
lable at ScienceDirect

Water Research 100 (2016) 222e231
Contents lists avai
Water Research

journal homepage: www.elsevier .com/locate/watres
Molecular diversity of riverine alkaline-extractable sediment organic
matter and its linkages with spectral indicators and molecular size
distributions

Wei He a, Meilian Chen a, Jae-Eun Park b, Jin Hur a, *

a Department of Environment and Energy, Sejong University, Seoul 143-747, South Korea
b Research Group for Mass Spectrometry, Korea Basic Science Institute, Chungbuk 363-883, South Korea
a r t i c l e i n f o

Article history:
Received 19 March 2016
Received in revised form
6 May 2016
Accepted 6 May 2016
Available online 9 May 2016

Keywords:
Sediment organic matter
FT-ICR-MS
Chemical heterogeneity
Spectral indicators
SEC-OCD
* Corresponding author.
E-mail address: jinhur@sejong.ac.kr (J. Hur).

http://dx.doi.org/10.1016/j.watres.2016.05.023
0043-1354/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Few studies have been conducted to examine the spatial heterogeneity of riverine sediment organic
matter (SOM) at the molecular level. The present study explored the chemical and molecular hetero-
geneity of alkaline-extractable SOM from riverine sediments via multiple analytical tools including
molecular composition, absorption and fluorescence spectra, and molecular size distributions. The
riverine SOM revealed complex and diverse characteristics, exhibiting a great number of non-redundant
formulas and high spatial variations. The molecular diversity was more pronounced for the sediments
affected by a higher degree of anthropogenic activities. Unlike the cases of aquatic dissolved organic
matter, highly-unsaturated structures with oxygen (HUSO) of SOM were more associated with the
spectral and size features of humic-like (or terrestrial) substances than aromatic molecules were,
cautioning the interpretation of the SOM molecules responsible for apparent indicators. Noting that a
higher detection rate (DR) produces fewer common molecules, the common molecules of 23 different
SOMs were determined at a reasonable DR value of 0.35, which accounted for a small portion (5.8%) of all
detected molecules. They were mainly CHO compounds (>98%), which positively correlated with spectral
indicators of biological production. Despite the low abundance, however, the ratios of aromatic to
aliphatic substances could be indexed to classify the common molecules into several geochemical mo-
lecular groups with different degrees of the associations with the apparent spectral and size indicators.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Sediment organic matter (SOM) is not only an important
reservoir of particulate organic carbon in aquatic environments
(Hedges and Keil, 1995), but it also operates as dynamic sources of
organic matter to the bottom/overlying water (Komada et al.,
2002). In riverine ecosystems, dissolved organic matter (DOM)
tends to become aged SOM sources upon abiotic and biotic trans-
formations during its transport from upstream to downstream
(Benner et al., 2004; Raymond and Bauer, 2001). SOM can be mo-
bile through sorption/desorption (Perez et al., 2011) and easily
transformed upon further photochemical dissolution and oxidation
(Schiebel et al., 2014; Porcal et al., 2013; Simon et al., 2002).
Moreover, riverine SOM likely remains exposed to direct (e.g.,
organic matter discharge from different land use) and indirect
anthropogenic activities (e.g., algae bloom caused by eutrophica-
tion) (Wilson and Xenopoulos, 2009). Given the aforementioned
situations, it is possible to hypothesize that molecular diversity of
riverine SOM is highly site-dependent.

Due to the capability of resolving thousands of individual mol-
ecules with varying elemental compositions (Stenson et al., 2002),
ultra-high resolution Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS) has been employed to examine the
molecular diversity of the DOM from aquatic environments such as
overlying water (Kellerman et al., 2014, 2015), deep water (Dittmar
and Koch, 2006), pore water (Riedel et al., 2013; Schmidt et al.,
2009), and glacier-melting water (Spencer et al., 2014; Singer
et al., 2012). With the aid of FT-ICR-MS, the sources (Spencer
et al., 2014), the degradation behaviors (Ward et al., 2013; Tfaily
et al., 2013), the microbial alternation (Osterholz et al., 2015), and
the photo-induced transformations of DOM (Rossel et al., 2013;
Chen et al., 2014) have been successfully examined at the
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molecular level. By contrast, the molecular diversity of particulate
organic matter (POM) or solid phase SOM has received much less
attention (Schmidt et al., 2014). Furthermore, previous studies
considered only water-soluble fraction of SOM, which accounted
for a small portion of organic composition in sediments when
compared with the alkaline-extractable fraction of sediments
(Kuwatsuka et al., 1992; Hur et al., 2014). Exploring molecular di-
versity of solid phase SOM via the FT-ICR-MS analyses of alkaline-
extractable organic matter (AEOM) could thus provide a better
insight into the similarities and differences between POM and
DOM, as well as the sources of sediments. Based on previous
literature, chemical composition at the molecular level is closely
associated with many spectral indicators including carbon specific
ultraviolet absorbance (SUVA254), fluorescent indices, and fluores-
cence excitation emission matrix (EEM) parallel factor components
(PARAFAC), and also with the size distributions (Kellerman et al.,
2015; Singer et al., 2012; Stubbins et al., 2014). However, it is
questionable but as yet unexplored whether or not many re-
lationships previously reported for aquatic DOM are still applicable
to riverine SOM pool.

