N
N

N

HAL

open science

Tracing source and mobility of arsenic and trace

elements in a hydrosystem impacted by past mining
activities (Morelos state, Mexico)

Aurélie Barats, Christophe Renac, Anna Maria Orani, Gaél Durrieu,

Humberto Saint Martin, Maria Vicenta Esteller, Sofia Esperenza Garrido

» To cite this version:

Aurélie Barats, Christophe Renac, Anna Maria Orani, Gaél Durrieu, Humberto Saint Martin, et
al.. Tracing source and mobility of arsenic and trace elements in a hydrosystem impacted by past
Science of the Total Environment, 2020, pp.135565.

mining activities (Morelos state, Mexico).

Hoyos

10.1016/j.scitotenv.2019.135565 . hal-02409031

HAL Id: hal-02409031
https://hal.archives-ouvertes.fr /hal-02409031
Submitted on 7 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial| 4.0 International
License


https://hal.archives-ouvertes.fr/hal-02409031
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0048969719355603
Manuscript_eda32235d5fe709f55824b16¢9730d76

Tracing source and mobility of arsenic and trace elements in a hydrosystem

impacted by past mining activities (Morelos state, Mexico)

Aurélie Barats'*, Christophe Renac', Anna Maria Orani', Gaél Durrieu’, Humberto Saint Martin3,

Maria Vicenta Esteller*, Sofia Esperenza Garrido Hoyos’

*corresponding author : aurelie.barats@unice.fr

Y Université Céte d’Azur, CNRS, Observatoire de la Céte d’Azur, IRD, Géoazur, 250 rue Albert

Einstein, Sophia Antipolis 06560 Valbonne, France

2 Université de Toulon, Aix Marseille Université, CNRS, IRD, Mediterranean Institute of

Oceanography (MI0O), UMR7294, 83041, Toulon Cedex 9, France

% Universidad Nacional Auténoma de México, Instituto de Ciencias Fisicas, Cuernavaca, México

* Universidad Autonoma del Estado de Mexico, Instituto Interamericano de Teconologia y Ciencias
del Agua, Carretera Ixtlahuaca-Atlacomulco Km 14.5 San Cayetano Morelos, 50130, Toluca, México

® Instituto Mexicano de Tecnologia del Agua, Paseo Cuauhnahuac, Jiutepec, México

Highlights
e Dissolved arsenate species are the main contaminant in waters.
e Suspended particles are a potential secondary source of water contamination.
e Organic contaminations occur in drinking waters.
e The As contamination may originate from the dissolution of sulfides by oxidation.

e TE contaminations in SPM due to oxi-hydroxides and sorption onto clays.
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Abstract

The Sierra Huautla (Morelos State, Mexico) is a biological reserve with historical mines of Ag
and Pb. In this area, waters used by inhabitants are contaminated by arsenic (As). An integrated
environmental survey was realized both in waters and sediments to better constrain the source and the
mobility of As and other trace elements. Two areas of interest were selected: (1) the Nexpa River
ecosystem to determine the local geochemical background, and (2) the Huautla area, affected by past
mining activities. This study allowed the definition of the local geochemical baseline in sediments or
in waters, demonstrated uncontaminated by TE in the Nexpa area, except for As in the dissolved phase
or for Cd in Suspended Particulate Matters (SPM). In the Huautla area, TE contents in water were
higher than the World Health Organization (WHO) limits for Al, As and Mn in unfiltered waters, and
only for As in the dissolved phase. Speciation analyses performed revealed arsenic to be present only
as the toxic-inorganic arsenate species, As(+V). In SPM, Ag, As, Cd and Zn concentrations were
higher than Sediment Quality Guidelines (SQG). The different geochemical indice (EF: 5, PLI: 3, EF:
Igeo: 5-3) demonstrated that SPM were significantly contaminated and consistute an health risk for
Huautla inhabitants exposed to As-contaminated waters and TE-rich SPM. The combination of
mineralogy, chemistry, C and S stable isotopes with thermodynamic modeling indicate dissolutions of
minerals from local geological formations, sorption-desorption phenomena from clays and oxy-
hydroxides, and the weathering responsible for the transport of the TE-rich SPM (1.8 wt% for 17% of
the total TE concentration). Moreover, the past mining activity would be a source of the contamination

only for As in waters from flooded mines.

1. Introduction

Due to mining activities, the contamination of water, soil and riverine sediments is an
environmental and health problem affecting many countries (Brumbaugh et al., 2013; de Souza et al.,
2017; Parviainen et al., 2018; Zhang et al., 2018). Generally, previously published studies on this
subject, only emphasize the diagnosis of the existing problem. On the other hand, few studies address

how these pollutants, mainly heavy metals and metalloids, are mobilized from riverbed sediments and



transported through water (Courtin-Nomade et al., 2016; Détor et al., 2014; Fawcett et al., 2015; Hiller
et al., 2012).

Mexico is one of the countries affected by this problem since the mining activity extends
throughout its territory, where environmental and human health hazards associated with mining have
been detected (Espinosa and Armienta, 2007; Espinosa et al., 2009; Marmolejo-Rodriguez et al., 2011;
Prieto Garcia et al., 2016; Talavera Mendoza et al., 2016; Wurl et al., 2014). This study is focused on a
mining district located within the limits of the Sierra de Huautla. Sierra de Huautla is also a
biodiversity reserve with a semi-arid climate. Geographical and biological surveys of the area have
already been undertaken (Garcia, 1981). Underground mines were abandoned without maintenance
and tunnels flooded. Springs, with undefined recharge area or water from abandoned mines (flowing
on tailing or flooded galleries) are used by the population as water supply for domestic and livestock
needs, and then discharged into the rivers of the region. The highest concentrations of As, F, Fe, Mn,
Pb and Cd were previously detected in various samples of ephemeral and perennial waters from
runoff, old mine and groundwater (Esteller et al., 2015), thus exhibiting a sanitary risk for inhabitants
of the town of Huautla due to these chemical pollutants in water, leading to use previously developed
household removal systems of As (Avilés et al., 2013).

The toxicity of metals and metalloids (further named trace elements, TE), their fate and
transport in the environment depend on their physicochemical forms, ie. their chemical speciation.
Their ability to be mobilized also depends on their speciation. TE included in primary minerals, co-
precipitated with secondary mineral phases or precipitated are not very mobile, whereas they are
extremely mobile under dissolved species. Changes of pH and redox potential conditions (Borch et al.,
2010; Davranche et al., 2003; Miao et al., 2006; Molina et al., 2013) related to rainfall and
temperature, or the presence in the medium of dissolved organic or inorganic ligands (Buffle J., 1994;
Pérez-Esteban et al., 2013; Yuan et al., 2007) may lead to a modification of their speciation and have
consequences on their mobility (Huang, 2002; Sterckeman et al., 2000; Zhang and Zhang, 2010).

This study describes a detailed and comprehensive assessment of the TE contamination,
including TE speciation, in waters (unfiltered water, dissolved and particulate phases) of different

natures (surface waters, springs, groundwaters) and in sediments (granulometric fractions and



mineralogy). This investigation was performed in two sampling sites: the Huautla area, affected by
past mining activities, and the Nexpa River unaffected by mining activities. The comparison of TE
contents in the aforementioned sampling sites will contribute to the identification of the contamination
source and to evaluate the level of TE enrichment according to the local geochemical baseline.
Comparing TE contents in dissolved species and SPM in water, or in larger grains of sediment, this
study will give new tools to evaluate TE mobility and reactivity, especially the role of soils, mines,

sediments, and waters.

