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Abstract

Ž .The photoreactivity to UV light of ultrafiltered dissolved organic matter DOM collected during cruises along salinity
transects in the Mississippi and Atchafalaya River plumes was examined by measuring photogenerated free radicals and

Ž1 .singlet molecular oxygen O photosensitization. Singlet oxygen was detected by its infrared phosphorescence at 1270 nm2

using both steady-state and time-resolved techniques. The 1O quantum yields were corrected for self-quenching of 1O by2 2
Ž .the DOM substrates. Photogenerated free radicals were monitored by electron paramagnetic resonance EPR . Two size

fractions of the dissolved organic matter were examined: material retained with a 3 kDa cut-off filter and material retained
with a 1 kDa cut-off filter. The highest 1O quantum yields were found in the lower molecular mass material. There was2

little change in the 1O quantum yields with increasing salinity, indicating that the photosensitizing ability of the estuarine2

DOM does not decrease as terrestrial DOM is transported to sea and mixes with marine DOM. In contrast to 1O formation,2

the steady-state levels of photoproduced free radicals did not significantly differ between high and low molecular mass
DOM, and the levels were substantially higher in riverine DOM than along plume salinity transects. This rapid transition in
free radical level suggests that terrestrially-derived DOM experiences significant changes in this aspect of its photoreactivity

Ž .in low -10 ppt salinity waters. Published by Elsevier Science B.V.
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1. Introduction

In natural waters, nutrient and carbon cycling is
Ž .driven in part by solar ultraviolet UV excitation of
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Ž .chromophoric dissolved organic matter CDOM
Ž .Stumm and Morgan, 1996; Moran and Zepp, 1997 .
Direct photolysis and mineralization of CDOM has
been observed by measuring the release of dissolved

Ž .inorganic carbon Miller and Zepp, 1995 . Irradiation
of CDOM also enhances bacterial growth, indicating
that the material can be degraded into more labile

Žmaterial for microbial utilization Kieber et al., 1990;
Wetzel et al., 1995; Miller and Moran, 1997; Bertils-

.son and Tranvik, 1998 . Monitoring the photoreactiv-
ity of CDOM may thus enhance our knowledge of
the role and fate of these substances in aquatic
systems.

The photoreactivity of CDOM depends on its
chemical composition, which is determined mainly
by its origin. Terrigenous dissolved organic matter,
found in lakes and rivers, is characterized by higher
carbon to nitrogen ratios and is enriched in aromatic

Žcompounds relative to material of marine origin Be-
.nner et al., 1992; Hedges et al., 1992 . Marine

organic matter, thought to form de novo in seawater
Ž .Carder et al., 1989; Coble et al., 1998 , has been
shown to be optically distinct by fluorescence spec-

Ž .troscopy Coble and Brophy, 1994; Coble, 1996 .
Differences in chemical composition may influence
the photochemistry of CDOM in estuarine environ-

Ž .ments as dissolved organic matter DOM of terres-
trial origin is mixed with marine DOM along estuar-
ine salinity gradients.

A number of studies on the distribution of DOM
in nearshore systems indicate removal andror con-

Žservative dilution of terrigenous DOM Mantoura
and Woodward, 1983; Benner et al., 1992; Guo et

.al., 1995 . Other investigations, however, focus on
photochemical and microbial transformations of ter-
rigenous DOM, which may contribute to the produc-

Žtivity in these nearshore systems Moran et al., 1991;
Chin-Leo and Benner, 1992; Bushaw et al., 1996;

.Opsahl and Benner, 1997 . Optical absorption and
fluorescence of CDOM also vary across estuarine
salinity gradients, indicating photobleaching and re-

Žmovalrdilution of terrigenous CDOM Blough et al.,
.1993; Vodacek et al., 1997 . These changes in the

optical absorption and fluorescence characteristics of
bulk CDOM may reflect changes in the photoreactiv-
ity resulting from the mixing and transformation of
terrigenous and marine CDOM in low salinity envi-
ronments.

At present, the chemical and structural transfor-
mations of CDOM following UV irradiation are not
fully understood. CDOM strongly absorbs UV light
and can act as a photosensitizer and as a reaction
substrate, leading to the production of numerous
transient intermediates and terminal photoproducts
ŽCooper et al., 1989; Blough and Zepp, 1995; Blough,

.1997 . A number of these intermediates are highly
reactive oxygen species, such as singlet molecular
oxygen, which has been observed in solutions of

Žhumic and fulvic acids and in natural waters Zepp et
.al., 1985; Haag and Hoigne, 1986 . Photoirradiation´

Žof CDOM also leads to photoionization Fischer et
.al., 1985 and formation of free radicals, some of

which have been identified, such as the hydroxyl
Ž Ø . Žradical OH Zafiriou, 1974; Mopper and Zhou,

.1990; Vaughan and Blough, 1998 , superoxide anion
Ž Øy. Žradical O Petasne and Zika, 1987; Zafiriou,2

. Ž Ø. Ž1990 , and peroxy radicals ROO Faust and
Hoigne, 1987; Blough, 1988; Kieber and Blough,´

.1990 .
Formation of free radicals and reactive oxygen

species can lead to chemical transformations of com-
Ž1 .pounds. Singlet molecular oxygen O , is a short-2

lived, and highly reactive intermediate that may be
Ž .important in the formation of secondary photo prod-

ucts under some conditions. It is formed by quench-
ing CDOM excited triplet-states, and is therefore one
indicator of the photosensitizing ability of the
CDOM. Free radicals are formed during direct pho-
tolysis of the CDOM and can be detected by electron

Ž .paramagnetic resonance EPR . Radical reactions can
lead to the degradation of molecules into smaller
photoproducts as well as to the combination of radi-
cals and substrates into larger molecular compounds,
thereby influencing chemical and microbial activity
in natural waters.

