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ABSTRACT

Low molecular weight carbonyl compounds are produced photochemically from chromophoric dissolved
organic matter (CDOM) in natural waters. Photoproduction rates for formaldehyde, acetaldehyde and
acetone were measured in the laboratory using a pre-column 2,4-dinitrophenylhydrazine derivitization
HPLC method as a function of optical properties (absorption coefficient, spectral slope) and irradiation
time. Rates decreased linearly with decreasing absorption coefficient at 350 nm (a(350 nm)), a measure
of CDOM levels, with substantial variability in low a(350 nm) beach waters. Apparent quantum yields
(®) were unchanged for a(350nm)=2-16m"!, but increased rapidly (x5) for beach waters with low
a(350 nm) values. @ increased linearly with increasing spectral slope for beach waters, consistent with
enhanced production efficiency with photobleaching of CDOM in coastal waters. ® trends with oxygen
and molecular reaction probes (hydroxyl radical scavengers and producers) suggested a combination of
direct photolysis and singlet oxygen quenching as primary production mechanisms.

Coastal
California

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Chromophoric dissolved organic matter (CDOM) refers to a
spectrum of highly complex macromolecular colored materials that
include humic substances [1]. Most CDOM in coastal waters comes
from riverine or wetland inputs of terrestrially derived materials
from plant degradation, but CDOM may also be produced from graz-
ing phytoplankton and viral-induced lysis in the ocean [2,3]. When
chromophoric dissolved organic matter (CDOM) absorbs light, it
initiates a series of processes in natural waters which play a sig-
nificant role in the global carbon cycle through remineralization
of dissolved organic carbon (DOC) to carbon dioxide. Photochem-
ical production of carbon dioxide from CDOM has been studied
in coastal [4] and river waters [5], with multiple studies showing
direct production of CO, from irradiated CDOM [6-9].

The complex photochemistry of CDOM [10] results in an indirect
influence on CO, atmospheric and marine concentrations through
the photochemical formation of LMW carbonyl compounds (e.g.
acetone, acetaldehyde, formaldehyde, glyoxal, pyruvate) which are
biologically available as an energy source for micro-organisms
[11-13]. Photoproduction of LMW organic compounds has been
shown to correlate with the concentration of UV-absorbing CDOM
(as measured by initial absorbance and fluorescence levels) [14],
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with enhanced photoproduction and higher concentrations of
LMW compounds reported in the sea surface microlayer where
CDOM is enriched vs. underlying surface waters [15].

LMW compounds photochemically produced in surface ocean
waters may also be important atmospherically through air-sea gas
exchange acting as a source to the atmosphere [18,22]. Oxygenated
hydrocarbons are ubiquitous in the atmosphere with levels rang-
ing from pptv to low ppbv (e.g. 400-800 pptv for acetaldehyde and
800-1200 pptv for methanol) [16]. They react rapidly with OH [16],
produce HOy, O3, CO, PAN and formaldehyde and contribute to par-
ticle formation in the atmosphere [17]. As a sink of OH and a source
for HOx and ozone, oxygenated hydrocarbons impact the atmo-
spheric budgets of these oxidative species and over the last decade,
attempts have been made to inventory sources and analyze atmo-
spheric budgets of acetone, methanol, ethanol and acetaldehyde
[17-21]. Although estimates have improved, significant discrepan-
cies remain. In particular, the role of the oceans as a source or sink
for oxygenated hydrocarbons is one of the largest sources of uncer-
tainty in global models [17,20]. Budget estimates are limited by
the very small database of ocean mixed layer measurements and a
limited understanding of processes controlling levels in seawater
[17,20].

In spite of their potential significance, there have been limited
studies of the photochemical production rates of LMW compounds
in ocean waters reported in the literature. These have been con-
ducted in a limited spatial range, primarily in and around the
southeastern coastal region of the United States, specifically the
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west coast of Florida [23], Florida Bay and the Gulf of Mexico [24],
and Biscayne Bay and Everglades waters off Florida [14,15]. Other
study sites include Caribbean waters near the Bahamas [15], the
Sargasso Sea [14,15] and the Orinoco River off the coast of Brazil
[14].

