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Abstract
Rainwater hydrophobic extractable dissolved organic matter (EDOM) contains ligand(s) that completely

prevent Fe(II) oxidation for at least 4 h after rain is mixed with seawater. The EDOM Fe(II) complex is at least of
comparable strength to the ferrozine complex, indicating that this rainwater Fe(II) ligand is among the strongest
Fe(II) ligands ever observed in natural waters. In addition to the strong class of ligands that prevent oxidation,
rainwater EDOM also contains weaker Fe(II) ligands that slow oxidation of Fe(II) in seawater. Rainwater
EDOM is not a single molecule but rather a complex mixture of relatively hydrophobic compounds, even in
marine rain with minimal continental influence. When EDOM from the nearby Cape Fear River was extracted
using the same method as for rainwater, the river EDOM could not prevent or even slow the oxidation of Fe(II)
on mixing with seawater. Therefore, rainwater EDOM is fundamentally different than surface-water EDOM with
respect to the strength of Fe(II) ligands. The stability of EDOM complexed Fe(II) most likely affects the
bioavailability of rainwater-derived Fe in the surface ocean because the length of time atmospherically deposited
Fe remains dissolved in seawater is critical to its role as a phytoplankton nutrient.

There is tremendous interest in the distribution and
cycling of iron in seawater because of its role as a limiting
nutrient in certain regions of the world’s oceans. The
speciation of iron in seawater is of particular interest
because speciation determines stability and residence time
and hence affects bioavailability. Unusually high and
unexplained concentrations of Fe(II) are occasionally
observed in seawater even though many experiments and
calculations indicate that Fe(II) should be quickly oxidized
by hydrogen peroxide to Fe(III) at the pH of seawater
(Moffett and Zika 1987; Millero and Sotolongo 1989).
Nannomolar concentrations of Fe(II) were observed during
spring plankton blooms several years in a row in oxic
suface waters near Japan, perhaps produced by photo-
chemical reduction of Fe(III) transported from sediments
(Kuma et al. 1996). Fe(II) was also observed in bottom
waters near Peru (Hong and Kester 1986), near the
chlorophyll maximum in the Equatorial Pacific (O’Sullivan
et al. 1991), in the surface waters of the North Sea (Gledhill
et al. 1995), in surface water in the Boston Harbor (Zhuang
et al. 1995), and in coastal seawater around Okinawa Island
(Okada et al. 2005). Fe(II) can be photochemically
produced from Fe(III); however, not all these studies were
in surface seawater.

Unexpectedly high concentrations of Fe(II) have also
been observed during iron enrichment experiments. Persis-

tent (5 d) nmol L21 concentrations of Fe(II) after a fourth
iron addition in the Southern Ocean Iron Release
Experiment in February 1999 were reported, perhaps
resulting from photochemical production from Fe(III),
slow oxidation (cold temperatures 3uC), low concentrations
of H2O2 (10 nmol L21), and possible organic complexation
of Fe(II) (Croot et al. 2001). During another Southern
Ocean iron addition experiment in the summer of 2000
(EisenEx), high levels of Fe(II) (tenths of nmol L21) were
observed up to 8 d after iron additions (Croot et al. 2005).
This was attributed to cold temperatures, limited vertical
mixing, and reduction of Fe(III) by superoxide. The
authors also suggested that the high Fe(II) concentrations
might result from intense rainfall during the latter part of
this experiment. They were able to collect one rain sample
using trace metal clean conditions in which they determined
that total dissolved iron (TFe) was 260 6 20 nmol L21.
This high concentration was explained by back-trajectory
calculations that indicated that the air mass traveled from
southern Patagonia and hence probably contained iron-
rich dust. They reported a minimum rainwater concentra-
tion of 40 6 20 nmol L21 Fe(II). The rain event collected
by Croot et al. (2005) during the EisenEx Experiment was
obtained in early summer (27 November 2000) between
15:30 h and 18:00 h. The iron concentration in this
precipitation is consistent with data generated in the
summer of 1999 for rainwater collected on the South
Island of New Zealand (Kieber et al. 2001a). For rains
collected between noon and 18:00 h, Kieber et al. (2001a)
found a volume-weighted average concentration of
240 nmol L21 for total iron and 62 nmol L21 for Fe(II),
indicating that the sample collected by Croot et al. (2005)
1 yr later during EisenEx was representative of rain over
the Southern Ocean during this season and time of day.

Fe(II) concentrations that are higher than expected have
therefore been observed in several marine environments by
investigators working in different laboratories using
various analytical techniques. Although analysis for Fe(II)
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in seawater at low concentrations is difficult, it seems
unlikely all these observations could be attributed to
analytical artifacts. A recent intercalibration study of
dissolved Fe (DFe) in seawater (not Fe[II]) with analysts
from 19 laboratories gave encouraging analytical results for
seawater for most but not all analytical methods used.
Analysis of a seawater sample with approximately 0.9 nmol
L21 yielded almost all results in the 0.9 6 0.2 nmol L21

range, and even a 0.1 nmol L21 DFe had results 6
0.05 nmol L21 (Johnson et al. 2007), although several
analysts reported concentrations twice the assigned con-
centration.

