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Abstract: The San Juan-Taxco River system is situated in the Taxco mining district, which is a well-
known international producer of silver, jewelry and precious metal handicrafts. The population and
biota in the area have been affected by inappropriate disposal of anthropogenic activities that pol-
lute the hydric resources and threaten their health and sustainability, since the inhabitants use the
groundwater and river water for human consumption, domestic water supply and irrigation. This
study was conducted to assess the pollution in the river system, human health implications and
ecological risk in the aquatic environment (groundwater, surface water and superficial sediment).
This evaluation was done on the base of hydrochemical, textural, mineralogical and geochemical
analysis supported by calculation of human health risk using chronic daily intake (CDI), hazard
quotient (HQ) and hazard index (HI) with environmental and geochemical indices for ecological
risk evaluation. The health risk assessment indicated increasing non-health carcinogenic risk to the
exposed population to the river water and dug wells (HI > 1), and thus, these resources are not
recommended for human consumption, domestic activities and prolonged ingestion. The results
demonstrated a high degree of pollution due to toxic elements and geochemical indices. The Pollu-
tion Load Index indicated potential risk that will cause harmful biological effects in the riverine
environment.

Keywords: PTE; water quality; health risk assessment; ecological risk assessment; sediment;
contamination factor; pollution load index; enrichment factor

1. Introduction

Potential Toxic Elements (PTE) pollution in the fluvial system is one of the major
threats for aquatic life and human population due to the abundance, persistence, inherent
toxicity, non-degradability, ubiquity, bioaccumulation and biomagnification in the food
chain [1-3]. The concentration of these toxic elements as heavy metals has increased in the
environment due to their anthropogenic inputs. Numerous rivers and aquifers have been
polluted with PTE from industrialization processes and mining activities, especially from
the inappropriate disposal of wastewater and mine tailings, resulting in negative effects
[4,5]. PTE persist in the environment and can remain for a very long time; they can poten-
tially accumulate and concentrate in aquatic organisms and cause serious harms and fi-
nally exhibit high toxicity and bioaccumulation features. A toxic effect is directly linked
to human health through the food chain and drinking water resources [6-8].
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Risk assessment is a method of evaluate the impacts of pollutants [9] and can be sep-
arated into human health risk assessment and ecological risk assessment according to the
different protection targets [9,10]. Several studies have developed an integral assessment
of water quality linked to human health and potential risks posed by PTE in aquatic envi-
ronments [8]. Some PTE, such as Cu, Co, Zn, Fe, Ca, Se, Ni and Mn, are beneficial to hu-
mans at low concentrations, but intake of some others, namely As, Cd, Pb and Hg, are
highly poisonous to humans, even at a low concentration. Human health risks will be
increased due to the intake of excess PTE contents through three pathways: inhalation,
oral ingestion and dermal absorption; the ingestion and dermal absorption routes are con-
sidered as more common for the accumulation of those toxic metals into the human body
[5,11]. Many studies have focused on the ecological risk assessment of PTE in sediments
[2-4,6,7,12,13]. Sediments are an appropriate indicator of fluvial ecosystem health due to
its main role in transport and storage of pollutants and its peculiarity to release them to
the water column [3].

The San Juan-Taxco River system (Guerrero, Mexico) represent a key resource in
terms of providing water for drinking supply, agricultural activities and ecosystem ser-
vices [14-16]. The mining industry, the increase of jewelry and handmade manufacturing
workshops and population growth have caused serious pollution in this area [14,17]. Sev-
eral studies in the region refer the presence PTE as Pb, As, Zn and Fe in the San Juan-
Taxco River that exceeded the aquatic life criteria and the presence of Pb concentrations
in human blood [14,16-18]. However, these studies have not integrated the effects from
sediment, river water and groundwater on human health. There has not been performed
a human health risk assessment or an ecological risk assessment and they can be consid-
ered diagnostic studies. Therefore, the difference of this investigation is to obtain a com-
plete perspective of ecological and human health risk and impact of mining and jewelry
on the San Juan-Taxco River system to improve the hydric management.

The specific objectives of this study are as follows: (1) to analyze the pollution status
by PTE in the water and sediments of the San Juan-Taxco River system; (2) to assess the
health risk in two population groups (adults and children) using the chronic daily intake,
hazard quotient and hazard indices in river water and dug wells; (3) to evaluate the eco-
logical risks using geochemical indices. This study provides a more profound comparison
of PTE pollution in this river system for health risk assessment and the basis for better
resources management from an ecological health perspective.

2. Study Area

The San Juan-Taxco River system belongs to the Middle Balsas Basin [19]. It is located
in the Taxco and Iguala municipalities in the northern part of the state of Guerrero within
the mining district of Taxco (Mexico) Figure 1. In Taxco, the climate is warm and sub-
humid with an annual average temperature of 21.9 °C; the warmest month is April with
a mean temperature of 24 °C and the coolest month is December with a mean of 20.3 °C.
Precipitation is in the order of 1000 mm/year; the rain is concentrated in the period from
June to October with maximum values of 254 mm in September, and the driest month is
February, with 7.6 mm [14,19]. The Iguala climate is warm sub-humid. The annual mean
temperature is 26.1 °C, with a maximum of 38 °C and a minimum of 14 °C; the warmest
months are April and May and the coolest months are December and January. The pre-
cipitation is moderate during June to September, with annual mean precipitation of 1100
mm/year, with maximum values of 226 mm in July, and the driest month is March, with
4.2 mm of precipitation [19].
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Figure 1. Map of the sampling points (groundwater, river water and fluvial sediment) and location
of mining tailings and handicrafts and jewelry workshops in the San Juan-Taxco River system.

