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The Amazon delivers a fifth of the global continental runoff and riverine dissolved organic carbon (DOC)
to the ocean. Intensified biogeochemical processes are expected at the junction of the Amazon’s major
blackwater tributary, the Rio Negro, and its parent, the Rio Solimões, due to large gradients in pH, con-
ductivity, DOC and particle load. Dissolved organic matter (DOM) plays a major role in aquatic biogeo-
chemical processes which are poorly understood on the molecular level. To gain insights into the
potential role of DOM in non-conservative processes, we assessed dynamics of Cu, Fe and DOM by ultra-
high resolution mass spectrometry in: (1) endmembers, (2) regional samples and (3) laboratory mixing
experiments under presence/absence of natural particles (>0.2 lm). The relative abundances of 3600
DOM molecular formulae were interpreted via multivariate statistics which revealed major dynamics
in the DOM molecular composition. >40% of molecular formulae displayed conservative behavior even
in the presence of natural particles, agreeing with bulk DOC behavior, but opposing the often-
presumed non-conservative behavior of DOM. Another 16–27% of formulae fluctuated in FT-ICRMS signal
intensity during mixing, but did not show consistent non-conservative behavior. Both rivers left a clear
molecular imprint within the DOM of the Amazon, each being linked to >800 molecular formulae.
Characteristic for the Rio Negro was a dominance of phenolics with a wide molecular mass range (cen-
tered at �400 Da), and for the Rio Solimões more saturated but lower-molecular mass compounds (cen-
tered at �300 Da). Both Fe and Cu showed distinct non-conservative mixing patterns under particle
presence. In the controlled mixing experiments including original particles at natural concentration, up
to 0.5 lg/L Cu was released from the particles into solution at 20–40% blackwater contribution. Our
molecular analysis revealed distinct DOM compositional changes in polyphenol- and nitrogen-
containing formulae paralleling this release, suggesting links to desorption of potential ligands and
charge-induced effects at particle surfaces caused by pH and conductivity changes in the course of
mixing.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Terrestrial aquatic systems – such as rivers, lakes and wetlands
– act as transporters, storages and reactors of organic matter
(Battin et al., 2009; Aufdenkampe et al., 2011; Abril et al., 2014).
Rivers connect land surface and oceans, and their hydrology influ-
ences biogeochemical cycles of their various dissolved, colloidal,
suspended and particulate constituents (Gaillardet et al., 2014).

Dissolved organic matter (DOM) forms a highly complex mix-
ture of thousands of individual molecules interacting with other
coexisting solutes and non-dissolved constituents (Kujawinski,
2011; Gonsior et al., 2016). DOM is both metabolic waste (lysis,
exudation) and substrate to heterotrophs and thus represents an
integral component of the food web (Longnecker et al., 2015). As
such, it connects the chemical diversity of cell metabolism and
chemical ecology (Kujawinski, 2011). DOM interacts with particles
and colloids, either by sorption or desorption, and thus controls
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surface charge properties through surface conditioning
(Aufdenkampe et al., 2001; Avneri-Katz et al., 2017). It also inter-
acts with small ions, such as trace metals, by complexation which
in turn controls partitioning, bioavailability, and toxicity of those
metals (Shank et al., 2004a; Fritsch et al., 2009). Finally, DOM is
affected by a range of abiotic controls, such as photochemistry or
redox chemistry that modify or induce the above interactions
(Riedel et al., 2013; Waggoner et al., 2015; Johannsson et al.,
2016; Waggoner and Hatcher, 2017).

Abrupt changes of environmental conditions, either in space
(‘‘hot spots”, e.g., at interfaces connecting soils, wetlands, sedi-
ments and rivers) or time (‘‘hot moments”, e.g., during algal
blooms or flooding events, or upon injection of easily degradable
substrate) influence the dynamics of carbon pools in natural sys-
tems (Marín-Spiotta et al., 2014; Kuzyakov and Blagodatskaya,
2015; Ward et al., 2017). Mixing phenomena in aqueous media
combine both spatial and temporal aspects in a unique way and
occur in several settings in nature, most prominent at river conflu-
ences or at the boundary of riverine and marine systems.

Although there is a solid body of literature on biogeochemical
processes and their effects on elementary mass balances at aquatic
boundaries, most of this work has been conducted in estuaries.
There is relatively little known about how physical mixing of dif-
ferent riverine water bodies and disequilibria that may evolve dur-
ing this mixing process and its influence on DOM molecular
composition. Most studies report non-conservative effects upon
riverine mixing (i.e., deviating from simple dilution) which affect
phase partitioning and are frequently linked to distinct changes
in DOM composition (Table 1). Also, respiration (Mayorga et al.,
2005; Abril et al., 2014) and variations in discharge or flow velocity
(Loder and Reichard, 1981; Cifuentes et al., 1990; Asmala et al.,
2016; Ward et al., 2018) must be taken into account as relevant
processes during mixing (Ward et al., 2018).

Evolving disequilibria among the dissolved and solid con-
stituents increase the probability of biogeochemical reactions tak-
Table 1
Summary of proposed processes and mechanistic explanations for non-conservative phen

Agent Process Proposed explanatory m

DOM Sorption " Availability of surface
" pH changes
DOM composition (see

Release " Ion strength increase
tannins)
" Ion strength increase
compounds)

Flocculation/coagulation " Ion strength increase
" Protonated sites on D

Fractionation, preferential sorption of
DOM

Hydrophobic and arom
Nitrogen-containing co
Humic acids (over fulvi
Molecules with greater

Particles Sedimentation " Velocity decrease
Formation " pH and ion strength i

" Ion strength increase
" Ion strength increase
" pH increase (Fe, Al-ox

Dissolution See process column ‘‘Re
Metal ions in

solution
Release " Ion strength increase

" Reductive dissolution
" Radical formation (fro
" Photochemical decay

Sorption to solid particles " Availability of surface
" pH increase

Complexation " pH and ion strength i
; Ion strength increase

a No biotic factors included; e.g., increased respiration or exudation of DOM.
b References: [1] Guinoiseau et al. (2016), [2] Aucour et al. (2003), [3] Leenheer and M

Pérez et al. (2011), [7] Moreira-Turcq et al. (2003), [8] Aufdenkampe et al. (2001), [9]
Mulholland et al. (2015).
ing place (McKnight et al., 1992; Mulholland et al., 2015;
Guinoiseau et al., 2016), with further implications for food webs
(Rice et al., 2008; Farjalla, 2014; Röpke et al., 2016). Dissolved
organic compounds modify particle surfaces by conditioning
(Davis, 1982; Brown and Calas, 2012) and thereby influence the
partitioning of trace metals (Takahashi et al., 1999). For example,
iron (Fe) and copper (Cu) are among the elements that show high-
est affinities towards organic matter (Xue and Sigg, 2002; Ksionzek
et al., 2018). Metals are complexed by a suite of competing inor-
ganic or organic ligands that control their bioavailability and toxi-
city, and there is evidence for the presence of highly specific
organic ligands in aquatic systems especially regarding essential
trace elements like Cu and Fe (Ross et al., 2000; Buck et al.,
2012; Waska et al., 2015). However, knowledge about the nature
or identity of these ligands within DOM remains scarce (Xue and
Sigg, 2002; Gaillardet et al., 2014). A better constraint on the nat-
ure of the dissolved organic compounds involved in non-
conservative effects and their link to trace metal complexation
and sorption to particle surfaces is thus desired. Electrospray ion-
ization (ESI) coupled to FT-ICRMS allows the study of the molecular
composition of DOM in unprecedented detail, providing chemical
information about thousands of resolved molecular masses (Koch
et al., 2007; Kujawinski, 2011; Gonsior et al., 2016).

One of the largest freshwater confluences on earth is located at
Manaus, Brazil (Encontro das Águas, 3.17�S, 59.96�W, Fig. 1), where
the Rio Negro joins the Rio Solimões to form the Amazon River.
Studying DOM dynamics in this system is of great interest for five
reasons. First, the Amazon is the largest river in terms of catchment
size (6.4 � 106 km2) and annual discharge (6.6 � 1012 m3),
accounting for 16.5% of the global continental runoff (Coynel
et al., 2005; Dai et al., 2012). Moreover, the Amazon delivers
one-fifth of riverine dissolved organic carbon (DOC) to the ocean
(being equal to a flux of 35 ± 4 � 106 Tg Corg, with about 17% being
contributed by the Rio Negro (Ertel et al., 1986; Coynel et al., 2005).
Second, the Amazon system can be regarded as a relatively
omena at freshwater confluences.
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Fig. 1. (a) Surface water sampling locations. Samples RN and RS refer to endmembers used for laboratory mixing experiments; all other samples belong to the regional
sample set (NAT). (b) Detail of (a) showing a close-up of the initial confluence zone. Map data accessed with ggmap v2.6.1 in RStudio v1.1.456 from Google Maps.
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unperturbed river system and is thus especially suited for in situ
studies (Furch and Junk, 1997; Devol and Hedges, 2001; Junk
et al., 2011; Affonso et al., 2015). Third, intensified biogeochemical
processes are expected in the confluence zone due to strong chem-
ical gradients of pH (5–7.5), dissolved organic carbon (3–11 mg/L)
and suspended particulate matter (<10–230 mg/L).