2. Geological and hydrological frameworks and weather conditions

2.1. Geological settings

The studied area is situated in Mexico, in the southern part of the Morelos state (18°26-18°32
N latitude and 98°58-99°10 W longitude), at the borders with Guerrero and Puebla states (Fig. 1,
Table A, Supp. Info.). In the studied area, the basement consists of Paleozoic and Precambrian
metamorphosed rocks. This basement is overlapped by a carbonaceous, sandy and silty platform (the
Néhuatl terrane) deposited from lower to upper Cretaceous times (Ferrari et al., 2002; Ferrari L., 2007;
Fitz-Diaz, 2001; Fries C., 1960; Fries C., 1966; Moran-Zenteno, 2007 ; Moran-Zenteno et al., 1999;
Schaaf et al., 1995). During late Cenozoic times, the Laramide or ‘Sierra Madre del Sur’ orogeny
folded the platform (Lugo Hubp, 1990; Martiny et al., 2000). In the southeastern part of the Huautla
volcanic region, the volcanic rocks are represented by the altered Tamazola porphyry (Cerca et al.,
2007) and volcanic materials from Oligocene to Miocene times (Alaniz-Alvarez et al., 2002; Blatter et
al., 2001; Diaz-Bravo and Moran-Zenteno, 2011; Gonzalez-Cervantes, 2007; Gonzalez-Torres et al.,
2013; Martiny et al., 2000; Moran-Zenteno et al., 2004; Rodriguez-Licea, 1962; SECOFI, 1998).
These lava-flows, dikes, volcanic tuffs units, and breccia, with intermediate to siliceous compositions,
are described as the Huautla volcanic succession.

The village of Huautla and abandoned mining district host abundant hydrothermal alteration
zones, epithermal veins related to a magmatic episode during the Paleocene time (Gonzalez-Torres et

al., 2013; Martiny et al., 2000). Metallic ore-deposits of Ag, Pb, Cu, and Au are distributed along



lincaments associated with haloes of hydrothermal alteration (Esteller et al., 2015; SGM, 2008).
Descriptions of ore minerals indicate Fe-Ag-Cu-Pb-Zn-As sulfides associated with Cu and Pb-rich

carbonates, quartz and iron oxides or metal-rich mineral in rocks and soils and further transported as

metallic placer in river beds (Armienta et al., 2001; INEGI, 1983; SECOFI, 1998; SGM, 2008).

2.2. Weather and hydrography in the studied sites

In the Morelos state, annual precipitation average 1000 mm, with a wet period from June to
September (around 200 mm per month) representing up to 80 % of the annual volume (CONAGUA
database). Rainfall volumes average 60-70 mm in May or October and close to 10 mm for the other
months. Nevertheless, the studied areas can also be affected by tropical storms producing flash floods,
debris flows, particle transportation, or heat waves (such as in May to Nov. 2015). The average
annual temperature ranges from 23 to 25 °C with a mean maximum temperature of 40 °C. In the Sierra
Huautla, altitude varies from 700 to 2400 m above sea level with a warm, dry and sub-humid climate.
Temperatures vary from 7 to 27 °C during the year (meteorological stations: El Limoén, Huautla,
Jolalpa, Tepalcingo,(Garcia, 1981)) with total rainfall is about 900 to 1000 mm y™ with maximum
amounts of precipitation from July to September. In this mountain, drinking waters origin from scarce
springs or shallow aquifer systems recharged by runoff through regolithic soil infiltration (INEGI,
1983).

The hydrology of the studied area consists of small watershed basins (0.3 to 3.2 km?), as a part
of the hydrological network (RH18) and tributaries of the Balsas River (Fig. A, Supp. Info.). The
Nexpa River section, a part of the Cuautla larger basin, and the Huautla region with Quilamula River
are both going into the Amacuzac River at the border of Guerrero and Puebla states. The Nexpa River
has permanent water flow with irrigated plain or channelized allowing agriculture (Tilzapotla).
Whereas, the Quilamula River and the other small tributaries in the Tilzapotla and Huautla regions are
ephemeral and dry from November to April. Digital Elevation Model, produced SRTM (Shuttle Radar
Topography Mission) Raster image (15 m resolution) and QGIS 2.18 software was completed with the
georeferenced geological units, mining areas and fractures (SGM, 2008). Geomorphological analyzes

(Wang and Liu, 2006) of the two areas of interest (Nexpa and Huautla), altitude varying from 700 to



1100 meter above sea level, show distinct topography and hydrological characteristics. Water
produced in the Nexpa valley straight channels (km long) with low slopes (1 to 10 %) and sinuosity
suitable for deposition of fine particles or remobilizing sediments. Whereas, Huautla district has
steeper hill slopes (45 %) with potential more efficient transportation and erosion of the surrounding

soils and volcanic plateaus.

3. Sampling and analytical methods

3.1. Sampling strategy and field measurements

A previous study (Esteller et al., 2015) was performed on 16 water samples (only the
dissolved phase) from five flooded mines, three samples from dug wells and two samples from dams
used as a source of drinking water by the inhabitants of the Huautla area. The highest concentrations
of As and other toxic chemical elements (Fe, Mn, Pb, Cd) were detected in groundwater samples from
flooded mines. For the present study, new samples were collected from the Huautla area as well as
from the surrounding of the Cuautla-Nexpa River, to get a more complete picture of the local
geochemical background. Specimens of water (in the unfiltrated waters, in the dissolved phases and in
SPM) and sediments were gathered during two dry seasons, June 2013 and April 2016, and a wet
season, September 2014,

Sediment specimens were sampled from three sampling sites at the banks of the Nexpa River
(further referred to up, middle and down). Back to the lab, wet sediments were oven dried at 40 °C. A
part of bulk sediments was then sieved (scarce grains above 630 pm) and weighed to perform
granulometric separations.

In situ measurements were performed in waters: temperature, electrical conductivity (EC), pH,
Oxydo Reduction Potential (ORP), dissolved dioxygen (DO), total dissolved solids (TDS), hardness,
and turbidity. Water specimens were collected from all sampling sites. In the Nexpa River basin, they
originated from groundwater from two springs (Manantial Cascabeles, Manantial Rio Nexpa) and
from surface water from the Nexpa River (named up, middle and down). In the Huautla area, five

groundwater samples were collected: from a spring (La Presita), two dug wells (shallow detrital



aquifer) used as drinking waters (Cruz Pintada, El Vivero) and two waters from abandoned and
flooded mines (America and Pajaro Verde).

