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Abstract

The present study investigated the weathering and transport mechanisms of Fe in the Amazon River. A particular empha-
sis was placed on Fe partitioning, speciation, and isotopic fractionation in the contrasting waters of the Solimões and Negro
rivers and their mixing zone at the beginning of the Amazon River. Samples collected in the end-member rivers and thirteen
sites distributed throughout the mixing zone were processed through frontal vacuum filtration and tangential-flow ultrafiltra-
tion to separate the different suspended solid fractions, i.e., particulate (P > 0.45 lm and P > 0.22 lm), colloidal
(0.22 lm > C > 5 kDa) and truly dissolved elements (TD < 5 kDa). The Fe isotopic composition and electron paramagnetic
resonance (EPR) species were measured on these different pore-sized fractions. The acidic and organo-Fe-rich waters of the
Negro River displayed dissolved and colloidal fractions enriched in heavy isotopes (�1.2&, in d57Fe values relative to
IRMM-14), while the particulate fractions yielded light isotopic compositions of �0.344& for P > 0.22 lm and �0.104&

for P > 0.45 lm fractions). The mineral particulate-rich waters of the Solimões River had dissolved and colloidal fractions
with light isotopic composition (�0.532& and �0.176&, respectively), whereas the particulate fractions yielded d57Fe values
close to those of the continental crust (i.e., �0.029& for P > 0.22 lm and 0.028& for P > 0.45 lm). Ten kilometers down-
stream from the Negro and Solimões junction, the concentrations of colloidal and dissolved Fe species deviate markedly from
conservative mixing. A maximum Fe loss of 43 lg/L (i.e., 50% of the dissolved and colloidal Fe) is observed 110 km down-
stream from the rivers junction. The contrasting Negro and Solimões Rivers isotopic compositions along the pore-sized water
fractions is attributable to the biogeochemical processes involving different types of upland soils and parental materials. For
instance, the isotopic composition of colloidal and dissolved Fe from the Negro River are consistent with Fe oxidation and
complexation mechanisms at the interface between waterlogged podzols and river networks, as supported by strong organo-
Fe complexes signals observed by EPR. Conversely, the particulate and colloidal fractions from the Solimões River have
d57Fe consistent with strong mechanical erosion in the Andean Cordillera and upland soils, as evidenced by high concentra-
tions of Fe3+-oxides sensu lato measured by EPR. The massive dissolved and colloidal Fe removal is associated with the
evolution of the physical and chemical composition of the waters (i.e., ionic strength) during mixing, which influences org-
ano-Fe3+ and Fe3+-oxyhydroxides stability. Several models are discussed to explain Fe non-conservative behavior, including
dissociation of organo-Fe complexes and the subsequent formation of solid Fe3+-oxyhydroxides and semiquinone free
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radicals, as evidenced by EPR spectra demonstrating that organo-Fe signals decrease as Fe3+-oxyhydroxides and free radicals
signals increase. As in estuarine regions, the mechanisms involving Fe transfer and loss in the mixing zone has a negligible
effect on the bulk water Fe isotopic composition. This result suggests that a tropical basin similar to the Amazon River Basin
delivers to the ocean waters with an Fe isotopic composition similar to that of the Earth’s continental crust.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The geochemical investigation of the Amazon River
waters provides a global scale overview of the transport
pathways of weathering products from continents to oceans
in tropical regions. Among the world́s major rivers, the
Amazon ranks first in terms of drainage area
(5.96 � 106 km2) and water discharge (206,000 m3/s)
(Callede et al., 2010), which corresponds to approximately
17% of the global fresh water runoff. The Amazon River
is formed by the confluence of the Solimões and Negro Riv-
ers that account, respectively, for 56% and 16% of the total
discharge of the Amazon at its mouth (Molinier et al., 1993;
Molinier et al., 1997). These rivers drain different pedocli-
matic regions (Lewis et al., 1995 and Quesada et al.,
2011) and as a result exhibit contrasting physical and chem-
ical water properties (Gibbs, 1972; Stallard and Edmond,
1983; Sioli, 1984). Therefore, their confluence plays a key
role in the transport dynamics of metals and organic com-
pounds in the Amazon Basin.

The composition of the dissolved ions and suspended
solids of the Negro and Solimões Rivers have been exten-
sively characterized in previous studies (e.g., Meade, 1985;
Richey et al., 1986; Devol et al., 1995; Gaillardet et al.,
1997; Aucour et al., 2003; Benedetti et al., 2003; Seyler
and Boaventura, 2003). Basically, the Negro River waters
are relatively acidic (pH � 4.5), rich in colloidal Fe and
organic carbon, with low concentrations of dissolved cat-
ions and suspended solids (mainly kaolinite). These black
waters drain regions covered by podzols, ferrasols and acri-
sols, located on the northern side of the Central Amazon
Basin that supports the rain forest. Conversely, the Soli-
mões River waters are rich in dissolved cations with circum-
neutral pH and a large amount of suspended solids
(smectites, illite and minor amount of kaolinites; Guyot
et al., 2007) and are depleted in dissolved and colloidal
Fe. These white waters drain the Andean Cordillera and
regions covered mainly by acrisols, ferrasols and plintho-
sols. A preliminary study comparing the Fe isotopic com-
position between the dissolved and particulate phases of
the Amazon Basin reported a large isotopic fractionation
between these phases for the Negro River and a negligible
isotopic fractionation for the Solimões and Amazon Rivers
(Bergquist and Boyle, 2006). These contrasting isotopic sig-
natures are likely linked to the different water chemistry of
these rivers and the nature of the soils and vegetation
drained by these tributaries of the Amazon River.

Given the marked differences between the Negro and
Solimões Rivers, their water mixing processes must be
well-understood to correctly identify the controlling geo-
chemical mechanisms of metal transport throughout the
Amazon Basin. Previous studies reported that within the
first 25 km downstream from the Negro and Solimões mix-
ing zone, the dissolved and particulate Fe fractions behaved
non-conservatively due to the preferential removal of Fe
bound to N-rich organic matter and Fe oxyhydroxides
(Aucour et al., 2003), with considerable particulate and dis-
solved organic carbon loss (Moreira-turcq et al., 2003). In
addition, McKnight et al. (1992) reported that the conflu-
ence of an acidic, metal-rich river (Snake River) with an
organic and metal-poor stream (Deer Creek) in Colorado
(USA) led to a 40% removal from solution of dissolved
organic carbon by sorption with the particulate hydrous
Fe and Al oxides, which were precipitated in the mixing
zone. Although mixing of river and ocean waters is known
to produce a minor influence on Fe isotopic composition
(Bergquist and Boyle, 2006; de Jong et al., 2007; Escoube
et al., 2009), the Fe isotopic effect in the dissolved and par-
ticulate load during the mixture of two large rivers with
markedly distinct chemistries, such as the Negro and Soli-
mões, has not been addressed so far.

The present study investigates the nature, distribution,
and isotopic composition of Fe from different pore-sized
water fractions of the Amazon Basin Rivers to describe
the main weathering and transport mechanisms controlling
Fe transfer from land to downstream riverine waters in a
tropical basin. A particular emphasis was placed on the
Negro and Solimões Rivers and their mixing zone to
improve our comprehension of the processes underlying
the mixing of rivers with contrasted chemistries. Combined
isotopic and spectroscopic techniques were applied to deter-
mine the isotopic signature of the different forms of iron
occurring in the waters. These data are then used to assess
the possible sources of iron in the headwater zones along
with the biogeochemical processes occurring in the catch-
ment area. We also use this new data set to help to elucidate
the mechanisms responsible for non-conservative behavior
of Fe in the Amazon River mixing zone. As a matter of fact,
the use of specific Fe chemical species as tracers of weath-
ering or erosion processes requires questioning of the con-
servativity at river confluences.

