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Abstract

Marine sediments represent a major carbon reservoir on Earth. Dissolved organic matter (DOM) in pore waters
accumulates products and intermediates of carbon cycling in sediments. The application of excitation-emission
matrix spectroscopy (EEMs) in the analysis of subseafloor DOM samples is largely unexplored due to the redox-
sensitive matrix of anoxic pore water. Therefore, this study aims to investigate the interference caused by the
matrix on EEMs and propose a guideline to prepare pore water samples from anoxic marine sediments. The
parameters determined by fluorescence spectra include 3D-index derived from EEMs after parallel factor analysis
(PARAFAC), fluorescence index (FI) (contribution of terrigenous DOM), biological index (BIX) and humification
index (HIX) derived from 2D emission spectra. First, we investigated the impacts of extensively-presented ions as
typical electron acceptors, which are utilized by anaerobic microbes and stratified in marine sediments: Fe(II),
Fe(III), Mn(II) and sulfide in anoxic pore water resulted in biases of fluorescent signals. We proposed threshold
concentrations of these ions when the interference on EEMs occurred. Effective removal of sulfide from sulfide-
rich samples could be achieved by flushing with N2 for 2 min. Second, the tests based on DOM standard were
further verified using pristine samples from marine sediments. There was a significant change in the fluorescence
spectra of DOM in anoxic sediments from the Rhône Delta. This study demonstrated that the change was caused
by oxidation of the matrix rather than the intrinsic alteration of DOM. It was confirmed by extracted DOM via both
EEMs analysis and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). Slight oxidation
of sulfur-containing compounds (e.g., sulfhydryl) and polyphenol-like compounds occurred. Finally, a sample
preparation sequence is proposed for pore water from anoxic sediments. This method enables measurement with
small volumes of the sample (e.g., 50 μL in this study) and ensures reliable data without the interference of the
redox-sensitive matrix. This study provides access to the rapid analysis of DOM composition in marine sediments
and can potentially open a window into examining the carbon cycling of the marine deep biosphere.
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1  Introduction
Marine sediments and sedimentary rocks play a key role in

the global carbon cycle as the largest carbon pool on Earth (Bern-
er, 1982, 1990; Hedges and Keil, 1995). Sediments contain both
particulate organic matter (POM) and dissolved organic matter
(DOM) in their interstitial waters. Since turnover rates are slow,
alterations in the large POM pool are difficult to observe, but or-
ganic matter degradation might be observable in the much smal-
ler, more short-lived DOM pool. As an intermediate pool during
the remineralization of sedimentary organic matter, DOM re-
ceives the products of hydrolysis and fermentation processes,
thus holding the pool of substrates accessible to terminal remin-
eralization (Middelburg et al., 1993). Detailed analyses of sedi-
mentary DOM can potentially open a window into the examina-
tion of carbon cycling and thereafter marine deep biosphere in

sediments (Krom and Sholkovitz, 1977; Chin et al., 1998; Weston
et al., 2006; Tfaily et al., 2013; Valle et al., 2018).

Marine sedimentary DOM is a complex mixture of thousands
of distinct compounds (Schmidt et al., 2009, 2011). Concentra-
tions of bulk dissolved organic carbon (DOC) and individual
volatile compounds have been determined routinely in the con-
text of scientific ocean drilling programs (Simoneit and Sparrow,
2002; Heuer et al., 2009; Lin et al., 2012, 2015; Zhuang et al.,
2014), but an overall characterization of the complex DOM pool
and the profile distribution of DOM in deep sediments has rarely
been achieved.

Fluorescence spectroscopy can be carried out on smaller
sample volumes (2−3 mL for seawater) without pretreatment by
solid phase extraction (SPE), is non-destructive and inexpensive.
It takes advantage of the presence of chromophores in DOM that  
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absorb and emit light of specific wavelengths, which are related
to the molecular structure of the compounds. 3D fluorescence
spectrum, generated by excitation-emission matrix spectroscopy
(EEMs),  contains thousands of excitation and emission
wavelength-dependent data points of fluorescence intensity that
can be grouped into different DOM components by parallel
factor analysis (PARAFAC) as a statistical tool (Stedmon and Bro,
2008; Murphy et al., 2010, 2013; Cuss and Guéguen, 2016). EEMs
can be used to identify and quantify different fluorescent DOM
components such as protein-like peaks related to labile com-
pounds (Yamashita and Tanoue, 2003; Stedmon and Markager,
2005; Fellman et al., 2010; Lønborg et al., 2010), and humic-like
peaks indicating highly aromatic terrestrial DOM, microbial or
marine DOM (Coble, 1996, 2007; Fellman et al., 2010; Ishii and
Boyer, 2012). Based on the individual peaks identified in 3D
scans, peak ratios can be used to infer the aromaticity, sources
and bioavailability of DOM without determination of the exact
molecular composition. In addition, 2D-scans of emission spec-
tra resulting from excitation at 370 nm, 310 nm, and 254 nm serve
as index for the terrestrial source (fluorescence index: FI), biolo-
gical source (biological index: BIX) and degree of humification
(humification index: HIX), respectively (McKnight et al., 2001;
Ohno, 2002; Huguet et al., 2009). More indices can be derived
from 3D-scans and 2D-scans, e.g., peak ratios (Baker et al., 2008;
Hansen et al., 2016).

