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Humic substances (HS) in sediments play an important role in carbon and nutrient biogeochemical cycles
and fate of contaminants in the environment. However, information regarding HS quality and transfor-
mations that may affect their behaviour in reservoirs is still limited. The aim of this investigation was
to track sources and changes in sedimentary HS across a subtropical reservoir, connecting them to in-
lake processes and land-use influences. Surface sediments were collected at seven sampling sites in
Itupararanga Reservoir (Brazil). Humic (HA) and fulvic (FA) acids (components of HS) were extracted
from the sediment samples followed by in-depth characterisation via UV/VIS, fluorescence spectroscopy,
elemental (C, N) and isotopic analysis (d13C, d15N), nuclear magnetic resonance (13C NMR) and Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). All data were analysed by self-
organising maps. The results showed that samples from the upstream part of the reservoir were older
and more decomposed. They likely originated from C3 land-plants (d13C varied from �26.3‰ to
�22.4‰), having more aromatic, oxygen-poor (O/C < 0.5) and unsaturated compounds (H/C < 1.1). In con-
trast, near-dam samples were younger and had larger contributions of autochthonous material. This was
confirmed by oxygen-rich (O/C > 0.5) and partly more unsaturated compounds for FA as well as oxygen-
poor and saturated compounds with H/C > 1.1 for HA. Self-organising maps pointed out these differences
between upstream and dam areas and indicated that agriculture lands were related to microbially-
derived HS. Changes in HS composition revealed that internal reservoir processes may have influenced
HS quality across the reservoir.

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

Sediments in lakes and reservoirs store a substantial amount of
organic matter (OM) and play an important role in the carbon cycle
(Chen and Hur, 2015; Guillemette et al., 2017). This OM records
processes and conditions from their surrounding catchments and
its characterisation provides valuable information about sources
and sinks of organic carbon (Torres et al., 2012).

A significant amount of OM in sediments is composed of humic
substances (HS) (Chen and Hur, 2015). They are a mixture of
organic acids of different molecular sizes with complex structures
and mostly derive from decomposition of plants and animal bio-
mass (Raposo et al., 2016). HS can be divided according to their sol-
ubility at different pH ranges in fulvic acids (FA, soluble at all pH),
humic acids (HA, insoluble at pH below 2) and humin (insoluble at
all pH). These substances are also responsible to store refrac-
tory organic carbon in sediments and complex to organic pollu-
tants, nutrients, and trace metals, changing their mobility and
bioavailability (Nguyen, 1999; Elkins and Nelson, 2002; Li et al.,
2018).

The composition and quality of HS depend on their source,
which can be allochthonous or autochthonous (Hur et al., 2014;
Derrien et al., 2018). While allochthonous material is composed
predominantly of lignin and aromatic structures derived from sur-
rounding soils, trees and grasses, autochthonous material is pro-
duced from in-lake processes including leachates of dead
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organisms, macrophytes and phytoplankton. The latter has a more
aliphatic character with higher amounts of H and N in its mole-
cules (McDonald et al., 2004; Derrien et al., 2017). The relative con-
tribution of these two sources at each location depends on local
and seasonal patterns and can affect OM quality and reactivity
(Guillemette et al., 2017). Therefore, investigations of composition
and structures of HS can help to understand sources and processes
taking place in sediments (e.g. loss of aromatic compounds derived
from Fe reduction) (Lovley et al., 1989; Roden et al., 2010; Kulkarni
et al., 2018) and their influence on water quality, besides their role
on carbon and nutrient cycling (de la Rosa et al., 2011).

Due to the complex characteristics of HS, a combination of sev-
eral techniques is required to study their composition and struc-
ture. Each technique provides complementary pieces of
information about the source, structure, and reactivity of HS (de
la Rosa et al., 2011). A broad range of methods can be used for
HS characterisation, which include elemental composition, fluores-
cence spectroscopy, UV/VIS absorption, nuclear magnetic reso-
nance (NMR), stable isotopes and recently Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS) (Hertkorn
et al., 2013; Minor et al., 2014; Melendez-Perez et al., 2016;
Herzsprung et al., 2017b). FT-ICR-MS combined with electrospray
ionisation (ESI) provides detailed information on the molecular
composition of HS typically resolving several thousand different
molecular masses in HS. It enables molecular formula assignment
to constituents of complex mixtures including non-fluorescent
compounds of OM (Koch and Dittmar, 2006; Zherebker et al.,
2016; Derrien et al., 2018).

The acquisition of large volumes of data by several techniques
requires tools that simplify the interpretation of the results with
synoptic visualisation capabilities. Artificial neural networks such
as self-organising maps meet these needs because they can cluster
and recognise patterns in complex data sets. This technique has
been successfully used for discriminating organic matter fluores-
cence components (Ejarque-Gonzalez and Butturini, 2014), the
evolution of fluorescent dissolved organic matter in treatment
plants (Yang et al., 2019), water quality and identification of speci-
fic biogeochemical processes in waters (desorption of Fe, Mn and
nutrients from sediments and algal growth) (Çinar and Merdun,
2009; Melo et al., 2019).

Past investigations have combined different techniques (e.g. 13-
C NMR, fluorescence, pyrolysis gas chromatography–mass spec-
trometry and stable isotopes) to study OM from sediments
(Wolfe et al., 2002; de la Rosa et al., 2011; Guillemette et al.,
2017; Li et al., 2018). However, only a few of them included FT-
ICR-MS to characterise FA and HA and to track their sources
(Dadi et al., 2017; Valle et al., 2018). Therefore, further studies
about the potential of FT-ICR-MS to discriminate the sources of
sedimentary OM are promising for getting a better picture of local
and global carbon cycles (Derrien et al., 2018).

