48 h, sediment traps at the bottom of the mesocosms
Ridame and Guiew2002. Phytoplankton growth induced were recovered and replaced to determine the fluxes of total
by this nutrient supply changes the strength of biological Femass, inorganic and organic carbon, nitrogen, total iron and
cycling and thus DFe concentration in surface waters. aluminium.

To better understand ecosystem responses to dust addition, The DUNE experiment site is representative of typical
a DUst experiment in a low Nutrient low chlorophyll Ecosys- oligotrophic conditions of the open oceaGuieu et al.
tem (DUNE) was carried out in the preservation area of Scan2010. Concentrations of dissolved inorganic phospho-
dola (Corsica) in the summer of 2008jieu et al. 2010. rus (DIP) are in the range of observations in the summer

. discussing how the dissolution of iron from dust parti-
cles regulates the iron input;

3. testing hypotheses on why the dust addition in the
DUNE experiment was a net sink of DFe.
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mixed layer in the open Mediterranean S€al{do-Villena X
et al, 2010 where P-limitation of biological activity has Nutrients uptake PHY
been extensively reported (e.ghingstad et a).1998. A DIP | DFe "~ exudation
macronutrient-depleted but Fe-replete site is optimal for in- y 7
vestigating the physico-chemical processes controlling Fe —— i <@\'\‘\\ «Q
speciation and removal, because the biological uptake and §§ <« §
remineralisation of iron only play a minor role in the Fe o3 =3

. . - = R0) S Q
cycling. Thanks to the original design of the clean meso- a o)

. . . . ' &

cosms deployed during the experiment, this experiment rep- O\ VY
resented a unique opportunity to study and quantify the abi- DET mortality 700
otic processes of dissolution and adsorption of DFe occurring ~ sloppy feeding

from/at mineral particle surfaces.

Fig. 1. Ecosystem model.

3 Model description

model is based on P, because the low surface DIP concen-
The DUNE experiment is simulated in a one-dimensionaltration at the DUNE siteRulido-Villena et al. 2010 sug-
model representing the upper 15 m of the water column. Theyests that primary production there is P-limited rather than
water column is divided into 30 layers with a uniform water N-limited. We introduced a variable Fe:P ratio for each com-
layer thickness of 0.5 m. The model consists of an ecosystemonent, so that the effect of P and Fe added with dust parti-
model coupled to a physical model (Sedsl-3.4, model  cles on the ecosystem can be simulated separately. The flux
equations are presented in the Appendix). Data measured iflescription of the model and the parameter values are mostly
the mesocosms before dust addition are used to initialise theaken fromYe et al.(2009, and the half saturation constant
model. The temporal evolution of state variables is calcu-of P uptake Kp) is modified fromSohm and Capon@006),
lated at a time step of 10 min. The model is spun up for 48 hreproducing the observed temporal evolution of DIP and Chl
and further integrated for the entire experiment period fromat the DUNE site (Tabld). The surface input of P by dust
11 to 18 June 2008. Dust particles are added from 10:00 taddition is~230 umol, calculated with a P content in dust

11:00 on 11 June as a surface flux of & 106 kgm=—2s71, particles of 0.05% Guieu et al. 2010 and a solubility of
corresponding to a total addition of 41.5 g dust particles. 359 (Pulido-Villena et al, 2010).

3.1 Physical model 3.3 Particle dynamics

The physical part of the model is the General Ocean Tur-The size distribution of dust particles used in the experiment
bulence Model (GOTMUmlauf and Burchard2005 www. can be described with three log-normal modes of roughly the
gotm.ne} which provides the vertical mixing and advection same total volume<33 %). Particles having the median vol-
for a given forcing by wind, heat and freshwater fluxes at theume of each mode are about 1.6, 6.2 and 12 ym in diameter,
surface. Forcing data for the DUNE site are 6-hourly fluxesrespectively Guieu et al. 2010. In order to keep a certain
derived from the Japan Meteorological Agency Climate Datamodel simplicity and at the same time consider the different
Assimilation System (JCDAS)Qnogi et al, 2007). A k- behaviour of particle size classes in surface adsorption and
e turbulence closure is used to calculate turbulence kineticsinking, we modelled two size classes of dust particles with
energy. Vertical advection and sinking of biogeochemicala mean diameter of 2 and 10 purRg(and Ps), representing
quantities are calculated using a third-order scheme with fluxhe smallest mode and the two larger modes together. 33 %

limiter (Burchard and Umlay2005. of the dust particles is added as surface flux iBgoduring
the dust addition, and 67 % int®y.
3.2 Ecosystem model The mean settling velocity of dust particles, calculated

from the temporal variations of measured PAIl in the upper

The focus of this study are the processes controlling DFeb m, is much higher than that estimated from Stoke’s law us-
change during the dust addition experiment, not the impacing the size distribution of the added dust particles (Guieu et
of the additional iron on diverse biological activities. There- al., 2010b). This strongly suggests the importance of particle
fore, the ecosystem responses to dust addition are describegjgregation. We therefore took into account particle aggre-
in a very simple NPZD-type model. There are two nutrient gation in our model and introduced another particle cl&ss (
pools — dissolved inorganic phosphorus (DIP) and dissolvedor large aggregates which have a mean diameter of 50 um.
iron (DFe), a phytoplankton (PHY), a zooplankton (ZOO) Sinking organic matter in the model has two classes with
and detritus (DET) which is divided into two size classes comparable size t®@s and P, respectively: [ representing
(Fig. 1, for the classification of detritus see Taldeg The small detritus and the organic part of small aggregates and

www.biogeosciences.net/8/2107/2011/ Biogeosciences, 8, 21042011
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Table 1. Parameters in the biological model. Source of parameter values are shown as footnotes; other parameters are optimised for the
North Atlantic bySchartau and Oschli€2003ab).

Parameters Symbol Unit Value
maximum growth rate of phytoplankton xmax d-1 0.27
phytoplankton mortality p d-1 0.04
initial slope P-I curve o m2w-1d-1 0.256
phosphate half-saturation constant Kp mmol m—3 0.08
iron half-saturation constant Kre pmol nr3 0.2
phytoplankton aggregation rate V2 (mmolm~3)~1¢-1 0.025
maximum grazing rate gmax d-1 1.575
prey capture rate € (mmolm—3)~1g-1 1.6
assimilation efficiency Yza - 0.925
excretion Yab d-1 0.01
quadratic mortality of zooplankton Yy (mmolm~3)~1¢-1 0.34
detritus remineralisation Yd d-1 0.048
sinking velocity of fine dust particles  wg md-1 0.2
sinking velocity of coarse dust particles,ws md-1 50
small detritus and small aggregates

sinking velocity of large detritus w) md-1 50°
and large aggregates

coefficient for temperature function Cref - 1.066
PAR:short-wave irradiance ratio fPAR - 0.43
attenuation due to chlorophyll K m? (mmol N)~1 0.03
maximum Fe:P ratio in organic matter QT2 ymol =3 (mmol m~3)~1 0.5%F
minimum Fe:P ratio in organic matter ~ Q[i" pmol m—3 (mmol m—3)~1 0.11
mass:P ratio in organic matter Fm:p gmoll 25x10+3d

2 Modified from Sohm and Capon@006.

b Calculated from Stoke's Law.