Intensive mining produced large quantities of liquid and solid mining wastes con-
taining EPT [15-17]. Historical solid wastes were buried or re-worked during the 20th
century, but modern (1940 to present) wastes are accumulated in tailings dumps (Antonio,
El Fraile, La Concha, El Solar, Guerrero I, Guerrero II and Los Jales, etc.), which contain
moderately to highly oxidized material, sulfides and PTE, such as lead, barium, cadmium,
zing, iron, arsenic and strontium. These waste dumps were deposited on rocks of the Mex-
cala and Taxco Schist formations [16]. These formations are considered essentially imper-
meable units, although secondary porosity can be locally important. These characteristics
prevent the infiltration of large volumes of Acid Mining Drainage (AMD) to aquifers, but
enable surface drainage of metal-rich leachates, affecting the quality of effluent water

[14,16].
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This district has been recognized for years of mining and processing of precious met-
als since pre-Hispanic times until the closure of the mining activities (2009). At present, it
is a famous touristic destination and international producer of precious metals handcrafts
and jewelry [20]. The extraction of silver was the main activity of Taxco region, leading
the inhabitants to undertake the task of working this metal as artisans [20]. The manufac-
ture of jewelry and handicrafts became a key source of income in the region after the clo-
sure of the mines; this local industry has been developed through small workshops, which
were diversified, including different processes of raw materials besides silver (Ag), such
as alpaca (Zn-Cu-Ni), brass (Cu-Zn), tumbaga (Cu-Au), for local and international trade.
In 2019, 1085 workshops were officially recorded in the municipality of Taxco de Alarcon;
these are mainly distributed in Taxco, Acamixtla and Taxco el Viejo localities inside the
region (Figure 1) [21].

The metal processing has brought negative impacts on natural resources, with rivers
being the most affected resources by the waste from these activities [16]. The San Juan-
Taxco River system is composed of three rivers. The San Juan (length of 10 km), Caca-
lotenango (length of 45 km) and Taxco (length of 29.3 km) rivers jointly discharge at the
southern portion of the city of Taxco, also in the town of Taxco el Viejo, forming the Iguala
or Cocula River (length 75 km), and finally discharge into the Infiernillo reservoir [14,17].

The San Juan River receives wastewater from nearby towns, as well as chemical
waste from silversmiths for the manufacture of silver crafts and mining tailings [22]. The
Cacalotenango River receives mine waste from La Concha and El Fraile tailings, as well
as urban wastewater without treatment [23]. The Taxco River receives mine waste from
several tailing piles along its flow, chemical waste from silversmiths and untreated urban
wastewater [14,15].

Geological and Hydrogeological Setting

The Figure 2 summarized the geological map of the San Juan-Taxco River system
showing the lithology. The bedrock in the area consists of Lower Cretaceous metamorphic
rocks of the Taxco Schist Formation, Albian-Cenomanian limestone of the Morelos For-
mation, Upper Cretaceous sandstone and shale of the Mexcala Formation, Lower Tertiary
red beds of the Balsas Formation and Middle Tertiary acidic volcanics of the Tilzapotla
Formation [15,16].

Mineralization structures are 1 to 3 m wide, although a few reach 10 m, and 700 to
2000 m long, these structures appear as hydrothermal veins, replacement ores and stock-
works hosted in limestones of the Morelos and Mexcala formations, and more rarely in
the Taxco Schists and Balsas formations [16]. The San Juan-Taxco River system is part of
the recharge zone of the regional aquifer (Buenavista and Iguala aquifers); this zone is
immersed in a mountainous region with a rugged in portion of Taxco municipality and
the Iguala valley. Therefore, the population uses surface runoff, dug wells and springs
that are distributed throughout the region for drinking water, domestic consumption, ag-
riculture and livestock [24].

The regional aquifer is composed by rhyolites from Tilzapotla Formation, gravels
and sandstones from Balsas Group and limestones from Morelos Formation. The storage
section of the groundwater is made up of the alluvial and fluvial sediments, such as clay,
silt, sand and gravels, in the Iguala Valley. The groundwater drains into the lower parts
of the study area, a portion of this water discharges into the main streams and another
portion is released as a groundwater flow into the Tuxpan Lake [24].
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Figure 2. Geological map of the San Juan-Taxco River system.

3. Materials and Methods
3.1. Sample Collection and Analytical Procedure

For this analysis, a total of 21 samples were taken; seven groundwater (two dug wells
and five springs), seven river water and seven surface sediment samples were collected
in the dry season on May of 2019 to reduce the dilution of the effect of PTE concentrations
in the rainy season. These samples were taken from the San Juan River system before its
confluence with Taxco River, along the Cacalotenango and Taxco rivers and above and
below their confluence, as shown Figure 1. The selection of the sampling points was made
considering the spatial and geographical distribution along the river system, the proxim-
ity to handicraft and jewelry workshops sites and accessibility of the sites.

Water samples were collected in 1 L polyethylene sampling bottles, pre-cleaned with
10% HNOs, soaked overnight and rinsed thoroughly with Milli-Q water. The pH, temper-
ature, electrical conductivity (EC) and total dissolved solids (TDS) measurements were
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performed during sampling using a Hanna multi-parametric sonde. For PTE analysis, the
water samples were filtered using 0.40-0.45 pm membrane, acidified to pH < 2, with
HNGO: at the time of collection to prevent element precipitation and adsorption to the sur-
face of the container during transportation; the samples were then stored at a suitable
temperature awaiting analysis (water <4 °C). The levels of Al, As, Ba, B, Cu, Fe, Pb, Zn,
Mn, Ni and Cd in water samples (surface water and groundwater) were analyzed by In-
ductively Coupled Plasma Emission Spectrometry (ICP-OES) and Liquid Chromatog-
raphy high performance (HPLC) at the Laboratory of Geosciences at the National Auton-
omous University of Mexico (UNAM).