EEMs have been successfully applied to investigate DOM in
the water column of oceans, estuaries and rivers (Coble, 2008;
Yamashita et al., 2008; Jiang et al., 2009; Murphy et al., 2010;
Lønborg et al., 2010; Guo et al., 2010; Yi et al., 2014; Gan et al.,
2016; Wang et al., 2019), and marine surface sediments (Burdige,
2001; Komada et al., 2002; Burdige et al., 2004). The DOM com-
position indicated by fluorescence spectra has been reported in
former studies of porewater at a depth of less than 30 cm in lacus-
trine sediments (Wolfe et al., 2002; Chen and Hur, 2015; Huang et
al., 2015; Guillemette et al., 2017). However, the suitability of ex-
traction procedures to obtain a surrogate of DOM remains am-
biguous (Rennert et al., 2007). It is suggested that oxygen affects
DOM in anoxic pore waters and that caution is needed in manip-
ulating the samples (Chen and Hur, 2015). However, it is not
clear which component of DOM and how the interpretation of
EEMs are affected by oxygen. The applicability and handling of
EEMs for DOM in anoxic marine subsurface sediments are
largely unexplored. In particular, the following matrix and
sample handling effects require attention compared to the aquat-
ic systems or surface sediments. (1) Concentrations of iron and
other metal ions in anoxic deep sediments could be as high as
0.5 mmol/L, which is much higher than the surface sediment and
seawater. It might lead to complexation of DOM components and
possibly to precipitation or coagulation, thus affecting chromo-
phore properties and identification of EEMs peaks. For example,
iron-quenching effects on fluorescence spectra have been shown
(Poulin et al., 2014). It is important to identify at which concen-
tration range the ions might interfere with the EEMs. (2) Anoxic
conditions prevail in deep marine sediments, and the contact of
sedimentary DOM samples with ambient air during sample
handling and storage might trigger oxidation, complexation, and
precipitation that can affect optical signals.

Therefore, this study aims to explore the applicability of EEMs
for DOM characterization in marine subseafloor sediments by es-
tablishing the pretreatment guidelines and evaluating the applic-
ability of EEMs in viable sedimentary matrices. We investigated
the potential matrix effects in sediment pore-waters in a series of
experiments, including major redox-sensitive metal ions and S2−.

Suwanee River Fulvic Acid Standard (SRFA) and yeast extract
(YE) were tested as the representatives for humic-like and pro-
tein-like DOM, respectively, as well as two natural sedimentary
DOM prepared from slurries of coastal marine sediments after
anoxic incubations (North Sea tidal flat and Rhône Delta). The
anoxic natural samples were used to test the effect of oxygen ex-
posure during sample handling for EEMs and FT-ICR-MS ana-
lyses.

2  Materials and methods

2.1  Experiments

2.1.1  Preparation of stock solutions and test of matrix effects in
DOM samples prepared from SRFA and YE standards

Potential matrix effects that might occur in marine sediment-
ary DOM due to high concentrations of DOM, salts, metals and
sulfide in pore water were tested with two reference samples.
Humic-like DOM was investigated using a 1 g/L stock solution
prepared from SRFA (standard reference material of the Interna-
tional Humic Substances Society) dissolved in O2-free Milli-Q
water and flushed with N2. Protein-like DOM was investigated
using a 10 g/L stock solution, which had been prepared from YE
(H26769, Alfa Aesar) in O2-free Milli-Q water. Both solutions
were kept under N2 atmosphere in 100-mL serum bottles that
were closed with grey butyl rubber stoppers and crimp caps.

The impact of major redox-sensitive metal ions was tested by
the addition of FeCl3, FeCl2, MnCl2, yielding a concentration
range of 0−0.9 mmol/L for the metal ions and a DOM concentra-
tion of 1.8 mg/L (in terms of C) for SRFA and 3 mg/L (in terms of
C) for YE. The potential interference of sulfide was tested within a
concentration range of 0−10 mmol/L in 1.8 mg/L (in terms of C)
SRFA and 3 mg/L (in terms of C) YE, respectively. Stock solutions
of Na2S were prepared at a concentration of 200 mmol/L and
kept under N2. The salts solutions were made with O2-free Milli-Q
water with 2-h flushing by N2 and stored in serum bottles. The
bottles were sealed with butyl rubber stoppers at a pressure of
2×105 Pa in N2 headspace to avoid intrusion of air. During meas-
urements, the quartz cell with full solution and cap was placed in
air atmosphere. All dilution series were prepared on the same
day in O2-free Milli-Q water and analyzed immediately by fluor-
escence spectrometry.

