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Abstract. Experiments to determine the concentration of photochemically available Fe in 
ambient aerosol samples were carried out using a novel photochemical extraction 
procedure. Ambient aerosol samples, which were collected on Teflon filters, were 
suspended in an aqueous solution within a photochemical reactor and irradiated. Under 
these conditions, which were favorable to the photochemical weathering of aerosol 
particles, the relative amount of Fe(II)a q to Fetota I was shown to increase. The extent and 
rate of Fe(II)aq photoproduction was used to characterize the Fe in aerosol samples 
collected from Whiteface Mountain, New York, Pasadena, California, San Nicholas Island, 
California, and Yosemite National Park, California. Photochemically available Fe 
concentrations found ranged from < 4 ng m -3 (0.07 nmole m -3) to 308 ng m -3 
(5.52 nmole m-3), Fetota I concentrations ranged from 10 ng m -3 (0.18 nmole m -3) to 
3400 ng m -3 (61 nmole m-3), and the percentage of photochemically available Fe to 
Fetota • ranged from 2.8% to 100%. Aerosol samples were also collected during biomass 
burning events in southern California; these samples showed insignificant changes in the 
photochemically available Fe (compared to nonbiomass burning samples) in conjunction 
with large increases of Fetota •. Calculations based on these experiments also provide 
further evidence that redox reactions of Fe in cloudwater could be an important in situ 
source of oxidants ('OH, HO}/OS-). The estimated oxidant production rate in cloudwater 
based on these experiments is between 0 and 60 nM s-•, with an average value of 16 nM 
s-•. This estimated in situ oxidant production rate due to Fe chemistry is approximately 
equal to previous estimates of the oxidant flux to cloudwater from the gas phase. 

Introduction 

Iron (Fe), which is one of the most abundant elements in the 
Earth's crust, is prcscnt primarily as Fe(II) and Fe(III) forms 
[Taylor and McLet•nan, 1985]. Particulate Fe is transferred to 
the atmosphere by wind, volcanic activity, and through anthro- 
pogenic sources [Cass atzd McRae, 1983; Seinjkld, 1986; Gomes 
and Gillette, 1993]. Total Fe concentrations in tropospheric 
aerosols range from 0.6 to 4160 ng m -3 in remote areas, 55 to 
14500 ng m- 3 in rural areas, and 21 to 32820 ng m- • in urban 
areas [Schroeder et al., i987], and cloudwater concentrations 
range from 0.4 to 424 ktM [H/aMman et al., 1982; Munger et al., 
1983; Jacob et al., 1985; Fuzzi et al., 1988; Behra and Sigg, 1990]. 

Atmospheric particulates are the source of Fe and other 
transition metals to cloudwater. Ambient aerosol particles are 
incorporated into cloudwater as condensation nuclei or are 
dynamically captured by impaction or differential settling. 
These processes result in a suspension of particles and dis- 
solved species in cloudwater derived from aerosol particles. A 
fraction of the total Fe present in aerosol can dissolve into 
solution [Zhu et al., 1992, 1993; Zhuang et al., 1992a] along with 
other water-soluble species. Once in the droplet, Fe can par- 
ticipate in a variety of homogeneous and heterogeneous elec- 
tron-transfer reactions. The specific mineral form of the par- 
ticulate Fe is important to both the dissolution rate and the 
photoreactivity of the particles [Pehkonen et al., 1993, 1995]. 

Fe(III)/Fe(II) redox couples are important mediators of 
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charge-transfer reactions in natural waters [Schwarzenbach et 
al., 1993]. Fe(III)-carboxylate complexes have been shown to 
undergo photoassisted redox reactions where the Fe(III) is 
reduced to Fe(II) and the complexed organic anion is oxidized 
[Zuo and Hoign& 1992; Faust and Zepp, 1993; Pehkonen et al., 
1993, 1995]. The Fe(III) species can either be aqueous Fe(III) 
complexes or surficial Fe(III) complexes associated with an 
Fe-oxyhydroxy polymorph (e.g., goethite, hematite, amor- 
phous Fe-oxyhydroxide) [Pehkonen et al., 1993]. Pehkonen et al. 
[1993] have shown that Fe(III)-carboxylate photochemistry can 
be an important pathway for the degradation of carboxylic 
acids in the atmosphere. The degradation products include 
lower chain carboxylic acids and hydrogen peroxide (H202) 
[Zuo and Hoign•, 1992; Pehkonen et al., 1993; Siefert et al., 
1994]. In previous studies it has been assumed that the primary 
source of atmospheric H202 was controlled by gas phase re- 
actions [Gunz and Hoffmann, 1990; Sakugawa et al., 1990; 
Thompson, 1992]. However, Zuo and Hoignd [1992] have 
shown that the photolysis of Fe(III)-oxalate complexes may be 
an important source of H202 in cloudwater. In addition, this 
pathway for the heterogeneous production of H202 may be an 
important factor in regulation of the oxidation capacity of the 
atmosphere. 

The availability of Fe also affects S(IV)/S(VI) chemistry. 
Aqueous SO•-, can react with Fe(III)a q in oxic waters to yield 
Fe(II)aq, 8042--, HSO•-, and H202 via the formation of SO•-', 
SO4•', SO•-', and HO• [Jacob et al., 1986; Breytenbach et al., 
1994]. Iron can also indirectly oxidize S(IV), through the pro- 
duction of H202 by the photolysis of the Fe(III)-oxalate com- 
plex and the subsequent oxidation of S(IV) by H202 [Hoff- 
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Figure 1. Ambient aerosol collection sites: Whiteface Moun- 
tain, New York (WMNY); Yosemite National Park, California 
(YNPCA); San Nicholas Island, California (SNICA); Pasa- 
dena, California (PCA). 

mann and Edwards, 1975; McArdle and Hoffmann, 1983]. This 
indirect S(IV) mechanism may be very important since H202 is 
the principal oxidant of S(IV) to S(VI) in the atmosphere from 
pH 2 to 4 [Hoffmann and Boyce, 1983; Jacob and Hoffmann, 
1983; Hoffmann and Jacob, 1984]. Iron is also a limiting nutrient 
to primary phytoplankton growth in certain regions of the open 
ocean [Martin and Gordon, 1988; Ditullio et al., 1993; Kolber et 
al., 1994; Martin et al., 1994; Price et al., 1994]; and the specia- 
tion of Fe is critical to the rate of Fe uptake by phytoplankton. 