In order to answer such fundamental questions and to test the
hypothesis above, we collected riverine SOM samples (or AEOM of
sediments) from many locations affected by different land cover
and different degrees of anthropogenic activities, and determined
FT-ICR-MS, absorption and fluorescence spectra, and size exclusion
chromatography (SEC) coupled with organic carbon detector (SEC-
OCD). The objectives of this study were (1) to explore the hetero-
geneous molecular composition of riverine SOM through FT-ICR-
MS, spectroscopic features, and size distributions, and (2) to iden-
tify the linkages of the molecular composition with spectral in-
dicators and molecular sizes.

2. Materials and methods

2.1. Sample collection and treatment

Fifty five sediments were initially collected from different rivers
and streams distributed in four major watersheds of South Korea
(including the Han River, Nakdong River, Geum River, and Yeongsan
River Watersheds), and twenty three of them were used for this
study based on comprehensive consideration for the spectral in-
dicators, geographic distribution, and anthropogenic activities (He
et al., 2016a). To test the spatial heterogeneity of SOM, some sam-
ples were replicated at the same locations (e.g., GP3 & GP4, HJ1 &
HJ2, DY1 & DY2). The geographical information concerning the
samples is summarized in Supporting Information (SI)
(Tables S1eS2 and Fig. S1). The sampling information is provided in
a previous study (Chen et al., 2015) and briefly in SI Text S1. The
extraction and cleanup methods of SOM are fully described in SI
Text S1 (Hur et al., 2014; Osburn et al., 2012). In brief, dried sedi-
ments were soaked in 0.1 N NaOH solution, shaken for 24 h before
centrifugation and filtration using a pre-washed 0.45 mm pore-
sized membrane and passed through cation exchange resin. The
purified SOM solution (or AEOM) was freeze-dried and stored in
desiccator until solid phase extraction (SPE) followed by FT-ICR-MS
analysis. A portion of the eluate was freeze-dried and re-dissolved
using ultrapure water prior to the measurements of dissolved
organic carbon (DOC), ultravioletevisible absorption spectra
(UVeVis), fluorescence EEM, and SEC-OCD.

2.2. Spectral indicators and SEC-OCD analyses

DOC was determined by a Shimadzu V-CPH TOC analyzer with a
relative precision of <3% (Yang and Hur, 2014). The pH of the pu-
rified SOM was adjusted to ~3 prior to UVeVis and EEM
determinations. The absorption spectra (200e800 nm) were
scanned by a Shimadzu UV-1300 spectrometer with 1-cm cuvette.
SUVA254 was calculated as 100-fold ratios of absorbance at 254 nm
to DOC concentration, and spectral slope ratio (SR) was estimated
based on the spectral slope over 275e295 nm relative to
350e400 nm (Chen et al., 2015; Yang et al., 2014).

EEM spectra were scanned at the excitation/emission wave-
lengths of 220e500/280e550 nm with excitation at a 5-nm step
and emission at a 0.5-nm step using a luminescence spectrometer
(Perkin Elmer LS55). According to an inter-laboratory standard
method, EEM data were corrected for water blank and inner filter
effect using automatical Matlab code, namely, FDOMcorrect.m
(Murphy et al., 2010). Humification index (HIX) and biological index
(BIX) were calculated, respectively, as a ratio of the areas under the
emission spectra over 435e480 nm to 300e345 nm with an exci-
tation wavelength of 255 nm and a ratio of the fluorescence in-
tensity at the emission wavelength of 380 nme430 nm with an
excitationwavelength of 310 nm (Zsolnay et al., 1999; Huguet et al.,
2009). PARAFAC modelling was performed with the EEM data set
for the AEOM of the original 55 sediments using Matlab toolbox,
namely, DOMFluor (Stedmon and Bro, 2008). According to core
consistency diagnostic (Table S3), three PARAFAC components were
finally extracted for the present study (Fig. S2). One protein-like
component (C1) and two humic-like components (C2 and C3)
were quantitatively identified using a self-edited Matlab (He and
Hur, 2015). Further details on the procedure are described in Text
S2 and Table S3.

SEC-OCD results provided the quantities of five different size
fractions from a bulk SOM sample, which include biopolymers (BP),
humic substances (HS), building blocks (BB), lowmolecular-weight
acids (LMWA), and low molecular-weight neutrals (LMWN) in the
order of larger to smaller sizes (Huber et al., 2011). Aromaticity
(ARM) and molecular weight (MW) of HS were also estimated by
both UV and OCD detectors of the SEC system. The experimental
setup for SEC-OCD and additional information on the five size
fractions are provided in Text S3 (Huber et al., 2011).