The main purpose of this study is to track sources, molecular
composition and structural information of sedimentary FA and
HA along a tropical reservoir with absorbance, fluorescence spec-
troscopy, stable isotopes and to combine them with 13C NMR, FT-
ICR-MS and self-organising maps. Possible changes in the HS were
then investigated with the aim to identify in-lake processes and
land-use influences around the reservoir. A novel focus on FT-
ICR-MS intended to discriminate molecular changes in sedimen-
tary HS and the combination of this information with self-
organising maps is promising to provide integral information of
all data collected. This multi-proxy study was promising to yield
new information about refractory organic matter in sediments to
identify possible biogeochemical processes including oxygen con-
sumption and redox reactions. These processes may also influence
the water quality of reservoirs that are important for drinking and
irrigation (Meyers and Ishiwatari, 1993).
2

2. Material and methods

2.1. Study site and sampling

Itupararanga Reservoir is located in Sorocaba River catchment
in the state of São Paulo, southeast of Brazil, with a storage volume
of 286 million m3, a catchment area of about 934 km2 and a reser-
voir area of 19 km2. Its length is 26 km and maximum and average
depths are 21 and 7.8 m, respectively (Ribeiro et al., 2014;
Frascareli et al., 2018). The average water residence time in the
reservoir is 250 days (Frascareli et al., 2015; Rodrigues et al.,
2019). It was constructed in 1912 originally for hydroelectricity
generation and currently serves multiple purposes including irriga-
tion and drinking water supply for approximately one million peo-
ple (Pedrazzi et al., 2013). The reservoir is seasonally stratified in
the warm season (October to March), when dissolved oxygen in
its bottom waters can decrease to values around 1 mg L�1 (Melo
et al., 2019).

Surface sediment samples (approx. 10 cm thickness) were col-
lected in December 2016 at seven sampling locations (P1 - P7,
Fig. 1) with a grab sampler. These sampling locations were selected
in previous investigations (Rosa et al., 2015; Melo et al., 2019)
based on land use, horizontal compartmentalisation of the reser-
voir and influence of inflows. The water depth and additional infor-
mation about each sampling site are available in Appendix A
(Table A.1). All collected samples were freeze-dried in the labora-
tory for HS extraction. The particle size distribution of the sedi-
ments was analysed by a laser-diffraction system (CILAS 1190;
Quantachrome, Germany).
2.2. Land use

Land use data from the 1-km shoreline buffer zone around the
reservoir and downstream portions of its main tributaries helped
to study sources of HS in surface sediments. This buffer zone
may stronger reflect the effects of the land use in the reservoir than
regional effects on a catchment scale (Shen et al., 2015; Zorzal-
Almeida et al., 2018). Areas that covered the length from each sam-
pling site to 8 km upstreamwere attributed for each site inside this
buffer zone (Fig. A.1, appendix A). Moreover, the land use on the
entire catchment was also considered in the results.

The catchment boundaries of the reservoir were outlined using
Shuttle Radar Topography Mission (SRTM) data (1:250.000) down-
loaded from Embrapa (de Miranda, 2005). Cloud free Landsat 8
images (219/76, 12th September 2017 and 30 m resolution)
acquired from the webpage of EarthExplorer (https://earthex-
plorer.usgs.gov/, accessed in June 2018) and RapidEye images
(5 m spatial resolution from 17th July and 30th August 2014) were
used for land cover classification. Five different land use types
(agriculture, forest, pasture, silviculture and urban) were defined
and their proportions were calculated for the whole catchment
as well as the areas defined for each sampling site in the buffer
zone. All delineations and calculations were carried out in the soft-
ware ArcGis 10.5 (ESRI, USA).
2.3. Humic and fulvic acid extraction

HA and FA were extracted from sediments based on the Interna-
tional Humic Substances Society (IHSS) method (Swift, 1996).
Briefly, the extractions were performed using 0.1 mol L�1 HCl
and NaOH solutions at a ratio of 1 g of sample to 10 mL of solution.
The alkaline step was carried out under N2 atmosphere for 4 h. HA
were dialysed against ultrapure water (dialysis tubing cut-off was
3500 Da) to reduce their salt contents. FA were passed through a
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Fig. 1. Location of the seven sampling sites (represented by crosses) in the Itupararanga Reservoir.
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column of SupeliteTM DAX-8 resin. Both FA and HA extracts were
dried at 45 �C for further analyses.

The dry samples were weighed to determine the percentage of
extracted HA and FA per sampling station. The organic and inor-
ganic contents of the dried and ground sediments were determined
by combustion (loss on ignition) at 550 �C in a muffle oven for 4 h
(Dean, 1974). The organic content was calculated by the difference
between the raw dried sample (105 �C) and the remaining residue
after the heating (550 �C).
2.4. Optical spectroscopic measurements

Absorbance spectra (240–600 nm) and fluorescence data from
FA and HA were recorded simultaneously in a 1 cm quartz cuvette
using a spectrofluorometer Aqualog� (HORIBA Jobin Yvon, Edison,
New Jersey). The fluorescence intensity was measured during
emission scans (240 to 600 nm, every 3.27 nm, 8 pixels) at set exci-
tation wavelengths in 3 nm increments from 240 nm to 600 nm.
The bandpass used for excitation and emission wavelengths was
5 nm and the integration time of 0.25 s was used. The method is
detailed described by Herzsprung et al. (2017a).

The fluorescence index (FI), a proxy for distinguish between
microbially and terrestrially derived OM, was calculated by the
ratio of fluorescence intensity at emission wavelength at 470 to
520 nm at an excitation wavelength of 370 nm (McKnight et al.,
2001). The humification index (HIX), a proxy related to the degree
of humification of OM, was calculated as the area under the emis-
sion spectra between 435 and 480 nm divided the sum of peak
areas between 300 and 345 nm (Ohno, 2002). The freshness index
(b/a), an indicator of recently produced OM, was calculated divid-
ing the emission intensity at 380 nm to the maximum emission
intensity between 420 and 430 nm at excitation 310 nm (Parlanti
et al., 2000; Hansen et al., 2016). The proxy for the molecular size
of HA and FA was calculated through the E2:E3 ratio, which is cal-
3

culated dividing the absorbance at 254 nm by the absorbance at
365 nm (Helms et al., 2008).

