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ABSTRACT 

Fe(II) stability studies on rainwater conducted from January to December 2008 

indicated that Fe(II) was not stable over a period of a few hours after collection.  Fe(II) 

was stable against oxidation for up to 96 hours during 2002 and 2003. These observations 

suggest that there was more inorganic or weakly organically complexed iron in rainwater 

in 2008.  Fe(II) and Fe(III) concentrations were lower in 2008 than in 1998, 1999 and 

2001.  Added Fe(II) half lives in Gulf Stream deep seawater (33° 28.96’N 76° 47.936’W) 

were long relative to the Gulf Stream surface and Gulf Stream chlorophyll max region.  A 

1:9 (volume:volume) mixture of Wilmington, NC rainwater and Gulf Stream surface 

seawater accelerated the oxidation rate of added Fe(II) relative to Gulf Stream surface 

seawater with added Fe(II).  Similar results were observed for Atlantic Shelf surface 

water (33° 31.75’N 77° 18.98’W) and Cape Fear River Plume water (33° 53.80’N 78° 

09.26’W) suggesting that H2O2 from rainwater is the oxidant of added inorganic Fe(II).  

The rapid oxidation of inorganic Fe(II) added to rain mixed with seawater suggests that 

the added inorganic Fe(II) spike did not form an organic complex with rainwater ligands 

under the conditions used during this experiment.  Results from the photolysis 

experiments show that rainwater inhibits the production of Fe(II) in a 1:9 mixture of 

rainwater and Gulf Stream surface seawater with added inorganic Fe(III) when exposed 

to sunlight or kept in the dark.  Similar results were observed for Atlantic Shelf and Cape 

Fear River Plume water.  Rainwater is an important source of iron to our oceans 

especially where phytoplankton productivity is limited by iron.  A decrease in the 

concentration and stability of iron would pose serious implications regarding the global 

climate crisis in terms of carbon sequestration by marine biomass sinking. 
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CHAPTER 1 – TEMPORAL VARIABILITY OF RAINWATER Fe SPECIATION 

Introduction 

 Iron is an abundant trace metal in atmospheric waters.  Iron occurs in rainwater as 

particulate and dissolved Fe where dissolved Fe includes both Fe(II)(aq) and Fe(III)(aq) 

species.  Speciation refers to the precise chemical form of the element.  Fe is an important 

nutrient to all organisms and vital for photosynthesis.  Fe deposition via rainfall to 

surface seawater is important because of its potential impact on phytoplankton 

productivity and biomass.  During sunny daytime in surface seawater, photochemical 

reduction to Fe(II) provides a significant source of dissolved Fe(II) for primary producers 

in surface waters (Zuo, 1995).  Open ocean rain is the most important source of Fe to 

surface seawater and contributes approximately 1010 mol year-1 of dissolved plus 

particulate iron to surface seawater on a global scale (Kieber et al., 2001).  Dry deposition 

is also important in some oceanic areas. 

 A previous study by Willey et al. (2005) indicated that Fe(II)(aq) was stabilized 

against oxidation for up to 96 hours in rainwater.  Rain was collected at night during the 

winter of 2002-2003.  Collection at a time when sunlight intensity was low reduces the 

possibility of any photochemically produced Fe(II).  Inorganic Fe(II) in synthetic 

rainwater with 10 µM H2O2 oxidized rapidly in a time period of two hours.  This suggests 

that Fe(II) in authentic rainwater has a much more complex speciation and could be 

organically complexed because of its protection against oxidation from H2O2. 

 There are two types of Fe(II) in rain, stable and photochemically produced 

(Willey et al., 2005).  When rainwater samples were irradiated for 2 hours in a solar 

simulator Fe(II)(aq) was produced photochemically.  Fe(II) that is photochemically 
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produced follows oxidation by second order rate kinetics and depends on concentrations 

of both Fe(II) and H2O2.  The concentrations of Fe(II)(aq) dropped to the levels prior to 

irradiation and were stable for days.  Fe in authentic rainwater oxidized much more 

slowly than in synthetic rainwater indicating that rainwater Fe has a much more complex 

speciation. 

 The oxidation of Fe(II) by H2O2 can be expressed through equation 1 which 

follows second order rate kinetics. 

ln([H2O2]t/[Fe(II)]t) = ([H2O2]0 – [Fe(II)]0)k t + ln([H2O2]0/[Fe(II)]0)           (1) 

The rate constant, k, is equal to 60 M-1s-1 in a pH 4.5 H2SO4 + 10 µM H2O2 + 80 

nM Fe(II)(aq) solution.  The rate constant varied from 5 to 54 M-1s-1 for photochemically 

produced Fe(II) (Willey et al., 2005).  In authentic rainwater not exposed to light, k was 

less than 1 M-1s-1 (Willey et al., 2005).  This indicates that photochemically produced 

Fe(II) is much less stable that Fe(II) originally present these rainwater samples (Willey et 

al., 2005). 

The oxidation of Fe(II)(aq) at nanomolar levels with H2O2 has been studied in 

seawater and rainwater (Gonzalez-Davila et al., 2005; Willey et al., 2005).  The widely 

accepted mechanism for the reaction between Fe(II)(aq) and H2O2 is expressed by 

Equations 2-6 (Gonzalez-Davila et al., 2005). 

                                              Fe(II) + H2O2 → Fe(III) + OH· + OH-                                (2) 

    Fe(II) + OH· → Fe(III) + OH-                          (3) 

                                                 OH· + H2O2 → HO2· + H2O                                             (4) 

           Fe(II) + HO2· → Fe(III) + HO2
-                     (5) 

  Fe(III) + O2·- → Fe(II) + O2                      (6) 
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A study conducted by Kieber et al. (2001) demonstrated that rainwater Fe(II)(aq) 

was stabilized against oxidation for more than 4 hours in seawater (1:1 mixture of 

rainwater to seawater).  Organic complexation of Fe plays a significant role in stabilizing 

Fe(II) concentrations in rainwater (Kieber et al., 2005).  The effect of organic 

complexation on Fe(II) oxidation kinetics has been shown to both inhibit and accelerate 

rates (Santana-Casiano et al., 2000).  A different study conducted by Zhuang et al. (1995) 

demonstrated that Fe(II)(aq) in natural Boston Harbor seawater had an apparent half life 

of 30-70 minutes.  Earlier studies have demonstrated that Fe(II)(aq) rapidly oxidizes in 

natural water (Shaked, 2008; Rose and Waite, 2002). 

Over the past dry years, according to the Marine and Atmospheric Chemistry 

Research Lab (MACRL) data, rainwater pH and DOC concentration have changed.  H+ 

(aq) and DOC concentrations in Wilmington, NC, precipitation have decreased by 

approximately 50% during the preceding two decades (Willey et al., 2006).  These 

changes may have an effect on Fe(II)(aq)/Fe(III)(aq) concentrations and behavior.  

Because of the importance of rainwater Fe in many atmospheric reactions and as a source 

of Fe to surface seawater, this study investigates the concentrations and speciation of 

dissolved iron in rainwater during 2008, five years after the most recent comparable study 

at this location. 

Analytical Methods 

New high density polyethylene (HDPE) and Teflon (FEP) bottles for reagent 

preparation and sample storage were cleaned with a 4 week washing cycle involving 

sequential soaks in 2% Citranox (phosphate-free acid cleaner and detergent), 2 M HNO3 

(reagent grade), 3 M HCl (reagent grade) and pH 2 HCl (trace metal grade, Fisher) baths. 
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The bottles spent a week in each stage of the washing process with extensive rinsing with 

deionized water (>18MΩ) from a Milli-Q Plus Ultra Pure water system (DIW) 

(Millipore, Bedford, MA) between each stage.  After the 4 week washing cycle had been 

completed, used bottles were rinsed with DIW and cleaned in a 10% HCl bath for a 

minimum of 24 hours.  New low density polyethylene (LDPE) carboys (10 L) used for 

sample collection were cleaned with a 3 stage washing cycle involving filling with 2% 

Citranox, 10% HCl and DIW with extensive rinsing with DIW between each 1 week 

stage.  Graphite furnace sampling cups were cleaned in 10% HCl (reagent grade) for a 

minimum of 24 h and pH 2 HCl (trace metal grade, Fisher) for a minimum of 24 h.  

Supor® 200 membrane disc filters (0.2 μm) were cleaned in 10% HCl (trace metal grade, 

Fisher) for approximately 24 h.  All cleaning procedures were concluded with extensive 

rinsing of DIW.  All bottles, vials and pipettes were double zip-lock bagged to prevent 

contamination.  Countertops were covered with a polyethylene overlay within a class 100 

laminar flow-hood in which preparation of standards, reagents and samples were made.  

Polyethylene disposable gloves were used throughout. 

Chelex-100 (Biorad) was cleaned with a 6 step washing cycle with sequential 

soaks with 6 M HCl (trace metal grade, Fisher), DIW, 2 M HCl (trace metal grade, 

Fisher), DIW, 1 M NH4OH, and DIW.  The Chelex spent a day in each stage of the 

washing process with extensive rinses with DIW between each step (Skrabal, personal 

communication, Feb 2008). 

 For the Ferrozine method analytical grade reagents used for standard preparation 

were from Fisher Scientific and Perkin Elmer unless otherwise noted.  DIW was used for 

all analyses, dilutions, reagent and standard preparations.  Synthetic rainwater (SRW), 
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acidified DIW (pH 4.5), was prepared by diluting 4 mL of 5 mM H2SO4 to 1 L with 

DIW.  The primary Fe(II) standard was gravimetrically prepared by adding 0.1998 ± 

0.0003 g FeCl2*H2O with 0.8 mL Optima HCl (O-HCl) and brought to 100 g with DIW.  

The secondary Fe(II) standard was gravimetrically prepared by combining 30 μL of the 

primary Fe(II) standard with 30 μL O-HCl and brought to 30 g with SRW.  The 

secondary Fe(II) standard was prepared daily.  A standard curve was prepared using the 

Fe(II) secondary and SRW with concentrations of 5 nM, 10 nM, 20 nM and 100 nM 

Fe(II).  The primary Fe(III) standard was gravimetrically prepared by adding 0.2704 ± 

0.0003 g FeCl3*6H2O to 0.8 mL O-HCl and brought to 100 g with DIW.  The secondary 

Fe(III) standard was gravimetrically prepared by combining 30 μL of primary Fe(III) 

standard and brought to 30 g with SRW.  The Fe(III) standard curve was prepared using 

the Fe(III) secondary standard and SRW with concentrations of 10 nM, 20 nM and 100 

nM Fe(III).  The ammonium acetate buffer was prepared by combining 13.2 mL NH4OH 

(14.5 M trace metal grade) and 2.4 mL glacial acetic acid (17.4 M trace metal grade) and 

brought to 100 g with DIW.  The 10 mM ferrozine reagent was prepared by combining 

0.514 g ferrozine and brought to 100 g with DIW.  The 1.4 M hydroxylamine reagent was 

prepared by combining 25 g hydroxylamine and brought to 250 g with DIW (Stookey, 

1970).  All reagents were stored in the clean room under a class 100 laminar flow hood. 

