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Photochemically-released dissolved organic matter (PR-DOM) from resuspended sediments is an under-
studied flux of dissolved organic carbon (DOC) and nutrients with the potential to influence estuarine
microbial food webs. There is currently limited knowledge on the composition, lability and biological
alterations of this material once released into the water column. This study addresses the composition
and fate of PR-DOM from resuspended sediments of the Cape Fear River Estuary (CFRE) in southeastern
North Carolina. Six-hour irradiation released 22–44% more DOC, and PR-DOM was of a different compo-
sition and enhanced lability, relative to dark controls. Irradiation led to release of humic-like DOM, indi-
cated by increased chromophoric and fluorescent dissolved organic matter, substantial increases in the
humification index, and production of oxidized higher molecular weight compounds with higher aro-
maticity, relative to dark controls. However, DOM of lower molecular weight and reduced aromaticity
was produced as well. This was indicated by increased spectral slope (S275–295) and decreased specific
ultraviolet absorbance at 254 nm (SUVA254), relative to dark controls. This latter pool of DOM may be
linked to nitrogen-(N-) and sulfur-(S-)containing compounds that were photodegraded or biologically
altered during irradiation experiments. In subsequent lability incubation experiments, degradation of
PR-DOM was more rapid than DOM released from dark controls, especially for marine humic-like fluo-
rophores. Incubation of PR-DOM led to an 8-fold increase in compounds with molecular formulas that
were unique to light-exposed DOM relative to unexposed DOM, the majority of which were N- and S-
containing compounds. Given that coastal sediments are typically enriched in these nutrients, N- and
S-containing compounds appear to influence the lability of PR-DOM from estuarine resuspended sedi-
ments. Estimated lability of photoreleased DOC from resuspension events in the CFRE is comparable to
previous bioavailable DOC estimates and suggests that episodic photochemical interactions with sedi-
ments may act as a previously unrecognized source of labile DOC to bacteria and plankton in these coastal
waters.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the chemical transformations, sources and sinks
of dissolved organic matter (DOM) in coastal waters is vital in con-
necting biogeochemical cycles with trophic food webs in estuarine
ecosystems. Resuspended estuarine sediments exposed to sunlight
photolysis have been identified as a potential source of dissolved
organic carbon (DOC) and nutrients to marine food webs (Kieber
et al., 2006a; Mayer et al., 2006; Shank et al., 2011; Southwell
et al., 2011). Estuarine environments are subject to both natural
and anthropogenic resuspension of sediments into the water col-
umn, induced by highly energetic events such as hurricanes, thun-
derstorms, tidal movements, shipping activities and high winds.
Additionally, modest wind conditions can resuspend sediments
at a lesser intensity, but at a higher frequency (Blanton et al.,
1999; Booth et al., 2000). Inorganic nutrients produced through
resuspension-induced photochemical release are likely utilized
quickly in the photic zone of coastal waters via the microbial loop
(Azam et al., 1983; Southwell et al., 2011). However, less is known
about the composition and biogeochemical fate of photoreleased

http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2020.104164&domain=pdf
https://doi.org/10.1016/j.orggeochem.2020.104164
mailto:harfmannj@uncw.edu
https://doi.org/10.1016/j.orggeochem.2020.104164
http://www.sciencedirect.com/science/journal/01466380
http://www.elsevier.com/locate/orggeochem


J.L. Harfmann, G. Brooks Avery Jr., H.D. Rainey et al. Organic Geochemistry 151 (2021) 104164
dissolved organic matter (PR-DOM), particularly as it relates to
trophic food webs.

The majority of studies involving PR-DOM conclude that this
material enhances microbial activity in the ocean (Mopper and
Kieber, 2002; Mopper et al., 2015; Cory and Kling, 2018). In sus-
pended sediments, knowledge of the extent of bioavailability of
PR-DOM is inconclusive and the corresponding studies lack
detailed chemical analyses of DOM transformations to parse out
these inconsistencies (Mayer et al., 2011; Schiebel et al., 2015).

Natural DOM is an exceedingly complex mixture of organic
compounds and the analytical tools to capture this complexity
continue to evolve. Traditional spectroscopic analyses reveal pho-
tochemical production of chromophoric dissolved organic matter
(CDOM) and fluorescent dissolved organic matter (FDOM) and
imply the photochemical dissolution of DOM from coastal sedi-
ments (Shank et al., 2011; Schiebel et al., 2015). High molecular
weight DOM that is ubiquitous in natural waters and chro-
mophoric in nature, have received considerable attention (Coble,
1996; Kowalczuk et al., 2003; Stedmon and Nelson, 2015; Cheng
et al., 2019); still, much of the molecular composition of this
DOM has not been well characterized. Pairing optical techniques
with higher resolution methods, such as Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICRMS), provides two
potentially distinct analytical windows for characterizing this
DOM and for visualizing abiotic and biotic transformation pro-
cesses (Brogi et al., 2018). Studies combining spectroscopic analy-
ses with FT-ICRMS indicate that photochemical degradation of
estuarine DOM is a major removal mechanism for high molecular
weight, terrestrially derived DOM, as water moves through an
estuarine system (Stubbins et al., 2010; Seidel et al., 2015). How-
ever, DOM released from irradiation of resuspended sediments is
potentially of an entirely different composition to bulk estuarine
DOM and may impact estuarine food webs in unpredictable ways.