Investigation of cloudwater photochemistry has been cen- 
tered around the use of ambient fogwater or cloudwater [Faust 
and Allen, 1992, 1993; Zuo and Hoign•, 1992], or synthetic Fe 
oxide particles [Pehkonen et al., 1993, 1995] in laboratory ex- 
periments. Several investigators have examined the speciation 
of Fe in ambient aerosols by determining (1) the concentration 
of Fe(II) [Zhuang et al., 1992; Zhu et al., 1993], (2) the con- 
centration of soluble Fe [Zhu et al., 1993; Spokes et al., 1994], 
and (3) the mineral form of the Fe through Mossbauer spectros- 
copy [Kopcewicz and Kopcewicz, 1991, 1992]. These procedures 
measured the concentration of Fe in specific phases but did not 
directly address the dynamic time-dependent reactivity of the Fe. 

Similar studies have focused on the photoreactivity of sus- 
pended ambient aerosol samples in aqueous solution [Zhu et 
al., 1993; Siefert et al., 1994]. For example, Zhu et al. [1993] 
explored the photolysis of aqueous Fe solutions, that were 
leached from marine aerosol samples. They chose their exper- 
imental conditions to simulate haze aerosol solutions with an 

ionic strength equal to 0.1 M and a pH equal to 1. Their 
experiments showed a high level of photoreactivity of the Fe 
leached from marine aerosol samples in the presence of vari- 
ous inorganic anions. However, the filters leached by Zhu et al. 
[1993] may have contained a significant amount of photochem- 
ically available Fe. For example, Pehkonen et al. [1993] showed 
that the photoreduction of Fe also occurs with particulate 
Fe(III), thus the experimental methods used by Zhu et al. 
[1993] may not represent the total photoreactivity of Fe in 
aerosol samples. 

Quantification of the amount of photochemically available 
Fe in aerosol samples is important, since it should account for 
all of the species of Fe that may take part in Fe-induced 
photochemistry in the atmosphere. In this paper we describe a 
series of experiments that were carried out to determine the 
amount of photochemically available Fe (FepA,total), soluble 
Fe(II) (Fe(II)soluble), and total Fe (Fetota0 present in a variety 
of ambient aerosol samples. 

Methods 

Ambient Aerosol Collection 

Ambient aerosol was collected on 47-mm Gelman Zefluor 

PTFE filters with a pore size of 1 /•m. Collection sites were 
located at Whiteface Mountain, New York (WMNY), Yo- 
semite National Park, California (YNPCA), San Nicholas Is- 
land, California, (SNICA), and Pasadena, California (PCA) 
(Figure 1). These locations were chosen to provide several 
diverse sampling regions. The sites at YNPCA and WMNY 
provided two continental environments with varying weather 
patterns. PCA provided a polluted urban atmosphere and 
SNICA provided a coastal island environment. A volumetric 
flow rate of 10 L min -1 through each filter was maintained 
with a critical orifice. A set of two to nine filters were used for 

each collection. Filters, polycarbonate filter holders, and lab- 
ware were cleaned rigorously before use by following similar 
procedures as outlined by Patterson and Settle [1976]. The 
Gelman Zefluor filters were placed in a warm 10% HF bath for 
24 hours followed by a warm 10% HNO3 bath, also for 24 
hours. The filters were rinsed with water between the baths and 

after the final bath (ultrapure acids from Seastar Chemicals, 
Sidney, British Columbia, Canada, and 18.2 Ml•-cm Milli-Q 
UV water were used for all steps). The filter holders were 
placed in a warm 5% HNO3 bath (reagent grade HNO3) for 24 
hours followed by a warm 1% HNO3 (Seastar Chemicals, ul- 
trapure HNO3) bath. The filter holders were rinsed with water 
between the baths, and also after the second bath. After col- 
lection of aerosol samples, the filters were stored in the dark at 
21øC and a relative humidity of 50% for 24 hours and then 
weighed (these were the same conditions used to preweigh the 
filters). This weighing technique is similar to the one followed 
by Ligocki et al. [1993]. After weighing, the samples were 
stored in the dark at 4øC, for periods ranging from 2 months to 
2 years prior to use in photochemical experiments. 

Simulated Cloudwater, Experimental Procedures 
The 47-mm-diameter filter used to collect the ambient aero- 

sol sample was securely placed in an all-TeflonTM photochem- 
ical reactor vessel (Figure 2). The vessel was designed in order 
to allow the entire filter surface to be irradiated during the 
experiments. The reactor vessel was then placed in a box de- 
signed to minimize the irradiation of the reactor vessel from 
ambient light. An aqueous solution of 500/•M formate/formic 