 Absorbance of the iron ferrozine complex was read at 562.28 nm using a 1-m 

(Ocean Optics) liquid waveguide capillary cell (LWCC) attached to an Ocean Optics 

SD2000 spectrophotometer and an Analytical Instrument Systems model DT 1000 CE 

UV/Vis light source.  Fiber optic cables carry the light from the source to the cell and 

from the cell to the spectrophotometer.  Absorbance measurements were made at 705 nm 
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and subtracted from the analytical results to in order to correct for absorbance due to 

turbidity or baseline drift.  Fe(III)(aq) was calculated from the difference between total 

dissolved Fe and Fe(II)(aq).  A conservative detection limit based on three times the 

signal to noise ratio for Fe(II) is 0.4 nM.  DIW was run through the entire collection and 

filtration system and had undetectable Fe. 

 Samples were prepared by taking four, 10 mL aliquots of rainwater and filtering 

through a precleaned 0.2 μm Supor® 200 membrane disc filters.  To determine total Fe 

concentrations, 240 μL of hydroxylamine hydrochloride (1.4 M) was added to a filtered 

sample and set aside for one 1 hour to ensure complete reduction of Fe(III)(aq) to 

Fe(II)(aq).  Ferrozine (240 μL, 10 mM), a reagent that reacts with Fe(II)(aq) forming a 

colored complex, was added and thoroughly mixed with the sample for five minutes.  

After the Fe-ferrozine complex had been formed it was followed by the addition of 1.5 

mL of ammonium acetate buffer (pH ~5.5) to adjust pH.  Fe(II)(aq) concentrations were 

determined by the same process except hydroxylamine hydrochloride was not added to 

the filtered samples. 

For the Graphite Furnace Atomic Absorption Method (GFAAS), an iron primary 

standard was gravimetrically prepared by combining 170 μL Fe reference solution (17.9 

± 0.2 mM Fe, AA standard), 100 μL O-HCl and diluting to 60 g with DIW yielding a 

final concentration of 50.8 μM.  A secondary Fe standard was gravimetrically prepared 

by combining 236 μL Fe primary standard, 100 μL O-HCl and diluting to 60 g with DIW, 

yielding a final concentration of 200 nM.  The Fe primary standard was prepared every 

six months and the Fe secondary standard prepared every month.  A matrix modifier was 

prepared from 6 mL Mg(NO3)2 (67.4 mM, atomic absorption modifier solution) and 10 
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mL Pd(NO3)2 in 15% HNO3 (43.3 mM atomic absorption modifier solution) and brought 

to 100 g with DIW (Inscore, 2006). 

Fe concentrations in unfiltered and filtered acidified samples were analyzed by 

graphite furnace atomic absorption spectroscopy (GFAAS) using a Perkin Elmer 5100 

PC atomic absorption spectrometer equipped with a 5100 ZL Zeeman furnace module 

and AS 70 autosampler.  The temperature program used with the 5100 ZL Zeeman 

furnace module for Fe is presented in Table 1.  Analysis was carried out with 20 μL of 

sample, 5 μL matrix modifier, and 20 μL DIW to give a final volume of 45 μL.  Analysis 

for Fe was carried out using one sampling cup for each sample with two replicate 

analyses per cup.  Sample blanks consist of 30 mL DIW with 100 μL O-HCl.  The limit 

of detection for this analysis, defined as three times the standard deviation of the blank, 

was 9 nM (Inscore, 2006). 

Filtered and unfiltered rainwater samples were prepared for each rain event when 

sufficient volume allowed (> 2.5 mm rain).  Total Fe (Fe total) was determined in 

unfiltered samples, which were transferred directly into trace metal clean HDPE bottles 

from the 2.2 L Teflon rainwater collection bottles.  A filtered sample was prepared from 

the 2.2 L Teflon rainwater collection bottles using a 47 mm diameter, 0.2 μm Supor® 

200 membrane disc filters.  Each sample was transferred into a trace metal clean HDPE 

bottle.  Both filtered and unfiltered samples were acidified with 100 μL O-HCl per 30 mL 

of rainwater. Samples were refrigerated (4°C) and sat for a minimum of 24 h.  Particulate 

Fe (Fe particulate) was defined as the difference between the unfiltered and 0.2 μm 

filtered sample. 
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Table 1. Atomic absorption spectroscopy temperature program for iron. 
 

Step Temperature (°C) Ramp(s) Hold(s) 
1 110 1 30 
2 130 15 30 
3 1400 10 20 
4 2100 (stop flow) 0 5 (read) 
5 2400 1 2 
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A 30 mL filtered rain sample was collected and passed through a 3 mL bed of 

Chelex 100 resin packed in a 7” polypropylene chromatography column with a fine filter 

(15-45 μm).  The eluent was preserved with 100 μL O-HCl and then stored in the 

refrigerator in the dark.  Ten, 1 mL aliquots of 2.5 M HNO3 (trace metal grade) were 

passed through the column in order to elute Fe that the Chelex had collected.  In the same 

bottle, 20 1-mL aliquots of DIW were then passed through the column and collected to 

remove any excess HNO3.  The eluent was stored in the refrigerator in the dark.  In order 

to “renew” the Chelex 100 resin 10 1-mL portions of ammonium acetate buffer were 

passed through the column followed by 20 1-mL portions of DIW. 

 Chromophoric dissolved organic matter (CDOM) samples were collected for each 

rain event.  A 20 mL rain sample was taken from the glass beaker collector and filtered 

through a 0.2 μm Supor® 200 membrane disc filter using a glass filtration apparatus.  

The CDOM samples were stored in 30 mL pre-combusted glass containers in the 

refrigerator (4°C) in the dark.  Fluorescence of CDOM was measured using a Jobin Yvon 

Fluoromax-3 with a 1 cm quartz cell.  Rain samples were warmed to room temperature 

before analysis.  DIW water was used as a reference.  The calibration of the instrument 

was checked by performing a lamp scan, a water scan and a one dimensional scan.  The 

lamp scan checked the calibration of the excitation monochrometer while the water scan 

checked the emission of the monochrometer.  The one dimensional scan is used as a 

correction for data processing.  The cuvette was rinsed with DIW in between samples in 

order to prevent sample carry over.  The matrix scan consisted of 51 emission scans over 

a range of excitation wavelengths (250 nm - 500 nm).  Excitation emission matrix (EEM) 

spectra were quantified using FLToolbox.  EEM scans produce a 3-dimensional map of 
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all combinations of excitation and emission wavelengths.  The relative intensities of these 

combinations are observed in the heights on the 3-dimensional map.  Scans were 

imported to FLToolbox and the integral of the EEM spectra calculated in the 250–500 nm 

spectral range for excitation. 

After each rain event unfiltered samples for anions and organic acids were stored 

in 7 mL Teflon vials in the refrigerator and analyzed using ion chromatography.  Anions 

(chloride, nitrate, sulfate and oxalate) were analyzed using a 4 mm Dionex ASRS-Ultra 

micromembrane suppressor and 4x250 mm AS14A column.  Organic acids (formic and 

acetic) were analyzed using a 4 mm Dionex anion micromembrane suppressor AMMS-

ICE 300 with a 4x250 mm IonPac ICE-AS1 column.  Carbonate/bicarbonate buffer and 1 

mM HCl with tetrabutylammonium hydroxide regenerant were used to elute anions and 

organic acids, respectively. 

 Hydrogen peroxide measurements were analyzed immediately after each rain 

event because decay occurs over time.  H2O2 was measured fluorometrically using a 

Sequoia-Turner Model 450 Digital Fluorometer.  The fluorophore scopoletin (1 mM) was 

added to a 3 mL sample in 100 µM additions and a fluorescence reading recorded.  

Twenty µL horseradish peroxidase (764 purpurogallin units/mL) was added next and 

allowed the H2O2 in the sample to destroy the scopoletin which results in a decrease in 

fluorescence readings.  Purpurogallin units are a measure of the activity of the enzyme 

horseradish peroxidase and are used to describe the amount of horseradish peroxidase 

required to reduce the enzyme purpurogallin.  The magnitude of the decrease depends on 

the amount of H2O2 present in the sample.  The concentration of H2O2 is calculated from 

a calibration curve constructed by adding known concentrations of H2O2 to the sample 
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matrix and plotting the change in fluorescence versus the concentration of H2O2 (Kieber 

and Helz, 1986). 

pH analysis was performed immediately after each rain event because [H+] can 

change over time as bacteria and other living organisms in rainwater consume formic and 

acetic acid as nutrients.  pH was measured using an Orion Model 520A meter.  The pH 

electrode was stored in SRW.  The pH meter was calibrated using Orion Application 

Solution low ionic strength pH buffers 4.10 and 6.97.  The mV readings were taken for 

each buffer as well as the % slope for the calibration curve.  pH was analyzed for 

rainwater samples by adding Orion Application Solution pHISA (ionic strength adjuster) 

and immersing the electrode into the sample.  The electrode was rinsed with MQ 

thoroughly between each analysis.  pH and mV readings were recorded for the sample.  

The sample was analyzed again and if the two pH readings were not within 0.02 units the 

sample was analyzed a third time. 

Experimental Methods 

Rain filtration, standard and sample preparation and reagent storage were all 

conducted in a class 100 laminar flow clean bench to minimize sample contamination.  

Rainwater samples were collected in an open area on the University of North Carolina 

Wilmington (UNCW) campus on an event basis.  This rainwater collection site 

(34º13.9’N, 77º52.7’W) is on the UNCW campus, approximately 8.5 km from the 

Atlantic Ocean.  Due to the close proximity of the sampling location to the laboratory, 

analyses or storage procedures could be initiated within minutes of collection, which 

reduced the possibility of compositional changes between the time of collection and 
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analysis.  Real-time precipitation maps were used to initiate the sampling process.  

Samples were collected on an event basis using trace metal clean techniques. 

 Four 10-mL aliquots of rainwater were filtered through a precleaned 0.2 μm 

Supor® 200 membrane disc filters.  To determine dissolved Fe concentrations, 240 μL of 

hydroxylamine hydrochloride (1.4 M) was added to a filtered sample and set aside for at 

least one 1 hour to ensure complete reduction of Fe(III)(aq) to Fe(II)(aq).  Ferrozine (240 

μL, 10  mM), a reagent that reacts with Fe(II)(aq) forming a colored complex, was added 

and thoroughly mixed with the sample for five minutes.  After the Fe-ferrozine complex 

had been formed it was followed by addition of 600 μL of ammonium acetate buffer (pH 

~5.5) to adjust pH.  Fe(II)(aq) concentrations were determined by the same process 

except hydroxylamine hydrochloride was not added (Stookey, 1970). 

