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Abstract. Atmosphericdeposition ofanthropogenicsolubleiron (Fe) to the ocearhas been
suggestedto modulateprimary oceanproductivity andthusindirectly affectthe climate. A key
process contributing tanthropogenicsourcesof soluble Feis associated withair pollution,
which acidifies Fe-containing mineral aerosols during their transpodnd leads to Fe
transformationfrom insolubleto soluble forms However, there is large uncertainty in our
estimate ofthis anthropogenic soluble Fén this study for the first time we interactively
combined laboratory kinetic experiments with global aerosol modeling to more accurately
guantify anthropogenic soluble Fkrie toair pollution Firstly, we determinedFe dissolution
kinetics of African dust samples at acidic pkhlues with andwithout ionic species commonly
found in aerosol water (i.esulfate and oxalajeThen,we constructeca newempiricalscheme
for Ferelease frommineraldustdue to inorganic and organaniors in aerosolwater, by using
acidity as a msder variable We implementedthis new schemeand applied an updated
mineralogicalemissiondatabasen a globalatmospheric chemistry transponodelto estimate
the atmospheric concentration and deposition flusafibleFe under preindustrial and modern
conditions Our improved model successfullycapturedthe inverserelationshipof Fe solubility
and totalFe loadingmeasuredover theNorth Atlantic Ocean(i.e., 1i 2 ordess of magnitude
lower Fe solubility in North Africanthan combustiofinfluenced aerosojs The modelresults
show apositiverelationshipbetweenFe solubility andwater soluble organic carbon (WSO
molarratio, which isconsistent withpreviousfield measuremenidVe estimatedhat deposition
of solubleFeto the oceanincreasedrom 0.0i 0.07 Tg Fe yt in preindustrialerato 011i 0.12
Tg Fe yt! in present daysiue toair pollution Over theHigh Nitrate Low Chlorophyl(HNLC)
regions of theocean the modeled Fe solubility remains low for mineral dust (<l#opn base

simulation but issubstantiallyenhancedin a sensitivity simulation, whiclpermits the Fe
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dissolution for mineral aerosois the presence of excessxalate under low acidityduring
daytime. Our modelresults suggest thauman activitiesontribute toabouthalf of the soluble
Fe supply to a significant portion ofthe oceandn the Northern Hemispheravhile their
contributionto oceansin high latitudes remainsuncertaindue tolimited understanding of Fe

source and itdissolutionunder pristineconditions
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1 Introduction

Changes irsupply ofnutriens such ashioavailableiron (Fe)from the atmosphere tihe
ocean have altereateaniccarbonuptake, but significant uncertainties remain on the magnitude
of this effect(Ciais et al., 2013)Thus improvedquantification of atmospheric delivery of
bioavailableFe is essentiakto quantify the long-term carbon sink(Jickells et al. 2005)The
present study focuses dpotentiallyd bioavailableFe, which includescolloidal materialsand
agueousspecies(often operationally defined asoluble Fe) The response of the aeroded
solubility (i.e., soluble F€ total Fe)to air pollutionis a key uncertainty in our understanding of
the biogeochemical cycle & marine ecosystem, and climgdahowald et al., 200Fhi et al.

2012 Hajima et al., 201¢

Atmospheric processing of mineral dust has been hypothesized to be an important source
of solubleFe to the oceas because of acidic condition in aerosol w&#muang et al. 1992;
Meskhidzeet al., 2003)Previous bemical transport modelsedmineral dissolution rateand
stoichiometricnumbes of Fe in minerak to estimateFe releaseatesfrom mineral aerosols
(Meskhidze et aJ.2005 Solmon et al., 20Q9to and Feng, 201Qto, 2012. Laboratory studies
for mineraldusthave demonstrated thidie Fe releaseatesused inpreviousglobal modelsvere
much slower than tnmeasurementiuring a typical aerosol lifetimef 2i 7 days(Mackie et al.,
2005; Shi et al., 201). The initial periodof enhanced concentratiaf elements which are
incongruentlydissolvedin solution from phyllosilicate minerals is well known in laboratory
works (e.g.,Malmstom and Banwart1997 Brandt et al., 2003 Much slowerquaststeadystate
dissolution rats after 10i 14 daysare typically observedor aluminosilicate mineralén acid
solutions(Amram and Ganor, 200%;0wson et al., 2005¢Golubev et al., 2006R0zakn et al.,

2008 Bibi et al., 201). Recent atmospherichemical transport modglhave adoptethe initial
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period of enhancedre releaserate for the protorpromoteddissolution (Ito and Xy 2014

Myriokefalitakis et al., 2016 In previous studiesyhich implementedhe protorpromotedFe
dissolutionwith no organicligand the Fedissolutionwas significantly suppressediue to the
dust alkalinity particularlyin the Southern Hemisphe(®leskhidze et a).2005 Ito and Feng,
201Q Johnson et al., 201@o and Xu, 2014)Currenty, ferric sulfateis treatecaswatersoluble
Fe inoil combustion aerosokst emission(lto, 2013, 2015Myriokefalitakis et al., 2015Wang

et al., 2015

Previous &boratory studies suggest tlthtferent acid types and photehemical reactions
affectprotonpromotedFe dissolution ratesf mineral dustin addition tathetypes of Fe species
associated witlmineral source materia(€wiertny et al., 2008; Fu et a201Q Rubasingheget
al.,, 2010) However, all previous laboratory experiments were conducted in absence of
ammoniumsalt such as sulfate, which are ubiquitous in aerosol watene ofanionsin aerosol
waterare known to be effective inorganic liganddich form the complexeswith Fein solution
(Cornell and Schwertmann, 2003). In batch experimentsmiineral dissoluton rate at high
dust/liquid ratio can be influenced by different ability of these anions to form soluble complexes
with metak (Hamer et al., 2003)Thus the effect of decrease of the activity of ‘Fan the Fe
dissolution ratesszia the formation of aqueous complexes needs to be assestdusbratory

experimentgo constrain the degree sdippressiomised in models

Recently, ¢gpbal atmospheric transport model studieseemphasizé the role of oxalate
for promoting Fe dissolutionfrom Fe-containingaerosols(Luo and Gap201Q Johnson and
Meskhidze 2013 Ito, 2015; Myriokefalitakis et al., 2016 (seethe Supplemeht Moreover
oxalatepromoteddissolutionof Feis suppressed at low concentrations of oxatearstrongFe

sources(lto, 2019, because excess oxalate is necessary to induce significant Fe dissolution
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(Chen andGrassian 2013. Thesemodeling studies highlighted the importance ofoxalate
promoted Fe dissolution for mineral duster theremoteocears. However,a constant oxalate
promoted dissolution rate with time for mineral dasis been prescribed in previous models
regardlesf different dissolutiorbehaviorsin different Fe types due to a lack of experimental

datafor oxalatepromoted Falissolution kinetics

Here we conducted a series of laboratory experiments to examineirfarganic and
organicligandsin solution(i.e., sulfate andoxalatg affect Fe dissolution rates mineral dust.
The experimentablata were then used to derive a new Fe release scheme, which is implemented
in a global chemical transport model to quantifg effectof atmospheric processing ofineral
aerosolson Fe mobilization This study incorporateshe protont and oxalatepromoted Fe
dissolutionschems for the mineralaerosolsn our model (Ito, 2015) We also examinguast
photoreductive dissolution scheme for mineral aerosolsin a sensitivity simulation
Determination offe dissolution for different types dfe requiresthreekey parameters of Fe
releasaate degree osuppressionand Fe conteniWeimplementthreestage kinetic process for
the Fe dissolutionscheme tadust aerosolsWe usethe updated version of the mineralogical
databasdor Fe content in soilgJournet et al., 2014)To assess model assumptions Fa
dissolution the calculatedre solubility is evaluated againfeld observations in relatioio total
Fe loading andvater soluble organic carbon (WSOG@)er the North Atlatic Ocean(Wozniak
et al. 20132015. The modelestimatesi a nt h r o gohbded-a suppty from both dust and
combustion sources to the oceans in association with changes in air quality based on the
Intergovernmental Panel on Climate Change (IP@8jission data setWe use the term
Alant hr o pauble Reharedas primary soluble Fe from oil combustion aerosols and

secondary soluble Fe from both dust and combustion aerosols, due to the changes in emissions
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from fossil fuel use and biofuel combustibetween the preindustrial era and the present day (Ito

et al., 2014).