2.3. FT-ICR-MS analysis

SPE was performed following a recommended process (Dittmar
et al., 2008), and a previously optimized method was adopted for
the FT-ICR-MS analyses of this study (Bae et al., 2011; Koch et al.,
2007; Chen et al., 2016). Detailed descriptions of the extraction
and the FT-ICR-MS determination are given in Text S4. Briefly, the
freeze-dried AEOM samples were re-dissolved, filtered, and
adjusted to pH ~2 before they were placed on top of a styrene-
divinylbenzene (Agilent Bond Elut PPL) solid phase extraction
(SPE) cartridge, which were previously washed with ultrapure
water and sequent HCl-acidified ultrapurewater. The samples were
passed through the conditioned PPL-SPE. After removing salts and
drying the PPL-SPE cartridge, methanol was added to elute the PPL-
extracted SOM (PPL-SOM). The same sample procedurewas applied
to ultrapure water blanks to check for potential contamination. All
the samples and blanks were stored at �20 �C until FT-ICR-MS
determination.

The PPL-SOM, after dilutionwith methanol: ultrapure water at a
ratio of 1:1 (v/v) and filtered, was measured using a 15-T FT-ICR-MS
interfaced with an Apollo II electrospray ionization source in
negative mode (EST, Bruker Daltonik, Germany). The details of the
instrument condition are described in Text S4. To achieve a mass
accuracy of <0.03 ppm, external calibrations were made with
arginine clusters and Suwannee River fulvic acid (SRFA). Solvent
blanks were run between samples to avoid cross-contamination.
Procedural blanks were also performed to exclude the back-
ground molecules. The peaks with signal to noise ratios (S/N) > 4
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were only taken into account. All ions were singly charged as
confirmed by the isotopic spacing pattern (1.00335 Da) of the
corresponding 12Cn and 13C12Cn�1 mass peaks.

Molecular formula assignments were based on general princi-
ples; the mass accuracy threshed was � ±1 ppm, elemental com-
binations were allowable for 12C1�∞

1 H1�∞
16 O0�∞

14 N0�3
32 S0�3, and

‘nitrogen-rule’, double bond equivalent rule (DBE ¼ 1/
2(2C � H þ N) � 0), and elemental ratio criteria of H/C � 0.3, O/
C� 1, N/C� 1, S/C� 0.2 were applied to avoid ambiguous elemental
formula (Koch et al., 2007; Lechtenfeld et al., 2015). The formulas
containing N2S2 were ruled out from the assignments. The ‘chem-
ical building block’ approach was employed to check the remaining
ambiguously assigned mass peaks as reported before (Koch et al.,
2007). The formula-assigned peaks were only considered for this
study, and the peaks below the standardized detection or not
detected in some samples were assigned to detection limits as
described in Text S4 (Stubbins et al., 2014). On the bases of stoi-
chiometry of the molecular formula (e.g., H/C cutoffs) (Santl-
Temkiv et al., 2013) and the modified aromaticity index
(AImod ¼ (1 þ C � 0.5O � S � 0.5H)/(C � 0.5O � S � N � P)) (Koch
and Dittmar, 2006), the assigned formulas were grouped into
several compound classes as follows: condensed aromatic structure
(CAS, AImod > 0.67), aromatic structures (AS, 0.5 < AImod � 0.67),
highly unsaturated structures with low oxygen (HUSLO,
AImod < 0.5, H/C < 1.5, O/C < 0.5), highly unsaturated structures
with high oxygen (HUSHO, AImod < 0.5, H/C < 1.5, 0.5 � O/C � 0.9),
aliphatics (1.5 � H/C � 2, O/C < 0.9, N ¼ 0), peptides (1.5 � H/C � 2,
O/C <0.9, N > 0), and sugars (O/C > 0.9). CAS and AS were also
reported to be combustion-derived polycyclic aromatics and
vascular plant-derived polyphenols, respectively (Kellerman et al.,
2014). The last two classes (i.e., peptides and sugars) might also
occur in an alternative isomeric arrangement (Stubbins et al., 2014).
The peak intensities were used to calculate the intensity-weighted
average (wa) for molecular masses (MM), elemental ratios, AImod,
DBE. Chemodiversity index (CDI) was calculated using the Chao 1
index based on datasets from 23 samples (Text S4) corresponding
to a total of 13,931 assigned molecular formulas.

2.4. Data analyses

The PARAFAC components, SEC-OCD, and FT-ICR-MS molecular
composition were all presented with normalized values to the sum
of all the fractions. Statistical analyses and principle component
analysis (PCA) were conducted by SPSS v13.0 software. Since most
data did not obey normal or logarithm normal distributions,
Spearman correlation analysis was employed using Matlab to
investigate the association between themolecular composition and
the apparent indicators (e.g., SUVA254, PARAFAC components, and
SEC-OCD fractions). Besides PCA, non-metric multidimensional
scaling (NMDS), expressing an accurate representation of the un-
derlying data structure (Clarke, 1993), was also performed to
ordinate the molecules. The apparent indicators were fitted to
NMDS ordinates by vegan package (vegan 2.3e0) using R v3.1.0. On
the basis of Spearman correlation coefficients between the mo-
lecular composition and the apparent indicators, cluster analysis
(CA) was conducted using Matlab to further identify molecular
clusters and their characteristics. Ward’s method was applied as a
criterion for CA, and the similarity among the clusters was
measured using the squared Euclidean distance.