¢ Calculated from the Fe:N ratio unda and Huntsmga995 and the Redfield N:P ratio.

d calculated with the Redfield C:P ratio and the assumption that 1 g C corresponds 2 g mass.

Table 2. Particle classification in the model.

Particles Symbol  Diameter (um)  Settling velocity (M
fine dust particles Py 2 0.2
coarse dust particles and inorganic part of small aggregatBs 10 5
small detritus and organic part of small aggregates s D 10 5
inorganic part of large aggregates P 50 50
large detritus and organic part of large aggregates | D 50 50

D, representing large detritus and the organic part of larganside the organic matter kg, dissolved iron (DFe), includ-
aggregates. Tabl2 gives an overview of modelled parti- ing soluble and colloidal iron, and iron adsorbed on sinking
cle classes, their size and settling velocities estimated fronparticles (PF&rp (Fig. 2). PFe&orp differs from the mea-

Stoke’s law. sured PFe which includes not only iron adsorbed on particles
but also iron inside sinking particles. Three subclasses of
3.4 Chemical model PFeorp (PFe, PFe and PFg are considered in the model

due to adsorption on particles of different size classes. Iron

The concentration of DFe and PFe were measured in the Wda_\dsprbed o'n the surface of organic sinking particlesaii

ter column of the mesocosms and the PFe flux was deter?!) IS als0 included in PReand PFe Four processes sup-
mined in the sediment trapgagener et al2010. We sim- pIy_DFe (Fig-2): (1) d|§solut_|0n_from addeq dust particles,
plified the Fe speciation model & et al.(2009 based on (2) iron release by remmeral_|sat|on of organic r_natter, (3) des-
these two measured forms of Fe to avoid unnecessary spec@/Ption and (4) photoreduction of Pé&yg, Biological uptake
lation on the various Fe species which can not be compare&_nd adsorption onto sinking particles _remoye iron from the
to observations. There are four main Fe species in this modefiSsolved pool. Parameter values are listed in Table

the dissolvable fraction of iron in dust particles {8, iron

Biogeosciences, 8, 21072424 2011 www.biogeosciences.net/8/2107/2011/



Y. Ye et al.: Iron in DUNE experiment 2111

4 Results

To obtain realistic physical conditions for biological and
chemical processes, we compared at first modelled tempera-
® ﬁ%‘;‘t‘i’c‘,ﬁ“’" tu_re and mixin.g to measurements d_uring DUNE. Model runs
without and with dust surface flux simulate the average situ-
ation in CONTROL-meso and DUST-meso, respectively.

@ dissolution

@ photoreduction 4.1 Physical conditions
(® adsorption

@ desorption During the DUNE experiment, seawater temperatures ranged

( ] from 18-21.83C. The vertical temperature gradient was
PFeSWP highest on the day before the dust addition. The diurnal
variability of temperature was relatively weak and the wa-
Fig. 2. Chemical model of iron. Processes supplying DFe haven al€" Was well mixed during the night. Towards the end of
sign of + and those removing DFe a sign-of the experiment, a stronger temperature gradient was built up
again (Fig.3a). Using the meteorological forcing data from
JCDAS (Sect3.1), the modelled temperature ranges from
We considered an iron input by dust addition-ef mg, 18.5-22.5C (Fig. 3b). A temporal evolution of tempera-
based on an Fe content in the added dust particles of 2.31 %ure similar to the observation is found in the model: in the
(Guieu et al.2010 and a solubility of 0.1 %\(/agener etal.  beginning of the experiment, high surface temperature and
2010. In lab studies, increasing leaching time results inlarger vertical gradient cause stronger stratification. The gra-
increases in Fe dissolutioBgnnet and Guieu2004 indi- dient declines with cooling of surface waters and warming of
cating that Fe dissolution is a multi-timescale procaas.- subsurface waters within the first 3 days. From 14 June on,
gener et al(2008 studied the dissolution kinetics of Fe from water is mixed completely in the upper 15m. Surface tem-
dust particles and supposed one fast and one slowly dissolyerature increases during the last 2 days of the experiment
able iron fraction. We introduced a dissolution timescale ofand a clear vertical gradient is built up again. Yet, the mod-
3 days into our model which represents the fast dissolutiorelled vertical temperature gradient is clearly higher than that
of iron. Surface iron flux by dust addition is divided into observed, particularly during the first days of the experiment.
two dissolvable iron pools which are proportional to the two This produces a stronger stratification. One possible explana-
size-fractions of dust particles?{ and Ps). From these two tion could be that the wind forcing is too weak, because the
pools, iron is released to the DFe pool with a time constantreanalysis data lacks small-scale effects. The experimental
of 3 days. The difference to a run with instantaneous dissosite is relatively close to land and one would expect a strong
lution of iron is discussed in Seet.3.3 daily cycle of winds driven by the different heat capacities of
The adsorption rate of iron onto particles is proportional land and sea surface. Increasing the wind speed in the forcing
to particle surface. Since in lab studies, the adsorption ratelata with a factor of two in a test run (not shown), modelled
of iron is often determined in relationship to particle mass, stratification becomes closer to the observations. Using local
we scaled the mass-related adsorption rate constants with trebservations of wind strength as forcing in future work could
surface:volume ratios of the modelled particle size classesmprove the model-data agreement.
assuming that all the particles are approximately spherical.
The observed DFe decrease~af pmol n3 immediately 4.2 Simulation of CONTROL-meso
following the dust addition indicates strong removal pro-
cesses of DFe by sinking particles. The adsorption of DFe*-2-1  Chlorophyll

onto particles is described in th del functi f DF
P © moder as a IUnction N easured Chl in CONTROL-meso varied between 0.08—

and particle concentration. Because DFe in the model is th 15 3 \We calculated Chi f delled
sum of colloidal and soluble iron, both adsorption of col- ™ mgm =. We ca cu_ate Chl from mode e phy’FopIank-
ton phosphorus by using a mean Chl.C weight ratio of 1:60

loidal and soluble iron are taken into account in this way.]c ical oh lank d th lar Redfield C- .
Different adsorption rate constants were tested in a sensitiy/0" ypical phytoplankton and the molar Redfield C:P ratio

ity study for reproducing the observed DFe concentrationsOf 106:1. The calculated Chl varies from 0.09-0.13 mgm

(Sect4.3.4. (Fig. 4a), in the range of the observations.

