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a b s t r a c t

This study presents an analysis of sediments in an Andean river impacted by both natural conditions and
anthropogenic activities. Fifty samples were collected from selected sites throughout the Moquegua
River drainage basin, and Tambo River headwaters at Pasto Grande, in Peru, and analysed with X-ray
diffraction, energy dispersive X-ray spectroscopy, scanning electron microscopy, Fourier-transform
infrared spectroscopy and thermogravimetric analysis. Si, Ca, Al, Fe, and O, common constituents of
soils, were dominant, along with K, N, and P. The latter originating as primary macronutrients or
chemical residuals from fertilizers used in agriculture. Higher concentrations of macronutrients and
organic components were found in agricultural and urban areas, respectively. Arsenic minerals were also
detected, which occur naturally, but possibly at levels augmented by anthropogenic activity. The
application of cluster analysis revealed clustering between arsenic, arsenolite, and potassium but no
significant geospatial correlation between sample sites in the drainage basin.
© 2022 International Research and Training Centre on Erosion and Sedimentation/the World Association

for Sedimentation and Erosion Research. Published by Elsevier B.V. All rights reserved.
1. Introduction irrigation project are being developed (see Fig. 1). The tributaries all
In recent years, interest in understanding the geochemical dy-
namics of sediment loading in Andean rivers has increased, espe-
cially in arid and hyper-arid regions where mining activities are
thought to augment concentrations of trace metals in rivers (Tenorio
et al., 2018). However, there are few studies focusing on the use of
sediments to investigate trace metal contamination in Peru. This is
also true of the greater Moquegua drainage basin, which covers
3,484 km2. TheMoquegua River has its origins in the high Andes and
flows to the hyper-arid pacific coast at Ilo in southern Peru, in the
course of which landscape-scale copper mining and an agricultural
ahoo.es (L. de Los Santos
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rise in the Cordillera Occidental, at elevations above 5,000 m a.s.l.
The Sajena, Torata, and Moquegua rivers meet at the city of
Moquegua at 1,200 m a.s.l., below which it is variously named the
Moquegua, Osmore and Ilo river as it nears the Pacific Ocean. River
discharge in the Moquegua drainage basin is significantly increased
with water from the Pasto Grande reservoir, in the Tambo River
headwaters, which enters the Sajena river at 4,000 m a.s.l. Water
from the Pasto Grande canal supplies water for both irrigation pro-
jects and domestic consumption throughout the department of
Moquegua. The landscape-scale Cuajonemine (lat - 17.042616�, long
- 70.707437�), in the Torata River headwaters, and the recently
opened Quellaveco mine in the Asana River headwaters lie directly
above the city of Moquegua (Covey, 2006; Sims, 2010).

The Cuajone mine, operated by Southern Copper, is one of the
largest open cast mines in the world. It started operation in 1970
and is located in the Torata district (around 3500 m a.s.l), province
ation/the World Association for Sedimentation and Erosion Research. Published by
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Fig. 1. Map of Moquegua Region, Peru, indicating the collection sites along the Moquegua River. Sites arranged below from the low lands at Ilo in sequence to the high Andes: Sites
0-a (Osmore River, near Ilo), 1 (El Conde), 1b (Moquegua River), 1c (Torata River), 1d (Sajena River), 1e (Moquegua River), 2 (Estuquina Bridge, Torata River), 3 (Coplay Bridge, Torata
River), 4 (Canilay Bridge, Torata River), 5 (Firestation Torata River), 5-b (Below Cuajone mine, Torata River), 16 (Above Cuajone mine, upper Torata River), 17 (Above Cuajone, upper
Torata River), 18 (Above Cuajone mine, upper Torata River), 19 (Titijones bog), 20 (Titijones source), 6 (Bocatoma Otora, Sajena River), 7 (Otora Bridge, Sajena River), 8 (Lower
Polobaya River), 9 (Upper Polobaya River), 10 (Lower Sajena River), 11 (Upper Sajena River). Upper Sajena and Pasto Grande Canal: 15-b (Sajena River below confluence with Pasto
Grande canal), Pasto Grande: 12 (Millohiro River), 13 (Antajarani River), 14 (Patara River), 14-b (Copapuju River).

L. de Los Santos Valladares et al. / International Journal of Sediment Research xxx (xxxx) xxx2
of Mariscal Nieto, Moquegua Region. The Cuajone mine copper
operations include extracting, grinding, and flotation of copper ore
to produce copper concentrates. This is followed by the smelting of
copper concentrates to produce blister copper, which is then
refined to produce copper cathodes (Southern Copper Corporation,
2015). This production process produces significant quantities of
molybdenum and silver. Supporting Information S1 describes the
extraction process of copper in Moquegua.

The Andean Copper porphyry deposits in southern Peru and
northern Chile are rich in Cu ores, mainly enargite (Cu3AsS4)
(Cardozo & Cedillo, 1990), encrusted in sulphide rocks such as py-
rite (FeS2, iron (II) disulphide), chalcopyrite (CuFeS2), chalcocite
(Cu2S), molybdenite (MoS2, molybdenum disulphide), galena (PbS,
lead (II) sulphide) and tetrahedrite ([Cu,Fe]12Sb4S13) (see
Supporting Information S1). Enargite contains around 48.4% of
copper by weight and during the roasting oxidation process for the
extraction of copper, most of the arsenic is volatilized and oxidized
to arsenolites (As2O3 and As4O6) with only a small fraction
remaining in the final slags (Dalewski, 1999; Long et al., 2012; Piret,
1999; Weisenberg et al., 1979) (see Supporting Information S1).
This process may lead to acid mine drainage and elevated levels of
arsenic in river water (Lengke et al., 2009).

The headwater areas are largely comprised of Puna grasslands
and bofedales, grazed extensively with Alpacas, Llamas and sheep.
Steep slopes from 3,000 to 1,500m a.s.l. are extensively coveredwith
thick scrub and grasslands. Below the Cuajone mine, extensive irri-
gation systems allow the cultivation of a wide range of crops,
including potatoes, pulses, maize along with extensive areas of
grazing land for dairy cattle. In the floodplain, below the city of
Please cite this article as: de Los Santos Valladares, L et al., Physical and che
mining and agricultural activities: The Moquegua River, Peru, Inte
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Moquegua extensive areas are devoted to viticulture, avocado or-
chards, olive groves, and pasture land for dairy farming, with little or
no small-scale subsistence production. Away from the floodplain, the
desert landscape is dominated by sparse xeric scrub, grasslands and
Tillandsia sp dominated fog vegetation. Farming in the lower
Moquegua River drainage basin uses a variety of fertilizers urea
(CO(NH2)2, containing 46 wt% N), potassium chloride (KCl, contain-
ing 60 wt% K2O), mono-ammonium phosphate (NH4H2PO4, con-
taining 10 wt%e12 wt% N and 50 wt%e52 wt% P2O5), ammonium
nitrate (NH4NO3, containing 33 wt% N and 3 wt% P2O5), ammonium
sulphate ((NH4)2SO4, containing 21 wt% N and 24 wt% S), potassium
sulphate (K2SO4, containing 50 wt% K2O and 18 wt% S), magnesium
sulphate heptahidratated (MgSO4$7H2O, also containing 16 wt%
MgO and 13wt% S), calcium triple superphosphate (Ca(H2PO4)2$H2O,
containing 45 wt% P2O5 and 15 wt% Ca) and a fertilizer called
‘compound 20-20-20’ (containing 20wt% N, 20wt% P2O5 and 20wt%
K2O). Peru does not produce fertilizers and all the above compounds
are imported from abroad, mainly from Russia, the USA and Canada
(Fern�andez Mass�o, 2003; Sihuas, 2016).