Results and Discussion 

Volume weighted Fe(II)(aq) winter concentrations from El Niño 1998 (33±7 nM), 

La Niña 1999 (44±14 nM), and La Niña 2001 (37±17 nM) are similar in concentration 

but do not correspond with La Niña winter of 2008 (11±4 nM).  Fe(III)(aq) 

concentrations from La Niñas 1999 and 2008 are very close in value (25±9 nM for 1999 

and 24±14 nM for 2008) (Figure 1).  A reason that these values are close may be that 

both of these winters were very strong La Niñas.  La Niña 2001 was a mild La Niña.  The 

concentrations may not correspond with El Niño 1998 because of the drastically different 

weather conditions.  La Niñas typically bring warmer weather and an above average 
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Figure 1.  Volume weighted concentration of Fe(II)(aq) and Fe(III)(aq) versus seasons of 1998, 1999, 2001 and 2008. 
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number of hurricanes in the Atlantic Ocean.  El Niños bring cooler weather and fewer 

hurricanes to the Atlantic Ocean.  The mild La Niña winter of 2001 had a much higher 

Fe(III)(aq) concentration (75±11 nM) compared to the other three winters (6±2 nM in 

1998, 25±11 nM in 1999 and 24±14 nM in 2008) (Figure 1).  The high volume weighted 

concentration of Fe(III)(aq) observed during La Niña 2001 is attributed to consistently 

high Fe(III)(aq) concentrations for each rain event that season.  La Niña 2001 was the end 

of the long-lived La Niña 1998-2001 event.  The high Fe(III)(aq) concentration observed 

during La Niña 2001 may be due to the shift from cold event to warm event.  ENSO (El 

Nino Southern Oscillation) cannot explain the [Fe(II)] variations in winter rain, however 

the greater rain volume during El Nino (52 cm versus average 28 cm) caused higher 

deposition of Fe(II) during 1998 compared with other winters. 

 The volume weighted concentration of Fe(II)(aq) from spring 1999 and spring 

2008 were similar in value (18±8 nM and 20±10 nM, respectively).  The Fe(III)(aq) 

concentration was also similar for the springs of 1999 and 2008 (12±1 nM and 16±2 nM, 

respectively).  1999 and 2008 were both La Niña years and this may be the reason that 

the Fe(II) and Fe(III) values were so similar.  Springs 1998 and 2001 had much higher 

volume weighted concentrations of Fe(II)(aq) and Fe(III)(aq).  Spring 1998 had the 

highest Fe(II)(aq) (65±13 nM) and Fe(III)(aq) (51±2 nM) concentrations.  A very large 

bloom of microscopic algae was observed by NASA’s Sea-viewing Wide Field Sensor 

off the coast of Central and South America in May-June 1998.  Fe is a limiting nutrient 

for algae and a large bloom in 1998 could be the result of atmospheric input.  Spring 

2001 had second highest Fe(II)(aq) (36±13 nM) and Fe(III)(aq) (41±15 nM) 

concentrations (Figure 1). 
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 The Fe(II)(aq) volume weighted concentrations from the summers of 1999 and 

2008 were similar in value (15±5 nM and 8±2 nM, respectively).  The Fe(III)(aq) 

concentration was also similar for the summers of 1999 and 2008 (13±3 nM and 11±2 

nM, respectively) (Figure 1).  During the summer of 1999, 57% of the rain that 

Wilmington, NC received was from tropical events.  The summer of 2008 received 20% 

tropical rain.  Concentrations of Fe(II)(aq) and Fe(III)(aq) corresponded in a similar 

manner for the springs of these years as well. 

 Fe(II)(aq) and Fe(III)(aq) volume weighted concentrations for autumn 2008 were 

extremely low (1±0.2 nM and 2±1 nM, respectively).  Autumns 1998, 1999, and 2001 

showed a consistent decrease in Fe(II)(aq) concentration (34±5 nM, 24±7 nM and 12±5 

nM).  Fe(III)(aq) concentration increased in summers from 1998, 1999 and 2001 (13±1 

nM, 22±2 nM and 23±11 nM (Figure 1).  It is unclear why Fe(II)(aq) concentrations have 

decreased during the autumn months for these years.  The changing chemical 

composition of precipitation in Wilmington, NC could be the reason.  Decreasing H+ and 

DOC concentrations affect many other atmospheric reactions.  Fe solubility in rainwater 

is enhanced by the presence of acidic species (Theodosi et al. 2008). 

 There does not seem to be a correlation between El Niño Southern Oscillation 

(ENSO) events indicating that the changes in Fe concentrations are not the result of long 

range transport.  There appears to be more inter-annual than inter-seasonal variation.  The 

varying concentrations could be the result of local effects.  Figure 2 includes Fe as a 

function of storm type and it appears that there is a relationship between higher Fe(II) 

concentrations and 4 coastal rain events. 

The photochemical production of Fe(II)(aq) has been observed in rainwater 
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Figure 2.  Fe(II) and Fe(III) versus storm type in Wilmington, NC between 1 January and 
31 December 2008. n = 9, 8, 12, 6, and 4 for 4 coastal, 1 mixed, 3 mixed, 5 marine, and 2 
terrestrial, respectively. 
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 (Kieber et al. 2003).  In the study performed by Kieber et al. (2003), authentic rainwater 

was irradiated with simulated sunlight for two hours with up to 73% reduction of 

Fe(III)(aq).  Rainwater samples in this study were collected from January until October of 

2008 and immediately analyzed after the rain event concluded.  Fe(II)(aq) volume 

weighted concentrations were plotted against the time of day in which the rain event 

occurred (Figure 3).  Samples were not included if the rain event spanned more than one 

time period.  The highest Fe(II)(aq) concentrations occur between 12 pm and 6 pm 

suggesting photochemical production of Fe(II)(aq).  Figure 3b includes Fe total and Fe 

particulate and between the time period of 12 pm and 6 pm it appears that Fe particulate 

may be dissolving in the afternoon to create Fe(II) and Fe(III) and then precipitating from 

6 pm to 12 am. 

Kieber et al. (2001) performed iron and hydrogen peroxide analyses in rainwater 

collected in New Zealand from January to March of 1999.  Diurnal variation of Fe(II)(aq) 

was observed in rain at the New Zealand location (January-March 1999) as well as rain 

from Wilmington, NC during the summer months (June-September 1997).  From 12 pm - 

6 pm the Fe(II)(aq) concentration was at its highest for both locations.  This observation 

suggests that Fe(II)(aq) is photochemically produced and further supports our findings. 

Kieber et al. (2003) studied the diurnal variation of Fe species in rainwater on a 

summer and winter cruise aboard the RV Endeavor.  A distinct diurnal variation in the 

concentration of Fe(II)(aq) was observed for both the Bermuda Atlantic Time Series 

Station (BATS) and Wilmington, NC.  The highest Fe(II)(aq) concentration was observed 

in the evening (6 pm - 12 am).  Rainwater samples at the BATS location were only taken  
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Figure 3.  a.) Volume weighted concentration of Fe(II) and Fe(III) in Wilmington, NC 
     rainwater (01/01/08 – 012/31/08) as a function of time of day of event. 
     Number of samples for each time period was 6 (6 am – 12 pm), 11 (12 pm – 
     6 pm), 7 (6 pm – 12 am) and 1 (12 am – 6 am). 

b.) Volume weighted concentrations of Fe(II), Fe(III), Fe total and Fe 
particulate.  The one rain event that occurred between 12 am and 6 am was not 
analyzed for total Fe or particulate Fe. 
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during the month of August 1999.  Wilmington, NC rain data was taken from 1997 to 

2000 for the experiment performed by Kieber et al. (2003).  The Fe(II)/Fe(III) ratio was 

highest from 12 pm - 6 pm.  The lowest Fe(II)(aq) concentration was observed from 12 

pm - 6 am.  Kieber et al. (2001) performed a Fe rainwater study in New Zealand and 

diurnal variations were noticed from the months of January to March in 1999.  The 

highest concentration of Fe(II)(aq) occurred during the hours of 12 pm - 6 pm.  Kieber et 

al. (2001) also noticed a diurnal variation for Wilmington, NC rainwater from the months 

of June to September 1997 in which the highest Fe(II)(aq) was during the 12 pm - 6 pm 

time block.  The results from the Kieber et al. (2001) study correspond in that the highest 

Fe(II)(aq) concentration occurs at a time of day in which sunlight is most intense. 

Previous work has shown that background Fe(II)(aq) (Fe(II)(aq) that is not 

photochemically produced) is stable against oxidation for a time period of a few days 

(Willey et al., 2005).  Fe(II)(aq) in this study with fresh rainwater was not stable against 

oxidation over a time period of several hours.  A stability test performed on E756 showed 

that Fe(II)(aq) and Fe(III)(aq) concentrations dropped 9 and 8 nM, respectively, after 24 

hours.  The rainwater sample was kept in the refrigerator in the dark.  After 5 days the 

Fe(II)(aq) and Fe(III)(aq) concentrations were at 8 and 19 nM, respectively.  Event E756 

began at 6:00 pm on 5/28/2008 and concluded at 3:00 am on 5/29/2008 (Figure 4).  E756 

had an initial H2O2 concentration of 18.9 μM.  The rainwater was collected at 8:15 am 

and therefore would not likely contain significant levels of photochemically produced 

Fe(II)(aq). 

To better understand the oxidative behavior of Fe(II)(aq) in rainwater, more time 

points immediately after an event had concluded were needed.  E762 began at 11:27 PM 
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Figure 4. Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E756 versus days post 
rain event. 
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on 07/06/2008 and concluded at 12:09 AM on 07/07/2008.  The rain was collected at 

8:25 AM on 07/07/2008 and analyzed immediately for Fe(II)(aq) and Fe(III)(aq).  After 

one day Fe(II)(aq) and Fe(III)(aq) concentrations changed from 31.5 nM and 10 nM to 

9.2 nM and 12 nM, respectively (Figure 5).  The H2O2 concentration in E762 was 32.8 

μM.  E762 was collected at 8:25 AM, approximately 8 hours after the event concluded.  

The rate constant for E762 was 1.4 M-1s-1. 

 Similar experiments were performed on fresh rain events to ensure oxidation of 

ambient Fe(II)(aq) in rainwater was actually occurring.  E763 began on 07/07/2008 at 

3:32 pm and concluded at 4:17 pm.  The sample was collected at 5:15 pm and the H2O2 

concentration was 37.0 μM.  Fe(II)(aq) changed from 34.1 nM initially to 16.3 nM within 

the first hour after collection (Figure 6).  The photochemical production of Fe(II)(aq) may 

have played a role in the rapid oxidation of Fe(II)(aq) within the first hour of this stability 

experiment.  Fe(II)(aq) and Fe(III)(aq) concentrations were measured for another four 

hours and again the following day.  The concentration of Fe(II)(aq) dropped slowly from 

hour 1.25 (16.3 nM) to hour 17.75 (8.8 nM).  This suggests that the initial measured 

concentration of Fe(II)(aq) is due to photochemical production in this sample.  H2O2 is 

the primary oxidant for Fe(II) in rainwater and follows second order rate kinetics.  The 

rate constant for E763 was 2.8 M-1s-1. 