2.5. Distribution of carbon through ultrafiltration

The distribution of organic carbon was assessed through ultra-
filtration using a Stirred Ultrafiltration Cell (SUC) system (Model
8200, MilliporeTM). Solutions from HA and FA dried extracts were
prepared (9.6 ± 1.0 mg L�1 of total organic carbon, TOC) and fil-
tered sequentially in regenerated cellulose membranes of 100,
30, 10, 5 and 1 kDa, which resulted in 6 (F1 - F6) different fractions
(F1 > 100 kDa; 30 < F2 < 100 kDa; 10 < F3 < 30 kDa;
5 < F4 < 10 kDa; 1 < F5 < 5 kDa; F6 < 1 kDa), whose volumes were
adjusted to ca. 40 mL (except F6). The exact initial and filtered vol-
umes were measured and the organic carbon content (OCC) of each
fraction was measured using a total carbon analyser (DIMATOC�

2000, Dimatec Analysentechnik GmbH, Germany) for calculation
of the organic carbon balance.

2.6. Elemental analysis

The elemental composition (C, N) of the dried HA and FA was
analysed using an Elemental Combustion System (Costech Instru-
ments). The elemental composition of the samples was used for
calculation of the C:N ratio which is generally used as a proxy to
distinguish material originated from algae (C:N between 4 and
10) and land-plants (C:N � 20) (Meyers, 1994). The elemental
composition of the raw sediments was also determined using a
CN analyser (DIMATOC 2000, DIMATEC Analysentechnik GmbH,
Germany); reproducibility and accuracy was better than 3%.

2.7. 13C nuclear magnetic resonance (13C NMR)

Solid-state nuclear magnetic resonance on 13C (13C NMR) spec-
troscopy of HA and FA provides direct information about the rela-
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tive amounts of different carbon structural units of humic mole-
cules (Conte et al., 2002). The solid-state 13C NMR spectra were
recorded on a Bruker AV 300 WB operating at a frequency of
75.47 MHz. Magic angle spinning (MAS) was performed at
15 kHz with zirconium dioxide rotors (diameter 4 mm). The cross
polarisation (CP) contact time was 2000 ms and the number of
accumulated scans was 10,000. The 13C NMR spectra were subdi-
vided into six chemical shift regions according to the chemical type
of 13C carbon following Knicker and Lüdemann (1995): alkyl C (0–
45 ppm), N-alkyl/methoxyl C (45–60 ppm), O-alkyl C (60–
110 ppm), aromatic C (110–160 ppm), carboxyl/amide C (160–
185 ppm) and carbonyl C (185–220 ppm). The aliphaticity and aro-
maticity were estimated from the calculation of the relative area
(%) under the spectra from 0 to 110 and 110 to 160 ppm, respec-
tively (Rodríguez-Murillo et al., 2011).

2.8. Stable isotope analysis (d13C and d15N)

The analysis of stable isotopes (d13C and d15N) of FA, HA and raw
sediments was performed using a Delta V Plus Isotope Ratio MS
(Thermo Scientific) coupled with an elemental analyser (Costech
Instruments). All isotope ratios were expressed in a per mille (‰)
notation and calculated according to the Eq. (1) (Craig, 1957):

d13C or d15N ¼ Rsample=Rreference

� �� 1
� �� 1000 ð1Þ

where R is the ratio of the heavy to the light carbon isotopes and the
references (standards) were the Vienna Pee Dee Belemnite and
atmospheric N2 for C and N, respectively. All results were corrected
to instrumental drift and linearity.

2.9. High-resolution FT-ICR-MS analysis

2.9.1. Solid-phase extraction (SPE)
HA and FA extracts were re-dissolved in ultra-pure water

(MQW, Integral 5, Merck, Darmstadt, Germany) and extracted via
solid-phase extraction (SPE) in order to reduce remaining salts in
the samples for subsequent direct ESI-MS (Dittmar et al., 2008;
Raeke et al., 2016). For SPE, 50 mg styrene-divinyl-polymer type
sorbents (Bond Elut PPL, Agilent Technologies, Santa Clara, CA, Uni-
ted States) were loaded with 175 ± 20 and 560 ± 60 mg of carbon for
FA and HA, respectively. The SPE-OM was eluted with 1 mL metha-
nol (Biosolve, Valkenswaard, Netherlands), diluted to 20 ppm and
mixed 1:1 (v/v) with ultrapure water (Milli-Q Integral 5, Merck,
Darmstadt, Germany) immediately prior FT-ICR-MS analysis.
Carbon-based extraction efficiency was approx. 61% for the FA
and 6% for the HA samples.

2.9.2. FT-ICR-MS measurement
An FT-ICR mass spectrometer equipped with a dynamically har-

monised analyser cell (solariX XR, Bruker Daltonics Inc., Billerica,
MA, USA) and a 12T refrigerated actively shielded superconducting
magnet (Bruker Biospin, Wissembourg, France) instrument located
at the ProVIS Centre for Chemical Microscopy within the Helm-
holtz Centre for Environmental Research was used in ESI negative
ionisation mode (capillary voltage: 4.2 kV). Extracts were analysed
in random order with an autosampler (infusion rate: 10 mL min�1).
For each spectrum, 256 scans (ion accumulation time: 40 ms for FA
and 30 ms for HA) were co-added in the mass range 150-1000m/z
with a 4 MWord time domain (resolution at m/z 400: ca. 483,000).
Mass spectra were internally calibrated with a list of peaks (250-
640m/z, n > 125) commonly present in terrestrial dissolved OM
and the mass accuracy after internal calibration was better than
0.18 ppm (n = 14). Peaks were considered if the signal/noise (S/N)
ratio was greater than four. Raw spectra were processed with Com-
pass DataAnalysis 5.0 (Bruker Daltonics Inc., Billerica, MA, USA).
4

2.9.3. Data processing
Molecular formulas were assigned to peaks in the range 0-

750m/z allowing for elemental compositions 12C1-60, 13C0-1, 1H0-

122, 16O0-40, 14N0-4, 32S0-1, and 34S0-1 with an error range of
±0.39 ppm. Only formulas with 0 � DBE � 25 and �10 � DBE-O �
+10 (DBE (double bound equivalent) = 1 + 1/2 (2C � H + N)) were
considered for further data evaluation (Koch et al., 2014;
Herzsprung et al., 2016). Isotopologue formulas (13C, 34S) were
used for quality control but removed from the final data set as they
represent duplicate chemical information. Molecular formulas pre-
sent in full process blanks (n = 2) were removed from the entire
data set, if their peak abundance was at least once higher than
the lowest intensity within the 14 samples. Relative peak intensi-
ties (RI) were calculated based on the summed intensities of all
assigned peaks in each sample (Flerus et al., 2012). In addition,
intensity ranks were calculated for each of the 14 samples as
described by Herzsprung et al. (2012), tables A.2-A.6 (Appendix
A). The average nominal oxidation state of carbon (NOSC), DBE
and modified aromaticity index (AImod) were calculated from the
peak masses and molecular formulas, according to Koch and
Dittmar (2006) and LaRowe and Van Cappellen (2011) (cf. Appen-
dix A).