3. Results and discussion

3.1. Spectral properties and SEC-OCD fractions of riverine SOM

The PPL-SOM showed highly aromatic nature in UVeVis as
nearly 75% of the samples had the SUVA254 greater than 5.49 mg-
C�1 m�1 L (Table S5 and Table S11). The sources of the PPL-SOM
seem close to humified soils as indicated by the high SUVA values
(Nkhili et al., 2012). The SR values (0.16e0.37) were much lower
than 1.0, indicating that high molecular weight molecules domi-
nate the PPL-SOM (Helms et al., 2008). Both HIX (mean, 6.06) and
BIX (mean, 1.03) values further revealed that the fluorescent PPL-
SOM had high degrees of the condensation in aromatic structures
and/or the conjugation in unsaturated aliphatic chains and also that
they were unlikely derived from recent biological activities (Yang
et al., 2014; Nkhili et al., 2012).

C1, with Ex/Em maxima wavelengths of <220 nm/376 nm,
represents a combination of tryptophan-like fluorescent organic
matter (FOM) and biologically labile matter produced in surface
water (Singh et al., 2010; Williams et al., 2010). C2, with Ex/Em
maxima wavelengths of 240 nm/421 nm, was humic-like FOM
associated with autochthonous production (Williams et al., 2010;
Cory and Kaplan, 2012). The two components were observed for
more than 60% of the database in 38 PARAFAC models (Table S4).
C3, with Ex/Em maxima wavelengths of 280(305) nm/414 nm, can
be assigned to UV and visible humic-like FOM, which might be
biologically produced and subject to photodegradation (Williams
et al., 2010; Ishii and Boyer, 2012). The protein-like FOM (i.e., C1)
was more abundant (46.4 ± 11.6%) than either of the two humic-
like FOMs (C2, 36.3 ± 7.9%, C3, 17.3 ± 4.2%). However, the sum of
the two humic-like fractions still dominated the FOM pool, which
was in accordance with our previous absorbance spectra, and HIX
and BIX values, although different trends were found for limited
sampling sites (e.g., GP3, SIH5, and DY2).

To our best knowledge, this is the first work to investigate PPL-
SOMusing SEC-OCD (data shown in detail in Tables S6 and S11). The
results showed that LMWN was the most dominant fraction, ac-
counting for 68.7%, followed by HS (18.2%), BB (12.7%), LMWA
(0.2%), and BP (0.1%). The BP and LMWA fractions of the PPL-SOM
were negligible enough to be ignored. The size distributions of
the PPL-SOM were quite different from those of surface water
samples previously reported, in which large sized fractions
(HSþ BB) were more dominant in rivers (~70%) (Huber et al., 2011),
wetlands (66.2%) (He et al., 2016b), and costal seas (51%) (Penru
et al., 2013).

PCA showed the potential associations among the selected in-
dicators of the PPL-SOM (Fig. 1). The PC1 (29.7%) seems to be
associatedwith humic-like and/or large size characteristics because
C2%, C3%, HIX, SUVA254, BB, and HS were located toward the posi-
tive side. The PCA results provided an insight into the associations
of the SOM characteristics between SEC-OCD fractions and the
optical indices even though the optical indices only reflected UV-
absorbing and/or fluorescent constituents of the PPL-SOM.

3.2. Non-redundant formulas of riverine SOM

From 23 samples, we observed 13,931 of the assigned non-
redundant formulas, which was more than previously reported in
DOM (e.g., 4109 formulas in DOM from Canadian boreal rivers and
7122 formulas in DOM from Swedish boreal lakes) (Kellerman et al.,
2014, 2015; Singer et al., 2012; Stubbins et al., 2014), indicating that
the SOM molecules are very diverse and complex even when the
presence of isomers are ignored. The statistical analyses of the
classified groups for the formulas (Table S7, Figs. S3 and S4) showed
nitrogen-and-sulfur-free formulas (CHO) were dominant, ac-
counting for 38.5%, followed by only-sulfur-containing formulas
(CHOS, 25.7%), only-nitrogen-containing formulas (CHNO, 17.2%),
and nitrogen-and-sulfur-containing formulas (CHNOS, 13.6%). The
others were mostly the compounds with CH, CHS, and CHN ele-
ments, which are not further discussed here. The main molecules
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Fig. 1. Loading plots of the first 3 components extracted by PCA for SOM characteristics in Table S11 of 23 sampling sites.

Table 1
Statistical analysis (mean, standard deviance (SD), minimum (Min), maximum
(Max), 25th percentile (25th), 50 percentile (median), and 75th percentile (75th)) of
molecular characteristics.a

Mean ± SD MineMax Median (25the75th)