In the present investigation, we characterized the
photoreactivity of CDOM isolated from freshwater,
estuarine and coastal waters by measurement of sin-
glet oxygen production and free radicals upon expo-
sure to UV light. The CDOM was isolated from the
Apalachicola, Atchafalaya, Blackwater and Missis-
sippi River systems discharging into the Gulf of
Mexico. In the Mississippi and Atchafalaya River
plumes, we followed a salinity gradient into the Gulf
of Mexico to track the change in photoreactivity of
CDOM going from riverine to coastal waters.
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2. Material and methods

2.1. Sample sites and collection

Surface water from the Mississippi and
Atchafalaya River plumes was collected in June
1995 and February 1996 during two OSV Anderson
cruises along salinity transects originating in the
rivers and extending into the Gulf of Mexico. The
Atchafalaya River originates at the confluence of the
Mississippi and Red rivers via a diversion channel at
Simmsport, Louisiana and discharges into Atcha-
falaya Bay, located to the west of the Mississippi
delta. The Atchafalaya interacts with extensive areas
of wetlands below the Simmesport junction. In con-
trast, the Mississippi River below this junction is
highly channeled and has little interaction with its
historical flood plains. Samples were also collected
from the Apalachicola River in Apalachicola, Florida
in May 1995 and the Blackwater River in Milton,
Florida in February 1996. The Apalachicola water-
shed drains the piedmont region of Georgia and
Alabama. The Blackwater is a small coastal river
originating in Northeast Florida and is characterized
by high concentrations of humic material. For com-
parison, a soil-derived humic acid purchased from
Aldrich Chemical was also examined.

Sample water was collected with a teflon lined
Ž .submersible pump -1.0 m below surface into

Ž .clean 10% HCl and MilliQ water rinsed 50 l
polyethylene carboys prior to ultrafiltration. Initial
sample volume ranged from 40 l in the rivers to 150
l at the high salinity coastal stations. The water was
prefiltered using a 10 mm Nucleopore polycarbonate
cartridge filter followed by a 0.2 mm Nucleopore
polycarbonate cartridge filter. Samples were concen-
trated by tangential-flow ultrafiltration using a 3 kDa
polysulfone Amicon filter. Filter cartridges were
cleaned with 0.1 N NaOH and rinsed with MilliQ
water. Between samples, filters were flushed with
0.01 N NaOH followed by a MilliQ water rinse. In
the field, samples were concentrated to an approxi-
mate volume of 250 ml, collected into HClrMilliQ
rinsed Nalgene bottles and frozen at y208C. In the
laboratory, the concentrate was lyophilized to a dry
solid state. Throughout this report these )3 kDa
samples will be referred to as high molecular mass
Ž .HMM samples.

Two additional samples of Mississippi River and
Gulf of Mexico DOM were obtained from R. Benner
ŽMarine Sciences Institute, University of Texas at

.Austin, Port Aransas, TX . These latter samples,
with initial volume ranging from 100 to 200 l of 0.2
mm filtered water, were concentrated using an Ami-
con DC-10 ultrafiltration system equipped with 1
kDa cut-off polysulfone filters. The )1 kDa, Gulf
of Mexico sample concentrate was diafiltered with
18 l of Milli-Q water to remove salts and dried using
a Savant Speed Vac system. In this report, these )1
kDa inclusive samples will be referred to as low

Ž .molecular mass LMM samples.
After lyophilization, the dry solids were dissolved

Žin D O deuterium oxide, 99.9%, Cambridge Isotope2
.Laboratories for the singlet oxygen experiments and

in either D O or deionized water for the EPR experi-2

ments.
In addition, 50 ml samples of the initial 0.2 mm

filtered water and the ultrafiltration permeate water
were collected for optical absorption analysis. These
samples were stored in foil covered sterile poly-
ethylene centrifuge tubes at y20 EC. Prior to the
cruises, preliminary experiments found no change in
the absorption spectra for similar samples stored in
this manner for seven weeks.

2.2. Optical absorption measurements

Absorption spectra were measured with a
Hewlett-Packard 8452 diode array spectrophotometer
with MilliQ filtered water as a reference. A 10 cm
path length quartz cell was used for the initial and
permeate samples and a 1 cm quartz cell was used
for the concentrated samples. Before measurement,
samples were warmed to room temperature and thor-
oughly mixed.