Our previous research indicated that when rainwater is
mixed with seawater, with resulting elevated pH values, the
concentration of rainwater Fe(II) remains unchanged even
after 4 h of storage (Kieber et al. 2001b). This stability with
respect to oxidation is destroyed by exposure to high-
intensity ultraviolet (UV) light, suggesting that rainwater
Fe(II) is protected against oxidation by complexation with
an organic ligand (Kieber et al. 2001b). Similar results were
obtained when rainwater collected from the Bermuda
Atlantic Time Series Station (BATS) was mixed with
seawater from the same site, suggesting that the stability of
rainwater-deposited Fe(II) in seawater is a widespread
phenomenon occurring even at remote marine locations
(Kieber et al. 2003b).

Despite the profound significance of an Fe(II)-stabilizing
ligand in rainwater to the biogeochemistry of seawater,
virtually nothing is known regarding the nature of the
ligand(s). Our objective in this study was to investigate and
characterize a series of potential Fe(II)-stabilizing ligands
present in rainwater as a source of stable Fe(II) to seawater.
We specifically address the role of hydrophobic extractable
dissolved organic matter (EDOM), which is a significant
fraction (12–75%) of the dissolved organic carbon (DOC)
in precipitation (Gordon, 2006), as a source of ligands that
can stabilize rainwater Fe(II) on mixing with seawater. This
fraction was chosen because it excludes many organic
compounds present in high concentrations in rainwater
that are not good ligands for Fe(II), such as small organic
acids and aldehydes (Willey et al. 2000a). Understanding
the mechanisms that contribute to the long lifetime of
rainwater Fe(II) in surface seawater is critical to under-
standing the relative importance of rainwater Fe(II) to the
stimulation of primary productivity in the open ocean.

Methods

Sampling—Rainwater samples were collected on an
event basis at the University of North Carolina Wilming-
ton, a coastal location in southeastern North Carolina
(34u13.99N, 77u52.79W). Four Aerochem-Metrics (ACM)
Model 301 Automatic Sensing Wet/Dry Precipitation
Collectors were used to collect event rain samples. All
glassware used for sampling, filtration, storage, extraction,
and experiments was baked at 550uC for 6 h prior to use to
remove organics. One of these ACM contained a 4-liter
Pyrex glass beaker from which samples for dissolved
organic carbon were collected. The remaining three ACM
collectors were set up using trace metal–clean procedures

and consisted of a high-density polyethylene (HDPE)
funnel connected by TygonH FEP-lined tubing to a 2.2-
liter Teflon bottle (Kieber et al. 2006). Rain samples were
filtered under low vacuum through 0.2-mm, acid-washed
Gelman SuporH polysulfonone filters enclosed in a glass
filtration apparatus immediately on collection.

Extraction—Hydrophobic dissolved organic material
was extracted from 50- or 500-mL rainwater samples or
500-mL deionized water blank (MilliQ Plus Ultra-pure
water system, .18.2 MV , indicated as DI) using C18
cartridges (WAT020515, Waters Chromatography) (Kieber
et al. 2006). C18 cartridges were conditioned prior to use by
washing twice with 5 mL methanol followed by twice with
5 mL DI. Samples for extraction were then loaded onto C18
cartridges. The cartridges were washed twice with 5 mL of
DI water to remove residual salts, and the bound
constituents were eluted two times with 3 mL of methanol.
Samples were pulled through C18 cartridges by house
vacuum, eluted into 25-mL round-bottom flasks, and
concentrated to dryness under reduced pressure (Buchi
Rotavapor, Model RE 111). This method was chosen
because earlier studies have demonstrated that C18 extrac-
tion is better able to retain the UV-visible and fluorescence
characteristics of isolated chromophoric organic material
relative to XAD (Amador et al. 1990). When the column-
retained material was eluted and reconstituted in synthetic
rainwater (SRW; pH 4.5 H2SO4 made by diluting 5 mM
H2SO4 with DI), followed by 30 s of sonication to ensure
dissolution, the patterns of absorbance and 3D fluores-
cence were identical to the original rain, indicating that the
optical properties did not change on extraction. Fluores-
cence and absorbance blanks comprised of DI were
negligible. The dissolved organic material (DOM) extracted
and recovered by this method is called extractable DOM,
or EDOM. The fraction of this that is fluorescent is called
chromophoric EDOM. The fluorescent DOM in whole,
unextracted rain is referred to as chromophoric DOM, or
CDOM, consistent with earlier studies.

Fluorescence—CDOM and chromophoric EDOM opti-
cal properties and abundance were determined by excita-
tion-emission matrix (EEM) fluorescence spectroscopy
measured on a Jobin Yvon SPEX Fluoromax-3 scanning
fluorometer equipped with a 150-W Xe arc lamp and a
R928P detector as described in Kieber et al. (2006). EEMS
were constructed every 4 nm from 250 to 550 nm using
excitation wavelengths from 250 to 500 nm (Del Castillo
and Coble 1999). The abundance of CDOM in rainwater
was quantified by integration of the fluorescence in the
excitation emission spectrum (total integrated fluorescence)
(Kieber et al. 2006). Replicate scans were within 5%
agreement in terms of intensity and within band-pass
resolution in terms of peak location (Kieber et al. 2006).
Fluorescence intensity was measured relative to a quinine
bisulfate standard and is expressed in quinine sulfate
equivalent units (QSE).

NMR— Liquid-phase 1H-NMR spectra were obtained
on a Bruker Avance 400-MHz NMR spectrometer using an
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