2.1.2  Preparation of fresh slurries for simulating the matrix effects
of natural marine sedimentary DOM

In order to confirm the matrix and sampling effects in natural
anoxic pore-water samples, two in-house standards of marine
sedimentary DOM were prepared using large samples of surface
sediment from two contrasting environments—a North Sea tidal
flat and the prodelta of the River Rhône. While the former has low
total organic carbon (TOC=0.1%) and high sulfide concentra-
tions (3.95 mmol/L after incubation), the latter is characterized
by high concentrations of TOC and metals. The first in-house
standard was prepared from surface sediment (~2−7 cm) of the
tidal flat Janssand off Spiekeroog Island, North Sea (53°44.18′N,
7°41.97′E), that was accessed by foot during ebb tide in October
2013. The coastal sediment was sandy, black, and odorous due to
a high abundance of dissolved sulfide. The TOC content (mass
fraction) was low (0.1%) (Wu et al., 2018). The sediment was rep-
resentative of natural sulfide-enriched autochthonous DOM
samples. The second in-house standard (Rhône Delta) was pre-
pared from surface sediments (mixtures of sediments from a
depth of 0−18 cm) from the Rhône Delta in the Gulf of Lions,
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western Mediterranean Sea, sampled at Site GeoB17306
(43°18.95'N, 4°52.18'E, 30 m water depth) during the R/V Pos-
eidon Cruise POS450 in April 2013. This coastal site is character-
ized by high riverine input, high TOC content (mass fraction)
(1.3%–1.4%), anoxic conditions, and high concentrations of dis-
solved metal ions (Fe2+: 45–426 μmol/L) (Schmidt et al., 2017).
This sample represents a typical terrestrial DOM end member
dominated by humic-like compounds with slight admixture of
protein-like compounds. The surface sediment was retrieved by
multi corer (GeoB17306-1). Immediately after core recovery, the
upper 0–18 cm of sediment were transferred into three Schott
glass bottles, which were flushed with N2, closed with butyl rub-
ber stoppers and stored at +4°C until further processing onshore.
Details on coring operations and sample handling onboard are
given in the cruise report (Heuer et al., 2014).

To generate fresh large-volume aqueous samples for DOM
analysis, the sediment samples were homogenized and further
processed in the following way: 100 mL of wet sediment were
slurried 1:1 with oxygen-free autoclaved artificial seawater (Gan
et al., 2020). The slurries were kept under N2 atmosphere in 250-mL
Schott glass bottles closed with butyl rubber stoppers, and incub-
ated in the dark at room temperature for one year for the samples
from the Rhône Delta and two years for the samples from the
North Sea. For the slurry of the latter, 20-mL liquid was taken and
filtered through N2-flushed acetate cellulose filter (Sartorius, 0.2 μm),
samples were used for test of precipitation, oxidation and remov-
al of sulfide. The rest of the slurry after two-year incubation was
incubated at 85°C for 15 d as representative of natural DOM
samples containing both protein-like and humic-like com-
pounds due to the release of high proportions of peptides in the
heated sediment (Lin et al., 2017). After incubation, the liquid
phase was sampled by syringe and filtered through N2-flushed
acetate cellulose filter (Sartorius, 0.2 μm) prior to further pro-
cessing, storage or analysis. For FT-ICR-MS analysis, 20-mL
samples of the filtered liquid phase were stored in glass serum vi-
als under N2 atmosphere at +4°C.

The original concentration of dissolved organic carbon in the
incubated slurries is 36 mg/L (in terms of C) and 60 mg/L (in
terms of C) for samples from the Rhône Delta and North Sea, re-
spectively.

2.1.3  Effects of sample storage on DOM samples from anoxic slur-
ries

While EEMs can be conducted at the time of sampling
without further sample treatment, FT-ICR-MS requires sample
preparation by SPE (Dittmar et al., 2008), and usually the limited
access to the analytical infrastructure requires sample storage.
Here, we tested (1) the effect of short-term O2 exposure of

pristine liquid phase of the in-house-prepared DOM samples on
the results of EEMs, and (2) the effect of long-term O2 exposure
on DOM samples after SPE on the results of FT-ICR MS and, for
comparison, on the results of EEMs. In the latter test, the repor-
ted change of FT-ICR-MS data and EEMs of DOM after SPE refers
to only the variation of DOM without the matrix effects of inor-
ganic ions.

SPE of DOM was performed on 20-mL liquid phase samples
using pre-cleaned Bond Elut-PPL cartridges (200 mg sorbent,
Agilent Inc.) according to Dittmar et al. (2008) and Schmidt et al.
(2014). Extraction was carried out in a glove bag under N2 atmo-
sphere. DOM was eluted from the cartridge with 1.5-mL methan-
ol (LiChrosolv, Merck). The residue sample passing through the
SPE column and losing extractable DOM was sampled and neut-
ralized to check the loss of fluorescence signal during solid phase
extraction. The DOM extracts of both in-house standards for FT-
ICR-MS and EEMs analysis were further split into two parts and
stored for two months at –20°C, one under ambient air and the
other under N2 atmosphere. For storage, we used 2-mL glass vi-
als closed with Teflon coated septa. To ensure O2-free storage
conditions, the 2-mL sample vials were kept in N2 flushed 50-mL
Schott bottles. DOM extracts after SPE were analyzed by FT-ICR-
MS. For EEMs measurements, 20-μL DOM extracts in methanol
were taken, dried, and dissolved in O2-free Milli-Q water.

In addition, the original liquid phase of the in-house-pre-
pared samples from the Rhône Delta and North Sea sediments
was measured by fluorescence spectrometer prior to O2 expos-
ure, after 2-h and 24-h O2 exposure. All the experiments are sum-
marized in Table 1 and Fig. S1.