The goals of the current study were to: 1) characterize the opti-
cal and molecular composition of PR-DOM from resuspended estu-
arine sediments, and 2) examine the lability of PR-DOM relative to
dark controls. This study offers new insight into the cycling of
DOM, revealing a potentially under-studied and poorly quantified
source of labile DOC that could contribute labile substrates to
lower oceanic trophic levels.

2. Materials and methods

2.1. Study site and sampling

Sediment samples were collected in September 2014 in the Cape
Fear River Estuary (CFRE), North Carolina, Wilmington, NC, USA
(Fig. 1). Sites CFRE-1 (34.0335 �N, 77.937 �W; �10 miles from sea)
and CFRE-2 (34.1938 �N, 77.9573 �W; �21 miles from sea) were
chosen to coincide with sites studied by the Lower Cape Fear River
Program, a well-established water quality monitoring program
(Mallin et al., 2015). Sediment samples were collected from the
top 2–3 cm using a Ponar grab sampler and placed in Ziploc bags
and transported back to the laboratory in a cooler. Samples were
stored at 4 �C for no longer than 1 month prior to initiating exper-
iments. Seawater used in resuspensions was collected as a surface
grab sample in the Gulf Stream (GSSW; 33.8722� N, 77.091 �W) on
September 22nd, 2014 in 4 L high density polyethylene bottles
and filtered with 0.2 mm polyethersulfone filters. Gulf Stream sea-
water was chosen as the resuspension matrix in order to provide a
low DOC background and to mimic near offshore conditions in the
case of a large resuspension event (Southwell et al., 2011).

2.2. Resuspension of sediments and irradiation

Sediment from CFRE-1 (0.8% OC) and CFRE-2 (0.7% OC) was
size-fractionated in Gulf Stream seawater to obtain the fine sedi-
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ment (<10–20 mm nominal diameter). This size range is environ-
mentally relevant, given the penetration depth of
photosynthetically active radiation (PAR) in the Cape Fear River
Estuary of 1.3–2.4 m (R.F Whitehead, pers. comm.). Kieber et al.
(2006b) demonstrated that while UV wavelengths were most
effective at initiating DOC photorelease from particles, PAR, which
penetrates to these deeper depths, also plays a role. Given a set-
tling velocity of estuarine suspended particles of 0.0001 m s�1

(Hill et al., 2000), particles of <10–20 lm diameter could remain
suspended for roughly 4–7 h within the upper 2.4 m of the Cape
Fear water column. Preliminary size-fractionation experiments
were performed to identify appropriate sediment mass/volume
ratios that would target total suspended solids (TSS) concentra-
tions of 160 mg L�1, within the range found in many estuarine
environments (Zhang, 1999; Perez et al., 2000; Yang et al., 2020).
To size-fractionate sediments,�5–6 g (wet weight) of each sample
was placed into 4 L of filtered seawater. The resulting mixture was
vigorously agitated for 1–2 min and allowed to settle for 40 min in
order to exclude coarse particulate matter. The top 20 cm of the
mixture (corresponding to sediment <ca. 10–20 mm according to
Stokes’ Law) (Jackson, 1973) was then siphoned by pipette from
the center of the 4 L container into two separate 1 L quartz round
bottom flasks and placed in a solar simulator for irradiation. An
analogous flask was wrapped in aluminum foil and placed next
to the light sample inside the solar simulator to act as a dark con-
trol. Samples were placed on a Gyrotory� shaker model G2 set at
100 RPM to keep sediments suspended throughout the experi-
ment, and flasks were periodically rotated to ensure homogenous
light exposure. An additional sample was placed in a combusted
flask and immediately filtered (Whatman GF/F filter) for DOC and
optical analysis as an initial sample.

Samples were irradiated for six hours using a solar simulator
(Spectral Energy solar simulator LH lamp housing with a 1000 W
Xe arc lamp) equipped with a sun lens diffuser and an AM1 filter
to remove wavelengths not found in the solar spectrum. Irradiance
conditions followed those of previous resuspended sediment pho-
tolysis experiments (Kieber et al., 2006b, 2017; Southwell et al.,
2011; Helms et al., 2014; Avery et al., 2017; Skrabal et al., 2018).
While laboratory irradiance allowed for a more consistent and
measurable light field than natural sunlight, the tradeoff was lim-
ited space in the solar simulator, which prevented the replication
that field experiments could offer. All quartz and glassware used
were rinsed with high-purity water (�18.2 MX cm; Milli-Q Refer-
ence system, Millipore Corp) and combusted at 450 �C for at least
4 h prior to use. Samples were filtered following irradiation
through a combusted 47 mm Whatman GF/F filter and a subset
was prepared for DOC and optical analysis.

Molecular level changes in PR-DOM were assessed using FT-
ICRMS in separate irradiation experiments using CFRE-2 sediment
(Supplemental Figure A). While optical analyses were performed
on both CFRE-1 and CFRE-2, FT-ICRMS was limited to one site
due to finite resources and the similarity in organic carbon content
of CFRE-1 and CFRE-2. These separate irradiation experiments
were identical to the above except approximately 1.7 g (wet
weight) was added to 2 L filtered seawater in a Teflon bottle and
allowed to settle for 17.5 min. The upper 10 cm of the mixture
was then siphoned into quartz tubes for 6 hour irradiation. Despite
potential differences in TSS between the two sets of experiments,
both methods targeted sediments < ca. 10–20 mm.