2 Laboratory experiments

In this study, we used the same Tibesti dust sample as in Shi et al. @&Lijllowed a
similar methodology as in Shi et al. (2011). Please see supplementary materials for more details.
In order to determine the Fe dissolution kinetics in the a@eisisolwater, which containsrganic
ligands, such as oxalatand high concentr@gon of inorganicions, such as sulfatdour sets of
time dependent dissolution experiments were perforaeds summarizedn Table 1 The

experiments include the dissolution of Fe in the Tibesti:dust

(Experimentl) at a dust/liquid ratio of 1 g'Et in 0.05and 0005 mol L'* sulfuric acid
solutiononly (i.e.,no (NH4)2SQy) (pH = 1.3, ionic strength = 0.15M; andpH =2.1,1 = 0.015
M). The pH valuesin highly acidic solutions were estimated from molality and activity
coefficient, which werecalculated using #IM Il agueous solution simulator (Wexler and

Clegg, 2002).

(Experiment2) at a dust/liquid ratio of 1 g't in 0.05 and 0.0005 mol' L sulfuric acid
solution with 1 mol [ (NH,),SQ; (pH = 2and! = 3.15 M; and pH = 3.1 antl= 3.015M) only
(i.e., no oxalateand in 0.1 mol [* HCI solution with 3 mol L* NH,CI (ionic strength = 3.2
mol L'Y) (pH = 0.9; note that activity coefficient for'kh this solution is higher than 1nd at a
dust/liquid ratio of 10 g 1* in 0.05 mol I'* sulfuric acid solution with 1 mol't (NH,)>SO; (pH
= 2,1 =3.15 mol k§%). The pH valuesvith high ionicstrength(l > 3 mol L' ') were estimated

using EAIM 1l thermodynamic modéWexler and Clegg, 2002).



128 (Experimentd) at a dust/liquid ratio of 1 g't in 0.05 and 0.0005 mol’ L sulfuric acid
129  solution withboth1 mol L' ! (NH4),SO; and 0.03 mol L* of oxalate (as sodium oxalate) (g2,
130 | = 3.15 M; and pH = 3.11 = 3.015M). The chosen amount of oxalate is based on the molar

131 ratio of oxalate and sulfate in ambient PMamples (Yu et al., 2005).

132 (Experimentd) at a dust/liquid ratio of 60 mg't, 10 g '* and 50 g L* in 0.005 mol [*
133 sulfuric acid solution (pH 2)ThepH was continuously monitored during the experimanteur
134 different dust/liquid ratiogi.e., 60 mg L'*, 1 g U'*, 10 g L'* and 50 g L) and once the pH
135 change was more than 0.1 pH unit, acids were added to decrease the pFhi® &ms to
136 determine howdifferent dust/liquid ratie affect the Fe dissolution kinetiégs comparison with

137 experiment (1)1 g L'Y.

138 3 Model description

139 This study usesthe Integrated Massively Parallel Atmospheric Chemical Transport
140 (IMPACT) model(Rotman et a).2004 Liu et al, 2005; Feng and Penn&007;lto et al, 2007,

141 2012, 2014, 2015Lin et al, 2014 Xu and Penner2012; Ito, 2015)The modelis driven by

142 assimilated meteorological fields from the Goddard Earth Observation System (GEOS) of the
143 NASA Global Modeling and Assimilation Office (GMAO¥mulationshave beerperformed

144  with a horizontal resolution of 2.0° x 2.8hd59 vertical layerswith a top boundary at 0.01 hPa

145 using meteorologicalfields for the year 2010 (and 2011 for the comparison with fiblel

146 measurements).

147 We run the model with emissions pfimary aerosolsand precursor gasesf secondary
148 aerosolsuch assulfate nitrate ammonium, and oxalafer the preindustrial era and the present

149 day to disentangle the natuyaland anthropogenicalgerturbed componentéTable 2), as



150 described in Ito et al. (2014The emission data sets for anthropogenic activities such as fossil
151 fuel use and biofuel combustion are taken from the historical emissiontP@€ Fifth

152 Assessment (AR5) report for tipeeindustrial era and the present dagmarque et al.2010).

153 The presentlay estimates fomineral aerosoldrom arid and semiarid regionss well as

154 combustion aerosols from biomass burning are used together with anthropogenic emission
155 changes (Ilto and Xu, 2014; Ito et al., 2015; Ito, 20IH)e same natural emissionsof

156 dimethylsulfide (DMS)sulfur dioxide §0;), nitrogen oxidesNOy), volatile organic compounds

157 (VOCs), and ammonigNHs) areusedfor both periodsin our simulationsas we use the same

158 meteorologicaldata set Thus Fe-dissolution dueto natural acidity is not included in the

159 "anthropogenic" fraction of soluble Fe, as in Ito and Xu (2014).

160 Previously Ito and Xu (2014usedthe mineralogical database compiled by Nickovic et al.
161 (2012) and~e contenfor hematite (69.9%llite (4.0%), smectite {1%), kaolinite (0.2%), and

162 feldspars (0.34%)(Journet et al. 2008) Here, he updated global database of mineral
163 compositionand Fe content for hematite (69.9%), goethite (62.8%), illite (4.3%), smectite
164 (2.6%), kaolinite (0.23%), chlorite (130), vermiculite (6.71%), and feldspars (0.34%0%lay-

165 sized and sitsized soilCASE 1 inJournet et al., 2014) was used to estimate the emissions of
166 Fe and calciten dust aerosolsThe size distribution at emissiofollows the mass fractions of
167 emitted solil particles in Kok (2011} he mass fluxes of mineral dust at emission are interpolated
168 to represent four model size bi(radius: <0.63, 0.63..25, 1.252.5, and 2.510 um)with the

169 theoretical expressiofito et al., 2013. The mineralfractionsin clay-sized and sitsized soils

170 are also distributed in the 4 size bins following the brittle fragmentation taflenScanza et al.