The large difference between the two rivers is due to contrast-
ing properties of both river basins in terms of geology, climate,
hydrology and erosion regime, vegetation, and ecosystem pro-
cesses (Ertel et al., 1986; Furch and Junk, 1997; Quesada et al.,
2011) producing whitewater (Solimões) and blackwater (Negro)
rivers. Fourth, another important feature of the confluence is that
the rivers do not completely mix over a course of up to 100 km
(Laraque et al., 2009; Mulholland et al., 2015). This phenomenon
has been attributed to differences in physical properties such as
temperature and density, but also to differences in hydrology, such
as flow velocity or streambed geometry (Furch and Junk, 1997;
Laraque et al., 2009; Filizola et al., 2010; see Supplementary Note
S1 for more references). Lastly, the large Amazon River network
shows a high number of branching points and thus covers a wide
range of stream orders (McClain and Elsenbeer, 2001) and is char-
acterized by different climatic patterns that are integrated in a
complex manner by the main stem of the river (Richey et al.,
1989). The interplay of the network’s structure and large-scale cli-
mate patterns governs the flood pulse (Furch and Junk, 1997; Vidal
et al., 2015) that largely controls exchange between floodplains,
wetlands and the mainstem (Viers et al., 2005; Junk et al., 2011;
Mortillaro et al., 2011) and also influences fluxes and properties
of the transported organic matter (Moreira-Turcq et al., 2003b,
2013).

To study the composition and reactivity of DOM and its interac-
tion with trace metals, we investigated water samples from the
Amazon confluence zone with ultrahigh resolution mass spectrom-
etry and conducted controlled mixing experiments under the pres-
ence or absence of natural particles. Trace metal behavior was
analyzed by using Fe and Cu. We focused on: (1) river endmember
characterization (Rio Solimões/Rio Negro), (2) a set of samples
from the actual mixing zone and regional small tributaries, and
(3) controlled mixing experiments. We hypothesized that the
non-conservative behavior of trace metals would be linked to the
presence of particles and result in distinct molecular compositional
changes in the DOM pool.
2. Materials and methods

2.1. Samples and experiments

River surface water samples from Rio Negro (RN) and Rio Soli-
mões (RS) were taken in two sampling campaigns at the end of
October 2013 and in July 2014. In 2013, both rivers (endmembers)
and their direct mixing gradient were sampled (samples 08–17,
Fig. 1, Table 2). Two smaller tributaries close to Manaus, the Rios
Tarumã Mirim and Tarumã Açu were sampled as well (samples
18–21). Further details on flow conditions during the 2013 sam-
pling are given in the Supplementary Note S1 in the Supplemen-
tary Material and Supplementary Figs. S1 and S2. Two additional
endmember samples taken in 2014 were used for laboratory mix-
ing experiments (RN and RS, Fig. 1).

In the following, the natural mixing sample set (NAT) refers to
the 2013 samples and simulated mixing (MIX) refers to the 2014
samples. The MIX samples were further separated into ‘‘filtered”
(F) and ‘‘non-filtered” (NF) samples based on the treatment of
the endmember samples before mixing (Supplementary Tables
S1 and S2; workflow given in Supplementary Fig. S3). NAT samples
were filtered with sterile 0.2 lm cellulose acetate syringe filters
(Sartorius Minisart NML, Sartorius, Göttingen, Germany), acidified
to pH 2 (HCl, Ultrapur, Roth, Karlsruhe, Germany) immediately
after sampling and stored in the dark (4 �C). Cellulose acetate
was used instead of glass microfiber filters (e.g., GF/F) to prevent
trace metal contamination. Conductivity was taken as a conserva-
tive measure of mixing (Moreira-Turcq et al., 2003a; Mulholland
et al., 2015) in NAT samples (Table 2) and confirmed by concentra-
tions of conservative cations (Na, Ca, Sr, Mo, etc.; Supplementary
Fig. S4).

Sampling and storage of MIX endmember samples RS and RN
followed the same procedures as described for NAT, with the only
exception that samples were neither filtered nor acidified until
processed to conduct controlled laboratory experiments in Bre-
men. Following the procedure given in Mulholland et al. (2015),



Table 2
Geochemical data of the NAT sample set. Abbreviations: ID, sample number; f, relative amount of Rio Negro endmember (1 = 100%); DOC, dissolved organic carbon; Cu and Fe,
dissolved copper and iron; d.Cu, fraction of non-conservative dissolved copper; d.Fe, fraction of non-conservative dissolved iron; Cond., conductivity; T, temperature.

ID f DOC
(±RSD)
[mg/L]

Cu
(±RSDc)
[mg/L]

d.Cu
[mg/L]

Fe c

(±RSD)
[mg/L]

d.Fe
[mg/L]

Cond.
[lS/cm]

O2

[mg/L]
T
[�C]

pH

08 1 7.3 ± 0.16 0.73b 0.0 198 ± 3.6 0 8.9 5.8 31.6 5.3
11 0.9 9.3 ± 0.21 0.78 ± 0.03c �0.18 198 ± 3.6 10 16.1 5.8 31.2 6.2
12 0.77 7.2 ± 0.15 2.09b 0.83 159 ± 2.9 �18 25.0 6.2 30.9 6.1
14 0.6 6.2 ± 0.13 1.10 ± 0.04c �0.52 191 ± 3.4 30 36.4 6.1 30.8 6.4
10 0.53 8.1 ± 0.17 1.49 ± 0.06c �0.16 209 ± 3.8 55 41.4 6.6 30.9 6.6
13 0.37 5.7 ± 0.12 1.98 ± 0.08c �0.17 129 ± 2.3 �10 52.5 6.2 30.8 6.2
15 0.17 4.6 ± 0.15 1.98 ± 0.08c �0.52 145 ± 2.6 25 66.1 6.3 30.7 6.7
16 0.08 4.1 ± 0.13 1.97 ± 0.08c �0.85 181 ± 3.3 70 72.9 6.4 30.6 6.8
09 0 3.8 ± 0.08 2.99b 0.0 104 ± 1.9 0 78.2 5.7 30.8 6.9
17 0a 4.6 ± 0.15 5.36 ± 0.21 – 240 ± 4.3 – 78.4 5.7 31.0 7.1
18 – 8.2 ± 0.26 0.53 ± 0.02c – 119 ± 2.1 – 6.4 6.7 33.7 4.9
19 – 7.5 ± 0.24 0.95 ± 0.04c – 126 ± 2.3 – 6.8 6.6 33.5 4.9
20 – 25.4 ± 0.82 4.38 ± 0.18c – 174 ± 3.1 – 7.0 6.6 33.2 4.9
21 – 7.7 ± 0.25 1.37 ± 0.05c – 115 ± 2.1 – 12.8 6.5 31.9 5.7

a Based on conductivity.
b Determined by CLE-AdCSV.
c Determined by ICPMS.
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the position of the sample on the mixing gradient was expressed
by the f-value which is the amount of Rio Negro water in % divided
by 100. Mixing experiments with unfiltered endmembers (‘‘MIX
NF”) were conducted directly after transport from Manaus to Bre-
men on July 28, 2014. Mixing of endmember samples was con-
ducted in 10% steps (9 samples + both endmembers, no replicate
treatments). Samples were allowed to equilibrate for 24 h on a sha-
ker (at room temperature, 120 rpm, HS 260 basic, IKA-Werke
GmbH & Co. KG, Staufen, Germany), filtered (0.2 mm syringe filters,
Whatman Puradisc FP 30 cellulose acetate, GE Healthcare, Frei-
burg, Germany) and acidified as described above. These mixing
conditions were similar to those in Merschel et al. (2017), working
on similar samples.

Thereafter, 750 ml of the endmember samples were filtered
(0.2 lm, cellulose acetate) and used for the second mixing experi-
ment on August 5, 2014, yielding a third sample set (‘‘MIX F”). The
mixing conditions for the MIX F sample series were identical to the
conditions for MIX NF (time, temperature, filtration, and acidifica-
tion). The filters of the Rio Negro and Solimões endmembers were
air-dried and kept for geochemical analysis to characterize the par-
ticulate matter interacting with the dissolved metals and DOM
during the mixing (Supplementary Note S2).

2.2. Extraction of DOM and bulk analysis of carbon, copper and iron

Samples were extracted by solid phase extraction (SPE) on
100 mg modified styrene divinylbenzene polymer (Bond Elut,
Agilent Technologies, Santa Clara, USA), following a published
protocol (Dittmar et al., 2008). Applied sample volumes ranged
from 3 to 8 ml, being higher for samples with lower DOC con-
tent. Each sample was extracted once. Extraction efficiencies
determined for three samples (including both endmembers) were
58 ± 2%, 77 ± 6% and 82 ± 6% for MIX F, NAT and MIX NF, respec-
tively. The extraction was done about one month before FT-
ICRMS analysis. Until analysis, methanol extracts were stored in
combusted amber vials with acid-rinsed Teflon liners at �20 �C
in the dark.

Bulk analysis of dissolved organic carbon (DOC) was performed
with a TOC analyzer (Shimadzu TOC-VCPH, Kyoto, Japan). Detection
limit was on average 0.12 mg C/L. Accuracy and precision were in
the ±5% relative standard deviation range. The accuracy of the
DOC determination was confirmed by analyzing a deep sea refer-
ence (DSR) material provided by Dennis Hansell (University of
Miami). Procedural blanks were obtained with ultrapure water,
considering all steps of sample preparation. Regular blanks (MIX
NF, NAT) showed DOC levels of 0.18 mg C/L. MIX F samples (includ-
ing an additional filtration step with cellulose acetate, 0.2 mm,
before mixing) had slightly elevated levels of 0.48 mg C/L. These
values were subtracted from the respective DOC concentration
(Fig. 2a).

Copper and iron concentration were measured on a double-
focusing ICPMS (Inductively Coupled Plasma Mass Spectrometer)
with a reverse Nier-Johnson geometry (Element 2, Thermo Fisher
Scientific, Waltham, USA). Analysis was conducted in low resolu-
tion (LR, m/Dm = 600, full width at half maximum) and mid reso-
lution mode (MR, m/Dm = 8000). The analyzed isotopes (resolution
mode in brackets) were 63Cu (MR), 65Cu (LR) and 56Fe (MR). Sam-
ples (5 ml, acidified with HCl, pH 2) were spiked with internal stan-
dard (50 ml, 115In). The lowest calibration point was taken as an
estimate of the detection limit (1 mg/L Cu, 10 mg/L Fe). Values below
this operational detection limit are not necessarily false or
imprecise.