The sediment samples were collected using polyethylene spoons and bags to deter-
mine physical and geochemical characteristics, kept at 4 °C until further analysis. In the
laboratory, sediment samples were air-dried and ground to a fine powder with an agate
mortar and then sieved through a 230 ASTM mesh at the Laboratory of Nutrition and
Plant Physiology Campus Tuxpan of the Faculty of Agricultural and Environmental Sci-
ences of the Autonomous University of Guerrero (UAGro).

For determining the PTE content (Al, As, Ba, B, Cu, Fe, Pb, Zn, Mn, Ni and Cd), dry-
sediment samples were digested in a 1:1 HCIl: HNO3 mixture inside a CEM MarxXpress
microwave oven [25]. The PTE quantification was conducted using an Inductively Cou-
pled Plasma Optical Emission Spectrometer (ICP-OES) Thermo iCAP 6500 Duo in the En-
vironmental Geosciences Laboratory of UNAM. The grain size analysis was carried out to
determine the sediment textural classes according to the Unified Soil Classification System
(USCS) [26]. The sediments were classified into gravel, sand, silt and clay. The character-
ization of mineralogical phases in sediment samples was determined by X-ray diffraction,
in a Bruker AXS D8 Advance diffractometer to identify the major minerals; this analysis

was performed at the Geochemistry Laboratory of Regional School of Earth Sciences of
the UAGro.

3.2. Quality Controls and Calibration Curves for Analytical Equipment

Analytical blanks were implemented throughout the field campaign and analytical
process. Replicate samples and standards were processed to determine the precision, and
spiked samples were employed to determine accuracy.

The analysis by ICP-OES was made using two calibration curves with six standards,
which were prepared from certified mono-elemental standards from the Inorganic Ven-
tures brand and an ICP-200.7 multi-element standard from the High Purity Standards
brand. Two types of blanks are analyzed, the calibration blank and the reagent blank, in
addition to analyzing three laboratory control samples (MCL), all made from certified
standards with traceability to NIST.

HPLC calibration curve is carried out with a standard certificate from Inorganic Ven-
tures IF-FAS-1A, which consists of seven concentrations, and for the drift control of the
instrument, it is carried out by means of a Laboratory Control Sample (MCL) prepared
from the standard certificate Seven Anion Standard of Dionex, which was analyzed every
10 samples.

The acid digestion of aqueous samples and sediment is carried out with a microwave
MARS Xpress CEM, for its calibration, it uses a blank and a sample added with a known
concentration of a high purity certified standard (QCS-26) analyzed by ICP-OES.

To establish laboratory accuracy and precision, the limits of the results were calcu-
lated from the upper and lower control limits based on the mean and standard deviation
of the percent recovery for at least 20 data points.

3.3. Non-Parametric Statistics

All datasets were checked for outliers and assessed for normality (surface water,
groundwater and sediments), first objectively using a Shapiro-Wilk test. The calculations
were performed using Excel.
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3.4. Health Risk Assessment

Risk assessment is a methodology which identifies, characterizes and analyzes the
toxic element to qualify the adverse effects in a specified time and estimates risk levels
[27]. This approach was applied to identify the exposure and tendency of toxic elements
in San Juan-Taxco River system’s water with reference to the human body. There are two
central ways of metal exposure and pathways in human organism, either through water
consumption as ingestion or through dermal absorption [7].

The health risk assessment was computed through the chronic daily intake (CDI; mg
kg'/day). It helps in assessing the health risk caused by exposure to PTE (heavy metals)
through different pathways. For this study, ingestion and dermal exposure (CDI) were
computed by Equations (1) and (2) [27]. The receptors were categorized into two catego-
ries, infants (<6 years old children) and adults (<30 years old).

EC-IR-EF-ED
CDIingestion—water = W 1)
EC-SA-AF-ABDS,;-ET-ED - CF @)
CDIpermar = BW - AT

where EC is the concentration of TEs in the water, IR is the ingestion rate (L day™), EF is
the exposure frequency (days/year), ED is the exposure duration (years), BW is the aver-
age body weight (kg), AT is the averaging time (days), SA is the surface area of skin in
contact (cm?), AF is the skin adherence factor, ABSDSu is the dermal absorption factor ET
is the exposure (h day), CF is the conversion factor (kg mg™) and ET is the exposure (h
day™') (Table 1).

Table 1. Exposure factors used in chronic daily intake (CDI) estimation for non-carcinogenic risk.

Symbol Name Unit Recommended Symbol Name Unit Recommended
Values Values (Adult)
Element con- exposed adult 5700,
Cw centration mg L SA skilrol area cm? child 28,008
. adult 2.5 adherence .
IR Ingestion rate L day! child: 0.78 AF factor - 0.07
Exposure fre- dermal ab-
EF day y 350 ABSd sorption - 0.03
quency fraction
Total exposure adult 30; exposure
ED dura’gon year child 6 ET fime h day™; 0-58
Average bod Adult 52 k conversion
BW we%ght ! children 15 l%g CF factor kg mg! 107
RfDingestion RfDingestion
Al=1,Cu=0.04, Fe=
0.7, Mn = 0.00096, Pb =
0.00042
RfDD Zn =0.06, As =0.0003
Average expo- adult 10,950, Reference mg kg RfDDerlmal
AT . day . Dose of €
sure time child 2190 PTEs day™! Al=0.01, Cu=0.00184,
Fe=0.14, Mn = 0.024, Pb
=0.0035
Zn =0.3, As=0.003, Ba =
20

RfDs values from USEPA * [27], *[28].
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The hazard quotient (ingestion and dermal) and hazard index (HI) are computed by
Equations (3) and (4) [27]:

HOumpesion = & Dingesin “
ingestion RfDingestiOTl
CDIpermar

)  Dlyerna 4)
Qpermai RfDpermat

where RfD denotes the reference dose (ingestion and dermal) based on the guidelines of
the US Environmental Protection Agency [28] and for health risk assessment calculation
(RfD differs for each PTE). The hazard index (HI) represents the cumulative non-carcino-
genic risk. It is the sum of HQs for similar toxic effects and all pathways. It can also be
calculated by Equation (5):

HE= Y HQ; = HQ(ingestion) + HQ (dermal) 5)

where i is the HQ value of each element. In the context of human health, the HI values <1
are low risk, while the values >1 are high risk with long-term health hazard effects [5].

