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Mineralogy, Trace Elements, and Rare Earth Element Composition
of Sediments in an Amazonian Whitewater River: The Acre River
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Abstract: This study characterizes the mineralogical and geochemical composition of suspended (SS) and riverbed
sediments (BS) from the Acre River, a whitewater tributary in Southwestern Amazonia. Four SS and four BS samples
collected during the dry season were homogenized into composite samples and analyzed by different analytical
techniques (ICP-MS, ICP OES, XRD, and FTIR). The results showed that quartz (up to 75 %) and kaolinite (up to 38 %)
were the dominant minerals, together with feldspars and TiO,. Rare earth elements (REEs) were present at low to
moderate concentrations (0.11-52 pg g'), with Ce and La being the most abundant. Trace elements such as V, Ni, Ga,
Rb, and Cs showed enrichment relative to upper continental crust. Although the single-season sampling limits temporal
interpretation, comparison with published datasets from the Purus and Solimbes basins suggests that both natural
weathering and local land-use pressures influence sediment composition. These results provide new geochemical data
for a poorly studied Amazonian tributary and contribute to the broader understanding of sediment provenance and

hydrogeochemical processes in whitewater rivers.
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1. INTRODUCTION

The Amazon Basin is an exceptionally complex
biome in which the biosphere, hydrosphere,
atmosphere, lithosphere, and cryosphere interact
continuously, shaping processes that operate from
local to global scales. The Amazon rainforest plays a
central role in sustaining the planet's climatic
equilibrium through its regulation of energy, water, and
biogeochemical cycles. Studies have examined the
basin to understand the functioning of natural cycles
and the mechanisms that govern material fluxes and
environmental transformations. In this context, river
discharge and sediment transport are key components,
reflecting biogeochemical processes driven by erosion
and weathering across mountainous regions, soils, and
floodplains [1].

The geological and geomorphological contrasts
between the Andes and the Guiana Shields define two
major hydrographic domains: whitewater and
blackwater systems. Whitewater rivers originate
predominantly in Andean and Sub-Andean terrains and
are influenced by large tributaries such as the Solimdes
and Madeira rivers. Blackwater rivers, in contrast,
characterize northern Amazonia, draining highly
weathered soils and following the course of the Negro
River before its confluence with the Solimdes [2].
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These differences in origin and landscape are reflected
in distinct organic matter signatures: the Negro River
contains high concentrations of colloidal organic
carbon, whereas the Solimées River carries
predominantly dissolved and particulate organic carbon.
The contrasting contributions are linked to the soil
types eroded by each system. Blackwater rivers
typically mobilize podzol, ferralsol, and acrisol soils,
while whitewater rivers drain a broader diversity of soil
classes, including acrisols, ferralsols, nitisols,
cambisols, vertisols, luvisols, and plinthosols,
characteristic of western and southern Amazonia [3-5].

Numerous studies have examined the mineralogical
and geochemical characteristics of large Amazonian
rivers, especially in central Amazonia, where sediment
contributions from the Andes dominate [6-10].
However, most existing data are concentrated in
mainstem rivers and central floodplain regions, while
several southwestern ftributaries remain poorly
characterized. Understanding sediment composition in
these tributaries is essential for identifying geochemical
signatures, assessing weathering processes, and
evaluating natural versus anthropogenic influences on
riverine materials [11-14]. This is particularly relevant
given ongoing land-use changes, population expansion,
and increasing agricultural pressure in southwestern
Amazonia, which may alter sediment fluxes and
chemical loads.

Among the understudied systems, the Acre River, a
whitewater tributary of the Purus River, stands out due
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to its strategic location between Andean headwaters

and central Amazonian floodplains. Despite its
hydrological and socio-environmental importance,
there is a lack of integrated mineralogical and
geochemical data, especially concerning the

distribution of rare earth elements (REEs) and trace
elements. Therefore, the objective of this study is to
characterize the mineralogical composition and the
concentrations of major, trace, and REEs in suspended
and riverbed sediments of the Acre River. The novelty
of this work lies in providing one of the first datasets of
this kind for a southwestern Amazonian tributary,
contributing to the understanding of sediment
provenance and geochemical processes in an
understudied region of the basin.