In agreement with observations by other re-
searchers, the spectra exhibited a general exponential

Žbehavior across the visible region Bricaud et al.,
1981; Zepp and Schlotzhauer, 1981; Davies-Colley

.and Vant, 1987; Blough et al., 1993 . In most of the
spectra a shoulder was observed at 265 nm, which
has been assigned to small organic molecules such as

Ž .purine and pyrimidine Yentsch and Reichert, 1962 .
In some samples a peak was also observed at 360
nm. This second peak was only significant in two

Ž .samples T1A and T1B, Table 1 in the June
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Table 1
Ž .Values of S for initial water 0.2 mm filtered collected along two

salinity transects

River Sample Location Salinity S
y1Ž . Ž .system ppt nm

June 1995
X XAtchafalaya T1A 28800 N, 90806 W 28 0.0191
X XAtchafalaya T1B 29802 N, 91840 W 15 0.0170
X XAtchafalaya T1D 29807 N, 91832 W 9 0.0177

Atchafalaya T1E 0 0.0175
X XMississippi T2C 28839 N, 89838 W 30 0.0169
X XMississippi T2D 28851 N, 89830 W 5 0.0172
X XMississippi T2E 29812 N, 89818 W 0 0.0169

February 1996
X XMississippi MD 28841 N, 89830 W 27 0.0176
X XMississippi MC 28849 N, 89829 W 16 0.0177
X XMississippi MB 28853 N, 89827 W 30 0.0179
X XMississippi MA 29812 N, 89817 W 0 0.0159
X XAtchafalaya AD 28857 N, 91843 W 28 0.0176
X XAtchafalaya AC 29811 N, 91835 W 24 0.0173
X XAtchafalaya AB 29812 N, 91832 W 12 0.0168
X XAtchafalaya AA 29815 N, 91830 W 0 0.0165

Atchafalya transect. For our analysis of the 0.2 mm-
filtered water samples before concentration, the rela-

Ž .tively narrow peak width ;35 nm was1r2 max

subtracted from the exponential curve of the CDOM
absorption. The 360 nm peak was not present in the
concentrate after ultrafiltration for either of these
samples.

The apparent absorption coefficient a for alll

samples was determined from

a s2.303 A l rl 1Ž . Ž .l

for wavelength l in nm, where l is the optical path
Ž .length of the cell in meters and A l is the baseline

corrected absorbance. The baseline correction con-
sisted of subtracting an average of the absorbance
between 750 nm and 800 nm from each spectrum.
Most of the spectra could then be fit with a simple
exponential decay,

a sa eSŽ ryl. 2Ž .l r

where a is the apparent absorption at a referencer

wavelength r, and the fitting parameter, S, can be
Ž .used to compare samples. Carder et al. 1989 re-

ported that S depends on the chosen wavelength
range. In our data, we saw a similar small reduction
in S when including the longer wavelengths. For

example, evaluating S for sample T1D for different
Ž .wavelength ranges gives S s 16.67"0.09290 – 608

y3 y1 Ž . y3= 10 nm , S s 17.28 " 0.07 = 10290 – 500
y1 Ž . y3 y1nm , and S s 17.70"0.06 =10 nm ,290 – 450

where the reported error is from a calculated least-
squares fit to the natural logarithm linearized absorp-
tion. For consistency and because there is more error
associated with including the absorption at longer
wavelengths, all S values were evaluated for the 290
to 450 nm region.

2.3. Singlet oxygen lifetime and quantum yield mea-
surements

The singlet oxygen quantum yield, f , in ourso

samples was determined by direct measurement of
the singlet oxygen phosphorescence at 1200–1350
nm in steady-state experiments. In H O, the lifetime,2

Ž .t , of singlet oxygen is very short ;4 ms , makingso

the phosphorescence intensity very weak and diffi-
cult to observe. To increase the lifetime, and thereby
the intensity of the steady-state signal, dry solids
lyophilized from the concentrate were dissolved in
D O, in which the 1O lifetime is about 10 times2 2

Ž .longer Bilski et al., 1997 . Excitation light was
provided by a 250 Watt medium pressure mercury

Ž .lamp Kratos and was filtered to only allow wave-
lengths in the 280–380 nm range. The relative inten-
sities of the main emission lines in this wavelength

Ž .region are similar to those given by Gould 1989 for
medium pressure mercury arc lamps. The phospho-
rescence was measured by a germanium diode detec-
tor cooled to 77 K. Signal to noise ratio was in-
creased by using an optical chopper coupled to a
lock-in amplifier. Air was bubbled through the sam-
ples during measurement to ensure mixing and a
constant oxygen concentration. The quantum yield

Žwas calculated using perinaphthenone Aldrich
. ŽChemical , with f f1, as a standard Schmidt etso
.al., 1994 .

Immediately before irradiating the sample to gen-
erate 1O phosphorescence, the absorption of the2

CDOM dissolved in D O was measured with a2

Hewlett-Packard 8452 diode array spectrophotometer
using the same 1 cm path length quartz cell for both
the absorption measurement and for 1O excitation.2

Absorption spectra were also recorded for any opti-
cal filters used in the excitation beam line. The



( )S.L.H. SandÕik et al.rMarine Chemistry 69 2000 139–152 143

absorbance was first normalized for zero absorption
above 750 nm and the slope of the log-linearized
absorption was compared with that found for the
absorption of the sample before concentration. In
order to calculate the singlet oxygen quantum yields,
the integrated absorption, N, was determined by

450 yA Žl.Ns 1y10Ž .H
250

= Ł F l =L.R. l dl 3Ž . Ž . Ž .Ž .i i

Ž . Ž .where A l is the measured absorbance, F l isi

the percent transmittance spectra of each filter used
in the incident beam line, and the lamp response,

Ž .L.R. l , is the calibrated number of photons emitted
by the lamp at each wavelength.