For each site, three water samples were collected: bulk waters (unfiltered water), dissolved
phases (filtrate, <0.45 pm) and SPM (particle size >0.45 um). Bulk waters contained both the
dissolved phase and SPM. For dissolved phases, bulk waters were filtered with a syringe through a
glass microfiber filters (GF/F grade 0.7 um, preliminary burnt in an oven at 450 °C) installed into a
polypropylene filter holder to collect: (1) dissolved phases for Dissolved Organic Carbon (DOC) and
Dissolved Inorganic Carbon (DIC) analyses, (2) filters for Particulate Organic Carbon (POC) and
Particulate Nitrogen (PN) measurements. Filter treatments, storage, and preservation were previously
described (Lorrain et al., 2003). For major and trace element analyses, filtrations were also performed
in a filtration unit (Nalgene, 1L) with acetate/nitrate cellulose filters (porosity 0.45 um, Millipore, pre-
cleaned in a 1% HNOs; bath for 24 h, rinsed with Milli-Q water, dried and weighted). For each
sampling date, a blank control was performed for the two filtration methods at the end of the day,
consisting of filtration of MilliQ water performed after the usual cleaning procedure (performed
between each sample). All wet filters were kept, dried under a laminar-flow in a class 100 clean
laboratory, and weighted. The quantity of collected SPM was estimated in bulk waters on the field by
turbidity measurements, and by calculation dividing the weight of deposited particles on filters by the
filtrated water volume. Due to sampling troubles, these calculations were performed only for the first
and last sampling (Jun. 2013 and Apr. 2016, dry periods) and only for waters originating from the
Pajaro Verde mine in Sep. 2014 (the wet season). Bulk waters and filtrates were also collected and
stored as previously described (Barats et al., 2014).

3.2. Granulometric, mineralogical and crystallographic analyses

Granulometric analyses and separations were performed for the first and second sampling.
Laser particle-size analyzes of bulk sediments were performed with a Coulter LS200. The particle size
distribution (2 mm to <0.3 pm) allowed the classification of sediments. Fine particles (< 2 um, clay-
size) were recovered by settling in deionized water. Particles coarser than 2 um were recovered by

sieving of 2-100 and 100-400 pm. In order to separate Fe-Mg-rich and Fe-Mg-poor minerals, grains



from the coarse-size fraction (100-400 um) went through an isodynamic magnetic separation. Further,
the mineralogy of the different size fractions was determined by X-ray diffraction and Scanning
electron microscopy.

On bulk sediments, the occurrence of carbonates was determined on 3 g of sample by pressure
calcimeter. The presence of carbonate in SPM collected on filters was also tested with HCI
effervescence. The mineralogy of the different sediment fractions was examined: in coarse grains
(100-400 um) by optical and electron microscopes; and in fine grains (< 2 pm) by X-Ray Diffraction
(XRD). Coarse grains were observed by transmitted light microscopy and grains mounted on carbon
tape or epoxy mounted and polished. Mounted grains were observed by Scanning Electron
Microscopy (SEM: EVO LS15 Zeiss) equipped with Energy Dispersive System (EDS: Oxford
detector with a silicon drift detector) at the International Atomic Energy Agency in Monaco (electron
beam 20 kV, 2.5 nA). SEM-EDS conduced to the qualitative chemistry of grain expressed as in weight
(wt. %) and atomic (at. %) of major elements in samples. Crystallographic and mineral identification
of sediments also was completed by XRD (Bruker-D5000 diffractometer; Cu K, 1, 40 kV, 25 mA
equipped with a LynxEye detector 250 s/1° 20). X-ray diffractograms were conducted in random
powder for 100 to 400 um size fractions and oriented (air—dried, ethylene—glycol solvated, and heat—

treated) preparations for fine fractions (< 2 um) and suspended particulate matters (SPM > 0.45 pm).

3.3. Chemical analyses

For sediments (bulk, <2 um, 100-400 um) and particles (SPM > 0.45 um), material was
grinded and digested with 6 mL HNOj; (Trace Metal Grade, 67 to 70% w/w, Fisher Chemical) and 2
mL HF (Ultra Trace Elemental Analysis 47-51% w/w, Optima, Fisher Chemical) in Teflon vessels in a
closed microwave system (Ethos One, Milestone, 180°C, 30 min, 2000W). The mineralized solutions
were then transferred to PE pre-cleaned tubes and gravimetrically diluted with Milli-Q water, up to a
final volume of 50 mL. After proper additional dilution, these solutions were analyzed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS Elan DRCII, Perkin Elmer).

For waters, major ions were analyzed by UV-spectrophotometry, volumetric measurements

and atomic absorption spectrophotometer. Dissolved Organic Carbon (DOC) and Dissolved Inorganic



Carbon (DIC) were determined using TOC-V Analyser (Shimadzu®); Particulate Organic Carbon and
Particulate Nitrogen (PN) using a Flash 2000 NC Soil Analyser (Thermo Scientific®). Trace elements
(TE) were measured by Inductively Coupled Plasma Mass Spectrometry (ICPMS Elan DRCII, Perkin
Elmer). Analytical procedures were previously described (Barats et al., 2014; Orani et al., 2018a;
Orani et al., 2018b; Potot et al., 2012) and their validation in solid matrices was confirmed by repeated
analyses of two certified reference materials, CRM, (MESS-2, estuarine sediment, and TAEA-158,
marine sediment). Due to their low contents in CRM, Ag and Cd recoveries were not satisfactory. Pb
measurements revealed also analytical troubles but only in the marine sediments (IAEA-158), perhaps
related to the saline matrix, which is not the case in the further studied sediment (Table B, Supp.
Info.). Speciation analyses were also performed for As in the dissolved phase of waters. An aliquot of
Ethylene Diamine Tetra Acetic acid (EDTA) was added for the conservation of As species (100 uL.
EDTA at 0.125 mol L into 15 ml of water sample), as previously recommended (Bednar et al., 2002).
Analyses were performed by the hyphenated HPLC/ICP-MS method as previously described (Orani et
al., 2018Db).

3.4. Carbon (8 Cpic) and Sulfur (8**Ssoa) stable isotopes in filtered waters

The 8"C and §*S isotopic signatures of waters were measured in carbon and sulfur dissolved
species (i.e. carbonates and sulfates, respectively) to underline processes related to the speciation of C
and S. BaCOj; precipitates were prepared on the field for 8"°Cp,c and BaSO, precipitates for 8**S o4
(Renac et al., 2009; Renac et al., 2020). These precipitates were realized with samples and blanks from
each site to estimate contamination during sampling or transportation. 8"°Cpc and 8*Sgos were
measured on CO, and SO, obtained by Dumas combustion of BaCO; and BaSO, precipitates and
analyzed by continuous flow analyses (Mass-spectrometry Elementar ISOPRIME 100 with Elemental
analyzer VARIO, ISOLAB company). All 8°Cpc and 8*Ssos values are reported in per mil (%o)
relative to international standards (V-SMOW and V-CDT). External error and reproducibility (2c) for

standards and replicates are £+ 0.1 %o for 8" Cpic, and = 0.3 %o for 8**Sso.



3.5. Data treatment

Statistical data treatments were performed with XLSTAT (version 2014.05.5, Addinsoft,
Paris, France) to realize correlation analyses.