There have been no geochemical studies of alluvial sediments in
theMoquegua River drainage basin or their complex determination
by a combination of both geological conditions and anthropogenic
activity in the region. However, regional studies include the Chili
River in Arequipa which reports no impact from the Anglo Amer-
ican coppermine at Cerro Verde but significant contamination from
agricultural residues and sewage discharge in the lower catchment
(Rotting et al., 2009). A study of the Ite Wetland, initially used as
tailings dump for the Toquepala mine, operated by Southern Cop-
per in Tacna, southern Peru reports quartz, muscovite, biotite,
mical characterization of sediments from an Andean river exposed to
rnational Journal of Sediment Research, https://doi.org/10.1016/



Fig. 2. Schematic representation of the Moquegua River drainage basin and sample
sites. See Table S2.1 in the Supporting Information S2 for more sample site details.
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plagioclase, anhydrite, gypsum, and pyrite as principal sedimentary
components (Dold et al., 2006). Another study investigating colo-
nial kilns in the Moquegua valley reported exposed gypsum
(CaSO4$2H2O) deposits in places on the desert hill sides bordering
the southern part of the valley (Rice, 1994).

The traditional methods employed for sediment analysis involve
wet digestion of solid samples in hot concentrated acids followed
by trace element determination by inductively coupled plasma
(ICP) or atomic absorption spectrometry (AAS) (Crompton, 2001).
These methods are complex and time-consuming; thus, they are
less suitable to analyse a massive amount of samples collected from
large areas and at different seasons (Chapman&Wang, 2001). Here,
we report the physical and chemical characterization of sediment
samples collected from many points along the Moquegua River by
more available techniques such as energy dispersive X-ray spec-
troscopy (EDX), X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR) which have demonstrated in other
works that identifies very well feldspars, quartz, aluminium sili-
cates as well as soil macronutrients in soils and sediments
(Bustamante et al., 2012; Corzo et al., 2022). In fact, these compo-
nents together with arsenolite and high concentration of organic
components are found in many sites downstream of the river by
these techniques. This is the first attempt to investigate the
dispersion and concentration of specific trace metals in the
Moquegua River drainage basin.

2. Materials and methods

2.1. Study sites

Sediment samples were collected in the Moquegua River
drainage basin and at Pasto Grande during the period June 29, 2017
to July 6, 2017 at the sites indicated in Figs. 1 and 2. At each point,
the sediment samples were collected directly from the bed and
bank of the river. There are a total of fifty samples. Table S2.1
(Supporting Information S2) provides information about the sam-
ple sites. The sediment samples were stored in plastic containers
and sent to the laboratory for ex-situ analysis.

2.2. Sample processing and measurements

The samples were dried at 30 �C to avoid thermal oxidation,
decomposition of organic materials and phase transitions. The
powder XRD studies were performed on a Bruker D8 X-ray
diffractometer for phase identification in the 2q region between 10�

and 80�. This study was carried out using Cu Ka radiation at 40 kV
and 40 mA with a secondary monochromator. The scanning elec-
tron microscopy (SEM)-EDX analyses were performed in a Phillips
XL30 microscope equipped with an Oxford EDX detector. For the
thermogravimetry analysis, the samples were not dried nor reacted
with any solvent in order to keep possible organic components. The
natural samples were placed on alumina (Al2O3) crucibles and
mounted on a Linseis STA PT 1,600 to simultaneously measure
thermal gravity (TG) and differential thermal analysis (DTA). The
data was collected from room temperature (RT) to 1,000 �C, with a
heat rate of 10 �C/min in air atmosphere and against an empty
sample reference. Fourier-transform infrared spectroscopy mea-
surements were performed in a PerkinElmer Spectrum RX-1 by
averaging 32 scans at a resolution of 16 cm�1 in the range of
4,000e400 cm�1 using potassium bromide (KBr) pellets. The
spectra were obtained with respect to a KBr background collected
under the same measurement conditions. In order to validate the
chemical composition obtained by EDX, some sediment samples
were analysed by inductively coupled plasma-mass spectroscopy
(ICP-MS, Agilent 7900) following a reverse aqua regia digestion in a
Please cite this article as: de Los Santos Valladares, L et al., Physical and che
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CEM Mars 6 microwave digestion system. A certified reference
material (BCR-277 R) was used to assess the recovery of analytes in
the sediment samples which ranged from 77% to 111% for Cr, Ni, Cu,
Zn and As. Unsatisfactory recovery rates were reported for Cd
(182%) and Hg (2289%).

2.3. Calculation

Cluster analysis (CA) was employed to identify geochemical
and geospatial patterns and associations CA is a way of producing
a one-dimensional measure for the level of difference (distance)
between observations, and ultimately allows the creation of
groups (clusters) with small inter-cluster distances (Kazi et al.,
2009; Liu et al., 2003). Here, we employ Ward's agglomerative
hierarchical clustering method. In this method, all observations
start in individual clusters, which are then merged in order of
increasing (Euclidean) error sum of squares (McKennA, 2003;
Otto, 1998). MATLAB R2021b was used to perform the statistical
analysis and data clustering.

3. Results and discussion

3.1. Chemical and mineralogical composition

The sediment samples consist of sand with different shape and
sizes as observed in the images of the samples provided in the
Supporting Information S2. Most samples are grey in colour (typical
mical characterization of sediments from an Andean river exposed to
rnational Journal of Sediment Research, https://doi.org/10.1016/
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for silicate sands), with some white, brown, red and yellow. The
colour, shape and size of the samples depends on the chemical
composition and physical properties of each sample. Since there are
fifty samples, we provide here the physical and chemical analysis of
only one of them in detail (sample 0-a-bank). The measurements for
the rest of the samples are provided in the supporting information
sections. The micro-morphology of the 0-a-bank sample is shown in
Fig. 3(a). Similar to all the collected samples, it consists of grains with
different shapes. It was not possible to estimate the mean size of the
nanograins since they stuck together, forming a cumulus. The SEM
micrographs for the rest of the samples are given in Fig. S3.1 of the
Supporting Information S3. No significant difference was noted be-
tween the micro-morphology of the samples. However, diatoms
were observed in several samples (samples 0-a and 18; see Table S3.1
in the Supporting Information S3). These are a diverse group of
micro-organisms commonly found in aquatic environments, with
many species as important indicators of environmental conditions
suitable for the higher forms of life (Bruland et al., 2005; de Vries &
Schrader, 1981; Hutchins et al., 2002; Eppley, 1972).

The chemical composition of the samples as determined by
EDX analysis was measured for selected scan areas. For example,
for sample 0-a-bank, the EDX mapping was taken over the whole
micrograph shown in the inset of Fig. 3(a). Similarly, for the rest
of the samples, EDX analyses were taken over selected scan areas
as shown in Fig. S3.1 of Supporting Information S3. The XRD
analysis for the sample 0-a-bank is shown in Fig. 3(b). It pro-
vides information of the main mineralogical composition of each
sample. The chemical and mineralogical composition for this and
remaining samples is given in Table S3.1 (The XRD for each
sample is provided in Fig. S3.2 of Supporting Information S3). We
have arranged the results into groups determined by the principal
compounds detected.

3.1.1. Silicates
According to the EDX results listed in Table S3.1, all the

samples contain Si, Al, Ca, Na and O as the most abundant ele-
ments. This was expected since the main composition of river
sands and rocks are quartz (SiO2), alumina (Al2O3) and
aluminium silicates (xAl2O3$ySiO2$zH2O, where x, y and z can be
Na, Ca and K) (Gudbrandsson, 2013). In fact, according to the XRD
analysis, the mineralogical composition for almost all the sam-
ples contains quartz (SiO2) and sodium or calcium aluminium
silicates.