Precision and accuracy of Cu and Fe (checked with standard
materials SLRS 4/SLRS 5, NRC-CNRC, Ottawa, Canada) determina-
tion were in the ±5% relative standard deviation range. Selected
samples of the NAT set were also analyzed for total dissolved Cop-
per (TDCu) and Cu-specific ligands by competitive ligand
exchange-adsorptive cathodic stripping voltammetry and its
reverse titration equivalent to assess Fe-specific ligands (CLE-
AdCSV; Hawkes et al., 2013; Kleint et al., 2015; see Supplementary
Note S3, Supplementary Fig. S5, and Supplementary Tables S3, S4
and S5). To estimate the fraction of non-conservative Fe and Cu
(‘‘d.Fe”, ‘‘d.Cu”; Table 2, Supplementary Tables S1 and S2), the the-
oretical concentration (represented by the mixing line; expected in
case of simple dilution) was subtracted from the measured concen-
tration (yielding positive or negative anomalies).

2.3. Analysis of DOM molecular composition by FT-ICRMS

The extracts (including procedural blanks) were diluted to
20 mg C/L and refiltered (0.2 mm PTFE) one day before FT-ICRMS
analysis. Ultrahigh-resolution mass spectrometry of SPE-DOM
was conducted on an FT-ICRMS (15 T, Bruker solariX, Bremen, Ger-
many) equipped with an electrospray ionization source (ESI, Apollo
II) in negative ionization mode as described in Rossel et al. (2016).
Each sample was injected once; instrumental stability was checked



Fig. 2. Mixing plots of: (a) DOC, (b) Fe and (c) Cu for the three sample sets. Mixing
ratio f refers to the amount of Rio Negro (RN) water in the sample mix (1 = 100%).
The mixing set with absence of particles consistently shows conservative behavior
(MIX F). Particles trigger non-conservative processes (MIX NF, NAT). SOL, Rio
Solimões. As a reference, the linear trend of the MIX F data is shown as a solid line;
for comparison, the linear trend of MIX NF is given in (b) as a dashed line. TDCu,
total dissolved copper, determined by CLE-AdCSV for selected NAT samples.
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with two reference samples. Source-induced dissociation (SID) at
40 eV was used to suppress dimer formation during ionization.
All detected compounds had a molecular mass <650 Da. Mass spec-
tra were internally recalibrated and aligned by in-house Matlab
routines (Rossel et al., 2016). Peaks were considered reliable if they
had an S/N � 4 and were detected in more than one sample. Peaks
that occurred at an S/N > 20 in procedural blanks were removed
from further consideration in all samples (Riedel and Dittmar,
2014; Rossel et al., 2016). Finally, masses that were detected in
<20% of the samples and had an S/N ratio of less than 20 were
removed from the data set.

Molecular formula assignment included the elements C, H, N, O,
P and S and was conducted at the following settings: Omin = 1,
Cmax = 40, Nmax = 4, Smax = 2, Pmax = 1, O/Cmax = 1, H/Cmin = 0.3.
Post-processing followed the procedure given in Rossel et al.
(2016). After performing all processing steps, the dataset contained
5980 masses with formulae assigned to 66.7% of them (n = 3982).
The fraction of signal of non-assigned masses was highly similar
across all samples in terms of number and ion abundance
(18.1 ± 1.2% and 1498 ± 98; mean ± standard deviation, n = 36).
13C isotopologues (1257 formulae in total) accounted for the
majority of this information (10.1 ± 0.4% of signal, 1012 ± 35
masses; mean ± standard deviation, n = 36). The dataset used for
multivariate statistical analysis (‘‘core formulae dataset”) con-
tained only monoisotopic formulae that were present in (1) at least
two samples per sample set, and (2) found in both MIX experi-
ments, yielding a final set of 3608 formulae. This number is equiv-
alent to 90% of all detected monoisotopic formulae and 69% of all
formulae (i.e., including 13C isotopologues).
2.4. Derived indices and multivariate statistical analysis

All measured intensities in the dataset were normalized to the
overall spectrum intensity. Weighted mean values of the core for-
mulae dataset were calculated for the following parameters: num-
ber of elements (#C, #H, #O), modified aromaticity AImod (Koch
and Dittmar, 2006, 2016), double bond equivalent (DBE) and sub-
sequent parameters as H/C, O/C, DBE-O. A comprehensive overview
of all indices has been given in Roth et al. (2015). Information on
elemental composition allows the grouping of molecular formulae
into compound groups (Rossel et al., 2016). The relative contribu-
tion of each compound group was assessed in two ways, based on
the relative number of molecular formulae and based on their con-
tribution to total FT-ICRMS signal intensity.

We considered the following compound groups (modified after
Šantl-Temkiv et al. (2013)): BC (polycyclic condensed aromatics,
such as ‘‘black carbon”), lwBC (BC formulae < 15 C atoms), hwBC
(BC formulae � 15 C atoms), HU (highly unsaturated), PEP (unsat-
urated, oxygen and nitrogen containing compounds, such as pep-
tides), PP (polyphenols), lwPP (PP formulae < 15 C atoms), hwPP
(PP formulae � 15 C atoms), SFA (saturated, O-containing, such
as fatty acids), UA (unsaturated aliphatics), and SUG (very high
O-content, such as sugars). This classification is based on thresh-
olds for #C, H/C, O/C, AImod and the presence of N in the respective
molecular formulae (Supplementary Table S6). It is important to
point out that information on molecular formula alone provides
only basic structural information; the assignment of compound
groups is therefore not necessarily unambiguous (Rossel et al.,
2016). All indices and compound group data (see Supplementary
Tables S7–S9) were derived for each sample based on the core
set of formulae.

To estimate a sample’s chemical diversity in terms of formulae,
we furthermore calculated the Shannon index H0 for some samples
(Jost, 2006):

H0 ¼ �
XS

i
pi � lnðpiÞ

With i – the ith molecular formula of S total formulae, and pi –
the abundance fraction of the ith molecular formula of the total ion
abundance of that sample (ln, natural logarithm). The index can be
used as a measure of predictability of a community of molecular
formulae of a given DOM sample. An overview of diversity mea-
sures for DOM applications can be found in Mentges et al. (2017).

All statistical analyses were performed in RStudio (version
1.1.456, R Development Core Team, 2009) by using the packages
vegan (version 2.0-10), and stats (version 3.1.1). Principal coordi-
nates analysis (PCoA) allows the use of non-Euclidian distance
measures (here, the Bray-Curtis dissimilarity) that account for
the absence of formulae in the data (Ramette, 2007). Relations
between environmental and derived parameters and principal
coordinates were analyzed by post-ordination vector fitting meth-
ods (function envfit, 999 permutations). Linear correlations
between variables and the ordination are shown as vectors. Their
direction marks ‘‘most rapid change in the [. . .] variable”, while
length is ‘‘proportional to the correlation between ordination and
[. . .] variable” (Oksanen, 2015). To find responses of specific groups
of compounds in terms of systematic patterns in van Krevelen
space, we correlated mixing gradients of single molecular formulae
with principal coordinates and environmental variables.
3. Results

3.1. Characterization of endmembers and bulk mixing effects

In situ pH values of the river waters during the sampling cam-
paign were slightly acidic and between 4.87 and 5.20 for the Rio
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Negro and its tributaries Tarumã Mirim and Tarumã Açu (samples
8 and 18–20, Fig. 1, Table 2). The Rio Solimões endmember (sample
17) had a pH of 7.07, and all samples along the mixing transect
between the Solimões and Rio Negro (samples 9–16) had pH values
between 6.13 and 6.86. Electrical conductivity ranged between 8.9
mS/cm (Rio Negro) and 78.4 mS/cm (Solimões). Rio Negro samples
were characterized by higher DOC concentration (in the following,
given as mean and standard deviation of all three sample sets;
7.7 ± 0.4 mg C/L, Table 2, Supplementary Tables S1 and S2) than
Rio Solimões samples (3.9 ± 0.5 mg C/L). Using conductivity as a
water body tracer, conservative mixing of DOC was observed
throughout all sample sets with only two NAT samples deviating
from the trend (Fig. 2a, samples 10 and 11). These deviations coin-
cided with high levels of elements usually related to inorganic par-
ticles (Fe, Al, Co, Ni; Supplementary Fig. S6). DOC concentrations in
the smaller blackwater tributaries were in a similar range to the
Rio Negro, with the exception of sample 20 (Rio Tarumã Mirim/
Rio Negro confluence) which showed four times higher DOC con-
centration than the other tributaries (25.4 mg C/L).

Dissolved Fe concentrations were generally higher in Rio Negro
endmembers (215 ± 27 mg/L) in contrast to Rio Solimões endmem-
bers (132 ± 36 mg/L), with the exception of sample 17 (240 mg/L).
About 50 mg/L of Fe was lost by filtration in both endmember sam-
ples which is about 20–30% of the total Fe (Supplementary Tables
S1 and S2). Conservative mixing was only observed for Fe when
particles were absent. When particles were present in the environ-
mental samples and in the experiment, the mixing curve resem-
bled a ‘‘sawtooth” pattern; maxima (positive anomalies of d.Fe)
occurred above the conservative mixing line at mixing ratios (Soli-
mões/Rio Negro) of 0.1 and 0.8 and values below the conservative
mixing line (negative anomaly of d.Fe) between ratios of 0.4–0.7.

Rio Negro endmember samples were characterized by a lower
Cu content (0.5 ± 0.3 mg/L) compared to the Rio Solimões endmem-
bers (2.3 ± 1.2 mg/L). As with Fe, the mixing behavior of Cu was con-
servative in the experiment with filtered river endmembers. In the
non-filtered samples (MIX NF) Cu also behaved conservatively up
to a mixing ratio of 0.5 but there were significantly increased Cu
concentrations in the mixing range 0.6–0.8, indicating a release
of Cu from particulate matter under the influence of Rio Negro
water (Fig. 2c, Table 2, Supplementary Tables S1). Interestingly,
in the set of natural samples all Cu values along the mixing transect
were higher than in the experiment. Cu levels were notably ele-
vated in the NAT endmembers (Solimões, No. 17: 5.4 mg/L; Negro,
No. 8, 5.9 mg/L), largely deviating from the rest of the samples in
the mixing zone. The TDCu data from CLE-AdCSV indicated much
lower values (Table 2) for these samples.