We report here production rates of three LMW oxygen-
containing compounds (acetone, acetaldehyde, formaldehyde)
measured in coastal waters on the west coast of the USA. These
studies represent the first production rate measurements of LMW
compounds in this global region (near-shore Pacific waters of the
western USA). These are also the first studies of LMW production
from salt-marsh derived CDOM, since brackish inputs from tidally
flushed systems dominate these semi-arid coastal waters for most
oftheyear[25]. We also report and discuss results from mechanistic
studies utilizing a suite of molecular probes.

2. Materials and methods
2.1. Water samples

Samples were collected from 8 easily accessible beach sites cov-
ering a 15 km stretch of coastline and 4 adjacent wetlands and salt
marshes as source water sites in Orange County, Southern Califor-
nia, from April 2008 to March 2009; site details are given in Table 1.
The source water sites are brackish tidally flushed salt marsh sys-
tems that are hydrologically linked to the coastal beach waters
sampled. In the dry season in Southern California, river mouths act
as tidally flushed estuaries and salt marshes are the major source
of CDOM to the surf zone [25]. The salt marshes sampled have been
previously described [25,26]. Samples were collected from ankle-
deep surf-zone waters on an incoming wave with a 1 m sampling
scoop arm and vacuum filtered at the lab through glass fiber fil-
ters (GF/F; nominal pore size 0.7 wm; Whatman International Ltd).
Samples were stored in the dark at 4 °C for production experiments.

2.2. HPLC analyses

Formaldehyde, acetaldehyde and acetone concentrations were
quantified with a pre-column 2,4-dinitrophenylhydrazine (DNPH)
derivitization HPLC method (Agilent 1100; Novapak C-18 (4 wm)
column; UV detection at 370 nm; [15,24]). The DNPH (Aldrich) was
re-crystallized twice from acetonitrile (ACN; Fisher; HPLC grade)
and stored in the dark in air-tight Teflon vials prior to use. Twenty
mg of re-crystallized DNPH was dissolved in 15mL of a solution
of concentrated hydrochloric acid (~12 M; Pharmco; ACS Reagent
grade), water and ACN mixed in a 2:5:1 (v/v) ratio. Any carbonyl
contamination in the resultant DNPH solution was removed by 2
successive extractions with carbon tetrachloride (Sigma-Aldrich
Chromasolv for HPLC; 99.9%) just prior to use. To derivatize irradi-
ated samples, 200 L of DNPH solution was added to a 20 mL water

Table 1
GPS coordinates for wetland source and coastal beach sites sampled in Orange
County, Southern California, USA.

Site Type Latitude Longitude
Crystal Cove State Beach Beach 33.574N 117.840W
Doheney State Beach Beach 33.46198N 117.068285W
Talbert Marsh Beach 33.634702N 117.960291W
Huntington Beach Pier Beach 33.65392N 118.00065W
Laguna Beach Cliffs Beach 33.543827N 117.798328W
Laguna Beach Pier Beach 33.54211N 117.788458W
Newport Beach Beach 33.607257N 117.93025W
Seal Beach Beach 33.73883N 118.107491W
Quail Springs Source 33.65808N 117.78123W
Red Hill Source 33.72206N 117.82559W
Turtle Ridge Source 33.63335N 117.82384W
Upper Newport Back Bay Source 33.64846N 117.86687W

sample in a 22 mL Teflon vial and the reaction allowed to proceed
for 60 min before extraction and pre-concentration on C18 Sep-
Pak cartridges (Supelco). Prior to use, cartridges were cleaned with
20 mL ACN and 10 mL of distilled water (DI; commercial Sparkletts
Distilled). The derivatized sample was passed through the condi-
tioned extraction cartridge at a flow rate of 10-15 mL min~'. Excess
reagent was washed off the cartridge with 25 mL of a 17% ACN
(v/v) solution in DI followed by 5mL of DI. Carbonyl hydrazones
were eluted from the cartridge with 1 mL ACN into Teflon vials.
Prior to HPLC analysis, extracts were reduced to dryness with a
stream of carbonyl free nitrogen gas (Oxygen Services Co.; UHP) at
room temperature and redissolved in 2 mL of a 10% ACN (v/v) solu-
tion in DI for a 10-fold enrichment. Two mL of the enriched sample
was injected directly onto the Novapak C-18 column (Waters). To
minimize potential contamination, extractions and derivitizations
were carried out in a fume hood in a small solvent-free laboratory
used only for this work. Carbonyl hydrazones were eluted using
a two-solvent gradient: solvent A was 10% ACN (v/v) solution in
DI adjusted to a pH of 2.6 with 10N sulfuric acid (Sigma-Aldrich);
solvent B was 100% ACN. The gradient was: isocratic at 35% B for
2 min; 35-53% B in 4 min; isocratic at 40% B for 8 min; 40-80% B in
10 min; and isocratic at 100% B for 15 min. Column flow rate was
1.5mLmin~!; column temperature was controlled at 25°C.