irradiating light 

I ,-• uartz window 

L' I I I l• I I 

fi 

ueous solution 

stir bar 

Figure 2. Reactor vessel used in photochemically available 
Fe experiments. 
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acid (for simplicity, formate, the anion name of the acid, will be 
used) at a p H of 4.25 _+ 0.05 was then added to the vessel. The 
p H of the formate solution was measured using a combination 
electrode (FUTURA plus combination electrode, Beckman 
Instruments, Inc.) with a portable pH meter (PHM 80, Radi- 
ometer America, Inc.), and using a two-point calibration (with 
p H 4 and p H 7 buffer solutions). Even though the p H values in 
cloudwater vary over a wide range depending on meteorolog- 
ical conditions, anthropogenic sources, liquid water content, 
and other parameters, a p H of 4.25 was chosen as a represen- 
tative cloudwater p H for these experiments. At a p H of 4.25 
the oxidation of Fe(II)a q by oxygen is relatively slow with a 
calculated half-life of Fe(II)aq of 113 hours assuming Po2 : 
0.21 atm [Wehrli, 1990]. Formate was chosen as the buffer since 
it is commonly the most abundant carboxy!ate species found in 
cloudwater [Munger, 1989; Munger et al., 1989; Kawamura and 
Kaplan, 1991; Zuo and Hoign& 1992; Erel et al., 1993]. Formate 
concentrations in fogwater and cloudwater have been found to 
vary between 12 and 75.6 bcM [Munger, 1989; Munger et al., 
1989; Erel et al., 1993]. The higher concentrations of formate 
(500/•M) in these experiments was used to increase the buff- 
ering capacity of the solution and to maintain a constant ionic 
strength (I = 310 /•M). Overall, the experiments were de- 
signed to have conditions similar to observed cloudwater con- 
ditions. 

Rigorous procedures were employed to minimize Fe con- 
tamination. The reactor vessel was cleaned in a warm 5% 

HNO 3 bath for several hours and rinsed with 18.2 Mfl-cm 
Milli-Q water before use. Control experiments were carried 
out periodically with a clean filter to determine the level of Fe 
contamination. In all cases no detectable Fe(II) was produced. 
A quartz window was placed on top of the vessel to prevent 
evaporation. Before the vessel was irradiated, a 2-mL aliquot 
was taken to record the initial p H and initial Fe(II)aq concen- 
tration. A 450-W xenon lamp (Oriel) with a 320-nm cutoff filter 
and an IR filter was used as the light source. The photon flux 
between 320 and 390 nm, which was measured using a chem- 
ical actinometer, Aberchrome 540 [Heller and Langan, 1981], 
was I o = 1.5 x 10 •5 photons cm -2 s -• in all experiments 
(except where noted). This photon flux is about an order of 
magnitude lower then natural sunlight over the same wave- 
length range. For example, natural sunlight with a zenith angle 
of 30 ø has a photon flux between 320 and 390 nm of 1.3 x 10 •6 
photons cm-2 s-• [Demerjian et al., 1980]. The reactor vessel 
had a vertical window with an area of 13.4 cm 2. The reactor 

vessel was kept at a temperature of 28øC, via fan-driven air 
cooling. Fe(II)•q was measured colorimetrically with ferrozine 
[Stookey, 1970; Carter, 1971]. All aliquots were filtered through 
a 0.2-bcM cellulose acetate syringe filter before analysis. Ali- 
quots taken for total metal analysis were not filtered. 

At the end of the photochemical experiment, when Fe(II)a q 
concentrations had reached a steady state, HC1 was added to 
the remaining solution in the reactor vessel until a p H of 1 was 
reached. The solution was then stirred overnight to extract any 
remaining Fe from the filter. An aliquot of this solution was 
removed and analyzed for total metals. The filter was then 
removed from the reactor vessel and weighed (after equilibrat- 
ing to 21øC and a relative humidity of 50%) to determine the 
mass of particulates suspended or dissolved into solution dur- 
ing irradiation. A strong mineral-acid digestion procedure (us- 
ing ultrapure HF, HNO3, and HC1 acids from Seastar Chem- 
icals) was used to dissolve the remaining particulates on the 
filter for total metal measurements. The procedure involved 

using a ceramic knife and a polycarbonate cutting board to 
take a •- 1/4 slice from the filter. The filter slice was then 

weighed and compared to the total filter mass to determine the 
filter slice fraction, which was used later to calculate the total 
concentration on the filter. The filter slice was then placed in 2 
g of concentrated HF and 2 g of concentrated HNO3. This was 
followed by vigorous shaking of the solution and filter slice 
overnight. After the extraction the filter slice was removed and 
the solution was evaporated to dryness. The resulting residue 
was then digested in 10 g of 10% HC1. Concentrations of iron 
were measured using ICP-MS (Perkin Elmer-SCIEX Elan 
5000). These concentrations (along with the volume of solution 
in the digestion and the volume of air sampled) were then used 
to calculate the atmospheric concentrations of Fetota •. 

Pseudo-First-Order Kinetic Analysis 

The production of Fe(II)aq in the experiments was assumed 
to be a pseudo-first-order process as follows: 

k' 

F½(III)p^ -• Fe(II)aq (1) 

where Fe(III)p^ -- photochemically available Fe(III) and k' -= 
pseudo-first-order rate constant; the corresponding rate law is 
given by 

d[Fe(III)p^] 
= -k' [Fe(III)p^]; (2) dt 

integration yields 

[Fe(III)p^] = [Fe(III)p^]0 e -k". (3) 

The mass (mole) balance on [Fe(II).,,q] is given by 

[Fe(II)•,q] = [Fe(II)aq]0 + ([Fe(III)e^]0- [Fe(III)e^]). (4) 

Combining (3) and (4) yields (5)' 

[Fe(II)aq]: [Fe(II),•q]0 + [Fe(III)p^]0 (1 - e-k't). (5) 

Values for [Fe(II)•q]O, [Fe(III)p^] o and k' were determined by 
fitting the experimental data to (5). Total photochemically 
available Fe (FepA,total) was then defined as 

[Fep^,total] = [Fe(II)aq]0 + [Fe(III)eA]0. (6) 

These fitted parameters (along with the volume of solution in 
the experiment and the volume of air sampled) were then used 
to calculate the atmospheric concentrations of Fe(II)•,o•ubl• (us- 
ing [Fe(II)•q]O) and FepA,total (using [FepA,total]). 

Computational Determination of Chemical Speciation 

Chemical speciation calculations were performed using the 
program MINEQL [Westall et al., 1976] which uses the equi- 
librium constant approach (defined by a system of mass action 
equations) to solve a chemical equilibrium problem. 