2. MATERIALS AND METHODS

2.1. Study Area

This study was conducted in August 2018, during a
single dry-season campaign, when four riverbed
sediment (BS) and four suspended sediment (SS)
samples were collected from the Acre River at
coordinates 9° 58’ 45” S and 67° 48’ 30" W (Figure 1).
Sampling restricted to one hydrological period does not
allow evaluation of seasonal variability, which may
influence sediment composition due to changes in
rainfall, river discharge, flood dynamics, and sediment
resuspension. Therefore, the results presented here

2.2. Chemical Analysis

Inductively Coupled Plasma Mass Spectrometry
(ICP-MS), Inductively Coupled Plasma Optical
Emission Spectrometry (ICP OES), X-ray Powder
Diffraction (XRD), and Fourier Transform Infrared
Spectroscopy (FTIR) were employed to determine the
chemical and mineralogical composition of SS and BS
samples. XRD and FTIR were used to identify mineral
phases and assess structural characteristics
associated with weathering and sediment provenance.
Element concentrations in sediment samples are
reported in g g'1 (dry weight basis), while
concentrations in digested solutions are expressed in
Mg L.

2.2.1.  Inductively
Spectrometry (ICP-MS)

Coupled Plasma Mass

Four riverbed sediment samples were collected
using a stainless-steel spatula, and four water samples
were collected in 1-L plastic bottles at approximately 20
cm below the river surface. After several days of
settling, the supernatant water was carefully decanted
to isolate the suspended sediments. All sediment
samples (SS) were dried in a controlled laboratory
environment. The SS samples were milled, sieved, and
homogenized prior to their acid extraction.
Approximately 0.15 g of sediment was weighed in
triplicate. About 0.01 g of certified reference material

represent dry-season conditions, and temporal  (CRM, NIST SRM 2704 Buffalo River Sediment, NIST
variability remains a limitation of the dataset. SRM 88b Dolomitic limestone, NIST SRM 1648a Urban
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Figure 1: Four catchments of the Amazon basin: 1 and 2) whitewater rivers: Madeira River and Solimdes River, respectively; 3)
blackwater rivers: Negro River; 4) clearwater rivers: Tapajos River. Each catchment was identified by its principal rivers.
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Particulate Matter) was weighed and analyzed in
parallel. The samples were transferred to Savillex
Teflon bottles, and 3.0 mL of bidistilled hydrochloric
acid (HCI), 1.0 mL of bidistilled nitric acid (HNO3)
(65 %) and 0.2 mL of hydrofluoric acid (HF) were
added. The samples were heated at 150 °C for 4 h.
Afterwards, the Teflon bottles were opened, and 1.0
mL of HNO; was added to promote the evaporation of
HF. Finally, the extracts were diluted and analyzed.

The chemical composition of trace elements in the
samples was determined using inductively coupled
plasma mass spectrometry (ICP-MS, Nexlon 300X,
PerkinElmer, Canada). Rhodium ('Rh) was used as
an internal standard (IS) to reduce non-spectral
interferences and matrix effects. The quantification of
the elements was performed using an external
analytical curve of twelve points. The concentrations
used in the analytical curves ranged from 0.5 pg L™
(minimum value for Au) to 1980 pg L™ (for major
elements such as Fe, Ca, K, Mg, Na). The instrumental
limit of detection varied from 0.145 pg L’ (for Re) to
267 ug L™ (for Ca), while the instrumental limit of
quantification ranges from 0.467 ug L’ (for Re) to 882
Mg L™ (for Ca). ICP-MS is widely recognized for its high
sensitivity, especially in the determination of REEs and
other trace metals in sediment samples, supporting its
use in this study [15-17].