2.3. Irradiations

Filtered water samples were irradiated in the laboratory with
a 300 W ozone-free Xenon lamp (Oriel Instruments; Model 6292)
from 300 to 400 nm (band pass filter). Filtering removes effects
due to biological activity and light scattering artifacts from par-
ticulate material, but does not affect the photochemistry of the
CDOM [14]. Twenty-five mL water samples were irradiated for
60 min in 10-cm path length cylindrical quartz cells. Samples were
agitated throughout the irradiation with a magnetic stirrer bar to
ensure homogeneous mixing and light exposure. A 1cm x 1cm
quartz cell with DI water was placed in front of the sample cell
as an IR filter. A cooling fan (Radio Shack; placed at 90° to the side)
cooled the sample cell. The temperature inside the sample cell mea-
sured by a thermocouple probe in trial runs increased by <1.5°C
within 5 min of irradiation, and remained constant throughout the
remainder of the irradiation time. The photon flux was measured
by chemical actinometry (nitrite/benzoic acid/hydroxybenzoic acid
method [27,28]) to be 5.6 x 10'° photons m~—2 s~1. For comparison
purposes, selected irradiations were later replicated with a recently
acquired solar simulator (Luzchem SolSim) with a similar total
flux of 3.7 x 109 photons m~2 s~ (as measured by actinometry) to
assess the importance of wavelengths <300 nm for the solar sim-
ulator vs. the filtered Xenon lamp (band pass filter 300-400 nm).
Quantum yields were higher in the solar simulator by factors of
1.2, 9 and 3 for formaldehyde, acetaldehyde and acetone respec-
tively, suggesting that approximately 20% of the formaldehyde,
90% of the acetaldehyde and 70% of acetone would be produced
at wavelengths <300 nm in the environment. These numbers were
estimated by assuming that the increase in quantum yield was due
to the wavelengths below 300 nm (for example, for acetaldehyde,
an increase of a factor of 9 for the solar simulator vs. the lamp corre-
sponds to a net contribution of 8/9 or 90% from the additional lower
wavelengths). Quantum yields reported here have not been scaled
to account for production at wavelengths <300 nm. To estimate real
world values, quantum yields should be scaled based on the scal-
ing factors above. All data shown in figures are from irradiation
with the filtered Xenon lamp system. All oxygenated hydrocarbon
yields were measured relative to an un-irradiated sample i.e. the
un-irradiated sample was extracted and derivitized in parallel with
the irradiated sample.
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2.4. Optical properties

Absorbance spectra from 200 to 700 nm were obtained with
a UV/VIS spectrophotometer (Agilent Technologies, Model 8453)
using quartz cylindrical cells with a 10 cm path length. Absorbance
was transformed to absorption coefficient (a, m~1) by multiplying
the measured absorbance at 350 nm by 2.303 and dividing by the
path length in m [29]; 350 nm is one of the wavelengths commonly
reported for CDOM absorbance [30,31]. Spectral slopes (S, nm~1)
for 300-400 nm region were calculated from Eq. (1):

s In Abs/Ag
T A=Xo

where Abs is the absorbance (in m~1) at wavelength A and Ag is the
absorbance at a reference wavelength Ag [32-34].

(1)

2.5. Mechanistic probe experiments

Dimethyl sulfoxide (DMSO), an OH radical scavenger [35],
was added to a Back Bay water sample to create solutions of
1-100 mmol L~ DMSO and LMW compound production measured
after a 60 min irradiation. Solutions containing 1-10 mmolL~!
nitrate, an OH radical producer [36,37], were produced by adding
sodium nitrate (NaNOs; Sigma) to a Back Bay sample and measuring
net production after 60 min of irradiation. Oxygen effect experi-
ments were also carried out by sparging a Back Bay water sample
for 20 min prior to irradiation (flow rate=100 mLmin~') with ultra
high-purity oxygen and air (Oxygen Services Co.). Quartz cells were
sealed prior to irradiation. Accounting for any effects due to losses
during purging was determined by comparison to the results for air
at the same flow-rate.