2.3. DOC lability incubation experiments

Following the primary irradiation experiment, approximately
950 mL of each GF/F filtered sample was placed into a combusted
4 L glass container with a freshly collected seawater inoculum (4%
v:v), capped, and incubated in the dark for approximately 30 days.



Fig. 1. Map of collection sites for sediments in the lower Cape Fear River, NC, USA (yellow; CFRE-1 and CFRE-2) and nearby seawater (white; GSSW and WBSW). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

J.L. Harfmann, G. Brooks Avery Jr., H.D. Rainey et al. Organic Geochemistry 151 (2021) 104164
Herein, lability incubation samples are referred to as either unex-
posed (sediments from ‘dark’ irradiation treatment) or light-
exposed (sediments from ‘light’ irradiation treatment) to distin-
guish samples derived from the lability incubation from those
derived from the irradiation experiments.

Seawater for inoculum was collected just offshore of Wrights-
ville Beach, North Carolina (WBSW; 34.2085� N, 77.7964 �W) to
simulate bacterial and plankton communities near sediment sites.
Seawater was screened through a 100 mm net to remove larger
grazing organisms and particles while keeping most of the bacte-
rial community intact (Herlemann et al., 2014). Samples for the
CFRE-2 site were taken on days 0, 2, 5, 11, 22, and 30 after irradi-
ation and filtered (47 mm Whatman GF/F) for DOC and optical
analyses. Samples for CFRE-1 were sampled less frequently – on
days 0, 10, 20, and 29 – allowing for sufficient final sample volume
to assess molecular level changes via FT-ICRMS in addition to DOC
and optical analyses.

DOC and optical parameter measurements were normalized to
values at the start of each incubation and are presented as percent
loss. Photo-enhanced lability was assessed as differences between
normalized parameters in unirradiated and light-exposed treat-
ments. The term ‘lability’ is used rather than ‘bioavailability’, in
the current study to acknowledge that abiotic mechanisms such
as hydrolysis may contribute to a small degree to observed
differences.
2.4. DOC analysis

Dissolved organic carbon was determined by high temperature
combustion (HTC) using a Shimadzu TOC total organic carbon ana-
lyzer equipped with an ASI-L autosampler (Shimadzu, Kyoto,
Japan). Standards were prepared from reagent grade potassium
hydrogen phthalate (KHP) in high-purity water (�18.2 MX cm;
Milli-Q Reference system, Millipore Corp). Samples and standards
were acidified to pH 2 with 6 M HCl and purged to remove inor-
3

ganic carbon. DOC concentrations are reported as an average of
triplicate injections.
2.5. Absorption analysis

Absorption measurements were made on a double beam spec-
trophotometer (Cary 100 Bio UV–Visible Spectrophotometer) with
a 1 cm quartz cell, and high-purity water (�18.2 MX cm; Milli-Q
Reference system, Millipore Corp) was used as the blank. All scans
were made from 200 to 800 nm at 1 nm intervals. Absorption
coefficients of filtered samples, ak, were calculated using the equa-
tion ak = 2.303 Ak/l where Ak is the corrected spectrophotometer
absorbance reading at wavelength k and l is the optical pathlength
in meters. All absorption measurements were corrected for instru-
ment drift and scattering by subtracting the average absorbance in
the spectral range from 725 to 775 nm (Helms et al., 2008). Sam-
ples were also corrected for inner filter effects when absorbance at
254 nm exceeded 0.05. The absorption coefficient at 300 nm (a300)
was used as an index for CDOM abundance (Del Castillo et al.,
1999; Kieber et al., 2006a). The specific UV absorbance of the
DOC calculated at 254 nm (SUVA254) was determined by normal-
izing the decadic absorption coefficient at 254 nm with DOC con-
centration and is reported in units of liter per milligram carbon per
meter (L�mg C�1�m�1) (Weishaar et al., 2003). Spectral slope (S275–
295) was calculated using linear regression of the log-transformed
UV absorbance spectra between 275 and 295 nm with R2 > 0.98
(Helms et al., 2008). In contrast to DOC, absorbance measurements
are reported without boundaries of analytical precision since
instrument variability is negligible for the double-beam
spectrophotometer.
2.6. Fluorescence analysis

Three dimensional excitation-emission matrix (EEM) fluores-
cence measurements were made using a Horiba Aqualog 3D fluo-



Table 1
Percent change (D%)1 in DOC and optical parameters following 6 hour irradiation of
resuspended sediments.