N 1781 ± 1047 666e3900 1357 (930e2660)
MMwa (Da) 511 ± 100 383e703 490 (420e619)
AImod,wa 0.22 ± 0.10 0.03e0.48 0.21 (0.16e0.27)
DBEwa 10.8 ± 3.7 6.3e23.7 10.6 (8.1e11.9)
Cwa 26.6 ± 6.2 18.9e45.2 25.6 (22.5e32.2)
Hwa 33.8 ± 6.9 23.9e47.2 31.0 (28.6e40.3)
Nwa 0.2 ± 0.2 0.0e0.7 0.2 (0.1e0.4)
Owa 9.0 ± 2.8 2.9e15.2 8.8 (7.1e10.9)
Swa 0.4 ± 0.2 0.0e0.7 0.4 (0.2e0.4)
O/Cwa 0.38 ± 0.10 0.11e0.51 0.41 (0.34e0.46)
H/Cwa 1.31 ± 0.15 1.03e1.54 1.34 (1.20e1.43)
N/Cwa 0.007 ± 0.005 0.002e0.018 0.006 (0.003e0.010)
S/Cwa 0.014 ± 0.008 0.002e0.032 0.012 (0.007e0.019)
CAS (%)b 5.0 ± 3.7 1.6e18.5 4.1 (2.1e6.5)
AS (%)b 15.5 ± 9.6 2.2e46.3 15.3 (9.2e17.9)
HUSLO (%)b 30.7 ± 8.1 20.5e56.9 27.3 (25.7e35.2)
HUSHO (%)b 18.4 ± 9.2 0.5e39.3 18.5 (12.1e25.5)
Aliphatics (%)b 23.4 ± 10.3 3.5e47.9 23.6 (17.7e28.7)
Peptides (%)b 6.0 ± 5.4 0.5e20.9 4.7 (1.3e10.5)
Sugars (%)b 0.3 ± 0.3 0.0e1.1 0.2 (0.2e0.4)
CHO (%)b 53.5 ± 18.7 21.6e84.0 62.0 (35.2e69.1)
CHNO (%)b 13.1 ± 9.2 2.6e34.4 9.8 (4.8e19.7)
CHOS (%)b 21.2 ± 13.2 3.0e46.2 20.1 (8.5e31.2)
CHNOS (%)b 8.4 ± 7.4 0.1e29.2 6.2 (4.0e8.8)
Others (%)b 3.8 ± 5.2 0.1e23.1 2.0 (0.8e3.7)
CDI 1919.4 ± 1149.1 703.8e4149.1 1372.1 (974.8e3137.5)

a
wa e intensityeweighted average. MM e molecular mass, AImod e modified

aromaticity index, DBE e double bond equivalent, CAS e Condensed aromatic
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containing oxygen were nonaromatic (AI, 0.17e0.33), whereas
oxygen-free compounds were more aromatic (AI, 0.56). The
aromatization of SOM might occur through depletion of oxygen
under reductive environments. The most detectable formulas were
the highly unsaturated structures with oxygen (HUSO), accounting
for 52.7%, which was similar to surface water DOM (~67%) (Spencer
et al., 2014; Stubbins et al., 2014). Their molecular masses were also
the largest (HUSLO, 636 ± 161 Da, HUSHO, 611 ± 178 Da) among all
the molecular groups. The lower AI of HUSO indicates that the
compound class might be composed of carboxyl-rich alicyclic
molecules (CRAM) (Ward et al., 2013; Stubbins et al., 2014), which is
considered a class of potentially refractory compounds and can be
produced by bacterial metabolisms (Lechtenfeld et al., 2015).
Except for peptides, both CAS and AS had higher nitrogen-to-
carbon (N/C) ratios compared to other molecular groups, indi-
cating that black nitrogen with high N/C might be present in the
SOM. Similar to porewater DOM (Riedel et al., 2013), black nitrogen
(BN) and black sulfur (BS) in SOM were worthy of much attention
because they could hint about the origins and the fate of the related
chemicals. Their simultaneous detection in pore water and SOM
also revealed potential exchanges of BN and BS between dissolved
and particulate phases of the riverine sediments.

Aliphatic molecules exhibited relatively high S/C values but did
not contain nitrogen in the PPL-SOM. They were likely the pre-
cursors of crude oils, of which molecules with lower DBE typically
contain substantial amounts of sulfur (Lu et al., 2014). The sulfur
functional groups might also be sulfonic acids and thiophenes, and
possibly sulfones (Pohlabeln and Dittmar, 2015). Both peptides and
sugars were detected at low compositions, consistent with prior
reports on DOM in rivers (Spencer et al., 2014; Stubbins et al., 2014).

Characteristics of the molecular groups were further illustrated
by both PC2 and PC3 in PCA. PC2 was positively associated with the
molecular characteristics of aromaticity (AImod,wa, DBEwa, and aro-
matic structures), CHNOSmolecules, and CDI, whereas the negative
side of the PC2 was occupied by aliphatics and sugars. The loading
plot of PC3 versus PC1 (Fig. 1b) clarified the associations among the
molecular characteristics. The positive side of the PC3 was linked
with the presence of N-and S-containing molecules and peptides,
while the negative side, with CHO molecules.
structures, AS e aromatic structure, HUSLO e Highly unsaturated structures with
low oxygen, HUSHO e Highly unsaturated structures with high oxygen, CHO e only
elements C, H, and O in the formulas, CHNO e only elements C, H, N, and O in the
formulas, CHOS e only elements C, H, O, and S in the formulas, CHNOS e all five
elements in the formulas, Other e the remaining formulas after excluding the above
four groups, CDI e chemodiversity index.

b The composition is the based on the total number of the formulas.
3.3. Spatial variation of riverine SOM