2.2.2. Inductively Coupled Plasma
Emission Spectrometry (ICP OES)

Optical

The chemical composition of major elements was
determined using inductively coupled plasma optical
emission spectrometry (ICP OES, Optima 4300 DV,
Perkin Elmer, USA). The SS samples were dried,
milled, sieved, and homogenized prior to their acid
extraction. Approximately 50 mg of the sample was
weighed and mixed with 500 mg of lithium metaborate,
used as flux. The mixture was then melted into a
platinum crucible. A gas burner was used to melt the
mixture until a homogeneous and transparent liquid
was obtained. The glass pellet was then dissolved with
50 mL of HNO; (10 %). About 0.01 g of certified
reference material (CRM, NIST SRM 2704 Buffalo
River Sediment, NIST SRM 88b Dolomitic limestone,
NIST SRM 1648a Urban Particulate Matter) was
weighed and prepared in the same way to be later
analyzed in parallel.

2.2.3. X-ray Powder Diffraction (XRD)

The mineralogical composition of the SS and BS
samples was analyzed by X-ray powder diffraction
using a D8-Discover (Bruker), with Bragg-Brentano
geometry, a Cu tube, a KB Ni filter, and a LynxEye
detector (Bruker). The 26 scan was set from 5° to 80°,

with a 0.02° 26 step. The acquisition time was adjusted
to get approximately 10000 counts for the main peak.
The minerals were identified with EVA (Bruker)
program and the ICDD (International Centre for
Diffraction Data) 2003 database. Quantitative analysis
was performed with the Profex [18], a graphical
interface for the Rietveld fitting using the BGMN
program with fundamental parameters.

2.2.4. Fourier Transform Infrared Spectroscopy
(FTIR)

The analyses of SS samples were performed using
a spectrometer, model 100 FTIR (Perkin-Elmer, USA),
with data collected in the region of 4000-450 cm”. The
SS samples were analyzed using the potassium
bromide (KBr) pellet technique at room temperature.
Quantitative and qualitative data from FTIR
spectroscopy analyses were compared to those by
XRD, ICP-MS and ICP OES to assess the elemental
composition of the sediments and their association with
specific mineral phases.

2.3. STATISTICAL ANALYSIS

ICP-MS and ICP OES datasets were processed
using the R statistical environment (version 1.1.447;
RStudio). Correlation matrices and hierarchical
clustering were generated using the corPlot package to
identify relationships among chemical variables.

Anthropogenic influence on SS composition was
assessed using the enrichment factor (EF), calculated
according to Equation (1). Element concentrations in
sediments (Xi) and upper continental crust (UCC)
reference values were normalized to scandium (Sc), a
conservative lithogenic element widely employed for
EF [19].

(1)

Scandium was selected as the normalizing element
because it is a refractory, lithogenic trace element that
is largely insoluble and exhibits minimal mobility during
sedimentary processes. Its concentration is only
weakly influenced by chemical or physical weathering,
mineral sorting during transport, or dilution by dominant
phases such as quartz, organic matter, or carbonates
[19, 20]. The enrichment factor (EF) provides an
estimate of how much the concentration of a given
element deviates from its expected natural abundance.
In this study, EF values indicate whether an element is
enriched or depleted in Acre River suspended
sediments relative to upper continental crust, reflecting
the combined effects of weathering, erosion, secondary
mineral formation, and other geochemical processes