3.5. Assessment of PTE in the San Juan-Taxco River System (Water and Sediment)

Water quality was evaluated according to the criteria established for human con-
sumption by the World Health Organization [29]. PTE risk in sediments was assessment
using Sediment Quality Guidelines (SQG), probable effect level threshold (PEL), thresh-
old effect concentration (TEC) and probable effect concentration (PEC) [30-32]. These
guidelines allowed a simple, comparative mean for assessing the potential risk of pollu-
tion in a fluvial aquatic ecosystem.

3.6. Assessment of PTE Enrichment in Sediments
3.6.1. Geoaccumulation Index (Igeo)

The Igeo allows for the assessment of PTE sediment contamination and can be used
to evaluate the environmental pollution status compared with background values
[13,33,34]. The Igeo is calculated by Equation (6):

_ Lng (Cn)
Igeo = 71'5(&1) (6)

where C» is the content of elements in the sediment samples, B is the concentration of
geochemical background for the same elements (1) and factor 1.5 is the background matrix
correction factor due to lithological variations. The Igeo, according to Muller [33], includes
seven classes, summarized in Table 2 and the background values used are presented in
Table 3 [35,36].

Table 2. Enrichment and contamination categories base don Igeo, EF, CF, PLI and RI

Geoaccumulation Index (Izeo) Enrichment Factor Contamination Factor
8 (EF) (CF)
Value Categorization Value Categorization Value Categorization
indicates no .
<0 <1 . <1 low contamination
enrichment
Pristine to moderately con- moderate -
0-1 3-5 ] 1-3 moderate contamination
enrichment
moderatel considerable contamina-
1-2 Moderately contaminated 5-10 . Y 3-6 .
severe enrichment tion
Moderately to strongly con-
2-3 y &Y 10-25 severe enrichment >6 very high contamination
. Very severe
34 Strongly contaminated 25-50

enrichment
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Strongly to extremely Extremely

4-5 . >50 .
strongly contaminated severe enrichment
-5 extremely strongly contami-
nated

Potential ecological risk factor (E1) Potential ecological risk index (RI) Pollution Load Index (PLI)
Value Categorization Value Categorization Value Categorization

<40 low ecological risk <150 low ecological risk <1 Unpolluted
40-80 moderate ecological risk 150-300  moderate ecological risk 1-2 Moderately polluted
80-60 appreciable ecological risk 300-600 considerable ecological risk 2-3 Heavily polluted

160-320 high ecological risk >600 very high ecological risk >3 Extremely polluted.

>320 serious ecological risk

Table 3. Potential Toxic Element concentrations (PTE in waters (mg L) compared with World
Health Organization limits and sediment (mg kg™) compared with background values [35,36], Sed-
iment Quality Guideline values (SQGs), PEL, TEC and PEC.

Sites Nature pH Al As B Ba Cd Co Cr Cu Fe Mn Ni Pb Zn

s1 68 00071 <Lq. 00223 00942 <lq. <Lq. <Lq <lq 00137 0082 <Lq <Lq 00191

2 81 0.0084 0.0725 0.1173 0.1217 <lg. <lq. <lq. 0.0046 0.0755 03622 <lLg. 0.0182 0.2335

3 mverwa. 79 00912 00291 00159 01162 <lq. <lq. <lg. 00044 01759 0.1346 <lq. 0.0149 0.0573

sS4 o 73 02525 <lg. <lq 01224 <lq. <lq. <lq. 00061 03164 0.0541 <lq. 0.0165 0.0858

S5 72 00455 <lq. 05284 00646 <lq. <Lg. <lLq. 0.0070 0.0396 0.5343 0.0181 <lq. 0.0843

~ 6 72 00397 <lLg. <Lq 00722 <lq. <lq. <lq. <lLq. 0.0818 0.0073 <lq. <lq. 0.0069
2 57 81 00125 <lq. 05791 0.0914 <lLq. <Lg. <lq. 0.0078 0.0175 1.4482 0.0174 <lq. 0.0503
% GW1 Iv)v‘;ﬁ 70 00183 <Lg. <lq. 0081 <lLg. <lLg. <lq. 0004 0146 0032 <Lq. 0.0245 0.0770
"g GWw2 6.6 <lq. <lg <lg. 0111 <lq <lq <q <q <q <q <q <.q <q
2 ows 67 00125 <lq. <lLg. 0023 <lg <lg <Lq <lq. <Lq <Lg. <lLq. 0.0235 0.0053
GW4  Springs 82 01127 <lg. 0017 0048 <lq. <lq. <lq. <lc. 0021 0009 <lLq. <Lg. 0.0149
GWS5 72 00097 <lg. 0068 0081 <Lg <lLq. <lq. 0111 0022 0006 <lg. <lq. 02442
GW6 69 00059 <lLq. <Lg. 0040 <lc. <lc <lc. 0010 <Lq <Lg. <lq <Lq. 0.0130
GW7 E‘elﬁ 79 00135 <Lg. <lq. 0069 <Lq <lq. <lq. <lq. <lLq <lq <Lg. <lLq. 00277
WHO (2008) 65-85 0200 0.025 0300 0.700 0.050 1300 0300 0.400 0.010  3.000
~ sl 167710 <Lg. 158 1540 21 52 50 209.0 18,6370 231.0 187 356 3510
FY) 16,6100 393 168 151.0 1.8 61 25 683 20,0090 362.0 166 942 144.0
E 18,3130 488 128 1730 162 72 <lq. 784 20,5260 7950 157 265.0 2008.0
oS e 20303.0 255 312 2780 504 78 55 393.0 20,614.0 2710.0 111.0 2440 4509.0
Z2 s 19,0320 247 159 1040 55 7.2 <lq. 418 232230 3340 186 1600 967.0
= S6 22,9820 <lq. 199 1430 20 90 94 1170 20,9300 1050 242 139 142.0
& o7 12,0860 213 138 880 94 63 <Lq. 559 22301.0 660.0 200 189.0 1763.0
PEL a 17a 353a 90a 196.6a 75a 913a 3148a
TECb 9.79b 0.9 b 434Db 31.6b 227b 358b 121b
PEC ¢ 33¢ 498 ¢ 1M1c 149 ¢ 486¢c 128c 459c¢
Bacﬁi‘;‘smd 81,500 48 17 628 009 173 92 28 50,400 774 47 17 67