Parameter Site Dark Light

DOC CFRE-1 5 ± 1 22 ± 2
CFRE-2 1 ± 2 44 ± 4

a300 CFRE-1 �8 177
CFRE-2 25 250

SUVA254 CFRE-1 5 �61
CFRE-2 �40 �76

S275–295 CFRE-1 3 6
CFRE-2 4 14

Total FDOM CFRE-1 7 90
CFRE-2 31 186

FI CFRE-1 �2 �17
CFRE-2 �17 �15

HIX CFRE-1 �2 90
CFRE-2 56 210

BIX CFRE-1 3 �26
CFRE-2 �7 �26

1 D% = (Xf �Xi

Xi
Þ 100ð Þ where Xi = value prior to irradiation and Xf = value following

irradiation.
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rometer equipped with a 150W ozone-free Xe arc lamp and a mul-
tichannel charge coupled device (CCD) detector. Excitation wave-
lengths ranged from 240 to 600 nm at 3 nm increments,
whereas emission wavelengths were collected in a range from
212 to 621 nm at 3 nm increments. All EEM intensities were
blank-subtracted using high-purity water, Raman and Rayleigh
scatter corrected, and corrected for the inner-filter effect using Ori-
gin 8.1 Aqualog software. All corrections were performed prior to
normalization to quinine-sulfate-unit equivalents (QSE). The
instrument was calibrated based on the excitation at 347.5 nm
of 1 ppb quinine sulfate dihydrate dissolved in 0.1 M perchloric
acid, with measurement of the intensity at 450 nm. Scans were
corrected by a UV-enhanced silicon photodiode reference detector
to account for changes in lamp output.

In addition to total FDOM integrated over each EEM, fluorescent
regions in the EEMs spectra were identified using the letter system
(A, C, M, T) first proposed by Coble (1996). The A peak is humic-like
and absorbs strongly in the UV region, indicating it is less aromatic
in nature. The C peak is also humic-like but absorbs more strongly
in the visible region and is comparatively more aromatic. The M
peak is associated with marine humic-like substances and may
be a possible photoproduct of carbon (Kieber et al., 2006a). The T
region is indicative of protein-like fluorophores, such as trypto-
phan and tyrosine. These component peaks were integrated by
rectangle in Excel based on the free-form integration parameters
set forth by Kieber et al. (2006a). Fluorescence index (FI) was
determined as the ratio of emission wavelengths at 470 and 520
nm obtained at excitation wavelength 370 nm (McKnight et al.,
2001). Humification index (HIX) was calculated as the area under
the emission spectra 435–480 nm divided by the peak area 300–
345 nm + 435–480 nm at excitation wavelength 254 nm (Ohno,
2002). Biological index (BIX) was calculated as the ratio of emission
intensity at 380 nm divided by 430 nm at excitation wavelength
310 nm (Huguet et al., 2009). As with absorbance, fluorescence
measurements are reported without boundaries of analytical pre-
cision given stability in fluorometer readings.

2.7. FT-ICRMS analysis

Samples were prepared for FT-ICRMS analyses with Agilent
Bond Elut PPL solid-phase extraction (SPE) cartridges filled with
500 mg of functionalized styrene–divinylbenzene polymer (PPL)
resin (Dittmar et al., 2008). The SPE cartridge was conditioned with
3 mL of methanol and 3 mL of methanol:acetonitrile (1:1).
Approximately 170 mL of sample was passed through the car-
tridge. The cartridge was then washed with one cartridge volume
(3 mL) of methanol:high-purity water (1:100). It was then dried
under N2 gas and sample was eluted with three 1 mL fractions
of methanol:acetonitrile (1:1). Samples were ionized by electro-
spray ionization in the negative mode, (–) ESI, and analyzed with
a 9.4 T FT-ICR mass spectrometer located at the National High
Magnetic Field Laboratory (NHMFL; Tallahassee, FL) (Blakney
et al., 2011; Kaiser et al., 2011). A ‘‘walking” calibration method
with homologous series of high abundance was utilized for inter-
nal calibration of each spectrum (Savory et al., 2011).
EnviroOrgTM software developed at the NHMFL was used for molec-
ular formula assignment and data visualization. Reproducibility for
individual samples on multiple different ultrahigh resolution MS
platforms is reported in detail by Hawkes et al. (2020).

Molecular formulas unique to each treatment were extracted
and grouped by element class (CHO, CHON, CHOS) and compound
class (condensed aromatics, polyphenols, unsaturated low oxygen,
unsaturated high oxygen, aliphatics, and peptide-like). Compound
classes were defined by elemental ratio and modified aromaticity
index (Koch and Dittmar, 2006) as outlined in Spencer et al.
(2014). Unique molecular formula distributions were also assessed
4

across several common FT-ICRMS metrics, including oxygen class
(O class), nitrogen class (N class), nominal oxidation state of carbon
(NOSC) as in Riedel et al. (2012), modified aromaticity index
(AImod) as in Koch and Dittmar (2006), and double bond equiva-
lents minus oxygen (DBE-O) as in Gonsior et al. (2009). AImod cor-
rects for the decreased pi bonding observed in marine DOM (Koch
and Dittmar, 2006), and DBE-O excludes carboxyl group contribu-
tions to DBE, thereby more accurately representing unsaturation of
the carbon skeleton (Gonsior et al., 2009).
3. Results