Results and Discussion 

A typical kinetic profile for Fe(II)•q released photochemi- 
cally from an aerosol sample is shown in Figure 3. At t = 0 min 
the shutter is opened, allowing the solution and sample filter to 
be irradiated. [Fe(II)•q] increased until a steady state was 
reached (in some experiments there was no measured increase 
in [Fe(II)•q], in which case the pseudo-first-order rate constant 
was not measurable). The total Fe in the solution and on the 
filter was analyzed at the end of the experiment. The observed 
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Figure 3. Fe(II)a q production curve in a typical photochem- 
ically available Fe experiment. The ambient aerosol sample 
used for this experiment was collected at Yosemite National 
Park, California, from July 29 to August 9, 1993. 

oxidation rate constant(s) after [Fe(II)aq] had reached a steady 
state at the end of the experiments. The absolute rates of 
Fe(II)a q oxidation and Fe(III)a q reduction are equal at the 
steady state, but the concentrations of Fe(II)a q and Fe(III)aq 
change to meet this steady state condition depending on the 
redox kinetics, as the following equations illustrate: 

kreductlon 

Fe(III)aq > Fe(II)aq, (7) 
koxldatlon 

Fe(II)aq > Fe(III)aq. (8) 

It should be noted that kreduction in this analysis is not neces- 
sarily the same as the pseudo4irst-order rate constant (k') in 
(1). For example, the initial Fe could be a solid Fe oxyhydrox- 
ide which follows dissolution kinetics (k' in (1)); and after the 
Fe is in solution, it would follow the faster homogeneous ki- 
netics of (7) and (8). The overall process is described kineti- 
cally as follows: 

d[Fe(II)aq] 
dt -• koxidatio n [Fe(II)•q] - kreductio n [Fe(III)•q], (9) 

[Fe(II)aq] versus time curve was fitted according to (5) to yield 
[Fe(II)]0, [Fe(III)p^]0, and k'. These concentrations were then 
used to determine the atmospheric concentrations of soluble 
Fe(II) (Fe(II)solubl½) and total photochemically available Fe 
(FepA,total). 

Experiments were not conducted to determine Fe(II) pro- 
duction in the dark, since previous studies showed no (or 
extremely slow) Fe(II) production in the absence of light com- 
pared to irradiated solutions [Zhu et al., 1993; Siefert et al., 
1994]. Zhu et al. [1993] found that Fe(II) concentrations, in 
extracted aerosol filter sample solutions, increased rapidly 
when the solutions were exposed to sunlight. 

The total dissolved solid (TDS) concentrations due to the 
dissolution and suspension of the aerosol sample on the filter 
(excluding the TDS associated with the formate buffer solu- 
tion) were between 3.1 and 48.3 mg L -• for all the experi- 
ments. Using data from Erel et al. [1993], TDS concentrations 
for fogwater and cloudwater samples were calculated by sum- 
ming the concentrations cations, unions, metals, and total or- 
ganic anions for the different samples. The TDS for these 
fogwater and cloudwater samples ranged from 21 to 355 mg 
L-1. The TDS concentrations in the experiments were in the 
lower range of these observed TDS concentrations for fogwa- 
ter and cloudwater. 

Effect of Formate Concentration and Light Intensity 

Experiments were performed on ambient aerosol samples 
collected in Pasadena where the formate concentration 

([HCO•-]T) was varied to determine its effect on the Fe(II)a q 
production rate (where [HCO•-]T = [HCO2H ] + [HCO•-]). 
Formate concentrations of 0, 0.5, and 6.0 mM were used. The 
p H of the 0 mM added formate system was adjusted using 
perchloric acid. Over this concentration range, only a small 
change in Fe(II)a q production rates or final [Fe(II)aq] levels 
were observed (Figure 4). These results show that sufficient 
electron donors were present in the ambient aerosol for the 
photoreduction of Fe(III)•q and Fe(III)sur•cia 1. Overall, no dis- 
tinct correlation was observed between d[Fe(II)aq]/dt and 
[HCO•-]T, or between final [Fe(II)aq] and [HCO•-]r. 

Several experiments were also performed to determine if the 
reduction rate constant(s) were significantly greater than the 

where 

[Fep^,totali = [Fe(II)aq] + [Fe(III)aq]. 
At steady state, 

d[Fe(II}aq] 
dt 

(lO) 

=0 (11) 

therefore combining (9), (10), and (11) and rearranging gives 

[Fe(II)•q] I 
[FepA,total] koxidation 

--+1 
kreduction 

(12) 

In order for (5) to be valid, the ratio koxidation/kre•uctio n must be 
<<1. This condition was tested after [Fe(II)aq! reached a 
steady state by increasing I 0 by a factor of 3 or 10. This increase 
in incident light intensity was assumed to increase kreduction; 
however, k oxidatio n might also be expected to increase since 
many oxidants have photochemical origins. In either case, 
kreductio n and koxidatio n are unlikely to change in such a way that 
koxidation/kreductio n remains exactly the same after increasing the 
light intensity. Therefore by changing the light intensity and by 

• 2.0 
= [ I• [HCO2-l• 
"-• 1.5• • o O.OmM 
• • •-•' '0.5 mM • 1.0 --•,-- 6.0 mM 

0.5• I • Shutter Opened 
-50 0 50 100 150 200 250 300 

Irradiation Time (minutes) 
Figure 4. Effect of vai-ying formic concentration on Fe(II)a q 
production rate. 
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Table 1. Summary of Ambient Aerosol Collection Locations, Collection Times, To[al Suspended Particulate, and 
Meteorological Conditions 