46 Journal of Environmental Science and Engineering Technology, 2025, Vol. 13 Duarte et al.

acting within the basin. Cs 10.3 0.6
Ba 699 48
3. RESULTS
La 27 2
3.1. Chemical Composition of the Suspended Ce 52 3
Sediment Pr 5.6 03
The concentrations of the most abundant major and Nd 21 !
trace elements in the SS samples, including rare earth Sm 5.1 0.3
elements (REEs), are presented in Table 1 (ICP-MS Eu 1.3 0.1
results) and Table 2 (ICP OES results). Gd 48 03
Table 1: ICP-MS Results for Suspended Sediment (SS) Tb 0.59 0.05
Concentrations of Rare Earth Elements (REEs) Dy 25 0.2
and Enriched Trace Elements ([SS], pg g'1),
and Associated Analytical Uncertainties (3) Ho 0.44 0.02
Er 1.1 0.1
Element [SS](ng g”) 5(ugg”) Tm 0.14 0.01
Li 93 7 Yb 0.84 0.06
Be 15 0.1 Lu 0.1 0.0
Na 2 466 147 Ta 0.051 0.005
Mg 6,111 333 Au <LoQ -
Al Saturated ® - T 0.42 0.03
Si 572 663 Pb 12 1
K Saturated ) Bi 0.143 0.009
Ca 7,366 315 Th 4.8 0.3
Sc 14 2 U 0.76 0.05
Ti 941 81 ? “Saturated” indicates concentrations exceeding the instrument’s detection
range.
\% 144 9 ®“< LOQ” indicates concentrations below the limit of quantification.
cr " S Table 2: ICP OES Results for Suspended Sediment (SS)
Mn 1034 57 Concentrations of Major Elements ([SS], pg
g'1), and Associated Analytical Uncertainties
Fe 50 2 5
(5)
Co 18 1
Ni 33 2 Element [SS](ug g™ 5(ugg™)
Cu 26 2 Na <LoQ® 47
Zn 93 12 Mg 6,601 122
Ga a7 3 Al 86,622 1,635
Ge 0.8 01 Si 252,779 3,604
As 11 0.8 <L0Q 50
b
Se <LOQ - 16,614 984
Br 6 0.9 Ca 5,856 181
Rb 161 " Ti 5,512 75
Sr 121 9 v <LoQ 5
Y 3 ! Cr 53 8
zr 27 2 Mn 845 13
Nb 3 03 Fe 45,062 915
Mo 0.8 0.1 7n 132 P
Ag 0.9 0.1 Ba 557 17
Cd 0.2 0.02 . — ) — o
“< LOQ” indicates concentrations below the limit of quantification.
Sn 2.6 0.2
Sb 05 0.1 In the SS samples, the ICP-MS data show the
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following increasing order of concentrations: Ta < Lu <
Tm<Bi<Cd<Tl<Ho<Sb<Tb<U<Ge<Yb<Mo
<Ag<Er<Eu<Be<Dy<Sn<Nb<Th<Gd<Sm«<
Pr<Br<Cs<As<Pb<Y<Sc<Co<Nd<Cu<Llax<
Zr<Ni<Ga<Ce<Cr<Zn<Li<Sr<V<Rb<Si<
Ba<Ti<Mn<Na<Mg<Cac<Fe<AlI=K. For the ICP
OES data, the orderis: Cr<Zn<Ba<Mn<Ti<Ca<
Mg < K < Fe < Al < Si (with minor differences in the
relative position of Ti and Mn). It is important to note
that several elements were quantified by both ICP-MS
and ICP OES, and some discrepancies were observed
between the two datasets. These differences primarily
reflect the distinct digestion procedures and analytical
sensitivities of each technique, which can favor the
recovery of specific elements over others. For
comparative purposes, the values associated with the
highest and most consistent recoveries were selected,
except in cases where the higher concentration
exceeded the instrumental linear range, indicating
potential signal saturation.

It is noteworthy that all REEs (La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu, and Sc and Y) were
detected in the Acre River SS. This extensive detection
aligns with broader basin-scale studies; for example,
previous work has shown that REEs are measurable in
both dissolved and particulate phases of the Amazon
River and its major tributaries [13]. Most detrital
minerals naturally incorporate REEs, typically with a
predominance of Ce and La [21]. This pattern is
evident in Figure 2, where these element
concentrations in Acre River SS are compared with
data of the Solimdes and Amazon rivers. A clear
downstream enrichment is observed: REE
concentrations increase by approximately 3.5-fold from
Acre to the Solimdes and nearly 7-fold from Acre to the

Amazon, particularly for elements from La to Nd. This
progressive enrichment reflects the increasing
contribution of fine-grained sediments carrying
REE-bearing mineral phases, as well as hydrodynamic
sorting processes that preferentially transport these
minerals downstream. The dominance of Ce and La
aligns with the characteristic REE signatures reported
for tropical river suspended loads. These trends
highlight the strong influence of sediment provenance
and transport dynamics on REE distribution along the
Acre-Purus-Solimdes-Amazon continuum. It is also
important to emphasize that REE data for Amazonian
sediments remain scarce, especially for tributaries of
the Solimbes River, underscoring the relevance of the
present dataset [13].