In order to evaluate the sediment quality, three indices of contamination are used: Enrichment
Factors (EF), Geo-accumulation Indexes (Ia,) and the Pollution Load Index (PLI), as already
described elsewhere (Guan et al., 2016; Zahra et al., 2014). EF, L., and PLI calculations imply a
normalization by the concentration in a background sample. In absence of analyses of fresh volcanic
rocks and an incomplete bibliography regarding the TE compositions in the studied area, the upper
continental crust (UCC) was defined as background sample with its chemical composition (Rudnick
and Gao, 2014). EF calculations also need to define a reference element for normalization. Al, Ti, Fe,
Mn, Rb are commonly used for their conservative proportion at neutral pH (Barbieri, 2016; Salati and
Moore, 2010). Aluminum is usually chosen for its large abundance in crustal rocks and the no
contamination concerns regarding pollution (Zhang et al., 2009). However, Al contents in bulk
sediments were not measured. Consequently, Ti was used as the reference element for bulk sediments.
For other solid samples, EF were calculated using Al as the reference element. The PLI estimation
accounted for all TE (n=16) except Al and Ti. EF and Igeo are element-specific while PLI takes into
account global contribution from all investigated pollutants. The total risk assessment for a metallic
pollution will be evidenced by simultaneous: (1) EF > 5 revealing a significant enrichment of the
targeted TE; (2) I,., > 3 highlighting a strong contamination of the sediments by the targeted TE; and
(3) aPLI > 1 demonstrating a global contamination (Barbieri, 2016).

The fine fraction of sediments is recognized to be the most reactive phase due to its high
specific surface and usual high TE concentrations. Bulk sediments in the Nexpa River were composed
mainly by coarse-size fractions (further measured in part IV.1.1.). In this study, sediments were
assumed to be composed only by three fractions: fine, coarse-size Fe-Mg-rich and Fe-Mg-poor
fractions. A least square method was used to evaluate the fraction responsible for the TE accumulation
in the bulk sediments. The TE composition in sediments was hypothesized to result from TE

concentrations of each fraction and their percentage of contribution (a, 3, and y) such as:

Cbulk sediment — Ol X Cﬁne fraction + B X CFe-Mg-rich fraction + ’Y X CFe-Mg-poor fraction (1)



with the following condition: o+ 3 +y = 1.

This equation was written for each TE (n = 16), except for Al and W, respectively, not
measured and in low concentration in bulk sediments. The least square method was used to determine
the three coefficients o, B, and y. Due to the disparity of TE concentrations (especially high
concentrations for Ti, Mn for example), these mathematical calculations were performed using
normalization by the TE concentration in bulk sediments to give the same weight for the 16 equations:
1 = o X (Cfine fraction/ Coulk sediment) T B % (Cre-Mg-rich fraction/ Coulk sediment )T ¥ X (Cre-Mg-poor fraction/ Coulk sediment) (2)

In order to identify major species in solution and to calculate saturation index with respect to
minerals phases, PHREEQC software modeling was used with Lawrence Livermore National
Laboratory thermochemical database (LLnL) (Parkhurst, 2013). In a second time, mineral phases in
sediments and volcanic rocks were added to produce inverse models reflecting dissolution and

precipitation associated with water-rock interactions from rainfall to spring, river and mine drainage.

4. Results

4.1. Sediments and SPM

4.1.1. Granulometry and mineralogy

Bulk sediments contained low contents of carbonate (0.14-0.21 %) with dominant coarse-size
fractions (100-400 um: 68 to 76 Weight %) and a minor fine-size fraction (< 2 um: 0.3-1.8 Weight %).
These riverine sediments were classified as fine to medium sand with poorly to moderate sortings (Fig.
B, Supp. Info.). Among the coarse-size fraction, Fe-Mg-poor and Fe-Mg-rich- fractions represented
around 80 Weight % and 20 Weight % respectively, i.e. 54-61 Weight % and 14-15 Weight % of the
total sediment.

The mineralogy of the coarse-size fractions in sediments from the Nexpa River consisted of
amphibole (hornblende) and iron oxide in the Fe-Mg-rich grains, and mainly fragmented andesine (a
plagioclase feldspar) in the Fe-Mg-poor grains (Fig. C and D, Supp. Info). Some amphiboles presented
preserved elongated shapes with shards of glass (Fig. C, Supp. Info., part B, C) and rare epidote

grains. Some Fe-Mg-rich grains contained Ca-rich pyroxene and Fe oxide with magmatic textures



(Fig. C, Supp. Info., part D). The Fe-Mg-poor grains contained also small inclusions of Ca-pyroxene
or Ca-rich hydroxyl phosphate (apatite) (Fig. 2, part A; Fig. C, part D, E, Supp. Info.). Grains of
amphibole and feldspar showed alteration events with dissolution along cleavage (Fig. C, Supp. Info.,
part C) and polysynthetic macle (Fig. C, Supp. Info., part F). The two coarse-size fractions contained
also traces of quartz.

The mineralogy of fine size fraction (< 2 pm) and SPM from waters (> 0.45 pm) from Nexpa
and Huautla areas consisted of amorphous materials and clay minerals (Fig. 2, part C, D). In the
Nexpa, the finest fractions contained amorphous material mixed with a dominant proportion of
smectite, chlorite, biotite, quartz and a minor amount of feldspar. In the Huautla region, the fine
particles contained a dominant proportion of a not well-crystallized phase (Cruz Pintada and El Vivero
drinking waters) with kaolinite and smectite (America mine).

4.1.2. TE risk assessment in solid samples

TE concentrations measured in sediments from Nexpa River were presented in the Table 1. TE
concentrations (As, Co, Cu, Mn, Pb, Zn) were found to be lower than those previously measured in
surrounding rocks (Martiny et al., 2000), sediments collected in the Cuautla River (SECOFI, 1998),
and the Sediment Quality Guidelines (SQG) (CCME; EPA, 2015; MacDonald et al., 2000), excepted
for Mn concentrations in sediments of the Nexpa River. Enrichment factors (EF <5), Geo-
Accumulation indices (I, <3 ) and Pollution Load Indices (PLI <1) (Table 2) demonstrated that
sediments were not contaminated. Nevertheless, most TE had higher contents in Fe-Mg-rich fractions
than in Fe-Mg-poor ones, except for Al, Ti, Sr, Li, and Cs. Fine fractions exhibited the highest
concentrations of Al, Ti, Ba, Li, Cu, Rb, Cs, and similar As and Pb concentrations than in Fe-Mg-rich
fractions. Statistical analysis were performed on average TE concentrations in sediments and their
fractions to better constrain TE associations. The Pearson correlation matrix revealed two correlated
groups (r*> 0.9): the first one including Co, Mn, Sr, U and Zn, and a second one including As and Pb.
It is worth noticing that Sr was anti-correlated with the other TE, agreeing with the Sr enrichment in

the Fe-Mg-poor fractions.



Similar TE contents were found in SPM from riverine water and in fine fractions of sediments,
with some exceptions (Table 1). A specific contamination related to Cd was demonstrated (EF = 192,
Ieeo = 7) (Table 2). This Cd contamination is not correlated to any other investigated TE. With a PLI <
1, a low environmental risk were demonstrated in the vicinity of the Nexpa River, except perhaps for
Cd in SPM. SPM in waters originating from the Huautla area (springs, mines, and drinking waters)
contained TE concentrations at least 10 times higher than all sampled sediments (for Ag, As, Cd, Li,
Mo, W, and Zn) andriverine SPM in the Nexpa area (for Ag, As, Mo and Zn) (Table 1). The SQG, PLI
>1, EF > 5 and Iy, > 3 of SPM confirmed the contamination of these solids (Table 2). This
contamination is associated to As, Ag, Cd, and Zn in all SPM also, and occasionnally related to Mo

and Mn in SPM from springs and drinking waters.