 Another rain event, E764, was analyzed over time for Fe(II)(aq) and Fe(III)(aq) 

and a similar behavior was noticed.  E764 began on 07/09/2008 at 11:53 pm and 

concluded on 07/10/2008 at 5:53 am.  The rainwater was collected at 8:53 am and the 

H2O2 concentration was 18.0 μM.  Five hours after the event concluded, the Fe(II)(aq) 

concentration was 50.5 nM.  After another hour, the Fe(II)(aq) concentration dropped to  
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Figure 5.  Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E762 versus hours post 
rain event.
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Figure 6.  Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E763 versus hours post 
rain event.
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30 nM.  The Fe(II)(aq) concentration continued to drop after another 3 hours to 19.5 nM.  

The following day the sample was analyzed again and the Fe(II)(aq) concentration was 

44.4 nM (Figure 7).  The reason that the Fe(II) concentration increased after a day of 

sitting is unclear.  Dissolved organic complexing ligands, temperature and pH can have 

an effect on metal dissolution (Liu and Millero, 2002).  It is also possible that dark 

thermal reduction of Fe(III) species by superoxide radicals is occurring (Kieber et al., 

2003).  The rate constant for E764 was 3.4 M-1s-1. 

To ensure that some unknown substance in the laboratory atmosphere was not 

controlling oxidation of Fe(II)(aq) in rainwater, a bottle of rainwater was left at the 

rainwater collection site for the duration of the stability experiment.  E772 began on 

07/23/2008 at 7:02 pm and concluded at 5:53 am on 07/24/2008.  The rainwater was 

collected at 8:00 am and was analyzed for Fe(II)(aq) and Fe(III)(aq) promptly after 

collection.  The H2O2 concentration was 15.1 μM.  Three hours after the rain had ended, 

Fe(II)(aq) and Fe(III)(aq) were 16.8 nM and 12.9 nM, respectively.  After 4 hours, both 

the sample at the rainwater collection site and the sample brought in to the lab 

corresponded in Fe(II)(aq) and Fe(III)(aq) values of 4 nM and 25 nM, respectively 

(Figure 8).  This experiment suggested that the lab atmosphere does not have an effect on 

the oxidative behavior of Fe(II)(aq) in rainwater.  Another observation was that the 

concentration of Fe(II) changed from 4 nM to 10 nM after 24 hours.  Similar to rain event 

E764 (Figure 7), this increase in Fe(II) concentration may be due to the dark thermal 

reduction of Fe(III) with superoxide radicals.  The rate constant for E772 was 13.0 M-1s-1. 

H2O2 is a strong oxidant and is potentially a contributing factor in Fe(II)(aq) 

oxidation in rainwater (Kieber et al. 2001).  In order to better understand this relationship,  
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Figure 7.  Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E764 versus hours post 
rain event.
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Figure 8. Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E772 versus hours post 
rain event. 
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30 μM H2O2 was added to a fresh rainwater sample and then Fe(II)(aq) and Fe(III)(aq) 

analyzed over time.  The increase in the concentration of H2O2 did not have an effect on 

the oxidation rate of Fe(II)(aq) (Figure 9).  E773 began at 2:43 PM and ended at 3:53 PM 

on 07/26/2008.  The rainwater was collected at 4:05 PM and the stability experiment was 

performed immediately after collection.  The initial concentration of H2O2 was 27.2 μM, 

apparently present in sufficient excess to control oxidation.  One of the two filtered 

samples of E773 was spiked with 30 μM H2O2 while the other was left unaltered.  

Fe(II)(aq) and Fe(III)(aq) were analyzed immediately after. 

Willey et al. (2005) used 0.4 μm polycarbonate filters for sample preparation.  

However; in this study 0.2 μm polysulfone membrane filters were used.  The two 

different filters were used in a stability experiment to evaluate if the 0.4 μm filters were 

releasing a stabilizing colloid for Fe(II)(aq) that was larger than 0.2 but smaller than 0.4 

µm.  The rate constant for 0.2 µm filtered E773, 0.4 µm filtered E773 and 0.2 µm filtered 

E773 with added 30 µM H2O2 was 4.4, 4.6 and 2.4 M-1s-1, respectively.  It appears that 

there are no Fe(II)(aq) stabilizing components being released from the 0.4 μm 

polycarbonate filters and that Fe(II)(aq) is being oxidized over time independent of which 

filter is used (Figure 9).  Adding H2O2 does appear to have an effect on the oxidation of 

Fe(II) because it is already present in excess over Fe(II)(aq). 

 An experiment was performed a second time with rainwater E777 to evaluate the 

impact of H2O2 on the stability of Fe(II).  E777 began at 8:29 pm on 08/08/2008 and 

concluded at 5:53 am on 08/08/2008 with an initial H2O2 concentration of 39.6 μM.  An 

additional 30 µM H2O2 was added to the sample and the Fe(III)(aq) and Fe(II)(aq) 

concentrations were analyzed as a function of time .  The rate constants for E777 and  
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Figure 9. Fe(II)(aq) concentrations for rain event E773 after being filtered through a 0.2 
µm filter, a 0.4 µm filter, and spiked with H2O2 versus hours post rain event.
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E777 with added 30 µM H2O2 were 1.8 and 1.6 M-1s-1.  Similar to the E773 experiment, 

H2O2 did not appear to have an effect on Fe(II)(aq) oxidation (Figure 10).  This suggests 

that the original concentration of H2O2 was in sufficient excess over Fe(II)(aq) in this 

rainwater sample. 

Rain event E779 Part A began at 1 AM and was collected at 8:00 AM on 

08/13/2008.  Rain was still pouring at the time of collection but the rainwater collectors 

needed to be changed in order to prevent overflow.  Fe(II)(aq) and Fe(III)(aq) analysis of 

E779 Part A began immediately upon return to the lab.  H2O2 analysis was not performed 

because of instrument malfunction.  Results from this experiment indicated the Fe(II)(aq) 

was stable over a time period of 4 hours (Figure 11).  These results do not correspond 

with instability of Fe(II)(aq) seen in other stability experiments.  A possible explanation 

is that there was no photochemically produced Fe(II)(aq) in this sample.  The storm 

started at 1:00 AM and a sample was collected at 8:00 AM.  Because there was no 

photochemically produced Fe(II)(aq) the oxidation of Fe(II)(aq) was not observed.  

Another possible explanation is that H2O2 concentration could have been very low.  This 

can not be verified, however, because of the lack of H2O2 data for this particular event.  

The Fe(II) concentration for this rainwater sample was very low (~5 nM).  An 

explanation for the low concentration could be due to Fe(II) organic complexing ligands 

that resist oxidation.  E779 part A had a total integrated fluorescence of 18,504 QSU.  

Rain events E756, E762, E764, E772, E773 and E777 had total integrated fluorescence of 

24500, 21160, 156000, 22300, 32000 and 45500 QSU, respectively.  The integrated 

fluorescence for E779 Part A was the lowest of these rain samples and could be an 

explanation for why Fe(II) concentrations were so low. 
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Figure 10. Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E777 with and without 
added H2O2 versus hours post rain event. 
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Figure 11. Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E779 part A versus 
hours post rain event. 
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 Rain event E781 began at 11:05 PM on 08/21/2008 and concluded at 11:53 am on 

08/22/2008.  The rainwater sample was collected at 1:20 pm.  The H2O2 concentration 

was 18.2 µM.  Fe(II)(aq) and Fe(III)(aq) concentrations were initially measured at 14.4 

nM and 14.6 nM, respectively.  The Fe(II)(aq) concentration changed from 14.4 nM to 

7.3 nM after the first hour.  The Fe(II)(aq) concentration after the 2nd, 3rd and 4th hour 

was 7.4, 6.5 and 5.5, respectively (Figure 12).  The initial change in Fe(II)(aq) after the 

first hour is more dramatic than the change observed in the hours following.  This is 

attributed to the rapid oxidation of photochemically produced Fe(II)(aq).  After the initial 

oxidation the Fe(II) concentration for the next hours was ~5 nM.  This is similar to the 

concentration observed in rain event E779 part A.  This low concentration could be a 

result of Fe(II) organic complexing ligands in rainwater.  The rate constant for E781 was 

10.4 M-1s-1.  The integrated fluorescence of E781 was 20567 QSU.  This value is slightly 

higher than the integrated fluorescence of E779 part A and could explain the correlation 

between low integrated fluorescence reading and low Fe(II)(aq) concentrations. 

 Rain event E783 began at 7:20 AM and concluded at 8:45 am on 08/27/2008.  

The rainwater sample was collected at 9:40 am.  The H2O2 concentration was 5.8 µM.  

The initial concentration of Fe(II)(aq) was 5.6 nM and it decreased over a 4 hour time 

period to 0.3 nM (Figure 13).  The rate constant for E783 was 48.2 M-1s-1.  The instability 

of Fe(II)(aq) observed in this experiment is in agreement with other stability experiments 

on rainwater performed in this study. 

 Rain event E788 began at 1:53 PM and concluded at 2:20 pm on 09/05/2009.  The 

rainwater sample was collected at 2:40 pm.  The H2O2 concentration was 14.7 µM.  The 

Fe(II)(aq) and Fe(III)(aq) concentrations were initially measured at 5 nM and 3 nM,  
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Figure 12. Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E781 versus hours post 
rain event.
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Figure 13. Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E783 versus hours post 
rain event. 
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respectively.  The Fe(II)(aq) concentration dropped approximately 1 nM every hour and 

was non-detectable the following day (Figure 14).  The rate constant for E788 was 10.7 

M-1s-1.  The results from this stability experiment with rain event E788 correspond with 

the results from other stability experiments in this study. 

The concentrations of Fe(II) and Fe(III) in rain collected from January through 

December of 2008 were plotted as a function of the concentration of DOC in order to 

explore the relationship (Figure 15).  There is a positive correlation between Fe(II) and 

DOC (p < 0.001) ; however, there is not a significant correlation between Fe(III) and 

DOC.  There is a positive correlation of Fe(II) concentration with total integrated 

fluorescence (p < 0.001) which suggests that the speciation at this location is directly 

related to the abundance of chromophoric dissolved organic matter (CDOM) (Figure 16).  

Earlier field data has indicated that there is a dramatic influence of CDOM on the 

abundance of Fe(II).  During the summers of 2002 and 2008 Fe(II) concentrations were 

very low and had low integrated fluorescence values.  Fe(II) concentrations for the winter 

of 2003 were high and also high were integrated fluorescence units (Willey et al., in 

press).  The correlation between the abundance of Fe(II) and total integrated fluorescence 

raises the question of whether CDOM could account for the changing concentrations of 

Fe(II). 

The stability study performed by Kieber et al. (2005) remarked that samples were 

analyzed “immediately” and after 24 hours.  The Fe(II) measurements made subsequent 

to a rain event cannot be labeled as T=0 because there is a time lapse associated with 

ensuring that the rain event has indeed passed.  There is also time lapse in gathering rain  
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Figure 14. Fe(II)(aq) and Fe(III)(aq) concentrations for rain event E788 versus hours post 
rain event. 
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Figure 15. a.) Fe(II) concentration (nM) versus DOC (µM) in rainwater collected in 
Wilmington, NC between 1 January and 31 December 2008. n = 48, r = 
0.64, p < 0.001. 

 b.) Fe(III) concentration (nM) versus DOC (µM) in rainwater collected in 
Wilmington, NC between 1 January and 31 December 2008.  There is not 
a significant correlation. 
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Figure 16. Fe(II) concentrations (nM) versus total integrated fluorescence (quinine sulfate 
units) in rainwater collected in Wilmington, NC between 1 January and 31 December 
2008.  n = 52, r = 0.748, p < 0.001. 
 

