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ARTICLE INFO ABSTRACT

Editorial handling by Dr T Pichler The monthly variation of dissolved rare earth elements (REEs) was assessed in the lower Orinoco River during a
two year period (2007-2008) to determine the seasonal variability of REE concentrations, to identify the vari-
ables that exert the main control in their concentrations and fractionation, and to quantify the annual fluxes of
dissolved REEs to the Orinoco estuary. Overall, the abundance of dissolved REEs is dominated by hydrological
variations in the water discharge, wherein the lowest concentrations and greater fractionation occur during low
water-discharge periods. The pH and Al- and Fe-mineral colloids are identified as the main variables that control
both the abundance and fractionation of dissolved REEs. An enrichment of heavy REEs (HREEs) relative to light
REEs (LREEs) occurs at circumneutral and alkaline pH values. However, the logarithmic relationships between
the Ybycc/Ndycc ratios and Al and Fe concentrations indicate that Al- and Fe-mineral colloids are responsible for
the progressive enrichment of LREEs relative to HREEs under acidic conditions. The Ce and Eu anomalies are also
dominated by variations in the water discharge. Negative Ce-anomalies are observed during low flow periods.
This is probably due to the signature of the Andean host rocks and/or the oxidation and co-precipitation of Ce
(III) to CeO at alkaline pH. However, the lesser Ce fractionated values during flood/high-water periods may
indicate less oxidized/more reduced source conditions during these periods. Conversely, positive Eu anomalies
are observed during low-water periods because of the preferential weathering of plagioclase in shield terranes
and Eu-bearing minerals in the Andes. The fluxes of dissolved REEs from the lower Orinoco River to the Orinoco
estuary display strong inter-annual variations, which range from 45.6% for Lu to 56.5% for Gd. These results
highlight the importance of performing monthly and inter-annual REE time series in order to develop a more
precise quantification of the annual REE fluxes from large rivers to the oceans.
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1. Introduction

The biogeochemical processes occurring at the scale of the main
intertropical basins are of high importance to oceanic biogeochemical
cycles. Global rivers annually discharge ~35 000 km® of freshwater and
export approximately 3.9 x 10°t of dissolved load, 18 x 10°t of sedi-
ment, and 1.06 x 10° t of carbon to the oceans (Li et al., 2017; Milliman,
2001). However, these estimates are not well constrained for rare earth
elements (REEs), which are part of these biogeochemical cycles and are

particularly relevant to estuarine, coastal, and ocean ecosystems (Eld-
erfield et al., 1990; Haley et al., 2017).

The REE group is composed of 14 chemical elements (from La to Lu).
These have been used for paleo-environmental reconstruction (Sheng
et al., 2018) and for investigating a broad range of geochemical pro-
cesses including ocean circulation (Laukert et al., 2017), weathering,
erosion and riverine transport (Gaillardet et al., 1997; Su et al., 2017),
provenance of sediments and sands (Liu and Yang, 2018), and the tec-
tonic evolution of regional orogenic belts (Liu et al., 2018) and the
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continental crust (Taylor et al., 1981). The REEs are classified into two
categories: light REEs (LREEs, from La to Eu) and heavy REEs (HREEs,
from Gd to Lu). However, some researchers add a third category referred
to as the middle REEs (from Nd to Gd) (Sholkovitz, 1995).

The abundance patterns of REEs in the dissolved and suspended
material of river water provide insights into both their seawater cycle
and their abundances in the continental crust (Goldstein and Jacobsen,
1988). However, the natural signature of REEs may become altered
because of the increasing anthropogenic activities in watersheds (Song
et al., 2017). Similarly, the abundance and fractionation of dissolved
REEs in pristine or natural waters may also depend on certain intrinsic
characteristics of rivers including salinity, pH, redox potential, flow
conditions, microorganism activity, and variations in atmospheric pre-
cipitation (Deberdt et al., 2002; Cidu and Biddau, 2007; Garcia et al.,
2007; Xu and Han, 2009; Radomskaya et al., 2017; Sklyarova et al.,
2017).

Over the past four decades, several studies have been carried out to
investigate the concentrations and fractionation patterns of REEs in
rivers (Goldstein and Jacobsen, 1988; Elderfield et al., 1990; Sholkovitz,
1995; Zhang, 1998; Gerard et al., 2003; Rengarajan and Sarin, 2004;
Uchida et al., 2006; Ryu et al., 2007; Sultan and Shazili, 2009; Piper and
Bau, 2013; Duvert et al., 2015; Radomskaya et al., 2017; Sklyarova
et al., 2017). In addition, a few investigations have been performed to
assess the temporal variability of REEs in globally significant large
rivers, e.g., the Xijiang River (China), Mississippi River (USA), and
Amazon River and its major tributaries (Shiller, 2002; Barroux et al.,
2006; Xu and Han, 2009). Nevertheless, the geochemistry and temporal
variation of dissolved REEs in the Orinoco River have not been evalu-
ated. Only a few studies based on a sampling campaign have measured
the concentrations of REEs in this large tropical river. Therefore, given
the lack of information on the dissolved-REE dynamics in the Orinoco
River, this study addresses the following questions: i) Are dissolved REEs
driven by the hydrological variations (seasonal variations in water
discharge) in the Orinoco River? ii) Which processes mainly control the
concentration and fractionation of dissolved REEs in the Orinoco River?
iii) What is the quantity of dissolved REEs exported annually from the
Orinoco River to the Orinoco estuary? Because REE dynamics can pro-
vide important information on weathering and the geochemical pro-
cesses occurring in continents and oceans, we provide a comparative
analysis of the dissolved REE composition of the Orinoco River over a 24
month period, from January 2007 to December 2008. We carried out a
systematic investigation that focused on two objectives, (i) to evaluate
the temporal variability of dissolved REE concentrations in the lower
Orinoco River and to identify the processes controlling their dynamics,
and (ii) to quantify the annual fluxes of dissolved REEs from the Orinoco
River to the Orinoco Estuary.

2. Environmental and hydrological settings

The Orinoco River is the second largest river in South America and is
ranked third in the world with respect to water discharge to the oceans.
Its basin covers an area of 990 000 km? (Berner and Berner, 1987), 70%
of which is in Venezuela and 30% is in Colombia (Lewis and Saunders,
1989). The channel length of the Orinoco River is ~2140km (Silva
Leon, 2005), whereas the estimated mean annual discharge at the river
mouth is ~37 600 m3s~! (Laraque et al., 2013).