171 (2015). All the Fecontaining minerals are found in the clsiged soils, while onlythree

172 minerals (i.e., goethite, chlorite, and feldspars) are in theizdd soils(Journet et al., 2014)
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ThusFe content averagead the 1 3 size bins (3.6%) is higher than the largest one (B.8%
contrast to constant Fe content (3.1%) with sizenevious versionAs a result, pbal Fe
emission from dust (69g yr' %) is slightly smaller than that estimated in the previous version (79
Tg yr'Y) (Ito, 2015).The sum ofFe emission irthe smallersizefrom bin 1 to bin3in this study
(25Tg yr'Y) is larger tharthat inthe previousversion(22 Tg yr' !). Consequently, smaller dust

particles mayransport moré-eto remote regiongelative to larger particles

Mineral dust aging processith the formation of soluble materials in aeroaod cloud
water(eg., sulfate nitrate ammonium, and oxalgtes explicitly simulated in the model (Ilto and
Xu, 2014 Ito, 2015. The values of the pH of the aerosol water used in the calculations of the
dissolution rates are estimated for all of the wet aeras@ach size binas in Ito and X1{2014)
The aqueougphasechemical reactionfor the formation of oalate are the same as descrildeg
Lin et al. (2014), except for the treatment of the Fe chemistry in aerosol and cloud vilatéo as
(2015). Thus Fe(lll) -oxalate complexis the major form of Fe inmodeled solution. The
photolysis of Fe-oxalate complexcan contribute taa significant oxalate sink in cloudater
influenced by ship emissior{Sorooshiaret al., 2013; Wang et al., 20149n theotherhand,a
complexation of Feg(ll) with stronger organic ligandsfrom fossil fuel combustiormay be
importantfor the stability ofFe dissolvedin rain water Kieberet al., 206; Willey et al.,2015.
Here, we focus on thacid mobilizationof relatively insolubleFe in Fe-containing mineral$o
soluble FeBecause of the lack of knowledge regarding the specific ligands and formation rates
of Fe-organic complexed;e chemistry is disabled in cloughdrain water but implemented for
Fe-containingwet aerosols ilour size bins to obtain good agreement regarding oxalate with the
observations over the oceaeé€Figure S3in Ito, 2015. The deposition velocities aoluble Fe

depend on the aerosol types and size bins, and follow the aging of the parent aer¢®ols in t

1C



196 atmospherdlto and Xy 2014) Here, we developed a new Fe release sch@mmineral dust
197 (see section 4fo improvethe previously usedgcheme (Ito and Xu, 2014). The new scheme is

198 implemented in the IMPACT model for simulations in section 5.

199 4. Development of a new Felissolution schemebased on new experimental results

200 In our model,Fe releasefrom aerosols due to chemical processing is calculated based on
201 an online simulation of aqueophase chemistrylto and Feng, 2010ito, 2012;Ito and Xy

202 2014;lto, 2015. Ito and Xu (2014) have developedradissolutionscheme thatonsiderghe

203 types of Fe speciesssociated wittmineral source materialmainly based orthe measurements
204 by Shi et al. (2011)Following their studies,hree Fe pools are characterized fegrihydrite,

205 nanosized Fe oxidesand heterogeneous inclusion of ndegrains in aluminosilicates ¢e.

206 illite, smectite andchlorite). Here wedeveloped a new Fe dissolution schembich considers

207 our laboratoryexperimentaldatasetgegarding (1) the formation ofFe inorganicand organic

208 complexesn solutionand (2) the formationf surface complexes between oxalate and Fe oxides

209 following Ito (2015) for combustion aerosols

210 Figurel andFig. S1demonstrat¢he effects of inorganicanionsto form soluble complexes
211 with Fe at differentdust/liquid rati® on dissolution ratemeasuredn acidic solution Figure 1
212 showsthat the pH= 2 (0.05M HSQ,, 1M (NH).SO;, red triangles andpH = 2.1 (0.005M
213  H,SO, greendiamond} casesat 1 g dustL'! have significantly different Fe dissolution rates.
214 The one with high ionic strengthed trianglesFigure J has a much higher dissolution rate than
215 predicted by the small differencetime pH values It is expected that one pH ucinlead to 34
216 times difference in dissolution rates as shown here and by Shi et al. (ZO&Igresence of

217 complexing ions such as sulfate in this case has the potential to accelerate the dissolution rate by

11
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absorptionor by complexation with Fdissdvedin solution (Cornell and Schwertmann, 2003).
We observed a good agreement of measurerhetweerat 1 g L' * dustin 0.05 mol L* sulfuric
acid solution with 1 mol L' (NH4)2SO; (pH = 2.Q red trianglesand at 6amg L' " dust in0.005
mol L' ! sulfuric acid solution withut (NH,),SOs (pH = 211, black circley. Thusthe solution
remainsundersaturated with respect to Fe(]Ibecauseessentially alaqueous Héll) specieq>
99%)is complexed with sulfate {.e., FeSQ") in 0.05 mol LL* sulfuric acid solution with 1 mol
L™ (NH4).SO4 (pH = 2.0)(Meskhidze et a]2005 Ito, 2015. Thehigher dust/liquid rati@t 10 g
L™ (blue squareskxhibits lower Fedissolution rate after theinitial period of enhanced Fe
release ratgpossibly due tdhere-adsorption osolutionphase Fe onto the particulate phase
the solutiorwith (NH,).SOy is undersaturated with respect to Fe(I(Bpokes and Jickells, 1996;

Bibi et al., 201}

Our data indicate that addition of complexiagents (i.e., sulfate Fig. 1andchloritein
Fig. S1) accelerated dissolution of Fe minerals by binding Fe released from the surface in
solution (Zhang et al., 1985; Xu and Gao, 20@3nost identicalslopeswere foundat between
1 g dustL'!in 0.05mol L' sulfuric acid solution with M (NH4).SO; (pH = 2.0, red trianglels
and60 mg dustL'*in 0.005 mol L' ! sulfuric acid solution witbut (NH4).SOs (pH = 2.Q black
circles during a typical aerosol lifetimgFig. 1). Thus we chosedust/liquid ratis of 1 g dustL'*
in sulfuric acid solutiorwith 1 M ammonium sulfate to represgmbtonpromotedredissolution

schemdor mineral dust

Figure 2 demonstrates the impact of oxalate on Fe dissolution(bédek circles) The
addition 0f0.03 M NaC,O, accelerated the dissolution of Fe in 1 g dustdolution, 0.05 M
H,SO, or 0.005 M HSO,, with 1 M (NH,4).SO,. Dissolved Fe concentration was 60% higher at

72 hin the 0.05 M EBO, and 1 M (NH),SO, dust suspensions with oxalate. It was over 100%

12



241 higherat 72 h in the 0.005 M 50O, and 1 M (NH),SQy) dust suspensions when added oxalate.
242 The higheractivity of protons can facilitate thexalatepromoted dissolution process by
243 protonating thénydroxyl (OH) groupsat the surface of hydrous Fe oxidésereby contributing
244  to increasing thenumber ofpositivdy charge surfacesites This increasgpromotes ligand
245 adsorptionand weakening of the F© bond,which permits the reaction between oxalate and Fe
246 sites by ligandexchangeg(Cornell and Schwertnma 2003 Ramos et al., 20}4Although the
247 protonation of the ligands in solution increasgshigher activity of protos) the adsorption
248 mechanism of 8,0, involves the loss of a proton during the ligesmdthange adsorption
249 reaction or during théransferprocess from bullsolutionto the mineralsurface(Yoon et al.,
250 2004). Consequentlythe amount of absorbed complex the mineral surface higher in
251 solutionsat pH < 7when the overall charge at the reactive surface sites is positingaredo
252 that at lower activity of protors (Zhang et al., 1985; Xu and Gao, 20Q&nz| et al., 2012
253 Ramos et al.,, 2034 The surface biding sites for adsorbed oxalate become satwiakegh
254  proton andhigh oxalateconcentrations, and thuxalatepromoted dissolutiomates arealmost
255 independent of pHor mineral dust(Yoon et al., 2004; Cama and Ganor, 20Dénzl et al.,

256 2012.