 

 

 

 

 

 

 

 

 

 

 38



collection materials, driving to the rain site, changing rain collectors, returning to the lab, 

setting up materials necessary for the Fe(II) measurement, processing the rain, filtration 

of rain and also the reaction time of chemicals involved in the iron analysis (5 minute 

reaction time for ferrozine to react with Fe(II)(aq)).  In our study it was very difficult 

to measure Fe(II) even one hour after the rain event had passed.  The iron stability 

experiment set up in this study required at least one hour of preparation (fresh reagents, 

clean bottles, bottle labeling, etc.) prior to sample collection.  According to our study on 

the stability of Fe(II) in rainwater, it appears that there is relatively more inorganic Fe(II) 

in proportion to Fe(III) than in years previous.  It is imperative that rain samples are 

analyzed as soon as an event has concluded. 

Conclusions 

Rainwater collected in Wilmington, NC during 2008 was lower in Fe(II) 

concentration than in previous sampling years.  Concentration variations in Fe(II) could 

not be explained by ENSO variations or by the amount of rain received.  There was more 

annual variation in Fe(II) and Fe(III) concentrations than seasonal variation.  Fe(II) in 

rainwater collected in Wilmington NC during 2008 was much less stable towards 

oxidation than Fe(II) in rainwater during previous sampling periods at this location.  This 

lower Fe(II) stability was not a simple function of photochemical production or time of 

day of the rain event, and it did not vary with hydrogen peroxide concentration (Table 2).  

The decreased stability is the result of the combination of many different factors 

including a possible decrease in organically complexed Fe(II). 

Chelex Experiments 

Experiments using Chelex were performed on rain events E753, E755 and E756.   
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Table 2.  Data in this table includes data from Table 2 Willey et al. (in press).  Rate 
constants k from Eq. 1 (M-1s-1) for the rain event samples listed in order of increasing k.  
Initial Fe(II)i and other rainwater parameters are also given.  Fl is the total integrated 
fluorescence measured in quinine sulfate units. Time indicates the time of day in local 
time that the rain event occurred.  T exp indicates the number of hours after ceased and 
experiment began.  NA = not analyzed. 

Event K Fe(II)i H2O2 DOC pH Fl Amt Time T exp 

 M-1s-1 nM µM µM  QSU mm  H 

762 1.4 31.5 33 78 4.59 21200 8 2327-0009 9.5 

777 1.8 9 40 238 4.12 45500 14 2029-0553 3 

763 2.8 35 38 NA 4.46 NA 2 1532-1617 1.5 

764 3.4 50 18 340 4.36 156000 3 1153-0553 5 

773 4.4 15 27 198 4.38 32000 23 1443-1553 0.5 

781 10.4 15 18 37 4.50 20600 11 1105-1153 0 

788 10.7 5 15 7 5.20 19300 10 1353-1412 0 

772 13.0 16 15 110 4.26 22300 12 1902-0553 3 

783 48.2 6 6 7 5.06 14200 11 0720-0845 0 
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Inorganic iron or weakly organically complexed iron collects on the Chelex resin.  The 

solution that passes through the column contains strongly complexed iron.  Table 3 

contains preliminary data from the Chelex experiments.  All rainwater samples were 

filtered through a 0.2 µm Supor® 200 hydrophillic polyethersulfone membrane disc filter 

prior to being passed through the Chelex filled column.  The sum of the concentration of 

iron collected on the Chelex column and in the elute was greater than that of the 

concentration of iron in the filtered sample (that had not passed through Chelex column).  

This suggests a potential contamination of leaching of iron off of the column. 

Drought 

In 2007 North Carolina experienced a severe drought and was ranked “record 

driest” according to NOAA’s National Climate Data Center for Jan-Dec 2007 Statewide 

Precipitation Ranks.  Several other southeastern states had record near driest years which 

resulted in wild fire outbreaks in Florida and the implementation of water restrictions in 

Georgia. 

A drought is considered to be a long period of dry weather that affects large 

regions leading to important losses in most social and economic activities (Henriques and 

Santos, 1998).  Impacts can include low streams and reservoirs, depleted soil moisture, 

wild fires, and crop destruction.  The consequences of a drought affect businesses and can 

present significant financial troubles.  This study is an investigation of the effects of 

drought on rainwater composition. 

Cerón et al. (2002) performed a study off the Yucatan Peninsula and observed that 

volume weighted concentrations of all ionic species analyzed (H+, Cl-, Na+, SO4
2-, Mg2+, 

K+ and NH4
+) did not vary with respect to humid or drought conditions with the  

 41



Table 3.  Results from chelex experiments.  Fe concentration in nM.  Fe analysis was 
performed on filtered rain (0.2 µm polysulfone filters), unfiltered rain, chelex filtered rain 
(3 mL bed of chelex in a polypropylene column) and eluent (to remove collected Fe from 
chelex column) on rain events E753, E755 and E756. 
 

Event Fe (nM) 
E753 - filtered 177 

- unfiltered 206 
- Chelex filtered 142 

- elute off column 131 
E755 - filtered 206 

- unfiltered 441 
- Chelex filtered 99 

- elute off column 217 
E756 - filtered 127 

- unfiltered 196 
- Chelex filtered 67 

- elute off column 145 
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exception of NO3
-.  There was a significant difference in volume weighted concentrations 

of NO3
- during drought compared to the humid periods most likely because of forest fires 

which emit nitrogen oxides.  pH values were lower during the dry period suggesting that 

the nitrogen oxide conversion to nitric acid was the contributing source. 

Results and Discussion 

 Rainwater amounts for Wilmington, NC have been measured by the Marine and 

Atmospheric Chemistry Research Lab from 1986 to present.  The mid 1996 to 2008 

values were compared to the values measured at Wilmington’s Airport, KILM (made 

accessible by http://www.wunderground.com) (Table 4).  Years 2001 and 2007 were 

considered “drought years” because of below average annual amounts of precipitation 

that Wilmington, NC received.  According to NOAA, the average annual rainfall that 

Wilmington, NC receives is 54.7 inches/year.  The 2nd driest year from 1933 to 2004 for 

Wilmington, NC was 2001. 

Figure 17 is a comparison of volume weighted Fe concentrations for years 1998, 

1999 and 2001.  Years 1998 and 1999 received above average precipitation for the years 

1996 to 2008.  The volume weighted concentration of Fe total in 2001 was 157 ± 32 nM.  

For years 1998 and 1999, the volume weighted concentration of Fe total was 228 ± 38 

nM and 76 ± 2 nM, respectively.  Volume weighted concentrations of Fe particulate were 

124 ± 23, 43 ± 1, 100 ± 18 nM for years 1998, 1999 and 2001, respectively.  Volume 

weighted Fe(II)(aq) concentrations were 31 ± 5, 114 ± 17, 31 ± 6 nM for years 1998, 

1999 and 2001, respectively.  Volume weighted Fe(III)(aq) concentrations were 22 ± 3, 

85 ± 4, 23 ± 1 nM for years 1998, 1999 and 2001, respectively.  Years 1998 and 2001 

have similar concentrations with respect to the aqueous Fe species.  The drought in 2001  
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Table 4. Rainwater amounts in inches and centimeters as recorded by 
Wunderground.com at KILM and MACRL on UNCW campus.  NM = not measured. 
 

 Wundergound.com 
(KILM) 

MACRL data 
(amount sampled) 

Year Inches cm inches cm 
1996 64.1 163.0 39.6 100.6 
1997 47.4 120.7 38.7 98.2 
1998 62.2 158.1 65.6 166.5 
1999 72.4 183.9 71.7 182.1 
2000 NM NM 56.4 143.1 
2001 36.6 93.2 42.4 107.6 
2002 48.9 124.3 61.4 156.0 
2003 63.2 160.7 67.4 171.2 
2004 50.8 129.0 55.6 141.2 
2005 69.9 177.6 61.4 156.0 
2006 63.8 162.2 53.6 136.3 
2007 33.4 84.8 23.2 58.9 
2008 60.8 154.5 58.4 148.3 
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Figure 17. Volume weighted concentrations of Fe as a function of year.  Black, white, 
small grid pattern and light vertical patterns indicate Fe total, Fe particulate, aqueous 
Fe(II) and aqueous Fe(III), respectively.  Number of samples for 1998, 1999 and 2001 is 
44, 31 and 53, respectively. 
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does not appear to have an affect on the volume weighted concentrations of Fe total, Fe 

particulate, or aqueous Fe(II) and Fe(III) in Wilmington, NC rainwater.  Spring of 2001 

had a the second highest volume weighted concentration of Fe(II) compared to springs 

1998, 1999 and 2008 (Figure 1) and suggests that the drought has an effect on seasonal 

Fe(II) volume weighted concentrations. 

From 1985 to 2005 H+ concentration in Wilmington, NC rainwater has decreased 

by approximately half (Willey et al., 2006).  Although there has been a trend the past two 

decades, years 2006 and 2007 did not seem follow this trend.  H+ volume weighted 

concentrations for 2006 and 2007 were 48.3 ± 0.58 μM and 21.3 ± 0.52 μM, respectively 

(Figure 18).  From 1988-1990 H+ the volume weighted concentration was 31.0 μM.  

Between 2001 and 2003 the H+ concentration was 16.1 μM, a 48% decrease from 1988-

1990 (Willey et al., 2006).  H+ volume weighted concentrations for 2006 and 2007 (48.3 

μM  and 21.3 μM, respectively) were much higher than expected based on the decreasing 

trend seen from 1985 to 2005.  H+ concentration for 2008 (23.9 ± 0.22 μM) was just 

below average (25.1 μM) for years 1996-2008.  H+ deposition was lower during drought 

years indicating that the concentration is independent of the volume of rain received but 

deposition is not independent.  There was not an accumulation of H+ in the atmosphere 

when there was a decrease in rain deposition. 

Fe speciation has a very strong dependence on pH.  Under reducing conditions 

(lower Eh values) at a pH below 5 there should be a greater proportion of aqueous 

Fe(II)(aq) than under oxidizing conditions (higher Eh values) at the pH of seawater (~8) 

(Figure 19).  Organic complexation of Fe may also plays a role in the stability of 

Fe(II)(aq) even under oxidizing conditions (Kieber et al. 2005).  Fe(II)(aq) oxidation rates  
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Figure 18. a.) H+ deposition (kg/ha) for Wilmington, NC (as recorded by MACRL) 

versus years 1996-2008. 
b.) H+ volume weighted concentration (µM) for Wilmington, NC (as 
recorded by MACRL) versus years 1996-2008. 
Note: Small grid pattern indicates below average precipitation.  Black bars 
indicate above average precipitation.  White bars indicate near average 
precipitation. 