The oscillation of the intertropical convergence zone (ITCZ) de-
termines the pluvial regime and climate of the Orinoco basin, and pro-
duces a seasonally tropical climate that comprises two seasons: a rainy
season (May to November) and a dry season (December to April). These
distinct seasons cause seasonally variable discharges to the lower Ori-
noco River that differ by a factor higher than 10 over the year (Weibe-
zahn, 1990). The maximum flows occur between July and September,
and the flood peak is commonly recorded in late August or early
September. Lower flows occur between February and April, and the
minimum flow is observed during late March to early April (Warne et al.,
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2002). With regard to the sedimentary pattern, the concentrations of
suspended material transported by the Orinoco River display a strong
seasonal variation between 20 and 180 mgL ™! over the hydrological
year. Here, the minimum suspended solid concentrations occur during
the lowest and highest water discharge periods, and the maximum
concentrations occur during periods of rising (May and June) and falling
(November) water levels (Laraque et al., 2013).

The Orinoco River receives inputs from numerous tributaries. These
tributaries exhibit different physicochemical characteristics that depend
largely on the lithology and geomorphology of the drainage basin. The
drainage basin comprises three major physiographic zones: the Andes,
Llanos, and Guayana Shield. The Andes and the Caribbean coastal
ranges are active mountain ranges located to the west and north of the
basin, respectively. They contain a mixture of carbonate, silicate, and
evaporite rocks. In these regions, physical erosion occurs at a faster rate
than chemical weathering (reaction-limited weathering regime), and
rivers have high pH, elevated concentrations of major ions (Na*t, K¥,
Ca2+, Mg2+, SO?{, HCO3, and Cl "), and transport high loads of immature
suspended sediments (whitewater rivers) (Stallard et al., 1991; Mora
et al,, 2010). The Llanos or lowland alluvial floodplains comprise
approximately 50% of the basin and are located to the northwest be-
tween the mountain ranges and the Orinoco River channel. This area is
composed of silico-clastic sedimentary rocks/deposits mainly inherited
from the erosional processes of the Andes (western and central Llanos)
and Guayana Shield (eastern Llanos). The rivers that originate entirely
from the Llanos (clearwater rivers) have very low concentrations of
dissolved cations because the sedimentary material is more resistant to
weathering than the Andean lithologies. The Precambrian Guayana
Shield is a highly eroded crystalline bedrock zone dominated by granites
with high contents of SiO,, K-feldspars, plagioclases, and quartz are-
nites. Owing to the lithology of the area, the weathering and erosional
processes in these Precambrian terranes are slow. In fact, the rate of
chemical weathering is faster than that of mechanical erosion (a
transport-limited weathering regime), and rivers transport low quanti-
ties of suspended material that mainly comprises kaolinite and gibbsite
(Stallard et al., 1991). Therefore, rivers flowing from the Guayana Shield
are between blackwater and clearwater rivers due to the low pH, low
concentrations of dissolved major ions (because of the slow weathering
process), and relative abundance of humic and fulvic substances. In
general, the water sources of the Orinoco are divided equally between
the Guayana Shield (50%) and the combined Llanos and Andes regions
(50%). Conversely, more than 95% of the suspended load is exclusively
derived from the Andes and Llanos, and a lesser proportion is derived
from the Paleoproterozoic terranes of the Guayana Shield (Meade et al.,
1990).

The mean annual temperature in the basin is ~26 °C, and the mean
annual precipitation and runoff are 1900 mm and 1185 mm, respec-
tively, which is an intrinsic characteristic of warm and humid tropical
climates. Although the oscillation of the ITCZ controls the climate sys-
tem in the Orinoco basin, each physiographic region varies in vegetation
type and climate (Weibezahn, 1990). For example, the mean tempera-
ture in the Andes is highly dependent on the altitude, whereas very high
rainfall (up to 5000 mm per year) occurs in the south of the basin at the
headwater of the Guayana Shield.

3. Materials and methods

3.1. Sampling

Water samples were collected monthly from a small boat in the
middle of the Orinoco River channel at the gauging station of Ciudad
Bolivar (8°08'38"N, 63°36'28"W) between January 2007 and December
2008 (Fig. 1). Ciudad Bolivar is the principal hydrological gauging
station in the Orinoco basin, and daily water levels and discharges of the
Orinoco River have been recorded since 1926. The lateral chemical
asymmetry reported for the Orinoco River disappears at this gauging
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Fig. 1. Map of the Orinoco River basin showing the major tributaries, the three
major physiographic zones and the location of Ciudad Bolivar gauging station
and Puerto Ordaz (Adapted from Warne et al., 2002).

station because of the considerable shrinkage of the main channel and
the presence of bedrock outcrops that homogenize the Orinoco waters
(Laraque et al., 2013).

All the water samples were collected from 50 cm below the surface in
polyethylene bottles, which were pre-washed with nitric acid and
deionized water. During collection, the polyethylene bottles were rinsed
three times with river water and then filled completely to avoid any
remaining space inside the bottles. After sampling, the water samples
were placed in a cooler with ice and transported immediately to the
laboratory of Universidad Nacional Experimental de Guayana (UNEG) in
Puerto Ordaz (80 km downstream of Ciudad Bolivar) for filtration and
preservation processing. The samples were filtered approximately 2h
after collection through frontal filtration using 0.22 pm pore-size poly-
ethylsulfone (PES) Millipore® membranes. This fraction includes
organic and inorganic Al- and Fe-colloids and the fraction of REEs that is
complexed and/or scavenged with organic and inorganic colloids.
Therefore, by referring to the dissolved REEs as the fraction derived
from 0.22 pm, we include colloidal particles. All the filtrates were stored
in HDPE bottles that had been pre-washed with nitric acid and deionized
water, and preserved with ultra-pure HNO3 before being sent to the
Géosciences Environnement Toulouse (GET) laboratories in Toulouse,
France. Here, they were stored at 4 °C until processing. Because REEs are
correlated with turbidity in certain South American rivers (de Campos
and Enzweiler, 2016), we wished to test if the total suspended sediments
(TSS) are correlated with the REEs. Therefore, the TSS were measured by
filtering 500 mL of the water sample on a pre-weighed 0.45 pm pore-size
cellulose acetate filter, and then measuring the difference in pre- and
post-filtering filter weight. Data for monthly pH values were obtained
from the Orinoco at Puerto Ordaz (8°16'25"N, 62°54'46”"W, ~80 km
downstream of Ciudad Bolivar). Here, systematic sampling campaigns
were also carried out on a monthly basis between February 2003 and
December 2008 (Mora et al., 2009, 2014, 2017). We considered these
pH data because we did not detect significant pH variations between the
two gauging stations during the hydrological year. This probably relates
to the absence of large tributaries joining the Orinoco between Ciudad
Bolivar and Puerto Ordaz. The 80 km distance between these two sta-
tions only represents 3.7% of the total 2140 km channel length of the
Orinoco River from its headwater to the Orinoco estuary. Certain pH
data (of 15 months from June 2007 to August 2008) have already been
published (Mora et al., 2017) for the river sector OR5 at Puerto Ordaz.
Similarly, dissolved organic carbon (DOC) data from the same period
and river sector (Mora et al., 2014, 2017) were used in this study to
establish correlations between the DOC with the remaining variables
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presented here, during the same sampling periods.