The van Krevelen diagrams showed the large extent of spatial
variation in the molecular patterns (Fig. S5). The molecular
characteristics were calculated (Tables S8eS10) and summarized in
Tables S11eS12 and Table 1. The chemodiversity (CDI) ranged from
703.8 to 4149.1, spanning one order of magnitude, whereas the CDI
of DOM from lakes was 3418e6398, remaining at the same order of
magnitude, indicating a larger spatial heterogeneity of SOM
(Kellerman et al., 2014). The lengths of carbon skeleton were also
site-dependent with the intensity-weighted-average of carbon
amounts ranging from 18.9 to 45.2, the unsaturation ranging from
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6.3 to 23.7, and the molecular masses ranging from 383 to 703.
These wide ranges might be caused by different land uses and
hydraulic retention times (Wilson and Xenopoulos, 2009;
Kellerman et al., 2014). In most locations (75%), CAS and AS did
not exceed 6.5% and 17.9% of the total formulas, respectively, but AS
accounted for 46.3% at GP4, indicating phenolic compounds
derived from vascular plants or soils might be dominant in the
sample (Singer et al., 2012). Combustion-derived SOMwas detected
in all locations with a maximum value of 18.5%, suggesting that
incomplete combustion from the upstream or the surrounding
watersheds may affect the SOM composition (Dittmar, 2008).
Peptides were found in less than 10.5% in most sampling locations,
but the composition was higher (20.9%) at the GP3 site, indicating
that different degrees of diagenetic transformation could occur in
the studied areas (Schmidt et al., 2011). Aliphatics were the second
largest molecular group with an average composition of 23.4%. At
some locations (HTS3, YR2, and DY1), they were present as a
dominant fraction, which could be derived from photodegradation
of POM (Chen et al., 2014). Sugars were the least observed in the
SOM, indicating that the substances might have been easily
assimilated by microorganisms living in the sediments.

The CHO-only molecules were a dominant fraction at most
sampling sites, which was similar to surface water DOM (Riedel
et al., 2013). The N-enriched sediments in this study could have
been coated with a large amount of bacteria because bacterial ex-
tracts are typically composed of many N-containing molecules
(Schmidt et al., 2014; Lechtenfeld et al., 2015). The rest of them
were S-dominated probably with sulfonic acids (Pohlabeln and
Dittmar, 2015). Based on the classifications by the H/C cutoffs and
AImod in the Fig. S6, we found the following notable patterns: (1)
CHO mainly corresponded to HUSO, aromatic substances
(AS þ CAS), and aliphatics, (2) CHNO had similar compositions for
the molecular groups of HUSO and aromatic substances, while
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Fig. 2. Linear relationships between SOM molecular groups (CAS, HUSLO, HUSHO
peptides were the alternative of aliphatics, (3) CHOS were domi-
nated by HUSO and aliphatics, (4) CHNOS mostly belonged to
HUSLO, and (5) the majority of “Others” were AS and CAS.

Spatial variation of riverine SOM was further revealed by the
score plots of the first 2 PCA components for the SOM character-
istics listed in Table S12 (Fig. S7). The samples belonging to the
Yeongsan River watershed were all located at the positive side of
the PC1, indicating that the relatively low degree of anthropogenic
activities (Table S2) may lead to chemical similarity (or homoge-
neity) of SOM with humic-like characteristics. The Yeongsan River
watershed had the lowest human population density and pollution
discharge among the four major watersheds (Table S2). In contrast,
the SOM from the Han and Nakdong River watersheds, in which
anthropogenic activities and pollution production were more pro-
nounced, showed a higher extent of molecular heterogeneity with
their score points placed scattered along the PC1 axis (Fig. S7).

3.4. Associations of SOM molecular groups with apparent indicators

The PCA plot (Fig. 1a) and the component matrix (Table S13)
indicated that HUSHO was associated with humic-like substances,
which agrees with the common knowledge that humic-like struc-
tures contain large amounts of unsaturated and carboxyl function
groups (Kumada, 1987). The association of LMWAwith the positive
side of the PC2, indicating that LMWA may be enriched with aro-
matic structures. Both CAS and AS were associated with SR and
LMWA, while HUSO had linkages with HS, C2%, and C3%. In the
previous literature, the associations between aromatic molecules
and some apparent indicators of terrestrial sources, such as
SUVA254 and humic-like FOM, and between aliphatic molecules
and biological indicators (small-size fractions of SEC and protein-
like FOM) have been demonstrated for the DOM samples from
109 Swedish lakes and boreal rivers or streams in Canada
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(Kellerman et al., 2015; Stubbins et al., 2014). For this study based
on SOM, however, it was found that many apparent indicators of
humic-like substances were more governed by HUSO rather than
aromatic molecules, suggesting that the relationships among the
variables previously established for DOM might not operate for
SOM. Therefore, greater caution is required in interpreting SOM
properties using the relationships constructed based on aquatic
DOM. The linear relationships identified betweenmolecular groups
of SOM and selected apparent indicators are shown in Fig. 2 and
Fig. S8. For example, HUSLO showed positive correlations with HS
and C3 in their relative abundances, while it exhibited negative
correlations with LMWN and C1 (Fig. 2). The relationships would
provide valuable information on the chemical composition of SOM
responsible for the observed indicators, although further in-
vestigations using a greater number of SOM samples from other
geological locations are warrant lowering the uncertainties of those
predictions.