257 Experimental data ifFig. 3 demonstrate that the Fe release urdgher dust/solution

258 ratios is suppressed when the solution becomes -sapsated with respect to Fe(lll), as
259 observed by the decrease in the fatack circles) At low dust/liquid ratio of 60 mg L' at pH

260 2.1 (H" concentration of 0.01 mol't), Fedissolution continued even after 800 hours. The rate
261 of Fe dissolution decreased substantially with increasing dust/liquid ratio. At a dust/liquid ratio
262 of 50 g L'*, Fe dissolution stopped at 180 h and only 1.2% (10 prdlaj the total Fe was

263 dissolved half of whichreleasedn the first hour. The calculated thermodynamic solubility of

13
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this Fe pool at pH 2 i$3.34 (mol L' on a log scale This iscomparable tahe previously
measuredsolubility of nanogoethitewhich isi 3.6 (mol L'Y) at pH= 2 (see Fig.7 irShi et al.
2011)). Thus ths Fe poollikely includes ferrihydrite andreactivenancFe oxidesaggregatean

the mineral surfacerThis is consistent with higher Fe solubility of 1.286 compared to that of

the highly reactive F€0.63%) (Shi etal., 2011) Only 3.3% of Fe was dissolved at a dust/liquid
ratio of 10 g L* and pH 2, and Fe dissolution stopped at 180 h. The calculated solubility of the
second Fe pool i$3.55 (mol L'Y). The aboveexperimenal dataseis usedto determinethe
modelparameterso predictthe influenceof solutionsaturationstateon the Fe dissolution rates

(seeTable3 anddiscussiorbelow).

Based onabove laboratory results (Figs. 2 and 3) Fe dissolution from mineral dust
aerosoldgs treated explicitly as a kinetic process that depends on the pH, ambient temperature,
the degree of solution saturation, and competition for oxalate between deefand dissolved
Fein our model(Table3). ThenetFe dissolutn rates ERFg in units of moles ofdissolvedFe
per Fe gram ofe-containing mineral particle per second) the protorpromoted(i = 1),
oxalatepromoted ( = 2), and quastphotoreductive (i = 3) Fe dissolutionscheme can be
empirically described using the following equatiavhich is similar to the formulation applied
for Fecontaining minera (Zhang et al.,, 1985] asagaet al., 199%; Hamer et al., 2003;

Meskhidze et 2005 Lanzl et al., 2012ito and Xu,2014;lto, 2015:
RFe = ki(pH, T)x a(H")™ x f; x g (1)

wherek i s t Hrem-eégfuairl i b rfii=d endlg £ 1) Feeeleaserate nolesFe ¢ s'Y),
a(H") is theH" activity, m represents the empirical reaction order for protamsl f; and g;

account for thesuppression.

14



286 The Fe releaserate, k;, is estimatedfor the proton and oxalatepromoteddissolution
287 schemes by fitting the parameterdo our measurements sulfuric acidandammonium sulfate
288 (experiment(2) and(3)) with and withoutoxalate(Fig. 2). Fe releasdérom mineral dust under
289 acidic conditionsis characterized by initial rapid Fe release and subsequent slow Fe release
290 (Desboeufs et al., 1999; Mackie et al., 20G%iertny et al., 2008Shi et al. 201l Since the
291 typical lifetime of mineral dust is about a week, the initial rapid Fe release rates are important for
292 the atmospheric processing of mineral désthreestage kinetic model is used to describe the
293 Fe release behavior of mineral dust:stage is characterized by a rapid dissolutiomyafrous
294 ferric oxide (HFO) on the surface of mineral%’ &age isan intermediate stage of nasized Fe
295 oxidesdissolution from the surface of mineratsd &' stage is the Feelease fronfine-grained
296 materials which areinternally mixed with aluminosilicate particleasthe mineral surface is
297 slowly dissolved Here, we prescribe the content &fFO (0.65% and nanasized Fe oxides
298 (1.3%)on the surface of mineral$he content of HFO isimilar tothat of thehighly reactive Fe
299 measurean the mineral surfacand within the range of the first Fe pool from 0.5% to 2($Hi

300 etal.,, 2011)The content ohanasized Fe oxides also within the range of the second Fe pool
301 from 1.0% to 3.5% The protorpromoted dissolution rates fatage | andll are strongly
302 dependent on pH. A comparable strong dependence on pH was also reporiadaosized
303 hematite Lanzl et al., 201R The similarity in our Fe release rates to those of illite suggeats t
304 Fe is mainly released from the reactive surface eodAgaining minerals by similar mechanisms
305 to alminosilicategFig. S2) which involve inward movement of dissolution from the grain edges
306 (Brandt et al.,, 2003; Rozalén et al., 2008). Consequentdycam avoid the need to explicitly

307 treat individual Fecontaining minerals to represent dissolution processes that occur on the

1t
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timescale of aerosol lifetime by using equation (1), which is similar to the treatment applied for

combustion aerosols (Ito, 2B

The enhanced mineral dissolution in the presence of chelgjargdssuch as oxalate has
been attributed tboththeligand adsorptiorat the surface of minerahd complex formation in
solution(Drever and Stillings, 1997 he differences between with (i.e., measured overall rate)
and with no oxalate (i.e., protgromoted dissolution rate) can be attributed to the surface
complexation (i.e., oxalateromoted dissolution rate)Ve observed rates of oxalgteomoted
dissolution to be almost independent of pH &iage | and Il(Table 3) but could notalculate
the empirical reaction ordefor stage llifrom the measurementkanz| et al. (2012 found that
this value wasearly independent opH (< 4.0) and particle sizebetween 8hm and90 nm
hematite(Zhang et al., 1985)Thus weapply the samevalue to stage 1 as instage | The
calculations(red squaresheproduce the initial rapiée releaseand subsequent sloke release
due to the protonand oxalatgoromotedFe dissolution The calculations also reproduce the
enhancement in thiée solubility due to the effects of oxalate under acidic conditions, compared
with protonpromoted dissolutigraswasobservedor Arizona test dusin previous studyGhen
and Grassian 2013. The activation energy fok; is described by a function of pldnd
temperaturdor soils(Bibi et al, 2014. The Fereleasdas suppressed the degree of saturation,
fi, andcompetition for oxalate between surfdéeand dissolvedre g, (Ito, 2015).We apply the
sameequationfor mineral dustg;, as inlto (2015). Thus excess oxalate is neededfdom
mononucleambidentate lignd with surface Fe and promdte dissolutionsignificantly (Chen

and Grassian, 2013Jhe functionf; ( 0 f; @ % given by

fi=17 (are x an' ") / Keq )
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in which age is the concentration of Eein aerosol water (molt), ni is the stoichiometric ratio,

andKeq is the equilibrium constant measured.

Results ofpreviouslaboratory experiments® batch experimentshowed thabxalate hd
negligible effect on theFe dissolutionof hematiteat higher pH values Q pH = 5 under dark
conditions(Zhang et al., 1985Xu and Gao, 20Q08Lanzl| et al., 2012 The decrease in proton
concentratione.g., during activation intaloud dropletsor neutralization by carbonateould
lead toformation of the amorphous Fe(Ok{}) that coatson themineral surfaces(Shi et al.,
2009, 2015pnd inhibitsboththe adsorption of oxalandthe detachmenbf surface Feoxalate
(Zhang et al., 1985Janget al., 2007 Rozaén et al., 2011 This effect was not considered in
previous modeling studies for mineral dusthich could calculateenhancedre solubility at
higher pH (O 3) due to oxalatgromoted dissolutionlLuo and Gap 201Q Johnson and

Meskhidze 2013 Myriokefalitakis et al., 2015).