Aside from significant differences, which will be presented
below, the river samples were overall highly similar in their molec-
ular composition (Fig. 3). Based on all detected monoisotopic for-
mulae along the three mixing gradients (n = 3982), the sample
sets shared 88% of their formulae (n = 3478). Sample set-specific
similarity in molecular composition among both endmembers, as
determined by the Jaccard index (J [%] = number of common for-
mulae divided by number of common formulae + sample-specific
formulae), was 85% (MIX NF), 81% (MIX F) and 79% (NAT). NAT
endmembers were thus the most dissimilar. Related Bray-Curtis
dissimilarities (BC [%] = sum of intensity difference divided by
intensity sum) were 13% (MIX NF), 15% (MIX F), and 18% (NAT). J
and BC do not add up to 100% similarity here because the indices
are based on different data (numbers vs intensities of shared and
all formulae).

For comparison, repeated measurements (n = 4) of a PPL extract
of a eutrophic lake sample yielded similarity values of 96.6 ± 0.3%
and dissimilarity values of 2.3 ± 0.4%. The overall similarity of the
endmembers was also evident from a similarly high molecular
diversity as determined by the Shannon Index (MIX NF Negro,
Hs = 7.65; MIX NF Solimões, Hs = 7.61) and similar extraction effi-
ciencies (see Section 2.2).

For further investigations, only common formulae (‘‘core data
set”) detected in both MIX sample sets were analyzed, reducing
the allover formula number to n = 3608 (90% of all monoisotopic
formulae). Even though site-specific molecular formulae are not
considered in this approach, clear differences in FT-ICRMS signal
intensities are still preserved on an individual molecular formula
level (Zark and Dittmar, 2018). The 374 excluded formulae showed
no consistent mixing patterns of removal or release. Regardless of
the high similarity in endmember’s molecular composition, i.e.
presence of similar formulae, Rio Negro samples were character-
ized by higher abundance of aromatic constituents (PP, BC) and
lower abundances of unsaturated aliphatic (UA) and highly unsat-
urated (HU) compounds (significant differences, Student’s t-test,
Supplementary Table S10).

On average, molecular formulae in the Rio Negro samples con-
tained more C and O, and less H, and consequently showed higher
average molecular mass (m/z), higher O/C, higher AImod, and higher
DBE and lower H/C. For example, the mean (weighted average)
monoisotopic atom abundance for the Rio Solimões (across all
sample sets, not including technical replicates) was 12C18.2±0.3,
1H21.9±0.3, 16O6.4±0.04, 14N0.11±0.01, 32S0.052±0.005 and

31P0.005±0.001, while
it was 12C18.4±0.2, 1H21.1±0.2, 16O6.9±0.2, 14N0.08±0.01, 32S0.041±0.005 and
31P0.006±0.001 for Rio Negro.

Differences in mass spectra included a higher abundance of sig-
nals in the range of 150–250 Da in Rio Negro samples, as compared
to their Solimões counterparts that showed marked increase of
abundance distribution in the range of 250–300 Da (Fig. 3). Sub-
grouping of the molecular formulae into compound groups sup-
ported this finding by revealing the contribution of small,
hydrogen-deficient formulae to the lower mass region in the Rio
Negro samples (Fig. 4, Supplementary Table S10, lwPP, lwBC),
reflecting the overall higher aromaticity of these samples.

Small condensed polycyclic aromatics were preferentially
enriched in blackwater samples that drain large areas covered by
rainforest vegetation and sandy soils. These compounds have a
low molecular mass (lwBC) and contain three or fewer aromatic
rings (threshold of 15C atoms). In addition, aromatic compounds
were also significantly elevated above 250 Da (Supplementary
Table S10; hwPP, hwBC). Compounds classified as highly unsatu-
rated (HU) or unsaturated aliphatic (UA) compounds were
assigned over the whole mass range but were generally elevated
in the Solimões endmembers. The molecular groups of highly oxy-
genated compounds, such as sugars (SUG), saturated fatty acids
(SFA) and unsaturated nitrogen-containing peptide-like com-
pounds (PEP) were of lower abundance in terms of formula num-
ber and intensity.
3.2. Local variability in DOM molecular composition and mixing
dynamics in the initial confluence

The local tributary samples from Rio Tarumã Mirim and Rio
Tarumã Açu showed separation from Rio Negro (NAT 08) and Rio
Solimões (NAT 17) samples by principal coordinates analysis
(PCoA, Supplementary Figs. S8 and S9). Notably, sample 20 from
the tributary’s mouth clustered with the other blackwater tribu-
tary samples and had a DOC content that was four times higher.
Three spatially proximate samples of the NAT set (09, 11 and 12,
Fig. 1) stood out in their DOM molecular composition, showing a
strong similarity in their DOM characteristics (Supplementary
Fig. S8b) as opposed to the other samples and the conservative
mixing line. The three samples were included into the analysis of
all local samples (including endmembers from all samples sets,
and local tributary samples) due to their deviating DOM properties



Fig. 3. FT-ICR mass spectra of: (a) Rio Negro and (b) Rio Solimões (both MIX NF set, only assigned molecular formulae shown) are mainly discerned by signals in the lower
mass range below 350 Da. This is preserved after filtration (MIX F) and also found in river samples from August 2013 (NAT sample set).

Fig. 4. (a) Rio Negro FT-ICR mass spectrum (same as Fig. 3a) separation according to molecular groups reveals distinct distribution patterns found across all sample sets (b, c:
black carbon, BC; d, e: polyphenols, PP; < 15 C atoms, ‘‘lw”; � 15 C atoms, ‘‘hw”; f: ‘‘highly unsaturated”, HU; g: unsaturated aliphatics, UA; h: saturated fatty acids, SFA; i:
sugar-like, SUG; j: peptide-like, PEP; see also Supplementary Materials Section 3). Hydrogen-deficient formulae and small (‘‘lw”) BC- and PP-like formulae strongly contribute
to the lower mass region indicative of a Rio Negro influence.
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but excluded from the mixing gradient analysis (see reasoning in
Supplementary Note S4).

Sample NAT 09, even though sampled in Rio Solimões water
and showing high conductivity, showed similar features to the
Rio Negro sample (NAT 08). Samples 11 and 12 displayed extraor-
dinarily high weighted mean values of molecular mass (m/z), num-
ber of C and O atoms, DBE and O/C (Supplementary Table S7).

PCoA separated Rio Negro and Rio Solimões in a similar fashion
(Fig. 4a and b), with clear differences between sampling dates
(2013 vs 2014). Filtration effects were apparent but relatively
small compared to the overall variability. Based on subtraction of
normalized mass spectra, differences between samples mostly
arose from individual formulae of low intensity and were most
pronounced for the PEP molecular group (Supplementary Note
S5). Post-ordination fitting of spectral indices (e.g., maximum
intensity), derived indices (e.g., weighted average of DBE) and envi-
ronmental variables (concentrations of DOC, Cu and Fe) revealed
potential links to ‘‘synthetic” gradients, i.e. calculated ordination
coordinates, of molecular compositional change. The first coordi-
nate was related to mass shift and degree of oxygenation (positive:
DBE-O, SUG, SFA; negative: m/z, #O, O/C, HU), whereas
unsaturation-related changes and DOC concentration were related
to the second (positive: DBE, #C, AImod, PP, BC; negative: H/C, #H,
UA, PEP) and third coordinate (positive: DOC; neg: Imax). Both the
DBE and AImod were lower in Rio Negro and Rio Solimões samples
taken in October 2013 (NAT) as compared to samples taken in
August 2014 (MIX). Consequently, compounds classified as BC con-
tributed less to their compound pool. The group of unsaturated ali-
phatic compounds (UA) showed a markedly higher contribution in
the 2013 samples (NAT) in both endmembers leading to an overall
elevated H/C ratio (Supplementary Table S10).

3.3. Statistical analyses of molecular-level DOM mixing dynamics

The statistical analyses employed here were conducted in three
steps. To assess major variation in DOM, we first performed PCoA.
Thereafter, we linked the coordinates to gradients of environmen-
tal variables and DOM molecular indices, and finally analyzed cor-
relation patterns of those variables in van Krevelen space.

Sample set-specific PCoAs (step 1 of the analysis) indicated the
presence of a dominant gradient in all sets (Fig. 5). The first coor-
dinate held a large part of the total variation (56–65%), while the
second and third coordinates accounted for <20% (Figs. 6 and 7,
Supplementary Figs. S8 and S9). The dominance of the first coordi-
nate was highest in the particle-free mix (MIX F). In turn, the frac-
tion of variation explained by the second and third coordinates was
lowest for this dataset (8% and 5%, respectively). In accordance
with the bulk DOC concentrations, the mixing ratio of both end-
members was the main controlling factor of the molecular compo-
sition and highly linked to the first coordinate in all datasets



Fig. 5. PCoA scores of the first three coordinates of all three experiments: (a) MIX
NF, (b) MIX F, and (c) NAT, plotted against the mixing gradient f. Coordinate 1 is
always strongly correlated with the mixing gradient. By definition the remaining
coordinates are independent of the first coordinate and thus carry the main non-
conservative variability within all DOM datasets; explained variability is shown in
percent in the legends.

52 C. Simon et al. / Organic Geochemistry 129 (2019) 45–62
(mixing ratio f, Figs. 5, 6a and 7a, Supplementary Fig. S10). The
lower order coordinates thus enabled us to extract the main gradi-
ents (Figs. 6 and 7) of remaining (non-conservative) variability
independent from the main variation caused by (conservative)
mixing.