3.5. Relationships between SOM common molecules and apparent
indicators

Common molecules represent the molecular formulas that are
all detected in a given group of samples so they can provide site-
independent information on SOM molecular composition. In pre-
vious studies of DOM (Kellerman et al., 2014, 2015; Stubbins et al.,
Fig. 3. The number and its median modified aromaticity index (AImod) (central chart) of c
binations, in which the formula’s detection rates (DR) were 0.05, 0.1, 0.2, 0.35, 0.5, 0.6, 0.7. Th
0 to 1000 Da. The four areas divided by the dot line, dash line, and solid line are aliphatics,
combustion-derived polycyclic aromatics. (For interpretation of the references to color in t
2014), although the detection rate (DR) of the individual molecules
was set relatively high (~0.6), it still contained a large number of
common molecules. Nevertheless, the number of the common
molecules of SOMwas very limited (168) at the same threshold (i.e.,
DR ¼ 0.6) for this study. The number of the identified common
molecules showed a decreasing trend with DR values with an in-
flection point of DR¼ 0.35 as shown in Fig. 3. The chemodiversity of
common SOMmolecules also varied with the DR values (Table S14).
For example, the carbon skeleton, N- and S-containing molecules,
and molecule masses tended to decline with increasing DR values.
If the same DR threshold of DOM (~0.6) was applied to SOM, a
wealth of crucial information could be missing. The results imply
the necessity and the importance of identifying a reasonable DR
value for the investigation of SOM. To identify a reasonable DR
value for SOM, the common molecules’ properties were presented
with increasing DR values as shown in Fig. 3. A comparison of the
van Krevelen diagrams of the SOM commonmolecules for different
DR values showed that molecular distribution patterns did not
substantially change around the DR value of 0.35 as compared to
those at lower DR values. Again, the DR value represents an in-
flection point in the plot of either the number of molecules or
aromaticity index against varying DR values (Fig. 3). Note that
although DR¼ 0.35 was finally chosen for our SOM samples, it does
not necessarily mean that the value could be applied to other SOM
studies. In general, the common molecules determined at a higher
ommon formulas and van Krevelen diagrams (surrounding charts) of molecular com-
e blue to red colors in the color bar denote the molecular masses (MMs) increasing from
highly unsaturated and phenolic compounds, vascular plant-derived polyphenols, and
his figure legend, the reader is referred to the web version of this article.)
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DR value represent a smaller part of all identified molecules,
making it difficult to explain the molecular information commonly
existing in collected SOM. Thus, the identification of a proper DR
value may need individual investigation.

Spearman correlations were calculated between the relative in-
tensities of the common formulas determined above and the
apparent indicators in Fig. 4 and Fig. S9. In general, the common
formulas exhibited positive correlations with biological indicators
such as BIX, protein-like FOM (C1%), and LMWN fraction, and nega-
tive correlations with the territorial indicators such as SUVA254, HIX,
humic-like FOM (C2% and C3%), andHS andBB fractions (Fig. S10 and
Table S15). These results apparently conflicted with the previous
association analysis. However, it should be noted that the common
molecules (n ¼ 813) only accounted for 5.8% of non-redundant
molecules (n ¼ 13,931) and also that the molecules, which had sig-
nificant (p < 0.05) Spearman-correlations with the apparent in-
dicators, were even less in the number (the maximum is 218 for C3%
in Table S15). Thus, the common molecules cannot determine the
direct structural information leading to the apparent indicators.
Furthermore, the common molecules among those exhibiting sig-
nificant Spearman correlationsweremainly CHOcompounds (>98%)
(Table S16 and Fig. S11). The CHO compounds had relatively small
molecular masses (MM < 400 Da) and low degrees of unsaturation
(H/C<1.6) andaromaticity (AImod<0.22), belonging to themolecular
groups of HUSO and aliphatics, which further explained why they
were associated with biological indicators. N-containing molecules
were not observed in the common molecules even though biologi-
cally derived DOM typically has many N-containing molecules.

Non-metric multidimensional scaling (NMDS) revealed that
even the common molecules showed limited similarities with the
non-redundant molecules with respect to their associations with
some apparent indicators (i.e., BB/HS/HIX ~ C2%/C3%, BP/
Fig. 4. The common molecules’ (DR ¼ 0.35) associations with selected apparent indicators (
common formulas and the indicators. The blue to red colors in the color bar denote the corre
color in this figure legend, the reader is referred to the web version of this article.)
LMWN ~ C1%) (Fig. S12d). It appears that the molecules with higher
DBEweremore associatedwith biologically-derived organic matter
(BP or C1%), whereas those with lower DBE were related to
terrestrial sources (humic indicators, BB/HS/HIX/C2%) (Fig. S12b).

3.6. Classification of common molecules into different
biogeochemical molecular groups

Biogeochemical properties (e.g., chemical composition, sources)
of riverine SOM have often been explored by using the spectral
features (UV, EEM) and/or the molecular weight distributions of
SOM (Hur et al., 2014; He et al., 2016b). In this study, four biogeo-
chemical molecular groups were extracted from the common
molecules via cluster analysis based on the associations between
the molecules and 14 selected apparent indicators in Fig. S9 (Fig. 5
and Figs. S13eS16) (Singer et al., 2012).