2.2  Analytical methods

2.2.1  EEMs
Spectra were recorded by a fluorescence spectrophotometer

(Agilent Cary Eclipse, USA). The integral area of the Raman peak
at excitation 350 nm was determined using Milli-Q water as a ref-
erence. Excitation wavelengths were increased in 5 nm steps
from 230 nm to 410 nm, and emission spectra were recorded in
2 nm intervals from 300 nm to 530 nm. The EEMs were subtrac-
ted by blank to remove Raman and Rayleigh peaks. There were
275 samples in the final dataset for PARAFAC processing (Sted-
mon and Bro, 2008). The relative standard deviation of the Ra-
man peak excited at 350 nm was below 0.5% from a routine
measurement tested with fresh Milli-Q water. The reproducibil-
ity test of 1.8 mg/L (in terms of C) SRFA suggests that the relative
standard deviation of peaks modeled by PARAFAC was better
than 2%. The spectra with significant loss of signal or uncommon
peaks resulting from the addition of metal ions were deleted dur-

Table 1.   Summary of main subseries experiments and controls
Experiment Sample, matrix or treatment Purpose of tests

Incubation of sediments North Sea sample (20℃) sulfide-rich samples
North Sea sample (85℃) samples enriched in protein-like compounds and humic-like compounds

Rhône Delta sample (20℃) metal-ion-rich samples
Matrix effects S2– impacts of anions involved in anoxic mineralization

Mn(II), Fe(II), Fe(III) impacts of metal ions involved in anoxic mineralization

matrix-removed DOM method to avoid matrix effects
Storage effects DOM extracts, O2 exposure oxidation of DOM

pristine samples, Rhône impacts of matrix oxidation during storage under O2 and method to avoid storage effects

pristine samples, North Sea impacts of matrix oxidation during storage under O2 and method to avoid storage effects

      Note: The pristine sample refers to original pore water without solid phase extraction (SPE); the dissolved organic matter (DOM) extracts
refer to purified sample without inorganic matrix after SPE.
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ing the PARAFAC processing analysis as they induced unsuccess-
ful split-half analysis. Afterwards, the five-component model was
validated by split-half analysis (Stedmon and Bro, 2008) (Fig. S2).
The results of PARAFAC analysis were compared with other stud-
ies via the online OpenFluor library (Murphy et al., 2014) and
presented in Fig. S3 in the supplementary materials (congruence
threshold, 0.95). For the dilution series (Figs S4 and S5), we di-
luted the samples with oxygen-free Milli-Q water, the quartz cell
was fully filled with diluted solution and sealed with cap without
headspace.

Absorption spectra were measured on a Shimadzu UV-1280
UV-vis absorption spectrophotometer with a 1-cm cuvette. Ab-
sorption at wavelength 350 nm was recorded. Absorption meas-
ured in the machine (abs) could be transformed to the absorp-
tion coefficient (a350) by the equation:

a(λ) = .A(λ)/L, (1)

where L is the cell path-length in meters, λ is the wavelength, A is
measured absorbance. Absorption spectra were measured to
quantify the concentration of CDOM. The upper limit of absorp-
tion coefficient is 10 m−1 (Stedmon and Bro, 2008) when inner fil-
ter effects occur.

2.2.2  2D-scans
2D emission spectra were recorded at excitation 254 nm,

310 nm and 370 nm, respectively. The index FI, BIX and HIX de-
rived from 2D-scans of emission spectra were interpreted as
proxies of terrestrial organic matter source (FI), biological activ-
ity (BIX) and humification (HIX), respectively (McKnight et al.,
2001). FI was determined as the ratio of the fluorescence intens-
ity at 450 nm to 500 nm emission excited at 370 nm, indicating
terrestrial-derived DOM (derived from higher terrestrial plant)
with FI of less than 1.4 and microbial-derived DOM with FI of
more than 1.8 (McKnight et al., 2001). BIX is the ratio of fluores-
cence intensity emitted at 380 nm and the maximum of intensity
at 430 nm excited at 310 nm, indicating fresh autochthonous
DOM production (BIX>1) (Huguet et al., 2009). HIX is calculated
as the ratio of integrated fluorescence emission in the range of
435–480 nm (∑I435−480) to that in the range of 300−345 nm
(∑I300−345), indicating humified DOM with HIX higher than 10 and
autochthonous DOM with HIX less than 4 (Zsolnay et al., 1999;
Huguet et al., 2009). HIX above 10 indicates humified DOM. High
HIX values correspond to maximal fluorescence intensity at long
wavelengths and thus to the presence of complex molecules such
as high-molecular-weight aromatics (Senesi et al., 1991; Zsolnay
et al., 1999; Huguet et al., 2009).

2.2.3  FT-ICR-MS
Samples subjected to SPE were measured by FT-ICR-MS.

Samples were analyzed in methanol/water 1:1 (volume ratio)
with negative-ion electrospray ionization (ESI, Apollo II electros-
pray source, Bruker Daltonik GmbH, Bremen, Germany) with a
flow rate of 5 μL/min on a Bruker SolariX XR FT-ICR-MS (Bruker
Daltonik GmbH, Bremen, Germany) equipped with a 7 T refriger-
ated actively shielded superconducting magnet (Bruker Biospin,
Wissembourg, France). Sodium trifluoroacetate was used as a
calibration compound (Moini et al., 1998). DOM extracts were in-
jected at a concentration of ~20 mg/L (in terms of C). A total of
200 scans were added to one mass spectrum. The capillary
voltage was 4 500 V. Details of formulae assignments were de-
scribed in Schmidt et al. (2014). The peak magnitudes (rIntn) re-
ported in this manuscript are relative intensity normalized to the

sum of all peaks, i.e.,

rIntn = IPeak/
∑

IallPeaks, (2)

Aromaticity index (AI) refers to the density of carbon-carbon
double bonds in a molecule and can be calculated after Eq. (3)
(Koch and Dittmar, 2006, 2016):

AI =
+ nC − 


nO − nS −



(nN + nP + nH)

nC − 

nO − nN − nS − nP

, (3)

where n is the number of atoms carbon (C), hydrogen (H), oxy-
gen (O), nitrogen (N), sulfur (S) and phosphorus (P) in a molecu-
lar formula.