3.1. Photo-induced alteration of DOM from resuspended sediments

3.1.1. DOC and optical effects
Initial DOC concentrations were 101 ± 1 mM and 80 ± 1 mM

for CFRE-1 and CFRE-2, respectively. DOC remained relatively
unchanged in dark controls, but increased to 123 ± 2 mM and
115 ± 3 mM in light treatments. Correspondingly, 22 ± 2% and
44 ± 4% more DOC was released in light treatments relative to ini-
tial DOC for CFRE-1 and CFRE-2, compared to only 5 ± 1% and 1 ±
2% more DOC released in dark controls (Table 1). Irradiation there-
fore resulted in up to 43% more DOC release than dark controls.
CFRE-2 exhibited higher net photo-release than CFRE-1, but release
of CDOM and FDOM were enhanced upon light exposure for both
sites, with a300 and total FDOM increasing nearly tenfold compared
to dark control samples (Table 1). Net photo-release of FDOM was
attributed primarily to peak A, with additional contribution from
peaks C and M (Table 2). Changes in optical indices were also
enhanced in irradiated samples. SUVA254 decreased 61–76% upon
irradiation, and S275–295 increased 6–14% (Table 1). While the
change in FI due to irradiation was minimal, HIX increased by
90–210% after irradiation and BIX decreased by 26% (Table 1).
3.1.2. Molecular level changes
Molecular differences between dark and light treated samples

were highlighted by considering only the molecular formulas
unique to each sample set. Compared to dark controls, light treat-
ments produced more compounds with molecular formulas with a
higher average molecular weight (dark: 1066 compounds,
mean = 423 Da; light: 1347 compounds, mean = 481 Da) (Fig. 2).



Table 2
Net photo-release of DOC and changes to optical parameters following 6 hour
irradiation of resuspended sediments. Positive values indicate an increase in the light
treatment.

Parameter Site Net Photo-Release1

DOC (mM) CFRE-1 27 ± 2
CFRE-2 34 ± 3

a300 (m�1) CFRE-1 2.4
CFRE-2 2.7

Total FDOM (QSE) CFRE-1 58.3
CFRE-2 78.6

Peak A (QSE) CFRE-1 16.5
CFRE-2 21

Peak C (QSE) CFRE-1 5.6
CFRE-2 8.8

Peak M (QSE) CFRE-1 7.3
CFRE-2 9.8

Peak T (QSE) CFRE-1 �0.5
CFRE-2 1.3

1 Net photo-release = XL � XD where XL = value after 6-hr photo-exposure and
XD = value in corresponding dark control.
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CHO compounds comprised 43–52% of all unique molecular for-
mulas, and while the number of unique CHO compounds was sim-
ilar for both treatments, those in the light treatment had higher O:
C and lower H:C ratios, compared to those of the dark control
(Fig. 3). Similarly, for CHON, dark and light treatments exhibited
comparable proportions of unique formulas (31–35%, Fig. 2) but
those in the light treatment had much higher O:C ratios (Fig. 3).
CHOS compounds comprised the smallest percentage of unique
molecular formulas, but were twice as prevalent in the light treat-
ment compared to the dark control (Fig. 2) and followed trends of
low H:C and high O:C relative to dark controls (Fig. 3). The percent
of unique unsaturated high O compounds in the light treatment
was more than three times that of the dark treatment, and irradi-
ation produced fewer aliphatic and slightly more peptide-like com-
pounds relative to dark controls (Fig. 2).

Across all elemental classes (CHO, CHON, and CHOS), light treat-
ments exhibited higher O class and NOSC than dark counterparts
(Fig. 4). N class was particularly affected by irradiation, with
roughly half of unique compounds in dark controls containing
Total unique molecular formulas Elemental

Dark

Light

1066 
(MW:423 Da)

1347
(MW: 481 Da)

551

417

582

375

Fig. 2. Distribution of unique molecular formulas following irradiation of resuspended se
formulas is indicated for each class, as well as average molecular weight for all unique
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1 N (43%) and half containing 2 N (57%), but all unique compounds
in light treatments containing 1 N. Interestingly, for DBE-O and
AImod, CHON and CHOS compounds exhibited opposite trends rel-
ative to CHO, decreasing in light treatments across these metrics
(Fig. 4).

3.2. Lability incubation effects of photo-released DOM from
resuspended sediments

3.2.1. DOC and optical effects
Bulk photo-released DOC (PR-DOC) was consistently more

labile than unexposed DOC (Fig. 5a). Overall, lability incubations
reduced DOC concentrations in light-exposed samples 15% and
17% for sites CFRE-1 and CFRE-2, respectively, while DOC in unex-
posed treatments was reduced 8% and 12%. Photo-enhanced labil-
ity of bulk DOC was in part attributed to FDOM. There was a 7–12%
loss of total FDOM in pre-irradiated treatments compared to a 4%
loss in unexposed treatments (Fig. 5b). While fluorophore peak A
(associated with humic-like, degradation-resistant compounds)
accounted for the majority of total FDOM (ca. 25%, Supplemental
Table A), peaks M and T (associated with humic-like marine and
protein-like compounds, respectively) exhibited the strongest
photo-enhanced lability toward the end of the incubation, particu-
larly for CFRE-1 (Fig. 6). Following incubations, peak M fluores-
cence decreased 13% in light-exposed treatments but less than
5% in unexposed treatments, and peak T fluorescence decreased
10–34% in light-exposed treatments but 0–18% in unexposed
treatments.