Paris et al. (2011) concluded that the lgiduced reductive dissolution was not the
principal process to explain the increase in Fe soluhihiyer lowdissolved Feandlow oxalate
concentratioa However, the Fe release from the reactive surface @of@ining mineralsvas
observedat higher pH values)5) under highdissolved Feandhigh oxalateconcentrationgnd
irradiation conditiongLanzl et al., 2012; Chen artgrassian2013. Two ratelimiting stepsare
possibly involvedn apparentontralictionsat higher pHthe adsorption of oxalaten the oxide
surfacesat low dissolved Fe concentration (i.e., far frafissolution equilibriuh and the
detachmentof surface Fexalate via photenduced ligandto-metal charge transfelas
dissolutionequilibrium is approachedKraemerand Hering, 1997 To examinethe uncertainty
in Fereleaseat higher pH valueso pH effect on the suppressiorof quasiphoteinducedFe

dissolution formineral aerosolswas performedin the sensitivity simulationln analogy to the
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combustion aerosol€pen andGrassian 2013;1to, 2015) we apply the sammate constantto
guastphotoinduced dissolutioms inoxalatepromoted dissolutioandwe setf; = 1 in equation
(1). Thequastphotoinduced dissolution rate is calculated by scaling the photolysi®fr&tgO.
estimated in the model, following Ito (2019he photedegradation of oxalate due to photolysis
of Fe-oxalate complexes is simulatéat Fe-containingaerosolsn aqueous chemistry.ip et al,

2014 Ito, 2015.

5. Modeling resultsand discussion

The nodelcalcukted concentrations of total and soluble Fe in aerosols have been
extensively compared with field observatidite and Feng, 2010; Ito, 2012, 2013, 2015; Ito and
Xu, 2014) Here, modelcalculateddaily averagesurface concentrations aoluble Fe(red
squares)vere comparedvith the measurementgolack circles)during the2010 and2011 U.S.
GEOTRACEScruises over the North AtlanticKig. 4) (Wozniak et al.2013,2015). The modet
calculated variabilityat eachlatitude andlongitude represents the daily variability during the
sampling datesThe modeled soluble Fancentration exhibsta latitudinal variability, which is
similar to that of the measurementsith low values over theemote ocear(<0.5 ng ni?),
intermediate values ne&uropean continents, and highluesnear North African continen{s5
ngm'®) (Fig. 4a). The modeled soluble Fencentratiorshowsa longitudinalvariability, which
is alsosimilar to that of the measuremenisth low values over theemote ocea<0.5ng m ),
intermediate values near North American continents, laigth values near North African

continentg>2 ngm' %) (Fig. 4b).

Figure 5 displayedthe dailyaveragedmodelcalculatedsurfacetotal aerosoFe loading,

Fe solubility, Fe/WSOCmolar ratio, anddustcombustion ratidor solubleFe (red squaresyver
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the2010 and 2011 US GEOTRACES®uise tracksn comparison with the measureme(litack
circles)by Wozniak et al(2013, 205). As previously reported Ito (2013) the oil combustion
from shipping mainly contributes to higte solubility at lowFe loadingobserved over the high
latitude North Atlantic Ocean(Fig. 5a). In this study, lowFe solubility near North African
continent was successfullysimulated The internal mixing of alkaline mineralswith Fe
containing mineralsn aqueous chemistry for mineral dust can lead to higherap#ithus
suppress the Fe dissolution near the source regommspared to the external mixing (Ilto and
Feng, 201Q)The model predictgelatively higherpH valuesfor dust aerosols except submicron
particlesnear the source regignsecausahe dust alkalinity reservoifi.e., calcite)is able to
buffer the acidificationFig. S3). While our model has incorporatéke initial rapid Fe release
rate in acid solutionswith oxalateexplicitly, the comparisawith observations suppothe
suppres®n of Fe dissolutionunderlow acidity andlow oxalate concentration near the source

region of dust aerosols

The FeWSOC molar ratios in aerosoltfluenced by combustion aerosaee 2 3 orders
of magnituddower than thosenearNorth African continenf which are alsaconsistent with the
observationgWozniak et al., 2013, 28} (Fig. 5b). The averaged WSOC concentration in our
model (330+Z0 ng m?®) is consistent with the measurements (330+290 . fhe higher Fe
solubility measured in water (pH 5.5) for the excess WSO®ith Fe-binding functionalities
(e.g.,1COOH,TNH,) maysuggest potential roleof the organiccompoundsn aerosoldor the
delivery of Feto the oceain soluble form(Wozniak et al., 2013, 2015}ere similar plots can
be obtained even with a constASOC concentration at 330 (nd In(Fig. $). The results
indicatethat the variability in Fesolubility is nearly independent of the variability in WSOC

concentrationpossibly becausaf the excesfigandsto stabilize Fe in solutioat low Fe loading
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The use of our processbased modeblemonstrateshat chemical reactions andixing with
combustionaerosols are the main mechanisms to cause the high Fe solablibty Fe loading
in the North Atlantic(Fig. 5¢). As previouslydiscussedn Ito (2013) this is consistent wittthe

observationge.g.,Sedwick et al., 2007; Séguret et al., 2011

Thesuppression of Fe dissolution under low proton lamdoxalate concentratiorisads to
the lowerFe solubility of mineral dust deposited to the ocean4%i60.71%) on a global mean
in present day¢Table 4) compared tdhoseestimatedfor mineral dustoy previous modeling
studies(1.4%i 15%, see Table 5 iHajima et al., 2014 The Fe solubility for mineral dust varies
spatially over the remote oceans, due to fhetort, oxalatepromoted and quastphoto
reductive Fe dissolution(Fig. 6). The Fe solubility ranges from 0.75 t@% over the North
Atlantic and Pacific in present dayBig. 6a and 6c), which is relatively consistent witthat
(1%i 2%) used inconventional ocean biogeochemical modgiskells et al. 2005)The base
simulatiors resultin low Fe solubility (<1%) over the Southern Ocean in present days and
significant portions of the ocean preindustrialera due to thesuppression of Fe dissolution
under low proton concentratior{ffig. 6a and6b). In contrast, thesensitivity simulatiors for
mineralaerosols (i.e., f3 = 1) lead tohigherFe solubility (>1%) deposited to the remote oceans
of high nitrate, low chlorophyl(HNLC) regionssuch as the subarctic north Pacific, the east
equatorial Pacific, and the Southern Ogearhen quastphotoreductive dissolution was
consideredat higher pHvalues(Fig. 6c and6d). This is reflected in higher contribution of
oxalatepromoted(i = 2 and 3 dissolution to total soluble Fe deposition in the sensitivity
simulations for mineral aerosols, comparedhtat (i = 2) in the base simulations (Fighs We
note that highecontribution of protospromoted i = 1) dissolution near the source regianay

includethe effect of oxalate on Fadissolutionvia the suppression of mineral dissolutias well

2C



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

as the soluble Fe content at emissi&s a result, the protepromoteddissolutionscheme
contributed the majority of soluble Fe deposition to the ocean, 90% for the base case and 69%
for the sensitivity case, respectivelyincethis Fe dissolution is not only due to the preton
promoted dissolution by definitiorwe also examinedhe dfect of different assumption on the
initial period of enhanced Fe releasean additional sensitivitysimulation in which we use
0.1% for the initial Fe solubility of mineral dust (Hand et al., 2004; Ito and Xu, 2014
model results show that the rdabution of dissolution scheme to total soluble Fe deposition
depends on the assumption on the initial Fe solubility at emi¢Bign ). The model results
suggest thathe initial soluble Fe contentfrom dust source regions such &suth America
(Patagoniy Australig andsouthern Africamay be important for thsupplyof solubleFeto the
Southern Ocearnlhe protorpromoteddissolutionscheme contributed7% for the additional

sensitivity case, which is betweenr base andensitivity simulatioss.