To compare the OM quality, hierarchical cluster analysis (HCA,
using Euclidian distance and Wards minimum variance clustering
method) was performed for all 14 samples and FA and HA sets sep-
arately. The intensity ranks which were separately calculated for
FA and HA were further used for calculation of inter sample ranks
as described by Herzsprung et al. (2012) and Herzsprung et al.
(2017a). The inter sample ranks were used in van Krevelen
diagrams.
2.10. Self-organising maps

The data set used in the analysis (example in Table A.7, Appen-
dix A) included all FA and HA samples and 24 variables that contain
all results of chemical characterisation (i.e. absorbance and fluores-
cence indices, d13C and d15N isotopic composition, C:N ratio,
summed relative intensities of CHO, CHNO, CHOS and CHNOS
molecular formulas obtained via FT-ICR-MS and percentages of
integrated areas obtained via 13C NMR) and proportions of land
use areas.

The structure of the self-organising maps was two-dimensional
and organised in hexagonal grids. The data set was initially nor-
malised via z-score transformation to convert the variables to a
common scale with mean zero and standard deviation one. This
avoids the dominance of a variable or group of variables (Asan
and Ercan, 2012). The batch training algorithm was used for train-
ing the self-organising maps. Different architectures (4 � 4 to
7 � 7) were tested for setting the number of output nodes (neu-
rons) in the self-organising maps. The selected architecture should
have an optimal number of neurons. This is because too high or too
low numbers would result in samples clustered together or too far
apart. This, in turn, would reduce the possibility to extract infor-
mation (Garcia et al., 2007).

The analysis was performed in MatLab version 2017b (Math-
Works, Natick, MA) using the SOM toolbox 2.1 (freeware, available
online on the website http://research.ics.aalto.fi/software/somtool-
box/, accessed in May 2018) (Alhoniemi et al., 2000). More details
can be found in Appendix A. Principal component analysis (PCA) of
the data was carried out to highlight the advantages of using self-
organising maps.
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3. Results

3.1. Particle size and organic matter content

The particle size distribution of the samples showed higher pro-
portion of sand (particle size between 63 and 2000 mm) in the sur-
face sediments at P1 (59.5%). This sand proportion decreased
within the samples towards the dam (13.6% at P7). In contrast, silt
(particle size between 2 and 63 mm) and clay (particle size < 2 mm)
proportion increased within samples towards the dam (Fig. A.2,
Appendix A). The OM content in the surface sediments analysed
varied between 4.1 (at P1) to 17.2% weight (at P5). The lowest con-
tents were recorded in the upstream areas of the reservoir, espe-
cially from P1 to P3 (Table A.8, Appendix A). The data showed
that the sedimentary OM content is related to the sediment texture
(higher clay and silt proportions suggest higher amounts of OM).
HA made up most of the HS extracted from these sediments
(Table A.8, Appendix A).
3.2. Absorbance, fluorescence and isotopic composition

Fig. 2 presents the isotopic composition, absorbance and fluo-
rescence indices of sedimentary HA and FA from the reservoir.
The E2:E3 ratios serve as proxies for molecular size and indicated
that HA presented relatively constant average molecular sizes
(E2:E3 between 2.54 ± 0.01 at P5 and 2.75 ± 0.01 at P1) along the
reservoir.

In contrast, larger variations of E2:E3 were observed among FA
samples, from 4.60 ± 0.05 at P2 to 6.31 ± 0.04 at P5. These varia-
tions could not be observed in the organic carbon distribution of
the extracts (Fig. A.3, Appendix A). The predominant molecular
fraction (obtained by ultrafiltration, Section 2.5) of FA from all
Fig. 2. Freshness index (b/a; a), humification index (HIX; b), fluorescence index (FI; c), E
(FA) and humic (HA) acids of the seven sampling sites in Itupararanga Reservoir.

5

samples was F4 (5 < F4 < 10 kDa; 29-38% of the organic carbon
content). On the other hand, a larger molecular fraction size
(F1 > 100 kDa; 62-99% of the organic carbon content) was the pre-
dominant fraction in the HA samples. This was also expressed by
their much lower E2:E3 ratios when compared to the FA samples.

Regarding fluorescence indices and elemental composition, our
results indicated that sampling sites in upstream reaches of the
reservoir (P1 - P3) had lower b/a values for FA and HA than sam-
ples from the dam area (P5 - P7). The FI also presented similar
trends of increasing values towards the dam area.

The sampling locations P3, P6 and P7 had the lowest C:N values.
In contrast, samples from upstream reaches (P1 - P2) the had the
highest ones. All samples presented high and relatively constant
HIX values (ca. 0.8 to 0.9) along the reservoir. This implies a similar
level of diagenesis and a high degree of humification, especially for
FA (Hansen et al., 2016).

The FA and HA from the reservoir were depleted in 13C with val-
ues ranging from �26.3‰ to �22.4‰). This suggests that the sam-
ples were derived predominantly from C3 plants. Fig. 2f shows only
small variations of the isotopic composition along the reservoir,
except for locations P5 and P6 that were more enriched in 13C
and had d13C values of up to �22.4‰ at P5 (HA).