The sampling campaigns in Ciudad Bolivar were carried out within
the observatory system on the hydrology, sedimentology, and
geochemistry of the Amazon, Congo, and Orinoco basins (SO-HyBam)
program (www.so-hybam.org). The daily water discharges of the Ori-
noco River at Ciudad Bolivar were also provided by the SO-HyBam
program.

3.2. Analysis of Fe, Al, and REEs

The concentrations of Al and Fe in the Orinoco water samples were
measured at the GET laboratory by inductively coupled plasma-optical
emission spectrometry (ICP-OES) on an IRIS Intrepid II XSP spectrom-
eter (Thermo Electron Corp.). The REE concentrations were measured
by inductively coupled plasma-mass spectrometry (ICP-MS) with AGI-
LENT 7500 CE equipment using a four-point calibration curve and in-
ternal standards of In and Re to correct for instrumental drift and matrix
effects. The correction for oxide and hydroxide ion-isobaric in-
terferences was performed by measuring the oxide and hydroxide pro-
duction ratio for each element and its isotopes using mono-elemental
standard solutions (Aries et al., 2000). Overall, the contribution of the
oxides ranged from 0.1 to 2.5% of the element ~'M (depending on the
element). Meanwhile, the contribution of the hydroxides was generally
<0.1% of the element ~!7M. In fact, there were no relationships between
the Ba concentrations and Gd and Eu anomalies. This indicates an
adequate oxide and hydroxide interference correction (Gd anomalies
were calculated as Gdycc/(0.33Smycc + 0.67Tbycc). All the glassware
used for the Al, Fe, and REE analysis was cleaned by washing with nitric
acid and deionized water prior to use. The international reference ma-
terial SLRS-5 (river water reference material for trace metals, certified
by the National Research Council of Canada) was used to assess the
accuracy and reproducibility of the REE measurements. Although the
REE concentrations are not certified in the SLRS-5, the results (mean of
three measurements) of the REE analysis in this reference material were
in agreement (~16% for Gd, ~15% for Eu, and better than 10% for the
other REEs) with the compiled values by Yeghicheyan et al. (2013). The
results of the quality control analysis (measured and referenced SLRS-5
values) are presented in the Supplementary Material (Table S1) together
with their respective standard deviations and the detection limit (DL)
reported for REE analysis.

Because the Tm and Lu concentrations were below the DL of the
analytical technique for five months (for Tm) and two months (for Lu) in
2007, the results of these values were expressed as DL/2 to perform
statistical analysis and annual flux calculations. The Orinoco water
discharge values used for statistical analysis were the respective water
discharges presented by the Orinoco River on each sampling day. The
non-parametric Spearman’s correlation analysis was performed to
identify correlations between the analyzed elements and the chemical
parameters. The minimum significance for each statistical analysis was
set at p < 0.05.

4. Results

Table 2S (Supplementary Material) presents the monthly concen-
tration data for dissolved Fe, Al, and REEs measured in the Orinoco
River at Ciudad Bolivar during 2007 and 2008, and the data for pH and
DOC measured at Puerto Ordaz as reported by Mora et al. (2017).
Because the REE data obtained during February, March, and April 2007
were very close to the reported DL, the uncertainties associated with
these measurements may result in values higher than those expected.
Therefore, the quantitative REE values reported here during these
months should be considered with caution. Table 1 presents the ranges
of pH and concentrations of dissolved Fe, Al, and individual REEs
measured in the lower Orinoco River during both years. It also compares
these data with previous studies of dissolved REE concentrations re-
ported in other large rivers. The main feature of these results is the high
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Table 1
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Range of pH and dissolved Fe, Al, and REE concentrations in the Orinoco River and comparison with previous studies (Deberdt et al., 2002) and the range of dissolved
REE concentrations in other large rivers. Temporal data of the Amazon, Madeira, Negro and Solimoes rivers are from Barroux et al. (2006). Mississippi River data are
from Shiller (2002). Data of the Xijiang (Xu and Han, 2009) and Yamuna (Rengarajan and Sarin, 2004) rivers do not correspond to seasonal variations. NR indicates

non-reported values.

Element Orinoco (this Orinoco Amazon MadeiraRiver ~ NegroRiver  Solimoes Mississippi Xijiang Yamuna
study) (previous) River River River River River
pH 5.53-7.57 6.51 6.3-7.0 5.8-7.2 5.32-6.29 6.1-7.1 Around 7.8 7.56-8.63 7.1-9.1
Al (ug/L) 15.85-342.7 61.77 NR NR NR NR NR NR NR
Fe (pg/L) 5.94-988 142.4 NR NR NR NR NR NR NR
La (ng/L) 4.82-464 177.2 35-130 7-136 103-385 20-52 3.47-15.7 7.5-46.5 15-267
Ce (ng/L) 10.86-1276 520.7 69-325 13-311 323-1058 40-100 3.22-22 9.2-101.9 13.8-558
Pr (ng/L) 1.08-150 62.0 10-41 2-55 35-103 7-16 1.27-5.35 1.76-12.5 2.3-64.9
Nd (ng/L)  6.03-653 288.9 47-178 7-271 134-422 31-74 6.78-26.1 6.52-52.6 18.3-253
Sm (ng/L)  1.30-157 68.2 14-49 1-80 25-81 8-21 1.95-6.32 1.31-10.3 4.1-60.6
Eu (ng/L) 1.00-36.1 14.0 NR NR NR NR 0.47-1.47 0.38-2.53 2.0-11.9
Gd (ng/L)  2.22-184.4 73.7 13-46 2-86 20-58 9-20 3.15-9.59 1.5-11.04 4.7-61
Tb (ng/L) 0.41-24.48 9.84 NR NR NR NR 0.56-1.46 0.24-1.38 0.69-8.6
Dy (ng/L) 3.57-133.2 56.1 11-39 1-61 18-53 7-17 4.39-9.75 1.45-7.77 3.0-50.5
Ho (ng/L) 0.69-24.49 10.7 NR NR NR NR 1.18-2.36 0.34-1.74 0.5-9.2
Er (ng/L) 1.81-65.35 31.5 7-22 1-29 11-32 4-11 3.8-7.5 1.03-5.21 1.3-27.9
Tm (ng/ <1.0-8.76 4.3 NR NR NR NR 0.49-1.01 0.13-0.68 0.30-4.2
L)
Yb (ng/L) 1.55-51.43 28.5 4-19 1-20 11-31 3-10 2.9-6.2 0.8-4.27 1.4-21.3
Lu (ng/L) <0.60-7.57 4.27 NR NR NR NR 0.47-0.98 0.13-0.64 0.5-3.0