The anually averaged rate oeposition ofsolubleFe from dust andcombustion sources
to the oceanis presented in Figgaand7d for thebaseand sensitivity simulations, respectively
The total Fe solubility (Fig. 7b and 7e) is higher than thatalculated fromdust only over
significant portions of the opeocean However,our modeled Fe solubility0(1%i 0.5% and
0.2%i 0.7% for the base and sensitivity simulations, respectiyaedystill low over the South
Atlantic eastdownwind from thePatagoniardust source regionghere previousmodeled Fe
solubility deposited to the oceah4%i 2.0% byMahowald et al., 2009).5%i 0.6% byJohnson
et al., 2010was significantly lower than thateducedrom observation$7.5%i 20% by Baker
et al, 2013) Our modeled Fe solubility for dry depositimver the Atlantic(1.1%t1.9% and
1.2%+2.0%) is in good agreementvith the measurement (2.122%), while that for wet

deposition (3.4%t+3.2% and 3.6%+3.3%) is significantly lower thanthe measurement
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(10.20+4.6%) (Baker et al.2013. Moreover, ourmonthly averagedre solubility (1%i 4%) in

wet depositions an order of magnitude lowéhnan thatobservedon the Kerguelenslandsin
South Indian Ocea(B82%t+18% by Heimburgeret al., 2013) This enhanced solubilitypnay be

due tounidentifiedreactiveorganicspeciesn cloud and rainwater, which containFe-binding
functionalities (e.g.J COOH, 1 NH,) such ashumiclike substancesrom biomass burningnd
biologically derived materialBom the ocearfParazolst al. 2@6; Deguillaumeet al., 2014 Ito

et al.,2014,2015. The role of humidike substances in the complexation and dissolution of Fe
oxides over a wide pH range hasceivedconsiderable attention in recent literaturdg- (
Abadleh, 201% The multiple ligandswith high affinity for Fe binding canwrest aqueous Fe
from anyFe-oxalatecomplexes, allow the oxalate ligand to react with the surface Fe oxides, and
assist the~e-oxalatedetachment from the surface Fe oxidesnt#rmediate pH (e.gpH =5
(Cheah et al., 2003)Thus the consumption of oxalate due to photolysis of Eesoxalate
complexmay be limiteddue tocomplexation with strorgy ligandsin atmospheric wateOn the
otherhand, functional groups on the hummiolecule are less protonated at pH > 4, increase the
probability of coating of organic mattea thereactivemineral surfaces andthusinhibit the
oxalatepromoted dissolutior{fDrever and Stillings, 1997 Clearly, nmore work is required to
elucidatethe underlying mechanisms that promote Fe dissolutiazioud and rainwater over

the Southern Oceaim future studies

The contributions ofanthropogenic solublEe depositionto thepresentdaysare examined
in Fig. 7c and7f for thebaseand sensitivity simulations, respectivelihe soluble Fe deposition
from both mineral dust anébssil fuel combustion sources due to changestmospheric
pollution contributes more than half of the total soluBkdeposition over significant portiors

the operocean in the Northern Hemisphdoe the basesimulations The sensitivity simulatios
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467 for mineralaerosoldi.e., f3 = 1) lead tohighersolubleFe deposition irboth present daysind
468 preindustrialera(Table4) andresult inlower anthropogenic soluble Fe depositianthe HNLC
469 regions due to almost no pH dependencytlé quastphotoreductivedissolution Of the total
470 soluble Fedepositionfrom anthropogenic sources (excluding biomass burnioghe ocean
471 (0.050.06Tg Fe yt'), 67%i 72% is from dust source@8%i 33% is from fossil fuelcombustion
472 (Table4). In contrast, oumodelindicatedhigher contribution of biomass burning aerosols in
473 preindustrialera (42%i 55% in total solubld=e deposition to the oceanflowever significant
474  uncertainties remain on the magnitude of this source stréhgthet al., 2008]to, 2011, 2012,
475 2015 Wang et al., 20151t should be notethatanthropogenic soluble Fe inpigtalsosensitive
476 to the soluble Fe content at emission. The tamithl sensitivity simulation with the initial Fe
477  solubility (0.1%) for dust aerosols indicates smaller contributib@nthropogenicomponent

478 near the source regiofBig. S7)

479 Our estimate ofotal Fe deposition to the oceb0 Tg Fe yt?) is within the range obther

480 models(Table5). Our estimatesf soluble Fedeposition to the ocear.05and0.07 Tg Fe yt*

481 from the base and sensitivity simulatipnsspectivelyin preindustrialeraarein good agreement

482 with that of Myriokefalitakis et al. (2015)(Table 5). The ratio of preseniday soluble Fe

483 depositionto the preindustriaérafrom the base simulatiof@7%) is in good agreement with i

484 estimated byLuo et al. (2008)46%), despite the use of various dissolution scheresgssion

485 data setsand atmospheric transport modelhe sensitivity simulatiors, which include the

486 quasiphotoreductivedissolution for mineral aerosolse., f3 = 1), results in relatively small

487 increasesn thesoluble Fe depositioim the globalocean(0.077 and 0.22 Tg Fe yt on a global

488 meanin preindustrial and present days, respectively). The global deposition is similar between

489 ourbase andensitivity simulatios, mainly becausef the suppression of protggromoted(i.e.,

23



490 f;) and oxalatgpromoted(i.e., g,) dissolution near the strong source regions of mineral @h&.
491 s reflected in lower Fe solubility (1.1%.2% on a global mean)ompared tahose estimated

492 by previousmodelingstudieg(1.4%i 15%, see Table 5 iMajima et al., 2014

493 6 Conclusions

494 We havedevelogd a new schemef Fe dissolution which reproducedthe protont and

495 oxalatepromoted dissolutiotvehavios of our experimental results for mineral du$he batch

496 dissolution experimentgrovided the Fe dissolution rates under far from equilibrium conditions
497 and he parameteror degree of suppressi@s the saturatiostate approachegquilibrium. Qur

498 modelreproducd the slopeof Fe solubilityvs. total Fe loading measured over the No#ttantic

499 Ocean To investigate the uncertainty in the Fe dissolution associated with organic compounds,
500 negligible pH effect onthe quastphoteinduced Fe dissolution formineral aerosolswas

501 performedin the sensitivity simulatios. The Fe release scheralbows us toreduce the number

502 of mineral tracergor implementation in thé&arth system modelsAt lower protonactivity and

503 lower oxalate concentratiom aerosol wateron dust particlesiear major dustsources both

504 proton and oxalate had mignificanteffect on theFe dissolution in our modednd thus resulted

505 in the lower Fe solubility of mineral dust deposited to the ocead%@.6.71%)on a global

506 meanin present dayd-e release under more acidic condition in aerosol water caiegollution

507 resulted insignificantincreases irsoluble Fe deposition ovetargeportions of the opencean in

508 the Northern Hemispherén our mode] low Fe solubility is estimatedor mineral dust (< 1%)

509 over the Southern Ocealownwind from the dust sourcegions The differences between our
510 base andsensitivity simulatios for mineral aerosolsare notablefor low Fe loadingover the

511 remoteHNLC regionssuch as the subarctic north Pacific, the east equatorial Pacific, and the

512 Southern OceartHowever the differences in Fe solubility between different simulations are
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generally smaller than the differendestween different model estimates and measurem&nts
comprehensiveomparisonof model predicted=e and its related species with observatians

therefore needetb elucidate the high Fe solubilibpservedinder pristine conditions
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Figures Captions