2.2.4  DOC
DOC was measured by high-temperature catalytic oxidation

at 750°C (MultiN/C 2100 s, Analytik Jena). DOC was measured as
non-purgeable organic carbon in acidified samples purged with
CO2-free synthetic air. Product CO2 was detected by infrared
spectroscopy.

3  Results and discussion

3.1  Results of PARAFAC analysis and derived index
Based on EEMs and PARAFAC, the Peaks B, T, M, A(C), and C

were identified in 3D-scan spectra and named based on the max-
ima of excitation and emission intensities (ex/em) (Fig. 1). Peak P
represents the total protein-like DOM (including Peaks B and T,
B: ex/em, 275 nm/305 nm; T: ex/em, 280 nm/350 nm). Peaks M
(ex/em:  315(250)  nm/400 nm),  A(C)  (ex/em:  250(350)
nm/450–460 nm) and C (ex/em: 350 nm/450–460 nm) represent
humic-like DOM. They are also grouped together as Peak H. The
value given in parenthesis (250) refers to the secondary peak.
Peak A(C) represents Peak A with Peak C in the PARAFAC analys-
is results. “AC” represents the sum of Peak A(C) and Peak C. The
intensity of fluorescence is normalized by the Raman peak and
the unit is R.U.

Apart from the five peaks identified after PARAFAC analysis
(Fig. 1) and the index FI, BIX and HIX derived from the 2D-scan
of the emission spectrum (as described above), more parameters
can be derived from individual peaks. The peak height ratio of
Peaks A and C to Peak M (AC/M) or Peak C to Peak M (C/M) can
be used to identify a blue-shift of the fluorescent signal of organ-
ic compounds. A low AC/M ratio is attributed to a low relative
fraction of conjugated compounds, for example, aromatics and
double bond-bearing compounds, among others. In aquatic sys-
tems, Peak C represents a more conjugated terrestrial DOM com-
pared to Peak M, which in studies of seawater has been recog-
nized to comprise marine autochthonous compounds (Coble,
2007; Ishii and Boyer, 2012). The index P/H (peak height ratio of
Peak P to Peak H) represents the ratio of protein-like peaks to
humic-like peaks. Four representatives in different proportion of
protein-like peaks and humic-like peaks were tested (Fig. 2). The
protein-like and humic-like components are 0.3 R.U. and 4.43
R.U. in the North Sea sample before hot incubation, respectively.
Protein-like peaks comprise roughly <15% in our natural samples
from the Rhône Delta and North Sea before hot incubation,
which is similar to most terrestrial or marine sedimentary DOM
pool in which protein-like DOM likely comprises only a minor
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fraction, as amino acid-C contributes <10% of DOC in pore water
(Albéric et al., 1996; Lomstein et al., 1998). As for the sample from
the North Sea after incubation at 85℃, which environmentally
simulates the deep biosphere in heated deep layers, fluores-
cence intensity of protein-like peaks is half of the humic-like
peaks.

3.2  Experimental evaluation of potential matrix effects on EEMs
Fe(III), Mn(IV) and sulfate are important electron acceptors

during organic matter degradation in marine anoxic sediment.
Their reduction produces oxygen-sensitive ions such as Fe(II),
Mn(II), S2–, which may affect the fluorescence spectra via the
formation of metal-organic complexes and/or precipitation.
Moreover, their concentration might vary due to the stratifica-
tion of diagenetic processes in sediments (Canfield et al., 1993;
Schulz et al., 1994). For example, as a consequence of iron reduc-
tion, up to 0.5 mmol/L dissolved iron was detected in the subsur-

face of the Rhône Delta in this study. Our results suggest that the
EEMs of DOM samples are most sensitive to Fe(III): even at 0.03
mmol/L Fe(III), 40% of the fluorescence signal is lost (Table S2).
High concentrations of both Fe(II) (0.2 mmol/L) and Mn(II) (0.6
mmol/L) also affect the fluorescence spectra and the derived
parameters (H, AC/M, FI, HIX and BIX) (Table S2, Fig. 3). This is
presumably due to the complexation between transition metal
ions and organic matter (Poulin et al., 2014). One reason for the
decrease of AC/M, i.e., blue-shift of fluorescence, might be that
long-emission regions of the fluorescence spectra associated
with greater DOM conjugation were more susceptible to iron
quenching (Poulin et al., 2014). The addition of Fe(II) and Mn(II)
in concentrations <0.06 mmol/L affected neither the DOM spec-
tra nor the peaks’ intensity (<5% for Fe(II), <3% for Mn(II) com-
pared to the sample without addition) (Fig. 3). The addition of
sulfide (1-mmol/L Na2S) without O2 exposure in SRFA resulted in
a red shift of the humic-like peaks, i.e. longer excitation and
emission wavelength, and accordingly bias of AC/M, FI, BIX and
HIX index (Table S2, Fig. 3).