3.2. Enrichment Factor

The results better characterize compositional
variations in surface suspended solids, especially in
shallow rivers where particle size reflects a mix of
riverbed and surface sediments. Figure 3 shows the
enrichment factor for various elements present in the
Acre River SS chemical compositions.

3.3. FTIR and XRD Mineralogical Characterization
of BS and SS

The FTIR spectrum of the Acre River suspended
sediments (Figure 4) indicates the presence of quartz,
aragonite, calcite, kaolinite, smectite, hematite, and
feldspar. These mineral phases are consistent with the
elemental composition obtained by ICP-MS and ICP
OES and with the crystalline phases identified through
XRD, as discussed below.

The FTIR spectrum follows the typical patterns

m Acre River
200 A ® Solimdes River
4 Amazon River
A
‘o 150
o
R
C
Ke]
g 100+
C
8
c ®
S
50— "
. 4
|
| ] u
o . & '} ‘ a & = & = 8 &

T T T

T | T T T T T T T T T | T
Sc¢ Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 2: Chemical concentrations of rare earth elements (REEs) in suspended sediments (SS) from the Acre (black squares),
Solimbes (red circles), and Amazon (blue triangles) Rivers, expressed in ug g'1.
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Figure 3: Enrichment factor (EF) values of the 12 enriched elements identified in suspended sediments (SS) from the Acre River,
calculated using upper continental crust (UCC) reference concentrations.

60 - 2304 2005
2277 1883
50 -
40 4 0945
3
s 3699 779
= 30 4 798
3848
20 s 471
3621 2433
913
10 4 11686
1006
1103 1032
0 T B T & T T e T % T i T T
4000 3500 3000 2500 2000 1500 1000 500

Figure 4: FTIR absorption spectrum of suspended sediments
feldspars, and kaolinite.

reported in the literature [22, 23]. Quartz is identified by
characteristic absorption bands near 695, 779, 798,
1032, 1166, and 1883 cm™. Feldspars, orthoclase,
microcline, and Na- and Ca-plagioclases, exhibit
absorptions around 535, 1006, and 1032 cm™,
reflecting their similar aluminosilicate structures.
Kaolinite is detected by diagnostic bands at 913, 1032,
1103, 3621, 3648, and 3699 cm™', while broader bands
at ~3400 and ~1640 cm’ suggest a less ordered
kaolinite structure. Organic matter is evidenced by C—H
stretching bands at approximately 2850 and 2922 cm™.
Additionally, absorption between 470 and 799 cm’
supports the presence of kaolinite, consistent with
observations by Moreira-Turcq et al. [24].

The XRD diffractograms (Figure 5) further confirm
the dominance of quartz and kaolinite. The calculated
Rietveld refinement profiles and residuals indicate
good fit quality. Bergmann’s kaolinite structural model
[25] was applied during refinement. Quartz exhibits
highly intense peaks, particularly at 26 = 26.66°, where
counts reached 9181.39 for the riverbed sediment (BS)

k(cm')

(SS) from the Acre River, indicating minerals such as quartz,

and 5436.08 for the suspended sediment (SS),
reflecting its dominance in both fractions. A few
unidentified peaks slightly above background were
observed but not included in the refinement due to their
very low intensity. Based on the Rietveld results, BS
samples contain 58.8 % quartz and 37.9 % kaolinite
(Figure 5a), with refinement statistics of Rwp = 7.50 %
and a goodness-of-fit of 1.1924, indicating a robust fit.
In contrast, SS samples exhibit 74.6 % quartz and
16.0% kaolinite (Figure 5b), with Rwp = 8.38% and a
goodness-of-fit of 1.1954. These results confirm that
SS is more enriched in quartz relative to BS, consistent
with the preferential transport of fine quartz-rich
particles in suspension. The crystalline phases
identified in SS (Table 3) include quartz (SiO,),
kaolinite (Al,Si,Og), and Ti-bearing oxides such as
rutile (TiO;) and anatase (TiOy). In BS, additional
elements, H, O, Na, Mg, Al, Si, P, Ca, Ti, and Fe, were
also detected, suggesting the presence of other
mineral phases at concentrations below the XRD
detection threshold.
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Figure 5: X-ray diffraction patterns of (a) suspended
sediment (SS) and (b) riverbed sediment (BS) from the Acre
River. Experimental data are shown in black, Rietveld-fitted
profiles in red, and the difference between experimental and
fitted patterns in gray. Vertical tick marks indicate the
positions of quartz (black) and kaolinite (blue) diffraction
peaks.