Note: 1.q. (limit of quantification).

3.6.2. Enrichment Factor (EF)

Enrichment factor (EF) is an indicator that reflects the degree of anthropogenic pol-
lution [37]. The EF is calculated using the relationship in Equation (7):
Metal
al ) sample

(M;L;al) background

EF =

@)
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In this case, aluminum (Al) was employed as the reference element for geochemical
normalization; this element in sediments is useful to eliminate the effect of grain size, since
it is a major element and exhibits relatively small content variations and a large distribu-
tion. The interpretation provided by Malvandi [2] from the EF values was used for this
study and is presented in Table 2 [2,38].

3.6.3. Contamination Factor (CF)

Sediment contamination was also assessed by using the contamination factor (CF)
and degree of contamination. The CF index values were calculated by dividing the con-
centration of each PTE in the sediment by the baseline or background values [39]. CF val-
ues were explained according to Hakanson [39] in Equation (8) and summarized in Table
2:

Cheav metal
CF = d

Cbackground values

8)

3.6.4. Pollution Load Index (PLI)

Pollution load index (PLI) represents the number of times by which the toxic element
concentrations in the sediment exceeds the background concentration, and gives a sum-
mative indication of the overall level of PTE toxicity in a particular sample. For the entire
sampling site, PLI has been estimated by the n-root from the product of n CFs of the stud-
ied elements included (Equation (9)):

PLI = (CF, x CF,x CF5 x ... ... xCE)™ 9)

The PLI is a multi-elemental index used to assess the degree of PTE pollution and,
hence, to evaluate the environmental quality. The PLI for the entire study area (Equation
(10)) can be estimated using the same calculation principle for each sampling point; sub-
stituting the CF values for the PLI value of each point, it is determined as the nth root of
the product of the n CF (Contamination Factors) according to Tomlinson [40]:

PLIgppq = (PLI1T X PLI2Z X PLI3 -+-..x PLIn)Y/" (10)

The index permits a simple, comparative means for assessing PTE pollution levels. A
PLI of >1 is contaminated, whereas <1 indicates no contaminated site [39]. Corami et al.,
(2020) [13] used other evaluation criteria for classifying the degree of contamination for
PLI, as shown in Table 2.

3.6.5. Potential Ecological Risk Index (RI)

The maximum contamination in sediments caused by PTE is screened by the Poten-
tial Environmental Risk Index (PERI or RI); this method is widely used to evaluate quan-
titatively the level of the ecological risk degree of PTE. This index was proposed by
Hankson in 1980 [39] and it is founded on Sedimentation Theory. The RI value is com-
puted following the formula (Equation (11)) [39]:

n
R1=ZE;‘, Ei=TixCF (11)
=1
where E! is the potential ecological risk factor for a given contaminant (i), T; is the toxic
response factor of each element, including Cr =2, Cu=5, Cd =30, As =10 and Pb =5 [39],
and CF are the contamination factors, which have already been described above. This
scheme not only assesses the pollution status in sediment, but also combines ecological
and environmental effects with toxicology, providing a better evaluation of the potential
risk of PTE contamination with the index level. RI is a set of potential risks for each ele-
ment, is an integrated potential environmental risk index for several PTEs and is classified
based on the description summarized in Table 2.
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4. Results
4.1. Non-Parametric Statistics

An exploratory analysis with Shapiro-Wilk’s method to test the normality was ap-
plied to the concentration data. It was found that Ba, Fe and Zn in surface water followed
a normal distribution, with R? values equal to 0.89, 0.82 and 0.81, respectively; Ba in
groundwater had a correlation coefficient of 0.97. For sediments, Al and Ba followed the
normal distribution, with R? values of 0.97 and 0.87, respectively. For other elements, some
outliers were present in the data, which reduced the correlation coefficient. Those outliers
were analyzed in the whole context of geographical distribution to correlate them with
the presence or absence of an important source of pollution.

4.2. Water
4.2.1. Hydrochemical Characterization

pH is an important factor that influences the solubility of toxic elements (PTE) in
water [11]; lower values of pH indicate higher solubility and vice versa. The pH values in
the groundwater ranged from 6.75 to 8.1, and that in river water fluctuated from 6.16 to
8.2 (Table 3). In general, the pH varies in water from neutral to slightly alkaline, where the
reactivity of PTE was low and their concentration loadings oscillated between low and
high concentration. Almost all the collected samples of water (groundwater and river wa-
ter) have detectable concentrations of PTE.

Water quality was assessed according to criteria established for human use and con-
sumption by the World Health Organization [29]. In case of groundwater, Al, B, Ba, Cu,
Fe, Mn, Pb and Zn were measured, and only Pb exceed the criteria (0.03 mgL") for human
use and consumption of the WHO in samples GW1 and GW3. Al, As, B, Ba, Cu, Fe, Mn,
Pb and Zn were detected in the river water (Table 3).