4.2. Waters

4.2.1. Field measurements (physicochemical parameters)

The physicochemical parameters indicated that all waters whatever the season are slightly
basic (pH: 7.5-8.5), oxygenated (O,: 1-2 mg L) and oxidative (ORP: 100 to 400 mV) (Table C, Supp.
Info.). Their electrical conductivity (EC) ranged from 240 to 3582 pS.cm™; water temperature and
total alkalinity vary from 27 to 31 °C and 2 to 5 mmol L', respectively. The highest EC values were
measured during the dry and last sampling in Apr. 2016. Most of the physicochemical parameters
measured in bulk waters respected the guidelines for water quality (WHO, 2017). The pH and O, (%)
exceeded the WHO reference value for river waters, and EC only for spring waters from Cascabeles.
High turbidities (> 5 NTU) and SPM contents (> 5 mg L") were revealed in Nexpa River waters and
in some drinking waters, exceeding the WHO regulation limit. Turbidity values (NTU) and estimated
SPM contents (mg L) revealed a significant linear relationship (r* = 0.98, n = 16).

4.2.2. Carbon and Nitrogen contents, and stable isotopes (C and S)

Dissolved inorganic carbon (DIC) concentrations ranged between 30 to 75 mg L', with an
average value of 51 £ 15 mg L' (Table D, Supp. Info.). Dissolved organic carbon (DOC)
concentrations were lower than 6.5 mg L™, except in drinking waters (>12 mg.L™"). Particulate Organic

Carbon (POC) contents were usually low (< 0.2 to 6.31 mg L™). HCI acid tests onto SPM revealed the



absence of carbonates (particulate inorganic carbon) except from the filter originating from the Nexpa
River downstream. Consequently, the total carbon contained in waters was supposed to be the sum of
DIC, DOC, and POC. The dissolved inorganic carbon (DIC) represented the main portion of the total
carbon (usually up to 80%) compared to total organic carbon (lower than 20 % for DOC + POC). In
drinking waters, DIC contributions on total carbon were lower than on other waters (48-74%),
exhibiting a high portion of DOC (23-43 %) and POC (3-10 %). DOC represented usually more than
80% of the organic carbon. But, POC contribution could reach 30-50 % of the organic carbon in
drinking waters from “El Vivero” or in river waters (especially in the downstream part).

Particulate nitrogen (PN) revealed low content, except in drinking waters. These PN contents
were not related to the amount of dissolved nitrogen (nitrate + nitrite), but significantly correlated to
POC (PN = 0.137xPOC, r* = 0.93, n= 16). This correlation may reveal that PN is mainly under
organic matters, as particulate organic nitrogen.

The isotopic signature of carbon from DIC, 8"Cpyc, varied from -7.5 to -13.6 %o (Table D,
Supp. Info.). River and drinking water indicated 8" °Cpyc values ranging from -11.2 and -13.7 %o. The
highest values were shown by waters from mines (Parajo Verde and America, with -7.9 and -10.5 %o,
respectively) and from the Cascabeles spring (-7.5 %o). The 8"°Cpc values were not correlated to the
variations of DIC or total dissolved carbon (DIC+DOC). The isotopic signature of sulfur, 5*Ssou,
varied from 7.8 to 11 %o. Like 8"Cpyc, river and drinking waters (around 8 %o) had significant
differences with waters from the Cascabeles spring and mines (around 10 %o).

4.2.3. Major ions

The main ions contained in waters were Ca>" (84 + 66 mg L") and HCO; (222 + 84 mg L) or
SO (188 + 277 mg L) (Table D, Supp. Info.). Major ions contents in analyzed waters were
significantly higher than the local rainwater composition and respected the WHO regulation, except
for the Cascabeles sample. As previously shown with EC, waters from Cascabeles presented also high
SO,” and F~ concentrations, exceeding the WHO limits. As previously shown (Esteller et al., 2015),
waters are usually calcium and carbonate-rich type (Fig. 3). Other waters exhibited a sodium-

carbonate type such as for the America site (mines + surface draining), and a calcium-sulfate type such



as for the two springs named Cascabeles and Manantial Rio Nexpa, and surface waters (dry periods or
downstream). During dry periods (June 2013 and April 2016), SO,> concentrations in waters
increased from the middle to lower part of the Nexpa River, until a change of the water nature from a
calcium-carbonate to calcium-sulfate type. This change along the river runoff may be explained by
water inputs of sulfate-rich waters, such as these two sulfate-rich springs.

4.2.4. TE risk assessment in waters

TE concentrations in bulk waters were presented in the Table 3. TE concentrations were lower
than the WHO or Mexican limits, except for Al, As, and Mn. After filtration, Al, Pb, Mn, Zn and Cu
concentrations measured in the dissolved phase of waters revealed significant lower contents,
respecting quality regulations except for As and occasionally Mn in El Vivero drinking waters. This
result agrees with the previous study which detected no contamination of Cd, Pb, and As in water
samples (dissolved phase) collected in dug wells (Esteller et al., 2015). The study of TE proportions of
dissolved species in waters revealed low dissolved contents of Al (17%), Pb (44%), Mn (52%), Zn
(52%) and Cu (59%) (Table 4). These results demonstrate that SPM contain large amount of these TE.
On the opposite, other TE occurred mainly under dissolved species: up to 70 % of the total content for
Li, Ti, Co, Cd, Cs, and Ba and more than 90 % for As, Rb, Mo, Sr, Ag, W, and U. PHREEQC
calculations indicated a main occurrence of TE under dissolved species in waters (cations, anions or
complexes), except for Pb, Cu, and Mn as carbonates and Al, Zn and Ti as hydroxides (Table 3). This
estimation confirmed the TE repartition between the dissolved phase and the particulate one, with
higher Ti, Mn, Cu, Zn and Pb contents in SPM. This model reveals also second dominant species
under sulfate forms, which is also in agreement with the sulfate-rich type of some waters.

Due to its environmental concern, a detailed study on As and its speciation was performed
(Barats et al., 2016). Seasonal and inter-site variabilities of As concentrations in water were evaluated
(Fig. 4), as previously perfomed in another hydrosystem (Barats et al., 2014). In the Nexpa River, As
concentrations were close to 10 pg L™, with higher contents during dry periods (June 13 and April 16).
During the dry periods, As concentrations increased from the upstream to the downstream river. Two
springs, far away mining activities and with a sulfate water type, exhibited high As concentrations : 30

pg L' of As in Manantial Rio Nexpa, and 20 pg L™ in Cascabelles. The increasing As and SO,*



contents in river water noticed during the dry period may be related to decreasing runoff and an
increasing lateral flow of the mentoned springs . In the Huautla region, potentially affected by mining
activities, very high As contents were measured: ranging from 80 to 160 ug L' for waters from two
mines, and from 44 to 51 pg L™ for waters from a spring (La Presita) (Table 3). Similar high As
contents were reported in waters from these two mines: 29-190 pg L™ for Pajaro Verde mine ; 85-127
ng L for America mine (Esteller et al., 2015). In drinking waters, As concentrations were lower than
10 ug L™, except in Cruz Pintada in June 2013 (12 pg L™"). A seasonal variability seemed to occur
with higher As concentrations during dry seasons, except in waters from springs and from the Pajaro
Verde mine. Similar to the Nexpa river, this variability may be related to an increasing proportion of
spring waters in the river while runoff decrease.