Table 3: Mineral Composition of Riverbed (BS) and
Suspended Sediments (SS). Values are
Expressed as Weight Percentages

Mineral Chemical Formula BS (%) SS (%)
Quartz SiO, 74.59 58.8
Kaolinite Al,Si;O5(0OH), 16.00 37.9
Diopside Feo26Mgo 74CaSizOs 2.73 -
Titanite CaTiSiOs 0.58 -
Newberyite MgHPQO,4-3H,0 2.25 -
Albite NaAlSi;Os 3.45 -
Anatase TiO, 0.39 1.51
Rutile TiO, - 1.83

The detected elements are likely associated with
the main mineral phases identified (quartz, kaolinite,
feldspars, and Ti-oxides). However, their distribution
also suggests the possible presence of additional
mineral phases such as albite (NaAlSi;Og), diopside

(Feo_zeMgolmcaSiQOs), newberyite (MgHPO43H20),
and titanite (CaTiSiOs). These phases may remain
undetected by XRD when present at mass fractions
below approximately 1%, which is below the typical
detection limit of the technique. Low-intensity peaks
observed between 26 = 3° and 20° were interpreted as
contributions from clay minerals. This range is
consistent with the presence of illite and other layered
silicates, which have been reported as significant
components of fine sediments in the Purus Basin, of
which the Acre River is a tributary.

4. DISCUSSION

4.1. Acre River SS Elemental Concentration

The SS load of the Acre River displays the typical
composition of whitewater systems, which are
dominated by fine mineral particles transported from
Andean-derived terrains. These sediments naturally
incorporate a wide range of major and trace elements;
however, the EF analysis enables discrimination
between natural geochemical background and
human-driven inputs. In this study, EF values indicate
clear anthropogenic enrichment for several elements,
specifically V, Tl, Co, Ni, Ga, Rb, Bi, Cd, Cr, Cs, Li, and
As. Because EF normalizes concentrations to a
conservative lithogenic element (Sc) and compares
them to upper continental crust, elevated EF values
cannot be attributed to natural weathering alone.
Instead, they signal human influence. In the Acre River
Basin, such enrichment is likely associated with
land-use change, soil exposure, agricultural inputs
(including fertilizers and agrochemicals), road
construction, urban expansion, and the influx of
atmospheric pollutants transported from other regions
of Amazonia. The enrichment of potentially toxic
elements such as Cd, Cr, Ni, Tl, and As is of particular
concern, as these elements can become mobile and
bioavailable in fine suspended particles. The
dominance of fine-grained SS enhances downstream
transport efficiency, increasing the potential for
dispersion of anthropogenic contaminants across the
basin. This reinforces the importance of continuous
monitoring and  geochemical surveillance in
southwestern Amazonia, where detailed
sediment-quality assessments remain scarce.

An additional point of interest is the absence of
detectable Hg. Although the Acre River Basin itself is
not a major center of Hg release, neighboring regions,
especially the Madeira Basin, experience significant
inputs from artisanal gold mining and biomass burning.
Given this regional context, the lack of Hg detection in
SS is somewhat unexpected, though it may reflect low
background levels in this specific tributary, hydrological
seasonality, or effective retention within soils rather
than in the suspended load.
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Altogether, the geochemical patterns observed in
the Acre River sediments highlight not only their
mineralogical affinity with Andean-derived materials but
also the influence of contemporary anthropogenic
pressures on the distribution of trace metals. These
findings underscore the need for more comprehensive
spatial and temporal assessments to improve
understanding of human impacts on sediment quality in
the southwestern Amazon Basin.