Fig. 1

Fig. 2

Fig.3

Comparison of Fe solubility in solution (%)easuredat two different dust/liquid
ratios of 1 g L'* (red trianglesjand10 g L'* (blue squardsin 0.05 mol L'* sulfuric
acid solution with 1 mol I* (NH4).SO; (I = 3.15 mol k¢%), anddust/liquid ratie of
60 mgL'* (black circles) and g L'* (green diamonds) i6.005 mol L sulfuric acid

solution witrout (NH4)>SO; (pH = 2.0)

Comparison of Fe solubilitin solution (%)predicted using equation (With our
measured Fe dissolution ratés with no oxalate at pH = 2, 0.05M.BO;, 1M
(NH4)2SQ,, (b) with no oxalate at pH = 3, 0.005M,80,, 1M (NH,).SO;, (c) with

oxalate atpH = 2.1,0.05M HSO;, 1M (NH4)2SOs, and0.03 M NaC,04, (d) with

oxalate at pH = 3, 0.0056M 480;, 1M (NH,)>SO,, and0.03 M NaC,0,. The red
squares are calculated using equation (1) from the rate constants used in this study at
each hour. The black cirdareour measured datd he values of pH in solution are
calculated using AIM (Wexler and Clegg, 2002,

http://www.aim.env.uea.ac.uk/aim/aim.php

Comparison of Fe solubility in solution (%) predicted using equatiorw(th) the
measured Fe dissolution rates at pH = 2, 0.00580y4, and dust/solution dfa) 60
mgL't, (b) 1 gL' (c) 10 gL'}, and(d) 50 gL'*. The red squares are calculated
using uation (1) from the equilibrium constant (fég'?) used in this study at
each hour. The black cirdareour measured datd& he fraction of total dissolved Fe
present as Fe(lll) is prescribed at pH = 2 (QrR)his calculation to emulate the

experimental conditionavhile the photochemical redox cycling between Fe(lll) and
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Fig. 4

Fig.5

Fig. 6

Fe(ll) in solution is explicitly simulated in our global model (Lin et al., 2014). The
large fraction of Fe(ll) in solution under the dark conditions is likely associated wi
the Fe dissolution of Fe(Hjontaining solids (Cwienty et al., 2008Jhe initial
fraction of Fe speciation is not critical in estimating the Fe redox speciation in
aerosol water, because Fe(ll) is quickly oxidized to Fe(lll) in oxygenated water

(Deguilaume et al., 2010).

Comparison of simulatedred square) and observedblack circle§ soluble Fe
concentratior{ng m®) during (a) 2010 andb) 2011 U.S. GEOTRACES cruiserer

the North Atlantic (Wozniak et al., 2013, 2019)he number of modeled data points

(84) is larger than the measurements (37), because each daily average is calculated

for each sampling date at each center of cruise location.

(a) Atmospheric loading of total aerosol Bey m®) versus Fesolubility for model
estimates (redquarel and measurements (blackcleg over the cruise trackgb)

The Fe/WSOCmolar ratio versus percent of soluble Fe in total Fe for model
estimates (redquares and measurements (blackcleg over the cruise trackgc)

The dust/combustion ratio for soluble Fe versusdlability for model result®ver

the cruise tracksThe measurements are obtained from Wozniak et al., (2013, 2015).
The number of modeled data points (84) is larger than the measurements (37),
becaus each daily average is calculated for each sampling date at each center of

cruise location.

Ratio (%) of the soluble to tot®le deposition for mineral dust i(a) present days

from basesimulations,(b) preindustrial era fronbasesimulations,(c) present days
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Fig.7

from sensitivity simulations, anf) preindustrial era from sensitivity simulations.
The formation of the amorphous Fe(Q8) suppresses the oxalgemoted
dissolution from mineral aerosols in the base simulations, whileunbeffect was
consideredor quastlight-induced reductive dissolutian the sensitivity simulation

(.e.fs=1).

Deposition of soluble Fe (nFem'? s %) from dust and combustion sources to the
oceans in present days, Fe solubility in prestats, and ratio of increase from
preindustrial to present to soluble Fe depositiopresent daysThe formation of the
amorphous Fe(OH(s) suppresses the oxalgemoted dissolution from mineral
aerosols in the base simulations, whilesnoheffect wa consideredor quasilight-

induced reductive dissolutian the sensitivity simulatiofi.e.,f; = 1).
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852 Tablel.

853

Summary ofedissolution experimenfgerformedn this study

Experiment pH Dust/liquid ratio(g L' ") Ammoniumsalt Oxalate
Experimentl. 1.3 1 0 0
Experimentl. 2.1 1 0 0
Experiment? 2 1 1 mol L'* (NH.,)SO4 0
Experimen 3.1 1 1 mol L't (NH.,),S0Oy 0
Experimen?2 0.9 1 3 mol L' 'NH4CI 0
Experiment2 2 10 1 mol L't (NH,),SO, 0
Experiment3 2 1 1 mol L' (NH,),SO,  0.03 mol I'*
Experiment3 2 1 1 mol L' (NH,),SO,  0.03 mol I'*
Experiment4 2 0.06 0 0
Experimen#d 2 10 0 0
Experimen#d 2 50 0 0
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Table 2. Global Fe emission (Tg Fe yr'') estimated for different types dfe-containing

aerosols
Species Preindustrial era Present day
Dust 69 (98%) 69 (98%)
Oil combustion 0 (0%) 0.022 (0.03%)
Coal combustion 0.28 (1.0%) 0.69 (1.0%)
Biomass burning 0.66 (0.9%) 0.66 (0.9%)
Total Fe 70 71

Note: he parentheses represent the percentage okeaoteof Fe to total FeThe initial Fe
solubility (58 + 22%) is used to estimate primary soluble Fe emission for the oil combustion
aerosols only (Ito, 2015yVe also examinedhe initial Fe solubility of mineral dus{0.1%)in an
additional sensitivitysimulation(Hand et al.2004; Ito and Xu, 2014)nsoluble Fe can be
transformed to secondary soluble Fe via atmospheric procesdtegcontaining mineral dust
(see the text) and combustion aeroshits 015.
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Table 3. Constantsused to calculate Fedissolution rates for mineral dust, based on

laboratoryexperiments.

Stage Species Scheme Rate Constarki(pH, T)'

m3 Keq4

5

n;

I Ferrihydrite Proton 7.13x 10 *exp[E(pH)* x (1/298 1/T)]
Il NanoFe oxides Proton 1.43x 10 “*exp[E(pH)? x (1/298 1/T)]
1 Aluminosilicates Proton 5.85x 10 ®exp[E(pH)? x (1/298 1/T)]

1.1 1550
16 42
0.76 3.3

3
2.
2.

75
85

I Ferrihydrite Oxalate 4.61x 10 %exp[E(pH)* x (1/298 1/T)]
I NanoFe oxides Oxalate 1.28x 10 %exp[E(pH)? x (1/298 1/T)]
1 Aluminosilicates Oxalate 1.68x 10 %exp[E(pH)? x (1/298 1/T)]

0.069 1550
0.069 1550
0.056 1550

I Ferrihydrite Phot  4.61x 10 °exp[E(pH)* x (1/298 1/T)]
[ NanoFe oxides Phot  1.28x 10 ®exp[E(pH)* x (1/298 1/T)]
1 Aluminosilicates Phot  1.68x 10 %exp[E(pH)? x (1/298 1/T)]

0.069
0.069
0.056

Tk(pH, T) is thepH- andtemperaturel e p e n d dronte qaufidri br i umo

Fe-containing mineral dugmolesFe d' %) for each Fe dissolution schemeThe parameters
are fit to our measurements for African du$he photcinduced dissolution rate of Fe

fofe

compounds is scaled to the photolysis rate jtalculated in the modelollowing Ito (2015)
ZE(pH) =11.56x 10° x pH + 1.08 x 1¢*. The parameters are fit to the measurements for soils

(Bibi et al., 2014).