Singlet oxygen lifetimes were measured using a
Žoptical system employing a pulsed laser Photonics

.MY-33 Nd:YAG and a germanium diode detector
coupled to a HP 54111D digitizing oscilloscope. A
detailed description of the pulsed spectrometer has

Žbeen published elsewhere Bilski and Chignell,
.1996 . Perinaphthenone was added to the CDOM

solutions as an efficient sensitizer. Changes in sam-
ple t from that of a perinaphthenone control solu-so

tion indicated quenching of the singlet oxygen by the
CDOM substrate. The t of each sample was mea-so

sured and used to correct the f ’s determined in theso

steady-state experiment. For a few representative

samples, t was measured as a function of CDOMso

concentration.
To calculate f , the ratio of the emitted quantaso

of light to the absorbed quanta of light was deter-
mined and normalized to a standard, in this case

Ž .perinaphthenone with a f of unity , as follows:so

tso , standard
h = =NCDOM standard

tso , CDOM
f s 4Ž .so N =hCDOM standard

where h is the height of the singlet oxygen phospho-
Ž .rescence peak, and N was calculated from Eq. 3 .

The experimental uncertainty values we report for
the singlet oxygen quantum yields in Table 2 are
calculated from the signal-to-noise ratio of the mea-
sured phosphorescence curve for a single sample and
are not statistical uncertainties found from the mea-
surement of multiple samples from each location.

2.4. EPR detection of free radicals

EPR spectra were recorded with a Varian E-line
Century Series X-band spectrometer using a TE102

cavity with a window for irradiation. The light source
Ž .was a 350 W high pressure mercury lamp Oriel

with a distilled water filter in the beam-line to reduce
heating of the sample. Since no optical filters were
used, all emission lines of the lamp, including short

Table 2
Singlet oxygen quantum yields. The listed salinity is that for the initial water sample measured in the field. Size fraction refers to the
nominal pore size of the cut-off filter used for ultrafiltration. The reported error is calculated from the signal to noise ratio of the 1O2

phosphorescence for a single sample

Ž . Ž .Sample Size fraction Da Salinity ppt fso

Ž .Mississippi 1995 T2C )3000 30 0.017"0.005
Ž .Mississippi 1995 T2D )3000 5 0.017"0.004
Ž .Mississippi 1995 T2E )3000 0 0.017"0.001
Ž .Atchafalaya 1995 T1A )3000 28 0.027"0.011
Ž .Atchafalaya 1995 T1B )3000 15 0.019"0.003
Ž .Atchafalaya 1995 T1D )3000 9 0.020"0.001
Ž .Atchafalaya 1995 T1E )3000 0 0.016"0.001

Gulf of Mexico BGOM )1000 34 to 36 0.039"0.001
Mississippi River BMISS )1000 0 0.061"0.001
Apalachicola River APP )3000 0 0.014"0.001
Aldrich Humic Acids ALD unknown 0 0.010"0.002

Ž .Mississippi 1996 MD )3000 27 0.020"0.003
Ž .Mississippi 1996 MC )3000 16 0.018"0.002
Ž .Mississippi 1996 MA )3000 0 0.017"0.001

Blackwater River BWR unknown 0 0.038"0.001
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Ž .wavelength lines in the UVC region 190–290 nm ,
were allowed to reach the sample. A suprasil flat cell
Ž .Wilmad was used to insure transparency in the UV
region. Typical parameter settings were: power, 20
mW; modulation amplitude, 1 G; time constant, 1 s;
modulation frequency, 100 kHz; scan range, 100 G.
All scans were made at room temperature. We found
the EPR signal strength in the CDOM samples to be
optimized at pHs10.8. All samples were buffered
to this pH using a 0.25 M Na HPO solution, which2 4

has no significant absorption in the UV region. The
enhancement of the EPR signal at alkaline pH has
been reported for aqueous solutions of humic and

Žfulvic acids Haworth, 1971; Senesi and Schnitzer,
.1977 , and was suggested to be due to increased

stabilization of substituted semiquinone radicals as
Ž .semiquinone ions Senesi and Schnitzer, 1977 .

ŽAbout 0.7 ml of the sample dry solid dissolved in
.deionized H O was placed in the EPR flat cell,2

which had a 0.3 mm optical path length. Absorption
spectra were recorded immediately prior to EPR
measurements to later normalize the EPR results for
concentration differences between the samples.

Dark control scans were taken immediately before
illumination with identical parameters to the irradi-

Žated scans. Exposure time total exposure time -3
.min was shutter-controlled so that scans were taken

after the same UV dosage. The only parameter change
between various samples was a change in the re-
ceiver gain between the strongly absorbing and the
weakly absorbing samples.

The EPR signal for the solvated samples consisted
of a single resonance line. In order to calculate a
number representing the amount of free radicals, the
peak-to-peak amplitude of the signal was measured
and adjusted for the different gain settings. As an
estimate of the integrated UV absorption, the base-
line-corrected absorbance was integrated from 250 to
700 nm. This value was used to normalize for con-
centration differences between samples. We then
defined a quantity called the free radical product,
F.R.P., the absorption normalized, steady-state level
of photoproduced free radicals accumulated under
the above experimental conditions, to be

Yp- p
F.R.P.s 5Ž .