abundance of REEs (maximum concentrations) in the Orinoco River in
comparison to the other large rivers such as the Mississippi, Xijiang,
Yamuna, and the Amazon and its main tributaries. This is also consistent
with a study of the REE distribution in the Caribbean Sea, which
observed high concentrations of REEs in the mouth of the Orinoco
(Osborne et al., 2015). This study attributed the fluvial input of the
Orinoco, rather than the Saharan dust supply, as the main REE source of
the Caribbean seawater. Table 1 also indicates that previous Orinoco
REE data reported by Deberdt et al. (2002) for the same sampling station
(Ciudad Bolivar) fall within the range of the data reported here.

Similar to that in other large rivers worldwide, such as the Mis-
sissippi River and the Amazon River tributaries (Shiller, 2002; Barroux
et al., 2006), the dissolved REE abundance in the Orinoco River varied
seasonally by more than an order of magnitude (Table 1). Furthermore,
with the exception of Eu, the concentrations of LREEs (La, Ce, Pr, Nd,
and Sm) displayed a seasonal variation of up to two orders of magnitude.
The HREEs displayed significantly lower seasonal variabilities, with the
maximum variation being for Gd (up to 83-fold variation) and Tb
(60-fold variation). Other HREE variations over the study period ranged
from 9- to 37-fold.

Overall, a lower abundance of REEs was commonly observed during
the low-water periods (i.e., March and April), whereas the maximum
concentrations were frequently observed during periods of high-water
discharge (i.e., August and September). This seasonal pattern of dis-
solved REEs observed in the Orinoco has also been reported for dissolved
REEs in the Amazon River tributaries (Barroux et al., 2006), for Al and
Fe concentrations in the lower Orinoco River (this study), and for other
dissolved trace elements (Mn, Zn, Cu, and Cr) in different sections of the
middle and lower Orinoco River (Mora et al., 2017). Each REE displayed
highly significant positive correlations with the other REEs and with Al
and Fe (N =24, p < 0.001). Furthermore, all the REEs displayed signif-
icant negative correlations with pH (N =23, p < 0.05, for Eu, Tm, and
Lu; and N=23, p <0.01, for the remaining REEs). However, none of
these were correlated with TSS. Fig. 2a shows the higher seasonal
variation of LREEs compared to that of HREEs in the Orinoco River
during the study period. Fig. 2b and c and depict the seasonal variations
of Al and Fe concentrations and the variability of pH and TSS in the
lower Orinoco River during the study period, respectively.

5. Discussion
5.1. Factors controlling the content and fractionation of dissolved REEs

5.1.1. REE abundance in host rocks and suspended material

It is well established that REEs are a group of relatively insoluble
elements that display little fractionation during erosional processes, and
exhibit a similar signature as weathered rocks in most cases. In rivers,
the REE abundance in both the dissolved and particulate phases is linked
to the composition of host rocks and/or accessory minerals. With regard
to the particulate phase, recent studies have demonstrated that REEs are
more abundant in the suspended material of rivers that drain igneous
and metamorphic terranes in comparison to rivers that drain volcanic
rocks or sedimentary formations (Bayon et al., 2015). However, these
studies also verify that the REE abundance and fractionation in the
suspended material is also linked with the degree of alteration of sedi-
ments and the particular erosion regime in the basin (Bayon et al., 2015;
Rousseau et al., 2019). Meanwhile, the abundance and fractionation of
REE:s in the dissolved phase depend on the composition of the weathered
rocks and certain physicochemical properties of the river water, as well
as on other important factors such as the presence of colloidal carrier
phases, redox conditions in the source, and mixing between tributaries
(Deberdt et al., 2002; Shiller, 2010).

The Orinoco River ranks third in terms of water discharge to the
oceans. It also exhibits the highest seasonal variability of dissolved REE
concentrations among the large rivers worldwide (Table 1). This large
variation is caused by the high content of REEs in the weathered rocks
and is driven by different geochemical processes that occur in the basin
waters over the hydrological year. First, it is important to highlight the
high abundance of REEs in the river’s suspended material and in the host
rocks of the Orinoco basin. The diverse lithological composition of the
Andes hinders the establishment of a particular lithology as the point
source of the REE content in the Orinoco waters. Nevertheless, 95% of
the suspended material transported by the Orinoco River originates from
these orogenic mountains. This material carries important information
on the host rock’s REE signature. In a recent study performed on the
suspended material in large South American rivers, Rousseau et al.
(2019) highlighted the relatively high concentrations of REEs in the
suspended material of the Orinoco River. These REE concentrations
were higher than those measured in the Amazon River sediments
notwithstanding a higher chemical alteration in the Orinoco sediments.
Meanwhile, although the Guayana Shield rivers account for only 5% of
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Fig. 2. Monthly patterns of dissolved LREE and HREE concentrations (a) and
dissolved Al and Fe concentrations (b) together with the daily water discharge
of the Orinoco River at Ciudad Bolivar. Seasonal patterns of TSS concentrations
(measured in Ciudad Bolivar) and pH (measured in Puerto Ordaz; Mora et al.,
2017) in the lower Orinoco River (c).

the Orinoco sediment load (Meade et al., 1990), the rivers draining this
shield lithology have displayed the highest levels of dissolved REEs in
the Amazon basin (Barroux et al., 2006). This is probably owing to the
high content of REEs in the volcanic and granitic rocks of the southern
shield area (Minuzzi et al., 2008; Rosa et al., 2014), which are released
to rivers during weathering and stabilized by the low-pH and
colloidal-rich water of the shield areas. This fact is discussed below.