2. MATERIAL AND METHODS

2.1. Sampling and filtration

The sampling campaign took place in September during
the exceptional drought of 2010, when the Solimões and
Negro Rivers had minimum and similar water discharges,
and in July 2011, during the flood season. The Acoustic
Doppler Current Profiler – ADCP method (Filizola and
Guyot, 2004) was used to measure the water discharge



Fig. 1. Localization of the study area and sampling sites in the Negro and Solimões mixing zone.

144 D.S. Mulholland et al. / Geochimica et Cosmochimica Acta 150 (2015) 142–159
across rivers transects. Water samples were collected from
the Solimões River (Manacapuru gauging station), the
Negro River (Paricatuba gauging station) and from thirteen
sites distributed 110 km downstream along the rivers mix-
ing zone, before its confluence with the Madeira River
(Fig. 1). Considering that the Negro and Solimões waters
have distinct electrical conductivities, this parameter was
used in the field in every sampling site to estimate the mix-
ing proportion of each Amazon River tributaries’ end-
members at a given site. In both campaigns, water samples
were collected �0.5 m below the water surface. For the field
mission occurring during the low waters of 2010, lateral and
depth profiles were performed in the end-member Solimoes
and Negro Rivers. The lateral profile samples were col-
lected in five different locations, evenly distributed in
between the rivers’ banks. The depth profile samples were
selected according to the deepest level, measured by ADCP.
In the Negro River, samples were collected at 0.5, 6, 12, 20
and 30 m depths, and in the Solimões River at 0.5, 5, 10, 15
and 20 m depths.

Electrical conductivity, pH, Eh, and temperature were
measured in bulk water samples during or immediately after
sampling using a WTW 340i multiparameter instrument,
calibrated against WTW standards. Eh measurements were
performed using an ORP probe. The measured values were
certified using a YSI 3682 Zobell’s solution with an accuracy
of ± 10 mV and corrected for the standard hydrogen elec-
trode (SHE) as described by APHA (1998).

Water samples were collected in HDPE (High Density
Polyetylene) bottles previously cleaned with commercial
HCl (1 M) and de-ionized water (MilliQ, 18 mO). The sam-
ples were vacuum filtered on board the ship in a glove box
using a frontal filtration Millipore� Polysulfone system,
equipped with cellulose acetate membranes with 0.45 lm
pore size. The filtration system and the membranes were
previously conditioned with 250 ml of water from the sam-
pling site prior to filtration of the aliquot for analysis. After
filtration, the membranes were dried at room temperature
inside a glove box and stored in Petri slides. Particulate
(P > 0.22 lm), colloidal (5 kDa < C < 0.22 lm), and so-
called truly dissolved (TD < 5 kDa) fractions from each site
were separated on the boat immediately after sampling
from 50 L of water by tangential-flow ultrafiltration (Pel-
icon, Millipore�). Membranes with final cutoffs of 0.2 lm
(Durapore�) and 5 kDa (polyethersulfone) were used.
Residual particles in the membranes were removed by
applying reverse water flow. All permeates and retentates
were stored in HDPE bottles previously cleaned with HCl
(1 M) and MilliQ water.

2.2. Sample dissolution

Sample dissolutions were performed in a class 10,000
clean room, using bi-distilled acids, Merck SupraPur
H2O2 (30%), de-ionized water (MilliQ, 18 mO) and Teflon
vessels. The particulate matter (fraction > 0.45 lm) was dis-
solved, together with the membranes, in 8 ml of HNO3 and
1 ml of H2O2, left overnight on a hot plate at 80 �C and
then dried. Subsequently, 0.2 ml of HNO3, 1 ml of HF,
and 0.6 ml of 6 M HCl were added. The Teflon vessels were
left overnight on a hot plate at 80 �C before evaporation.
The digestion residues were solubilized in 5 ml of 6 M
HCl and a 1 ml aliquot was separated for centrifugation
and iron purification by ion chromatography.
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The ultrafiltration retentates and permeates solutions
were firstly evaporated in Teflon vessels with volumes rang-
ing from 1 ml to 1.3 L, according to the Fe concentration
measured and outlined in previous studies (e.g., Aucour
et al., 2003; Benedetti et al., 2003; Seyler and Boaventura,
2003). The evaporated samples were taken up in 1 ml of
H2O2 and left overnight at room temperature. Subse-
quently, 1 ml of HNO3 was added to the previous solution,
left overnight on a hot plate at 80 �C, and then dried. The
samples were then dissolved overnight in 1.2 ml of HF
and 1.2 ml of HNO3 at 80 �C before evaporation. The next
step consisted of sample digestion with 0.6 ml of 6 M HCl
and 0.3 ml of HNO3. The Teflon vessels were left overnight
on the hot plate at 80 �C and then the solutions were dried
again. Evaporation residues were dissolved in 2 ml of 6 M
HCl overnight at 80 �C and evaporated. The digestion res-
idues were then solubilized in 0.5 to 1 ml of 6 M HCl before
Fe purification.

2.3. Fe speciation and concentration measurements

Iron concentration and speciation of the permeate water
fractions were determined using the FerroZine� colorimet-
ric method developed by Stookey (1970) and modified by
Viollier et al. (2000). The absorbance was recorded in a
Spectrophotometer T-60 UV-VIS PG Instruments, with a
wavelength of 562 nm, in 1 cm cells. The Fe2+ and Fe3+

concentrations were measured in the fraction <0.45 lm,
on board the ship, immediately after sample filtration,
within �1 h of sample collection. The filtration membranes
and ultrafiltration retentates were analyzed using a ICP-
OES, Horiba Jobin Yvon Ultima2, after sample digestion.
The concentrations of Fe in the retentate fractions
(P > 0.22 lm and 5 kDa < C < 0.22 lm) of the ultrafiltra-
tion samples were calculated by correcting their concentra-
tions for the permeate concentration (for details see
Hoffmann et al., 1981; Olivié-Lauquet et al., 1999). The
international geostandard SLRS-4 (Riverine Water Refer-
ence Material for Trace Metals, certified by the National
Research Council of Canada) was used to check the validity
and reproducibility of each analysis. Replicated measure-
ments of SLRS-4 yielded a relative difference <5%
(n = 13) compared with the certified value.

2.4. Isotopic measurements

After sample dissolution, Fe was purified using 0.5 ml of
Bio Rad AG1 X4, 200–400 mesh anion exchange chroma-
tography in HCl medium (Strelow, 1980), loaded in ther-
moretractable Teflon columns (internal diameter of 4 mm),
and cleaned with 5 ml of 6 M HCl and 7 ml of 0.05 M
HCl. As described by Poitrasson et al. (2004), the cleaned
resins were preconditioned with 1 ml of 6 M HCl prior to
the introduction of 0.5 to 1.0 ml of the sample previously
dissolved in 6 M HCl. The matrix species were eluted with
2.5 ml of 6 M HCl, while the purified Fe was eluted with
2 ml of 0.05 M HCl. The solutions were then dried and re-
dissolved in 0.05 M HCl for Fe isotopic determination.