700 nm
A l dlŽ .H

250 nm

where Y is the gain corrected, peak-to-peak EPRp-p

signal amplitude.
Lacking a measured spectral response of the lamp

used for excitation, the calculated F.R.P. is a relative
yield which cannot be directly compared to results
reported by other researchers. Therefore, for the EPR
experiments, we compare results only within this
study.

3. Results

3.1. Optical absorption

To obtain a preliminary description of the CDOM
before the ultrafiltration procedure, we measured the

Ž .optical absorption of the initial 0.2 mm filtered
water. In both June and February, the optical absorp-
tion parameter S varied slightly along the salinity
transects, with a small tendency to increase as the

Ž .salinity approached 30 ppt Table 1 . Small changes
were also seen in the zero salinity samples, with the
February samples giving a slightly lower S. Our
values fell within the range of 0.0159–0.0191 nmy1,
with a mean of 0.0173"0.0007 nmy1. These values
are consistent with those reported for coastal waters

Žby other studies Blough et al., 1993; Green and
.Blough, 1994; Vodacek et al., 1997 which used

similar wavelength regions in determination of S.
To monitor the possible impact of sample process-

ing on the optical nature of the material, we com-
pared the optical absorption of the initial water, of
the permeate, of the concentrate before lyophiliza-
tion, and of solutions made with the lyophilized

Ž .concentrate of the June samples Fig. 1 . We found
that concentrating the CDOM by the ultrafiltration
procedure noticeably changed the optical absorption
parameter S. The S of the concentrated material
before lyophilization, as well as the S of the dried
concentrate, dissolved in either D O or H O, was2 2

smaller than S of the initial samples, indicating an
increase in the ratio of longer wavelength absorption
to shorter wavelength absorption.

3.2. Singlet oxygen production

The photosensitizing potential, or the ability of
CDOM to form photoexcited triplet states, can be
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Fig. 1. Logarithmic plot of the optical absorption spectra for a
zero salinity Atchafalaya River sample at different points in the
ultrafiltration process. Reference wavelength chosen at 300 nm
Ž Ž ..Eq. 2 .

approximated by measuring the quantum yield of
1O formation. For most of our samples, the 1O2 2

phosphorescence could be observed directly in a
Ž . 1single scan Fig. 2 . Calculation of the O quantum2

yields of samples from different sources gave values
Ž .ranging from f s0.01 to f s0.061 Table 2 .so so

The 1O quantum yields of the LMM material are2

higher than those of the HMM material. For exam-
ple, values for the offshore samples of the two size
fractions were f s0.039 and f s0.021so, LMM so,HMM
Žaverage value for the three G27 ppt HMM sam-

.ples . There was a greater difference with the inshore
samples, with zero-salinity samples from the Missis-
sippi River giving f s0.061 and f sso, LMM so, HMM

Ž .0.017. The Blackwater River BWR lyophilized
solid would only partially dissolve in D O at neutral2

pH. Because this soluble portion of the BWR sample
is of unknown molecular mass and chemical compo-
sition, we cannot compare it as a HMM sample in
our analysis. The size fraction of the Aldrich humic
acid sample is also unknown.

Along the Mississippi River salinity transects,
there was little change in the quantum yield of the

Ž .HMM samples Fig. 3 . There was close agreement
Ž . Žbetween summer June 1995 and winter February

Fig. 2. Singlet oxygen phosphorescence lifetime decay for the Gulf of Mexico LMM sample dissolved in D O. Inset: Steady-state 1O2 2

phosphorescence spectrum for the same sample.
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Ž .Fig. 3. f values for the high molecular weight faction HMMso

CDOM samples collected from stations at different salinities
along the Mississippi and Atchafalaya River transects. The error
bars are calculated from the signal to noise ratio of the 1O2

phosphorescence signal.

.1996 , but with the winter values showing a very
small increase with increasing salinity. In the
Atchafalaya transect, the f for the inshore sampleso

was f s0.016, very close to the Mississippi Riverso

values, and there was a slight tendency for f toso

increase with increasing salinity.
The soluble fraction of the Blackwater River sam-

ple gave a high value, f s0.038. Because of theso

low solubility and unknown molecular mass, this
value cannot be considered representative of the total
collected material or of the CDOM in the river. It is
interesting that this partial fraction gave such a high
yield, similar to that found for the LMM samples
Ž .Table 2 . In contrast, zero-salinity water from the
Apalachicola River gave a low yield, f s0.014,so

closer to the zero salinity values for the HMM
Mississippi and Atchafalya samples.

The lowest quantum yield was found for the
Aldrich humic acid sample. This low yield suggests
that soil derived commercial humic acids may be
less photoreactive than CDOM from natural waters.

3.3. Singlet oxygen quenching

CDOM may quench as well as produce 1O . The2

reduction of 1O lifetime in the CDOM solutions,2

when compared to standard solution without CDOM,
is an indicator of such quenching. The lifetime for
singlet oxygen without CDOM was ca. t s64 msso

and was quenched to as short as ca. t s43 ms forso

some of the CDOM samples in the quantum yield
measurements. We then measured 1O lifetime as a2

function of CDOM concentration for two samples, a
Ž .zero salinity Mississippi sample HMM and the

LMM Gulf of Mexico sample. For the Mississippi
River sample, the inverse lifetime increased linearly

Ž .with increasing CDOM concentration Fig. 4 ,
demonstrating that the CDOM quenched 1O di-2

rectly. There was a similar increase for the LMM
Ž .Gulf of Mexico sample data not shown , although

the linear dependence was not as strong at low
concentrations.