The presence of silicon dioxide (SiO2) is found in most of the
samples. It appears in nearly all the sediment samples from the
Moquegua River as quartz is the natural composition of almost all
sands, while cristobalite is a high-temperature polymorph of silica
(with the same chemical formula as quartz, but a distinct crystal
structure) (Deer et al., 1966; Frondel, 1962; le Page & Donnay, 1976;
Mason, 1972; Pluth et al., 1985). Both quartz and cristobalite are
polymorphs with all the members of the quartz group, which also
include coesite (formed at high pressure and temperature)
(Frondel, 1962; Gibbs, 1977; Sclar et al., 1962; Smyth & Hatton,
1977), tridymite (colourless and transparent quartz) (Deer et al.,
1966; Frondel, 1962; Grant, 1967; Konnert & Appleman, 1978;
Wennemer & Thompson, 1984) and stishovite (hard and dense
synthetic SiO2) (Frondel, 1962; Ross et al., 1990; Sinclair &
Ringwood, 1978). Cristobalite appears as white octahedra or
spherulites in acidic volcanic rocks. Cristobalite is stable only above
1470 �C but can crystallize and persist as metastable at lower
temperatures (Deer et al., 1966; Frondel, 1962; le Page & Donnay,
1976; Mason, 1972; Pluth et al., 1985). Note that the aspect of
almost all the samples containing either quartz or cristobalite is of
finely grained sand with a light grey colour (see photos of the
samples in Supporting Information S2).
Please cite this article as: de Los Santos Valladares, L et al., Physical and che
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The main type of aluminium silicates found in the present
samples was feldspar minerals: labradorite ((Ca,Na) (Al,Si)4O8),
microcline (KAlSi3O8), albite (AlNaSi3O8) and anorthite (Al2Ca-
Si2O8). Labradorite is found in samples from the lower Moquegua
River, the Sajena River and two sites in the upper Torata River, but
not from Pasto Grande. Note that the high amount of Ca in the EDX
analysis for these samples (more than 3 wt%for all these samples) is
because this mineral is an intermediate to a calcic member of the
plagioclase series containing 50 wt%e70 wt%of anorthite (Dana,
1898; Deer et al., 1966; Kempster et al., 1962; Megaw et al., 1962).
The crystal system of Labradorite is triclinic and it occurs as clear,
white to grey, blocky to lath shaped grains as observed in the aspect
and morphology of the corresponding samples (see photos of the
samples in Supporting Information S2).

Microcline is an alkali feldspar (or K-feldspar) and it forms
during slow cooling of orthoclase. This feldspar mineral was found
in samples 1-b bank, 4 bank and 16 bed. The small presence of Na in
the mineralogical formulas of the samples (see Table S3.1) is
because microcline is a potassium-rich alkali mineral and typically
contains minor amounts of sodium (Rickwood, 1981). Microcline
can be pale-yellow or brick-red as it is confirmed by the colour of
the corresponding samples (see Supporting Information S2).

Albite is also found in large quantities in nearly all sediment
samples. Albite is a plagioclase tectosilicate with less than 12 wt%
anorthite (Al2CaSi2O8, e.g. Sample 1-g bank presents 45.5 wt% of
albite and 12 wt% of anorthite). Its colour is usually white as can be
seen in sample 5 bed (see Supporting Information S2) where nearly
47 wt% of its composition is albite (see Table S3.1). Albite crystal-
lizes in a triclinic pinacoidal shape and it occurs in two variants
referred to as low albite and high albite (Tuttle & Bowen, 1950).
Although both variants are triclinic, they differ in the volume of
their unit cell, which is slightly larger for the high form. The high
form can be produced from the low form by heating around
700e800 �C as it is discussed in the TG-DTA analysis below.

Andesine, (Ca,Na) (Al,Si)4O8 is found as a main component
(more than 20 wt% abundance) in several samples (Sites 0-a bed, 8
bed, 11 bank, 14 bank, 14 b and 19 bank). This is a typical mineral
from soils and rocks of the Andean mountains and has its origin in
the andesite lava. Andesine usually occurs in intermediate igneous
rocks such as diorite (around 70 wt%) and syenite (less than 10 wt
%). Moreover, it characteristically occurs in metamorphic rock of
granulite to amphibolite facies and commonly exhibits antiperthite
texture. It also occurs as detritus grains in sediments (Steurer &
Jagodzinski, 1988).

3.1.2. Soil macro and micronutrients
Primary soil macronutrients include potassium, nitrogen and

phosphorus (Ajasa et al., 2004; Liu et al., 2009; Sternberg et al.,
2007a). Potassium is an essential component of plant nutrition
and is used as one of the main components of fertilizers in agri-
culture, especially in the form of potassium chloride (KCl, Sylvite)
(Dmitrenko et al., 1999; Elouear et al., 2016; Kiiski et al., 2016;
Prakash & Verma, 2016; Webb, 1939). EDX and XRD detected this
compound primarily in farming areas in the lower drainage basin
but also very widely in the headwater sample sites at Pasto Grande
and the upper Torata River. These findings indicate that the alluvial
soils of the lower Moquegua Valley naturally fertile, with most of it
now used for agriculture. High concentration of KCl has been
detected in the sites 4, 5 and 11, which are located in close prox-
imity to farms near Torata, and plants still grew on the samples
even after one week of storage in the lab (see photos of both
samples in Supporting Information S2). KCl is found in nature as
sylvite but it is also one of the main components of potassium
chloride fertilizers (Dmitrenko et al., 1999; Elouear et al., 2016;
Kiiski et al., 2016; Prakash & Verma, 2016; Webb, 1939), suggesting
mical characterization of sediments from an Andean river exposed to
rnational Journal of Sediment Research, https://doi.org/10.1016/



Fig. 3. Physical and chemical analysis for the sediment sample 0-a collected from the banks of the Moquegua River. (a) Chemical composition obtained by EDX and SEM micrograph
(inset); (b) XRD analysis indicating the main mineralogical composition; and (c) FTIR spectrum of sample 0-a. The data for the rest of the samples are given in the Supporting
Information S2, S3 and S4. (C - Carbonates, OM - Organic Matter, P - Plagioclase, Q - Quartz, W - Water.)
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that environmental levels of KCI are greatly augmented by agri-
cultural run-off.

Nitrogen is another primary macronutrient found in the sam-
ples. Nitrogen is one of the most important plant substances (it
comprises 40 wt% to 50 wt% of the dry matter of protoplasm) and
concentrates in chlorophyll and amino acids which are the building
blocks of proteins for plants (Alvarez, 2006; Barak et al., 1997;
Cerrato & Blackmer, 1990; Fischer et al., 1993; Frink et al., 1999;
Jaynes et al., 2001; Kohl et al., 1971; Ledgard et al., 1999; Zhu &
Chen, 2002). This element has been found together with K in
sites 7 and 18. Site 7 is very close to farms and N has been found
together with CO2 and di-phosphate which led us to infer that N
also comes from the rest of fertilizers such as urea, ammonium
phosphate, ammonium nitrate or compound 20-20-20 used by
local farmers. However, nitrates have been detected in samples
from site 18, located in the Torata River headwaters, in the form of
sodium nitrate (NaNO3). Note that principal nitrate fertilizers
contain ammonium (Alvarez, 2006; Barak et al., 1997; Cerrato &
Please cite this article as: de Los Santos Valladares, L et al., Physical and che
mining and agricultural activities: The Moquegua River, Peru, Inte
j.ijsrc.2022.06.002
Blackmer, 1990; Fischer et al., 1993; Frink et al., 1999; Jaynes
et al., 2001; Kohl et al., 1971; Ledgard et al., 1999; Zhu & Chen,
2002) which is commonly used in Peru (Fern�andez Mass�o, 2003;
Sihuas, 2016). Thus, the NaNO3 found in this sample most likely
originates from the headwater wetlands above this site, where it is
found bank rather bed samples (Browman & Gundersen, 1993;
Wisniak & Garces, 2001). The presence of diatoms, detected by
SEM, in the Torata headwatersmay be due to higher salinities found
at sample sites.