The impact of transition metal ions and sulfide on EEMs of
protein-like DOM is shown in Fig. 4 (more data in Table S2):
EEMs of YE samples were slightly affected by the addition of
Fe(III), Mn(II) at high concentrations of 0.2 mmol/L and 0.6
mmol/L, respectively. Compared to humic-like DOM, protein-
like DOM is less sensitive to these ions. The addition of
1-mmol/L Na2S results in the loss of fluorescence intensity in
protein-like peaks at low excitation wavelengths (250 nm) and a
sharp increase at higher excitation wavelengths, e.g., red-shift of
the spectra (Fig. 4).

3.3  Experimental evaluation of O2 exposure effects during sample
storage
For the SPE-extracted sample from the North Sea, FT-ICR-MS

characterization showed a slight change in DOM after two-
month O2 exposure compared to storage under N2 (Figs 5a, c).
The few formulae in the blue dots suggest compounds with low
O/C ratio (hereafter, all of the element ratios are the ratios of the
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Fig. 1.   Excitation-emission matrix spectroscopy (EEMs) components identified by parallel factor analysis (PARAFAC). Components 1,
2, 3, 4 and 5 represent Peaks A(C), M, C, T and B, respectively. More information is shown in Table S1. The em and ex represent
emission and excitation wavelength, respectively.
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Fig.  2.     Composition  of  Suwanee  River  Fulvic  Acid  Standard
(SRFA),  natural  samples  and  yeast  extract  (YE)  after  parallel
factor analysis.
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numbers of atoms in a molecular formula) and m/z were the
most significantly transformed (Figs 5a, c): there are a total of 109
formulae decreasing by more than 0.02 in relative intensity (i.e.,
rIntn>0.000 04), which account for only 1.2% of all the formulae.
EEMs showed consistent results: the AC/M ratio increased by
0.05 (3%) after O2 exposure and the P/H ratio before and after O2

exposure remained the same (0.22) for the extracted DOM (Ta-
ble S2). For the extracted DOM, the quantitative change of fluor-
escence signals after O2 exposure was not compared. The in-
creased peak ratios of AC/M suggested that the O2 exposure led
to a slight red-shift of humic-like components. Consistently, the
FI and the humification index increased, suggesting the forma-
tion of larger humic substances. It may be due to the oxidation of
humics and the formation of larger conjugated structures with
the contribution of lone pair electrons in the oxygen atom. The FI
and HIX increased by 6%, indicating that care should be taken
when comparing samples under different storage conditions.
Marine-derived and aliphatic DOM (e.g., proteins, lipids) are less
sensitive to O2 exposure compared to terrestrial DOM enriched in
highly unsaturated, polyphenol or tannin-like compounds.

For the SPE-extracted sample from the Rhône Delta Site
GeoB17306 as representative of terrestrial DOM, we observed a
loss of smaller aromatic compounds (m/z<400) and production
of larger O-rich highly unsaturated or aromatic compounds
(m/z>400) when stored in the presence of O2 (Figs 5b, d). Accord-

ing to the O/C and H/C ratios in the van Krevelen diagram, these
formulae could be tannin-like polyphenol compounds (Fig. 5b).
A possible mechanism involves the formation of more conjug-
ated quinone or phenol ethers from phenolic structures in oxy-
gen-sensitive organic compounds, resulting in longer linear mac-
romolecules after oxygen exposure (Poncet-Legrand et al., 2010).
This phenomenon is especially pronounced in the marine sedi-
ment with substantial terrestrial organic matter and polyphenols
or lignin-derived compounds. More specifically, the larger O-rich
formulae increased by more than 0.02 (rIntn>0.000 04) in relative
intensity (Figs 5b, d) and accounted for 1.2% of all assigned CHO
formulae and 0.05% of all CHNO formulae (data not shown in fig-
ures). CHOS formulae were more sensitive to O2 exposure, 8.9%
of all CHOS formulae increased in rIntn  by more than 0.02
(rIntn>0.000 04). This is possibly due to the oxidation of sulfur-
containing functional groups, e.g., sulfhydryl groups (De Filippis
and Scarsella, 2003).

Without SPE, the original DOM sample from the Rhône Delta
showed a recognizable change of EEM spectra (Figs 6a, b) after
only 2 h of exposure to O2; at the same time, the pellucid liquid
became turbid. As extracted DOM formulae remained basically
unchanged after O2 exposure, the distinct change of fluorescence
spectra might be caused by the oxidation of redox-sensitive met-
al ions in the original sample. The formation of small particles of
metal oxides might induce quenching of fluorescence (Man-
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Fig. 3.   Effect of redox-sensitive ions on humic-like peaks. a. Excitation-emission matrix spectroscopy (EEMs) spectra of original
Suwanee River Fulvic Acid Standard (SRFA) samples; b–d. EEMs spectra of SRFA samples with addition of Fe(II), Mn(II), S2–  at
concentrations of 0.06 mmol/L, 0.06 mmol/L, 0.3 mmol/L, respectively; e–g. EEMs of SRFA samples with addition of Fe(II), Mn(II), S2–

at concentrations of 0.6 mmol/L, 0.6 mmol/L, 1 mmol/L, respectively. The em and ex represent emission and excitation wavelength,
respectively.
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Fig. 4.   Effect of redox-sensitive ions on protein-like peaks. a. Original excitation-emission matrix spectroscopy (EEMs) of yeast extract
(YE);  b–d.  EEMs  of  YE  samples  with  addition  of  Fe(III),  Mn(II),  S2–  at  concentrations  of  0.2  mmol/L,  0.6  mmol/L,  1  mmol/L,
respectively. The em and ex represent emission and excitation wavelength, respectively.
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ciulea et al., 2009). As a comparison, for the sulfide-enriched
North Sea tidal flat sample without high concentrations of the
redox-sensitive metal ions, EEMs were similar before and after O2

exposure for 24 h (Table S2).