3.4. EPR detected free radicals

UV radiation carries enough energy to break
chemical bonds in DOM to form free radicals andror
to initiate DOM photoionization, which we investi-
gated using EPR spectroscopy.

The EPR control scans of the solutions before
irradiation exhibited no signal in any case. Upon
strong UV irradiation a single line EPR signal was
detected with a spectroscopic g factor near gs2,
typical of organic radicals, and with a peak-to-peak

Ž .linewidth of about 12 G Fig. 5 . There were no
discernible hyperfine splittings observed in the spec-

Žtrum. The signal disappeared except for a very
.small, longer-lived residual immediately upon cessa-

tion of illumination. If the irradiation continued past

Fig. 4. 1O quenching by CDOM for a zero salinity HMM2

Mississippi River sample: decreasing lifetime, t , with increasingso
Ž .concentration of substrate ultrafiltered CDOM .
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Fig. 5. Typical EPR spectrum of the steady-state, UV produced
Ž .free radicals solid line , here shown for sample MA. There was

Ž .no signal in the dark control scan dashed line before the CDOM
sample was exposed to the UV.

Ž .10 min, the signal began to decay Fig. 6 and was
not recoverable after samples were placed in the
dark.

Following the treatment outlined in Section 2.4,
Ž .we compared calculated free radical product F.R.P.

values found for the HMM material and the LMM
samples. The values from the LMM samples fall
within the range of the HMM samples taken from

Ž .the same regions Fig. 7 .
F.R.P. values were significantly higher for zero

salinity CDOM than for CDOM collected from low
Ž .salinity sites Fig. 7 . The F.R.P. values for the

Blackwater and Apalachicola Rivers were similar to
F.R.P. values for CDOM collected from zero salinity

Fig. 6. Destruction of the EPR signal with continued irradiation.

Fig. 7. The steady-state level of photoproduced free radicals,
F.R.P., found for CDOM collected from stations at different
salinities along the river transects. The data points correspond to
the samples as follows: at zero salinity and in descending order of
F.R.P. magnitude, T2E, BMISS, APP, T1E, MA, BWR; at salinity
9 ppt, T1D; at 16 ppt, MC; at 27 ppt, MD; and from 34 to 36 ppt
waters, BGOM.

Žsites in the Mississippi and Atchafalaya Rivers the
Blackwater River sample, which did not readily dis-
solve in D O at neutral pH, was easily dissolved into2

.alkaline solution for the F.R.P. measurement . These
freshwater samples ranged from F.R.P.s0.232 to
F.R.P.s0.448. Aldrich humic acid fell within this
range with a F.R.P.s0.318. Much lower values
were seen when the salinity of the collection site
increased, with F.R.P. levels ranging from 0.008 to
0.049 for sites with salinities G9. In the f deter-so

mination, we accounted for the presence of salts by
including a correction based on the lifetime of the
phosphorescence. In the EPR experiments we do not
have a similar correction. However, we did not
expect the salts to contribute to the observed signal,
and the much higher F.R.P. value for the inshore
samples versus the offshore samples holds true for
both the )3 kDa cut-off material, which had not
been desalted, and the )1 kDa, which had been
desalted, indicating that presence of the salt plays no
significant role in F.R.P.

4. Discussion

CDOM acts as a 1O photosensitizer when2
Ž . Ž3 .longer-lived, excited triplet state s CDOM) are
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formed in the light-exposed CDOM in the presence
Ž Ž . Ž ..of oxygen Eqs. 6 and 7 . Molecular oxygen

quenches the excited triplet states in CDOM with
similar efficacy, except for very short lived triplet
excited states, where the efficacy of quenching by O2

is reduced. The quantum yield of 1O production is2

thus a convenient indicator of the overall photoreac-
tivity via triplet states of CDOM.

CDOMqhn™
1CDOMU

™
3CDOMU 6Ž .

3CDOMU qO ™CDOMq1O 7Ž .2 2

Other CDOM photoreactions include the forma-
tion of free radicals by homolytic cleavage of bonds
or by subsequent chemical reactions following pho-
toionization. Electron paramagnetic resonance can be
used to measure some of the free radicals formed
during exposure to UV in CDOM from different
sources.

We measured singlet oxygen generation and pho-
toproduced free radicals as markers of CDOM pho-
toreactivity. In addition to comparing the photochem-
ical properties of CDOM isolated from zero salinity
river water, we used these parameters to track differ-
ences in the photoreactivity of CDOM material col-
lected at different points along salinity transects from
rivers into the Gulf of Mexico.