4.2.2 Inorganic particles

Particulate aluminium (PAI) has been measured at 5 m depth
in CONTROL-meso. We calculated concentrations of in-
organic particles using an average Al content of 7.7 % for

www.biogeosciences.net/8/2107/2011/ Biogeosciences, 8, 21042011
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Table 3. Parameters in the chemical model.
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Parameters Symbol Unit  Value
solubility of atmospheric iron Tsol % 0.12
iron content of dust particles r'Fe % 2.3
iron dissolution rate krel d-1 3P
DFe adsorption rate ksorp kg~lm3d-1  15¢F
scaling factor of the surface-relatengurf - 5
adsorption rate foPy

scaling factor of the surface-relatengurf - 1d
adsorption rate foPs

scaling factor of the surface-relatedRl - oA
adsorption rate foP

reference irradiance Iref MEnT2s1 1978
PFe photoreduction rate kph d1l 202
PFe redissolution rate kpd d!l 0.018
coagulation rate keoagt  (kgl™hH7ist 459
coagulation rate keoage  (kgl~h)~is7t 119
coagulation rate keoags  (kgl™1H)~is7t 159
coagulation rate keoaga  (kgl~1H)~is7t 139

a\Wagener et a2010).

b \Wagener et al(2008.
¢ Estimated in the sensitivity study in Sedt3.4

d Calculated from the size of modelled particles assuming all the particles are spherical.

€ Johnson et a(1994.
f Sensitivity study inve et al.(2009.
9 Adapted fromYe et al.(2009.

Depth (m)

Depth (m)

10 1 12 13 14 15

Fig. 3. ObservedA) and modelledB) temperatureC) during the

DUNE experiment.
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16

17

18

Depth (m)

-10

Depth (m)

Fig. 4. Modelled Chl concentration (mgrﬁ) in CONTROL-
meso(A) and DUST-mes@B). Coloured dots are the measured Chl
concentrations. The white bar shows the time of dust addition.
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Table 4. Measured and modelled export flux of inorganic particles

> 32 (mg m2 d~1) under control conditions, calculated assuming an Al
3 content of 7.7 %. C1-C3 stand for the triplicate CONTROL-meso,
-4 o o . . s & 28 Cave for the mean of C1-C3 and M for model results. Numbers
E 26 are averaged fluxes in the time periods after dust addition in DUST-
£ . 24 meso.
g
(a] 22
24K 72h 120h 168h
C1 9.7 6.3 1.9 5.5
Cc2 20 99 130 2.8
C3 59 246 1.9 n/a
Cave 59 136 5.6 4.2
M 11.8 8.8 7.5 7.3

* Exported mass from 24 h before to 24 h after the addition.

Depth (m)

Table 5. Measured and modelled export flux of Fe (mg#u—1)
under control conditions. C1-C3 stand for the triplicate
CONTROL-meso, Gye for the mean of C1-C3 and M for model
results. Numbers are averaged fluxes in the time periods after dust
addition in DUST-meso.

10 " 12 13 14 15 16 17 18

Fig. 5. Modelled DFe concentration (umorrﬁ) in CONTROL-

meso(A) and DUST-mes¢@B). Coloured dots are the measured DFe 24K 72h 120h 168h
concentrations. The white bar shows the time of dust addition. c1 04 03 01 0.2

Cc2 0.1 0.4 0.5 0.1
continental crustWedepoh| 1995, assuming that inorganic 83 8'33 é'g 8'21 8’;
particles in CONTROL-meso were from typical average Ma"e 03 03 02 02

lithogenic sources. Concentrations of inorganic particles are
in the order of 108kgm=3, decreasing slowly with time.
Similarly, we calculated exported particle mass from ex-
ported PAl which was measured every 2 days in the sedi-
ment traps at the bottom of the mesocosms. Fluxes of parti4.2.3 Iron
cle export (mgm?d—1) through the area of the mesocosms
(4.15n?) are averaged for every 2 days. The particle ex-Observed DFe was relatively constant around 2.5 pmdim
port shows a relatively high variability both within and be- with a decrease to 2 umolTa in the upper 5m and an in-
tween the mesocosms (from 2—25 mgfd—2) and differ-  crease to 3.5 umol ¥ at 10 m depth (Fig5a). The iron ad-
ent temporal patterns in the three mesocosms (H§bl€he  sorption rate constants are estimated in a sensitivity study
mean export of CONTROL-meso varies with time from 4— (Sect.4.3.4, mainly based on the change of DFe concen-
14mgm2d-1. trations in DUST-meso. In CONTROL-meso, the different
The observed particle concentrations decreased slowladsorption rate constants tested in the sensitivity study do
with time, indicating that the main part of sinking particles in not influence DFe concentration to a significant extent, be-
CONTROL-meso is very small. We thus used the observedcause the concentration of sinking particles is low. DFe in the
concentration at 5m as the initial concentration of the small-model decreases with time from 2.5 to 2.3 umofhcaused
est particle classKy) throughout the water column. With by adsorptive removal. Although DFe shows a smaller vari-
the assumption of a settling velocity of 0.2 midor Pq (Ta- ability than in the observations, its concentrations represent
ble 2), the model-produced concentration of total inorganic well the average condition in CONTROL-meso. Modelled
particles at 5m is in the same order as the measured dataxport of total PFe which includes iron inside sinking par-
Particle export flux averaged over 2 days varies between 7+icles and iron adsorbed on particles, varies between 0.2—
12mgm2d-1 (Table4), in good agreement with the ob- 0.3mgnT2d~!which is close to the mean of the three meso-
served mean. cosms (Tablé).

* Exported mass from 24 h before to 24 h after the addition.
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Fig. 6. Modelled (curve) and measured (circle) surface DIP concen-Fig. 7. Modelled (curve) and measured (circle) total inorganic par-
tration in DUST-meso. Error bars show the total range of measuredicle concentration in DUST-meso at different depths on a logarith-
data. mic scale: 0 m (black), 5m (red) and 10 m (green). Error bars show

the total range of measured data.