Label Location a Collection Time TSP b /xg m -3 Meteorologic Conditions c 

WMNY 1 WMNY Sept. 22, 1992 1100 to Oct. 6, 1992 1215 11.2 + 6.0 
WMNY 2 WMNY Oct. 6, 1992 1310 to Oct. 20, 1992 1305 6.2 + 0.3 
WMNY 3 WMNY Oct. 20, 1992 1305 to Nov. 3, 1992 1252 5.4 +_ 0.3 
WMNY 4 WMNY Nov. 3, 1992 1300 to Nov. 18, 1992 1130 4.1 _+ 0.2 
WMNY 5 WMNY Nov. 18, 1992 1133 to Dec. 1, 1992 1006 3.9 _+ 0.2 
WMNY 6 WMNY May 12, 1993 0842 to May 26, 1993 1005 11.1 _+ 0.6 
PCA 1 PCA Feb. 21., 1993 1600 to March 1, 1993 1600 24.7 _+ 0.2 
PCA 2 PCA Aug. 27, 1993 1430 to Sept. 4, 1993 1430 41.2 +_ 2.1 
PCA 3 PCA Oct. 27, 1993 1000 to Oct. 29, 1993 1200 182 +_ 9.9 
YNPCA 1 YNPCA Nov. 9, 1993 1530 to Nov. 17, 1993 1400 4.6 + 0.2 
YNPCA 2 YNPCA Nov. 30, 1992 1300 to Dec. 13, 1992 1200 4.3 "-_ 0.2 
YNPCA 3 YNPCA July 22, 1993 1330 to July 29, 1993 1330 17.2 + 0.1 
YNPCA 4 YNPCA July 29, 1993 1330 to August 9, 1993 0900 20.1 _+ 1.0 
YN,PCA 5 YNPCA Oct. 5, 1993 1200 to Oct. 17, 1993 0730 9.4 + 0.2 
SNICA 1 SNICA Nov. 2, 1993 1200 to Nov. 7, 1993 0030 52.1 _+ 2.6 
SNICA 2 SNICA Nov. 17, 1993 1130 to Dec. 1, 1993 0840 17.9 + 2.8 

high precipitation 
high precipitation 
high precipitation 
high precipitation 
high precipitation 
high precipitation 
E source, rain 
W source (marine/anthropogenic) 
Santa Ana winds, Altadena fires 
W to NW source (marine/S.F.) 
precipitation 
E source (continental), dry 
E source (continental), dry, 
W source •marlnej 
Santa Ana winds, Malibu fires 
W source (marine) 

aWhiteface Mountain, New York (WMNY); Pasadena, California (PCA); Yosemite National Park, California (YNPCA); and San Nicholas 
Island, California (SNICA). 

•'Total suspended particulate (TSP). 
cUsing NOAA Daily Weather Maps, Climate Analysis Center. 

measuring [Fe(II)aq], the condition of k oxidation/kreduction (( 1 
was verified. In each case, [Fe(II)aq] did not change after an 
increase in I o. These results showed that increasing the inci- 
dent light intensity by a factor of 3 or 10 after the steady state 
condition was reached did not influence the final steady state 
amount of Fe(II)aq produced in the experiment. Thus we as- 
sumed that the other experiments also conformed to the con- 
dition koxidation/kreductio n (( l. Therefore the steady-state 
[Fe(II)•,q] at the end of these experiments was used to calculate 
the total photochemically available Fe (FepA,total) in the ex- 
periments. 

Atmospheric Concentrations of Fe(II),omm e, FepA,total 
and Fetota ! 

Table 1 provides a summary of locations, collection times, 
total suspended particulate (TSP) concentrations and meteo- 
rological conditions for the ambient aerosol samples. A sum- 
mary of results of the photochemical experiments is given in 
Table 2. These results include the atmospheric concentrations 
of Fetotal, Fe(II)so•ub•e , and FepA,tot•l. The pseudo-first-order 
rate constant for the photoreduction of Fe(III)p A to Fe(II)•q 
and the initial production rate of Fe(II)•q are also tabulated. 
All of the experiments were performed at pH of 4.25 + 0.05. 

The urban sampling site in Pasadena (California) is located 
near Los Angeles (LA).. This site had the largest concentra- 
tions of Fetota 1 and FepA,totai , with average concentrations of 
660 and 120 ng m -3, respectively. Assuming a cloud liquid 
water content (LWC) of 10 -6 (1.0 cm 3 H20 per m 3 of air) and 
incorporation of all of the ambient aerosol particulate matter 
if!to the cloudwater, the average aqueous concentrations of 
Fetota 1 and FepA,total would have been 12 and 2 •M, respec- 
tively. Under conditions in which easterly winds prevailed with 
high levels of precipitation, the FepA,total concentrations were 
reduced by over 50%, and Fetota I was also reduced by about 
40%. The elevated Fe concentrations in Pasadena, which is 

influenced by onshore breezes, are probably due to the anthro- 
pogenic loading as air parcels are advected across the LA 
basin. 

Aerosol samples, collected in Pasadena during the Altadena 
hillside fires of late October and early November 1993 (a city 

bordering the northern edge of Pasadena), contained large 
amounts of ash and had a TSP concentration of 182 ___ 10/zg 
m -3. Fe concentrations in these fire-related samples were 7 
times greater for Fetot• • but only 1.5 times greater for FepA,total 
then other aerosol samples collected from the same site when 
there were no fires. From the data in Table 2 it is clear that the 

differences for Fetoml, Fe(II)•,,,•o, and Fe•,A,tota 1 between re- 
peated experiments are unusually high for ambient aerosol 
collected during the Altadena fires. This variability in samples 
collected during the same event may be the result of the vari- 
able composition of ash collected among filters. The high Fe 
and TSP concentrations in this case are the direct result of the 

fires, probably due to the combustion of biomass and the sus- 
pension of dust and soil particles. The pseudo-first-order rate 
constant calculated for these experiments was significantly 
smaller than the k values calculated for the other aerosol 

samples (except for the SNICA 2 sample which was also col- 
lected downwind of a fire). The average half-life of Fe(III)e^ 
for the PCA 3 sample is approximately 360 min. For compar- 
ison the average half-life of Fe(III)e^ is approximately 17 min 
for all the other calculated rate constants in Table 2 (not 
including the SNICA 2 sample). The Altadena fire resulted in 
increases in Fetota I atmospheric concentrations but did not 
increase FepA,tot• concentrations significantly. However, the 
FepA,tot•l that was produced during the fire storm was the least 
reactive (based on k') compared to the other samples. 