Secondary macronutrients for plants in soils include Mg, Ca and
S (Ajasa et al., 2004; Liu et al., 2009; Sternberg et al., 2007b).
Magnesium is as a constituent of the chlorophyll molecule, it is also
involved during reaction of the enzymes during plants nutrition
and it is very mobile from older to younger tissues in the plants
(H€ardter et al., 2005; Lixian et al., 2005; Uebel & Heinsdorf, 1997).
EDX analysis has detected magnesium together with potassium at
most sample sites at lower elevations in the drainage basin. Since
the sites of collection of those samples are located at the North and
mical characterization of sediments from an Andean river exposed to
rnational Journal of Sediment Research, https://doi.org/10.1016/



Table 1
Comparison of macronutrients amount obtained by EDX and ICP-MS for samples 12,
13, 14 and 20.

Sample ICP-MS (mg/Kg) EDX (wt%)

K Ca Mg K Ca Mg

12 869.30 342.34 578.95 1.50 0.50 0.20
12 bank 2,187.33 656.38 828.83 1.86 0.34 e

12 bed 1,306.09 416.35 785.33 0.62 e e

13 bed 3,158.98 1,079.81 3,022.38 2.23 0.55 e

14 bank 2,337.63 2,294.61 5,074.94 4.2 2.83 e

14 bed 1,138.70 859.12 2,737.02 3.82 e e

14 b bed 1,714.46 1,237.76 1,938.95 7.36 2.93 e

20 bank 554.19 1,493.28 1,090.57 3.55 6.29 1.37
22 4,229.42 22,987.32 8,289.27 2.95 4.02 2.59
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West of the Moquegua City, close to farms, we can assume that this
area is either rich in Mg or it comes from the magnesium sulphate
used by local farmers as a fertilizer. In the case of potassium, it is
one of the main components of feldspar present in the whole area
of study as it is discussed in more detail the FTIR analysis below.
However, XRD also detects natural MgO (periclase) in the beds of
sites 16 and 21 which are located to the East of the Moquegua City
at two different branches of the river (see Figs. 1 and 2). It is
confirmed that, in both cases, MgO derives from natural periclase
rather than magnesium sulphate fertilizer since this is usually
found together with iron or wüstite (FeO) (Ammann et al., 2011;
Gail & Sedlmayr, 1999; Scanavino et al., 2012; Yamazaki et al.,
2009), as it has also been detected by EDX in both samples (see
Table S3.1).

Calcium is detected in the banks and beds of almost all the sites
of study, with a high concentration (3.5 wt%e9.7 wt%) at sites lower
than 2500 m a.s.l and a low concentration (0.5 wt%e3 wt%) above
2500 m a.s.l. Note that in Pasto Grande and Torata River sample
sites above the Cuajone Mine natural Ca has been detected with
XRD. This most likely originates from labradorite, anorthite, ande-
sine or albite rather than calcium-phosphate fertilizer residues,
since this element has been found in almost all samples, including
those away from farms. The main source of this element is found in
limestone in which CaCO3 (calcite and aragonite) is a dominant
component and an important source of nutrients for plant life
(Kiiski et al., 2016). However, although CaCO3 has not been detected
by XRD (maybe due to its very low amount in comparison to the
other components), its presence in the samples is suggested by FTIR
and thermogravimetry analysis below. It seems likely that the Ca
detected comes from limestones found throughout the catchment
headwaters.

Sulphur has been detected at sites scattered throughout the
sample site network. Sulphur is hydrophobic (not soluble in water)
and it cannot be absorbed directly by plants (Ahmad et al., 2005;
Nichols et al., 1990; Rangkadilok et al., 2004; Wen et al., 2001;
Wooding et al., 2000). Commercial fertilizers contain this second-
ary macronutrient in the form of ammonium, potassium, magne-
sium or calcium sulphate (Ahmad et al., 2005; Nichols et al., 1990;
Rangkadilok et al., 2004; Wen et al., 2001; Wooding et al., 2000).
Whilst it is possible that the S found in the lower altitude
Moquegua River could come fromwaste sulphite or sulphur dioxide
as derived from chemical reactions performed at the Cuajone mine
during copper extraction (see Eqs. (S1.2) e (S1.14) in Supporting
Information S1), the highest concentrations of S are found at sites
that are higher in altitude than the mine. For example, sample 19
bank presents around 6 wt% of sulphur and it is located well above
the Cuajone mine. A similar situation occurs with sites 12, 13 and
14; they are supply rivers around the Pasto Grande reservoir and
they exhibit more than 3 wt% of sulphur. We, therefore, conclude
that sulphur detected comes predominantly from natural rather
than from anthropogenic sources. In fact, as described in
Supporting Information S1, the geology reports about Moquegua
reveal that this area is rich in sulphides formed by the reaction of
sulphide porphyry, rhyolite and andesite rocks.

The presence of manganese and iron has also been detected in
most of the samples. Both elements constitute micronutrients for
plants, but they are also likely to form alloys with other metals,
including heavymetals (Tessier et al., 1979). Manganese is primarily
detected at the lower elevation sites. As Mn is rarely found as a free
element in nature, it is most likely detected in our study as a
mineral component in our samples. This is confirmed by XRD
which detects As7Mn6RbO2 as one of themainmineral components
of samples 1-e bank, 16 bed, 18 bed, 20 bank and 20 bed. In the case
of iron, it has been detected by EDX in all the sites of study with a
major abundance in high altitude areas (sites 12, 13, 14, 16, 18 and
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20). For example, according to the EDX results, 56.87 wt% and
72.85 wt% of the elemental composition of the samples collected
from the bank and bed, respectively, from site 12 is iron (see
Table S3.1). Similar to the case of the sulphur discussed above, it is
unlikely that these elements come from anthropogenic sources
(mining or agricultural activities). It should come from iron oxides
and hydrous iron contained in the rhyolite, andesite and dolerite
which are the main rocks in the area of study (see Supporting
Information S1). For example, siderite (FeCO3) is detected by XRD
in sample 3 bed. It is diagenetic and found as sandstone close to the
warm water of the Moquegua River, similar to reports on hydro-
thermal veins in the literature (Deer et al., 1966; Effeberger et al.,
1981).

In order to validate of the quantity of K, Ca and Mg macronu-
trients present in the soils, a comparison of the weight ratio ob-
tained by EDX with the amounts obtained by ICP-MS is included in
Table 1 for some samples. Note that, in contrast to EDX analysis,
ICP-MS provides information of Mg amounts in the sample. This is
because the samples are digested in aqua regia (see experimental
section) and thus most of the components can be resolved by this
technique. In contrast, the EDX is a more localized technique. It
detects the elements localized on the surface of the sample (~1 mm
deep) inwhich therewould be lack of some elements. Nevertheless,
K and Ca macronutrients are better detected by both techniques,
suggesting that they are also distributed more in the surface of the
samples than Mg. Remarkably, for all the samples, the amount K
and Ca match well, following the same trend. For example, both
techniques reveal that the amount of potassium is higher than
calcium for most of the samples except for sample 20 which Ca is
higher than K. Since sample 20 was collected nearby Quajone Mine,
these results suggest that soil macronutrients are affected by
mining activities. See Supporting Information S4 for a more
extensive ICP-MS data of the samples.