4.3 Simulation of DUST-meso
et al, 2011 Guieu 2009. However, the observed Chl con-
4.3.1 Phosphorus and chlorophyll evolution centrations reached 0.2 mgralready 48 h after the addi-
tion and remained at this level until the end of the experi-
Six hours after the dust addition, surface DIP in all threement. This suggests that a faster growth was induced by DIP
DUST-meso increased from 41 to 174 4pumolnt?3. addition and that some loss factors, e.g. grazing, balanced the
No increase was observed at 5 and 10m depthlido-  growth of phytoplankton during the last days of the experi-
Villena et al, 2010. The modelled DIP concentration is ment. The modelled stronger stratification in the beginning
about 3-5 umol m? before dust addition and is elevated to of the experiment might delay the DIP supply for the entire
~50 pumol nT3 at surface immediately after DUST addition water column and thus delay the increase of phytoplankton.
(Fig. 6). After that, DIP falls back to the initial concen- A better reproduction of the observed Chl could be obtained
tration within 72 h caused by strong phytoplankton uptake.by changing biological parameters in the model, if direct ob-
The modelled surface DIP at 6 h after dust addition is aboutservations of phytoplankton community composition, graz-
42 umol nT3, more than twice as high as the observations.ers or phytoplankton mortality are available. For the focus of
This is caused by the modelled stronger stratification in thethis study — the Fe cycling, this biological model is sulfficient.
first days of the experiment, preventing mixing down of DIP Iron in organic matter is only a negligible fraction of the en-
supplied by dust addition (Seet.1). The decline of DIP af-  tire budget. Before the dust addition, the organic Fe fraction
ter its maximum is therefore also a little slower in the model in the water column is about 0.1 % (the insoluble part of iron
than observed. inside the dust particles is not considered). Immediately after
Before the dust addition at 10:00 on 11 June, modelled Chthe addition, it falls to 0.05 % and increases to the end of the
varies from 0.12 at the surface to 0.09 mghat 15m depth  experiment to 0.2 %. Moreover, the main removal process of
with a clear diurnal pattern (identical to CONTROL-meso). DFe is particle adsorption and biological uptake is 2—4 orders
Immediately after the dust addition, Chl concentration startsof magnitude lower than the adsorptive loss.
to increase and reaches a maximum of 0.2mg§ mn the
last day of the experiment (Figb). The growth limitation  4.3.2 Particle dynamics
by P in the model is described with a Michaelis-Menten term
(Eqg.A7). This term increases from 0.2 before to 0.9 shortly In DUST-meso, particle concentration has been measured at
after the dust addition and drops back below 0.6 within 24 h.0, 5 and 10 m depth. The model reproduces the particle con-
The limitation by Fe is described with the internal Fe:P ra- centration at 0 m well with a sharp increase to a maximum
tio (Eg. A6). In contrast to the P-limitation term, the Fe- immediately after addition and a quick decrease within the
limitation term falls with the dust addition from 0.93 to 0.88 first 6 h (Fig.7). The decrease slows down with time, be-
and remains at this level until the end of the experiment. Ascause sinking particles become more and more dominated
the actual growth rate is determined by the smaller of thesdy the fine dust particles).
two terms and the P-limitation term is almost always smaller At 5m depth, modelled particle concentration shows two
than that of Fe, the Chl increase in the model is stimulatedobeaks around 1@ kg m=3: a first one at 3h after addition
by DIP input, as suggested Rulido-Villena et al(2010. and a second one after 24 h. The first peak is a result of
The temporal evolution of Chl is also consistent with the Ps aggregation in surface water and the subsequent sinking
observation of a doubling at the end of the experiméuti¢u of large aggregates. The second peak is due to sinking of
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Table 6. Measured and modelled export flux of inorganic particles
(9 m—2 d~1) under dust addition, calculated assuming an Al con- 45} i :
tent of 4%. D1-D3 stand for the triplicate mesocosms with dust al il ]
addition, Dyyve for the mean of D1-D3 and M for model results.

' 3
Numbers are averaged fluxes in the time periods after dust additior € 33f " |
[]
g
24h*  72h 120h 168h @
o
D1 06 17 0.3 0.1
D2 05 1.2 0.8 0.1
D3 09 0.9 0.5 0.1
Dave 06 13 05 01 1 10 I 1 ‘ 12 ‘ 13 ‘ 14 I 15 I 16 ‘ 17 ‘ 18
M 23 0.9 0.5 0.2

Fig. 8. Sensitivity study with respect to iron dissolution timescale.

* Exported mass from 24 h before to 24 h after the addition. Solid: surface DFe using a timescale of 3 days; dashed: surface DFe
using an instantaneous dissolution. Circles are measured surface
DFe concentrations. Error bars show the total range of measured

Ps itself which takes one day from the surface to 5 m depth.data.

Particle concentration decreases slowly after that, bed@yise

also dominates at this depth afteysinks out. The first peak

is in good agreement with the observations, while the second he shape of the mesocosm bottom with reducing diameter

one is not found in the measurements. This may be due ténay have enlarged the sticking effect. Because of the small

the limited time resolution in the data. surface:volume ratio of the mesocosms, the adsorption on

At 10 m depth, a first peak occurs later than at 5 m becaus&esocosm walls could be negligibl/ggener et a.2010.
of longer sinking. After that, particle concentration increasesA similar difference between model and observation is also
slowly for about one day which is mainly caused by sinking found in concentration and export of PFe (Sdc8.5. Only
of Ps from surface waters. In the last days of the experiment,2bout half of the added iron has been recovered by measur-
the particle concentration is low and decreases slowly withing iron concentration in the water column and exported iron
time, because fine dust particles dominate and sink slowlyin sediment traps (Tabl8). The missing part in the mass
Particle concentration at 10 m depth is basically in the samdalance indicates that either the concentrations in the water
magnitude as measured. However, like at the other depthgolumn or the sedimentation have been larger than measured.
above, modelled particle concentration from the 3rd day toTherefore, we did not change model parameters to fit the
the end of the experiment is 2—3 fold as high as the average ofata.
the triplicate mesocosms. Two reasons could explain the dif-
ference between model and measurement: (1) a water layet.3.3 Sensitivity study with respect to iron dissolution
with high particle concentration could have been missed due timescale
to limited sampling resolutionWagener et al.2010; and
(2) particles might have adhered to mesocosms (see below)A dissolution timescale of 3 days is used in our standard
Like in the comparison with control conditions, we also model setup, corresponding to the stage of fast dissolution
calculated the mean export of inorganic particles for every 2in Wagener et al(2008. Surface DFe drops rapidly in
days (Tables). The modelled export in the first 24 h after the the first hours, adsorbing onto large particles in high abun-
dust addition is obviously higher than the measured meandance (Fig8). After that, it increases slightly and remains
whereas the later export fluxes are close to the observationst ~2 pmol n3 for about 2 days. This indicates a balance
The high export within the first 24 h in the model is caused bybetween iron dissolution and slower removal by small par-
the aggregation oPs which initially after the dust addition ticles. The mixing event on early 14 June leads to a higher
has a very high concentration close to the surface. This mustoncentration of DFe in the surface water. Later on, DFe
have happened, since otherwise, particles could not be exdecreases linearly due to further removal by small particles,
ported out of the upper 10 m within the first 48 h as observedwhile no more iron is dissolved from dust particles. Atmo-
by Wagener et al(2010. spheric iron input has been often described in models un-
Several factors could lead to the lower particle export inder an implicit assumption of an instantaneous dissolution
the measuremenGuieu et al(2010 mentioned that a frac-  of iron from dust particles (e.dParekh et a).2004 Aumont
tion of particles could have been lost during exchange of theet al, 2008. To illustrate the effect of dissolution timescale
traps or adhered to the conical bottom of mesocosms. Then Fe input from dust deposition, we compared the standard
sticking of particles on the mesocosm walls and in the coni-run with a run with instantaneous dissolution. A huge in-
cal part of the mesocosms could play a role for both reducedrease of surface DFe up+e7.5 umol nm3 occurs in the first
concentration in the water column and lower sedimentationhours with instantaneous dissolution, which clearly disagrees
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Table 7. Measured and modelled export flux of Fe (mg#u—1)