Aerosol samples from San Nicholas Island, California (100 
km offshore from LA), contained substantially less Fetota 1 and 
FepA,totai than the Pasadena samples. The aerosol collected on 
San Nicholas Island is primarily of marine origin, although 
some anthropogenic input can occur due to offshore airflow 
from the LA basin. Aerosol sources from the LA basin have 

been detected, when an air parcel oscillates between San Nich- 
olas Island and LA, due to the alternating onshore and off- 
shore breezes [Rosenthal et al., 1979]. In addition, anthropo- 
genic input to San Nicholas Island from the Point Conception 
and Morro Bay areas has been documented [Rosenthal et al., 
1979]. Aerosol samples were also collected on San Nicholas 
Island during the 1993 Malibu, California, fire. Strong Santa 
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Table 2. Atmospheric Concentrations of Total Fe (Fetotal), Soluble Ferrous Fe (Fe(II)soh•ble), and Total Photochemically 
Available Fe (FeeA, total) 

Fetota, Fe(II)soluble Fep^,total Fe(II)solub,e/Fetotal Fep^,tot•,l/Fetotal k d[Fe(II)]/dt 
Label ng m -3 ng m -3 ng m -3 % % min -• nM s-• 

WMNY 1 32 _+ 3 23 _+ 4 32 + 6 70.2 _+ 15.4 99.5 _+ 20.9 NM • NM 
WMNY 1 29 + 2 15 _+ 1 21 + 2 53.3 _+ 6.3 71.5 _+ 8.4 0.0596 _+ 0.0341 14.1 _+ 8.6 
WMNY 2 24 _+ 2 19 _+ 3 26 _+ 4 77.1 _+ 15.5 108.6 + 20.4 0.0262 + 0.0231 90 _+ 8.5 
WMNY 3 18 _+ 2 < 4 17 ___ 8 < 22 94.4 +_ 47.2 NM NM 
WMNY 4 12 _+ 1 5 _+ 1 11 + 1 45.2 +_ 10.8 87.3 _+ 14.5 0.0094 _+ 0.0035 2.3 _+ 0.9 
WMNY 5 10 _ 1 < 5 < 7 < 50 < 70 NM NM 
WMNY 6 72 + 6 35 + 2 40 _+ 3 48.4 _+ 4.9 55.9 _+ 6.0 0.0409 __+ 0.0338 10.0 + 9.0 
PCA 1 222 _+ 18 42 _+ 3 65 _+ 4 18.7 + 2.0 29.2 + 2.9 0.0303 _+ 0.0070 18.1 _+ 4.6 
PCA 1 197 _+ 16 43 _+ 4 73 _+ 5 21.9 _+ 2.7 37.2 _+ 4.0 0.0091 _+ 0.0025 7.1 + 2.1 
PCA 2 283 _+ 23 32 _+ 14 131 _+ 18 l 1.2 _+ 5.1 46.2 _+ 7.5 0.0136 _+ 0.0042 34.7 + 11.5 
PCA 2 304 + 24 34 + 11 121 _+ 15 l 1.1 _+ 3.8 39.9 _+ 5.7 0.0115 _+ 0.0041 25.9 + 9.7 
PCA 2 343 + 28 43 + 8 103 + 10 12.5 + 2.5 30.0 + 3.9 0.0348 _+ 0.0088 53.9 + 15.0 
PCA 2 305 + 27 54 + 14 130 + 17 17.7 _+ 4.8 42.7 +_ 6.9 0.0114 + 0.0044 22.3 + 9.1 
PCA 2 217 + 18 41 _+ 4 96 + 6 19.0 _+ 2.6 44.0 + 4.6 0.0357 _+ 0.0065 50.1 _+ 9.8 
PCA 3 3367 +_ 297 41 _+ 9 308 + 11 1.2 +__ 0.3 9.2 + 0.9 0.0022 + 0.0002 4.0 _+ 0.4 
PCA 3 1764 _+ 132 65 _+ 14 219 _+ 17 3.7 _+ 0.8 12.4 + 1.3 0.0017 _+ 0.0003 1.8 _+ 0.4 
PCA 3 2105 _+ 160 55 + 7 59 _+ 10 2.6 _+ 0.4 2.8 _+ 0.5 NM NM 
PCA 3 3180 + 280 49 + 18 107 __+ 23 1.6 _+ 0.6 3.4 _+ 0.8 0.0019 _+ 0.0015 0.7 + 0.6 
YNPCA 1 23 + 2 16 _+ 4 18 + 4 67.8 _+ 16.3 76.6 + 19.3 NM NM 
YNPCA 2 31 _+ 2 20 _+ 2 26 +_ 2 64.9 _+ 7.6 83.3 ___ 10.0 0.0400 + 0.0276 9.6 _+ 7.2 
YNPCA 2 31 + 2 20 + 2 26 +_ 2 64.9 _+ 7.6 83.3 _+ 10.0 0.0400 +_ 0.0278 9.6 _+ 7.2 
YNPCA 3 84 +_ 7 < 9 25 + 5 < 11 30.2 + 6.2 0.0375 + 0.0181 13.9 + 7.2 
YNPCA 3 93 +_ 8 11 _+ 2 32 + 3 11.4 +__ 2.7 34.9 + 4.5 0.0190 + 0.0046 9.4 _+ 2.4 
YNPCA 4 158 _+ 11 3 _+ 1 49 _+ 2 21.2 ___ 1.7 31.0 _+ 2.4 0.0582 _+ 0.0079 25.5 + 3.8 
YNPCA 5 53 _+ 1 < 5 ll _+ 3 < 9 20.5 _+ 4.8 0.0205 _+ 0.0082 7.9 + 3.4 
YNPCA 5 59 + 2 < 5 ll +_ 1 < 9 17.9 +_ 1.9 0.1673 _+ 0.1043 60.8 + 38.1 
YNPCA 5 74 _+ 3 < 5 10 _+ 1 < 7 13.9 +_ 0.6 0.1459 _+ 0.0115 51.4 + 4.2 
YNPCA 5 109 + I < 5 11 + 1 < 5 10.3 _+ 0.4 0.0087 _+ 0.0081 27.1 _+ 2.6 
SNICA 1 316 + 23 70 + 8 85 + 11 22.1 _+ 3.1 27.0 + 3.9 NM NM 
SNICA 2 159 + 5 < 7 10 + 2 < 70 6.6 + 1.4 0.0081 _+ 0.0046 2.8 _+ 1.7 
SNICA 2 195 +_ 6 < 7 16 + 7 < 44 8.1 + 3.8 0.0051 +_ 0.0041 3.1 + 2.6 
SNICA 2 117 _+ 9 20 _+ 2 26 +_ 2 17.5 + 2.0 22.4 +_ 2.5 0.0014 + 0.0006 0.4 + 0.2 