4.1. Photophysical characteristics

We found that the ultrafiltration process, which
was used to concentrate and isolate CDOM, slightly
changes the optical absorption properties in collected
samples. Loss of lower molecular mass material
corresponds to a disproportionate loss of UV to
visible wavelength absorbers as evidenced by a de-
crease in the slope parameter S. A recent work by

Ž .Mopper et al. 1996 observed similar changes for
productive, mid-latitude coastal water, concentrated
with Amicon filters as used in the present study. The
change in S arising in the concentration step, during
which lower molecular mass material is lost, can be
explained if it is assumed that the CDOM fraction of
smaller size absorbs more in the shorter wavelengths
ŽStrome and Miller, 1978; Green and Blough, 1994;

.Mopper et al., 1996 . Although the loss of small
molecular mass chromophores may have only a small
effect on the photochemical characteristics of the

bulk CDOM, we should consider the possible impact
when interpreting any results that vary with molecu-
lar mass.

The photosensitizing ability of the CDOM was
measured by direct detection of 1O phospho-2

rescence generated from UV exposure. To our
knowledge, this is the first report of direct measure-
ment of 1O phosphorescence in natural aquatic2

CDOM samples.
Previously reported f values were obtained forso

natural waters using 2,5-dimethylfuran or furfuryl
alcohol as a singlet oxygen scavenger, and fall in the

Žrange 0.004–0.030 Zepp et al., 1977; Haag et al.,
.1984; Zepp et al., 1985; Frimmel et al., 1987 . Our

f values from the HMM samples, obtained fromso

measuring 1O phosphorescence directly, fall near2
Ž .the center of this range Fig. 8 . It should be noted

that the literature f ’s in Fig. 8 were found usingso

single wavelength excitation of 313 nm or 366 nm.
Our excitation light covered the range of 280–380
nm, which included both of the strong Hg lamp lines
at 313 nm and 366 nm. Thus our f ’s can beso

considered average quantum yields for these two
lines, and it is reasonable that our f values shouldso

generally fall between the literature values for these
two wavelengths.

For our LMM samples, the f values exceedso

previously reported values, with the Mississippi River

Ž .Fig. 8. Comparison of singlet oxygen quantum yields: I CDOM
Žconcentrated from natural waters, excitation 280–380 nm this

. Ž .report ; % CDOM in natural waters, excitation 313 nm or 366
Ž . Ž .nm Zepp et al., 1977, 1985 ; e humic acids and CDOM

Žconcentrated from lake water, excitation 366 nm Haag et al.,
. Ž .1984 ; ' CDOM extracted from natural waters and soils by

Ž .XAD-2 resins, excitation 366 nm Frimmel et al., 1987 .
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LMM sample having a f more than twice theso

highest reported value of 0.03. The large difference
between f values from LMM and HMM fractionsso

indicates that the smaller molecular mass material
has higher photosensitizing power. In earlier work on

Ž .humic and fulvic acids, Frimmel et al. 1987 report
a significantly higher sensitizing effect in lower

Ž .molecular mass fractions. Haag and Hoigne 1986´
Žfound that low molecular mass material range 100–

.500 Da from lakes seemed to be more efficient in
forming 1O . In another study, Bruccoleri et al.2
Ž .1993 measured the triplet state of fulvic acids
directly by time resolved photoacoustic spec-
troscopy. They compared )30 and )1 kDa frac-
tions of Laurentian fulvic acids and found apparent
triplet state quantum yields to be much higher for the
lower molecular mass fraction. In the smaller CDOM,
excited triplet-state chromophores may be less
quenched by other components in CDOM, and at the
same time may be more accessible for approach and
quenching by dissolved molecular oxygen, resulting
in higher f ’s. Since low molecular mass CDOMso

appears to be more efficient in photosensitizing 1O ,2

and because our optical absorption results indicate
that the loss of small material during the process of
ultrafiltration changes the distribution of absorbers,
our measured 1O quantum yields may represent a2

lower bound for in situ CDOM.
Among the HMM zero salinity samples from the

Žrivers excluding the partially soluble Blackwater
.River sample , the singlet oxygen quantum yield

varies only slightly. The yield from the Apalachicola
was slightly lower than the Mississippi and
Atchafalaya River samples, but within the accuracy
of this measurement we cannot distinguish between
different riverine sources of the CDOM.

Singlet oxygen can also be quenched by the
CDOM itself. We have directly observed this
quenching and shown that it depends on the concen-

Ž .tration of the CDOM Fig. 4 . Although our method
does not allow separation of physical from chemical
quenching, any chemical quenching will oxidize the
CDOM.

We have also measured the steady-state level of
photoproducted free radicals in CDOM using EPR.
A single EPR line arising from free radicals was
readily observed during irradiation. Because we used
steady-state EPR, the observed signal must be due to

relatively long-lived radicals. Similar spectra with g
value ranging from 2.0038 to 2.008 have been re-
ported for humic acids, fulvic acids, particulate or-
ganic matter and for soil derived humic substances
and are associated with quinone, semiquinone, or

Žsubstituted semiquinone radical species Haworth,
1971; Senesi and Schnitzer, 1977; Boughriet et al.,

.1992; Tipikin et al., 1993 . Our measured linewidth
in solution indicates an averaging of contributions
from several unresolved species of semiquinone radi-

Ž .cals Boughriet et al., 1992 . The radicals are pro-
duced only during irradiation of the CDOM, and are
the result of either direct photolysis or subsequent
radical chemistry following photoionization or
photosensitized formation of radical pairs. Because
these radicals are long-lived, they do not recombine
immediately, but are available for other reactions
such as oxidation by O . Although our experimental2

conditions are not the same as normally encountered
in the environment, if solar UV produces similar
radicals to those we observed, this free radical medi-
ated pathway may be an important mechanism for
oxidative degradation of DOM.