4.2. Natural and Anthropogenic Sources of REEs in
the SS

All 16 naturally occurring REEs were detected in the
SS of the Acre River Basin. This raises important
questions regarding their sources, particularly given the
global increase in REE production driven by
agricultural, technological, and industrial demands.
Although REEs are widely dispersed in the
environment, their concentrations in river systems can
be influenced by both natural and anthropogenic
processes. As of 2025, Brazil holds one of the largest
known REE reserves worldwide, approximately 21
million tonnes, ranking second only to China [26].

REEs are commonly classified into two groups, light
REEs (LREEs, La-Eu) and heavy REEs (HREEs,
Gd-Lu), or, in some frameworks, into three groups:
LREEs (La—Sm), medium REEs (MREEs, Eu-Tb), and
HREEs (Dy-Lu) [27]. Their environmental behavior
often varies across these groups due to differences in
ionic radii, complexation capacity, and affinity for
mineral phases.

Phosphate fertilizers represent a relevant
anthropogenic source of REEs. These products
frequently contain elevated concentrations of LREEs,
especially Ce and La, due to the natural enrichment of
REEs in phosphate ores [28]. In Brazil, phosphate
fertilizers may contain Ce concentrations as high as
1,499 ug g'1 [20], making them potential contributors to
REE accumulation in agricultural soils and,
consequently, to their transfer into rivers via runoff.
REEs are also commonly associated with natural
phosphates and carbonates [29-31], which may enter
river systems through soil erosion and mineral
weathering. In the Acre River Basin, agricultural
expansion, particularly for soybean and corn cultivation,
has increased the application of superphosphates and
limestone, both of which can contain REEs. These
agricultural inputs constitute potential anthropogenic
sources in local ecosystems. Although plant uptake of
REEs is generally regulated by physiological
mechanisms, the extent of transfer from soil to
vegetation depends on factors such as REE speciation,
soil concentration, pH, and adsorption behavior [27,
32].

Alongside these anthropogenic contributions,
natural processes such as erosion of REE-bearing
soils and weathering of rocks provide a continuous
background supply of REEs to the river system. The
combined influence of natural geology and agricultural
intensification helps explain the REE patterns observed
in the Acre River suspended sediments, highlighting
agriculture as a significant and emerging source of
REEs in the region.

4.3. Mineralogical Composition of the Sediments

The integration of chemical and mineralogical data
on sediments transported throughout the Amazon
Basin provides a clearer understanding of the
processes that shape the composition of whitewater
rivers and ultimately the massive sediment load
delivered by the Amazon River. Chemical weathering
plays a central role in this system, transforming primary
minerals into secondary oxides within soils, waters,
and biomass, while chemical denudation transports
dissolved and particulate materials downstream
through groundwater and river flows [33].

Table 4 summarizes the concentrations (%) of
major oxides in sediments from different sectors of the
basin, which form the basis for the clustering patterns
shown in Figure 6 [11]. These clusters highlight the
similarity among whitewater river systems and exclude
the chemically distinct blackwater system of the Negro
River. The lowest oxide concentrations correspond to
sediments found downstream of the confluence
between the Negro and Solimbes rivers, reflecting
dilution effects and the distinctive geochemistry of
blackwater contributions. In contrast, the Amazon
mainstream suspended sediments are enriched in Si,
Al, and Fe, followed by K, Mg, Ca, Na, Mn, and Ti,
consistent with the dominance of quartz,
aluminosilicate minerals, and Fe-bearing phases.

The mineralogical and geochemical patterns
observed in the Acre River Basin align with those found
across other whitewater ftributaries, reflecting their
shared geological origin and the influence of similar soil
types across the Andean and Sub-Andean regions [34].
The enrichment of REEs in these sediments reflects a
long-standing history of mineral transformation,
weathering, and sediment transport across the basin
[35].