Lability of CDOM in resuspended sediments appeared to be
unaffected by irradiation (Supplemental Figure B). While there
was a 0–20% loss in a300 across microcosms, variance throughout
the incubation – particularly in the dark control – suggests that
in situ transformations, such as bacterial or planktonic production
or viral cell lysis, were more significant in driving this parameter
than enhanced lability through irradiation, as suggested by
Mayer et al (2011).

3.2.2. Molecular level changes
Light-exposed samples produced 8 times more unique molecu-

lar formulas than unexposed samples, including 924 unique CHOS
compounds and 552 unique CHON compounds (Fig. 7). These data
 class Compound class

63
286

430

147

348

140

85

55

151 70

507
219

211
189

diments (CFRE-2) as determined by (–) ESI FT-ICRMS. Number of unique molecular
formulas.
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Fig. 3. Van Krevelen plot of molecular formulas determined by (–) ESI FT-ICRMS for dark control and light-exposed CFRE-2 resuspension mixture. Color indicates relative
abundance, displayed as a percent of total unique formulas. Dotted lines are adapted from Kellerman et al. (2014) and represent estimated compound class delineations (a:
aliphatic/peptide-like; b: unsaturated low oxygen; c: unsaturated high oxygen; d: polyphenols; e: condensed aromatics), though exact categorizations may differ slightly.
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Fig. 4. Distribution of unique molecular formulas across several molecular parameters as determined by (–) ESI FT-ICRMS for dark (grey) and light (yellow) CFRE-
2 resuspension mixture. O Class: oxygen class, NOSC: nominal oxidation state of carbon, DBE-O: double-bond equivalents minus oxygen, AImod: modified aromaticity index.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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represent production of compounds with unique molecular formu-
las and indicate significant diversification of the CHON and CHOS
pools. H:C and O:C ratios of unique molecular formulas were com-
parable across both light-exposed and unexposed treatments
(Fig. 8). Proportions of polyphenols, condensed aromatics, and
6

unsaturated high oxygen compounds were higher in light-
exposed samples, with relatively lower contributions of aliphatics
and unsaturated low oxygen compounds (Fig. 7). In contrast to
trends observed in irradiation experiments, unique molecular for-
mulas in light-exposed incubation samples were, on average, of



Fig. 5. Percent loss of a) dissolved organic carbon (DOC) and b) total fluorescence (total FDOM) of light-exposed (orange) and unexposed (black) microcosms of CFRE-1 (D)
and CFRE-2 (O) sampling sites. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Percent loss of a) Peak A, b) Peak T, c) Peak C, and d) Peak M of light-exposed (orange) and unexposed (black) microcosms of CFRE-1 (D) and CFRE-2 (O) sampling sites.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

J.L. Harfmann, G. Brooks Avery Jr., H.D. Rainey et al. Organic Geochemistry 151 (2021) 104164
lower molecular weight, decreased O class, increased DBE-O,
increased AImod, and increased N class, relative to those of unex-
posed samples (Fig. 9). NOSC was the only metric that displayed
similar trends in light treatments compared to dark controls across
both irradiation experiments and incubations.

4. Discussion

4.1. Irradiation-induced transformations of DOM from resuspended
sediments

As one of the primary drivers of DOM transformation in coastal
systems, irradiation has the potential to alter DOM composition
through either photohumification (bond making that leads to lar-
ger and/or more complex DOM), or photodegradation (bond
breaking that leads to smaller and/or simpler DOM). Both photohu-
7

mification and photodegradation have been observed in natural
systems (Osburn et al., 2011; Lønborg et al., 2016) including resus-
pended sediments (Kieber et al., 2006b; Mayer et al., 2006; Shank
et al., 2011; Southwell et al., 2011). Photorelease of sedimentary
organic matter generally increases absorption properties in the dis-
solved phase through dissolution of aromatic and condensed moi-
eties in the original particulate organic matter, as well as possible
photohumification (Kieber et al., 1997). However, concurrent and
subsequent photodegradation may either increase CDOM/FDOM
through degradation of aromatic amino acids (Reche et al., 2001;
Reitner et al., 2002), or decrease it through photooxidation and/
or mineralization of aromatic compounds. The chemical composi-
tion of DOM dictates which transformation processes will
dominate.

Release of humic or humic-like structures was a dominant
transformation process during the irradiation of CFRE sediments,
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as evidenced by substantial increases in HIX (Table 1). Optically
active DOM was produced, and ionizable PR-DOM was of higher
molecular weight and was more highly unsaturated than DOM
released in dark conditions (Fig. 2). CHO compounds – which con-
stituted roughly half of the DOM pool – had elevated DBE-O and
AImod, indicating the production of aromatic compounds (Fig. 4).
However, decreases in SUVA254 and increases in S275–295 suggest
removal of aromatic compounds and shifts to lower molecular
weight DOM (Table 1), reflecting alterations of non-CHO com-
pounds. N- and S-containing PR-DOM had lower DBE-O and AImod

and the molecular weight of S-containing compounds decreased
with irradiation (Fig. 4). The N class was heavily impacted, with
8

the complete elimination of higher N order compounds. Taken
together, N- and S-containing compounds appeared to exhibit dif-
fering trends than photohumified CHO compounds. It is possible
that N- and S-containing compounds may have been influenced
by photodegradation instead of photohumification.