In contrast to the singlet oxygen generation data,
the contribution of small molecular mass constituents
does not appear to play an important role in the
F.R.P. level. This is similar to the results obtained by

Ž .Bruccoleri et al. 1993 for Laurentian fulvic acids,
where they found that photoionization was not sensi-
tive to molecular mass. We hypothesize that the
larger mass material is more likely to stabilize a free
radical, increasing the lifetime and allowing detec-
tion by EPR. Location of the observed radicals pre-
dominantly in the larger mass material would explain
the insensitivity of the F.R.P. to inclusion of lower
molecular mass CDOM.

We found the EPR signal decayed with continu-
Žous, high intensity, short wavelength irradiation Fig.

.6 . The loss of the free radical signal was accompa-
nied by a change in the optical absorption, indicating
permanent chemical changes in the sample.

4.2. Transport along salinity transects

For the HMM samples, f values do not de-so

crease along the transects with increasing salinity of
the collection sites. Thus singlet oxygen production
remains an important photochemical process as
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CDOM moves down the river and mixes into ocean
waters. Because the values along the transects
changed only a small amount, this could indicate that
singlet oxygen production is independent of terrige-
nous or marine origin of the CDOM. However, it is
interesting to note that the optical absorption S val-
ues of coastal waters, both from our data and others,

Žtend to increase at higher salinities Blough et al.,
1993; Green and Blough, 1994; Vodacek et al.,

.1997 , indicating a higher percentage of small
molecular weight material in the bulk CDOM at the

Žhigh salinities Strome and Miller, 1978; Green and
.Blough, 1994; Mopper et al., 1996 . In our samples,

low molecular mass material was lost in the ultrafil-
tration process, especially at higher salinities where
increases in S have shown that there is more low
molecular mass material to begin with. Because of
the molecular size selectivity inherent in the ultrafil-
tration process and because we found that the fso

values were dependent on molecular mass, we might
expect to see a greater increase in f with increas-so

ing salinity for in situ CDOM than we found with
the HMM material.

The f values for the two LMM samples did notso

follow the same trend as the HMM samples, with the
inshore sample showing a higher quantum yield than
the LMM offshore sample. Unlike the HMM sam-
ples, the LMM Gulf of Mexico sample had been
desalted by diafiltration. During diafiltration small

Ž .molecular mass material is lost Benner, 1991 , sug-
gesting that the decrease in the f for the offshoreso

LMM material could be an artifact of the additional
processing.

The free radical signal generated in the CDOM
decreased dramatically from freshwater samples to

Ž .samples from 9 ppt estuarine waters Fig. 7 . A
variety of physical, chemical, and biological pro-
cesses influence the behavior of riverine particulate,
collodial and dissolved materials in low salinity estu-

Ž .arine transition zones Duinker, 1980 . The stepwise
decrease in F.R.P. indicates a decrease in the ability
of the material to form the long-lived radicals, proba-
bly semiquinones, observed in our experiments. This
decrease in radical formation could be due to a
decreased ability to stabilize free radicals, andror a
reduction of average molecular size of the CDOM.
The drop in F.R.P. does not follow conservative
mixing behavior along the salinity transect, making it

unlikely that the change is due solely to the increas-
ing presence of marine CDOM. Part of the change in
free radical photoreactivity may arise from the
changes in the DOM composition as the terrigenous
DOM is exposed to the increasing ionic strength of
estuarine waters in 0–10 ppt coastal plumes, and part
may result from degradation as the material is ex-
posed to light and bacterial processes. The observa-
tion in other studies of optical bleaching and the
formation of small molecular mass material from

ŽCDOM after UV exposure Kieber et al., 1990;
.Mopper et al., 1991 and increased bacterial growth

Ž .Moran and Zepp, 1997 support a degradation path-
way.

5. Conclusions

The measurement of singlet oxygen quantum yield
conveniently approximates the formation of long-
lived excited states by multiple chromophores in
CDOM. As photoproduced free radicals and singlet
oxygen may participate in oxidative degradation of
CDOM, f and F.R.P. are complementary and con-so

venient markers of photoreactivity of CDOM from
different sources.

Our EPR results show that some aspects of the
photochemical nature of the CDOM changes as the
terrestrially derived CDOM reaches G9 ppt estuar-
ine waters. The change indicates a loss of the reac-
tive chemical groups and may reflect degradation of
terrestrial CDOM in low salinity waters. In natural
environments, the degradation can occur from pri-
mary cleavage by UV light or by secondary cleavage
from microbial activity, or more likely by a combina-
tion of these processes. In contrast to the decrease in
F.R.P. values, 1O quantum yields along the transect2

do not decrease for our HMM samples, but remain
constant or even increase slightly with increasing
salinity. Our results also show that the singlet oxy-
gen quantum yields depend on the presence of low
molecular mass material. These results suggest that

Žthe photosensitizing ability photoreactivity via triplet
.states of estuarine CDOM does not decrease as

terrestrial CDOM is degraded into smaller molecules
in estuarine waters or is mixed with low molecular
mass marine CDOM.
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