Cluster 3 showed the highest associations with C1% and LMWN,
followed by Cluster 1 ~ Cluster 2 > Cluster 4, indicating that the
molecules belonging to Cluster 3 might be primarily derived from
fresh input of biological sources (Hur et al., 2014; Huber et al., 2011).
Cluster 3, with 30.1% of the commonmolecules, had the lowest O/C
ratios (0.39 ± 0.17) and the highest H/C ratios (1.41 ± 0.39) among
the four clusters (Table S17 and Table 2). They were mainly HUSLO
and aliphatics. Meanwhile, the sources of the Cluster 4 molecules
were not clearly revealed due to the absence of obvious correlations
with the apparent indicators. Cluster 1 had the most abundant
HUSO, whereas Cluster 2 is the most occupied by aliphatics
(Table 2). The dominant presence (>25%) of aliphatics in all four
clusters indicates that the molecular group could be the key
element to determine the biogeochemical properties of the com-
mon molecules. Cluster 4, with the highest O/C ratios (0.48 ± 0.11)
and the highest H/C ratios (1.16 ± 0.36) among the four clusters,
C1%, C3%, HS, LMWN) via Spearman correlations between the relative intensities of the
lation coefficients (r) increasing from�1.0 to 1.0. (For interpretation of the references to



Fig. 5. Biogeochemical molecular groups of SOM. a. Cluster analysis identified four molecular subpopulation based on the associations of the common formulas (DR ¼ 0.35) with 14
apparent indicators in Fig. S9. The input data was the Spearman coefficients. b-e. Location of the four classified molecular groups in van Krevelen diagrams and their associations
with C1% (b), C3% (c), HS (d), and LMWN (e) as indicated by the Spearman coefficients. The blue to red colors denote that the correlation coefficients (r) are from �1 to 1. The
numbers in the brackets after the indicators’ names give the mean ± SD (standard deviance) of the correlation coefficients. (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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Table 2
Characteristics of SOM molecules belonging to the four clusters shown in Fig. 5.

Cluster 1 Cluster 2 Cluster 3 Cluster 4

Percentage of compounds 30.01 15.99 30.14 23.86
MM (Da) 369.0 ± 51.3 379.7 ± 81.1 373.7 ± 57.5 402.4 ± 58.5
O/C 0.45 ± 0.14 0.45 ± 0.14 0.39 ± 0.17 0.48 ± 0.11
H/C 1.29 ± 0.35 1.29 ± 0.4 1.41 ± 0.39 1.16 ± 0.36
DBE 7.2 ± 2.89 7.25 ± 3.23 6.6 ± 3.66 8.83 ± 2.84
AI 0.24 ± 0.2 0.25 ± 0.24 0.19 ± 0.25 0.32 ± 0.21
CAS, % 2 9.2 4.5 4.1
AS, % 10.7 11.5 9 22.2
HUSLO, % 27.9 18.5 30.2 26.8
HUSHO, % 25.8 17.7 9.4 21.1
Aliphatics, % 33.6 43.1 46.9 25.8
AS/aliphatics 0.32 0.27 0.19 0.86

W. He et al. / Water Research 100 (2016) 222e231230
contained abundant aromatic substances (22.2%). It appears that
the ratios of AS to aliphatics could be used as a rough indicator for
the biogeochemical classification of the common molecules in
riverine SOM since a large variability of the ratios was found among
the four clusters (0.19e0.86) (Table 2). Different degrees of the
diagenetic processes of organic matter in sediments may explain
the observation because diagenetic processes tend to result inmore
unsaturated and aromatic structures of SOM (Schmidt et al., 2011).
The diagenetic processes typically involve transformation reactions
such as the oxidation of hydroxyl groups, the hydration of mole-
cules, the methylation of hydroxyl groups, and/or the dehydration
of hydroxyl or carboxyl groups. For this study, Cluster 3 molecules
may have been affected by the methylation of hydroxyl groups as
indicated by the lower O/C and higher H/C. Meanwhile, both
oxidation and dehydration of hydroxyl might affect the molecules
belonging to Cluster 4 because of its highest DBE and O/C.

4. Conclusions

Based on the major findings from our pioneering attempt to
examine solid phase SOM (or alkaline extractable organic matter)
in the molecular level using FT-ICR-MS, some crucial conclusions
can be made.

� The greater number of non-redundant formulas and higher
spatial variations of PPL-SOM molecules revealed the
complexity and diversity of the riverine SOM, which increased
with a higher degree of anthropogenic activities.

� HUSO of SOM, not aromatic molecules, were associated with the
spectral and size features of humic-like (or terrestrial) sub-
stances, which was different from aquatic DOM. Our results
caution the interpretation of the SOMmolecules responsible for
apparent indicators.

� The common molecules of 23 different SOMs were mainly CHO
compounds (>98%), which positively correlated with spectral
indicators of biological production. Furthermore, the ratios of
aromatic to aliphatic substances could be indexed to classify the
common molecules into several geochemical molecular groups.
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