3.4  Recommendations for the analysis of anoxic interstitial water
DOM by EEMs
Our study confirms that the EEMs analysis of DOM in anoxic

interstitial waters is potentially affected by the concentration of
metal ions and sulfide, as well as O2 exposure during sample stor-

age as summarized in Table 2. The potential effects can be
avoided by appropriate sample treatments as described in the
following section.

O2 exposure led to a slight transformation of DOM (AC/M in-
creased by 3%) in two months, for which the effect of O2 expos-
ure on EEMs of DOM could be negligible. Long-term storage over
the years could, however, lead to more bias of spectra, especially
for DOM enriched in polyphenols sensitive to O2. A consistent
way of storage, including duration and headspace, is necessary.
Attention is needed on major redox-sensitive ions in natural sed-
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Fig. 5.   Effect of two-month O2 exposure on pore water dissolved organic matter (DOM) characterized by FT-ICR-MS. Change of DOM
sample from the North Sea (a) and Rhône Delta (b) in van Krevelen diagram; change of O/C ratio in DOM sample from the North Sea
(c) and Rhône Delta (d). Type 1: aliphatic compounds, AI<0; Type 2: highly unsaturated compounds, 0.5≥AI≥0; Type 3: aromatic
compounds (including condense aromatic  compounds),  AI>0.5.  The peak magnitude shown in the figure is  relative intensity
normalized to the sum of all peaks, i.e., rIntn= IPeak/∑IallPeaks. The color represents the difference of rIntn after air exposure ( ), i.e.,
rIntn-end−rIntn-start. rIntn>0: relative abundance of formulae increases after air exposure. The y-axis in c and d shows the difference of rIntn

at a narrower range. The definition of AI refers to Eq. (3).
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≫

imentary DOM samples (metal-ion-rich or sulfide-rich). (1) For
samples with Fe(II) and Mn(II) concentrations less than 0.7
mmol/L, impacts of both ions are negligible at a dilution factor of
11-fold, final concentration of both ions (<0.06 mmol/L) are kept;
such samples should be stored under N2 and diluted with O2-free
water. In the case of inevitable O2 exposure or storage under air
atmosphere, precipitation is likely to occur in the metal-ion-rich
pore water samples, and it should be avoided during measure-
ments. Figure 6c showed that after O2 exposure for 24 h, the
EEMs of supernatant of DOM sample emitted more intense fluor-
escence than that of the original fresh air-free pore water due to
exclusion of metal oxide precipitation. (2) Sulfide-rich samples
are recommended to be purged with N2. Seawater contains ca.
30 mmol/L sulfate. At the oxic and suboxic layer, the sulfide is
limited. At the deeper and anoxic layer, the sulfide is usually
highly concentrated due to the depletion of oxygen, and sulfate
reduction becomes important in the provision of electron accept-
ors. Therefore, the accumulation of sulfide is very common in the
anoxic subseafloor. It could reach up to 10 mmol/L in the coastal
sediment (Holmer and Kristensen, 1996) and ca. 10−150
μmol/(L·cm3) ( 1 mmol/L) in the estuarine sediment (Weston
et al., 2006). Although the quantitative information of EEMs is
similar at 1-mmol/L sulfide without long-term storage, a red shift
of the peaks is observable (Fig. 3). Moreover, the sulfide will re-
act with oxygen and after long-term storage sulfur could be
formed. The white floccules floating in the sealed vials are not
precipitable. They will cause the scattering of signals. Therefore,
we recommend either removing the sulfide beforehand or re-
moving the flocculus of sulfur after long-term storage. In the ori-
ginal in-house-prepared North Sea DOM sample, the concentra-

tion of sulfide was 3.95 mmol/L. After purging with N2 for 2 min,
it decreased to 0.01 mmol/L (Table S4). Therefore, removing the
sulfide beforehand by purging is an effective way to reduce its
impact on fluorescent signals. Alternatively, if the oxidation of
sulfide was not avoided, within one week there was 2.06-mmol/L
sulfide oxidized to sulfate in the sealed vial and the residual sulf-
ide is only 0.24 mmol/L (Table S4), i.e., theoretically larger than
1-mmol/L sulfide precipitated as elemental sulfur. Unlike the
metal oxides, the sulfur precipitates remained in suspension. It is
recommended to be excluded via filtration right before the meas-
urement by fluorescence spectroscopy.

It is noteworthy that the signal of protein-like DOM is found
to be significantly lost after solid phase extraction. Consequently,
the P/H ratio decreased by 60% (Table 3), indicating that the sig-
nal of labile DOM might be selectively lost during the extraction
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Fig. 6.   Effect of O2 exposure on Excitation-Emission Matrix Spectroscopy (EEMs) of pristine sample from Rhône Delta. EEMs of fresh
sample without exposure to O2 (a), exposure to O2 for 2 h (b) and without precipitation (c). The em and ex represent emission and
excitation wavelength, respectively.