Iron isotope measurements were performed using a
Thermo Electron Neptune MC-ICPMS (Multicollector –
Inductively Coupled Plasma – Mass Spectrometer) as
described by Poitrasson and Freydier (2005). Measure-
ments were performed using medium or high resolution
entry slits to resolve polyatomic interferences. Two different
types of sample introduction systems were used during the
analytical sessions. The SIS inlet (Stable Introduction Sys-
tem) was used to analyze the particulate and colloidal frac-
tions, while the ESI-APEX-Q inlet system (without
membrane desolvation) was used to increase the signal sen-
sitivity and allow the analyses of samples with low concen-
tration of Fe (i.e., the permeate fractions <0.22 lm and
<5 kDa). Sample solutions were measured with concentra-
tions ranging from 0.25 to 3.5 ppm. All the procedural
blanks processed through digestion and purification chem-
istries, including the frontal filtration membranes, were
<1% of the analyzed sample.

For data validation, each analysis session includes mea-
surements of the in-house standard (hematite from Milhas,
Pyrénées), also known as the ETH hematite standard (Eid-
genossische Technische Hochschule Zurich), with accepted
d57Fe values of 0.744 ± 0.040& (2 SD, n = 10), reported
by Poitrasson and Freydier (2005). In the present study,
the ETH hematite standard was analyzed between groups
of five samples and yielded d57Fe values of 0.755 ± 0.082&

(2 SD, n = 17). Both 56Fe/54Fe and 57Fe/54Fe ratios were
measured in the analytical sessions for quality control, but
given that samples plot on a single mass fractionation line,
only d57Fe/54Fe values are reported and discussed herein.
Iron isotopic results are reported using the delta notation rel-
ative to the IRMM-14 iron isotopic reference material,
expressed in permil (&), as described below:

d57Feð&Þ ¼
57Fe=54Fesample

57Fe=54FeIRMM�14

� 1

� �
:103

Uncertainties of individual sample analyses were
reported as 2 standard errors (2SE) based on the number
of analyses, using the Student t-correcting factor
(Platzner, 1997), as described in Poitrasson and Freydier
(2005).

Oxygen and hydrogen isotopic measurements were per-
formed on unfiltered waters using a mass spectrometer
Delta V Plus. The isotopic ratios are reported using the
dD and d18O notations relative to SMOW reference mate-
rial, expressed in permil (&). The dD measurements used
a HDevice inlet system after reaction with CrO3 at 850 �C
(Nelson and Dettman, 2001), while the d18O measurements
were performed with a Gas Bench II inlet system by equili-
brating aliquots of the water samples with He-CO2 mixture
(Nelson, 2000). During the analytical sessions, replicate
measurements of the international certified reference materi-
als VSMOW, GISP and SLAP from IAEA (International
Atomic Energy Agency) yielded differences of up to �1&

for dD and�0.2& for d18O compared to the certified values.

2.5. Evaluation of putative isotopic artifacts due to sample

filtration

Problems due to filter membrane clogging that modify
their effective pore size have been addressed by many
authors (Viers et al., 1997; Burba et al., 1998; Benoit and
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Rozan, 1999; Dupré et al., 1999) and may induce Fe isotopic
changes. Bergquist and Boyle (2006) studied the effect of fil-
tration for several hours on the concentration and isotopic
composition of Fe in samples from the Solimões River.
No isotopic fractionation was observed on the d57Fe values
of �0.31 ± 0.06& (2SD, n = 13), even considering the sig-
nificant variation in Fe concentration. In boreal organic-
rich waters, Ilina et al. (2013) compared d57Fe values of
the 1 kDa fraction from direct and cascade ultrafiltration
to evaluate a possible filtration artifact. The authors demon-
strated that both filtration methods produce the same values
of d57Fe within analytical uncertainty (1.77 ± 0.06& and
1.77 ± 0.07&, respectively).

In this study, filtration artifacts on Fe isotopic composi-
tion were addressed by comparing filtrates collected at the
beginning and at the end of the ultrafiltration procedure
of a batch of 50 liters of riverine water (i.e., the first and last
liters). This approach made it possible to evaluate a puta-
tive evolution of Fe isotopic composition through the mem-
branes and the effects of possible membrane clogging and
Fe adsorption on filtration apparatus during filtration.
The d57Fe values in the different filtration stages obtained
from the <5 kDa filtrates for the ENC1008 sample show
negligible variation, considering the uncertainties, with
d57Fe values of 0.987 ± 0.038& and 0.996 ± 0.014&,
respectively. Furthermore, the absence of isotopic fraction-
ation related to filtration is also supported by the similarity
between the calculated value for ENC1010 bulk sample
(d57Fe of 0.048 ± 0.113&, Table 3), based on mass balance
of the different Fe fractions and the bulk water measure-
ment (0.060 ± 0.086&) reported by Poitrasson et al. (2014).

2.6. Paramagnetic species and organic groups

The paramagnetic species and the major organic groups
were investigated by EPR (Electron Paramagnetic Reso-
nance) and FT-IR (Fourier Transformed Infrared Spectros-
copy) on the colloidal and particulate retentates (fraction
5 kDa < C < 0.22 lm and P > 0.22 lm), previously sepa-
rated by tangential-flow ultrafiltration in the field, and
dried at 40 �C.

The EPR measurements were performed at 9.42 GHz (X-
band) frequency with a Brucker ESP300E. Sample analyses
were conducted using a microwave power of 40 mW, mod-
ulation amplitude of 3 to 5 Gauss and normalized filling fac-
tor of the resonant cavity. Data were normalized according
to gain and sample mass. Effective values of spectroscopic
factor g were detailed by Allard et al. (2004). Concentrations
of Fe3+-OM and Fe oxides were determined from the main
EPR resonance of each Fe species using the simplified rela-
tion applied to the derivative spectrum described by Calas
(1988): A = k * DH2 * I, which provides an estimate of the
area of integrated peak (A), where k is a constant, DH and
I are the peak-to-peak line width and amplitude, respec-
tively. It is expressed herein in Fe weight percent (Fe3+-
OM wt%) of dried solid for the organic-rich colloidal frac-
tion. The concentration of colloidal Fe oxides in the broad
sense, irrespective of their actual structure, is expressed in
arbitrary units, for lack of appropriate standard, but can
still be used for qualitative comparison between the samples.
The EPR data used to estimate the concentration of
Fe3+ bound to organic matter ([Fe3+-OM]) were calculated
using a standard of Fe-doped humic acid with a 2.85 wt%
Fe content. This standard value was part of a linear calibra-
tion curve obtained experimentally according to Olivié-
Lauquet et al. (1999). This calibration has been used several
times since then to quantify FeOM complexes in natural
organic colloids from rivers and brooks from tropical
regions (e.g., Olivié-Lauquet et al., 1999, 2000; Benedetti
et al., 2003; Allard et al., 2004, 2011).

The FT-IR spectra were recorded in transmission mode
with a Nicolet, Magna 560 spectrometer, in the 4000–
250 cm�1 range, with a 2 cm�1 resolution. The samples
were previously ground, mixed with 300 mg of KBr, and
pressed at 8 tons/cm2 to form 13 mm wide pellets.