Our d15N results showed that samples were enriched in 15N
with values between +4.5 and +5.8‰. The isotopic composition
of organic matter analysed in the raw sediments was similar to
the observed in the extracted HS (Table A.8, Appendix A).
3.3. 13C nuclear magnetic resonance (13C NMR)

The integration of 13C NMR spectra (cf. Figs. A.4 and A.5, Appen-
dix A) indicated more pronounced changes among FA samples than
HA samples along the reservoir. For instance, samples P6FA and
2:E3 ratio (d), C:N ratio (e) and isotopic composition (f and g) of sedimentary fulvic
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P7FA showed the highest abundance of O-alkyl C (37.1 and 32.6%
of the total integrated area, respectively) and the lowest abun-
dance of aromatic C (1.8% of the total integrated area at P7FA).
FA samples from the dam area (P5 - P7) had the highest aliphaticity
(from 59.4 to 77.3%) as estimated by 13C NMR spectra (Table A.9,
Appendix A).

3.4. FT-ICR-MS analysis

Between 4539 and 6135 molecular formulas were assigned to
approx. 18,000 mass peaks in the FA samples while 6673-8982 for-
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Fig. 3. Van Krevelen diagrams produced from inter sample ranking analysis from humic (
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mulas were assigned to 22,500 peaks the HS samples by FT-ICR-
MS. CHO formulas contributed most (>40%) to the molecular space
of FA samples extracted from P1 to P6 (Table A.10, Appendix A).

In contrast, N-containing formulas (in particular CHNO) were
dominant (>40%) for P7FA and all HA samples (P1HA - P7HA). Espe-
cially P7FA was different from the other FA samples, because of its
higher peak intensities for CHNO molecules (cf. Table A.11, Appen-
dix A). In addition, P7FA was composed of the most oxidised mole-
cules with the highest NOSC (0.201, cf. Table A.12, Appendix A). In
contrast, P6HA and P7HA contained the most reduced molecules
(NOSC = �0.200 and �0.153, respectively) on average.
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In a second step, the OM quality of samples can be distin-
guished by multivariate statistical means using HCA. Fig. A.6
(Appendix A) shows that FA and HA samples differ considerably
from each other when compared to samples P1 to P7 (FA or HA).
Due to this discrepancy, we show the OM quality differences for
FA samples separately from those of HA samples.

Concerning all formulas that were present in all 7 FA samples,
the HCA (Fig. A.7 a, Appendix A) shows that sample P1FA and in
particular P7FA are different from all other FA samples and from
each other. The strongest similarities were found between P5FA
and P6FA and between P2FA and P4FA respectively. Similarities
between HA were different from those for FA. P6HA and P7HA
samples were similar to each other and both samples were rather
different from all other HA samples (Fig. A.7 b).

While the HCA analysis tests if samples are different from each
other, the inter sample ranking analysis visualises the difference of
chemistry between samples using van Krevelen diagrams. In the
following, the chemical differences preferably between P1FA and
P7FA and between P1HA and P7HA respectively are described con-
sidering the relative high differences found in the HCA.

Fig. 3 shows van Krevelen diagrams produced from inter sample
ranking analysis for P1 and P7 (FA and HA) for CHO and CHNO
(with the highest relative intensities in all samples) formulas. It
shows specific differences in the organic matter quality among
FA and HA extracted along the reservoir (see Figs. A.8 and A.9,
Appendix A, for diagrams of all samples). Regarding FA and CHO
molecules, the upstream sample (P1FA, Fig. 3 a) showed high
intensities for oxygen-poor molecules (O/C < 0.5) with exceptions
for molecules with 1.1 < H/C < 1.6 and O/C > 0.4 (Fig. 3). The CHNO
showed a similar trend for the oxygen-poor molecules except for
the more aliphatic ones (H/C > 1.5). The near dam FA (P7FA) CHO
showed high intensities for oxygen-rich molecules (O/C > 0.5),
Fig. 4. Self-organising maps for fulvic (FA) and humic (HA) acids samples extracted fro
variables (component planes). The grey colour in the neurons (hexagonal units) of the ma
HA. Samples in the same or neighbouring neurons are considered remarkably similar and
variables indicate high and low intensity for the variables (for interpretation of the refere
article).

7

whereas the oxygen-poor molecules showed the relative lowest
intensities in this sample (Fig. 3 c). A large portion of CHNO seems
to be enriched (regarding the accumulation of first and second
ranks) in the P7FA sample compared to all other FA samples
(Fig. A.8, Appendix A).

The OM quality change between upstream and near dam sam-
ples for HA was different from FA samples. Whereas FA changed
to more oxygen-rich quality towards the dam, the HA changed to
more aliphatic quality. In the P1HA sample, the highest intensities
were found to be oxygen-poor and unsaturated molecules (H/
C < 1.1). The P7HA sample (Fig. 3 g and h) showed also higher
intensities for oxygen-poor molecules, however, in contrast to
P1HA it had higher intensities for aliphatic molecules (H/C > 1.1).

In the HA samples the rank distribution of CHNO and CHO were
more similar to each other when compared to the FA samples
(Fig. A.9, Appendix A). It is remarkable that concerning HA,
oxygen-rich molecules showed the most first and second ranks in
samples PHA3 and PHA5 and oxygen-poor molecules the most sev-
enth and sixth ranks.

3.5. Self-organising maps

The self-organising maps analysis clustered the samples in five
groups (I - V) (Fig. 4 a). The map architecture with 5 � 5 neurons
was chosen for self-organising map analysis because it was the
most informative and provided the best distribution of samples.
The samples grouped in the same or in neighbouring neurons
(hexagonal units in Fig. 4) are considered similar to each other
according to the input variables. The larger the distance between
two neurons in the map, the more different are the samples (da
Silva et al., 2008). The maps of variables are presented in Fig. 4 b,
where the colour bars beside the maps correspond to the intensi-
m surface sediments from Itupararanga reservoir: (a) map of samples; (b) maps of
p of samples (a) stands for FA and the white colour neurons with samples represent
were clustered in five distinct groups (I - V). The red and blue colours in the maps of
nces to colour in this figure legend, the reader is referred to the web version of this



E. Sartori Jeunon Gontijo, P. Herzsprung, O.J. Lechtenfeld et al. Organic Geochemistry 151 (2021) 104165
ties of each variable. Blue and red colours in the maps represent
low and high intensities, respectively.