Table 2.   Change of fluorescent signal along with metal ions, sulfide and O2 exposure. Acceptable ranges of concentrations are listed

Acceptable range Index
Fe(III)

0–0.007 mmol/L
Fe(II)

0–0.06 mmol/L
Mn(II)

0–0.06 mmol/L
Na2S

(N2-flushed)
Extracted DOM after O2 exposure

2 months

Bias of 2D index FI ↑ NS NS ↑ ↓

HIX ↓ ↓ ↓ ↓ ↑

BIX ↑ NS NS ↑ NS

Bias of 3D index protein-like peaks ↓ ↓ ↓ ↑ /

humic-like peaks ↓ ↓ ↓ NS /

AC/M ↓ ↓ ↓ ↑ NS
      Note: The relative changes below 5% were defined as NS, i.e., no significant impact. For 2D index with variation coefficient ranging from 5%
to 15%, P<0.05 in ANOVA were defined as NS. Results of ANOVA are presented in Table S3. ↑ and ↓ represent increase and decrease of the
parameters with higher concentrations of added ions or O2 exposure. FI: fluorescence index; BIX: biological index; HIX: humification index.
AC/M: peak height ratio of Peak AC to Peak M.

Table 3.   Comparisons of dissolved organic matter (DOM) fluor-
escence spectra before and after solid phase extraction (SPE) by
pre-cleaned Bond Elut-PPL cartridge

Sample P/H AC/M FI BIX HIX

Before SPE-pristine sample 0.5 1.2 1.5 0.9 4.3

After SPE-DOM extract 0.2 1.5 1.6 0.6 8.1

After SPE-residue liquid 1.5 0.6 1.8 1.2 0.5

Standard deviation-pristine sample 0.01 0.01 0.02 0.1 0.2
      Note:  A 20-mL liquid sample was used for  SPE.  In-house-pre-
pared samples from the North Sea sediments after incubation were
tested since the pristine sample contains both substantial protein-
like and humic-like compounds. FI: fluorescence index; BIX: biolo-
gical  index;  HIX:  humification  index.  AC/M:  peak  height  ratio  of
Peaks A and C to Peak M; P/H: peak height ratio of Peak P to Peak H.
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process. It suggests caution in comparing EEM and FT-ICR-MS
since the pretreatment of the latter includes SPE. If the pore wa-
ter samples contain a significant fraction of protein-like DOM,
the combination of FT-ICR-MS with EEMs is recommended. By
the latter technique, information on both protein-like and hum-
ic-like DOM is included, and a dataset of hundreds of samples
can be easily realized. Based on the overview obtained by EEMs,
molecular-level analysis of selected samples by FT-ICR-MS is
feasible and provides complementary information.

4  Conclusions
Based on tests of humic-rich SRFA, protein-rich YE and in-

house-prepared natural DOM samples, the impacts of various
pretreatments of anoxic marine sedimentary pore-water samples
were examined: (1) final concentration of Fe(II) and Mn(II) be-
low 0.06 mmol/L is preferred; higher concentrations of Fe(II) and
Mn(II) resulted in a noise peak that interfered with PARAFAC
analysis and in the substantial loss of fluorescence signal espe-
cially for humic-like peaks; DOM samples are most quenched by
Fe(III); (2) dissolved sulfide at concentration of 1 mmol/L can
cause a slight but observable red-shift of humic-like peaks in
SRFA; oxidation of sulfide resulted in sulfur and losses of signals;
(3) O2 exposure slightly changed the EEMs of DOM extracts from
in-house-prepared natural samples within two months. Formu-
lae (<1%) located in oxygen-rich polyphenol region in van Krev-
elen Diagram increased and oxidation of CHOS compounds was
observed. Accordingly, the EEMs of extracted DOM was not sens-
itive to oxygen exposure. For the same pristine water before ex-
traction, however, the EEMs were highly sensitive to oxygen,
mainly due to reactions of redox-sensitive ions. More specifically,
the metals and sulfides are oxidized and influence their interac-
tion with DOM.

Therefore, we recommend the following measures to reduce
the matrix effect on EEMs for the original pore water samples
from anoxic marine sediments and SPE is not necessary: (1) stor-
age without headspace of air; sulfide-rich pristine samples
should be flushed with N2 for 2 min to exclude sulfide; (2) dilu-
tion with O2-free water for pristine marine samples to avoid both
the matrix effects and oxidation of metal ions during measure-
ment; (3) measurements of supernatant from pristine samples
without precipitation of metal ions or filtrate without floccules if
suspended sulfur is formed due to oxidation of sulfide. It should
be noted that the oxidation of DOM may be more significant un-
der the long-term storage although the interior change of DOM
would not induce bias after two-month exposure of O2 in this
study. For the sedimentary DOM samples examined in this study,
microliter volumes (50 μL, ~1 μg C) were sufficient without losses
after solid phase extraction, which is a complementary advant-
age of EEMs combined with FT-ICR-MS analyses. With appropri-
ate pretreatments, EEMs make high-frequency observations pos-
sible for anoxic pore water samples from the marine subseafloor.
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