261 . under dust addition. D1-D3 stand for the triplicate mesocosms with
dust addition, Quefor the mean of D1-D3 and M for model results.
Numbers are averaged fluxes in the time periods after dust addition.

24k 72h 120h 168h

D1 148 41.0 6.6 25
D2 105 283 17.4 2.8
D3 20.2 20.3 10.5 1.5
. . . . . . . . Dave 152 299 115 22
10 11 12 13 14 15 16 17 18 M 54.0 215 11.1 53

Fig. 9. Sensitivity study with respect to adsorption rate constant Exported mass from 24 h before to 24 h after the addition.
(ksorp). Depth-averaged DFe is plotted wikldorp= 2.5 (black),
2.5x 20 (blue), 25 x 40 (light blue), 25 x 60 (green) and .3 x
80 (red) nfkg=1d~1. Circles are measured DFe concentrations gne for large aggregates is in the range of Wen's estimates.
(depth-averaged). Error bars show the total range of measured datgyig jnicates strongly that the model description of particle
adsorption represents a combined effect of direct scavenging

) ) ) i and colloidal aggregation and thus the rate estimate should

with the observation. This suggests that the role of dissoluy,o regarded as a gross constant of these two processes to-

tion timescale should be taken into account when studyingyether. The significant role of colloidal iron in the Fe cycle
the short-term impact of dust deposition on surface iron con+ i, agreement with recent findings that atmospheric iron

centration. mainly increases the colloidal pool of iron in seawatéfu(
. _ _ et al, 200)) and that the colloidal fraction accounts for a sub-

4.3.4 Sensitivity study with respect to adsorption rate stantial portion of DFe throughout the water colun@ullen

) o ) ) et al, 2006 Bergquist et aJ.2007. This fraction of DFe
Particle adsorption is described as a function of DFe concengq,1d be considered explicitly in modelling iron removal, if

tration and total particle concentration. The measured ratgjirect observations of colloidal iron during dust fertilisation
constants for the adsorption of colloidal iron are h””dredsexperiments are available.

of times higher than that of soluble ferric iroWwén et al,

1997). In the sensitivity study with respect to the adsorp- 4.3.5 |ron budget

tion rate constantsorp, We started with the rate constant for

direct scavenging of soluble ferric iron fro¥fe et al.(2009 The model reproduces the rapid decrease of DFe after the
(2.5m*kg~1d~1) and then increaseldor, 20-, 40-, 60- and  dust addition (Fig5b). DFe in surface water is elevated on
80-fold. The model run with the lowestorp shows a slight 14 June because the lower water layer with higher DFe con-
increase of DFe after the dust addition (F8), indicating centration becomes mixed with surface water. The pattern
that a much stronger scavenging is needed to reduce DFef PFeor, shows a different trend: it increases rapidly after
concentration to the observed level by the given particle conthe dust addition and remains relatively high until the end of
centration. Comparing all the model runs, we found thatthe experiment (Figl0). Linked to the change of particle
higher adsorption rates lead to faster decrease of DFe aftetoncentrations with time (Figl), this results in a low iron
dust addition and lower DFe concentration at the end of thdoading per particle immediately after dust addition (down to
experiment. The observed DFe decreasebfimolnT3can  10-%mg Fe per mg particle) and a high iron loading per par-
be reproduced best by an enlargementgf, of 60 times ticle at the end of the experiment (up to~fimg Fe per mg
over the adsorption of soluble iron frowe et al.(2009. particle).

The estimated adsorption rate constants in this sensitiv- To compare with the iron budget estimated from measured
ity study (30, 150 and 750%kg—1d~1 for different particle  data, we calculated total DFe and total particulate iron within
classes) are higher than the estimate for adsorption of solthe upper 15m as well as the export of total particulate iron
uble iron byNyffeler et al. (1984 (25nPkg=1d~1) using  at 15m from 0 to 24, 120 and 168 h after the dust addition.
sediment particles. Although different surface properties ofTable8 compares the measured distribution of Fe species in
particles can influence metal adsorption, we do not think thatwo mesocosms to the modelled one. Modelled DFe stock
it can explain the high rate constant needed in our modelagrees well with the measurements, whereas PFe stock and
Compared to the rate of colloidal aggregation reported byexport are both higher than the data (see also TAble
Wen et al(1997) (1.2—51x 10-? h~! with a particle concen- PFe stock is 2-5 times higher in the model from 24 h af-
tration of 10 mgt+! resulting in 240-1220 Akg—1d~1), our  ter dust addition to the end of the experiment. Modelled
estimates for the 2 smaller particle classes are lower and thBFe export is particularly high in the first 24 h after the dust
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Table 8. Iron budget estimated from measured data and model (mg;
under dust addition. D1-D2 stand for the two mesocosms with dus
addition shown inWagener et al(201Q and M for model results.
Time (0-168) is in hours after dust addition. DFe and PFe stock are ~
the total mass in the water column. PFe export is the cumulative:_E'
export from dust addition to the corresponding time points. “recov- &
ery” is calculated as the sum of iron stock and export divided by the®
iron input by dust addition.
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0 24 120 168 recovery (%)

10 " 12 13 14 15 16 17 18 0
D1 DFe stock 7 6 5 6

PEFestock 41 270 52 54 59 Fig. 10. Modelled PFe concentration (umofT®) in DUST-meso.
PFeexport 0 123 518 538 The white bar shows the time of dust addition.