3.1.3. Arsenic
Arsenic has been detected by EDX in samples 0-a bank (10 wt%)

and 14 bed (4.12 wt%). Arsenic scarcely exists as a pure element
because it exhibits a high affinity to form chemical bonds with
other elements (Nazari et al., 2017). The As detected by EDX analysis
in this work comes from natural enargite, abundant in the Andes as
described in the introduction and the Supporting Information S1.
This element is spread through the whole of South American by the
rivers flowing from the Andean mountains (Scarpelli, 2005). In
nature, As can exist in organic and inorganic compounds and it is
typically the inorganic ones which are more toxic than the easy
soluble organic compounds (Mandal & Suzuki, 2002). The arsenic
contained in inorganic and organometallic substances in nature
exists essentially in four oxidation states: eIII (arsine), 0 (arsen-
ic), þIII (arsenite) and þV (arsenate) (Cherry et al., 1979; Drahota &
Filippi, 2009; Nazari et al., 2017). Several studies have shown that
mical characterization of sediments from an Andean river exposed to
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most of the naturally occurring As is contained in inorganic com-
pounds (Cherry et al., 1979; Cullen & Reimer, 1989). Furthermore,
As3þ concentration exceeds this of As5þ in the permanently
oxidizing environment of surface waters and soils (Bowell et al.,
1994; Cullen & Reimer, 1989; Macur et al., 2001, 2004; Sohrin
et al., 1997). Both As3þ and As5þ are soluble in water; however,
As3þ is the most toxic of the As species (Cullen & Reimer, 1989;
Drahota& Filippi, 2009; Yang et al., 2013). In fact, As3þ is phytotoxic
and hazardous to human health (ingestion is the main route of
exposure, but inhalation can also have toxic effects) (Gallegos-
Garcia et al., 2012; Huang & Fu, 1984). As3þ also threatens aqui-
fers, streams and areas of agricultural soils (Bhumbla & Keefer,
1994; Eisler, 1994; Ettler et al., 2016; K�ríbek et al., 2016; Mok,
1994; Shibayama et al., 2010). In a similar work performed by
Bech et al. on soils and plants in the vicinity of a mine in Northern
Peru, it is reported that arsenic is absorbed by vegetation, especially
by the species Bidens cynapiifolia and Eriochloa ramose (Bech et al.,
1997). A similar situation could also occur in Moquegua; since both
plants are found on the banks of the Moquegua River.

On the other hand, arsenic is always found in areas where Cu
mining companies operate (Ashley & Lottermoser, 1999; Azcue
et al., 1995; Azcue & Nriagu, 1995; Bissen & Frimmel, 2003;
Canc�es et al., 2008; Davis et al., 1992; Foster et al., 1998; Hudson
et al., 1997; Nesbitt & Muir, 1998; Ondrus et al., 1997; Paktunc
et al., 2004; Utsunomiya et al., 2003; Williams et al., 1996) and
Moquegua is not an exception. In this work, arsenic and arsenic
forming alarsite (AlAsO4) and arsenolite (As2O3) has been found in
samples from many study sites in the lower drainage basin and the
headwaters of the Torata River, above the Cuajone mine. Arsenolite
is rare in natural environments (Drahota& Filippi, 2009). It could be
formed by the oxidation of arsenic-bearing sulphides during the
smelting of copper ores in the Cuajone mine (see Eqs. (S1.2), (S1.3)
and (S1.6) in Supporting Information S1) or by precipitation of As
from the water due to redox reactions. However, the presence of As
upstream from the mine and in parallel rivers indicates that As also
occurs naturally. Arsenolite contains As3þ (Drahota & Filippi, 2009;
Nazari et al., 2017). It has an octahedral structure and can be
associated with its dimorph claudelite (monoclinic) (Henke, 2009;
Pertlik, 1978; Treacy & Taylor, 1981). It can be distinguished as the
white dust in the collected samples in this work (see the images of
the corresponding samples in the Supporting Information S2).
Under normal conditions (room temperature and atmospheric
pressure), arsenolite is present in the form of As4O6 (dimeric As2O3)
and only above 800 �C dissociates intomonomeric As2O3 (�Slejkovec
et al., 2012) as it is discussed in more detail in the thermogravim-
etry analysis below.

Perera et al. (2021) conducted a parallel study on quality of
water in the Moquegua River system. The study showed that Torata
sites upstream of the mine are contaminated with As (14e21 mg/L),
especially sites 17 and 18. Concentration of As downstream of the
mine remained between 4 and 11 mg/L with the lowest concen-
trations just below the mine. This study suggested As contamina-
tion is most probably related to the groundwater recharge in the
region. Some of the As in sediment samples are therefore precipi-
tated from water. In that case, As is expected to present in the
surface layers of the sediment particles and represented by EDX
analysis rather than XRD. This is because EDX analysis may repre-
sent more of the surface layers (ca. 10 mm depth) while XRD probes
more into the internal structure (ca. 100 mm depth). Study of water
samples from sites 12, 13, 14 showed that water samples from site
14 contained As concentrations as high as 380 mg/L (Perera et al.,
2021), where EDX analysis above also showed 4.12 wt% As in the
river bed. This As is therefore possibly precipitated out of water on
to sediments. Another two high-altitude sites Laguna Suches and
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site 14-b also contained 21e24 mg/L As yet no As was recorded in
EDX measurements.

3.2. FTIR analysis

Sediment samples usually exhibit OeH stretching of bonding
and non-bonding water molecules and carboxylic acids from
organic compounds which can be located as a broad band around
3,430 cm�1 in their FTIR spectra (Findor�akov�a et al., 2015; Oudghiri
et al., 2014; Pereira et al., 2012). This band can overlap with the
stretching vibration of the NeH bond from amines and amides in
the range of 3,500 and 3,000 cm�1 (Pereira et al., 2012). Addi-
tionally, bands between 1600 and 1640 cm�1 in FITR spectra of
sediments can be attributed to C]O and C]C stretching from
carboxylates, amides and aromatic groups (Oudghiri et al., 2014).

The FTIR results are given in Table S3.1 of Supporting
Information S3, while the plots are given in the Supporting
Information S5. The FTIR spectrum for the sample 0-a bank is
shown in Fig. 3. The FTIR measurements show that all of the
samples have absorption bands in the ranges mentioned above.
However, the samples with a high absorption in such bands are 0-a
bank, 3 bank, 3 bed, 4 bank, 5 bank and bed, 7 bed,12 bank and bed,
and 13 bed. On the other hand, the samples with a low absorption
in the aforementioned range are 0-a bed, 1-b bank, 1-d bed, 2 bank,
6 bed, 8 bed, 12, 14 b, 16 bed, 18 bank, 19 bank, 20 bank, 21 bed, and
22. These results evidence that most of the organic matter in the
samples can be found in two regions; around Torata (samples 3
bank, 3 bed, 4 bank, 5 bank, 5 bed) and around Pasto Grande
reservoir (samples 12 bank and bed, 13 bed). It is clear that sample
0-a bank shows large absorption bands of organic compounds due
to the presence of diatoms. It is also evident that samples coming
from Pasto Grande have a higher absorption in bands between
3,500 and 3,000 cm�1, while those taken around Torata show a
higher absorption around 3,400 cm�1. This difference may be an
indication of the differences in the chemical composition of the
organic matter between the samples.