Alternatively, biological degradation may be driving changes in
N- and S-containing compounds. Biodegradation could explain
increases in peak A, C, and M FDOM, since metabolic byproducts
are linked to FDOM in these regions (Biers et al., 2007). Biological
processing likely contributed to irradiation-induced transforma-
tions in our study, as evidenced by the production of a significant
number of unique molecular formulas in dark controls.
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Photochemical-biological coupling of DOM degradation is well-
documented and can alter DOM more substantially than either
process in isolation (Tranvik and Bertilsson, 2001; Judd et al.,
2007; Cory et al., 2013). The transformations observed in the 6
hour irradiation presented here likely represent these synergistic
effects that occur in DOM released from coastal sediment resus-
pension, and our data support the contention that bio-labile
DOM was photoreleased from suspended CFRE sediments. Bacteria
also release photo-labile DOM from particles (Hansell et al., 2009),
but based upon the results presented here – at least for sunlit sur-
face waters – the former process clearly outpaces the latter.

4.2. Lability of photo-released DOM (PR-DOM)

Irradiation-induced transformation processes, such as
photodegradation and photohumification, may either enhance or
suppress DOM lability to trophic food webs. In sediment resuspen-
sions from Boston Harbor, up to 65% of PR-DOC and up to 100% of
photoreleased dissolved organic N were bioavailable, but Florida
sediments produced only 7% bioavailable PR-DOC, with no detec-
tion of bioavailable dissolved organic N (Schiebel et al., 2015).
Mayer et al. (2011) reported that PR-DOM from Louisiana coastal
sediments was up to 29% less bioavailable than algal detritus-
derived DOM, although they also report 24 ± 38% more DOC loss
in irradiated samples relative to controls. Discrepancies across
studies are likely attributed to variability in sediment organic mat-
ter composition that translates into variability in PR-DOM compo-
sition, ultimately affecting irradiation-induced transformation
processes.

In the current study, observed lability of PR-DOM (Fig. 6) may
be attributed to differing composition of light-exposed samples
relative to unexposed samples. The eight-fold increase in the num-
ber of compounds produced in light-exposed samples (Fig. 7) indi-
cates substantial microbial influence on PR-DOM from CFRE
9

sediments. In addition, NOSC was elevated in light-exposed DOM
(Fig. 9) and is positively associated with thermodynamic favorabil-
ity of microbial degradation (Boye et al., 2017). Oxygen content
was a dynamic aspect of photo-alterations in this study, both in
terms of oxygen class and O:C ratios. While oxygen content
appears to be an important parameter for photo-alterations of
DOM, its impact on biological lability is unclear. Elevated O:C ratios
– such as those observed in light treatments (Fig. 3) – have been
linked with both enhancement (Kim et al., 2006) and suppression
of bacterial growth (Sun et al., 1997), and other studies found no
evidence of correlation between bioavailability and oxygen con-
tent (Hunt et al., 2000).

N- and S-containing compounds, on the other hand, are highly
relevant to lability. The number of unique CHON compounds
increased from 7% in unexposed treatments to 26% in light-
exposed treatments, and CHOS compounds increased from 0% to
43% (Fig. 7). Given low DBE-O and AImod relative to CHO com-
pounds, lability of N- and S-containing PR-DOM is likely because
these compounds were not as highly photohumified as CHO com-
pounds, either due to photodegradation or biological transforma-
tion in irradiation experiments. Given that FT-ICRMS analyses for
lability experiments were performed only on CFRE-1 - sediment
that exhibited less photo-release than CFRE-2 sediments (Tables
1, 2) – environmental lability may be even higher, possibly linked
to N and S content of the sediment. As previously mentioned, N-
rich compounds are widely regarded as bioavailable, with amino
acids constituting a large fraction of this bioavailable pool
(Findlay and Sinsabaugh, 2003). N and S are abundant in coastal
sediments (Seidel et al., 2015) with tidal inputs and sea spray a
considerable source of S (Hertkorn et al., 2016), and many marine
sedimentary bacteria utilize S-containing compounds for metabo-
lism (Wasmund et al., 2017). N- and S-containing compounds
may therefore play a disproportionately large role in the lability
of photoreleased DOM from resuspended sediments in estuaries.
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As with N- and S-containing compounds, FDOM in the T and M
region were labile pools of DOM in this study, with increased loss
of fluorescence intensity in both regions for light-exposed treat-
ments relative to unexposed treatments (Fig. 6). The T region con-
sists of protein-like fluorophores that are traditionally regarded as
labile, although it may also include aromatic compounds such as
lignin (Hernes et al., 2009). The T peak was the only fluorophore
to decrease with photo-exposure in irradiation experiments
(Table 2), indicating high photoreactivity that would limit its rele-
vance for lability in the natural environment. On the other hand,
the M region consists of marine humic-like substances – encom-
passing a range of marine phytoplankton metabolites – and may
be a possible photoproduct (Kieber et al., 2006a; Romera-Castillo
et al., 2011; Chen et al., 2013). Given the observed increases in flu-
orescence in the M region upon photo-exposure and subsequent
decrease in lability experiments, the M peak is a highly relevant
fluorophore for investigation of photo-exposed estuarine sedi-
ments, as the turnover of compounds characterized by this peak
may be rapid in estuaries experiencing disturbances.