*m is the reaction order with respect to aqueous phase protbith was determined by linear

regression from our experimental data in the pH range between 2 and 3 for prmtaxalate

promoted dissolution schemes.

* Keqis the equilibrium constarimol® kg'?) (Bonneville et al., 2004; Jang et al., 2007)
> ni is the stoichiometric ratio (Bonneville et al., 2004; Jang et al., 200® stoichiometric
number of moles of Fe per mole of minaemémpirically determined fdfedissolution rate as in

theequation (1)

®The formation of the amorphous Fe(Q8) suppresses the oxalmmoted dissolution from

mineral aerosols in the base simulations, whilesnoh effect wasconsideredor quastlight-

induced reductive dissolutian the sensitivity simul#on (i.e.,f; = 1).
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880 Table4. Annual depositionrates oftotal andsoluble Fe (Tg Fe yr) from different sources

881 to theoceanin thebaseand sensitivitysimulations

Fe deposition Soluble Fe deposition

Preindustrial Present  Preindustrial Present

Source
era day era day

Dustin base case 9.9 9.9 0.018 0.0&3

Dustin sensitivity case 9.9 9.9 0.034 0.070
Dustin an additional sensitivity cas: 9.9 9.9 0.027 0.069
Biomass burning 0.12 0.12 0.028 0.026

Coal combustion 0.051 0.14 0.0046 0.011

Oil Combustion 0 0.017 0 0.011

882 * Assuming an initial Fe solubility of 0.1%
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883 Tableb5. Comparison oftotal andsoluble Fedeposition to the oceans (Tg Fé Yrfrom

884 different studies for the preindustrial era and the present day.

Study Total Fe Soluble Fgpreindustrial) Soluble Fe (current

Basesimulation 10 0.051 0.11

Sensitivity simulation 10 0.067 0.12

Luo et al. (2008) 11 0.10 0.21
Myriokefalitakis et al. (2015 7.0 0.063 0.19
Jickells et al(2005 16 0.161 0.32

lto (2015) 13 0.34

Wang etal. (2015) 8.4 0.17
Othermodels 1121 0.26i 2.3

885 'Thevalues are taken fromampilation of literaturegHajima et al. 2014).
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Effect of ammonium sulfate
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Fig.1 Comparison of Fe solubility in solution (Y)easuredat two differentdust/liquid ratie
of 1 g L'! (redtriangles) and10 g L'* (blue squarasin 0.05 mol [} sulfuric acid solution with 1
mol L'* (NH4)-SOx (I = 3.15 mol kg'), anddust/liquid ratis of 60 mg L'* (black circles) and1 g
L'* (green diamondsin 0.005 mol [* sulfuric acid solution witbut (NH,),SOs (pH = 2.0)
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(a) With no oxalate at pH = 2 (b) With no oxalate at pH =3
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Fig. 2 Comparison of Fe solubility in solution (%) predicted using equationw(fl) our

measured-e dissolutiorrates(a) with no oxalate at pH = 2, 0.05M,B0;, 1M (NH4)2SOy, (b)

with no oxalate at pH = 3, 0.005M,80,, 1M (NH,)>.SO,, (c) with oxalate at pH =.2, 0.05M

H,SQOy, 1M (NH,)2SOy, and0.03 M NaC,0,, (d) with oxalate at pH = 3, 0.006M 80, 1M

(NH4)2SOy, and0.03 M NaC,0,. The red squares are calculated using equation (1) from the rate

constants used in this study at eaclir. The black circkeareour measured datd he values of

pH in soluion are calculated using E-AIM (Wexler and Clegg, 2002,

http://www.aim.env.uea.ac.uk/aim/aim.php
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(c) Dust/solution of 10 g L™ (d) Dust/solution of 50 g L™
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Fig. 3 Comparison of Fe solubility in solution (%) predicted using equatiowith)the
measuredre dissolutiomates at pH = 2, 0.005M480,, and dust/solution d&) 60 mgL'?*, (b)

1gL' (c)10 gL', and(d) 50 gL'’ The red squares are calculated using equation (1) from the
equilibrium constant (moékg'?) used in this study at each hour. The black crateour

measured datd he fraction of total dissolved Fe present as Fe(lll) is prescribed at pH = 2 (0.2)
in this calculation to emulate the experimental conditiarsle the photochemical redox cycling
between Fe(lll) and Fe(ll) in solution is explicidimulatedn our gbbal model (Lin et al.,

2014). The large fraction of Fe(ll) in solution under the dark conditions is likely associated with
theFe dissolutiorof Fe(ll)-containing solids (Cwienty et al., 2008he initial fraction ofFe
speciation is not critical in estimating tReredox speciation in aerosol water, because Fe(ll) is
quickly oxidized to Fe(lll) in oxygenated water (Deguillaume et al., 2010).
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(a) Latitudinal variability of soluble Fe
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914
915 Fig.4 Comparison of simulatedred square) and observed(black circles) soluble Fe

916 concentratior(ng mM>) during (a) 2010 and(b) 2011 U.S. GEOTRACES cruisever theNorth
917 Atlantic (Wozniak et al.2013,2015). The number of modele@ta points&4) is larger than the
918 measurements3y), because each daily averagecaculated for each sampling date at each

919 center of cruise location.
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(a) Fe loading vs. Fe solubility

(b) Fe/WSOC vs. Fe solubility
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Fig.5 (a) Atmospheric loading of total aerosBk (ng m?®) versusFe solubility for model
estimates (redsquarg) and measurements (blaalircles) over the cruise tracks (b) The
FeMWSOC molarratio versusFe solubility for modelestimates (redquare) and measurements
(blackcircles) over thecruise tracks(c) The dustcombustion ratidor solubleFeversus percent
of solubleFein total Fe for model result®ver thecruisetracks The measurementareobtained
from Wozniak et al.(2013 2015. The number oimodeleddata points (84) is larger than the
measurements (37), becausachdaily averages calculatedfor eachsamplingdate ateach
center ofcruise location
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(a) Iron solubility in present days from base case (b) Iron solubility in preindustrial era from base case
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(c) Iron solubility in present days from sensitivity case (d) Iron solubility in preindustrial era from sensitivity case
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931 Fig.6 Ratio (%) of the soluble to tot&le depositionfor mineral dusin (a) present daysrom
932 basesimulations,(b) preindustrial erdrom basesimulations,(c) present days from sensitivity
933 simulations, and(d) preindustrial era from sensitivity simulation¥he formation of the
934 amorphous Fe(OH(s) suppresses the oxalgemoted dissolution from mineral aerosols in the
935 base simulations, while no such effect was considered for -iglaisinduced reductive
936 disolution in the sensitivity simulatiofi.e., f; = 1).
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(a) Soluble Fe deposition from base case
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(b) Fe solubility from base case
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(e) Fe solubility from sensitivity case
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Fig.7 Deposition of solublé&e (ng Fem'? s'!) from dust and combustion sourdesthe oceans

in present dayga) from base simulationand (d) from sensitivity simulationsFe solubilityin
present daygb) from base simulationand(e) from sensitivity simulationsandratio of increase

from preindustrial to presemd soluble Fe depositiom present dayg¢c) from base simulations

and (f) from sensitivity simulationsThe formation of the amorphous Fe(Q8) suppresses the
oxalatepromoted dissolution from mineral aerosols in the base simulations, while no such effect
was considered for qualsght-induced reductive dissolution in the sensitivity simulafjioa., f3

= 1).
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