5.1.2. pH and water discharge

One of the most prominent factors controlling the content of REEs in
water is the pH-related adsorption/desorption process (Sholkovitz,
1992; Xu and Han, 2009). The Orinoco River has the intrinsic feature of
showing high variations in pH and water discharge along the year (Mora
et al., 2017), leading strong seasonal variations of dissolved REE con-
centrations. During the dry season, the minimum water discharge is
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~4000m>s!, whereas a maximum discharge of 70 000 m®s™! occurs

during the rainy season. Thus, the maximum/minimum water discharge
(Qmax/Qmin) ratio in the Orinoco ranges from 16 to 18. This is higher
than that of the Mississippi River (10), middle Yangtze River (7.5), and
Amazon River (2.4) and its major tributaries (Solimoes, 2.9, Madeira,
11.4, and Negro, 4.8) (Espinoza Villar et al., 2009; Sivapragasam et al.,
2014; Cheng et al., 2018). This high Qmax/Qmin ratio produces a high
variability in the pH of the river water because the pH is controlled by
the concentration of the bicarbonate (HCO3) derived from silicate and
carbonate rock weathering, which is in turn largely dependent on the
dilution that relates to the Orinoco water discharge (Mora et al., 2017).
In this context, the high variability of the Orinoco River discharge over a
hydrological year induces considerable variations in the pH of the river
water (Fig. 2c¢), thereby producing seasonal variations in the REE con-
centrations owing to the pH-related desorption process. In fact, the
lowest REE concentrations are observed during periods of low water
discharge (basic to circum-neutral pH), whereas the highest REE con-
centrations are observed during periods of high discharge (acidic con-
ditions). It is also noteworthy that Madeira River is the Amazon
tributary that displays the highest Qmax/Qmin ratio (11.4) and the
highest variations in dissolved REE concentrations over the year (Bar-
roux et al., 2006). This is consistent with the high Qax/Qmin ratios and
the strong seasonal variations of REEs displayed by the Orinoco River
(Table 1).

Fig. 3 depicts the upper continental crust (UCC)-normalized dis-
solved REE concentration patterns (Taylor and McLennan, 1985) under
the different pH conditions that were determined for selected months in
the Orinoco River. This figure also compares these patterns with those of
the Mississippi River (Shiller, 2002), Xijiang River (Xu and Han, 2009),
and major tributaries of the Amazon River (Solimoes, Madeira, and
Negro) (Barroux et al., 2006). At first glance, the normalized REE pat-
terns display a zig-zag distribution between neighbors during the
low-water period (March and April). This zig-zag behavior is probably
related to the high uncertainties associated with the REE measurements
during these months, which were commented on above. Fig. 3 also
shows that the UCC-normalized patterns vary during the hydrological
year, demonstrating that REE fractionation can be altered seasonally.
This figure depicts a marginal, albeit observable pH dependence of both
the concentration and degree of fractionation of dissolved REEs in the
Orinoco and the other large rivers. However, as we will discuss below,
organic and inorganic colloids can also play an important role in both
the abundance and fractionation degree of REEs in the river.

In general, the UCC-normalized patterns presented in Fig. 3 show a
higher enrichment of HREEs in comparison with LREEs (except for Eu)
at pH > 7. Nevertheless, as the pH decreases, the UCC-normalized REEs
exhibit convex patterns that evidently indicate a decrease in the middle
and heavy REE enrichments with regard to LREEs, which is also a typical
behavior of dissolved REEs in large Amazonian rivers (Barroux et al.,
2006). This behavior also agrees with those revealed by other studies
performed in rivers that report a preferential release from the particulate
phase to the dissolved pool of LREEs over that of the HREEs at lower pH
values (Sholkovitz, 1995). During the high discharge period (August and
September), the convex pattern becomes more pronounced (Fig. 3)
although the pH is not as acidic. This behavior appears to be related to
the effect of Al- and Fe-colloids in the REE fractionation and will be
discussed in the following section. Notwithstanding the convex patterns
displayed by REEs, the Gdyyc/Ndyyc ratios (not shown), which are
measures of middle/light REE fractionation, did not exhibit any trend
with the pH, water discharge, or Fe and Al concentrations.

Fig. 4 shows the pH values in the Orinoco waters versus the UCC-
normalized Yb/Nd ratios (Ybycc/Ndycc), which have been observed
to provide a measure of the HREE/LREE fractionation in river water. The
Ybyce/Ndycc ratios range from 0.88 to 1.65 at pH < 7, with no signifi-
cant trends at acidic pH. Conversely, as depicted in Fig. 3, there is an
increase in the Ybycc/Ndycc ratios at pH > 7 (ratios of up to 4.5). This
indicates a more fractionated composition of dissolved REEs relative to
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the crustal abundance for slightly alkaline water. The enrichment in
HREEs relative to LREEs in circumneutral and alkaline water has been
reported for the Amazon and Solimoes rivers (Barroux et al., 2006) and
for the Mississippi River (Shiller, 2002). The latter exhibited dissolved
Ybyce/Ndycc ratios ranging from 2.1 to 8.1 at pH ~7.8. Conversely, the
more acidic waters of the Negro River (pH between five and six) pre-
sented Ybycc/Ndycc ratios < 1, with no significant trends between the
ratios and pH or hydrological variations (Barroux et al., 2006). Indeed,

this agrees with our observations in the Orinoco River.

5.1.3. Role of organic and inorganic colloids in the transport and
fractionation of REEs

The other important factor that accounts for the high REE concen-
trations (and thereby, the broad REE concentration range) is the input of
REEs from tributaries flowing from the Guayana Shield and the input
from the floodplain. As commented above, the volcanic and granitic
rocks and several alluvial deposits of the southern Guayana Shield are
rich in REEs (Minuzzi et al.,, 2008; Rosa et al., 2014). In this
transport-limited environment, where low physical erosion rates result
in the development of thick soil horizons, intense rainfall events pro-
mote the mobilization of organic and inorganic colloids from surface
and intermediate soil layers to rivers. These colloids are considered the
most significant REE-carrier phases, given that REEs can be bound to
organic colloids to form organic complexes (Dupré et al., 1999; Bene-
detti et al., 2002; Stolpe et al., 2013; Matsunaga et al., 2015) and can be
scavenged by mineral colloids of Fe and Al (Fe- and Al-oxyhydroxides),
thereby affecting their fractionation during transport (Pokrovsky et al.,
2006; Luo et al., 2016). Similarly, the water draining the Guayana Shield
areas is predominantly acidic, which aids in stabilizing the REEs in so-
lution. In this context, given that high rainfall (between 3000 and
4500 mm) is frequently observed in the southern Guayana Shield during
the wet season (Machado-Allison et al., 2003; Flores et al., 2008), there
is an important input of dissolved REE-rich water from the Guayana
Shield to the Orinoco mainstream (50% of the Orinoco water flows from
the Guayana Shield). This may contribute to increasing the dissolved
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REE pool in the Orinoco during high-water periods.