3. RESULTS

3.1. The end-members and the mixing zone

For both seasons, the waters of the Solimões River had
neutral pH with values along the depth and lateral cross-
section extending from 6.6 during the flood season to 7.3
during the low water season (Table 1). Electrical conductiv-
ity was also uniform in the lateral and depth profiles, with a
lower value observed during the high waters. The waters of
the Negro River were more acidic, with pH ranging from
4.9 to 5.3, without significant variation between the differ-
ent sampled seasons and along cross-sections. Electrical
conductivity showed a slight variation along the lateral pro-
file and negligible systematic variations linked with different
seasons or toward lower depths. Water discharge in the low
water season was 30,260 ± 300 m3/s for the Negro and
amounted to 39,560 ± 400 m3/s for the Solimões, which
produced a measured water discharge of 70,210 ± 700 m3/
s for the Amazon River (Table 1). Hence, relative contribu-
tions were of 56% from the Solimões and 44% from the
Negro. Electrical conductivity measurements and field
observations showed that mixing between waters from the
two rivers was very inefficient, even at 110 km from their
confluence, because electrical conductivity showed varying
values along the river cross-section.

The dD and d18O values showed no significant variations
along the depth and lateral profiles of the Solimões and
Negro Rivers, demonstrating homogeneity along their cross
section (Table 1). The Solimões River had lighter isotopic
values for both dD (�30.8& to �29.5&) and d18O
(�5.2& to �4.9&) when compared to those of the Negro
River (dD ranging from�25.1& to�22.7&; and d18O from
�4.2& to �3.9&). The data reported herein are consistent
with those from Aucour et al. (2003), which showed a con-
servative behavior for oxygen and hydrogen isotopes within
the rivers’ mixing zone (Fig. 2). Because hydrogen isotopes
display more contrasting values compared to oxygen iso-
topes, they were used to define the contribution of both riv-
ers in the mixing zone through the mass balance equation:

Cm ¼ Cs� f þ Cn� ð1� f Þ

where Cm is the dD value of the water sample in the mixing
zone, Cn and Cs are the dD values of the water in the Negro



Table 1
Sampling sites’ information and samples’ physical-chemical properties.

Sample Date Depths (m) Distance (km)a Q (m3/s)b E.C. (lS/cm) pH Eh (mV) T (�C) [Fe] (lg/L)c SPM (mg/L)d fe dD & d18O &

Solimões River

MAN10L01 24/09/10 0.5 – 110 7.2 302 33.7 8 51 1 �30.2 �5.2
MAN10L02 24/09/10 0.5 – 112 7.2 302 32.2 12 45 1 �30.8 �5.0
MAN10L03 24/09/10 0.5 – 39,560 114 7.2 301 31.8 10 54 1 �30.5 �4.9
MAN10L04 24/09/10 0.5 – 117 7.3 300 31.9 12 46 1 �29.5 �5.0
MAN10L05 24/09/10 0.5 – 108 7.2 304 32.9 9 62 1 – –
MAN10P02 24/09/10 5 – 118 7.2 329 31.1 9 39 1 �30.5 �5.2
MAN10P03 24/09/10 10 – 120 7.3 349 30.6 11 39 1 �30.4 �5.0
MAN10P04 24/09/10 15 – 117 7.2 389 30.7 12 40 1 �30.3 �5.1
MAN10P05 24/09/10 20 – 119 7.2 419 30.9 82 34 1 �30.3 �4.9
MAN11L03 21/06/11 0.5 – 74 6.6 334 30.2 61 67 1 – –

Negro River

PA10L01 28/09/10 0.5 – 14 5.3 464 31.9 151 6 0 �25.1 �4.2
PA10L02 28/09/10 0.5 – 15 4.9 431 32.0 143 7 0 �24.9 �4.1
PA10L03 28/09/10 0.5 – 30,260 15 5.0 399 32.8 136 7 0 �24.6 �3.8
PA10L04 28/09/10 0.5 – 9 5.1 413 32.6 143 7 0 �24.1 �4.2
PA10L05 28/09/10 0.5 – 9 5.2 409 33.0 154 7 0 �24.2 �4.1
PA10P02 28/09/10 6 – 10 5.1 436 32.7 138 6 0 �24.2 �4.0
PA10P03 28/09/10 12 – 9 5.5 434 32.5 144 11 0 �23.8 �4.0
PA10P04 28/09/10 20 – 9 5.6 472 31.7 140 10 0 �23.6 �3.9
PA10P05 28/09/10 30 – 10 5.7 489 31.4 158 17 0 �22.7 �4.1
PA11L03 20/06/11 0.5 – 18 4.9 385 29.0 174 25 0 – –

Mixing Zone (Start of Amazon River)

ENC1001 29/09/10 0.5 0 69 7.0 321 31.4 89 18 0.63 �27.8 �4.5
ENC1002 29/09/10 0.5 1 29 6.6 329 31.1 80 14 0.12 �24.8 �4.2
ENC1003 29/09/10 0.5 10 40 6.9 353 30.7 71 23 0.22 �25.4 �4.3
ENC1004 29/09/10 0.5 20 23 6.7 355 31.9 95 13 0.03 �24.3 �4.2
ENC1005 29/09/10 0.5 30 85 7.2 316 31.9 30 49 0.73 �28.4 �4.1
ENC1006 29/09/10 0.5 30 53 6.8 367 32.5 51 30 0.37 �26.3 �4.2
ENC1007 29/09/10 0.5 30 25 6.5 365 32.3 88 23 0.07 �24.5 �3.9
ENC1008 30/09/10 0.5 70 22 6.4 322 31.7 100 15 0.05 �24.4 �4.1
ENC1009 30/09/10 0.5 70 69,024 91 7.1 323 32.2 27 41 0.63 �27.8 �4.7
ENC1010 30/09/10 0.5 70 49 6.8 324 33.0 54 18 0.22 �25.4 �4.0
ENC1011 30/09/10 0.5 110 70 7.0 349 31.4 37 21 0.44 �26.7 �4.4
ENC1012 30/09/10 0.5 110 70,210 56 7.1 381 31.7 43 19 0.27 �25.7 �4.3
ENC1013 01/10/10 0.5 110 69 7.0 368 29.2 47 29 0.37 �26.3 �4.22
ENC1101.1 20/06/11 0.5 0 48 6.2 319 30.3 96 31 0.62 – –
ENC1101.2 20/06/11 0.5 0 58 6.3 334 29.63 88 34 0.73 – –
ENC1101.3 20/06/11 0.5 0 43 6.3 334 30.2 105 35 0.53 – –

MAN, Manacapuru Station (Solimões River); PA, Paricatuba Station (Negro River); ENC, mixing zone; L, Lateral Profile; P, depth profile;
E.C., electrical conductivity; –, no data.

a Distance (km) from Negro and Solimões confluence.
b Discharge mean value of the whole cross-section measured by ADCP.
c Dissolved Fe concentration measured by the Ferrozine method, on board after sample filtration.
d Suspended particulate matter separated using 0.45 lm membranes.
e Fraction of the Solimões River water end member in the mixing zone.

D
.S

.
M

u
lh

o
llan

d
et

al./
G

eo
ch

im
ica

et
C

o
sm

o
ch

im
ica

A
cta

150
(2015)

142–159
147



Fig. 2. Relationship between dD and d18O (left) and electrical conductivity and dD (right) for surface water samples, showing that these
parameters behave conservatively during the mixing processes. The measurements uncertainty is 1& for dD and 0.2& for d18O.