3. Results
3.1. Absorption coefficients

Photochemical production rates and optical properties were
measured for all 12 sites. Absorption coefficients can be used as
a measure of how much CDOM is present in the water or how
photo-active the CDOM is; this decreases as the CDOM is diluted or
photochemically bleached on exposure to sunlight [30,38]. Absorp-
tion coefficients at 350 nm (a(350 nm)) ranged by a factor of 2.4
(8.7-20.6 m~1) for the estuarine water samples and by a factor of
10(0.27-2.7 m~ 1) for the seawater samples. Absorption coefficients
decreased from an average source water value of 16.1+5.3m™!
to an average seawater value of 0.98+0.68m~!. Based on the
observed range in a(350 nm), CDOM levels were at least an order
of magnitude lower in the beach samples relative to the estuarine
samples.

3.2. Photochemical production

In Fig. 1 we show concentrations of acetone, acetaldehyde
and formaldehyde as a function of irradiation time. Acetone con-
centrations increased to 10nmolL~! over the course of a 3h
irradiation, whereas acetaldehyde increased to 120nmolL~! and
formaldehyde reached 240nmolL-!. Acetone and acetaldehyde
concentrations increased linearly over 3 h, but the increase was
slightly non-linear for formaldehyde. Specifically, R? for a linear
fit to the formaldehyde data is 0.989, whereas the fit to a second
order polynomial has R% =0.998. This decrease in observed rate at
longer irradiation times may be due to the decreasing absorbance
of CDOM in the sample as it is photobleached or to the depletion of
oxygen [5].

Production rates are shown as a function of absorption coef-
ficient for all samples in Fig. 2. Rates appear to increase linearly
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Fig. 1. Formaldehyde (M), acetaldehyde (A) and acetone (®) concentrations (in
nmol L") as a function of irradiation time (in h). Error bars are 1o of the mean
of three irradiations. R? for formaldehyde, acetaldehyde and acetone linear fits are
0.989, 0.998 and 0.996 respectively. The fit shown for formaldehyde is a second
order polynomial (R? =0.998).

with a(350 nm) consistent with the work of Kieber et al. [14]. How-
ever, care should be taken in interpreting Fig. 2 since the higher
a(350 nm) estuarine waters are causing the plot to appear linear; if
just the seawater samples are considered, the correlation is not as
strong. For example, r2 decreases from 0.985 to 0.216 for formalde-
hyde, 0.886 to 0.694 for acetaldehyde and 0.372 to 0.16 for acetone.
We attribute the lower correlation coefficients for acetone either
to natural variability between sites or the lower concentrations for
acetone being closer to the measurement detection limits. A more
meaningful comparison would be to normalize photoproduction to
the CDOM content of the sample i.e. calculate quantum yields.

3.3. Apparent quantum yields

Quantum yields, a measure of photoproduction efficiency, for
these photochemical processes would ideally be given by divid-
ing the number of molecules of product produced by the number
of photons absorbed by the chromophore. A quantum yield of 1
would mean that every photon absorbed produces a photoprod-
uct molecule. However, since the LMW products are likely to be
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Fig. 2. Formaldehyde, acetaldehyde and acetone production rates (in nmolL-' h-1)
as a function of a(350 nm) (in m~'). Error bars are 1o of the mean of three irradi-
ations. R? for formaldehyde, acetaldehyde and acetone are 0.985, 0.886 and 0.372
respectively.
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shown is from a linear regression (r2 =0.857). Error bars are 10 (n=3).

produced via secondary reactions and CDOM is not well character-
ized, a true quantum yield cannot be calculated. Instead, apparent
quantum yields (®) were estimated by the method of Moore et al.
[39], where the production rate is normalized to a(350 nm) and the
measured lamp photon flux. While not a true quantum yield, this
allows for comparison between samples with different a(350 nm).