Minerals have few but more intense IR absorption bands than
most organic compounds and sediments are a composite of many
minerals (Ramasamy et al., 2009). However, the assignation and
identification of inorganic compounds is more complex than for the
organic counterpart due to thewide absorption bands and irregular
profiles (Reig, 2002). The structure of the compound plays a crucial
role in the appearance of the spectra, as compounds with the same
chemical composition but different structure will show different
spectral profiles (Reig, 2002). Related to the region below
1700 cm�1, numerous minerals exhibit their IR vibration and the
assignation of bands in composite samples is not a straightforward
task (Kovac et al., 2005). Therefore, the analysis of the spectrum and
the assignation of the minerals to the bands was performed using
the available literature (Bertaux et al., 1998; Carnin et al., 2012;
Daqing, 1999; Findor�akov�a et al., 2015; Grzechnik, 1999; Kovac
et al., 2005; Matteson & Herron, 1993; Oudghiri et al., 2014;
Pereira et al., 2012; Tang et al., 2015; Tironi et al., 2012) and the
information obtained by XRD. This leads to a non-exhaustive
identification of peaks shown in Table S3.1 of Supporting
Information S3.

The feldspar group of minerals are a common constituent of
river sediments (Ramasamy et al., 2009). The characteristic bands
are visible in different ranges according to their chemical compo-
sition and structure, type of stretching or bending modes. In the
ranges of 1,163e1,093 cm�1 and 1,039e931 cm�1, the absorption is
mainly assigned to the SieO and Si(Al)eO stretch, respectively. The
bands between 788 and 757 cm�1 can be attributed to SieSi stretch,
while the Sie(Al)eSi stretch is responsible for bands between 740
mical characterization of sediments from an Andean river exposed to
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and 669 cm�1. The bands between 650 and 580 cm�1 can be
ascribed to the OeSi(Al)eO bend. The coupling between the
OeSieO andMeO stretches corresponds to bands between 533 and
464 cm�1, while the SieOeSi deformation shows a peak around
428 cm�1 (Matteson & Herron, 1993). Plagioclase and K-feldspar
exhibit the same vibrations with only a slight difference in the total
range of each band, i.e., the presence of two or more feldspars
would produce a large overlap in the absorption bands. Therefore,
the abundance of one type in the sample would obstruct the
detection of the other one by FTIR. However, the identification of
specific bands made the determination of each type of feldspar
possible.

According to the results from Table S3.1 in Supporting
Information S3, plagioclase feldspar is present in all of the sam-
ples taken and it represents one of the major constituents in most
of the samples. Nonetheless, samples 2 bank, 3 bed, 5 bank, 5 bed, 9
bank, 14 b, 16 bank, 16 bed, and 22 do not exhibit large absorption
bands for plagioclase feldspar, while this is different for the rest of
the samples. However, the overlap of absorption bands made it
difficult to identify the type of plagioclase feldspar, e.g., labradorite,
albite, etc. Therefore, the different types of feldspar were identified
by XRD analysis above.

K-feldspars are also present as microcline and oligoclase feld-
spars. Table S3.1 indicates that microclase is present in only few
samples while oligoclase is present in almost half of the samples.
This may be an indication for a larger amount of K-feldspars in the
region surrounding Torata. However, the plagioclase feldspars and
silicon dioxide are still the predominant components in the river
sediments.

Silicon dioxide in the shape of cristobalite and quartz is also
present in several samples and several of its bands overlap with
those from feldspars. The SieO asymmetrical bending vibrations
appear in the ranges of 461e464 cm�1 and 509e514 cm�1, while
the SieO symmetrical bending vibration is in the range of
690e695 cm�1. The SieO symmetrical stretching vibrations can be
ascribed to bands in the range of 776e780 cm�1 and
795e800 cm�1, while the 1,080e1,085 cm�1 and 1,169e1,174 cm�1

absorption region arises from SieO asymmetrical stretching vi-
brations due to Al for Si substitution (Ramasamy et al., 2009).
Cristobalite and quartz exhibit quite similar absorption bands to
feldspar, with slightly different ranges and considerable overlaps.
However, the SieO bending vibration arises at 470 cm�1 and
515 cm�1 for quartz and at 491 cm�1 as a singlet for cristobalite
(Daqing, 1999). Additionally, the SieOeSi symmetrical stretching
vibration appears at 780 cm�1 and 799 cm�1 as a doublet for quartz,
which is its most characteristic vibration, and at 796 cm�1 for
cristobalite (Tang et al., 2015). However, silicon dioxide is not
detected by FTIR in only few samples. The rest of the samples show
clear absorption bands belonging to SiO2, in most of the cases due
to the presence of quartz. On the other hand, absorption bands
coming from cristobalite are found in a fewmid and upper drainage
basin sample sites. These results not only indicate the abundance of
quartz over cristobalite, but also the low content of SiO2 upstream
towards the Sajena river and upstream towards the Cuajone mine.

As mentioned in the previous section, other minerals commonly
found in sediments are arsenolite, claudite, CaCO3 (calcite or
aragonite) and other carbonates (such as MgCO3, PbCO3, etc.) for
which the absorption bands can overlap with those from silicon
dioxide and feldspars. In fact, the FTIR analysis do not show any
peak from arsenic minerals or claudelite although the XRD results
indicate a high content of them in samples from sites from the
Torata River below the Cuajonemine. In the case of arsenolite, it has
three important bands of absorption at around 1,425, 876, 716 cm�1

(Grzechnik, 1999). However, the overlap of bands with other
compounds such as quartz and cristobalite may impair the
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detection of arsenolite by FTIR and therefore it is not mentioned in
the respective column of Table S3.1. In the case of CaCO3, FTIR
usually presents absorption bands around 1,432, 876 and 713 cm�1,
while other carbonates can have additional bands at 798, 779, 729
and 690 cm�1 (Carnin et al., 2012; Findor�akov�a et al., 2015; Kovac
et al., 2005). In this work, only few samples exhibit a traceable
content of carbonates: 0-a bank, 3 bank, 4 bank, 4 bed, 6 bed, 12
bank, 14 bed, and 21 bank. This result resembles that obtained for
organic matter; most of the carbonates are obtained in two regions:
around Torata and at high altitudes near the Pasto Grande reservoir.

The FTIR analysis also determined the presence of other com-
pounds such as kaolinite (Al2Si2O5(OH)4), anorthite and siderite.
Siderite is detected in sample 3-b at around 1419 cm�1 in good
agreement with the XRD results. Anorthite is identified in samples
2 bank and 16 bank. Finally, kaolinite is a clay mineral that is pre-
sent in nearly all sample sites. In most of these cases only the
characteristic bands at around 3694 cm�1 and 3619 cm�1 arise in
the FTIR spectrum (Bertaux et al., 1998; Tironi et al., 2012). These
results suggest a low quantity of kaolinite in most of the samples,
although a more exhaustive analysis is necessary to confirm this.

A selected representative FTIR spectrum of sediment sample 0-a
bank is shown in Fig. 3(c) for the range 4,000 cm�1 to 450 cm�1. The
observed wavenumbers for all the samples are reported in
Table S3.1. The figure demonstrates that sample 0-a may contain a
considerable quantity of water (H2O) and organic matter (OM) due
to intense bands at around 3,430 cm�1 and 1,629 cm�1. The large
presence of plagioclase feldspar (P) produces an intense band
around 1,035 cm�1 and less intense bands at 583, 464, 429 cm�1.
Bands at 1,086, 777, 694, 516 cm�1 arise due to the presence of
quartz. Moreover, a slight content of carbonates produces a peak at
1421 cm�1. The results partially agree with those found by the XRD
analysis. Furthermore, FTIR analysis determines the presence of a
plagioclase feldspar, with labradorite as a probable candidate, as
determined by XRD. However, FTIR results indicate the presence of
quartz instead of cristobalite and also detect some content of car-
bonates which is not detected by the XRD.