In a second step, we linked external and internal controls on
DOM variability with principal coordinates. Spectral and chemical
indices – either derived directly from the mass spectra (i.e.,
weighted mean of molecular mass (m/z)) or from the molecular
formula data (i.e., DBE) – were mainly correlated (p < 0.05,
n = 11) to the dominant first coordinate. These variables thus
exerted a high redundancy to the effect of mixing, as expected
from the results of the PCoA separation (Fig. 6a). Similar trends
were presented for MIX F (Fig. 7a) and, with single exceptions, also
for NAT sample sets (Supplementary Fig. S10).

The molecular group data (Fig. 6) showed a differential
response in MIX NF, indicating non-conservative effects. Several
molecular groups correlated with coordinate 2 (PCoA 2) in the
MIX NF ordination (Fig. 6b and c), while these variables were
mainly linked to simple mixing (correlated to coordinate 1 (PCoA
1)) under absence of particles (MIX F, Fig. 7b and c). This encom-
passed the groups of aromatic compounds (PP and BC) and unsat-
urated, nitrogen-containing compounds (PEP).

The non-conservative fraction of Cu (d.Cu, p = 0.036, R2 = 0.58)
showed a similar correlation with coordinate 2 in the MIX NF ordi-
nation and was a marked exception to the general trend of envi-
ronmental variables being controlled by mixing in both MIX
datasets (Figs. 6d and 7d). The aromatic PP and BC molecular
groups were positively related to Cu release (all groups, p < 0.01
based on relative number or intensity). Interestingly, the PEP group
and the d.PEP (designating the non-conservative fraction of rela-
tive PEP abundance, similar to the described d.Cu value) correlated
to the second coordinate in both MIX NF (p = 0.003; R2 = 0.91) and
MIX F (p = 0.018, R2 = 0.65), in particular to changes in PEP signal
intensity (Fig. 6c). Changes in the relative intensity of PEP com-
pounds thus indicated a similar non-conservative response in both
MIX experiments independent of the presence of particles. In con-
trast, we only found a significant correlation of changes in the
number of PEP compounds when particles were present (MIX NF,
p = 0.001, R2 = 0.91), but not in absence of particles (MIX F,
p = 0.075, R2 = 0.49, Fig. 7b). In turn, we only found a negative cor-
relation between the number of PEP compounds and Cu release
when particles were present.

In a third step, we searched for indicative patterns in van Krev-
elen diagrams to reveal chemical properties of formulae driving the
variability (Figs. 8 and 9, Supplementary Fig. S11). The correlation
of mixing gradients of single molecular formulae with synthetic
(principal coordinates) and environmental variables (f, d.Cu)
revealed distinct differences in number of responding formulae
but also clear correlation patterns in van Krevelen space (Figs. 8
and 9; Pearson’s r, see Supplementary Fig. S12 for details of the
correlation analysis). A large proportion of formulae fluctuated in
FT-ICRMS signal intensity during mixing but did not show consis-
tent non-conservative behavior (Supplementary Figs. S13 and S14,
and Supplementary Note S6).

Formulae in the region of hydrogen-deficient (aromatic-type)
compounds were positively correlated (all correlations, p < 0.05)
to the first coordinate and thus to the mixing gradient f, while a
broad fraction of more hydrogenated (less aromatic) formulae
was negatively correlated to it (Figs. 8a and 9a). We found the
same trend for the NAT set (Supplementary Figs. S10 and S11).
The amount of formulae that significantly correlated with coordi-
nate 1 (p < 0.05) were highest for MIX F (n = 1867, 52% of formulae
within the core dataset) and lower for sample sets MIX NF
(n = 1576, 44%) and NAT (n = 976, 27%). Thus, in the case of MIX
F, most formulae were significantly correlated with the conserva-
tive mixing gradient, and the distribution of negatively correlated
formulae included higher H/C ratios (greater contribution from sat-
urated and PEP compounds). Due to the strong correlation between
mixing gradient f and coordinate 1 in all experiments, their van
Krevelen correlation patterns were highly similar (Figs. 8c, 9c
and Supplementary Fig. S11c).

The second coordinate correlated with a variety of evenly dis-
tributed formulae except for a cluster in the region of saturated
and PEP compounds (Fig. 8b and 9b). The number of correlated for-
mulae was about 4% for both MIX sets, but the amount of corre-
lated formulae in the PEP region was higher in MIX NF. The
second coordinate correlation pattern of the NAT sample set was
highly different from the MIX set patterns (Supplementary
Fig. S11). Regarding MIX NF, the behavior of the metals Fe and
Cu was reflected by similar correlation patterns (Fe not shown).
Additionally, the correlation patterns of PCoA 2 and d.Cu showed
a high similarity, especially regarding the negatively correlated
PEP cluster (Fig. 8d). In case of Fe, no such distinct regions of the
plot could be connected to its non-conservative behavior.
4. Discussion

4.1. Properties of endmembers

The endmember concentrations of DOC, Fe and Cu were in
ranges reported in the literature (Aucour et al., 2003; Gaillardet
et al., 2014; Mulholland et al., 2015). Blackwater samples stood
out in their DOM molecular composition due to their higher aro-
maticity (Figs. 3, 4 and 6–9). Interestingly, this was in part caused



Fig. 6. MIX NF ordination plots with four different sets of added variables (post-ordination gradient fit, a–d), f values given in (a). MIX NF samples are separated by a
dominant first coordinate linked to the mixing ratio, along with most chemical indices based on molecular formula data (panel a). The second coordinate represents the major
part of non-conservative variation in molecular composition and is mainly linked to variables in panels b–d. Colors refer to the mixing gradient, blue being the Rio Negro
endmember. Significant correlations (Pearson, p < 0.05) with the ordination are shown as arrows. Arrow length corresponds to strength of correlation and arrows head into
the direction of steepest increase of the respective variable, based on the ordination pattern of samples. Variable abbreviations: AImod (modified Aromaticity Index), BC (‘‘black
carbon”), lwBC (BC formulae < 15 C atoms), hwBC (BC formulae � 15 C atoms), d.Cu (non-conservative fraction of dissolved Copper), DBE, DBE-O (double bond equivalents,
DBE minus oxygen), f (mixing ratio), H/C ratio, HU (highly unsaturated),m/z (molecular weight, mass to charge ratio), O/C ratio, PEP (unsaturated, O- and N-containing), d.PEP
(non-conservative fraction of peptides), PP (polyphenols), lwPP (PP formulae < 15 C atoms), hwPP (PP formulae � 15 C atoms) SFA (saturated, O-containing), UA (unsaturated
aliphatics). (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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by elevated abundances of aromatic compounds in the mass range
<250 Da (Figs. 3 and 4). The overall higher aromaticity of Rio Negro
samples has been described by Ertel et al. (1986) who extracted
humic (HA) and fulvic acids (FA) on hydrophobic resin (XAD-8),
assigning �70% of both HA and FA fluxes at the confluence to Rio
Negro inputs. Rio Negro HA and FA were reported to be more
degraded than similar HA and FA isolates from other blackwater
or whitewater tributaries (based on lignin compositional changes),
in conjunction with a lower H/C ratio.

Biodegradation might explain the strong contribution of small
molecules, but recent findings suggest that contributions of low-
molecular weight constituents in FT-ICRMS data may be related
to ‘‘fresh” or freshly decomposing material (Roth et al., 2016). Com-
pounds belonging to the lwBC class are not necessarily
combustion-derived, but a biogenic source cannot strictly be
excluded. The preferential occurrence in blackwater samples may
suggest a link to leached plant metabolites or products of plant lit-
ter breakdown. Low retention of organic matter in bleached soils of
the Negro basin (arenosols, podzols; Fritsch et al., 2009; Bardy
et al., 2011; Quesada et al., 2011) could explain apparently fresher
and more aromatic riverine DOM in blackwater catchments.

Aromatic structures also contributed to a distinct Rio Negro sig-
nal in the higher mass range in our study (Supplementary
Table S10), paralleling shifts in elevated oxygen and carbon con-
tent (see Section 3.1) which could point to larger, more oxidized
structures. Specific larger structures have been described for Rio
Negro DOM (Gonsior et al., 2016). Recent findings by Waggoner
and coworkers suggest molecular mechanisms that could explain
strong degradation as observed by Ertel et al. (1986) and high
molecular weight as observed by Gonsior et al. (2016) and
Johannsson et al. (2016). Waggoner et al. (2015) reported on the
abiotic transformation of a lignin extract from a brown rot fungal
degraded wood sample by hydroxyl radical (�OH) action, and pre-
sent evidence for the formation of condensed, higher-weight aro-
matic structures from the initial lignin extract. Subsequent
fractionation of the extract before �OH exposure indicated that
the most polar fraction of the lignin mixture contributed largely
to this shift, in terms of formula number (1673–2437; treated vs
untreated), as well as magnitude-weighted mass (average m/z;
490–574) and aromaticity index (0.31–0.52, Waggoner and
Hatcher, 2017). Photochemical reactions and fungal enzymes con-
tribute to the formation of hydroxyl radicals in water bodies and
soils and can potentially alter DOM signatures in this way
(Waggoner et al., 2015; Johannsson et al., 2016; Waggoner and
Hatcher, 2017).