Fig. 3. Dissolved iron concentration conservative behavior at the Negro and Solimões Rivers junction (a) and Fe non-conservative behavior
further downstream from Negro and Solimões Rivers junction of the dissolved (b), colloidal (c) and truly dissolved (d) Fe fractions.
f = fraction of Solimões River in the mixing zone.
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and Solimões Rivers, respectively (adapted from McKnight
et al., 1992), f is the contribution of the Solimões River at a
given site, and therefore “1 � f” represents the fraction of
water from the Negro River.

From approximately 10 km downstream the immediate
confluence, the Fe data do not define a mixing line between
the end-members, demonstrating the non-conservative
behavior of Fe during the mixing of the rivers (Fig. 3b–
d). A straight line corresponds to conservative mixing and
is only observed at the Negro and Solimoes Rivers junction
(Fig. 3a).
3.2. Iron partitioning and distribution

The dissolved Fe concentration of surface waters sam-
pled during the low waters of 2010 (<0.45 lm fraction) ran-
ged from 8 to 12 lg/L in the Solimões River and from 136
to 154 lg/L in the Negro River (Table 1). In the latter, a
decrease of the Fe concentration in the center of the river
cross section was observed. In contrast to the lateral
profiles, however, there were significant variations in Fe
concentration with depth. In the Solimões River, Fe con-
centration increased to 82 lg/L at the river bottom (20 m



Table 2
Iron concentration and distribution in the different water fractions separated by frontal and tangential-flow ultrafiltration.

Samples P > 0.45 lm Bulka P > 0.22 lm 5 kDa < C < 0.22 lm TD < 5 kDa

[Fe] wt% [Fe] mg/L [Fe] mg/L [Fe]% [Fe]% [Fe]%

PA10L03 4.2 0.31 0.52 76.6 17.8 5.6
ENC1013 4.6 1.58 1.86 98.4 0.9 0.7
ENC1010 4.7 1.08 0.95 93.8 5.0 1.2
ENC1009 5 2.02 2,24 98.4 1.0 0.6
ENC1008 3.9 0.79 0.99 91.0 6.2 2,8
ENC1002 5.1 0.88 0.96 91.7 5.9 2.4
MAN10L03 4.8 2.59 3.11 99.3 0.4 0.3

P, particulate; D, dissolved; C, colloidal; TD, truly dissolved; MAN, Manacapuru Station (Solimões River); PA, Paricatuba Station (Negro
River); ENC, mixing zone.

a Bulk Fe concentration calculated by sum of particulate, colloidal and truly dissolved fractions.
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depth), while in the Negro River it increased to 158 lg/L at
30 m depth. This behavior is associated with variations in
Fe speciation. For instance, while all surface waters samples
had a Fe3+/Fetotal ratio of 1, showing that Fe was present
mainly in its oxidized form, in deeper waters, the Fe3+/
Fetotal ratio shifted down to 0.46 for the Solimões and to
0.96 for the Negro. The greater solubility of Fe2+ compared
to Fe3+ might explain the increase of total Fe concentration
in deeper waters shown in Table 1. Marked differences were
also found when compared to the Fe concentration of sur-
face waters between different seasons. For example, during
the flood season of 2011, the Fe content in the Solimões
River increased six-fold to 61 lg/L, while in the Negro
River, a more modest 30% increase led to a concentration
of 174 lg/L. This implies an important variation of Fe
weathering, mobility, and transport between seasons, par-
ticularly for the Solimões River. At the river junction, Fe
concentrations follow a conservative mixing line (Fig. 3a),
whereas further downstream from the mixing zone non-
conservative mixing is apparent (Figs. 3b–d). Dissolved
Fe loss started to occur beyond 1 km downstream from
the end-members’ confluence (sample ENC1002, Table 1).
However, a better characterization of the kinetics of the
process would require a more detailed sampling than that
of the present study. The Fe concentration of the particu-
late fraction >0.45 lm (Table 2) ranged from 0.31 in the
Negro River to 2.59 mg/L in the Solimões, which repre-
sented up to 5.1 wt% of the particulate suspended matter.
This fraction ranged from 60 to >83% of total Fe in the
bulk water sample.

The Fe partitioning was assessed using the data obtained
from the ultrafiltration samples reported in Table 2. The
iron distribution is shown as a percentage of the sum of
mass related to the different fractions (Table 2). The partic-
ulate fraction >0.22 lm ranged from 0.4 to 3.1 mg/L, which
represents 77% and >99% of the total Fe in the bulk water
sample of the Negro and Solimões Rivers, respectively. The
colloidal and dissolved fractions account for �18% and 6%
of the Fe concentration in the Negro River, whereas in the
Solimões River these fractions can be considered as insig-
nificant, comprising <1% of the bulk Fe. In the mixing
zone, the colloidal and dissolved Fe content varied between
the end-members, with values below the theoretical mixing
line, suggesting Fe removal following river mixing (Fig. 3c
and d). The Fe concentrations and distribution in the differ-
ent water fractions of the end-members are consistent with
previous studies (e.g., Gaillardet et al., 1997; Benedetti
et al., 2003; Seyler and Boaventura, 2003; Bergquist and
Boyle, 2006).

3.3. Evidence of non-conservativeness from Fe-bearing

colloids

The Fourier Transform InfraRed spectra of the colloidal
fractions are given in Fig. 4. The Negro River had a major
contribution of the doublet at approximately 1600 and
1400 cm�1 that is assigned to carboxylate functional groups
(–COOMe) bound with metal ions, irrespective of their nat-
ure. A small shoulder located approximately 1710 cm–1 in
the Negro River spectrum is related to a contribution of
protonated carboxylic groups (–COOH), consistent with
lower pH waters, supported by previous experimental stud-
ies (e.g., Piccolo and Stevenson, 1982; Senesi, 1992a). A
broad band in the 3400–3200 cm�1 region arises from OH
of organic groups (e.g., phenolic, alcoholic, carboxylic
groups) and occurs in combination with the H2O stretching
band. The weak triplet at 2850–2960 cm–1 is characteristic
of CH2 and CH3 carbohydrate stretching, arising mainly
in the Solimões River colloids. The band approximately
1000 cm�1 results from small contributions of colloidal
clayminerals, mainly in the Solimões River colloids.

The EPR spectra of the colloidal fractions are given in
Fig. 5. All the analyzed colloids present a rhombic signal
at 1500 Gauss (g = 4.3) characteristic of high spin and mag-
netically diluted Fe3+ ions associated with organic groups
(Fe3+-OM) as inner sphere complexes (Senesi, 1992a).
The Fe3+-OM EPR signal is specific and cannot be con-
fused with that of other usual paramagnetic impurities such
as VO2+ and Mn2+ according to, e.g., Senesi (1992a). In
addition, other major complexed elements such as Al3+ or
Ca2+ are not paramagnetic and therefore are EPR silent.
The presence of the six-line signal centered at g = 2 in the
Negro River colloids is assigned to the hyperfine structure
of Mn2+ ions. These data are indicative of tumbling and
weakly bound manganese ions associated with organic
matter as outer-sphere complexes (McBride, 1982).