In addition to the Guayana Shield input, the floodplain of the Ori-
noco River can also considerably contribute to the pool of dissolved
REEs in the Orinoco during flood periods. The lower part of the Orinoco
River has a fringed floodplain of approximately 7000 km?2. It includes
2294 permanent floodplain lakes (Hamilton and Lewis, 1990) that are
connected to the river for four-six months of the year during the high
discharge period. In this extensive floodplain, which is considered as a
weathering reactor (Bouchez et al., 2012), the DOC is produced by the
decomposing litter of the flooded vegetation (Hedges et al., 1994).
Similarly, the flooded wetlands function as a source of redox-sensitive
elements (e.g., Fe and Mn) owing to the reducing conditions (Viers
et al., 2005). Both DOC and redox-sensitive elements (in conjunction
with Al-colloids) are constituted by organic- and inorganic-colloids,
respectively, which can transport considerable amounts of dissolved
REEs from the floodplain to the Orinoco mainstream. A similar phe-
nomenon in the Amazon basin has been indicated by Barroux et al.
(2006), where the concentrations of individual dissolved REEs in the
floodplain water exceed those of the Amazon River mainstream during
flood periods.

Although organic colloids exhibit the capacity to complex REEs, DOC
was not observed to correlate with any REE (N =15) in the Orinoco
River. Meanwhile, Fig. 5a and b reveal statistically significant correla-
tions (p < 0.001) between the sum of the dissolved LREE and HREE
concentrations (X LREE and ¥ HREE) versus the concentrations of dis-
solved Al and Fe. These correlations indicate the scavenging of both
LREEs and HREEs by Al- and Fe-colloids. From this perspective, it is
valid to affirm that mineral Fe- and Al-colloids play a determining role in
the REE abundance for the <0.22 pm fraction, and that the organic
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complexation of REEs is overshadowed by Al- and Fe-mineral scav-
enging in the Orinoco River. Fig. 5a and b also show that the slope of the
linear regression is more prominent for LREEs than for HREEs. This is
likely to be owing to the higher scavenging capacity of LREEs relative to
HREEs on mineral colloidal particles (Sholkovitz, 1995; Matsunaga
et al., 2015). Because both the Al and Fe concentrations in the Orinoco
River are low under circumneutral-pH conditions, it is valid to assume
that the relationships of Al and Fe with REEs in terms of their concen-
tration are correlative although not causative (fortuitous correlation
between Fe, Al, and REEs). Nevertheless, Fig. 3 indicates that REE
concentrations do not exhibit a strict relationship with pH (i.e., although
the pH is lower in December, there are lower REE concentrations during
December 2008 than during February and May 2008). This indicates the
involvement of other processes (complexation and scavenging) in the
abundance of REEs in the river. Furthermore, ultrafiltration studies
performed by Deberdt et al. (2002) in large South American and African
rivers (including the Orinoco) demonstrated that the mineral colloidal
fraction may account for over 60% of the total REE content present in
the solution phase (<0.20 pm) irrespective of the pH (moderately acidic
to basic).

With regard to the role of colloids in the REE fractionation, Fig. 3
depicts that the UCC-normalized REEs display more pronounced convex
patterns during flood/high-water periods. This middle REE enrichment
has been observed in several river waters and has been attributed to the
weathering of middle REE-enriched oxy-hydroxides of Fe and Mn and
the presence of middle REE-enriched organic and/or inorganic colloids
(Elderfield et al., 1990; Sholkovitz, 1995; Johannesson and Zhou, 1999;
Ingri et al., 2000; Johannesson et al., 2004; Shiller, 2010). However, as
commented earlier, the Gdyyc/Ndyyc ratios (which measure the
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middle/light REE fractionation) did not display correlation with Al, Fe,
or DOC concentrations. Meanwhile, the progressive enrichment of
LREEs relative to HREEs appears to be driven by the abundance of
inorganic Fe- and Al-colloids in river water. Fig. 5c and d depict the
inverse relationships between the Ybygc/Ndycc ratios and the Al and Fe
concentrations, which fit a logarithmic model. This indicates that the
Ybyce/Ndycc ratios decline rapidly as the Al and Fe concentrations in-
crease. That is, Al- and Fe-mineral colloids increase the dissolved REE
abundance and also produce a progressive enrichment of LREEs relative
to HREEs. This progressive enrichment of LREEs relative to HREEs tends
to an asymptotic value of Ybycc/Ndycc = 1, which implies negligible or
no fractionation.

5.2. Ce and Eu anomalies

Unlike the other REEs that are present in the oxidation state of +3, Ce
and Eu can also exist in the +4 and + 2 states, respectively. This property
enables both the elements to display different chemical behaviors and
degrees of fractionation with respect to their neighbors, thereby
resulting in Ce and Eu anomalies. The Ce-anomaly [Ce-anomaly =
3Ceycc/(2Laycc + Ndyce)]l and Eu-anomaly [Eu-anomaly = 2Euycc/
(Smycc + Gdycc)] were calculated using the UCC-normalized concen-
trations of their neighbors, as reported elsewhere (Sholkovitz, 1995;
Smith and Liu, 2018).

The Ce-anomaly ranged between 0.65 and 1.14 and displayed a
strong dependence on hydrological variations, specifically with regard
to the water discharge. Negative Ce-anomalies were commonly observed
during low-water periods (February-April, Ce-anomaly
range = 0.65-0.92), whereas no Ce-anomalies (Ce-anomaly
range = 0.92-1.14) were observed during the remaining months (we
note that interpolated ratios close to one were not considered as
anomalies because of analytical uncertainties). This leads to a significant
positive correlation between the Ce-anomaly and water discharge
(N =24, r=0.59, p <0.01). This hydrological control on Ce-anomalies
could be explained by the variations in the lithological inputs over the
hydrological year. During the low-water period, the Orinoco River re-
ceives important contributions from the Andes, where silicate and car-
bonate rocks dominate. Thus, the aqueous Ce-anomaly values in Orinoco
River can exhibit a signature similar to that observed in certain Andean
host rocks, which have Ce-anomaly values up to 0.53 (Conde-Gomez
et al., 2018). This Ce-anomaly signal during low-water is in agreement
with other works performed in alkaline rivers or waters draining car-
bonates. In these works as well, negative Ce-anomaly values have been
observed in water in conjunction with a depletion of dissolved LREEs
relative to HREEs (Johannesson et al., 2000; Rengarajan and Sarin,
2004; Xu and Han, 2009). Apart from the signature acquired from host
rocks, this can occur because unlike the other trivalent lanthanides, Ce
(IT1) (which is the dominant species at low pH) can be oxidized to Ce (IV)
at a higher pH to form CeO,, which is in turn adsorbed by mineral
surfaces (Goldstein and Jacobsen, 1988; Sholkovitz, 1992). Neverthe-
less, this process by itself does not appear to control the variability of
dissolved Ce in the lower Orinoco River during the entire hydrological
year, because the significant positive correlation between the
Ce-anomalies and Ce concentrations (N =24, r=0.48, p <0.05) in-
dicates that adsorption of Ce (III) by mineral surfaces and Al- and/or
Fe-colloidal scavenging can be the most important factors in controlling
the dissolved Ce seasonality in the river.