D2 DFe stock 7 6 6 5
PFestock 42 169 67 43 53
PFe export 0 88 467 490

M  DFe stock 8 7 6 5
PFestock 57 602 278 229 100
PFe export 0 429 713 759

o
3

s
&
1

addition, whereas measured PFe is mainly exported betwee

24 and 120h (Tablg). The same reasons for the discrep-

ancy between model and data of inorganic particles shoulc ™ % ~— w = ~ » %  ®» 1w v

be responsible for that of PFe (see Sdc3.9. The delayed o

high values in the measurement are also found in the exportig 11 sensitivity study with respect to initial DFe concentration

of particles (Table5). This could be caused by the conical pefore dust addition. Surface DFe change caused by dust addition is

shape of mesocosm bottom which may have slowed up thealculated as the difference of surface DFe concentration with and

sedimentation. without dust addition and plotted for different initial DFe concen-

The sediment trap design and the uncertainties by samtrations: 2.0 (black), 1.0 (blue), 0.5 (light blue), 0.25 (green) and

pling might explain why the recovery of added iron in the 0umolnT3 (red).

two mesocosms is only 59 and 53 %, respectivéyieu

et al, 2010. It would be helpful for further adjustment of

our model to have measurements in a better spatial resoluion not only depends on the amount of added patrticles but

tion and estimates of PFe loss through exchanging traps oalso on the ambient DFe in the medium before deposition,

adhering to mesocosms. we hypothesise that the net impact of dust deposition on DFe
ambient concentration depends in part on initial DFe concen-
tration in seawater.

To test this hypothesis, several model runs were conducted

5.1 Role of dust deposition in iron replete waters with DFe initial concentrations varying from 0—2 pmot

The difference of surface DFe between a run with dust addi-
The significant decrease of DFe induced by dust additiontion and a run without is illustrated in Fig1 for each initial
seems to contradict the often observed DFe increase aftdpFe concentration, representing the net influence of dust ad-

Surface DFe change caused by dust seeding nM

5 Discussion

dust deposition (e.d/ink and Measure2003; Bishop et al. dition on DFe concentration. A transition is found between
2002 and the general view of dust deposition as an impor-0.25 and 0.5 umol me: dust addition increases DFe concen-
tant source of iron for open ocearBuce and Tindalgl991). tration in seawater in the runs with initial DFe concentrations

How is it possible to interpret these in an integrative way? Up to 0.25 umol m3, whereas in the runs with higher initial
Wagener et al(2010 pointed out that the initial iron con- DFe concentrations, dust addition lowers DFe concentration.

centration before the dust addition was at the higher end of In the case of DUNE experiment, we assume that no ex-

former measurements in that region. A Saharan dust depostess ligands existed at the beginning of the experiment based

tion two weeks before the DUNE experiment and the rainon the batch dust dissolution experiments performed in par-

events days before are supposed to be responsible for thedlel to the mesocosm experimenw/dgener et al.2010.

high DFe initial concentration. Since particle surface adsorp-Biology played only a minor role in Fe cycling compared to
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physico-chemical processes: the modelled biological uptakeomplexed iron (Fel). The conditional stability const&tit
increases up to I¢ umolm3Fes?! after dust addition, with respect to Feis described by Eq4j:
whereas DFe is removed at a rate of 3gmolm3Fes? F
- . L . . eL

by particle adsorption, and sinking particles are evidentlyx* = - 4)
dominated by the inorganic fraction. Therefore, one may un- L'Fe
derstand the effect of dust addition by only considering theL’ is excess ligand and can be calculated from total ligand
balance between the abiotic Fe release and adsorption in th&.iot):
first moment after the addition.

The dissolution is given by Eql):

L = Lot — FeL (5)

PaustFersolkrel With an additional equation of Dig (Eqg. 6), DFeﬁgjit is de-
Faiss = — My (1) scribed as a function of Fand Ly (Eq. 7) where Fécan be
calculated as DFE' by Eq. @):
where Pqust (kg m—3) is the concentration of total dust parti-
cles,rre (—) the Fe fraction in dustgg (—) the Fe solubility,
krel (d~1) the rate of Fe release from dust particles (the re- i}
ciprocal of the dissolution timescale), antly (g mol-1) the DR = Fd (1 4+ KL )

DFeo = F€ + Fel (6)

molar weight of Fe. 1+ K*F€
The adsorption is calculated by E®): ; K*L
ption i u y E@)( — DE& (1 + tot ) @
1 + K*DFe
Fsorp = PdustksorpRsurfDFe C (2)

This equation results in a higher critical DFe concentra-
whereksom (M® kg™t d~1) is the mass-related adsorption rate tion in a system with excess ligands than without. The
of the middle-sized particlesP§) and Rsyrf (—) is the sur-  difference between these two depends on total ligands and
face:volume ratio of the given particle size class relative toFg concentration. Assuming a ligand concentration of
that of the middle size clase: (hmolgmottkgt)isafac- 3 umolnT3 measured at the JGOFS-DYFAMED time-series
tor for unit conversion. station in June 2006/agener et a).2008, combined with

Assuming a balance between dissolution and adsorptiothe same dust addition as in DUNE, a critical concentration
(Egs.1-2), we define a critical concentration (DI that  of ~3.4 pmol nT23 results from Eq. 7), indicating that dust
determines whether dust deposition acts as a source or a sirdeposition could act as DFe source much longer in a system
of DFe: with high ligand abundance.

DEet _ _ IFersolkrel (3) 5.2 Role of dust deposition in iron limiting waters
ksorpRsurf My C
, The critical concentration of initial DFe in a system where

where DF& by definition has the dimension of a concen- Fe Cyc"ng is dominated by physico_chemica| processes, is
tration and its size depends on the types of dust particles angimply a solubility balance between dissolution and adsorp-
on environmental conditions. This critical DFe concentrationtjon. In a system with strong Fe-limitation however, biolog-
can be used to predict the impact of dust addition on DFe: ifical processes such as Fe uptake could influence the cycling
the initial DFe is greater than DF, adsorption dominates of Fe considerably and the critical concentration is then a
and DFe will decrease towards D¥e whereas as DFe is palance between total fluxes from and to dissolved Fe.
lower than DF&”I, djSSOlUtion dominates and DFe will in- Iron could be the major ||m|t|ng factor for phytop|ank-
crease towards DF€. For the DUNE experiment, we cal- ton growth in two types of ocean regions. The first is the
CUla.tedRsurf from the surface:volume ratios and fractions of HNLC regions where low DFe concentrations in surface wa-
the two size classes of dust particles in the model and eStiterS are thought be to responsible for low chlorophyll concen-
mated a critical DFe concentration of 0.35 umolin trations (Martin, 1990. A strong dust event, corresponding