 

 47



 

 

Figure 19. Diagram of Fe (10 µM) speciation as a function of Eh and pH at 1 atm and 25° 
C (Pankow, 1991). 
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are a complex function of pH (Gonzalez-Davila et al. 2005).  At a pH of below 4 the Fe 

oxidation rate is independent of pH.  Between pHs of 5 and 8 the rate increases as the 

concentration of Fe(OH)2
0 increases.  At a pH above and near 8 the Fe(OH)2

0 stabilizes 

and the oxidation rate is once again independent of pH (Morgan and Lahav, 2007).  There 

are many other factors that must be taken into account when determining oxidation rates.  

Microorganisms have been shown to important role in Fe oxidation (Diez et al. 2007). 

Water temperature can also be a factor in the determination of Fe oxidation rates 

(Shaked, 2008). 

DOC concentrations are linked strongly with H+ concentrations because DOC 

comprises many organic acids (acetic, formic, lactic, oxalic, pyruvic, malonic, succinic, 

methylsulfonic acids) which also contribute to H+ concentration.  The DOC 

concentrations from 1995 and 2005 decreased by approximately half.  The DOC 

concentrations for 2006, 2007 and 2008 were 101 ± 2 μM, 92 ± 3 μM and 68 ± 1 μM, 

respectively.  Between 1995-1998 DOC volume weighted concentration was 114 μM.  

Between 2001 and 2003 the DOC concentration was 64 μM, a 46% decrease from 1988-

1990 (Willey et al., 2006).  DOC concentration values of 100.8 μM  and 92.1 μM were 

much higher than expected based on the decreasing trend seen from 1995 to 2005 (Figure 

20).  DOC concentration for 2008 (68.7 ± 1 μM) was below average (78 μM) for years 

1996-2008.  DOC deposition was lower for drought years. 

Organic complexation plays a role in the redox chemistry of Fe(II) and Fe(III) in 

rainwater.  Fe(II) that is organically complexed allows Fe(II) in rainwater to reach higher 

concentrations than would be expected based on the oxidation kinetics of inorganic Fe(II)  
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Figure 20. a.) DOC deposition (kg/ha) for Wilmington, NC (as recorded by MACRL) 
versus years 1996-2008. 
b.) DOC volume weighted concentration (µM) for Wilmington, NC (as 
recorded by MACRL) versus years 1996-2008. 
Note: Small grid pattern indicates below average precipitation.  Black bars 
indicate above average precipitation.  White bars indicate near average 
precipitation. 
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(Kieber et al. 2005).  EDOM (extractable dissolved organic matter) from rainwater 

contains Fe(II) ligands that inhibit the oxidation of Fe(II) in seawater (Willey et al. 2008). 

The role of DOC in Fe chemistry is dependent on the composition of the DOC.  

Volume weighted concentrations of H+ and DOC were near average for 2008 based on 

years 1996 to 2008.  Kieber et al. (2005) performed an Fe(II)(aq) stability study on 

rainwater measuring the Fe(II) initially and after 24 hours of dark storage.  Their results 

indicated that Fe(II)(aq) remained stable for days.  This study was performed on rain 

events occurring during the months of January and February of 2003.  2003 was a fairly 

average year concerning H+ and DOC concentrations.  The volume weighted H+ and 

DOC concentrations for 2003 were 20.7 ± 0.22 µM and 83.4 ± 1.2 µM, respectively.  The 

averages of H+ and DOC for years 1996 to 2008 were 25.1 µM and 78 µM, respectively.  

Years 2003 and 2008 do not stand out dramatically when H+ and DOC are considered.  A 

possible explanation for decreased Fe(II) stability is the changing composition, as 

opposed to the amount, of DOC in rainwater.  

Conclusions 

 Years 2001 and 2007 were considered drought years for Wilmington, NC.  

Drought does not have an affect on the concentration of H+, DOC, Fe(II) or Fe(III); 

however, the lower amount of rain during drought years causes deposition of these 

components to be lower.   
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CHAPTER 2 - Fe OXIDATION IN SEAWATER 

Introduction 

Fe(II) in rain during 2008 was less stable than previously reported at this location, 

which suggests less protection by organic complexation and hence a relatively greater 

influx of inorganic Fe(II) to surface seawater.  Previous Fe(II)(aq) oxidation studies 

involving seawater/rainwater (1:1) mixtures demonstrated that rainwater Fe(II)(aq) was 

stabilized against oxidation, however, this Fe(II) was very likely organically complexed 

(Kieber et al. 2001).  Because a large fraction of the Fe(II) in rain during 2008 appeared 

to be inorganic or very weakly complexed, rainwater/seawater mixing experiments were 

performed using rain that had added Fe(II) as FeCl2.  The contrast between these 

experiments and the previously published rainwater seawater mixing experiments should 

give information about the relative importance of organic complexation on the oxidation 

rate of rainwater Fe(II) after mixing with seawater. 

On the 2008 R.V. Cape Hatteras cruise, Fe(II)(aq) oxidation experiments involved 

determining added Fe(II)(aq) half lives in seawater, rainwater and seawater/rainwater 

mixtures.  Photolysis experiments were also performed on the 2008 Hatteras cruise and 

involved the addition of Fe(III)(aq) to natural water samples and photolyzing in natural 

sunlight.   

Analytical Methods 

 Same as Chapter 1. 

Experimental Methods 

Seawater samples were collected during a 5 day cruise from Beaufort, NC to the 

Gulf Stream off the coast of North Carolina and then to the Cape Fear River Plume on the 
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R.V. Cape Hatteras.  The cruise sailed on 2 June 2008 and returned 6 June 2008.  

Samples for Fe(II) oxidation studies were collected at various stations: Gulf Stream (33° 

28.96’N 76° 47.936’W), Mid-Atlantic Shelf (33° 31.75’N 77° 18.98’W) and Mid-Cape 

Fear River Plume (33° 53.807N 78° 09.261 W).  At the Gulf Stream station, three depths 

were sampled; 220 m, 45 m and 1 m.  On the cruise, samples were collected using a SBE 

32 Carousel Water Sampler with Niskin bottles.  Unfiltered samples were transferred 

from the Niskin bottles into 10 L carboys which were then brought into the onboard lab.  

Samples for the oxidation studies were filtered through 0.2 μm Supor® 200 hydrophillic 

polyethersulfone membrane disc filters in a class 100 laminar clean bench.  Oxidation 

rate and photolysis experiments were performed in 250 mL Teflon (FEP) bottles. 

 Fe(II)(aq) oxidation rate experiment sample preparation was begun by 

transferring an unfiltered sample to a 10 L carboy.  250 mL of sample was taken from the 

carboy and filtered through 0.2 μm Supor® 200 membrane disc filters into Nalgene 

volumetric flasks.  For seawater + 10% rainwater oxidation experiments, 225 mL of 

sample was filtered, measured and mixed with 25 mL of filtered rainwater.  The 250 mL 

of filtered sample or mixture was transferred to a 250 mL Teflon bottle, spiked to contain 

50 nM Fe(II)(aq) (as FeCl2) , shaken and 10 mL of spiked sample was pipetted into a 30 

mL Teflon (FEP) sampling bottle containing 240 μL ferrozine.  The ferrozine was 

preloaded in the Teflon sampling bottles so that the spiked sample could immediately 

react and form the Fe-ferrozine complex.  It required approximately 15 seconds to spike, 

shake and pipette 10 mL of sample.  The number of time points for each sample 

depended on how quickly the Fe(II)(aq) oxidized.  Shipboard experiments were 

performed at room temperature.  Half lives were estimated based on graphical data. 
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 Sample preparation for the photolysis experiments began by transferring an 

unfiltered sample to a 10 L carboy.  250 mL of sample was taken from the carboy and 

filtered similarly to that of the Fe(II)(aq) oxidation rate experiment.  Filtered samples 

were measured in Nalgene volumetric flasks and then spiked to contain 50 nM Fe(III)(aq) 

as FeCl3.  Samples were divided into two aliquots for dark and light measurements in 

order to determine the effect of sunlight.  Dark samples were wrapped in aluminum foil.  

The temperature was controlled by a running surface seawater incubation bath and light 

readings were monitored periodically throughout the day.  Analysis for Fe(II)(aq) was 

performed before and after photolysis in natural sunlight for 6 hours. 

Oxidation and photolysis experiments were repeated in the laboratory.  Samples 

were prepared in the same manner as aboard the research vessel.  Photolysis experiments 

were performed in a solar simulator.  Light exposed samples were placed in a constant 

temperature water bath and irradiated for 6 hours in a Spectral Energy solar simulator LH 

lamp housing with a 1000 watt Xe arc lamp equipped with a sun lens diffuser and an 

AM1 filter to remove wavelengths not found in the solar spectrum (Resetar, 2005). 

Results 

Half lives of Fe(II)(aq) for deep Gulf Stream water (220 m) with added Fe(II)(aq) 

for experiments 1 and 2 were 22 and 32 minutes, respectively (Figure 21).  The analysis 

of experiment 1 was carried for 15.5 minutes.  Sampling was done at 15, 30, 75, 90, 165, 

180, 315, 330, 615, 630, 915 and 930 seconds.  Analysis of experiment 2 and that of all 

subsequent experiments were carried out to 4 hours to better visualize the oxidation of 

Fe(II).  The deep Gulf Stream water is very cold (10.1 °C) and temperature can have an 

affect on oxidation rate; however, the samples were warmed to room temperature before  
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Figure 21.  Concentration of Fe(II)(aq) as a function of time (min) for deep Gulf Stream  
water spiked to contain 50 nM Fe(II) for experiments 1 and 2.  Experiments 1 and 2  
performed on 2 June 2008 and 4 June 2008, respectively. 
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the study was begun.  Half lives were estimated from plots of Fe(II) concentration versus 

time. 

Gulf Stream surface added Fe(II)(aq) half lives for experiments 1 and 2 were 1.5 

and 1.9 minutes, respectively (Figure 22).  Half lives for Fe(II) added to Gulf Stream 

chlorophyll maximum (depth 45 m) for experiment 1 and 2 were 2.0 and 2.3 minutes, 

respectively (Figure 23).  A longer Fe(II) half life was observed in the Gulf Stream 

chlorophyll max region compared to the Gulf Stream surface water.  Oxidation 

experiments were also performed on Atlantic Shelf water.  The Fe(II)(aq) half life in the 

Atlantic Shelf water sample spiked to contain 50 nM Fe(II) was 3.3 minutes (Figure 24).  

The Fe(II) half life for a solution of Cape Fear River plume water spiked to contain 50 

nM Fe(II)(aq) was 5.6 minutes (Figure 25). 