As speciation analyses performed by HPLC-ICPMS on the dissolved phases of waters
revealed the unique occurrence of arsenate species. PHREEQC thermochemical calculations, lead with
in-situ physicochemical conditions (7 < pH < 9 and 100 mV < ORP < 400 mV), showed the
occurrence of HAsO,> anions, which agrees with experimental measurements of the unique arsenate

species.

5. Discussion

5.1.  Origin of the TE occurrence in sediments

In order to unravel source of TE and their mobilty, the background mineralogy and TE
enrichment in sediments was preliminary related to mineral phases coming from the surrounding
rocks. Feldspars, pyroxenes, amphibole, volcanic glass observed in sediment, weathered volcanic
rocks forming clays, oxides or transported grains such as carbonate, quartz from the upstream Cuautla
region.

The chemical contribution of each sediment fraction (fine fraction: <2um, Fe-Mg poor and
rich fractions) to the global TE composition was evaluated by the least square method. The accuracy
of the method was proved with the significant relationship between the estimated TE concentrations

and measured concentrations (n= 16 elements, 1> = 0.9996, C cyimaed = 0.8667 C peasured). The



proportions calculated by fitting eq. (2) turned out to be the following: o= 17.0 %, B =41.7 % and y =
41.3%, while their weight proportions were 0.3-1.8 Weight %, 14-15 Weight % and 54-61 Weight %,
for the fine, Fe-Mg-rich, and Fe-Mg-poor fractions, respectively. The sum of Fe-Mg-rich and Fe-Mg-
poor fractions represents the dominant reservoir of TE in sediments (8 + v = 80%). The contribution of
the fine and the coarse-size Fe-Mg-rich and Fe-Mg-poor fractions to the TE enrichment in sediments
(calculated as the fraction: proportion of TE contribution % / Weight fraction proportion%) were at
least 3 (=17/1.8), 9 (=41.7/15), 0.7 (=41.3/61) times higher than their occurrences. This result
demonstrates that the fine and the coarse-size Fe-Mg-rich fractions are the main responsible of TE
enrichments in the sediment.

The Fe-Mg rich fraction with pyroxene, amphibole, iron oxides and micas (Fig. 2 and C,
Supp. Info.) are well known minerals with high Al, Fe, Mg, and Ti-contents (Deer, 2003) or other TE
such as Co and Mn (pyroxene), and Zn (oxides) (Deer, 1997), in agreement with a statistical analysis
revealing significant positive correlations between these TE. Fe-Mg-poor fractions contained
dominant feldspar crystals (Fig. 2 and C, Supp. Info.), recognized to be enriched in Al, Sr, Rb (Deer,
2001), in agreement with significant negative correlations observed between Sr and the Co/Mn/Zn
group. Fine fractions (< 2 pm) were demonstrated to contain clays and amorphous matters and to be
TE rich. This TE enrichment may be supported by large specific surface of clays amorphous material
combined with sorption processes (As) related to amorphous oxy-hydroxides of Zn, Mn, Al, Fe, As
(Appelo, 2005; Christensen, 1984; Dzombak, 1990; Uddin, 2017). Sulfides were not observed in the
different fractions of the sediment, but known to occur in local mines (exploited for Ag, Cu and Pb
sulfides). They are also recognized to contain large amounts of As (Bowles J.F.W., 2011), which
would argue with the significant positive correlation between As and Pb. These minerals probably
occur under trace amounts, and may contribute to dissolved and particulate TE enrichment in

sediments.
5.2. Origin of waters and their contamination

The majority of waters are of carbonate-rich type (Nexpa and Huautla) with dominant carbon

species under DIC (ca. 45-83 mg L), low TOC contents (< 18.3 mg L") and negative 8" Cp;c values



(from -13.9 to -7.9 %o). This water chemical composition indicates either the dissolution of inorganic
carbonates in sediments from the carbonaceous platforms located in the upstream Nexpa basin and not
occurring in Huautla-Quilamula basin (Armienta et al., 2001; Esteller et al., 2015), or the
mineralization of organic matter in soils. Except for drinking waters, DOC values in sampled waters
are typical of rivers and lakes (Kalbitz et al., 2000; Thurman, 2012), suggesting that there is not
organic contamination. The chemical composition of waters from the Nexpa River is suggested to be
the local geochemical baseline, with a high background for As (around 10 pg L™). This water
signature is suggested to derive from natural geochemical processes due to the water-rock interaction.
Waters from the Nexpa River were demonstrated to contain also high SPM contents, which were not
contaminated (PLI=1). The mineralogy of their SPM (amorphous + clays: dioctahedral smectite and

Cd enriched) suggested that they are produced by weathering of volcanic rocks.

In this Mexican zone, the first trouble concerning the water contamination was demonstrated
to be related to arsenic. This metalloid was found to occur in waters under dissolved species, as
arsenate anions HAsO,>, one of the most toxic species for humans (Cullen and Reimer, 1989; Hughes,
2002; Sakurai, 2002). As is supposed to originate either from desorption processes from clays,
dissolution of oxi-hydroxides (Dzombak, 1990), or the oxidation of As-rich sulfides (Bowles J.F.W.,
2011). In this study, As contaminations occurred in the dissolved phase of waters from springs and
mines. The calcium-sulfate type of As-contaminated springs (Cascabeles and Manantial Rio Nexpa),
far away from mining activities, argues with natural water-rock interactions related to the oxidation of
sulfides in mineralized veins of the local geological formation, leading to sulfate- and As- rich waters.
The other As contaminated waters (in the Huautla area) had a calcium-carbonate type, deriving from
rainfall/volcanic rocks or sediment interactions. The As origin is probably related to mining activities
due to the direct contact of recharge water with exploited minerals or operating mining residues. For
these waters from flooded mines, the oxidation of sulfides were previously supposed to be the cause of
As contaminations (Esteller et al., 2015). As sulfate and As in waters can present a potential common
origin, the 8**S s04 values were determined. The 8°*Sgo, values of water from 7.8 to 11 %o confirm that

dissolved sulfate do not derive from marine sulfate salts (gypsum or anhydrite; > +20 %o; (Raab and



Spiro, 1991) but rather from continental sulfate minerals (+3 to +11 %o; (Risacher et al., 2011). The
geological context suggests that sulfates derived either from volcanic S (sulfate minerals such as
gypsum, anhydrite found in the upstream Nexpa basin) or sulfides oxidation (galena or sphalerite of
the mines). Even if no 8°*S values of sulfides are available in the literature for the Huautla region, the
comparison of 8**Ssos (-7 to +3 %o; (Dotor et al., 2014)) with 8**Suifde values from Taxco mines (close
to Huautla with similar volcanic context) (Camprubi et al., 2006), considered as analogous of the

Huautla, suggest an abiotic oxidation of sulfides with higher 834Ssu1ﬁde values in Huautla than Taxco.