Although Al was measured in all the samples, only 54 showed a concentration above
the WHO limit of 0.2 mg L; two samples (S2 and S3) showed As concentrations above
the WHO limit (0.025 mg L™). B was present in S1, S2, S3, S5 and S7, but only in S5 and 57
did it exceed the recommended limit for human use and water consumption. Fe and Mn
were detected in all the samples; S4 and S5 surpassed the WHO limit of 0.3 mgL-! for Fe
and Mn was above the 0.4 mgL-' recommended limit for S7. On the other hand, Ba and
Zn were found in all the samples, but were always below the WHO limits (0.7 and 3 mg
L, respectively).

4.2.2. Health Risk Assessment in Water Samples

The potential health risk to human beings by water for human use and consumption
was calculated by assessing the PTE concentration in water (groundwater and river water)
and by assessing the pathways through which humans are exposed to these elements. In
this study, non-carcinogenic risk was determined by estimating the daily intake index
(CDI), which represents the daily exposure of a population to contaminants, hazard quo-
tient (HQ), to estimate the non-carcinogenic risk by toxic elements, and cumulative hazard
index (HI), to show the potential health risk possess by multiple elements, considering the
additive effect of PTE in HQ were determined. The studied exposure pathways were in-
gestion and dermal absorption in children and the adult population; the receptors were
categorized in children (<6 years old) and adults (>30 years old).

CDI ingestion values for both groups were under limit (<1) and at present poses no
serious threat to human health, although Mn values were one of the highest values as
compared with other PTE analyzed for both adults and child (in sample S7), though val-
ues of Cu were highest for children in sample GW5 (Figures 3 and 4).
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Figure 3. CDI Ingestion values along the sampling sites for each PTE assessed.
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Figure 4. CDI dermal values along the sampling sites for each PTE assessed.

The CDI and HQ dermal values in adults were above the limit 1 for Al, Pb, Mn and
As. Specifically, the values with a high impact on the indices for each element and the
corresponding samples are as follows: (1) Alin samples S3, S4 and GW4; (2) Pb in samples
S2, 53, 5S4, GW1 and GW3; (3) Mn in samples S1, S2, S3, S5 and S6; and (4) As only in
samples S2 and S3. On the other hand, for children the CDI and HQ dermal values were
above the limit of 1 for Pb, Mn, and Cu. The samples GW1 and GW3 were above the limit
for Pb; whereas for Mn were the samples S5, S7; and finally, for Cu only in the sample
GWS5 (Table 4 and Figure 4).



Water 2022, 14, 518

13 of 25

Table 4. Chronic daily intake (CDI), hazard quotient (HQ) and hazard index (HI) for adult and child
groups for non-carcinogenic risk assessment.

River Water Groundwater
Oral Dermal Oral Dermal
Mean  Min Max Mean Min Max Mean Min Max Mean Min Max
Adult

HQ Al 0.0044 0.0005 0.0171 0.8715 0.0943 3.3710 HQ 0.0017 0.0000 0.0076 0.3290 0.0000 1.5041
Cu 0.0072 0.0000 0.0132 0.0143 0.0000 0.0259 0.0303 0.0000 0.1883 0.0596 0.0000 0.3702
Fe 0.0100 0.0013 0.0307 0.0981 0.0130 0.3017 0.0026 0.0000 0.0141 0.0257 0.0000 0.1388
Pb 0.1375 0.0000 0.3536 2.2537 0.0000 5.7946 0.1330 0.0000 0.4747 2.1805 0.0000 7.7800
Mn 1.0599 0.0208 4.0964 5.2114 0.1022 20.141 0.0189 0.0000 0.0902 0.0930 0.0000 0.4436
Zn 0.0174 0.0016 0.0528 0.0165 0.0004 0.0519 0.0123 0.0000 0.0553 0.0012 0.0000 0.0054
Ba 0.1750 0.0000 0.5616 0.2657 0.1760 0.3334 0.0628 0.0221 0.1078 0.1765 0.0620 0.3029
As 3.2849 0.0000 16.400 0.6461 0.0000 3.2255

HI 4.6963 0.0330 17.960 9.3773 0.9090 20.610 HI 0.2617 0.0588 0.6838 2.8656 0.2214 8.8439

Children

Al 0.0034 0.0004 0.0135 0.1484 0.0161 0.5741 0.0013 0.0000 0.0060 0.0560 0.0000 0.2561

HQ Cu 0.0042 0.0000 0.0094 0.0528 0.0000 0.0959 HQ 0.0238 0.0000 0.1479 0.2207 0.0000 1.3706
Fe 0.0078 0.0010 0.0241 0.0167 0.0022 0.0514 0.0021 0.0000 0.0111 0.0044 0.0000 0.0236
Pb 0.1080 0.0000 0.2778 0.3838 0.0000 0.9868 0.1045 0.0000 0.3729 0.3713 0.0000 1.3249
Mn 0.8327 0.0163 3.2183 0.8624 0.0174 3.4299 0.0149 0.0000 0.0709 0.0061 0.0000 0.0214
Zn 0.0136 0.0012 0.0415 0.0028 0.0001 0.0088 0.0097 0.0000 0.0434 0.0021 0.0003 0.0042
Ba 0.0743 0.0492 0.0932 0.0396 0.0044 0.0568 0.0494 0.0173 0.0847 0.0021 0.0003 0.0042
As 25808 0.0000 12.884 0.1100 0.0000 0.5493

HI 3.6249 0.0873 14.102 1.6166 0.0422 3.6014 HI 0.2056 0.0462 0.5372 0.6623 0.0042 1.4523

The hazard index (HI) for ingestion in children ranged from 0.05 to 14.1, with a mean
value of 2.04, and for adults 0.03 to 17.96, with mean value 2.48 (Table 4). The HI dermal
for adults was more significant than the HI in children. These values demonstrated a
health risk for the use and consumption of river water. HI dermal in adults ranged from
0.22 to 20.61 with a mean value of 6.12 and ranged from 0 to 3.61 with mean 1.14 in chil-
dren (Table 4). HI dermal values suggest that both adult and child population were sig-
nificantly affected by PTE presence in river water and groundwater by the notable con-
centrations of Al, Mn, Pb and As.