In contrast, a stronger contribution of smaller and moderately
unsaturated to saturated (HU, UA) compounds in Rio Solimões
endmembers (Figs. 8a, 8c, 9a and 9c) may reflect former particle-
bound OM in streams rich in suspended sediments. Suspended par-
ticles from whitewater Amazonian rivers can be enriched in
nitrogenous compounds (Aufdenkampe et al., 2001) and may
transport more sorbed organic compounds in general (Kleber



Fig. 7. MIX F ordination plots with four different sets of added variables (post-ordination gradient fit, a–d); f values given in (a). The absence of particles causes differences in
the variable’s links to the ordination as compared to Fig. 6. For MIX F, the degree of explained variance by the first coordinate is even higher than for MIX NF (Fig. 6). The
second coordinate represents the largest part of non-conservative variation in molecular composition, but less of the analyzed variables are connected to it. Significant
correlations (Pearson, p < 0.05) with the ordination are shown as arrows. Arrow length corresponds to strength of correlation and arrows head into the direction of steepest
increase of the respective variable, based on the ordination pattern of samples. Variable abbreviations: AImod (modified Aromaticity index), BC (‘‘Black Carbon”), lwBC (BC
formulae < 15 C atoms), hwBC (BC formulae � 15 C atoms), d.Cu (non-conservative fraction of dissolved Copper), DBE, DBE-O (double bond equivalents, DBE minus oxygen), f
(mixing ratio), Imax (maximal rel. intensity), H/C ratio, HU (highly unsaturated), m/z (molecular weight, mass to charge-ratio), O/C ratio, PEP (unsaturated, O- and
N-containing), d.PEP (non-conservative fraction of peptides), PP (polyphenols), lwPP (PP formulae < 15 C atoms), hwPP (PP formulae � 15 C atoms) SFA (saturated,
O-containing), UA (unsaturated aliphatics).
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et al., 2007), as opposed to the low amount of suspended sediment
carried by the Rio Negro. Moreover, >90% of the sediment load of
the Rio Negro is composed of kaolinite clay minerals with low
adsorption capacity (Irion, 1991).

The two groups of endmember-related formulae (Rio Negro/Rio
Solimões) showed distinct characteristics, including H/C ratio, aro-
maticity, m/z range and intensity distribution as opposed to the
remainder of non-correlated formulae (Supplementary Figs. S15–
S18), indicating not only differences in unsaturation but also
molecular weight range and abundance of river-specific signals
being in line with previous reports (Gonsior et al., 2016).

It is intriguing that the aromaticity of DOM is elevated when
water levels of both rivers have peaked and are starting to decrease
again (Supplementary Fig. S1, July 2014, as opposed to samples
from October 2013), and that N-containing formulae seem to be
more prominent at the onset of the flood peak, at least in Rio Negro
waters (i.e., when water levels are rising; Gonsior et al., 2016; see
further discussion in Section 4.3). These time points correspond to
maximum and minimum levels of the hydrograph, respectively,
indicating a watershed-scale time lag of inputs vs outputs via pre-
cipitation and river channels (Supplementary Fig. S1). Although the
differences in DOM composition may indicate seasonal differences
related to stronger flushing of soils (as a potential source of aro-
matic DOM, as discussed above), hydrological pulse/flooding of
wetlands, or internal processing of organic matter (also in light
of other data from May 2016; Gonsior et al., 2016, see Section 4.3),
one has to point out that endmembers showed a surprisingly large
similarity in our study (Section 3.1). Given the small temporal res-
olution of our study and reported data, it is evident that further
work is needed to resolve potential river-specific DOM composi-
tion changes driven by seasonality or watershed properties.

4.2. General trends during mixing

The DOC concentrations showed two local maxima and besides
that generally a linear trend in the NAT sample set, which was con-
sistent with conservative mixing observed in MIX experiments
(Fig. 2a). We found no evidence for a consistent DOC anomaly
(i.e., removal or release of DOC) in all experiments. The two devi-
ating NAT samples indicated a DOC release at separate mixing
ratios (open circles at f = 0.9 and 0.53, Fig. 2a), which may rather
be explained by natural variability than by consistent non-
conservative effects. Furthermore, the mixing curves of concentra-
tions of Fe (Fig. 2b) and other particle-associated elements (Al, Co,
Ni; Supplementary Fig. S6) showed coinciding maxima in concen-
tration at these mixing gradient positions. Interpretation of the
underlying effects is difficult without further information on the
concentration and nature of particles (as, for example presented
by Guinoiseau et al., 2018). A strong removal of Cu from solution
was detected at low Rio Negro concentrations (Fig. 2, f < 0.4). This
might imply a fast removal of colloidal Cu transported by the Soli-
mões upon mixing with DOC-rich waters of the Rio Negro. The



Fig. 8. Van Krevelen plots of correlations with (a) principal coordinate 1, (b) principal coordinate 2, (c) mixing ratio f and (d) d.Cu (non-conservative fraction of dissolved
Copper), shown for the MIX NF sample set. Numbers in the legend refer to the number of either positively or negatively correlated formulae. Only significant correlations
(Pearson, p < 0.05) are shown in color, non-significant formulae are gray. A large number of formulae mix conservatively, with Rio Negro-linked signals being concentrated in
the less saturated (�more aromatic) region of the VK plot.

Fig. 9. Van Krevelen plots of correlations with (a) principal coordinate 1, (b) principal coordinate 2 and (c) mixing ratio f, shown for the MIX F sample set. Only significant
correlations (Pearson, p < 0.05) are shown in color, non-significant formulae are grey. Numbers in the legend refer to the number of either positively or negatively correlated
formulae. A number of formulae in the saturated region of the VK plot (upper red cluster in panel b) show non-conservative behavior even when particles are absent. (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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strong removal of Cu might be concentration-dependent as it was
not detected in the MIX NF experiment, but this could also be
related to differences in particle concentration during both sam-
pling campaigns.

Samples 08 and 17 showed very high Cu concentrations as
determined by ICPMS (>5 mg Cu/L) whereas the TDCu levels deter-
mined by CLE-AdCSV were much lower (0.73 and 2.99 mg Cu/L,
Table 2). Endmember sampling differed from the other NAT sam-
ples in that more volume and different flasks were taken (for other
measurements; Merschel et al., 2017), which could explain this
contrast. We considered TDCu data more reliable due to the shorter
storage before measurement and similar handling of the respective
subsamples. ICPMS and CLE-AdCSV indicated similar dissolved Cu
concentrations in samples 10 and 15, while the TDCu concentra-
tion was slightly elevated in sample 12 (determined by CLE-
AdCSV).

Fe concentrations of field samples from the mixing zone were in
the same range and showed similar dynamics as observed in the
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MIX NF experiment. Strong variation (‘‘sawtooth” patterns) in Fe
concentration during mixing are described in the literature and
have also been observed during mixing experiments with river
water and seawater for Ti and Zr (Schneider et al., 2016). Such
behavior may be related to the dynamics of particles or surface
phenomena and has also been linked to differential behavior of dis-
tinct Fe pools, as colloidal and dissolved Fe (Aucour et al., 2003;
Gaillardet et al., 2014; Mulholland et al., 2015). Higher concentra-
tions of Cu in samples of the NAT set (as opposed to the MIX set)
could be explained by interannual variability, even though Cu con-
centrations were similar to values previously reported by Küchler
et al. (1994) and Viers et al. (2005). Seasonality patterns and inter-
annual variability of Cu and other elements have been described by
several authors (Viers et al., 2005; Gaillardet et al., 2014). Fe and Cu
behavior will be further discussed within the context of DOM
dynamics (Section 4.4).

Multivariate analyses of the MIX and NAT sample sets showed a
dominant first coordinate with 56–65% of variation, which was
correlated to the mixing gradient and several molecular character-
istics of DOM (Figs. 6 and 7; inversely correlated to f in NAT, Sup-
plementary Fig. S10). Samples 11 and 12 exhibited a higher mean
mass, a higher DBE and contained on average more carbon and
oxygen than other NAT samples. Sample 9, although taken in Soli-
mões waters, resembled the Rio Negro endmember (8), and thus
also samples 11 and 12, in many properties. This does not neces-
sarily indicate non-conservative effects. The similarity of these
three samples (Supplementary Fig. S8) and their spatial proximity
(Fig. 1) rather suggest a common source. It is thus concluded that
these samples might have been influenced by a third (unsampled)
interfering endmember, possibly from draining floodplains (Viers
et al., 2005; Supplementary Fig. S8, Supplementary Note S4). After
removal of the three deviating samples, the multivariate analysis
agreed well with results obtained in the mixing experiments in
the presence of particles (MIX NF). In summary, we observed: (1)
conservative behavior of DOC and DOM-derived parameters, and
(2) non-conservative behavior of Cu and Fe, which will be dis-
cussed in detail in Sections 4.3 (conservative component) and 4.4
(non-conservative component).

Multivariate statistics revealed a high variation of DOM molec-
ular composition in the natural confluence as compared to the sole
effect of a two-endmember-mixing process (Supplementary
Figs. S8 and S9a). The strong variation on a relatively small tempo-
ral and spatial scale was an unexpected result of our study. To
reduce the influence of natural variability in studying mixing
effects and processes, we performed controlled mixing experi-
ments with defined endmembers.

4.3. The conservative component of mixing

Unexpectedly, the concentration of DOC displayed conservative
mixing in NAT and MIX experiments with only few exceptions
(Fig. 2a). This is a surprising finding, since DOC is generally
described as reactive in the confluence zone of Negro and Solimões
(Table 1). Several studies have confirmed losses and fractionation
of DOC in the initial mixing (Ertel et al., 1986; Aucour et al.,
2003; Moreira-Turcq et al., 2003a), although there is evidence for
simple dilution by mixing (Moreira-Turcq et al., 2003a).
Mulholland et al. (2015) showed that dissolved Fe (<0.45 lm)
behaved conservatively during initial mixing, whereas dissolved
and colloidal Fe started to behave non-conservatively 1–10 km
after mixing in the river. The study also reported a high degree
of organic Fe complexation. Their results suggest that the conser-
vative behavior of DOC concentration under conditions of the nat-
ural confluence (NAT) might be due to small contact times of
particles and DOC (i.e., kinetic limits). However, our simulated
mixing experiments were conducted for �24 h, and kinetic hin-
drance should thus not be a critical point in explaining DOC con-
centration dynamics (Stedmon and Markager, 2003; Merschel
et al., 2017). Moreover, there is evidence for fast sorption of Ama-
zon DOM onto mineral phases (Aufdenkampe et al., 2001; Pérez
et al., 2011). A recent study by Merschel et al. (2017) found simi-
larly conservative behavior of DOC in mixing experiments of sea-
water with riverine samples from Rio Negro and Rio Solimões,
concluding that much of the ‘‘dissolved” DOC in riverine samples
that passes submicron filters (0.2 mm, as used in this study) may
be present as organic nanoparticulate or colloidal matter, which
does not readily coagulate to form larger aggregates during mixing.