Current environmental pressures, particularly
deforestation and biomass burning, have become
increasingly relevant in shaping sediment dynamics in
Amazonia. These processes modify local and regional
rainfall patterns, enhance soil erosion, and alter the flux
and composition of suspended and riverbed sediments
transported by rivers. As these disturbances intensify,
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Table 4: Concentration of Oxides in Rivers along the Amazon Basin, Expressed as Percentages of Total Sediment.
Adapted from Martinelli et al. [11]

SiO; Al,0; Fe,0s NaO Ca0o K20 MgO TiO,
65.15 16.38 5.77 4.20 3.30 243 1.79 0.98
64.57 16.39 5.60 4.78 3.44 2.53 1.75 0.94
64.95 16.91 5.97 3.87 3.16 2.32 1.81 0.99
65.84 15.94 5.96 3.78 3.22 2.50 1.73 1.02
68.66 15.09 5.05 3.76 2.75 2.27 1.50 0.93
67.13 15.89 5.81 3.42 2.72 241 1.58 1.04
66.48 16.22 5.76 3.47 2.93 2.46 1.65 1.02
63.79 17.35 6.11 4.27 3.29 2.36 1.79 1.03
67.30 16.09 5.73 3.15 2.61 2.49 1.60 1.02
67.80 15.57 5.41 3.52 2.98 2.18 1.61 0.94
66.88 15.73 5.37 4.03 3.10 2.40 1.49 0.99
65.00 17.11 6.11 3.61 2.80 2.63 1.65 1.08
73.79 13.36 5.20 2.18 1.37 212 1.02 0.97
69.61 15.73 5.00 2.78 2.00 2.52 1.36 1.01
68.18 15.11 5.32 3.74 2.73 244 1.55 0.94
80.56 8.76 4.23 1.77 0.87 2.19 0.74 0.87
70.61 15.68 6.33 1.63 1.07 244 1.05 1.21
76.17 10.39 5.88 1.90 1.39 2.57 0.69 1.01
68.02 18.04 6.57 1.19 1.31 243 1.25 1.20
63.40 18.56 5.96 4.03 3.33 2.06 1.60 1.08
82.20 8.56 3.01 1.73 1.07 1.69 0.58 0.82
78.43 11.75 4.86 0.96 0.95 1.88 0.72 0.79
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Figure 6: Clustering of oxides concentration downstream the Amazon River obtained from Martinelli et al. [11].

shifts in the relative proportions of minerals, oxides, consequences for water quality, ecosystem functioning,
and trace elements are expected, with potential and human health [16, 36, 37].
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Overall, the integrated mineralogical and chemical
signatures observed in the Acre River sediments
highlight both the long-term geomorphic evolution of
the basin and the emerging influence of anthropogenic
disturbances. These findings underscore the need for
continued monitoring and expanded datasets to better
understand ongoing environmental changes in
southwestern Amazonia.

5. CONCLUSION

This study provides a detailed chemical and
mineralogical characterization of suspended sediments
in the Acre River, offering one of the first integrated
datasets for a poorly studied southwestern Amazonian
tributary. The results confirm the strong Andean
geological influence on the Acre River sediment load,
with mineral assemblages dominated by quartz and
kaolinite, consistent with other Amazonian whitewater
systems. The presence of all 16 natural REEs and their
downstream enrichment patterns highlight long-term
weathering processes and sediment transport
dynamics that connect local catchments to the broader
Amazon Basin.

The enrichment factor analysis indicates clear
anthropogenic contributions to several trace elements
(V, Tl, Co, Ni, Ga, Rb, Bi, Cd, Cr, Cs, Li, and As),
revealing that human activities are already influencing
sediment composition in the region. Although Hg was
not detected, its absence is notable given known
emissions in adjacent basins. The clustering of major
oxides (SIOQ, A|203, F6203, CaO, MgO, Kgo, NazO,
TiO;) demonstrates consistent geochemical behavior
among whitewater rivers and provides a potential
baseline for future temporal and spatial monitoring.

Together, these findings underscore the dual
control of natural geological processes and emerging
anthropogenic pressures on sediment geochemistry in
the Acre River Basin. By integrating REE signatures,
mineralogical profiles, and trace metal enrichment
patterns, this work advances our understanding of
sediment provenance, weathering intensity, and
human impacts in a rapidly changing Amazon
landscape. The dataset presented here establishes a
foundation for long-term environmental assessments
and contributes critical information for evaluating
ongoing and future alterations in the basin’s
hydrogeochemical balance.
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