All FA samples are located in the upper part of the map (groups I
and II, Fig. 4 a) and all HA samples are located in the bottom
(groups III - V) in the map of samples (see these two distinct
regions in Fig. 4 a). This supports the fact that the differences
between FA and HA were larger than the differences among the
sampling sites (P1 - P7) either for FA or HA, as observed in HCA
analysis for the complete molecular data set. These larger distinc-
tions can be attributed to the more pronounced intensity of the
variables FI, b/a, HIX, E2:E3 and CHO for FA samples in upper
groups. This is shown by the red colours in Fig. 4 b at the position
of neurons where FA samples are located (i.e. groups I and II).
Moreover, FA groups presented lower intensities than HA for CHNO
and CHNOS.

Inter-site differences in the reservoir could also be observed in
the maps of variables such as aromaticity, carbonyl C, C:N, CHO, FI
and b/a. These variables presented higher intensities (Fig. 4 b)
either for upstream sites (groups II and III, left side of maps in
Fig. 4) or near-dam sites (groups I, IV and V, mostly in the right side
of maps in Fig. 4). Samples from groups II and III (i.e. P1 and P2) for
instance presented FA and HA with higher intensities for C:N and
lower intensities for b/a and FI than samples from near-dam areas
(P5 - P7 in groups I, IV and V, Fig. 4 a). This can be observed by
comparing the colours of the neurons in FI, C:N and b/a maps,
Fig. 4 b, at correspondent positions of the analysed samples shown
in Fig. 4 a. These differences indicate OM quality differences
between upstream and near-dam locations in the reservoir. More-
over, greater distances in the map are related to larger differences
between samples. Samples P4FA and P5FA (group I) for instance
are more different from each other than samples P4HA and P5HA
(group IV) because the FA samples are farther from each other than
the correspondent HA samples which are in the same neuron. This
suggests that FA were better for finding inter-site differences since
most of their samples were located in different neurons and farther
from each other than HA samples. Table A.13 (Appendix A)
describes the variables with high intensity in each group from
Fig. 4 a.
4. Discussion

4.1. Sedimentary fulvic and humic acids

The differences between FA and HA were dominant when com-
pared to the internal differences among FA samples and HA sam-
ples (Fig. A.6). This trend was expected due to sample
preparation (extraction procedure) and the typical distinctions
between FA and HA. The FA samples for instance presented smaller
average molecular size, higher content of oxygen compounds
(CHO) and higher C:N ratio than HA. The 13C NMR data showed
that the larger oxygen content of FA may be related especially to
the greater presence of O-alkyl C compounds. The higher C:N ratio
of FA may be attributed to a higher proportion of terrestrial source
and preferential microbial utilisation of smaller-sized OM that may
contain higher N content prior HS formation (Meyers and
Ishiwatari, 1993; Hur and Kim, 2009). In addition, the use of
DAX-8 resin in the process of FA extraction may have contributed
to increase the C:N ratio of FA by taking away loosely associated N
from its structure (See and Bronk, 2005).

Differences between FA and HA can also be visualised in van
Krevelen and mass diagrams of contrasting occurrence of molecu-
lar formulas in FA and HA samples (Fig. A.10, Appendix A). Many
oxygen-poor molecules (694 molecules) were present in all seven
HA samples but in none of the FA samples. In contrast, many
oxygen-rich molecules (90 molecules) were present in all seven
8

FA samples but in none of the HA samples. The more pronounced
oxidised character (NOSC, O/C, Table A.12.) of FA matches with
the larger solubility of these compounds in acids when compared
with HA. On the other hand, the more pronounced presence of con-
densed aromatics in HA is consistent with their more hydrophobic
character (Zherebker et al., 2019).

4.2. Quality changes across the reservoir

The results showed that the quality of sedimentary HS clearly
changed along Itupararanga Reservoir. The upstream sites of the
reservoir (locations P1 and P2) presented the highest C:N ratios
(cf. Fig. 2 e), suggesting more pronounced contributions of land-
plants as precursor material. This is supported by the lower FI val-
ues (cf. Fig. 2 c) and larger presence of aromatic C groups in FA
samples from the upper reaches. These aromatic groups are related
to lignin and condensed aromatic compounds from terrestrial
sources (Sanderman et al., 2015). On the other hand, the sampling
locations P3, P6 and P7 presented the lowest C:N values (around 10
for HA), thus suggesting greater algal contribution. This finding is
also consistent with higher FI values and 13C NMR results. Near-
dam FA samples (particularly P5FA and P7FA) for example had
more alkyl C, carbonyl C and N-alkyl/methoxyl C and lower
amounts of carboxyl/amide C when compared to samples from
the upper reaches of the reservoir. In addition, the near-dam sam-
ples had higher aliphaticity when compared to other FA samples.
This can be observed in Fig. 4, where these samples (located on
the right side of group I in Fig. 4 a) presented higher intensities
(Fig. 4 b) for aliphaticity among all FA samples. These characteris-
tics probably reflected the larger algal and microbial contribution
of these samples (Derrien et al., 2017). Both FA and HA intensity
weighted parameters AImod and DBE (Table A.12, Appendix A) also
indicated that the near-dam sediment material is less aromatic
than the upstream material. The increase of more aliphatic com-
pounds in HA fraction at the dam (low AImod value, high intensities
for molecules with H/C > 1 and O/C < 0.5) support this hypothesis.
However, the predominant origin of HS from sediments across all
reservoir was most likely terrestrial because FI values were below
1.4 in all sites (McKnight et al., 2001).

The larger presence of land-plant compounds in the upstream
reaches contrasts with a recent investigation that found the upper
reaches of the reservoir (P1 - P2) to have larger algal concentra-
tions (higher chlorophyll-a levels) than the dam area (Melo et al.,
2019). A possible explanation for that is the higher input of
terrigenous-derived matter from the main inflow (generally the
organic matter in rivers is mostly derived from allochthonous
sources) into the upstream reaches of the reservoir (Park et al.,
2009). Furthermore, fractions of terrestrial organic matter are more
susceptible to gravitational settling and burial than in-lake matter
(Guillemette et al., 2017). In fact, most of the particulate organic
carbon in the reservoir was found to be internally produced
(Bueno et al., 2020). Consequently, higher proportions of auto-
chthonous organic matter may have been transported towards
the dam.