The second contamination trouble concerns drinking waters, threatened by both organic
contamination and high SPM contents (Tables C and D, Supp. Info.). First, organic contamination
were revealed by Total Organic Carbon contents (TOC= DOC+POC > 13 mg L") above the European
norm (2 mg L), but mainly under DOC and in a lower extent under POC (30-50%). This organic
contamination are suggested not to be related to anthropogenic activities (low-inhabitant density), but
rather to autochthonous degradations of organic matters or adsorption of DOC in mineral soils
(Ramanathan and Carmichael, 2008). Second, large amounts of SPM also threaten the quality of these
drinking waters. These SPM contained amorphous materials and scarce clay minerals and they were
enriched with TE (PLI > 3, Table 2). This TE enrichment in SPM is probably related to sorption
processes onto clays (As) or the occurrence of amorphous TE-rich oxy-hydroxides (Appelo, 2005;
Christensen, 1984; Dzombak, 1990; Uddin, 2017). The occurrence of TE-rich SPM threatens the

water quality due to their high toxicity.

5.3. Fate and dispersion of the contamination

Information concerning erosion and particle transportation in this sub-arid area are not
available. However, the hydrological study of this Mexican zone performed with QGIS software
revealed contrasted features. The low slopes (1 to 10 %) in the Nexpa area are suitable for deposition
of fine particles or remobilizing sediments and on the opposite, steeper slopes (45 %) in the Huautla
district facilitate the erosion of surrounding soils and water transportation. In this Huautla district,

great attention has to be paid during wet periods when the erosion or water transportation may be



enhanced, because SPM from mines and springs were demonstrated to be highly contaminated by TE
(enriched with Ag, As, Cd, and Zn, PLI > 3, Table 1 and 2). For the 3 sampling, these waters
contained low amounts of SPM, but larger amounts of SPM may occur during wet periods and may
conduce to the dissemination of these contaminated SPM in the downstream Quilamula River and to
subsequent relevant sanitary troubles.

TE enrichment in sediments and in SPM from waters may be a second source of
contamination because TE may be transferred from these solid phases to dissolved phases of waters.
Fine fractions and SPM, enriched with TE, are very reactive to changes of physicochemical conditions
(such as pH, Eh...). Their stability was tested by PHREEQC modeling to estimate their potential
dissolution or precipitation. Minerals were selected based on their presence in sediments, local
basement rocks (feldspars, pyroxenes, amphibole, volcanic glass, oxides, carbonate = aragonite,
calcite, dolomite, magnesite, and quartz) and SPM (amorphous materials, kaolinite, smectite =
saponite, nontronite; oxi-hydroxides = diaspore, anatase) (Fig. 2). Saturation indexes of water in
equilibrium with these minerals revealed undersaturated water with respect to minerals such as
andesite (feldspar, amphibole, pyroxene, sulfide), weathering or hydrothermal phases (kaolinite,
saponite, nontronite), and in ore minerals (sulfide). These mineral phases (such as TE-rich sulfide and
pyroxene) may thus contribute to TE transfers from the solid phase to the dissolved phase. Waters
were also found oversaturated with respect to other minerals such as Al-Fe-rich smectite, illite-
muscovite, kaolinite, dolomite, calcite, and Al oxy-hydroxides (gibbsite, boehmite, diaspore). On the
opposite, these minerals (such as clays and oxi-hydroxides)may precipitate and and as a consequence,
partially or totallly adsorb TE.

A hydrochemical thermodynamic modeling was used to estimate the transfer events
(precipitation or dissolution) between water and minerals from sediments or rocks. The calculations
used major elements composition of water (Table D, Supp. Info.), mineral phases previously identified
(part 4.1.1.) and let free to dissolve or precipitate. Different waters were investigated: the upstream
Nexpa River, drinking waters from Cruz Pintada or rainfall (Baez et al., 2006). In the Nexpa River,

local water/rock interactions (from the upstream to downstream sampling sites) were demonstrated not



to occur, suggesting rather than the water chemical composition inherited from the upstream Nexpa
basin.

Hydrochemical calculations were then performed to estimate the chemical composition of a
water resulting from the interaction of rainfall and local minerals, compared to 2 local waters: Cruz
Pintada drinking waters (As-poor, SPM-rich and sulfate-poor), La Presita spring waters (As-rich,
SPM-poor, sulfate-poor). Three chemical and mineralogical conditions were applied: (a) the
preferential dissolution of pyroxene compared to feldspar and clays in natural systems (all different
type Ca-Mg-Fe pyroxenes must be under saturation); (b) Na-K feldspar can be in equilibrium, but Ca-
feldspar must dissolve; (c) clays (Al-Fe smectite: Ca-or Na-saponite or nontronite) must precipitate or
dissolved simultaneously. Among the thirteen solutions satisfying these three conditions, no solution
involved the dissolution or precipitation of pyrite, which is in agreement with the neutral pH.
Calculations suggest that source of sulfur in water are due to the dissolution of gypsum. These models
indicate that Ca, Mg, Na, Si, P, F and CI contents of waters derive from rainfall for Cl, the dissolution
of gypsum, Na-Ca-feldspar, Ca-Mg pyroxene (Na, Ca, Si) and fluoroapatite (F, P), balanced by the
precipitation of kaolinite and Ca-rich smectite (Si, Al, Ca, Na). The K-feldspar source of K is also
undersaturated, but dissolved in smaller proportion compared to gibbsite and quartz (equal molar
proportion). These calculations indicate that dissolution-oxidation of sulfides (ore minerals) aren’t
necessary to produce the water chemical composition of Cruz Pintada. The Cu-Pb-rich SPM in Cruz
Pintada waters (SPM-rich and sulfate-poor) were interpreted as derived from the dissolution of
carbonates. For La Presita spring (As-rich, SPM-poor, sulfate-poor), calculations indicate rather the
potential dissolution of sulfides and the subsequent As-sorption/desorption processes onto

oxyhydroxides or clays.

6. Conclusions

In this study, a local geochemical baseline of water quality was defined in this Mexican, which
is of great interest for further environmental surveys. Water contaminations were demonstrated to be

related either to the occurrence of dissolved As species, or to organic contamination and large amounts



of SPM enriched with TE in drinking waters. This study suggests three geochemical processes
involved in the water contamination, none of them resulting directly from mining activity except for
the case of water samples from flooded mines. The main identified processes were: 1/ oxidation of
sulfides explaining the As contamination (natural or related to past mining activities) under dissolved
species in water from springs and mines, 2/ natural degradation processes inducing organic
contaminations in drinking waters, and 3/ natural processes of weathering and transport of TE-rich
SPM due to the occurrence of clays and oxy-hydroxides. For waters from flooded mines, the As
contamination is probably enhanced due to past mining activities. Finally, thermodynamic calculations
demonstrate that transfer events could occur between minerals and waters: for example, the release of
dissolved As from the dissolution of sulfides and subsequent As sorption/desorption processes onto
oxyhydroxydes or clays, or Cu and Pb rich SPM in waters probably deriving from the dissolution of
carbonates. This study thus confirms a significant human risk exposure to TE poisoning, and as well as
a relevant sanitary hazard for inhabitants living in the Huautla district. This study give also new clues
to reduce the sanitary risks: reducing suspended particles in waters or removing specific dissolved

compounds.
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Figure 1 : Map of the sampling area in the Morelos state (Sierra Huautla, Mexico) with the
simplified geological features (SECOFI, 1998; SGM, 2008) and the large watershed basin of

the Rio Balsas.