In Figs. 3-5 we show the apparent quantum yields (®) for
the three compounds as a function of a(350nm). We would
expect ® to be independent of a(350nm) if the photoproduc-
tion efficiency remains the same for different CDOM-containing
waters. However, we observed a significant increase in ® for
the low a(350nm) beach samples (source waters: 0.045-0.068
formaldehyde, 0.0101-0.0274 acetaldehyde, 0.0001-0.008 ace-
tone vs. seawater: 0.045-0.279 formaldehyde, 0.034-0.122
acetaldehyde, 0.009-0.093 acetone). Average source water ©@’s
were 0.0578+£0.0019, 0.0198 +£0.0016 and 0.0048 +0.0042 for
formaldehyde, acetaldehyde and acetone respectively. Cor-
responding average seawater ®'s were 2-10 times higher
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Fig. 4. Apparent quantum yield (®) for acetaldehyde vs. absorption coefficient at
350nm (in m~1). Inset figure shows a plot of ® vs. spectral slope (in nm~'). Line
shown is from a linear regression (r2 =0.461). Error bars are 10 (n=3).
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Fig. 5. Apparent quantum yield (®) for acetone vs. absorption coefficient at 350 nm
(in m~1). Inset figure shows a plot of & vs. spectral slope (in nm~!). Line shown is
from a linear regression (12 =0.973). Error bars are 10 (n=3).

(0.1324+0.024, 0.062+0.006, 0.045+0.009 respectively). We
obtained similar results using a wavelength of 300 nm to calculate
®, another common wavelength reported for CDOM [31].

3.4. Spectral slope dependence

To further examine why ® for the low absorbing beach waters
varies so significantly, we calculated spectral slopes for these sam-
ples. Seawater spectral slopes ranged from 0.006 to 0.018 with an
average of 0.010 +0.004 nm~!, within the range of s values previ-
ously measured in this coastal region [25,40]. Insets in Figs. 3-5
show that ® for the seawater samples increases linearly with
increasing spectral slope for all 3 compounds. Changes in s are due
to the loss or formation of higher molecular weight aromatic mate-
rial [30,41,42]. Generally, increasing s values from high-absorbing
coastal to lower-absorbing oceanic off-shore waters have been
attributed to photodegradation of the terrestrial end-member
[30,34,43,44] or conservative mixing of a high s oceanic end-
member with a low s terrestrial end-member [45]. The observed
correlation of ® with s suggests a relationship between the effi-
ciency of LMW production and the structural characteristics of
CDOM, which can be altered through photo- or microbial degra-
dation processes as terrestrial material is exported into coastal
waters i.e. a water body can have the same absorption coefficient
as another but demonstrate much higher production of these com-
pounds if it has a higher spectral slope value.

3.5. Mechanistic studies

To evaluate possible mechanisms, we carried out steady-state
photochemical experiments using molecular probes. In Fig. 6, we
show @ as a function of nitrate concentration. Direct photolysis of
nitrate ions produces OH radicals in natural waters via an O~ inter-
mediate [36,37]. Although nitrate occurs naturally in natural waters
at micromolar concentrations, we added elevated millimolar con-
centrations as a probe to see if production increased with higher
nitrate concentrations. ® for all 3 compounds doubled as nitrate
concentration increased from 1 to 7 x 10~3 mol L1, suggesting an
OH intermediate contributes to the photoproduction of all three
oxygenated hydrocarbons. In Fig. 7, @ is shown as a function of
added DMSO, an OH radical scavenger [35], for acetaldehyde and
acetone. This was not a meaningful test for formaldehyde because
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DMSO and OH react to produce formaldehyde [46]. For acetalde-
hyde and acetone, ® decreased as the DMSO concentration was
increased. Acetone yields decreased by 90% at 50 x 103 mol L~!
DMSO, suggesting an OH radical driven process is the dominant
production mechanism. Acetaldehyde yields decreased by 30% at
20 x 103 molL~! DMSO and then remained relatively constant,
suggesting an OH radical driven process contributes to, but is not
the dominant mechanism for, acetaldehyde production in natural
waters.

The production of formaldehyde, acetaldehyde and acetone
were compared for air vs. oxygen-sparged solutions to test the
mechanistic importance of oxygen (per [14]). In a previous study
of CO, production, Xie et al. [5] observed enhanced photo-
oxidation rates of DOM in river waters with increasing oxygen
content, where the photodecarboxylation process was expressed
as RCOOH +%:0, — ROH +CO,. Our results are given in Table 2.

Table 2
Concentrations (in nmol L-1) of formaldehyde, acetaldehyde and acetone produced
after irradiation of air- and oxygen-saturated Back Bay water samples for 1h.