Further differences between upper reaches and dam area were
detected by b/a results: while upstream sites of the reservoir (P1 -
P2) had larger proportions of older and more decomposed material
with lower b/a values (cf. Fig. 2 a), samples from the dam area (P5 -
P7) had higher content of fresh microbially derived matter (higher
b/a). Wilson and Xenopoulos (2008) pointed out that this
microbially-derived character may be related to the increased
availability of nitrogen derived from agricultural lands to the
microbial community. In fact, our self-organising maps showed
that sampling sites (e.g. P6HA, group V and P6FA, group I,
Fig. 4 a) under influence of higher proportions of agricultural/silvi-
culture lands had higher b/a. This is confirmed by neurons with
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higher intensities in the map of b/a. These correspond to neurons
at equivalent positions that also had higher intensities in maps of
agriculture and silviculture (Fig. 4 b). In addition, high total nitro-
gen concentrations recorded in waters of the Itupararanga Reser-
voir with values of 1.2 and 2.2 mg L�1 in surface and bottom
waters were recorded in the dam area at site P6 (Melo et al.,
2019). This supports the hypothesis of availability of nitrogen
linked to OM with microbially-derived character (Wilson and
Xenopoulos, 2008).

The d13C composition of sediments was nearly constant along
the reservoir for most samples and indicated the predominance
of C3 plants (Fig. 2 f). However, the enrichment of 13C in the sedi-
ments collected at P5 and P6 may indicate an admixture of mate-
rial from C4 plants. These plants may be derived for instance from
agricultural activities in areas near these sampling sites. Corn and/
or sugarcane (C4 plants) are possible contributors. These plants are
common along Sorocaba River catchment (Smith et al., 2009).

The samples were relatively enriched in d15N that may reflect a
mix of typical d15N signatures of plankton (+8‰), C3 land plants
(+1‰) and soil organic matter (0 to +5‰), (Meyers and
Ishiwatari, 1993; Finlay and Kendall, 2008). In addition, the
decomposition process and microbial processing of the organic
matter during the HS formation probably enriched the samples
in 15N due to losses of the isotopically lighter nitrogen (14N, which
generally reacts more easily) (See and Bronk, 2005; Liao et al.,
2006; Craine et al., 2015). However, the isotopic values may also
be a contribution of increased rates of mineralisation and nitrifica-
tion triggered by conversion of forests to agricultural lands (Awiti
et al., 2008). In fact, Salles et al. (2008) reported increasing defor-
estation rates in the catchment.

Regarding land use, the self-organising maps analysis indicated
that the more pronounced presence of aromatic and terrestrial
material in the upper reaches of the reservoir may be attributed
to a larger proportion of grass and pasture lands and urban areas
(Table A.14, Appendix A). This is confirmed by higher intensities
of these variables at the same neuron (Fig. 4 b). This increase of ter-
restrial derived matter might be the result of conversion of
forested areas to grass and pasture areas that may have led to
enhanced leaching of soils. Consequently, the amount of terrestrial
matter carried into the reservoir was supported (Salles et al., 2008;
Melo et al., 2019). Forests probably also contributed to this mate-
rial because they cover a larger proportion of the whole catchment
(36.4%, Table A.14, Appendix A). A summary of all information
extracted from all techniques and variables applied is presented
in Table A.15 (Appendix A).

4.3. Further quality changes and biogeochemical processes

The increase of autochthonous material towards the dam was
accompanied by a higher part of CHNO in the FA fraction as shown
by the elevated N/C level (Table A.12, Appendix A) and inter sam-
ple ranking analysis (Fig. A.8, Appendix A). The FA fraction near the
dam was more oxidised when compared to the upstream part. This
may be explained by microbial or photochemical oxidation of dis-
solved or particulate organic material in flow direction before set-
tling to the sediment. In fact, OM derived from allochthonous
sources such as vascular plant-derived polyphenols (including lig-
nin and tannins) and highly unsaturated and phenolic-derived
compounds (probably present at upper reaches of the reservoir)
are photoreactive (Kellerman et al., 2014; Wilske et al., 2020).
The photodegradation of dissolved OM causes a decrease in aro-
matic compounds that are converted into more saturated and oxy-
genated compounds, which reflects in higher O/C ratios (Gonsior
et al., 2009; Riedel et al., 2013). This increase in O/C ratios
(Table A.12, Appendix A) and amounts of oxygen-rich compounds
of FA (Fig. A.8, Appendix A) towards the dam supports the photo-
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chemical oxidation of OM across the reservoir. Near-dam samples
P5FA, P6FA and P7FA showed many compounds with first to third
(inter sample) ranks with van Krevelen coordinates H/C > 1 and O/
C > 0.5. Such compounds were recently identified as photo prod-
ucts in a reservoir monitoring study (Herzsprung et al., 2020).
For example, the compound C9H12O5, which is a photo product,
had the intensity rank 219 (inter sample rank 1) in PFA7 and rank
451 (inter sample rank 5) in PFA1. Such oxygen-rich and relative
saturated compounds might be complexed to iron by carboxylic
or phenolic moieties and finally settled to the sediment. In con-
trast, photo-degraded compounds like C19H22O7, (PFA7: rank
1208; PFA1: rank 495; H/C 1.16; O/C 0.37) can be found at higher
ratios in the near upstream samples, because their abundance is
reduced in flow direction. This example would explain that light
exposure and photochemical reactions are also responsible for
the flocculation or the conversion (involving Fe as the catalyst) of
allochthonous dissolved OM into particulate OM. This conversion
is followed by sedimentation, reallocating OM from the water col-
umn to the sediments of the reservoir (Gao and Zepp, 1998; von
Wachenfeldt et al., 2008). The presence of significant concentra-
tions of dissolved Fe in surface waters (Melo et al. (2019) reported
levels up to 485 mg L�1 at P1 and 517 mg L�1 at P2) from Itu-
pararanga may contribute to the conversion of aromatic com-
pounds. Several authors observed such photochemically induced
changes and/or flocculation of dissolved OM in the presence of Fe
after 21 to 72 h of sunlight exposure (Gao and Zepp, 1998;
Gonsior et al., 2009). Since the residence time in Itupararanga
reservoir is on average 250 days, OM has enough time to undergo
photochemical reactions. As a consequence of all these processes,
the amounts of autochthonous and photoresistant aliphatic com-
pounds in sedimentary HS increased towards the dam area as
the load of allochthonous components decreased via photodegra-
dation and sedimentation (Kellerman et al., 2014).