The van Krevelen analysis and post-ordination gradient fitting
of the mixing experiments revealed that specific fractions of the
DOM compound pool were strongly linked to conservative mixing
(f), and thus, to the bulk DOC concentration (Figs. 2a, 8 and 9). This
fraction ranged from 27% of all monoisotopic formulae in NAT to
44% and 52% in MIX NF and MIX F, respectively. Thus, 8% more
molecular formulae behaved conservatively when particles were
absent in the MIX experiments. The molecular properties of the
molecular formulae indicative of Rio Negro and Rio Solimões have
been discussed in Section 3.1. An additional analysis of the non-
correlated molecular formulae (no significant correlation with f,
p > 0.05) indicated that an additional 16% (NAT), 22% (MIX F) and
27% (MIX NF, all percentages based on the core set) showed fluctu-
ations but no consistent non-conservative behavior (Supplemen-
tary Figs. S13 and S14, and Supplemental Note S6). Only a small
number of molecular formulae correlated with coordinates 2 and
3, which held the major part of non-conservative variation in all
experiments (Fig. 5, see Section 4.4).

As indicated above, the largely conservative DOC behavior is
supported by artificial sorption experiments conducted by Pérez
et al. (2011). The authors found that the hydrophobic fraction
(sorbed to XAD-8 resin, ‘‘HPO” fraction) of Rio Negro DOC, besides
sorption of �80% of DOC (initial ca. 18 mg C/L) to fresh synthetic
goethite, was not fractionated in terms of aromaticity during the
process, even under large excess of DOC. Contrastingly, the aro-
maticity of the relatively hydrophilic fraction (XAD-8 effluent
sorbed onto XAD-4 resin, ‘‘transphilic”, ‘‘TPH” fraction) decreased
upon sorption. Similar high levels of DOC were sorbed. Altogether,
this indicated a preferential sorption of relatively hydrophilic aro-
matic compounds onto sediment at high DOC loads. A second sorp-
tion experiment with an isolated OM fraction from the Amazon–
Curuai floodplain and organic-free natural sediment from the Cur-
uai Várzea Lake showed much lower sorption (5–20% DOC), how-
ever, initial DOC levels were also lower in these experiments (ca.
4.2 mg C/L). The authors did not observe any fractionation in terms
of aromaticity in these second experiments either. Under the nat-
ural confluence settings, with DOC concentrations in the range of
the second experiment and mineral surfaces in Rio Solimões
already conditioned with organic matter, sorption or fractionation
of new DOM (i.e., Rio Negro DOM) may be even further reduced.

Assuming that Rio Solimões DOM and minerals were in equilib-
rium before mixing with the Rio Negro, occupation of sorption sites
at minerals could thus explain the conservative behavior of DOC in
our observations. The Solimões mainstem has three additional
upstream tributaries (Rios Jutaí, Juruá and Purús) that have been
classified as DOC-rich (ranging from 5.8 to 10.8 mg C/L) by Ertel
et al. (1986) and thus could contribute to saturation of reactive
mineral surfaces. Similarly, a white-water tributary, the Rio
Branco, enters the Rio Negro �200 km before the Amazon junction
and flocculation processes involving humic substances have been
reported from this upstream confluence (Leenheer and Menezes
Santos, 1980). This could also explain why the investigated rivers
appear so similar in their molecular composition (even without
limiting the data to a conservative set of core formulae, Section 2.3),
contrasting previous results from major rivers of the Amazon basin
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(Gonsior et al., 2016). The fact that a majority of the indicative aro-
matic compounds were already part of the DOM of the Rio Soli-
mões (and vice versa for the low-molecular weight unsaturated
Solimões compounds) may document the influence of other black-
water, whitewater and floodplain systems in the draining basins of
both rivers, but could also point to similar processing in both river
systems that lead to similar forms of DOM residues.

It has been proposed that two DOC fractionation steps involving
minerals occur in the Amazon system: one in the soils and another
one in the rivers, referred to as the ‘‘regional chromatography”
hypothesis (Ertel et al., 1986; Devol and Hedges, 2001; Shen
et al., 2015). According to the hypothesis, the majority of reactive
components within the DOC pool are effectively removed before
reaching higher-order confluences such as the one in Manaus.
The process could also lead to occupancy of sorption sites at min-
erals, rendering both educts (minerals and DOM) non-reactive (in
line with findings by Pérez et al. (2011)). Although it seems yet
unclear what stage (soils, rivers, or confluences) is most important
in DOC removal, several studies have shown that conservative DOC
behavior in aquatic settings (riverine and estuarine) may be more
frequent than previously expected (Laane, 1980; Mantoura and
Woodward, 1983; Palmer et al., 2015; Ylöstalo et al., 2016;
Merschel et al., 2017).

Non-conservative effects may be rare and subtle in space
(Guinoiseau et al., 2016) or time (Palmer et al., 2015), similar to
observations from terrestrial systems (Kuzyakov and
Blagodatskaya, 2015). More than 80% of river length of the Amazon
River system is connected to the smallest streams (first and second
order streams; McClain and Elsenbeer, 2001). It seems certain that
the role of these smaller tributaries and lower order confluences
will be underestimated when only large confluences are consid-
ered; non-conservative processes might already have taken place
further upstream or even directly at the soil/water interface
(Guinoiseau et al., 2017; Ward et al., 2017).

Gonsior et al. (2016) found strong dissimilarities of DOMmolec-
ular composition between rivers of the lower Amazon basin (Rios
Negro, Madeira/Jamari and Tapajós; but not including the Soli-
mões) and reported Rio Negro-specific high molecular weight
(>500 Da) signals. Besides some contributions of aromatic com-
pounds below 300 Da, we found a similar signature in this study
(centered at �400 Da; Supplementary Fig. S17), although river sig-
natures were rather similar. The data of Gonsior and coworkers dif-
fer from ours especially in the number of compounds containing N
(besides C, H, and O), reporting average numbers of 1300–2100
detected CHNO formulae. The numbers of CHOS and CHO formulae
agree well with our findings. For example, average (±SD) numbers
of formulae detected in the MIX NF set were: 3225 (±102, CHO),
746 (±98, CHNO) and 291 (±9, CHOS). Larger differences among
sampled rivers may relate to the larger spatial extent sampled,
reflecting even larger climatic and geographical differences among
watersheds.

The differences in higher m/z-specific molecular formulae and
in numbers of CHNO formulae in Rio Negro waters could be
explained by several aspects. First, Gonsior et al. (2016) did not
make use of source-induced fragmentation (SID, personal commu-
nication, M. Gonsior), whereas this is a routine step in our mea-
surement protocol in order to suppress dimer formation in the
ESI source (40 eV). Tests with standard compounds have shown
that this does not lead to fragmentation of single molecules
(Waska et al., 2016; Zark and Dittmar, 2018). Second, the authors
included floodplain lakes that are characterized by longer water
residence time, seasonal disconnection, and higher OM inputs
(allochthonous and autochthonous; Mortillaro et al., 2011;
Moreira-Turcq et al., 2013).

Moreira-Turcq et al. (2003b) also show that DOC (and POC)
fluxes are affected by higher water level for five main tributaries
of the Amazon including the Rio Negro (increase of 50% in DOC flux
during high water vs low water period) and Rio Solimões (increase
of >100%). It can be expected that the number of molecular formu-
lae and probably also the number of CHNO compounds would be
affected by season (i.e., daily vs sparse precipitation, and water
level variations), even more so as Gonsior et al. (2016) took their
samples in May 2013, after the end of the rain season (‘‘hot and
wet”, daily precipitation events) and the beginning maximum of
the flood pulse (Vidal et al., 2015). The start of the flood peak will
presumably differ largely from its end (initial disturbance vs ongo-
ing/ending disturbance), for example in terms of dissolved con-
stituents leached from rewetted soils. In comparison, the samples
from this study were taken during the dry period (‘‘hot and
humid”, non-daily precipitation), at the end of the maximum of
the flood peak (July 2014) and its lowest extent (October 2013),
when connectivity between floodplains and mainstem gradually
decreases and upstream flushing of soils by daily precipitation
events is reduced (see Supplementary Figs. S1 and S2 and Supple-
mentary Note S1).
4.4. The non-conservative component of mixing

The ordination and gradient fitting (Fig. 6b–d) showed that
there were other controlling factors besides mixing, but only few
formulae were affected (87 formulae correlated negatively and
69 positively to coordinate 2, Fig. 8b). Iron and Cu showed distinct
non-conservative behavior under particle influence, indicating des-
orption of Cu and alternating desorption and adsorption of Fe along
the mixing line (Fig. 2b and c). The post-ordination gradient fitting
of the MIX NF data set revealed that Cu, PEP compounds and partly
also aromatic moieties (PP and BC compounds) correlated with
coordinate 2 (i.e., non-conservative component), while most other
parameters were correlated to coordinate 1 (i.e., conservative com-
ponent, Fig. 6a–c). This effect was linked to the presence of parti-
cles, pointing toward surface phenomena being responsible for
non-conservative effects (compare Fig. 7a–c). The intensity change
when particles were absent (Fig. 7c) points toward a general
response of PEP-type formulae upon mixing, while diversity-
related (number of molecular formulae) changes only occurred
under MIX NF conditions and in parallel to Cu release (Fig. 6b).

PEP compounds exhibited a distinct mixing response, showing a
release below f = 0.5 and a depletion above f = 0.5, and were nega-
tively correlated with d.Cu (based on the number of molecular for-
mulae, Fig. 10a). The PEP mixing response suggests opposed
sorption and desorption reactions that prevail when no particles
are present (Supplementary Note S7), pointing towards effects
related to changes in pH or conductivity (Spitzy and Leenheer,
1991). We note that we cannot exclude the effect of heterotrophic
microbial processing during this experiment, including an equili-
bration step with continuous shaking for 24 h at room temperature
under dark conditions (Ward et al., 2018).