With regard to the flood/high-water periods, the large contribution
of the water flowing from the shield areas and flooded Orinoco savannas
can modify the negative Ce-anomaly values observed during low-water
periods. First, unlike Andean rocks, the igneous rocks and Paleoproter-
ozoic granites of the Guayana Shield do not display negative Ce-
anomalies (Schulze et al., 2006; Almeida et al., 2007). This agrees
with the positive Ce-anomalies (between 1.2 and 1.3) displayed by the
Negro River water over the entire hydrological year (Barroux et al.,
2006). Meanwhile, the influence of the more reduced conditions in the
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floodplain can also affect the Ce-anomaly signal in the lower Orinoco
mainstream. In the over 7000 km? of flooded areas, biological reduction
occurs during the decomposition of submerged vegetation, thus
inducing a lesser Ce fractionation during weathering in this less
oxidizing environment. This is consistent with the highest dissolved Fe
and Mn concentrations observed in the Orinoco River during the
high-water stage (Mora et al., 2017), which reveal that the Orinoco
River water is more influenced by reducing sources during this stage.
This Ce-anomaly behavior has also been observed in the Loch Vale
Watershed (Colorado), where less oxidized/more reduced source con-
ditions during spring resulted in lower Ce fractionated values in water
(Shiller, 2010). Therefore, the contribution of both Guayana Shield
water and sources where less oxidized/more reduced conditions domi-
nate (floodplain water) during flood/high-water periods can alter the
Ce-anomaly signal toward less fractionated values in the lower Orinoco
River, as depicted in the UCC-normalized patterns for August and
September in Fig. 3.

In contrast to the Ce-anomalies, the Eu-anomalies were positive and
relatively higher during low-water periods (1.22-2.59), whereas Eu-
anomaly values close to one were observed during the rest of the hy-
drological year. This variability promotes the occurrence of a significant
negative correlation between Eu-anomalies and water discharge
(N =24, r=- 0.59, p <0.01). The increase in the Eu-anomalies during
the low-water stage indicates the preferential dissolution of Eu-bearing
minerals during this stage. As mentioned previously, 50% of the Orinoco
River water flows from the Precambrian Guayana Shield, where pla-
gioclases (albite and Ca-silicates) and K-feldspar minerals are abundant
in the regional granites. The enrichment of Eu in plagioclases over the
other REE-bearing primary minerals is well established. It occurs
because Eu is preferentially incorporated into plagioclase in its reduced
form, Eu (II) (Aubert et al., 2001), thereby replacing Ca in a reducing
magma. Similarly, although the Andean orogenic mountains are
composed of highly diverse lithologies, several works have reported
positive Eu-anomalies in rock formations (Conde-Gomez et al., 2018).
Therefore, preferential weathering of plagioclases and Eu-bearing min-
erals in both the Guayana Shield and Andes should result in positive
aqueous Eu-anomaly during the entire hydrological year. Nonetheless,
the input of water that has weathered sedimentary material with
negative Eu-anomalies may decrease the Eu-anomaly signal in the river
water during the flood periods. Although the composition of REEs in the
sediments of the Orinoco River floodplain has not been assessed, we
consider the fact that the floodplain sediments of large rivers display the
common characteristic of highly negative Eu-anomalies (Roddaz et al.,
2014; Pang et al., 2018). Thereby, positive Eu-anomalies in water can
decrease during peak flow and flood periods owing to the intense
weathering of floodplain sediments with negative Eu-anomalies (Stal-
lard et al., 1991; Bouchez et al., 2012; Moquet et al., 2016). In contrast,
aqueous Eu-anomalies can increase during dry periods when the river
water does not enter the floodplain and the groundwater draining
Guayana Shield and Andean lithologies is the main source of water to
the Orinoco mainstream.

5.3. Annual dissolved REE fluxes from Orinoco River to Orinoco estuary

Table 2 presents the individual annual dissolved REE fluxes intro-
duced by the Orinoco River to the Orinoco estuary during 2007 and
2008. These fluxes were calculated by first multiplying the monthly
concentrations of individual REEs by the daily water discharge of the
Orinoco River that were measured at the Ciudad Bolivar gauging station.
The daily fluxes were then summed for each day of each year. It is
important to mention that downstream of Ciudad Bolivar, there is
another important blackwater tributary to the Orinoco River (Caroni
River). It presents an average water discharge of ~4800m3s!.
Nevertheless, given the low dissolved REE concentrations reported for
this river in comparison to those of the Orinoco (Deberdt et al., 2002)
and the fact that the Caroni River discharge is strongly regulated by
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Table 2
Individual dissolved REE fluxes from the Orinoco River to the Orinoco estuary
during this study.

Element  Annual Flux 2007(Ton Annual Flux 2008(Ton Average(Ton
v vy y
La 192.6 286.7 239.7
Ce 505.1 750.7 627.9
Pr 61.2 90.1 75.6
Nd 277.0 395.4 336.2
Sm 68.5 97.2 82.9
Eu 15.6 22.7 19.2
Gd 71.5 111.9 91.7
Tb 10.1 14.7 12.4
Dy 58.5 82.4 70.5
Ho 10.7 14.8 12.7
Er 29.2 40.8 35.0
Tm 3.7¢ 5.4 4.5
Yb 23.8 33.1 28.5
Lu 3.5% 4.7 4.1

? The annual fluxes were calculated taking into account 5 (for Tm) and 2 (for
Lu) monthly concentrations below the detection limit.

hydroelectric dams along its course, our estimate of the Orinoco’s dis-
solved REE fluxes to the estuarine zone is not likely be strongly affected
by the Caroni River input.