Fig. 4. Fourier Transform Infrared (FT-IR) spectra of colloidal fraction of the Solimões and Negro River mixing zone, demonstrating
carboxylate functional groups bound with metal ions (–COOMe), protonated carboxylate groups (–COOH), carbohydrate stretching (CH2

and CH3), other organic groups in combination with H2O stretching (–OH OM and H2O), Clayminerals (Claymin), f = fraction of Solimões
River in the mixing zone.
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A strong and broad resonance centered approximately 3500
Gauss is indicative of Fe3+-oxides in the broad sense, i.e.,
irrespective of their actual structure, likely associated with
organic matter, as observed in organic rich waters from
the Nyong River basin, South Cameroon (Olivié-Lauquet
et al., 1999) and the Amazon River Basin (Allard et al.,
2004). Given that EPR cannot give more precise informa-
tion on the nature of these Fe-oxides or Fe-oxyhydroxides,
they will be referred to Fe oxyhydroxides for simplicity here-
after. The mixing zone samples are distinguished through an
additional sharp resonance located at g = 2, which is
assigned to semiquinone free radicals (Senesi, 1990, 1992b).

In summary, all the studied colloidal fractions present
very similar FT-IR signatures despite the contrasting min-
eralogy and geochemistry of the rivers. However, the Negro
River colloids are more organic-rich than the Solimões
River colloids, as supported by the smaller absorption
bands of OH from minerals. The Negro River’s corre-
sponding EPR and FT-IR signatures of organic matter
are typical of “humic like” colloids (Stevenson and Goh,
1971; Weber et al., 2006a) as extensively outlined by
Allard et al. (2002, 2004) and Olivié-Lauquet et al. (1999,
2000), in the Amazon and Nyong Rivers suspended solids,
and by Fritsch et al. (2009) at the podzols of the Negro
River watershed.

The estimated concentration of Fe3+-OM ranged from
0.17 to 4.8 wt% of the colloidal suspended matter, with
higher values in the Negro River than the Solimões River
(Fig. 6a), in agreement with the previous study of Allard
et al. (2011). Fig. 6a shows the non-conservative behavior
of iron complexed onto colloidal organic matter in the
Amazon mixing zone. The measured concentrations below
the theoretical conservative mixing line in Fig. 6a suggest
that Fe is preferentially removed during the mixing of
chemically contrasting waters. In contrast, the concentra-
tion of colloidal Fe oxyhydroxides also measured by EPR
is located above the theoretical conservative mixing line
(Fig. 6b), indicating also a non-conservative behavior, but
with this time with a preferential gain of Fe oxyhydroxides
in the colloidal fraction during mixing. Hence, organo-Fe3+

complexes and Fe oxyhydroxides detected by EPR in the
colloidal fraction (see Fig. 5 and details above) exhibit
opposite non-conservative behaviors. Lastly, while colloi-
dal matter yields clear trends, the Fe-oxyhydroxides from
the particulate fraction exhibit quite scattered pattern that
hinders the clear recognition of a mechanism (ESM-1).



Fig. 5. Full range X-band EPR demonstrating paramagnetic species in the colloidal fraction from the Solimões and Negro Rivers mixing
zone: Fe3+ complexed to organic matter (Fe3+-OM), divalent manganese, organic free radicals and Fe oxyhydroxides. f = fraction of
Solimões River in the mixing zone.
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3.4. Iron Isotopic Composition

The isotopic values obtained for each water fraction are
given in Table 3 and Fig. 7. With the exception of the
P > 0.22 lm fraction, the d57Fe values significantly varied
between the end-members for most of the water fractions
analyzed. The d57Fe values of the permeate frac-
tion < 0.22 lm are �0.325 ± 0.057& for the Solimões
River and 1.201 ± 0.066& for the Negro River. In the col-
loidal fraction (5 kDa < C < 0.22um), the Negro River also
yielded a heavy isotopic value of 1.190 ± 0.095&, whereas
for the Solimões River, we obtained a d57Fe value of
�0.176 ± 0.086&. In the same way, the truly dissolved
fraction <5 kDa presents a heavy Fe isotopic composition
of 1.116 ± 0.040& in the Negro River and a light isotopic
composition in the Solimões River of �0.532 ± 0.094&.
The d57Fe values of the particulate fractions (>0.45 lm)
also differentiate the end-members, though to a smaller
extent compared to the dissolved fraction. There is an
enrichment of light isotopes in the particulate fraction from
the Negro River (i.e., �0.344 ± 0.088&, for >0.45 lm)
compared to the d57Fe values of the Solimões River
(0.028 ± 0.054&, for >0.45 lm), which present values clo-
ser to the Earth crust mean (i.e., d57Fe �0.1 ± 0.03&,
Poitrasson, 2006). Although the isotopic behavior of Fe
of both rivers falls within what was first outlined by
Bergquist and Boyle (2006), the different d57Fe values
observed in our study could arise from the different filtra-
tion methods or more likely from seasonal variations over
the years. The Bergquist and Boyle (2006) samples were col-
lected in March, 2002, before the flood season, whereas the
samples reported herein were collected in September,
during the exceptional low waters of 2010.

4. DISCUSSION

4.1. Weathering mechanisms and Fe transport

The contrasting Fe concentrations and isotopic compo-
sitions of the Solimões and Negro Rivers reveal different
weathering mechanisms affecting Fe mobilization and
transport in different pedoclimatic regions (ferralitic vs.

podzolic). The heavy isotopic composition in the dissolved
and colloidal phases of the Negro River is related to Fe
behavior on the laterites-podzols transition zone located
on the northern side of the Central Amazon Basin that sup-
ports the rain forest. The Fe pathway to the Negro River
initiates from the dissolution and mobilization of Fe oxides



Fig. 6. Distribution of colloidal Fe species throughout the Negro and Solimões mixing zone (a) concentration of colloidal Fe3+ complexed to
organic matter ([Fe3+-OM]); and (b) colloidal Fe oxyhydroxides concentration. The dashed lines show where the data should have plotted if
these colloids behaved conservatively during the water masses mixing. a.u. = arbitrary units; f = fraction of Solimões River in the mixing
zone.
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in the upslope acrisols and waterlogged compartment of
laterites and moves laterally through the podzols, where it
is exported to shallow soil horizons and to the river net-
work (do Nascimento et al., 2008; Allard et al., 2011).
Gradual cyclic redox changes will partially decrease the dis-
solved Fe2+ pool and increase the Fe3+ complexation with
organic matter in the waterlogged podzol (Fritsch et al.,
2009).

Sorption of Fe3+ onto organic compounds is more effi-
cient than Fe2+ (Hiemstra and van Riemsdijk, 2006;
Weber et al., 2006b and van Schaik et al., 2008). According
to previous theoretical and experimental studies (Bullen
et al., 2001; Beard et al., 2010) and natural observations
(Escoube et al., 2009 and Teutsch et al., 2009), Fe3+ species
are more enriched in heavier isotopes than Fe2+ and, there-
fore, the Fe3+-OM-rich colloids will yield heavy Fe isotopic
signatures (Fig. 8). These observations are also consistent
with the FT-IR and EPR data (Figs. 4 and 5). Although
the type of functional group involved in trivalent Fe bind-
ing is not differentiated by EPR, Allard et al. (2004) argued
that the two major reactive groups involving binding metals
are the carboxylic and phenolic types, based on NICA-
Donnan model calculations and potentiometric titration
measurements. According to quantum mechanical calcula-
tions, heavier isotopes concentrate in the species having
the stiffer bonds, the higher oxidation state, and more coor-
dinated covalent bonds between Fe and carboxyl and phe-
nol moieties, notably as inner sphere complexes (Senesi,
1992a; Criss, 1999; Allard et al., 2002; Schauble, 2004;
Domagal-Goldman et al., 2009). Recent experimental stud-
ies of isotopic fractionation caused by Fe3+ complexation
with organic ligands are consistent with this hypothesis.
For example, the isotopic composition of Fe3+ associated
with organic ligands such as desferrioxamine-B (DFO-B)
is enriched by 0.90 ± 0.23& relative to the aqueous Fe3+