The different mixing curves – the PEP one in particular – may
thus also point towards processing that would also affect particle
coatings during the experiment. However, we also note that the
mixing behavior was observed in absence of particles, and that
comparisons of differential mass spectra (Supplemental Fig. S19)
indicated no systematic shifts in DOM composition in between
MIX experiments and after shaking, as observed in similar experi-
ments (Ward et al., 2013, Supplementary Note S5). If particles
played a major role in determining DOM composition, we would
have expected stronger differences between the non-filtered and
filtered endmember samples after 24 h of shaking. If microbial pro-
cessing affected DOM and trace metal levels, which we cannot
exclude here, it did so independent of the presence of particles
>0.2 mm.



Fig. 10. Mixing behavior of the molecular groups of: (a) PEP formulae and (b) polyphenols and black carbon-like compounds is linked to Cu release (panels c and d,
respectively) in the MIX NF experiment. Aromatic compounds with � 15 C atoms (hwBC, polycyclic, condensed aromatics, such as ‘‘black carbon” and hwPP, polyphenols)
were summed up. The PEP group of unsaturated, O- and N-containing compounds also includes compounds with < 2 N, strictly being non-peptides. Error bars are ± 1 SD
estimated from repeated measurements of a eutrophic lake reference sample. Significance levels are denoted with (*) p < 0.05 and (.) p < 0.1.
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The release of Cu in the mixing range f = 0.6–0.8 (Fig. 2c) was
correlated with an increase in number of aromatic formulae (hwPP
and hwBC, Fig. 10b and d, summed up as ‘‘hw aromatics”), which
may point to mechanistic links between Cu release and this group
of compounds (Supplementary Note S7). Desorption due to pH
decrease could explain release of Cu (Rio Negro dominance,
f = 0.6–0.8, Gaillardet et al., 2014). Lu and Allen (2001) state that
the sorption of Cu occurs at pH > 6 (pH range observed was 3–8).
The typical pH range in the Amazon confluence is pH 5–7 (Furch
and Junk, 1997). DOC content and pH exert the major controls on
Cu partitioning onto riverine DOC-conditioned suspended particu-
late matter (SPM) (Lu and Allen, 2001). Copper is also the divalent
cation with strongest affinities to DOM (Xue and Sigg, 2002;
Ksionzek et al., 2018). In a follow-up study, Lu and Allen (2002)
found small amounts of strong phenolic Cu binding sites in DOM
based on titration data. Although phenolic compartments in
DOM were assessed in two different ways, the overall findings of
these authors support the hypothesis that Cu release is linked to
phenolic/aromatic-type formulae.

Polyphenols or phenolic entities in DOM are potential candi-
dates for complex formation (Ross et al., 2000; Croué et al., 2003;
Paunovic et al., 2005), and so is terrestrial DOM in general
(Shank et al., 2004a, 2004b; Krachler et al., 2015). The mechanistic
experiments of Lu and Allen (2001, 2002) were conducted under
highly controlled conditions that do not match the exact condi-
tions of the Amazon confluence, and further experiments would
be needed to disentangle the in situ effects of pH, ion strength,
DOC composition and sorption onto Cu partitioning, especially at
full occupation of sorption sites (Kleber et al., 2007; Brown and
Calas, 2012; Vogel et al., 2014). Lu and Allen (2001) did not observe
a redissolution of once-sorbed DOC upon pH changes, in line with
our bulk DOC observations including natural particles. DOC release
from particles has been described by others (Keil et al., 1997;
Avneri-Katz et al., 2017), but may be largely independent from
ligand dynamics. The ligands controlling trace metal dynamics
are likely below the detection limit or within the analytical error
of most TOC analyzers at natural concentrations. The additional
resolution via FT-ICRMS confirmed the conservative behavior of a
major fraction of DOM compounds in our study (as discussed
above), but indicated also non-conservative behavior.

Indeed, by application of CLE-AdCSV we were able to confirm
the presence of strong ligands with a maximal binding capacity
of about 3 lg Cu/L in the Rio Negro sample (NAT 08; see Supple-
mentary Fig. S5 and Note S3). We also observed Fe-specific ligands
that were not outcompeted by 1-nitroso-2-naphthol in reverse
titration CLE-AdCSV (equivalent to 60 mg Fe/L in Rio Negro and
69 mg/L in Rio Solimões, see Supplementary Note S7 for more
details). High complexation capacities exceeding the actual metal
concentration have also been reported from other organic-rich riv-
ers, as the Black River and Northeast Cape Fear River in North Car-
olina, USA (Shank et al., 2004b) and Xue et al. (1996) describe
organic complexation rates of >99% for Cu in Swiss alpine lakes
and rivers. Powell and Wilson-Finelli (2003) and Buck et al.
(2007) describe Fe ligand concentrations exceeding dissolved Fe
concentration in the plumes of the Mississippi River and Columbia
River/San Francisco Bay. It can be expected that a large part of Fe is
also controlled by strong Fe ligands in freshwater settings, espe-
cially in blackwater rivers (Jones et al., 2011), and our CLE-AdCSV
data support this (Supplementary Note S7). These data are also
in line with results from Electron Paramagnetic Resonance (EPR)
spectroscopy presented by Mulholland et al. (2015) which show
evidence for a differential mixing behavior of organically com-
plexed Fe, as compared to other Fe pools (Supplementary Note S7).

Even though our study cannot draw direct links between the
groups of PP, BC and PEP compounds and the behavior of trace
metals Cu and Fe, their responses may indicate effects that are
not readily observable by the chosen methodology. PPL generally
extracts a wide range of highly polar to non-polar substances
(Dittmar et al., 2008; Li et al., 2017), but it is known that solid
phase sorbents characterized by a major portion of hydrophobic
functionalities may be biased in that they do not retain small
charged and neutral molecules (Repeta, 2015; Hawkes et al.,
2016). For example, Sleighter and Hatcher (2008) demonstrated
that C18-extracted blackwater samples were depleted in tannin-
and peptide-type formulae. In a subsequent study, these authors
showed that the discriminated molecules were more hydrophilic,
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of lower molecular weight and likely enriched in bound metals (Liu
et al., 2011).

As with other analytical techniques, the combination of SPE and
ESI-FT-ICRMS has its specific analytical window and does not cover
the entire spectrum of dissolved organic molecules (Hawkes et al.,
2016; Raeke et al., 2016). It is, however, the most comprehensive
technique providing DOM molecular information in unsurpassed
detail and an effective tool to study unknown metal ligands in
DOM (Waska et al., 2015, 2016). Cu and Fe behavior could be con-
nected to molecular groups that were not addressed by our
method. Future studies could close the gap, for instance through
parallel or sequential IMAC (immobilized metal-ion affinity chro-
matography) protocols that are able to retain metal-specific
ligands (Paunovic et al., 2005; Smith et al., 2014), or direct mea-
surement of trace metals in DOM extracts (both in retentate and
permeate, Waska et al., 2015; Ksionzek et al., 2018).

Both Boiteau et al. (2016) and Kügler et al. (2019) found Cu and
Fe ligands in marine and terrestrial settings, respectively, by mak-
ing use of characteristic isotope patterns and ultrahigh resolution
MS techniques combined with prior LC separation. It is not surpris-
ing that the search for these specific patterns (63Cu/65Cu and 54-
Fe/56Fe) in our direct-injection broadband FT-ICRMS data was
unsuccessful. Cu and Fe ligand detection under natural concentra-
tions may require narrower acquisition windows (m/z window;
hence enhancing sensitivity), measurements in positive ESI mode
(Waska et al., 2015; hence enhancing selectivity), or prior separa-
tion (hence reducing complexity). In this regard, isotope labeling
approaches with the respective metals could help to better capture
trace metal-DOM interactions by mass spectrometry (Wiederhold,
2015; Wichard, 2016).
5. Conclusions

We have shown that the Rio Negro is not only an important
source of aromatic compounds to the Amazon, but also that most
of these compounds show low reactivity during formation of the
Amazon River through mixing with the Rio Solimões. The abun-
dance of low-molecular mass aromatics in Rio Negro waters indi-
cates fast transit of fresh or freshly degraded DOM from soil
environments with lower sorptive capacities in its catchment.
Non-conservative effects of both trace metals Fe and Cu were only
observed in the presence of natural particles and were not reflected
by the majority of DOM molecular formulae. The surprisingly low
reactivity of bulk DOM under experimental conditions indicates
that the dynamics of trace metals might be governed by small
amounts of highly specific ligands not readily observable by our
methodology. A small number of molecular formulae indeed
showed a differential response: Polyphenols were positively linked
to Cu release only when natural particles >0.2 mm were present,
pointing towards potential Cu ligands, and N-containing com-
pounds showed a general response in signal abundance likely
induced by pH and conductivity changes controlling charge prop-
erties of these compounds. Our first results on Cu and Fe complex-
ation by DOM in the Amazon confluence system stress the
importance of electrochemical analyses, as CLE-AdCSV, for the
study of trace metal dynamics and DOC-borne metal-specific
ligands in natural waters. FT-ICRMS is able to capture non-
conservative processes in unsurpassed detail, but the dynamics
and identity of metal ligands in the DOM pool need to be further
studied with adjusted methods that are more selective and sensi-
tive. The largely conservative behavior of DOM contrasts with pre-
vious findings that often presume a major role of organic
compounds in non-conservative processes. According to our find-
ings, non-conservative effects likely vary in space and time and
can be smaller than expected. Taking into account that more than
80% of river length of the Amazon River network is connected to
small streams, it seems certain that the impact and temporal
dynamics of upstream processes within smaller tributaries and
lower order confluences or at the soil/water interface may have
been overlooked in the past and will need reconsideration.
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