Air Oxygen
Formaldehyde 89+ 2 112 £2
Acetaldehyde 45 + 2 47 + 4
Acetone 7.1+03 12+1

Sparging with pure oxygen gas increased formaldehyde produc-
tion by 25% and acetone by 70% relative to sparging with air. The
change in acetaldehyde production was not significant.

4. Discussion
4.1. Apparent quantum yields

For the source waters, photoproduction efficiency (®) had a
maximum of 1% for acetone, 7% for formaldehyde and 3% for
acetaldehyde. Maximum values were higher in seawater, but fol-
lowed the same trend with formaldehyde being the highest:
9% acetone, 30% formaldehyde and 12% acetaldehyde. Formalde-
hyde and acetaldehyde showed similar increases of a factor of
4 from source to seawaters, while acetone’s ® increased by a
factor of 10. We attribute increases in ® from the source to
seawaters to increased photodegradation resulting in more aged
materials that are easier to break down into smaller LMW com-
pounds i.e. at least on these timescales, photodegradation of CDOM
produces partially degraded material that is initially more sus-
ceptible to further degradation. Irradiation of CDOM in riverine
to marine transition zones has been shown to result in changes
like a decrease in size distribution, increased bioavailability, pro-
duction of dissolved inorganic carbon compounds and a loss of
chromophores (photobleaching of optical absorbance) and struc-
tural components like lignin phenolic compounds [9 and references
therein].

4.2. Production pathways

CDOM has a complex photochemistry, where initial absorption
of light produces an excited triplet state (Eq. (2)) which can pro-
duce reactive transients and photoproducts by a range of pathways
[47]. The primary initial pathways are direct photolysis from the
triplet excited state of CDOM (Eq. (3), produces smaller organic
compounds), photoionization (Eq. (4), produces a CDOM cation and
hydrated electron) and quenching of the triplet excited state of
CDOM by ground-state oxygen (Eq.(5), generates superoxide which
reacts with water (Eq. (6)) to produce reactive peroxide and radical
species).

Lightabsorption CDOM + hv — 3CDOM* (2)
Direct photolysis 3CDOM* — products (3)
Photoionization 3CDOM* — CDOM* +eaq~ (4)
Quenching 3CDOM* 4+ 0; - CDOM™* + 0, (5)

Radical production O~ +H;0 — OH™ +HO,* — H,0,, OH*etc.
(6)

Many of the products and subsequent chemistry of Egs. (5) and
(6) have been studied in seawater [48], specifically the reaction of
oxygen molecules with photo-excited CDOM to generate superox-
ide O, and its conjugate acid HO,* which dismutates to form H, 0,
[49]. Subsequent secondary reactions of H,0, generate hydroxyl
radicals in natural waters [48]. Photochemical reactions from the
low micromolar levels of nitrate and nitrite ions found in seawater
also produce hydroxyl radicals [36,37]. If hydroxyl radicals play a
significant role in LMW production, the addition of an OH radical
scavenger might be expected to decrease production whereas the
addition of an OH radical producer should increase production. In
addition, if the quenching of the triplet excited-state of CDOM by
oxygen to produce superoxide (Eq. (5)) plays a major role in the
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production of the LMW compounds measured here through sec-
ondary reaction products, the addition of oxygen should increase
LMW production. However, since oxygen can also directly quench
the triplet state to produce ground-state CDOM and singlet oxygen
10, [10], additional oxygen would cause a decrease in production
if direct photolysis (Eq. (3)) is the pathway dominating the produc-
tion mechanism. Which effect dominates will depend on the degree
of competition between these 2 pathways with oxygen i.e. on the
relative quantum yields or efficiencies of these 2 reactions relative
to each other.