species at �25 �C (Dideriksen et al., 2008). In the same
way, the adsorption of aqueous Fe on phytoplankton cell
surface, present in the form of individual Fe-O6 octahedra
linked to carboxyl or phosphoryl groups (Gonzalez et al.,
2009, 2010), is enriched in the heavy Fe isotope by
2.4 ± 0.6& to 2.9 ± 0.1& relative to aqueous Fe2+ (at
pH � 6 and �25 �C) and by 0.4 ± 0.2& to 1.0 ± 0.2& rel-
ative to aqueous Fe3+ (at pH � 3 and �25 �C; Mulholland
et al., 2010). However, there have been few experimental
and theoretical studies of Fe isotope fractionation during
interaction with organic ligands and a systematic
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understanding of Fe fractionation during ligand binding is
still therefore necessary (Domagal-Goldman and Kubicki,
2008; Morgan et al., 2010).

The contrasting isotopic signature between the Negro
and Solimões Rivers also reveals different types and sources
of particulate matter. The lighter isotopic values of the
Negro River particulate coarse fraction (>0.45 lm)
(Table 3, and Fig. 7) are likely associated with the reduced
and isotopically light Fe pool in the waterlogged shallow
podzol horizons due to the high content of organic matter
arising from the vegetation biochemical activity and its lit-
ter. Wiederhold et al. (2007) outlined the enrichment of
light Fe isotopes in the organic surface layers in topsoil A
and subsoil Bh horizons of two well-drained podzols with
preferential translocation of light isotopes from A to Bh
horizons promoted by the organic ligands dissolution kinet-
ics of Fe oxides. The accumulation of light Fe isotopes in
the bulk soil horizons A and Bh of podzols can also be
linked to a preferential exportation of isotopically heavier
Fe3+-OM complexes in the dissolved and colloidal fraction
to surface river waters (Table 3), as hypothesized by Fritsch
et al. (2009).

The light isotopic values in the Negro River particulate
fraction (Table 3, and Fig. 7) are also likely related to the
sources of the particulate organic carbon that consist
mainly of plant debris and degraded soil organic matter
associated with mineral particles, as indicated by Hedges
et al. (1986). Guelke and von Blanckenburg (2007) showed
that leaves of strategy I higher plants (trees found in the
Amazon forest) accumulate isotopically light Fe relative
to the bulk soil. Thus, the coarse particulate fraction (i.e.,
>0.45 lm) of the Negro River probably derives from the
continuous exportation by mechanical erosion of isotopi-
cally light plant debris and organic compounds associated
with mineral fractions from A/B reduced horizons of podz-
ols to the river network. The isotopically heavier values
obtained for the 0.22 lm compared to the 0.45 lm particu-
late fraction (Table 3, and Fig. 7) suggest larger proportions
of aggregated, small colloidal units, as shown by Ranville
et al. (2000) through field flow fractionation characteriza-
tion of colloidal organic matter from the Negro River.

The lower Fe isotopic composition of dissolved and col-
loidal fractions of the Solimões River (Table 3, and Fig. 7)
relative to the continental crust mean (i.e., d57Fe
�0.1 ± 0.03&, Poitrasson, 2006) are consistent with previ-
ous studies (Fantle and DePaolo, 2004) in which terrestrial
weathering preferentially releases light Fe isotopes to sur-
face waters, especially under conditions where Fe loss
occurs via reductive dissolution (Wiederhold et al., 2006;
Thompson et al., 2007). The oxidation and precipitation
of Fe2+ would then further deplete the Fe isotopic compo-
sition of the river water due to the preferential precipitation
of isotopically heavy Fe oxyhydroxides under neutral pH
and oxidizing environment. Moreover, the scavenging of
heavy Fe isotopes through adsorption processes also
decreases the isotopic composition of the dissolved fraction
(Icopini et al., 2004; Crosby et al., 2005; Teutsch et al.,
2005). These observations suggest that the dissolved Fe sup-
plied to organic-poor rivers from parental rock weathering
is depleted in heavy isotopes compared to the soils and



Fig. 7. Fe isotopic composition of Negro and Solimões Rivers mixing zone at the start of the Amazon River in different water fractions.
f = fraction of Solimões River in the mixing zone. Hence, f = 0 corresponds to the sample taken in the Negro River, and f = 1 to the sample
taken in the Solimoes River, both before their confluence at the start of the Amazon River.

Fig. 8. Correspondence between Fe isotopic composition and [Fe3+-OM] of the colloidal suspended matter in the Negro and Solimões Rivers
mixing zone.
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suspended matter phases because of the dissolution kinetic,
speciation and adsorption processes. However, this fraction
has a small contribution of less than 1% to the total riverine
Fe budget (Table 2).

The particulate fractions of the Solimões River have
values (Table 3, and Fig. 7) closer to the continental crust
mean (i.e., d57Fe �0.1 ± 0.03&; Poitrasson, 2006) linked
with Fe oxyhydroxides and structural Fe3+ of clays that
are the main species of Fe, as reported by Allard et al.
(2002). These observations suggest that particulate Fe
originates primarily from the mechanical erosion and
subsequent weathering in the Andean Cordillera and the
well-developed soils (ferrasols and acrisols) that are the
main soil types drained by the Solimões River and that have
an Fe isotopic composition close to that of the continental
crust (Poitrasson et al., 2008). Similarly, Fantle and
DePaolo (2004) reported that rivers with high suspended
matter content (e.g., Yukon and Susitna Rivers, Alaska)
yield heavier bulk water isotopic values compared with riv-
ers depleted in suspended matter (e.g., Klamath and Eel
Rivers, California). This finding is consistent with bulk
water data from the Solimões, Madeira, and Amazon Riv-
ers displaying d57Fe undistinguishable from that of the con-
tinental crust (Poitrasson et al., 2014).
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4.2. Iron behavior in the mixing zone

The distribution of colloidal and dissolved Fe shows
negligible Fe loss at the junction between the Negro and
Solimoes Rivers, (Fig. 3a). In contrast, beyond 1 km down-
stream, Fe starts to deviate markedly from conservative
mixing (Fig. 3b), with Fe loss ranging from 12 to 43 lg/
L, i.e., 24–50% of the dissolved and colloidal Fe. Although
metal behavior during rivers mixing has been poorly docu-
mented, this phenomenon has long been recognized to
occur in most estuarine zones due to the coagulation of
Fe-rich colloids caused by seawater concentrated salts.
The estimated Fe removal in estuaries ranges from 54%
to 96% (Boyle et al., 1977; Escoube et al., 2009).