In Eq. @), we do not consider organic complexation of Fe to the dust addition during DUNE, would increase both DFe
which prevents DFe from scavenging removal. Therefore,and phytoplankton growth there. Biological uptake however,
this estimate represents a critical concentration of the reacshould be still much smaller than Fe loss by particle adsorp-
tive fraction of DFe- Fé€, rather than of the total DFe. In a tion, due to the low biomass before dust deposition. For in-

region with excess ligands, added iron should be kept longegtance, at the SOIREE site, the rate of biological Fe uptake
in the dissolved pool even for higher initial DFe concentra- was ~0.6 nmolnt3d~1 before the Fe fertilisationBowie
tion. Since organic complexation is much faster than particleet a| 2001). Assuming the same dust addition as in DUNE
adsorption Rose and Waite20033, the critical DFe concen-  and an initial DFe concentration of 0.1 pmotf the adsorp-
tration with organic complexation present (Qf% can be tive loss is over orders of magnitude higher than the uptake.
calculated assuming an equilibrium betweehdrel organic  Therefore, it is still a system dominated by physico-chemical
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processes and a critical concentration of 4.4 pmol iis re- on DFe surface concentration due to different initial condi-
sulted from Eq. ), using observed ligand concentration be- tions. This might help in understanding the discrepancies
fore the Fe fertilisationBowie et a) 2001). Comparing this  between observed biological responses to natural dust depo-
to the measured DFe concentratiorgl(umol nT3) in the sition (Boyd et al, 2010 and predicting the bioavailability of
HNLC regions, dust deposition would act as a net source ofron in different ocean regions in a world with changing dust
DFe. deposition.

The second type of Fe limiting ocean regions contains
some coastal regions where DFe is similarly high as at the
DUNE site but phytoplankton growth may still be limited by 6 Conclusions
iron, because other nutrients are more abundant. Due to the
high biomass there, Fe cycling is strongly influenced by bi-A significant decrease of dissolved iron concentration has
ological activities. Therefore, the impact of dust events onbeen observed after dust addition in a LNLC system in which
DFe in such a System can not be predicted by S|mp|y ConFe Cycling is dominated by physico-chemical rather than bi-
sidering a solubility balance but by taking into account two ological processes. To simulate the experiment and study
additional fluxes from DFe: biological uptake and adsorptionthe mechanisms controlling DFe change, processes such as
onto organic particles. The critical concentration of initial dissolution, scavenging, biological uptake, photoreduction
DFe is then estimated, based on the balance between dissolg@nd redissolution of particulate iron are described in a one-

tion, adsorption and biological upta&p; (umol n3d-1): dimensional model of the Fe cycle coupled with a simple
NPZD-type ecosystem model based on phosphorus. Differ-
Fiss = Fsorp2 + Fupt (8) ent size classes of sinking particles and particle aggregation

have been taken into account.

A good agreement of modelled and measured particle sed-
imentation is found under control condition. This provides
Fsorp2 = (Paust + Pinit) ksorp Rsurf DFe C @) evidence that the model description and parameter choice of

particle aggregation and sinking are applicable for explain-
where Pt (kgm~23) includes all the sinking particles (or- ing particle dynamics during the DUNE experiment. In the
ganic and inorganic) in seawater before dust deposition. mesocosms with dust addition, about 50 % of the added iron

Combining Egs. 1), (8) and @), the critical DFe concen- Wwas recovered in the measurements which might be caused

tration considering all abiotic and biotic processes (e by loss during exchange of sediment traps and/or by adhering

Organic particles are considered in particle adsorpkigj,2
(umol m3d—1):

umol n3) is derived: to the conical part of mesocosms. Modelled concentration
. and export of particles and particulate iron are significantly
DFeflii= higher than measured, leading to a closed mass balance.
rrersolkrel Paust ( Fupt ) (10) The DFe decrease is well reproduced with a dissolution
ksorp Reurt Mw C Paustt Pinit PaustFosofkrel timescale of 3 days and high adsorption rate constants of 30,

150 and 750 kg~1d—! for different particle size classes.
where the first part is again the critical concentration for anThe required longer dissolution timescale, in contrast to an
abiotic system DF&" (Eq. 3). Generally, high uptake rate instantaneous dissolution, indicates the importance of tak-
and high concentration of organic particles lower the criticaling into account the dissolution timescale in studies on the
concentration and accelerate the DFe decrease after dust dghort-term impact of dust deposition on surface iron concen-
position, if the initial DFe concentration exceeds the critical trations. The model-estimated adsorption rate constants are
one. generally higher than measured adsorption rate constants for
This concept of the critical concentration of initial DFe is a soluble iron and lower than those for colloidal iron. This sug-
tool to predict the net impact of dust deposition on seawateigests that the removal pathway of dissolved iron via colloidal
DFe concentration in different ocean systems: in the olig-aggregation should be considered besides the direct scaveng-
otrophic and HNLC regions with (Eq) and without excess ing of soluble iron to explain the rapid decrease of DFe. Di-
organic ligands (Ec@), as well as in the Fe-limiting coastal rect measurements on colloidal iron during future dust addi-
regions (Eq10). To assess the general applicability of this tion experiments would help to improve our understanding
concept, more local observations of DFe change after dusof iron loss kinetics.
deposition are needed and the role of excess ligands must Dust deposition acts as a source and a sink of DFe at the
be more carefully examined. Because of the complex feedsame time. The initial DFe concentration before dust depo-
back mechanisms of an ecosystem to dust deposithat (  sition has been shown to be crucial for determining whether
gener et al.2010), this concept might be only applicable for dust deposition is a net source or sink of dissolved iron. A
explaining the short-term change of DFe and immediate bi-critical DFe concentration, above which dust deposition acts
ological responses to dust events. However, it clearly pointsas a net sink of iron, rather than a source, can be estimated
out that natural dust deposition could have different effectsfrom the balance between fluxes from and to dissolved iron.
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In an abiotic system, this could be interpreted as a balance be@re according to:
tween iron release from and iron loss to particles; whereas in min
: : : : ; OFe — Q|:e
a biology-dominating system, biological uptake and adsorp-fre = ————"¢
tion onto organic particles accelerate the iron loss and lower Ore
the critical concentration. This concept of a critical DFe con-where Q?én is a minimal cellular Fe quota. The actual
centration could be used to predict the immediate impact Ofgrowth rate is then the product of the light and temperature
dust deposition on seawater DFe in different ocean regionsgependent maximal growth rate with the smallerfgf and
depending on characteristics of dust particles (e.g.iron sol-f, a Michaelis-Menten term in dissolved inorganic phos-
ubility, surface:volume ratio), of seawater (e.g.iron binding phorus:

(A6)

ligand concentration) and of biology (e.g. growth limitation, DIP
[ i i i . = — A7
biomass, properties of organic particles) fe DIP 1 Kp (A7)
_ whereKp is a half-saturation constant for DIP uptake.