A [c]
. _ smectite (AD)
Andesine 95% Rio Nexpa or mixture smectite-chlorite quartz
- i up 1 (001) 1
= A . . -
2 =
2 ! 5 smectite-chlorite
[ Andesine 95% Rio INEXDB =r, (002)
= middle -]
£ A S illite/micas traces of feldspar
£ (0071)
Andesine 85% Rio Nexpa <
+ quartz low 10% down
- T, 0 OV T 8
3 13 23 33 43 53 63
o 2 7 12 17 22 27
ZthetaCu K, ° 2theta CuK , ,,
hornblende
-E + andesine Rio N
io Nexpa
up smectite (GL) tfrace - quartz
a P VO VYR 1(001) of chlorite silica amorphous
5 homblende E
> + andesine Rio Ne S
[ Xpa
% + quartz middle E‘
R e e d
< homblende 8
+andesine : <
+Fe-oxides Rlzy\:nxpa
. L TN \ k L
3 13 23 33 43 53 B3
N 2 7 12 17 22 27
2theta CuK, ,, ° 2theta Cu K, ,,

Figure 2 : X-ray diffractograms of different fractions of sediments from the Nexpa River of
the first sampling: A) the coarse size Fe-Mg-poor fraction, B) the coarse size Fe-Mg-rich
fraction, and the fine size fraction (< 2 um) C) air-dried oriented preparation and D)

glycolated oriented preparation to evaluate the amount of swelling clays (smectite).



100

80 '-‘-"’...;:
cabeles X

‘Cas

Cascabeles

£
100 &80 &0 40 20 20 40 &0 80 100
Ca?* Na*+ K* HCO, + CO,* Cl'+F
& Fivar, diinking watar
. ) fivier, drinking wales
8 mine drainage {Esteller e 8l 2015}
& mineral spring ming dranage
La Prasga [Esteller a4 al., 2015}

E=]

and Cnu Pintads
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Figure 4 : Variations of As concentrations in bulk waters (total As) and in filtered waters
(dissolved As) according to sampling sites and sampling dates. The bar lines show the
standard deviation on analytical measurements (n = 3). The initial DW represent drinking

waters.



Table 1: Average chemical composition of sediments, their fractions, and Suspended

Particulate Matters (SPM) collected in this study compared to Upper Continental Crust

(‘Rudnick et al., 2014), local rocks ("Martiny et al., 2000) and sediments from the East of

Huautla district (‘(SECOFI, 1998), and freswater Sediment Quality Guidelines (SOG)

from ¢ U.S. Environmental Protection Agency EPA or ° the Canadian Council of

Ministers of the Environment. For the data measured in the present study, the expanded

uncertainty (k=2) was estimated as 10%.
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n 9 6 6 6 6 4 4 5

Al - 89386 51167 82000 | 96731 27471 46230 25876 | 81500 | 66125° -

Ti 4454 5243 3173 3988 | 3317 1786 978 958 3836 5700° -

Mn 627 631 836 102 574 200 11685 1049 774 | 950°/561° 460°

Rb 20.3 27.2 16.6 9.43 39.7 27.0 21.8 27.8 84 42.8° -

Co 18.9 20.0 29.3 3.23 7.31 8.52 7.67 2.68 17.3 - 50°
7, Cu 15.4 41.2 25.0 8.70 15.5 31.1 20.9 56.3 28 29° 31.6%35.7°
o Cs 1.23 3.16 0432 0503 | 272 3.81 2.15 2.56 4.9 - -

E w 0.036 0432 0651 0414 | 0580 1.16 0389  1.26 1.9 - -
g U 1.02 1.06 1.25  0.490 | 0.597  2.08 2.03 1.08 2.7 - -
B Sr 338 280 209 452 505 1429 254 360 320 426° -
£ Ba 225 527 203 177 202 92 4395 161 628 389° -
§ Pb 5.00 7.68 7.60 4.26 6.54 9.98 4.54 88 17 54.4° 35.8%/35°
8 n 87 109 131 23 106 13243 2658 5458 67 - 121%123°

Li 19.2 413 11.6 18.9 46.4 183 160 74.0 24 - -
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cd <0.5 <0.5 <0.5 <0.5 20.5 110 30.4 18.9 0.09 0.8° 0.99%/0.6°

Ag <0.5 <0.5 <0.5 <0.5 <0.5 11.3 6.83 450 | 0.053 - 1°




Table 2 : Assessment of pollution level in sediments, their fractions, and Suspended

Particulate Matters (SPM) estimating Enrichment Factors (EF), Geo-Accumulation

Index (l4e0), Pollution Load Index (PLI).
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Table 3 : Trace element concentrations in bulk waters (ug L™) compared to the local

rainwater (at Cuernavaca City : Garrido et al., 2017), the Mexican Standard (NOM-127-

SSA1-1994) and World Health Organization (WHO) limits. The symbol S1, S2 and S3

stand for the first, second and third sampling. All TE value above the WHO limits were

underlined. For the data measured in the present study, the expanded uncertainty (k=2)

was estimated as 5%.
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Table 4 : Proportion of dissolved trace elements in bulk waters (%). TE proportions are

calculated dividing the TE content in the dissolved phase by the TE content in bulk

waters. The symbol S1, S2 and S3 stand for the first, second and third sampling.
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10 10
Cascabeles S3 71 40 86 53 0 57 74 93 96 99 99 098 0 96 85 95 83 95
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Manantial Rio Nexpa 10 10 10 10 10 10 10 10 10
s1 o " o 76 0 - 50 99 0 o0 o - 0 96 83 96 o o
. 10 10 10 10 10
Rio Nexpa up S1 86 1 28 8 46 72 11 0 93 97 0 - 0 75 0 79 6 0
Rio Nexpa up S2 83 - 30 20 66 53 23 98 98 95 100 100 27 77 100 98 4 100
. 10 10 10 10 10 10 10 10
Rio Nexpa up S3 0 7 8 71 0 97 60 0 0 99 0 86 58 90 0 0 82 0
Rio Nexpa middle S1 o 87 4 34 24 59 98 46 97 95 100 100 - 25 72 100 86 10 100
(V]
©
Rio Nexpa middle S2 3 86 - 24 14 51 42 41 10 98 94 1010 54 74 10 88 3 10
o 0 0 O 0 0
. . -3 10 10 10
Rio Nexpa middle S3 0 1 70 56 92 88 57 99 97 99 97 73 58 86 0 97 64 0
Rio Nexpa down S1 98 1 23 13 33 34 14 90 92 92 100 - 100 56 100 71 3 100
Rio Nexpa down S2 86 - 26 19 65 46 25 99 98 95 163 100 56 79 365 27 10 100
Rio Nexpa down S3 100 3 42 25 84 62 28 95 97 98 100 73 64 79 100 96 57 100
Average (%) 87 17 70 52 76 59 52 96 96 98 97 94 76 84 93 77 44 96
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