Based on the USEPA criteria [27], HI ingestion values in adults and children pre-
sented a high health risk in S2, S3, S5 and S7. HI dermal values for adults and children
presented high risk in river water and groundwater with high values well above the cri-
teria (<1) in samples S1, S2, S3, 54, S5, S7, GW1, GW3 and GW4 for adults and S2, S3, 54,
S5, 57, GW1, GW3 and GWS5 for children; the samples either have unusual geological en-
richment or are under heavy anthropogenic influence (Figure 5).

The results showed that even though there were not much variability in the HI for
children and adults, adults generally seem to be at higher non-cancer risks compared with
children. In addition, in both children and adults, dermal contact of EPT in river water
poses higher non-cancer risks compared to ingestion values.

Similar values of hazard potentials were reported in the literature [41-45]. The results
show that Al, Pb, Mn and As pose a non-cancer risk through the dermal pathway to resi-
dent adults and children, while Mn and As pose a non-cancer risk to residents that use
and consume the river water.

Prassad et al. [11] reported higher HI values for Mn, Zn and Pb in the Ganga River
than the reported in the present investigation, suggesting that both the adult and child
population were significantly affected.

The results from Bodrud-Doza et al. [42] are consistent with this study, which also
stated, based on the average values of HQ and HI, that the concentration of PTE might
pose little health effects to the adults and children of Dhaka city via oral ingestion. They
also reported that HQs of metals were lower than the unity via dermal absorption of
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groundwaters in Dhaka city, which suggests that these pollutants could pose a minimum
hazard to the local residents. However, the calculated mean HI dermal value for ground-
water was 0.0372, while the same value for surface water was 0.0530. Thus, it can be in-
ferred that surface water possessed more potential non-carcinogenic harmful health risks
to the residents compare to groundwater.
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Figure 5. Hazard index (HI) for each site and population group. (a) Adult and (b) child through the
ingestion pathway and (c) adult and (d) child through the dermal pathway.

PTE toxicity could be acute, while others could be chronic after long-term exposure,
which may lead to the damage of several organs in the body, such as the brain, lungs, liver
and kidney, causing diseases in the body. Alternative sources of water supply, including
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sitting of boreholes (after accurate geochemical surveys) for potable water for the commu-
nity dwellers, should be facilitated.

4.3. Sediments
4.3.1. PTE Concentrations in Sediments

The concentrations of PTE in sediment samples were contrasted with the TEC, PEC
and probable effect level (PEL) values [30-32]. The results are summarized in Table 5.
Compared with SQG for aquatic life protection, PTE were above the probable effect level
(PEL) for As, Zn and Pb in five samples (71%), for Cd in four samples (57.1%), for Cu in
three samples (42%) and for Ni in one sample (14.28). All sites exceeded the TEC levels for
As, Cd, Cu, Pb and Zn, demonstrating a high level of pollution; for Pb, only S1 was below
the TEC value, while in the case of Ni, two sites exceeded the TEC values (54 and S6). The
concentrations of Ni were below the TEC values for 50% of the samples, indicating that
there are no adverse effects in these samples (S1, S2, S3 and S7 samples). For As and Cu,
only two samples exceeded the PEC values (S2 and S3 for arsenic and S1 and S4 for cop-
per). The results also showed values higher than PEC for Pb, Zn and Cd in 57% of the
samples (53, 54, S5 and S7), indicating that adverse biological effects often can occur (Table
3).

Table 5. The values of the geoaccumulation indices (Igeo) and enrichment factor (EF) of PTE in
fluvial sediments in the San Juan-Taxco River system.

Geoaccumulation Indices (Igeo)

S1 S2 S3 S4 S5 S6 S7 Mean Max Min
Al -2.87 -2.88 -2.7 -259 268 -241 -334 -2787 -241 -3.34
As - 2.45 2.76 1.82 1.78 - 156 2.074 276 1.56
B -0.69 -0.6 -1 029 -0.68 -036 -0.89 -0.56 0.29 -0.99
Ba -2.61 -2.64 -2.4 -1.76  -3.18 -272 -342 -2.681 -1.76 -3.42
Cd 3.96 3.74 6.91 8.54 5.35 3.89 6.12 5.5014 8.54 3.74
Co -2.32 -2.09 -1.9 -1.73 -1.85 -1.53 -2.04 -1916 -1.53 -2.32
Cr -4.79 -5.79 - —4.65 - -3.88 - -4.778 -3.88 -5.79
Cu 2.32 0.7 0.9 323 -0.01 148 041 129 3.23 -0.01
Fe -2.02 -1.92 -1.9 -187 -17 -185 -1.76 -1.857 -1.7 -2.02
Mn -2.33 -1.68 -0.6 1.22 -1.8 -347 -081 -1346 1.22 -3.47
Ni -1.91 -2.09 2.2 0.65 -192 -154 -1.82 -1543 0.65 -2.17
Pb 0.48 1.89 3.38 3.26 265 -0.88 289 19529 3.38 -0.88
Zn 1.8 0.52 4.32 5.49 3.27 0.5 413 28614 549 0.5
Enrichment factor (EF)