Appendix A Z0OO0 change rate is determined by the rate of grazing, ex-
cretion and mortality.

Model equations P

. . . . ~ —Z00 = y7afc ZO0O — yz fr ZOO

The rate of change of biogeochemical variables is described’

by a biogeochemical and a physical part: — y2 ZOO? + M(ZOO,z) (A8)
The grazing functionfg depends on the maximal grazing

5, X = BlO+ M(X.2) (Al)  rateg, the prey capture rateand phytoplankton concentra-
tion

Advection and mixing are taken into account in the physical PLY2

part M(X,z). M stands for the advection and mixing oper- fo = _gernn (A9)

ator andX is the mixed compound. The change rate of the g + € PHY?

biogeochemical part is described by corresponding source$ne |oss of zooplankton by its mortality% Z0?) is con-
minus sinks. Parameters used in model equations are listedyered as a source of organic aggregates.

in Tables3 and1. Detritus is divided into two size classes; fr small and

D, for large detritus. We use the same symbols for organic
part of small aggregates and large aggregates, respectively,
The change of the biological variables DIP, PHY, ZOQ, D bec.ause.weT treat them same as .the detritus in particle aggre-
and O (in mmol m3) is described by: gation, sinking and remineralisation.

Al Equations for the biological model

3
0 —Ds = y2 PHY? + (1 — Z0OO — D
-DIP = ya fr (Ds + D)) + yzb f ZOO a0s = PR+ (L= v fo va fr Ds
— keoag2Ds (Ds7mp + Ps) — keoagaDs (D 7m:

+ yp fr PHY — wPHY + M(DIP.) (A2) coegg; s (Dsrmp + Ps) coag3Ds (D1 rmp + P)

— wsa—; + M(Ds,z) (A10)

0

S-PHY = (1 — yp fr)PHY — f6Z0OO

a
—D| = y2Z00? — Di + kcoageDs (Dsrmp + P
— e PHY2 + M(PHY.z) (A3) Y I V22 vd ST DI + kcoag2Ds (Dsrmp + Ps)
oD
w is the growth rate of phytoplankton regarding light, tem-  + kcoag3Ds (Dirmp + P) — w o T M(Dy,z) (All)
perature and nutrient limitation. The light limited growth rate

is described by: A2 Equations for inorganic sinking particles
£ = Mmaxe 1 (2) (A4)  Inorganic sinking particles are fine dust partices coarse
(Mmaxz + (« I(z))2)0'5 dust particles and the inorganic fraction of small aggregates

' . . S Ps and the inorganic fraction of large aggregafgdall in
where/(z) is the photosynthetically active radiation in the kgm=3). Coagulation is described by a coagulation constant
given water layer. Both growth and remineralisation rate ., times the product of concentration of the two particle
are related to temperature by: classes involved in the coagulation.

_ T 0
fr = 0.9Cref (AS) gpd = Fgurf_kcoaglpd (Dsrmp+ Ps)

which represents a temperature dependenc@fee=2. The Py
growth limitation by iron depends on the internal Fe:P-quota  ~kcoagald (Dirmp+A) —wd ==+ M (Pd,2) (A12)
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ad
EPS= Fssurf+ kcoag1Pd (Dsrm:p+ Ps) — kcoaga Ps

(D1 rm:p+ P) — kcoag2Ps (Dsrm:p+ Ps)

dP,

—wsa—;-i-M(Ps,Z) (A13)

EPl :kcoag4Pd (D1 rmp+ P) +kcoa93Ps D1 rmp+P)
P

+kcoag2 Ps (Dsrm:p+ Ps) — w oz +M(P,z) (Al4)

Fsdurf and Fg, ; are the surface fluxes of dust particles where

33 % of the total flux is put intdPy and 67 % intoPs. rmp is
a factor converting biomass from mmol P-Ainto kg m3.

A3 Equations for the iron cycle

DFe change is described by:

= DFe=kel (FelyscFéus) +74 /1 (DSet DL
+7p fr PHYre+2b f1 ZOOkert (" kphrtkpa)
(PFey-+PFe-+PFe) —kupt— ksorp ( Pa Ry

+(Ps+Dsrmp) Rgurf‘F(PI'FDI rm:p) Rlsurf> DFe
+M (DFe z) (A15)
where Fﬁust and F§ . are the two dissolvable pools of iron
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0
3 PFe=ksorp Rlsurf DFe (rm:p Di+P) +kcoagaPFe&y
(D1 rm:p+P) +kcoag2PF& (Ds rm:p+ Ps) +kcoagsPF&,

(1 rine-P) = (" kirtkpa ) PFe

oPF
—w| a—ze‘f‘M(PFevZ)

(A20)
Finally, a variable Fe:P-quota is introduced in PHY, ZOO,
and DET and evolution of the respective Fe concentrations
PHYEe, ZOOre, DSee (for iron contained in small detritus)
and DLge (for iron contained in large detritus) is described

by:

9
EPHYFe:kupt—QFe( f6ZOO+y PHYZ)

in dust particles. Iron release from these pools is dependent;

on the dissolution ratie. A function of light intensityflph
is introduced in the photochemical reduction of PFe:

1

=12 (A16)
Iret

The DFe uptakéyp by phytoplankton is determined by:
. DFe

kuptzmln(ﬂmaxm PHY, “ Q'a:\éePHY> (Al?)

QR is the mean Fe:P ratio of phytoplankton. Choosing the

smaller one of the terms ensures a dependence of uptake g,

DFe availability and a storage uptake is not considered.

—¥p fr PHYEet+M (PHYEg, 2) (A21)
ad
EZOOFe: QOreYza f6 ZOO—yzp fr ZOOre
—QzFe ;2 ZOOP+M (ZOOke, 2) (A22)
ad
o DSre=0re v PHY?+ OFe (1-722) f6ZOO
—kcoag2DSre (Dsrm:p+ Ps) —kcoagaDSre (D) rm:p+P))
—vd f1 DSpetM (DSre, 2) (A23)
5% DLre=QzFeYs2 Zooz+kcoagzDSFe (Dsrm:p+Ps)
+kcoa93DSFe (D1 rmp+P)—yd fr DLFe
+M (DLEe, 2) (A24)

whereQ zre is the internal Fe:P ratio in zooplankton.
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0

Py PF%:ksorpRgurf DFe(rm:p Ds+Ps)
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h
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oPFe
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+M(PFe,z) (A19)
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