The Fe(II) half lives in Wilmington rainwater (E756) with added 50 nM Fe(II) 

were also measured and were similar to those of deep Gulf Stream water.  Initial 

Fe(II)(aq) concentrations for E756 were approximately 54 nM and after 4 hours, 14 nM 

Fe(II)(aq) was still present in the rainwater sample.  The half life for this sample of 

Wilmington rainwater was 35 minutes (Figure 26).  Using second order rate kinetics and 

the known range of [H2O2] (22 µM on 29 May 2008 and 8.5 µM on 12 June 2008) we 

know that the rate constant for rain event E756 was between 37 and 17 M-1sec-1.  The 

Beaufort rain sample was between 41 and 18 M-1sec-1.  The rate constant in SRW 

containing 10 µM H2O2 and 80 nM Fe(II)Cl2 is 60 M-1sec-1.  The rate constant for 

photochemically produced Fe(II) in six rain samples collected in the summer of 2002 and 

2003 varied from 5 to 54 M-1sec-1 (Willey et al., 2005).  The rate constant for the 

oxidation of Fe(II) in rain not exposed to light was much lower (< 1 M-1sec-1) suggesting 
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Figure 22.  Concentration of Fe(II)(aq) as a function of time (min) for surface Gulf  
Stream water spiked to contain 50 nM Fe(II) for experiments 1 and 2.  Experiments 1 and  
2 performed on 2 June 2008 and 5 June 2008, respectively. 
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Figure 23.  Concentration of Fe(II)(aq) as a function of time (min) for chlorophyll  
max region of Gulf Stream water spiked to contain 50 nM Fe(II) for experiments 1 and 2.   
Experiments 1 and 2 performed on 2 June 2008 and 5 June 2008, respectively. 
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Figure 24.  Concentration of Fe(II)(aq) as a function of time (min) for Atlantic Shelf  
water spiked to contain 50 nM Fe(II).  Experiment performed on 4 June 2008. 
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Figure 25.  Concentration of Fe(II)(aq) as a function of time (min) for Cape Fear River  
plume water spiked to contain 50 nM Fe(II).  Experiment performed on 5 June 2008. 
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Figure 26.  Concentration of Fe(II)(aq) as a function of time (min) for Wilmington, NC  
and Beaufort, NC rainwater spiked to contain 50 nM Fe(II).  Both experiments performed  
on 3 June 2008. 
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that photochemically generated Fe(II) was significantly less stable than the Fe(II) 

originally present in these rain samples (Willey et al., 2005).  The rapid rates for 

Wilmington, NC and Beaufort rainwater samples suggests that the added Fe(II) remained 

as inorganic Fe(II) or weakly complexed rather than as a strongly complexed Fe(II) 

species that would resist oxidation.  Half lives and supporting data are shown in Table 5. 

The evening prior to sailing on the research cruise a rain event occurred and the 

MACRL team was able to collect rainwater from Beaufort, N.C. aboard the R.V. Cape 

Hatteras.  A Fe(II) oxidation study was performed in which the Fe(II) half life for added 

Fe(II) in Beaufort, N.C. rainwater was 31 minutes (Figure 26).  

The mixture of surface Gulf Stream seawater and a 10% by volume Wilmington 

rainwater (E756) produced Fe(II)(aq) half lives that were difficult to measure because of 

the fast reaction time of the 50 nM added Fe(II).  75% of the 50 nM Fe(II)(aq) spiked into 

the filtered mixture oxidized after 15 seconds of mixing.  The same behavior was 

observed when adding 50 nM Fe(II) to mixtures of 10% rain with Atlantic shelf and Cape 

Fear River plume water.  Approximately 45% of the 50 nM Fe(II)(aq) spiked into the 

filtered mixture of Atlantic Shelf with 10% rainwater oxidized within the first 15 seconds 

of mixing.  For the Cape Fear River plume water with 10% rainwater mixture, 

approximately 30% of the added 50 nM Fe(II)(aq) oxidized after 15 seconds of mixing 

(Figure 27).  This suggests that the rate of Fe(II) oxidation is dependent on the organic 

content of the water.  The DOC concentration should be lowest for the surface Gulf 

Stream water, higher for Atlantic Shelf water and highest in Cape Fear River plume 

water. 
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Table 5. Data from R.V. Cape Hatteras research cruise.  H2O2 for deep Gulf Stream water 
was analyzed on 28 June 2008.  NA = not analyzed. 
 

Water type t ½ 
(min) 

CTD 
depth 
(m) 

Temp 
(°C) 

[H2O2] 
(µM) 

Salinity 
(psu) 

Chl a 
(µg/L) 

pH 

GS Deep -  exp 1 32 220 10.1 0.7 35.3 0.068 ~8 

- exp 2 22 220 10.1 0.7 35.3 0.068 ~8 

GS Surface – exp 1 1.5 3 25.8 NA 36.5 0.116 ~8 

- exp 2 2 3 25.8 NA 36.5 0.116 ~8 

GS Chl Max – exp 1 2.1 45 21.9 NA 36.5 0.689 ~8 

- exp 2 2.2 45 21.9 NA 36.5 0.689 ~8 

Shelf – exp 1 2.5 4 23.7 NA 36.5 0.089 NA 

Plume – 1 3.8 3 NA NA 33 NA NA 

Rain Wilm – 1 35 NA NA 8.6 NA NA 4.65 

Rain Beau -1 31 NA NA 13.4 NA NA 4.49 
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Figure 27. a.) Surface Gulf Stream water with 10% rainwater mixture spiked to 
contain 50 nM Fe(II)(aq).  Fe(II)(aq) concentration as a function of time. 
b.) Atlantic Shelf water with 10% rainwater mixture spiked to contain 50 
nM Fe(II)(aq).  Fe(II)(aq) concentration as a function of time 
c.) Cape Fear River plume water with 10% rainwater mixture spiked to 
contain 50 nM Fe(II)(aq).  Fe(II)(aq) concentration as a function of time. 
 
NOTE:  T=0 is the expected concentration of Fe(II)(aq) after spiking with 50 nM 
Fe(II)(aq).  All other time points correspond with measured Fe(II)(aq) concentrations. 
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In a study done by Kieber et al. (2001) when rainwater was mixed with 

oligotrophic seawater, (1:1) Fe(II)(aq) was stabilized against oxidation for more than 4 

hours.  The authors suggested that the rainwater Fe(II) resisted oxidation because it was 

all organically complexed.  When Cape Fear River estuarine water was used instead of 

oligotrophic seawater, there was an initial increase of Fe(II)(aq) upon addition of 

rainwater (Kieber et al., 2001). 

On the 2008 R.V. Cape Hatteras Cruise, rainwater with added 50 nM inorganic 

Fe(II) was mixed with Gulf Stream surface seawater and Fe(II)(aq) half lives were 

accelerated (approximately 1.5 minutes for Gulf Stream surface versus < 15 seconds for 

mixture of rainwater and surface Gulf Stream seawater).  A similar observation was noted 

for rainwater mixtures with surface Atlantic Shelf water and Cape Fear River plume 

water.  A possible explanation is the high concentration of H2O2 found in rainwater (µM) 

compared to seawater (nM).  A realistic amount of H2O2 present in a 1:9 rainwater and 

seawater mixture is ~3 μM.  The half life of Fe(II)(aq) in deep Gulf Stream water spiked 

to contain 50 nM Fe(II)(aq) was between 22 and 32 minutes.  When 2.92 μM H2O2 was 

added to the deep Gulf Stream water and 50 nM Fe(II)(aq) mixture the half life was 

accelerated to 0.8 minutes.  When 6.37 μM H2O2 was added the Fe(II)(aq) half life was 

0.9 minutes (Figure 28).  After 4 hours Fe(II) was still detectable in all three seawater 

solutions suggesting some organic complexation. 

 The Fe(II)(aq) half life for surface Gulf Stream seawater with 50 nM added 

Fe(II)(aq) was 6.8 minutes.  When ~3 μM H2O2 was added to surface seawater the half 

life shortened to approximately 0.2 minutes (Figure 29).  Fe(II) was still detectable after 4  
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Figure 28. Concentration of Fe(II)(aq) as a function of time.  Deep Gulf Stream water 
with varying concentration of H2O2 added: all solutions spiked to contain 50 nM 
Fe(II)(aq).  Note: T=0 is the expected concentration of Fe(II)(aq) after solution is spiked 
to contain 50 nM Fe(II)(aq). 
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Figure 29. Concentration of Fe(II)(aq) as a function of time.  Surface Gulf Stream water 
and Surface Gulf Stream Water with 3 µM H2O2 added, both solutions spiked to contain 
50 nM Fe(II)(aq).  Note: T=0 is the expected concentration of Fe(II)(aq) after solution is 
spiked to contain 50 nM Fe(II)(aq). 
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hours in both solutions of seawater suggesting that some fraction of the Fe(II) was 

present as an organic complex resisting further oxidation.  Half lives and supporting data 

are shown in Table 6. 

Experiments were performed adjusting the temperature of deep Gulf Stream water 

in order to better understand the effect of temperature on Fe(II)(aq) oxidation rate.  At 

room temperature (21°C), Fe(II)(aq) half life for deep Gulf Stream water with added 50 

nM Fe(II)(aq) was 23 minutes (Figure 30).  At colder temperatures (6.4°C) the Fe(II)(aq) 

half life decreased to 36 minutes and at 2.5°C the half life decreased further to 86 

minutes.   Deep Gulf Stream water with 10% rainwater at room temperature and at 6.4°C 

had Fe(II)(aq) half lives of 17 and 33 minutes, respectively. 

Discussion 

Several factors that may play a role in the behavior of Fe are temperature, H2O2 

concentration, and pH.  As pH increases, FeOH+ increases and can dramatically affect the 

rate of reaction.  Santana-Casiano et al. (2006) have shown that Fe(II) oxidation is a 

strong function of pH from 6.5 to 8.2 with FeOH+ as the most important contributing 

species in this range.  This same study concluded that in oceanic surface waters with low 

[H2O2], the oxidation of Fe(II) is controlled by dissolved O2. 

A qualitative study was performed whereby the pH of rainwater with 50 nM 

added Fe(II)(aq) was increased to ~9 with ammonium acetate buffer resulting in a drop of 

Fe(II)(aq) concentration from ~50 nM to ~2 nM within the first 15 seconds of mixing.  

This suggests that the rapid Fe(II)(aq) oxidation rate for a seawater and rainwater mixture 

is a strong function of pH. 
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Table 6.  Half lives for added Fe(II), [H2O2] and pH for samples from rainwater/seawater 
mixing experiments.  NA = not analyzed. 
 