3.3. Thermogravimetric analysis

Thermogravimetric measurements were performed in all the
samples in order to check the chemical weathering, phase transi-
tion and carbon release for all the samples. Fig. 4(a) and (b) show
the TG-DTA measurements for sample 0-a-bank. The TG-DTA
measurements for the rest of the samples are given in the
Supporting Information S6. The TG signal for the 0-a-bank sample
reveals the first weight loss of approx. 7.23% at 85.6 �C due to
evaporation of water. This high value confirms the FTIR results
above which revealed that this sample contains a high amount of
water. It also presents two more small weight losses (less than 1%)
in the temperature interval between 120 and 400 �C and at 465 �C.
The DTA loop shows four main endothermic/exothermic regions
due to internal reactions taking place when increasing the
temperature.

Table S7.1 of Supporting Information S7 lists the weight losses
(in % of total sample weight) and the temperatures at which these
occurred, obtained by TG-DTG, while Table S7.2 list the endo-
thermic/exothermic temperatures at which reactions during heat-
ing the samples occur (obtained from the DTA loops after removing
the background, see Supporting Information S7). In Table S7.1, the
temperatures were estimated from the peaks of the DTG loops
since they represent the maximum inflexion of the TG loops. Water
evaporates at different temperatures below 100 �C for all samples.
The full width at the half maximum (FWHM) of these peaks are also
listed. From the table, the lowest water evaporation temperatures
and narrowest FWHM values are found for the sediments collected
mical characterization of sediments from an Andean river exposed to
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Fig. 4. TG-DTG (a) and DTA (b) measurements of a sediment sample (sample 0-a-bank)
collected from the Moquegua River, Peru. The TG-DTA data for the rest of the samples
are given in the Supporting Information S6.
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from the banks of sites 5 (T ¼ 58.7 �C, FWHM ¼ 31.83 �C) and 11
(T ¼ 40.2 �C, FWHM ¼ 29.64 �C), meaning that water escapes easily
from both samples as the temperature increases. In contrast, the
highest values found for the samples collected from sites 12 bank
(T ¼ 92.8 �C, FWHM ¼ 117 �C) and 13 bed (T ¼ 87.2 �C,
FWHM ¼ 101.03 �C) indicate that those samples tend to retain
water until higher temperatures than the rest of samples. The
corresponding values for the sample 0-a bank are T ¼ 85.7 �C,
FWHM ¼ 80.26 �C and Wloss ¼ 7.28%, which fall inside the range of
values for the rest of the samples (see Table S7.1). Furthermore,
after the release of water, there are some other minor weight losses
which might be due to volatile organic matter (Ga�al et al., 1994;
Schnitzer et al., 1964), as we discuss below.

The information provided in Table S7.1 will be useful for a future
study that we will perform about the chemical weathering prop-
erties and erosion of soils in the Andean mountains in Moquegua
since the evaporation temperature of water, the FWHM and the
weight loss (Wloss) values provide semi-quantitative information
about the wettability and hygroscopic properties of the sediment
samples (Ga�al et al., 1994; Schnitzer et al., 1964). Hygroscopic
properties of sediments usually depend on many factors such as
salt composition, porosity, granularity, organic composition, etc.
For example, it has been reported that some salts and hydroxide
components in sediments, such as calcium chloride (CaCl2), sodium
hydroxide (NaOH), potassium hydroxide (KOH), potassium chloride
(KCl), zinc chloride (ZnCl2), etc. (Schnitzer et al., 1964), attract water
molecules making the sample more hygroscopic. Note that, ac-
cording to Table S7.1, the highest weight losses are observed for
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samples 5 bank (12.33%) and 20 bed (54.89%) revealing that both
samples contained the highest amount of water than the rest of
samples. However, no salt has been detected in these samples (see
Table S3.1) but some K which might come from KCl. If that is the
case, KCl should be the responsible for retaining water in these
samples, which is abruptly released when increasing the temper-
ature. Nevertheless, K exists in many other samples which do not
show the same behaviour. Similarly, it has been reported that
sediments containing iron quickly dehydrates when increasing the
temperature to form iron oxides (Rowell, 1994). If that is the case,
water should dehydrate more easily in those samples containing
high concentration of iron. This suggestion matches well with the
quick weight loss noted in Table S7.1 and the TG loops for samples
1-d bank, 8 bed, 10 bank, 14 bank, 14-b bed, 20 bed, and 21 bed.
However, this element is present at high concentration in most of
the samples, especially in samples 12, and none of them follow this
assumption. Therefore, the hygroscopic properties of the sediments
should be also related by other physical or chemical properties of
the samples (e.g., porosity, organic components, etc.).

Note that sand tends to store more water than rocks, thus it is
reasonable to believe that those samples with fine grains would
keep more water than those with large grains. Further studies are
needed about the grain size and polydispersion of the samples in
order to draw a better relationship between granularity and hy-
groscopic properties in these sediments. On the other hand, Ga�al
et al. (1994) proposed that water also binds on the surface of the
sediment particles by adsorption and those grains containing more
organic material bind more water due to colloid chemical forces
(Ga�al et al., 1994). This was agreed by Oudghiri et al. (2015) who
also proposed that DTG loops of sediments containing high con-
centration of organic components show a big peak at around
200e300 �C and those containing a high concentration of inorganic
carbon show a big peak at around 600e700 �C (Oudghiri et al.,
2014, 2015; Oudghiri Idrissi Youssefi et al., 2015). Note that the
DTG loops for the samples 1-f, 8 bed, 10 bank, 14 bank, 14-b bed, 20
bed, and 21 bed reveal tiny or no peaks between 200 and 300 �C
and, following this assumption, the amount of organic components
in these samples are insignificant to retain water molecules when
increasing the temperature. This result agrees well with that ob-
tained by FTIR above which suggests that these samples (mainly
collected from the highlands in Moquegua) contain low amount of
organic carbons than those collected around Torata.

Fig. 4(b) shows the DTA loop for the sample 0-a bank. The DTA
loops for the rest of the samples are given in the Supporting
Information S6. The DTA curve for this sample is quite similar to
the others but with some differences in the intensity and positions
of the endothermic and exothermic peaks (see Supporting
Information S7). For a better discussion of the thermal processes
in this and the rest of the samples, we divided it into four zones:

Zone I: The first endothermic peak shown in the DTA loops near
100 �C for most of the samples is caused by the contact of hot water
with the chemical components of the samples just before evapo-
ration (Rowland, 1952).