Both fractions FA and HA are oxygen-poor and more aromatic in
the upstream region. In the middle of the reservoir (P3, P5) espe-
cially the HA fraction was enriched in oxygen-rich and unsaturated
compounds (Fig. A.9, Appendix A). The increase of oxygen-rich
compounds in HA samples from the middle of the reservoir may
also be related to photodegradation. However, near-dam HA sam-
ples (P6 - P7) were poorer in oxygen (which would be produced
from photooxidation). The 13C NMR data indicated that the amount
of aromatic C in HA did not change much along the reservoir
(Fig. A.5, Appendix A). This indicates that the photooxidation
may be more important to FA, possibly because of their higher sol-
ubility in water at lower pH (the FA molecules would stay longer in
the water column and would be more susceptible to resuspension
during seasonal mixing than HA). The indication that HA turned
more aliphatic at near-dam sites by FT-ICR-MS contrast with 13C
NMR results. This may be linked to possible loss of some HA com-
pounds during SPE, which is poor in extracting high molecular
weight components (Hawkes et al., 2019). In addition, higher
molecular weight fractions (especially the more aromatic and
coloured) are more difficult to ionise via ESI (Reemtsma and
These, 2003; These and Reemtsma, 2003). Consequently, the
detected differences between upstream and near-dam sites by
FT-ICR-MS were too small to be resolved via NMR and corre-
sponded just to extractable and ionisable aromatic molecules.

The oxidation of aromatic compounds may also be related
either to a reduced amount of aromatic OM reaching dam-area
or via interactions between Fe and aromatic OM. These Fe-OM
interactions generally occur under anaerobic conditions where Fe
(III) is an important electron acceptor for oxidation of aromatic
HS (Lovley et al., 1989, 1996). Microorganisms can further enhance
this process (Lovley et al., 1989; Roden et al., 2010; Kulkarni et al.,
2018). Indeed, the reservoir has a seasonal stratification, where
high amounts of Fe in anoxic and reducing waters was recorded
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at its bottom waters (2370 mg L�1 at P4 and 672 mg L�1 at P6) from
the intermediate and dam area (P4 - P7) (Melo et al., 2019). There-
fore, loss of aromatic compounds may also be derived from reduc-
tion of Fe in deeper waters from Itupararanga Reservoir. The
mobility of aromatic compounds from anoxic pore waters and sur-
face sediments may also be affected by retention in redox inter-
faces between sediments and water column via co-precipitation
with Fe(III), reducing the amount of these compounds in sediments
(Riedel et al., 2013).
4.4. Self-organising maps and principal component analysis

The PCA results (Fig. 5) showed that the first (PC1) and the sec-
ond (PC2) principal components explained 58.47% of the total vari-
ance in the sedimentary HS. The biplot indicated the presence of
seven groups (i to vii, Fig. 5) that reflected OM quality between
FA and HA and upstream and near-dam sites, similar to the self-
organising maps. The first component for instance explained most
of data variability (33.21%) and was responsible for the discrimina-
tion between HA (groups i to iii) and FA (groups iv to vii). The vari-
ables CHNO, CHNOS, aromaticity and aromatic carbon were the
most positively correlated to HA. Similar interpretations were
observed in the self-organising maps (cf. Section 3.5). In summary,
both techniques can be efficiently used to cluster data and inter-
pret results. However, self-organising maps have several advan-
tages over PCA (Richardson et al., 2003; Brereton, 2012), including:

– better visualisation capabilities;
– space is more efficiently used in self-organising maps. In con-
trast, groups in PC plots can be tightly clustered or overlapped,
leaving large empty areas. Moreover, the PC plots can be
crowded, becoming hard to distinguish samples and/or
variables;

– it is not necessary to choose which PCs have to be used for visu-
alisation (sometimes it is necessary to use more than two com-
ponents to get more insights);

– self-organising maps are more effective to cope with noisy and
missing data;

– self-organising maps have more possibilities for graphical
representation.
Fig. 5. Principal component analysis (biplot of the first two principal components, PC1 v
or humic acid samples from seven sampling sites in Itupararanga Reservoir. Inverted tri
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5. Conclusions

Our multi-proxy approach in combination with self-organising
maps pointed out significant differences between sedimentary FA
and HA from the dam zone when compared to upper reaches of
the Itupararanga Reservoir. In summary, samples from areas in
the upstream reaches of the reservoir were older, more decom-
posed and had a larger contribution of land plants as precursor
material. Furthermore, these samples had larger presence of
oxygen-poor compounds in FA and HA and more unsaturated com-
pounds (HA) and aromatic, carboxyl and amide C groups. On the
other hand, samples (FA) from the dam area were fresher and pre-
sented a more pronounced contribution of autochthonous phyto-
plankton and microbially-derived matter. With this, a larger
presence of alkyl and carbonyl C groups were detected in FA from
dam area. They also had a more pronounced presence of oxygen-
rich (FA) compounds. In contrast, HA were poorer in oxygen when
compared to FA. These differences between upstream and dam
area indicated that in-lake processes such as photooxidation of
aromatic compounds may have affected HS quality towards the
dam area.

The combination of different complementary techniques pro-
vided valuable information about the nature of FA and HA in Itu-
pararanga Reservoir. The self-organising maps supported the
interpretation of the results and helped to find relationships
between samples and variables. Furthermore, the analyses indi-
cated that FA were better than HA samples for finding inter-site
differences. Such a multi-proxy approach could be transferred to
other reservoirs worldwide for understanding transformations
and processes involving sedimentary OM in these environments.
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