The focus on lability in the current study, rather than bioavail-
ability, is because abiotic factors may contribute to observed differ-
ences across treatments. While we were not able to attribute
changes unequivocally to biological degradation, the greatest
effects of lability were observed from the more bioavailable fluo-
rophores (peaks M and T; (Cory and Kaplan, 2012; Chen et al.,
2013)). Similar photo-bio-incubation studies tracking biological
oxygen demand (BOD) of photo-exposed DOC exhibited biodegra-
dation with four times less inoculum (Moran et al., 2000), support-
ing the suggestion that photo-labile DOC presented in this study is
likely also bioavailable.
4.3. Environmental relevance of PR-DOM lability

The environmental significance of PR-DOM from resuspended
sediments can be assessed by comparing labile PR-DOC in our
experiments to ambient bioavailable DOC (BDOC) values in the
CFRE. Assuming a DOC concentration in the CFRE of 200 mM C
(Avery et al., 2003), a 9% bioavailability, and minimal biodegrada-
tion during estuarine transport (given short flushing times of 1–22
days) (Ensign et al., 2004), a parcel of water at the saltwater end-
member under ambient conditions would contain 18 mM of BDOC.

Photo-induced changes in DOC concentration over the course of
the lability incubations were normalized to the amount of TSS in
the resuspension mixture using the equation below in order to
determine the relative amount of labile DOC caused by photo-
chemical release.

Labile DOC ðlmolCg�1Þ ¼ DDOCðlMCÞ
TSSðgL�1Þ ð1Þ

After 1 month, DOC decreased by an average of 7 mM more in
light-exposed incubations, relative to unexposed incubations (Sup-
plemental Table A). With an estimated TSS of 160 mg L�1, there
was an average labile DOC concentration of 44 mmol C g�1 of sed-
iment added to the resuspension mixture in light-exposed flasks.
While ambient TSS values in the CFRE are low (<50 mg L�1), TSS
concentrations during perturbations such as hurricanes or 1.5 year
floods can reach 200–325 mg L�1 (Riggsbee et al., 2008; Chen et al.,
2009). Assuming a moderate resuspension TSS amount of 100 mg
L�1 the amount of labile PR-DOC after 6 h of irradiation would be
4.3 mM C. During higher energy resuspension events (TSS � 200
mg L�1), labile PR-DOC is estimated to be much higher (8.6 mM
C). Depending on the size and composition of suspended sedi-
ments, light attenuation coefficients can increase dramatically
with TSS (doubling, for example, during Hurricane Fran in 1996)
(Mallin et al., 2002) and may limit the extent of initial PR-DOC
10
from sediments. However, photo-alteration is prevalent even in
systems with high attenuation coefficients (Cory et al., 2015),
and increased light penetration due to rapid large-particle settling
can aid photo-exposure of fine sediments that may stay suspended
for a week or more (Ralston and Geyer, 2017). Furthermore,
increased surface area of fine sediments may increase their sensi-
tivity to photorelease, depending on physicochemical conditions
in the estuary (Mayer, 1994; Kieber et al., 2006b). Our estimates
of labile PR-DOC are nearly half of the 18 mM of BDOC reported
by Avery et al. (2003) and imply that in high energy resuspension
events photochemical interactions with sediments may be a non-
trivial contributor to labile DOC.

The relevance of labile PR-DOC can also be assessed on a basin-
wide scale. Long Bay off the southeastern coast of North Carolina
receives the majority of CFRE flow. The yearly amount of BDOC
supplied by the CFRE to Long Bay is 7 � 109 g C yr�1 (Avery
et al., 2003). Photochemical production of DOC from resuspended
sediments rivals that of riverine discharge as a source of oceanic
DOC, which is the largest surficial reservoir of organic carbon on
Earth (Hedges, 1992; Kieber et al., 2006b). Under hurricane condi-
tions the majority of Long Bay would be turbid and subject to
increased sedimentary discharge from the CFRE. Applying the pre-
vious labile PR-DOC calculation to a high energy resuspension
event (0.86 mmol C m�2 for 6 h of irradiation) for a TSS of 200
mg L�1 to the 10,000 km2 area of Long Bay, results in photochem-
ical production of 10 � 107 g C in one solar day. This would account
for 1.5% of all BDOC provided by the CFRE to Long Bay reported for
the entire year (Avery et al., 2003). Six days of resuspension and
adequate sunlight would provide nearly 10% of all CFRE BDOC to
the study site for the year. PR-DOC may therefore be a significant
reservoir of labile material for bacteria and plankton in the CFRE,
particularly during the summer months when tropical storms
and hurricanes are common occurrences.
5. Conclusions

The irradiation of estuarine sediments released 22–44% more
DOC than unirradiated controls. While some of the photo-
released DOM was photohumified (higher molecular weight,
higher aromaticity), N- and S-containing compounds were either
photodegraded or biologically altered (lower molecular weight,
lower aromaticity), allowing for enhanced photo-lability of PR-
DOM, particularly for compounds fluorescing in the M region. In
the CFRE, estimated labile PR-DOC from resuspension events (7–
15 mM) is comparable to BDOC estimates (18 mM), demonstrating
that PR-DOC during a resuspension event may be a substantial,
previously unrecognized, source of labile DOC to bacteria and
plankton in coastal environments.
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