Zone II: The DTA loops between 100 and 300 �C show many
small endothermal and exothermal peaks which come from mul-
tiple reactions. Among them: (i) dehydroxylation, released
hydrogen reacts with oxygen from the air to form water which in
turns reacts with the surface of the sample (Brindley et al., 1967;
Palacios et al., 2012); (ii) oxidation of organic and inorganic com-
ponents which results in the release and burn of a lot of low-
molecular-weight hydrocarbons (Oudghiri et al., 2015). Ga�al et al.
(1994) reported that during this stage, gaseous hydrocarbons
(CH4, CH2]CH2, etc.) and tar are produced but only in trace
amounts (Ga�al et al., 1994); (iii) decarboxylation, carbon from easy-
volatile organic matter (highly-reactive labile carbon) is released
mical characterization of sediments from an Andean river exposed to
rnational Journal of Sediment Research, https://doi.org/10.1016/



Fig. 5. (a) Hierarchical clustering dendrogram of elements found in the sediment samples collected along the Moquegua River, Peru. The %wt of these elements were found using
EDX spectroscopy. The CCC is 0.99. (b) Hierarchical clustering dendrogram of crystals analysed through XRD for sediment samples collected along the Moquegua River, Peru. The
CCC is 0.99. The minerals are labelled the x axis A through L. These groups respectively refer to: A- Al1$45Na1$45Si0$55O4, Labradorite, Albite, Labradorite, Cuprite, Albite, Tribar-
iumaluminiumfluoride, Albite, Siderite, Albite, Microcline, Ironoxidehydroxide, Goethite, C4N5S3, Sylvite, Sodiumnitrite, Aluminium-orthophosphate, Copper (II), Iron (III),
Diphosphate, Nitrogen, Carbon dioxide, Ca2Fe0$45Mg0$55Si2O7, Cristobalite, As2TiO2, Andesine, Sylvite, Calcium, Silver-sulphate, a-Argentite, Sodium-calcium-aluminosilicate,
Anorthite-sodian, Cossaite, Hauyne, Sodium Azide, Potassium-aluminiu-morthosilicate, Anorthite; B- Henrymeyerite, Cu2Fe2Ge4O13; C- Katayamalite; D- Leucite, Labradorite; E-
Labradorite; F- Alarsite, Labradorite; G- Iron; H- Microcline; I- Cristobalite; J- Andesine; K- Labradorite; and L- Iron-vanadium-molybdenum-oxide. (c) Hierarchical clustering
dendrogram of sample sites. Clustering is based on XRD analysis. The CCC is 0.62, “b” stands for bed and “k” stands for bank, meaning that the samples were collected from the bed
and banks of the river, accordingly.
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reacting with oxygen from the air to form CO2 (Capel et al., 2006;
Lopez-Capel et al., 2006; Plante et al., 2005; Wang et al., 2011); and
(iv) some phase transitions of the components (Rowland, 1952). For
example, the DTA curve for sample 0-a bank shown in the figure
presents a small endothermic peak around 180 �C which may come
from the transition from cubic (alpha) to monoclinic (beta) of the
arsenolite contained in this sample. Similar situation occurs in the
case of samples 1-b bed,1-e bank, 2 bank, 3 bank and bed, 4 bank, 5
bank and bed, 6 bed, and 21 bank (see Table S7.2 and Supporting
Information S6). Also, the endothermic peak at around 315 �C
might reflect one the oxidation transitions of iron (Dumitru, 1976).

Burning the sample at temperatures up to 300 �C primarily re-
sults in the release of internal water from the samples and
decomposition of easily-volatile organic components generating
gaseous products, such as CO and CO2, aliphatic hydrocarbons, ar-
omatic ethers and other molecular intermediate fragments
(Oudghiri et al., 2015) which are further decomposed at higher
temperatures.

Zone III: Above 300 �C, combustion of recalcitrant organic
matter and refractory carbon occurs (Ga�al et al., 1994; Lopez-Capel
et al., 2006; Mecozzi et al., 2008; Sohi et al., 2001). The release of
CO2 increases with temperature (Oudghiri et al., 2015). This carbon
dioxide should react with the hot surrounding air to form a weak
acid leading a broad exothermal peak in the DTA loops between 350
and 650 �C and making the samples to loss some mass, as noted in
Table S6.1.

Zone IV: The DTA loops of the samples show broad shoulders
above 650 �C which is caused by either i) the release of inorganic
carbon (mainly from carbonates of Ca2þ, Mg2þ, Pb2þ, etc.)
(Rodríguez-Barroso et al., 2006); and/or ii) phase transition of some
mineral components (Lopez-Capel et al., 2006; Oudghiri et al., 2014;
Oudghiri Idrissi Youssefi et al., 2015;Wang et al., 2011). If the effect is
caused by the release of inorganic carbon, it is accompanied with a
relative high weight loss in the TG-DTG loops. For example, note that
the TG-DTG loop for the sample collected from site 3 bank (see
Supporting Information S6) shows high values of weight loss (3.19%)
at 746 �C, which is caused by volatilization of calcium carbonate
(CCaO3/CaO þ CO2), as it was also detected by the FTIR analysis
above. On the other hand, mineral phase transitions are better
detected by the formation of the sharp exothermic peaks in the DTA
plots. For example, the sharp exothermal peak on the DTA loop for
the sample collected from site 7 bed detected around 780 �C (see
Supporting Information S6) should be caused by the transition from
low to high albite (Tuttle & Bowen, 1950), while those exothermal
peaks detected above 800 �C for the samples collected from sites 4
bank and 5 bed should be caused by the disassociation of As4O6
(dimeric As2O3) into monomeric As2O3 (�Slejkovec et al., 2012).

3.4. Statistics analysis

As mentioned in Section 2.3 above, in this work we use CA to
produce dendrograms showing the dissimilarity distance between
the sample sites with respect to a reduced set of parameters of
interest. The faithfulness of the dendrogram (how well it preserves
the pairwise distance between of the original data) is given by the
cophenetic correlation coefficient (CCC) e the closer to 1, the better
the fit with the original, unclustered, data (Sokal & Rohlf, 1962).
Fig. 5(a) and (b) show the cluster dendrograms for elements ana-
lysed with EDX spectroscopy and the crystals found with XRD
respectively. The element clustering as a result of EDX analysis
provides a good estimate of the abundance of elements across all
study sites. The %wt of all elements at each site is shown in
Supporting Information S3. XRD clustering also reveals that crystals
cluster in order of abundance across all sample sites. Fig. 5(c) shows
that there is no clear clustering with respect to the spatial location
Please cite this article as: de Los Santos Valladares, L et al., Physical and che
mining and agricultural activities: The Moquegua River, Peru, Inte
j.ijsrc.2022.06.002
(see Figs. 1 and 2) of the study sites. A CCC of 0.62 is indicative that
the clustering is very poor and that correlations between study sites
are weak. Fig. 5(c) shows little evidence of clustering with respect
to the spatial location. A number of the lower altitude sites cluster
with the upper ones. The cluster analysis cannot provide significant
support that the levels of {As, As2O3} and {K, S, SiO2} are affected
by mining or agricultural activities. Therefore, further sampling is
needed for a more reliable estimation.

4. Conclusions

This study is the first attempt to identify natural and anthro-
pogenic determinants of alluvial sediment geochemistry in the
Moquegua River and Pasto Grande, in the Tambo River headwaters,
Peru. Sediment samples, collected from a comprehensive sample
site network were analysed using robust physical and chemical
techniques. Results indicate that, in addition to the natural silicate
components Si, Ca, Al, Fe and O the N, K and P residues are most
likely derived from agricultural runoff in the lower Moquegua
Valley. Soils macro- andmicronutrients found upstream come from
natural rock sedimentation, whereas downstream they are
anthropogenically increased mainly due to abuse of fertilizers by
local farmers. Furthermore, many samples contain As, which could
come from natural minerals or by precipitation of As in water
during redox reactions. The FTIR analysis confirms that plagioclase
feldspars and quartz are the main components of the river sedi-
ments and thatmost of the organic concentrates around Torata. The
thermogravimetric analysis reveals that water contained in the
samples evaporates at different temperatures below 100 �C,
depending on the amount of organic material they contain. Phase
transitions of some components such as that one from cubic (alpha)
to monoclinic (beta) of arsenolite at around 180 �C and that from
low to high albite are also detected. It was not possible to see clear
clustering with respect to the spatial location of the sample sites. In
employing a variety of physical and chemical methods and applying
a range of robust statistical techniques we have contributed to in-
vestigations into the origins, dispersion and concentration of sol-
uble residues in drainage basins in the region.
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