Also, the pseudo-first-order rate constant (k') for the photoreduction of Fe(III)p^ to Fe(II)•,q and the initial production rate of Fe(ll)•,q. 
•'Not measureable. 

Ana wind conditions spread the smoke plume from these fires 
directly over the island (Figure 5). However, since the site is 
over 100 km from the source of the plume, large pieces of ash 
were absent. The aerosol samples collected over this period 
showed a fourfold increase in FepA,total and threefold increase 
in Fetota I compared to the San Nicholas Island, California, 
sample (SNICA 2) which was of marine origin. This increase 

Figure 5. Satellite image of the smoke plume from the 1993 
Malibu, California, firesi 

was clearly due to airborne particulates created by the Malibu 
fire conditions. 

The sampling site at Whiteface Mountain, New York, was 
subjected to the highest amount of precipitation. In the sam- 
pling period from September to December 1992, precipitation 
was measured on more than 60 days. The general airflow in this 
region, although highly variable, was dominated by wind from 
the northern Great Lakes region and southern Canada. At 
Whiteface Mountain the FepA,•otal and Fetota • concentrations 
appeared to decrease as the seasons changed from fall to 
winter. The ratio of FepA,total to Fetota I concentrations re- 
mained relatively constant throughout and was higher than at 
any other site. A high ratio of FepA,total to Fetota I concentra- 
tions (on average 85%) suggests a "photochemical weather- 
ing" of Fe aerosol particles [Duce and Tindale, 1991; Zhuang et 
al., 1992a, b]. Since the air masses arriving at Whiteface Moun- 
tain had a high water content, Fe in the aerosol may have been 
more readily available because of the greater possibility of 
active cloudwater photochemistry than in aerosol samples col- 
lected from drier air masses. Before a cloud condensation 

nucleus (CCN) is deposited by precipitation, it often goes 
through a number of hydration and evaporation cycles. Junge 
[1964] estimated that a single CCN may undergo 10 hydration/ 
evaporation cycles before precipitation. The high frequency of 
precipitation at Whiteface Mountain as compared to Pasadena 
and the other West Coast sites may explain the higher ob- 
served ratios of FepA,totai to Fetota I concentrations. 
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Ambient aerosol collected at Yosemite National Park, Cal- 

ifornia, also showed a seasonal trend in the ratios of FepA,total 
to Fetota 1 concentrations. A pronounced decrease in the ratio 
of FepA,total to Fetota • concentrations occurs during the months 
of November and December compared to July. The air parcels 
during the winter originated primarily from the coastal region, 
while during the summer, air parcels originated from continen- 
tal areas. This directional difference in the air masses may 
explain the change in the ratios of FepA,total to Fetota I concen- 
trations in the associated aerosol. Furthermore, the moist ma- 
rine air may have induced more chemical weathering of the 
aerosol particles leading to higher ratios of FepA,tota! to Fetota l 
concentrations. 

Comparison of Experimental Fe(II) Photoproduction Rates 
to Known Fe Oxidation/Reduction Rates 

Iron oxidation and reduction rates in the photochemically 
available iron experiments were calculated and compared to 
the observed photoproduction of Fe(II)a q. The Fe oxidation 
and reduction rates were calculated using rate constants avail- 
able in the literature. The following reactions were used in the 
calculation: 

Fe 2+ + H202---> Fe 3+ + .OH + OH-, (13) 

Fe(OH) + + H202-• Fe(OH) 2+ + .OH + OH-, (14) 

Fe(OH) 2+ + h •, -• Fe 2+ + .OH, (15) 

Fe(OOCCOOH) 2+ + h v-• Fe 2+ + 2CO2 + 'HO2. (16) 

The oxidation of Fe(II) by 02 is extremely slow under these 
conditions [Wehdi, 1990] and therefore was not included. 
Other reactions are also possible (including heterogeneous 
reactions); however, the above reactions were chosen since 
they are representative of the likely range of reactions possible. 
Table 3 shows the concentrations used in the reaction rate 

calculations. A range of concentrations existed for each species 
in Table 3, and the concentrations in Table 3 are a represen- 
tative set of values for the experiments shown in Table 2. Table 
4 shows the rate constants and calculated reaction rates. The 

results in Table 4 show that the Fe(III)aq reduction rates are 

Table 3. Thermodynamic Equilibrium Calculation for 
Fe(II) and Fe(III) Speciation 