The Negro and Solimões Rivers are characterized by
contrasting physical and chemical features (e.g., pH, tem-
perature, dissolved ions and organic carbon content)
known to control the interaction and stability of organo-
metallic compounds in natural waters (Senesi, 1990,
1992b; Benedetti et al., 1995; Jerzykiewicz et al., 2002).
While these rivers mix, the evolution of physical and chem-
ical features from the acidic and dissolved major cation-
poor waters of Negro River to the dissolved major cat-
ion-rich and neutral waters of the Solimões River will influ-
ence the Fe3+ organic complexes and oxyhydroxides
stability. The effects of water mixing on the stability of org-
ano-Fe complexes is clear in Fig. 6a, where significant
amounts of Fe3+ seem to be lost from organic matter with
an opposite gain of solid Fe3+-oxyhydroxides (Fig. 6b). The
rise of free radicals in the mixing zone samples (shown in
Fig. 5) points to variations in the quinone–semiquinone–
hydroquinone equilibria in the macromolecular matrix of
humic acids known to be sensitive to various chemical fac-
tors such as pH, ionic strength, and redox reactions (Senesi,
1990, 1992b). In addition, the concentration of free radicals
increases with lower amounts of metal ions complexed with
humic acids (Jerzykiewicz et al., 2002). Previous studies
investigated the effects of pH and electrolyte concentration
on the equilibrium of trace metals complexed with humic
and fulvic acids and showed that the dissociation of org-
ano-metallic complexes increases as ionic strength increases
and pH decreases (Phoenix and Cabaniss, 1990; Rate et al.,
1993; Rey et al., 1998). Thus, the data reported herein sug-
gest that the gradual increase of electrolyte concentration
from the Negro to Solimões waters during their mixing con-
tributes to the dissociation of organo-Fe complexes, which
will release Fe3+ from organic moieties and consequently
increase the semiquinone free radical concentrations in
the macromolecular matrix of the humic acids and the for-
mation of solid Fe3+ oxyhydroxides in circumneutral pH
waters.

The destabilization of high-molecular-weight humic
acids and Fe3+-oxyhydroxides suspension through electro-
static interactions caused by the gradual increase of electro-
lyte concentrations from the Negro River to the Solimões
River can also explain Fe non-conservativeness in the
mixing zone. Flocculation of humic acids with mineral sus-
pended solids was also reported by Leenher and Santos
(1980) at the confluence of the Negro and Branco Rivers.
The removal of the dissolved and colloidal total Fe
(irrespective of its speciation) points to the flocculation
and precipitation of organic complexes containing bound
Fe and possibly a fraction of the newly formed Fe3+-oxyhy-
droxides, which will be deposited on the riverbed sediment
downstream. This process leads to an irreversible isotopic
fractionation (where the product is isolated from further
isotopic exchange) with preferential removal of isotopically
heavy organo-Fe colloids (Table 3 and Fig. 7).

Another mechanism that should not be neglected is the
removal of dissolved Fe bound to high aromatic, N-rich
and fulvic-type organic matter through adsorption onto
particulate suspended solids, as reported by Aucour et al.
(2003) for the initial stage of the Negro and Solimões mix-
ing zone. Experiments involving dissolved organic matter
and alumina particles performed by Moreira-turcq et al.
(2003) showed that adsorption onto particulate minerals
is one of the principal mechanisms of dissolved organic car-
bon removal downstream from the Negro and Solimões
River junction, which will also transfer isotopically heavy
organo-Fe complexes from the colloidal to particulate frac-
tion. Ertel et al. (1986) and Hedges et al. (1986) also sug-
gested that sorption of humic substances of Negro River
onto clay minerals of Solimões River occurs during these
rivers’ mixture. A similar process was also reported by
McKnight et al. (1992) at the confluence of Deer Creek with
the Snake River (Colorado).

Despite all processes involving Fe transfer and loss in
the mixing zone, the estimated d57Fe bulk water values of
the mixing zone, calculated by the mass balance between
the permeate and retentate (fraction 0.22 lm) for all water
samples studied, yielded calculated unfiltered water
isotopic composition ranging from �0.031 ± 0.109& to
0.190 ± 0.068& (Table 3). This is close to the continental
crust value and in good agreement with bulk water data
(Poitrasson et al., 2014). Considering that the Negro and
Solimões Rivers represent �70% of the Amazon River dis-
charge at its mouth and that the Amazon input to the
Atlantic Ocean produces a minor effect on the overall isoto-
pic composition (Bergquist and Boyle, 2006; Escoube et al.,
2009), it can be concluded that an intertropical river such as
the Amazon Basin delivers to the ocean d57Fe values with-
out significant differences from the continental earth crust
mean values (i.e., d57Fe �0.1 ± 0.03&, Poitrasson, 2006),
in agreement with previous inferences (Poitrasson et al.,
2008) and recent bulk Amazon River water measurements
performed further downstream from the confluence
(Poitrasson et al., 2014).

5. CONCLUSIONS

This study demonstrates that the combination of isotope
and spectroscopic studies of riverine iron provides a power-
ful approach to unravel the cycling of this element in con-
tinental surface waters. Thus, this work shows that the
contrasting chemistries of a black water river (The Negro
River) and a white water river (the Solimões River) trans-
lates into contrasting iron isotope signatures of the different
water fractions. While the Negro River has a particulate
matter with light Fe isotope composition relative to the
continental crust value (d57Fe = 0.1&), colloidal and
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dissolved iron is isotopically heavier than this crustal base-
line. Conversely, whereas the Solimões River suspended
matter has d57Fe signatures akin to the continental crust
values, it becomes lighter for colloidal and even more light
for truly dissolved Fe. Combined with spectroscopic data,
our findings confirm previous theoretical predictions of
Fe isotopic fractionation based on quantum mechanics
and vibrational spectroscopy whereby dissolved and colloi-
dal Fe3+ linked with organic ligands (Fe–O–C bonds) yield
isotopically heavier isotopes in humic-rich waters, such as
those of the Negro River, compared to the isotopically
lighter Fe3+-oxyhydroxides (O–Fe–O bonds) from the Soli-
mões River white waters.

Our results combined with previous work suggest that
the mineral particulate-rich waters essentially show sus-
pended matter with an isotopic composition, undistinguish-
able from that of the continental crust, linked to Fe-
minerals inherited from intense mechanical erosion in the
Andean Cordillera. In contrast, we infer that in particu-
late-poor and organic-rich rivers, the light Fe isotopic com-
position of the suspended matter is associated with the
reduced horizons of podzols. Concerning the colloidal
and truly dissolved water fraction, the partial Fe oxidation
and its preferential complexation with moieties present in
humic type organic matter abundant in black waters will
export to the river network Fe with heavy isotopes from
regions consisting of waterlogged podzols. Conversely, the
low Fe concentration and relatively light iron isotopic sig-
natures of the riverine dissolved and colloidal phases from
the white waters may be potentially associated with the dis-
solution kinetics of Fe-bearing minerals occurring in the
upland soils.

The data demonstrate that the dissolved and colloidal
Fe behavior in the mixing zone of the chemically contrasted
Negro and Solimões Rivers is non-conservative. Iron isoto-
pic compositions of the different water fractions and para-
magnetic species proved to be good proxies of the
processes affecting Fe during river mixing. Iron loss is asso-
ciated mainly with the evolution of the physical and chem-
ical composition (i.e., pH and ionic strength) during
mixing, which influences organo-Fe3+ and Fe3+-oxyhy-
droxides stability: the dissociation of organically complexed
iron and subsequent formation of colloidal iron oxides is a
possible mechanism that explains the data.

The mixing processes do not cause significant variation
of the bulk Fe isotopic composition of the waters that make
up the Amazon River. This finding suggests that an inter-
tropical river that drains mostly ferralitic-type soils con-
tains Fe with d57Fe values close to the mean value of the
Earth’s continental crust.
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