Water Type t ½  
(min) 

[H2O2] 
(µM) 

Gulf Stream surface + 10% rain – exp 1 0.2 1 
Atlantic Shelf + 10% rain – exp 1 0.2 NA 

Cape Fear River plume + 10% rain – exp 1 0.5 NA 
Gulf Stream deep + ambient H2O2 – exp 1 32 0.7 
Gulf Stream deep + ambient H2O2 – exp 2 35 0.7 
Gulf Stream deep + ~3 µM H2O2 – exp 1 0.5 2.9 
Gulf Stream deep + ~6 µM H2O2 – exp 1 0.5 6.4 

Gulf Stream surface + ambient H2O2 – exp 1 1.5 <1 
Gulf Stream surface + ~3 µM H2O2 – exp 1 0.2 ~3 
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Figure 30.  a.) Fe(II)(aq) concentration monitored versus time (minutes).  Deep Gulf 
Stream water with added 50 nM Fe(II)(aq) at room temp (21°C), cold 
room temp (6.4°C), and ice bath temp (2.5°C).  
b.)  Fe(II)(aq) concentration monitored versus time (minutes).  Deep Gulf 
Stream water with 10% rainwater and added 50 nM Fe(II)(aq) at room 
temp (21°C) and cold room temp (6.4°C). 
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Fe(II)(aq) half lives were much longer in the deep Gulf Stream water (depth 220 

m) in comparison to the chlorophyll max region (depth 45 m) and surface water (depth 1 

m).  Slower oxidation rates could be the result of decreased oxidant concentration (O2, 

H2O2).  Other possible explanations include the regulation of Fe(II)(aq) oxidation rates in 

seawater by organic ligands (Roy and Wells, 2008).  Boye et al. (2006) observed that 

average deep water concentration of ligands was greater than within the euphotic layer.  

This suggests that ligands are released from sinking biogenic material or by bacteria 

living in deep waters (Boye et al., 2006).  Shaked (2008) observed in the Gulf of Aqaba 

that ambient Fe(II) oxidation rates were proportional to solar irradiance with the 

suggestion that iron colloids are being photoreduced. 

Gulf Stream surface Fe(II)(aq) half lives were only a few seconds shorter the Gulf 

Stream chlorophyll max Fe(II)(aq) half lives (both ~2 minutes).  Factors that should be 

taken into account in determining Fe(II)(aq) oxidation rates in seawater are pH, 

temperature, and H2O2 (Gonzalez-Davila et al., 2005). 

Another controlling factor in the oxidation of Fe(II)(aq) in seawater could be the 

introduction of H2O2 from rainwater to surface seawater.  An explanation for the shorter 

half lives in the surface Gulf Stream water (in comparison to deep Gulf Stream water) 

could be the result of a rain event (introduction of H2O2 to surface water) that occurred in 

Beaufort, N.C. on June 1st, 2008.  Rainwater is a source of H2O2 to surface seawater and 

controls H2O2 concentration in surface seawater when rain is a factor (Avery et al., 2005).  

Surface Gulf Stream water was exposed to rainwater on June 1st, 2008 and a seawater 

sample was collected on June 2nd, 2008.  H2O2 input to seawater from rain can remain in 

high concentrations for days post rain event when the sea is calm (Avery et al., 2005).  It 
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is possible that the H2O2 had remained in high enough concentration to affect the 

oxidation rate of added inorganic Fe(II) in surface seawater.  Studies on the 2008 

Hatteras cruise show that a mixture of rainwater and seawater increases Fe(II)(aq) 

oxidation rates.  H2O2 input to seawater from rainwater can explain the short half life of 

surface Gulf Stream seawater. 

H2O2 was added to deep Gulf Stream water to determine its effect on Fe(II)(aq) 

oxidation rate.  We chose to add ~3 μM H2O2 because the Wilmington rainwater used in 

the 2008 R.V. Cape Hatteras Cruise had a concentration between 18.9 and 8.6 μM H2O2.  

A 10% rainwater (E756) sample would have somewhere between 1.9 and 0.9 μM in 

addition to ambient H2O2 concentrations.  Fe(II)(aq) oxidation rates were determined for 

deep Gulf Stream water and compared with oxidation rates of deep Gulf Stream water in 

the presence of 2.9 and 6.4 μM H2O2.  Deep Gulf Stream water Fe(II)(aq) half life was 35 

minutes.  This value was expected and corresponded to similar half lives (24 and 32 

minutes) determined while on the 2008 R.V. Cape Hatteras Cruise.  When deep Gulf 

Stream water spiked to contain 50 nM Fe(II)(aq) was in the presence of 2.9 and 6.4 μM 

H2O2 the half life was less than one minute.  The Fe(II)(aq) oxidation was so rapid that 

approximately 40% of the initial spiked Fe(II)(aq) had oxidized after 15 seconds.  Willey 

et al. (2005) performed an Fe(II)(aq) oxidation experiment with synthetic rainwater with 

80 nM Fe(II)(aq) in the presence of 10 μM H2O2.  The results showed that the oxidation 

occurred so rapidly that 10 nM Fe(II)(aq) had oxidized before initial measurements could 

be conducted. 

Temperature also plays a role in the oxidation kinetics of Fe(II)(aq).  The 

Fe(II)(aq) half lives were calculated for deep Gulf Stream water at room temperature 
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(21°C), cold room temperature (6.4°C) and ice bath temperature (2.5°C) to be 23, 36 and 

86 minutes, respectively, suggesting that as temperature decreased, half lives lengthen.  

Rainwater was added to deep Gulf Stream water at room temperature and cold room 

temperature and the Fe(II)(aq) half lives for added Fe(II)(aq) were 17 and 33 minutes, 

respectively.  Similar to the experiment with no added rainwater the half lives lengthened 

as the temperature decreased.  It is clear that temperature affects the oxidation rate of 

added Fe(II)(aq) in both deep Gulf Stream water with and without added rainwater. 

Photolysis Experiments 

 Photochemical processes can affect iron speciation in rainwater according to the 

following equations.  Equation 7 describes Fe(III) complexed with a ligand and upon 

irradiation produces an oxidized ligand and a reduced metal, Fe(II).  Equation 8 describes 

Fe(II) oxidation by H2O2. 

                                            Fe(III)-Org + hv → Fe(II) + Org*                                         (7) 

                                                   Fe(II) + H2O2 → Fe(III)                                                 (8) 

Filtered samples were spiked to contain ~50 nM Fe(III)(aq) and irradiated in 

natural sunlight for approximately 6 hours (from noon to 6:00 PM).  Fe(II)(aq) 

concentration for all Gulf Stream surface samples (dark and light, with and without added 

Fe(III)(aq), with and without added rainwater) dropped from initial to final readings 

(Figure 31).  The Gulf Stream surface sample with no added Fe(III) and kept in the dark 

during the duration of photolysis decreased the least of all samples analyzed.  Fe(II)(aq) 

concentration in all Atlantic Shelf water samples (dark and light) with and without added 

50 nM Fe(III)(aq) dropped in concentration from initial to final readings (Figure 32).  

The Atlantic Shelf water and 10% rainwater mixture with added 50 nM inorganic Fe(III)  
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Figure 31.  Photolysis experiment performed on surface Gulf Stream water.  All samples 
were filtered.  X-axis indicates which samples were exposed to light, kept in the dark, had 
added 50 nm Fe(III)(aq), or added 10% rainwater.  Y-axis indicates the average change in 
Fe(II) concentration from initial to final measurement. 
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Figure 32.  Photolysis experiment performed on Atlantic shelf water.  All samples were 
filtered.  X-axis indicates which samples were exposed to light, kept in the dark, had 
added 50 nm Fe(III)(aq), or added 10% rainwater.  Y-axis indicates the average change in 
Fe(II) concentration from initial to final measurement. 
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exposed to light dropped in Fe(II) concentration more than the other samples suggesting 

that rainwater inhibited the production of Fe(II) more so than seawater alone. 

A photolysis experiment was performed on Cape Fear River Plume water as well.  

All samples but one showed an increase in Fe(II)(aq) concentration post irradiation 

(Figure 33).  A possible reason for the increase in Fe(II) concentration after photolysis of 

Cape Fear River Plume water was the presence of organic matter.  Spokes and Liss 

(1995) performed a study on photochemically induced reduction of Fe(III) in seawater 

and observed that light does have an affect on the chemistry of iron because of organic 

matter present.  Light reduces the rate at which colloids are formed. 

More photolysis experiments were performed in the MACRL lab in Wilmington, 

NC in order to clarify results from the 2008 R.V. Cape Hatteras cruise.  A more 

controlled experiment was done by monitoring light reading (UVA, UVB, VIS) every 

hour and setting sample bottles in a controlled temperature bath.  Fe(II)(aq) 

concentrations in Gulf Stream surface seawater with and without added 50 nM Fe(III) 

were lower after photolysis (Figure 34).  These results corresponded with results found 

aboard the 08’ Hatteras cruise.  Based on these results irradiation does not appear to have 

the expected effect of Fe(II)(aq) photochemical production most likely because the 

ligands available for ligand to metal charge transfer from Fe(III) are low. 

Another experiment was performed by adding rainwater to surface Gulf Stream 

water and irradiating in the solar simulator for 6 hours in a controlled water bath.  Both 

samples kept in the dark and light saw a drop in Fe(II)(aq) concentration.  Fe(II)(aq) in 

surface Gulf Stream water mixed with 10% rainwater was not detected after irradiation 

(Figure 35).  An explanation is that Fe(II)(aq) is extremely unstable at the pH of  
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Figure 33.  Photolysis experiment performed on Cape Fear River plume water.  All 
samples were filtered.  X-axis indicates which samples were exposed to light, kept in the 
dark, had added 50 nm Fe(III)(aq), or added 10% rainwater.  Y-axis indicates the average 
change in Fe(II) concentration from initial to final measurement. 
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Figure 34.  Photolysis experiment with Surface Gulf Stream water with and without 
added Fe(III)(aq), irradiated in a solar simulator and kept in the dark.  Water temperature 
was kept constant in an incubation bath.  Samples were analyzed before photolysis, after 
photolysis and then 15 minutes post irradiation. ND = none detected. 
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Figure 35.  Gulf Stream surface water with and without 10% rainwater E772.  Fe(III) was 
not added to these samples.  Fe(II)(aq) measured before and after 6 hours of irradiation in 
a solar simulator.  ND = none detected. 
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seawater.  Once Fe(II) is converted from Fe(III) it is very quickly reconverted back to the 

Fe(III) state.  The change in concentration for the seawater/rainwater mixture is larger 

than for seawater alone because of the input of H2O2 from rainwater.  The predominant 

reaction in this case is that Fe(II) is being oxidized by H2O2 to Fe(III) (equation 8) unlike 

coastal seawater where the photoreduction of Fe(III) (equation 7) is also important. 

Spokes and Liss (1995) investigated the photoreductive behavior of Fe(III) in a seawater 

solution and they observed that light reduces the rate at which colloids larger than 0.2 µm 

are formed.  The rate of formation of H2O2 and the rate of oxidation of Fe(II) are 

increased with increasing pH and are attributed to the lack of photoreduction of Fe(III) in 

organic free deionized water at pH 8 (Spokes and Liss 1995).  The photoreduction of 

Fe(III) by hydroxylcarboxylic acids was observed by Kuma et al. (1995) in seawater.  In 

our study it is possible that the reason that we did not see photoreduction is because we 

added Fe(III) in the inorganic form and Kuma et al. (1995) added an organic form.  

Miller et al. (1995) performed an experiment monitoring H2O2 and reduced Fe(II)(aq) in 

freshly collected Narragansett Bay water with irradiation in a laboratory solar simulator.  

They observed that H2O2 accumulated at a rate of 30 to 59 nM hr-1.  The study performed 

by Miller et al. (1995) was one of the first to observe direct measurements of 

photochemically reduced Fe in natural seawater (pH 8). 
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