Components 
and Species log/3, •' Reference b Concentration c 

pH 4.25 
Acetatetot• l 1.0 x 10 -5 M 
Formatetota I 5.0 x 10 -4 M 
Oxalatetot• l 1.0 x 10 -6 M 
Fe(II)tot•l 1.0 X 10 -6 M 
Fe(III)tot• 1.0 x 10 -6 M 
Fe •+ 1.0 x 10 -6 M 
FeOH + 4.5 1 4.5 x 10- • 2 M 
Fe 3+ 8.2 X 10 -9 M 
FeOH 2+ 11.4 2 3.9 x 10 -7 M 

Fe(OH)• 20.1 2 3.3 x 10-SM 
Fe(oxalate) + 9.40 3 4.9 x 10 -7 M 
Fe(oxalate)•- 16.2 3 7.4 x 10-8M 
Fe(oxalate)2- 20.8 3 7.0 x 10-• M 

•/3t is cumulative equilibrium constant. 
bl, Smith and Martell [1974]; 2, Faust and Hoign• [1990]; 3, Lacroix 

[1949]. 
CSpecies concentrations were calculated using MINEQL [Westall, 

1976]. 

Table 4. Rate Constants for Fe(II)a q Oxidation and 
Fe(III)a q Reduction Reactions and Calculated Fe Oxidation 
and Reduction Rates Using Information in Table 3 and 
Assuming [H202] = 1 x 10-6M 

d[Fe(II)l/dt b 
Reaction Rate Constant Reference a nMs -• 

(13) 6.3 x 10 • M -1 s -• 1 -0.06 
(14) 5.9 X 10 6 M -1 s -1 2 -0.03 
(15) c 6.3 X 10 -4 S -• 4 0.25 
(16) c 5.8 x 10 -2 s -• 5 4.3 

al, Hartwick [1957]; 2, Millero and Sotolongo [1989]; 3, Wehdi [1990]; 
4, Faust and Hoign• [1990]; 5, Zuo and Hoignd [1993]. 

bMinus sign indicates -d[Fe(II)]/dt and plus sign indicates 
+d[Fe(II)]/dt. 

CFor clear sky photolysis (solar noon, June 30) 

greater than Fe(II)a q oxidation rates. This calculation is in 
agreement with the experiments shown in Table 2, since 
Fe(II)a q was never observed to decrease in these experiments. 
The observed initial Fe(II)a q production rates in the experi- 
ments were between 0 and 60 nMs -• (see Table 2), with an 
average value of 16 nM s-1. These observed rates are within or 
greater than calculated rates shown in Table 4. Overall, these 
observed rates are in reasonable agreement with the calculated 
rates, since the calculated rates use average concentrations for 
Fe, organic ligands, etc. 

Using the observed initial Fe(II)aq production rates, we can 
also estimate the production of oxidants (OH', and HO}) in the 
experiments due to Fe chemistry. Equations (15) and (16) 
show that the rate of Fe(II)•q production is equal to the oxi- 
dant production rate (actually the rate of Fe(II)•q production 
is equal to the minimum oxidant production rate since cycling 
of Fe(II)/Fe(III) is possible). Therefore the estimated oxidant 
production rate is between 0 and 60 nM s-l, with an average 
value of 16 nM s-•. These values can be used as estimates of 

the oxidant production rate in the atmosphere by assuming a 
LWC of •10 -6 and that the aerosol sampling duration was •7 
days. These assumptions would mean that • 100 mL of water 
would be collected during this sampling duration if the LWC 
was always 10 -6. And since the experiments use 80 mL of 
solution, it is reasonable to relate the estimated oxidant pro- 
duction in the experiments to aqueous phase atmospheric 
chemistry. Therefore the estimated cloudwater oxidant pro- 
duction rate in the atmosphere based on these experiments is 
between 0 and 60 nM s-l, with an average value of 16 nM s-1. 
Chameides and Davis [1982] estimated the flux of oxidants to 
the aqueous phase from the gas phase in the atmosphere to be 
between 0.3 and 30 nMs -•. Therefore the estimated in situ 

oxidant production rate due to Fe chemistry is roughly equal to 
the estimated oxidant flux from the gas phase. 

Conclusions 

Photolysis of aqueous solutions containing ambient aerosol 
samples was performed in order to quantify the photochemi- 
cally labile Fe available for aqueous photochemical reactions. 
The photochemically available Fe concentrations found ranged 
from < 4 to 308 ng m -3, Fetota I concentrations ranged from 10 
to 3400 ng m -3, and the percentage of photochemically avail- 
able Fe to Fetota • ranged from 2.8 to 100% for aerosol samples 
collected in marine, coastal, and mountainous regions. The 
passage of air masses through climatic and anthropogenic re- 
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gions has a demonstrable effect on the ratio of FepA, total to 
Fetota 1 concentrations. Wet conditions, in which the aerosol 
particles may undergo chemical weathering in clouds, appear 
to increase the relative amount of FepA, total compared to 
Fetota 1. The urban Los Angeles basin has higher atmospheric 
levels of Fetotal, but the ratio of FepA,total to Fetot• 1 concentra- 
tions remained relatively constant. FepA,total concentrations in 
the southern California region were not affected by extensive 
biomass burning during the fall of 1993, even though Fetot• 1 
increased significantly. Overall, the Fe added to the atmo- 
sphere during these fires was not readily available for photo- 
chemical reactions. The observed Fe(II)•q production rates in 
the experiments were in agreement with the calculated Fe(II)•q 
production rates using rate constants from the literature. 

The estimated cloudwater oxidant production rate in the 
atmosphere based on these experiments is between 0 and 60 
nMs -l, with an average value of 16 nMs -•. Chameides and 
Davis [1982] estimated the flux of oxidants to the aqueous 
phase from the gas phase in the atmosphere to be between 0.3 
and 30 nMs -•. Therefore the estimated in situ cloudwater 

oxidant production rate due to Fe chemistry is approximately 
equal to the estimated oxidant flux from the gas phase. 
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