Based on the mechanistic probe and oxygen results described
in section 3.5, it appears that formaldehyde and acetone have
some similarities in production mechanism whereas acetaldehyde
behaves differently. Specifically: (1) oxygen increased formalde-
hyde and acetone production but did not affect acetaldehyde; (2)
@ for all 3 compounds increased by a factor of 2 when nitrate, an OH
radical producer was added; and (3) ® decreased for acetaldehyde
and acetone with the addition of DMSO, an OH radical scavenger;
however, acetone yields decreased by 90% and acetaldehyde by
30%. Based on these results, it appears that formaldehyde and
acetone production may proceed predominantly via an OH/O,
pathway (Egs. (5) and (6)) whereas another significant pathway
for acetaldehyde may be direct photolysis (Eq. (3)) (or an hydrated
electron intermediate (Eq. (5))), with some contribution from the
OH/O, pathway. A potential explanation for no observed oxygen
effect for acetaldehyde may be the competing inverse trends if both
pathways contribute since oxygen increases production via Eq. (5)
(quenching by oxygen to produce superoxide) but also decreases
production via Eq. (3) (quenching of 3CDOM* reducing direct pho-
tolysis products), i.e. the oxygen effects offset each other.

For acetaldehyde, our results are consistent with the work of
Kieber et al. [14] but not for formaldehyde and acetone, since
they reported no oxygen effect on the photoproduction of acetone,
acetaldehyde and formaldehyde. Based on their measured action
spectra and no oxygen impact, they concluded that these species
were all likely produced by direct photolysis. However, it is impor-
tant to note that the irradiation systems used in these two studies
are different. Kieber et al. [14] used a 450-W medium pressure mer-
cury vapor lamp system with wavelengths >290 nm which included
more energetic UV; the UVB (280-320 nm) region of the solar spec-
trum was most efficient at producing LMW carbonyl compounds.
By contrast, the lamp configuration in our study cuts off at 300 nm,
excluding the more energetic (280-300nm) portion of the UVB
region and thus reducing the contribution of a direct photolysis
mechanism.

Based on a comparison of the increased production rates for
our solar simulator and filtered lamp system which have compa-
rable total photon fluxes but some UV contribution below 300 nm
for the solar simulator, approximately 20% of formaldehyde, 90%
of acetaldehyde and 70% of acetone production would be due
to wavelengths <300nm in the environment. This is consistent
with acetaldehyde production having a larger contribution from
direct photolysis which would be more efficient at lower more
energetic wavelengths, whereas an OH mechanism contributes to
formaldehyde and acetone. The weaker positive trend observed
for acetaldehyde for ® vs. spectral slope (Fig. 4) vs. the strong
correlation for formaldehyde and acetone (Figs. 3 and 5) might
be due to direct photolysis contributing significantly to acetalde-
hyde production but not to formaldehyde and acetone. If this is the
case, then as spectral slopes increase, photoproduction efficiencies
increase largely through the OH pathway (which dominates ace-
tone and formaldehyde production) rather than through increased
direct photolysis, resulting in the stronger observed correlation for
these two LMW carbonyls between ® vs. spectral slope (correlation
coefficients of 0.8 and 0.9 for formaldehyde and acetone vs. 0.4 for
acetaldehyde). Since s increases when DOM undergoes photolysis

and the proportion of higher molecular weight material (with more
intense absorbance at red-shifted wavelengths) decreases [see for
example 41], increasing production efficiencies appear to be asso-
ciated with an increase in the proportion of low MW material in
CDOM i.e. the more photodegraded the DOM, the more efficient
the production of LMW carbonyls.

5. Conclusion

Previous production studies for these compounds on coastal
waters dominated by large fresh water riverine inputs of terres-
trial DOM [14,15,23,24] suggested that production varied linearly
with absorption coefficient i.e. with CDOM levels and therefore
that production efficiency was independent of absorbance and rel-
atively constant in the environment. This has lead to the use of
single quantum yields in global models [17]. In contrast produc-
tion efficiencies measured in coastal waters dominated by salt
marshes in this study increased significantly with increasing spec-
tral slope, suggesting that the production efficiency of these LMW
carbonyls may vary significantly regionally depending on CDOM
source, aging and/or local loss processes. This has global signif-
icance because salt marshes are found in intertidal zones in the
middle and high latitudes throughout the world and wetlands are
among the most productive ecosystems based on net global pri-
mary productivity of carbon (1300gCm~2year~!) [50-52], Thus,
these sites are potentially a significant source of LMW compounds
from CDOM photolysis that may currently be underestimated by
as much as a factor of 5-10 in global models based on previously
published quantum yields for coastal waters dominated by riverine
CDOM. Mechanistic studies were consistent with the photochem-
ical production of acetaldehyde proceeding primarily via a direct
photolysis pathway, whereas acetone and formaldehyde produc-
tion is primarily via an OH/O, pathway.
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