The two year average of the data collected during this study indicates
that the annual individual REE fluxes in the Orinoco River at Ciudad
Bolivar varied from 4.1 t for Lu to 627.7 t for Ce. In general, all the in-
dividual REE fluxes increased in 2008 with respect to 2007. In 2008, the
lowest flux increase was for Lu (45.6%), and the maximum was for Gd
(56.5%). This discrepancy between the years is mainly related to the
significant inter-annual variations in the REE concentrations, because
the average annual water discharge from the Orinoco River displayed
minimal variations between 2007 (34477 m3 s and 2008
(32378m3s ™). It is important to mention that the fluxes calculated
during this study should not be considered as the “true” dissolved REE
fluxes from the Orinoco to the Atlantic Ocean. This is because of the
well-known salinity-induced coagulation of riverine colloids in estu-
aries, which induces a large REE removal from the dissolved phase
(Sholkovitz, 1995). Conversely, other REEs are present mainly in the
solid phase (suspended sediments), and they are released to the ocean by
desorption and/or dissolution when salinity increases again, as is the
case for Nd (Rousseau et al., 2015).

Among the REEs analyzed in this study, Nd is of broad interest to the
oceanographic community because the seawater Nd isotopic ratio is
used to trace past and modern oceanic circulation patterns (Tachikawa
et al., 2017). However, oceanic circulation models have estimated a
large additional “missing flux” of Nd to oceans. This “missing” Nd
annual flux ranges from 8 to 11 t and has been attributed to the release of
Nd from continental margins (Tachikawa, 2003; Arsouze et al., 2009).
Moreover, although dissolved Nd exhibits a non-conservative behavior
during river water-seawater interactions owing to the flocculation of
colloids (~95% of riverine Nd is removed from solution), re-dissolution
of Nd can occur at a higher salinity (Sholkovitz, 1993). Therefore, it is
essential to estimate the present dissolved Nd fluxes from rivers to
oceans and their inter-annual variations, through time series. The
average annual Nd flux from the Orinoco to the Orinoco estuary during
this study was 336 t, with an inter-annual variation of 42.7% between
2007 and 2008. Because the quantity of re-dissolved Nd in the high
salinity regions of the Orinoco estuary has not been ascertained, we can
only estimate the lowest and highest contributions of the Orinoco River
to the oceans by assuming 0% and 100% Nd re-dissolution, respectively.
If all the removed Nd (95% of the total dissolved Nd input) is not
re-dissolved in the high salinity zone, the Orinoco River contributes
approximately 0.4% of the total annual Nd flux to the Atlantic Ocean
(4300 t), and ~0.2% of the total annual dissolved Nd flux to the global
oceans (8600t), when using the total fluxes reported by Tachikawa
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(2003). However, if we assume that 100% of the dissolved Nd input from
the Orinoco is re-dissolved subsequently from flocculated colloids in the
Orinoco estuarine zone, the Orinoco River contributes 7.8% and 3.2% of
the total annual Nd flux to the Atlantic Ocean and global oceans,
respectively. Our maximum annual Nd flux estimate is lower than that
calculated by Barroux et al. (2006) for the Amazon River (607 t) using
identical pore size filters (0.22 pm). Although the dissolved Nd flux of
the Amazon River is almost two times that of the Orinoco River, the
average annual water discharge of the Orinoco is six-times lower than
the 209000 m3s~! discharged annually by the Amazon River to the
Atlantic Ocean. Hence, the results presented in this paper highlight the
important input of dissolved Nd and other REEs from the Orinoco River
to the oceans, a fact that has been previously reported for the Caribbean
Sea (Osborne et al., 2015). Finally, owing to the recent discovery of the
rapid Nd release from lithogenic sediments in the Amazon estuary
(Rousseau et al., 2015), there is an urgent need to quantify the Nd flux
from the suspended sediments in the Orinoco estuary to improve our
understanding of the dissolved Nd budget in the global oceans.

6. Conclusions

The Orinoco River exhibits the broadest range of dissolved REE
concentrations when compared with other large rivers worldwide. This
broad range is produced by hydrologically driven processes such as the
seasonal variations in the input of organic and inorganic colloidal REE-
carrier phases (e.g., DOC, and Al- and Fe-oxyhydroxides) and the sea-
sonal variations in pH and water discharge. The waters flowing from the
Guayana Shield and from flooded areas during flood/high-water periods
dilute the carbonate concentrations and transport organic/inorganic
colloids to the Orinoco mainstream. This decreases the pH and increases
the abundance of REE-carrier phases (organic and inorganic colloids)
during this period. Overall, these hydrologically driven variations result
in a broad REE concentration range over the hydrological year in the
Orinoco.

Fe- and Al-colloids appear to play a determining role in the dissolved
REE abundance and overshadows the role of organic complexation. The
fractionation of REEs is also dependent on the pH and the abundance of
Al- and Fe-colloids. Alkaline pH values and low abundance of Al and Fe
in the dissolved fraction result in a higher level of fractionation, wherein
HREEs are strongly enriched with respect to LREEs. Meanwhile, more
acidic water and the high abundance of Al- and Fe-inorganic colloids
produce convex UCC-normalized REE patterns, indicating a significant
reduction in the HREE enrichment with respect to that of LREEs. This
behavior indicates that LREEs are more susceptible to adsorption by
particulate material than HREEs, at circumneutral or alkaline pH values.
Similarly, the enrichment of the dissolved LREE abundance relative to
the continental crust at an acidic pH is also related to the increased
binding capacity of LREEs to organic and inorganic Al- and Fe-colloids,
which are abundant in the Orinoco River during low-pH periods (high-
water periods).

The highest Ce fractionation and therefore, more negative Ce-
anomalies occur during low water discharge periods because this Ce
signal is acquired from Andean host rocks. However, a lesser Ce frac-
tionation in more reduced environments (e.g., floodplains) can vary the
Ce-anomaly signal to less fractionated values in the Orinoco mainstream
during flood/high-water periods. The substantial input of water that has
drained plagioclases and Eu-bearing minerals results in positive Eu
anomalies in the dissolved phase during the low-water stage. However, a
lower Eu fractionation with respect to its nearest neighbors is observed
during flood periods. This is probably owing to the weathering of sedi-
mentary material with negative Eu anomalies.

Notwithstanding the lower water discharge by the Orinoco River
than that by the Amazon River, the former can contribute significant
inputs of dissolved Nd and other dissolved REEs to the Atlantic Ocean
and Caribbean Sea. The calculated annual fluxes to the Orinoco estuary
displayed variations of up to 56% between the two studied years. This
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fact reveals the importance of performing inter-annual REE time series
in large rivers to better quantify the REE fluxes from rivers to the oceans.
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