Al 1 1 1 1 1 1 1 1 1 1
As - 40.17 45.3 21.33 22.04 - 29.92 31.742 45.25 21.33
B 4.52 4.85 3.35 7.37 401 415 547 48171 737 3.35
Ba 1.19 1.18 1.23 1.78 071 081 094 112 1.78 0.71
Cd 113.39 98.13 801 2248  261.7 7881 7043 615.05 22479 78.81
Co 1.46 1.73 1.85 1.81 1.78 1.84 246 1.8471 2.46 1.46
Cr 0.26 0.13 - 0.24 - 0.36 - 0.2475  0.36 0.13
Cu 36.27 11.97 125 56.34  6.39 14.82 1346 21.673 56.34 6.39
Fe 1.8 1.95 1.81 1.64 1.97 1.47 298 19457 2098 1.47
Mn 1.45 2.29 457 1405 1.85 048 575 4.3486 14.05 0.48
Ni 1.93 1.73 1.49 9.48 1.69 1.83 2.87  3.0029 9.48 1.49

Pb 10.18 27.19 69.4 57.62 403 29 7497 40366 7497 29
Zn 25.46 10.55 133 2702 6181 752 1774 98.044 270.15 7.52
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4.3.2. Grain Size

According to the grain size analysis results of the surface sediments in the San Juan-
Taxco River system, sand is the overall dominant grain size. At most sites, the sand con-
tent exceeds 80%, the contents of gravel and fine particles (clay and silt) were very small
(averaging 6.25 and 2.38%, respectively). The flow rate and flow velocity of the surface
water have high influence of grain size; the textural parameters derived from the grain
size analysis reflect the energy conditions in the sedimentation environment. In a low-
energy environment, the sediments are fine, although in a high-energy environment, the
sediments are coarse [46]. In this analysis, the distribution of grain size explains the high-
energy in the stream producing the dominance of sand size particles, in which the water
flux is high, and the slope is steep, thereby preventing the sedimentation of fine-grained
particles along the stream.

4.3.3. Sediment Mineralographic Composition

XRD studies revealed the presence of different minerals as: Quartz, Calcite, Sanidine,
Albite, Biotite, Wickenburgite, Lipsconmbite, Phengite, Gypsum and Muscovite. In all the
samples, a predominance of Quartz crystals (36 to 51%) and Calcite (6 to 18%) were shown
by XRD; Albite was present in four samples (11.5 to 19.2%), while Sanidine was present
in three samples (11.8 to 13.9%). In the sediment samples, minerals were found that are
composed of aluminum oxide and silicon dioxide, such as Albite, Sanidine, Biotite, Mus-
covite and Wickenburgite. These minerals are by products of igneous and metamorphic
rocks, which are generally unstable in earth-surface due to weathering conditions; these
minerals are transformed into stable products (crystalline clay minerals, oxides and hy-
droxides) that largely conserve aluminum and iron [47]. Therefore, the presence of alumi-
num and iron in sediments in the study area is associated with an anthropogenic origin.

4.3.4. Degree of PTE Enrichment and Ecological Risk

Geoaccumulation index (Igeo) values are summarized in Table 5. According to the
calculation of each sampling point, the order of the TPE from the Igeo assessed is as fol-
lows: Cd >Zn >Pb > Cu> As>Mn > Ni>B >Fe > Co >Ba > Al > Cr. 53 and 54 are the most
critical points by the Igeo (with four metals in the range of heavily to very heavily con-
taminated). The Igeo values of Al, B, Ba, Co, Cr and Fe at all sampled were less than zero,
suggesting that these sites were not polluted. Cd was the metal that presented the highest
contamination in all the sampled sites, the sediment samples were grouped in heavily
contaminated for 51, S2 and S6, and heavily and extremely contaminated for S3, 54, S5
and S7. Zn, Pb and Cu are the three PTE that have the greatest influence on the contami-
nation of the river sediments, since they present the highest contamination values of the
Igeo. In the case of Zn, these Igeo values were classified as uncontaminated to moderately
contaminated (S2 and S6), moderately contaminated (51), moderately to heavily contam-
inated (55), heavily to very contaminated (53 and S7) and extremely contaminated (54).

Igeo for Pb were categorized as uncontaminated in 56, uncontaminated to moder-
ately contaminated in S1, moderately contaminated for 52, moderately to heavily contam-
inated in and S7 and heavily to very contaminated for S3 and S4. For Cu, Igeo values were
classified as uncontaminated in S5, uncontaminated to moderately contaminate in S3, 54
and S7, moderately contaminated for S6, moderately to heavily contaminate in S4. The
values of Igeo for As were greater than 1 but less than 2 in the samples of S4, S5 and S7,
which were classified as moderately contaminated, while the samples S2 and S3 were con-
sidered as moderately to heavily contaminated.

The average EF (Table 5) of Cr, Ba, Co, Fe and Ni are found to be less than 3, indicat-
ing minor enrichment, although the average enrichment factors of B and Mn are found
between 3 and 5, suggesting that contaminations are currently not a major concern, alt-
hough moderate enrichment is indicated. The average EF of Cu was 21.67, indicating se-
vere enrichment (10 < EF < 25). As and Pb presented very severe enrichment (25 < EF < 50)
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and Zn and Cd presented extremely severe enrichment (EF > 50); the average enrichment
factors for these PTEs were 31.74, 40.36, 98.04 and 615.05, respectively. The Cd presents
extremely high enrichment in all the points evaluated.

The results of CFs and individual and global PLI are summarized in Table 6. The
level of CF values for each PTE in the sediment was in the order: Cd > Zn > Pb > Cu > As
>Mn > Ni > Fe > Co > Ba > Cr. Among all metals, contamination by Cd is the highest in all
the sediment samples in a range of CF values from 20 to 560 The CF values for Cd were
>6 in all the sediments samples, indicating very high contamination. The CF values for Zn,
Pb, Cu and As present very high contamination and considerable contamination. The CF
values for Al, Ba, Co, Cr and Fe in all the samples denotes low contamination for all the
samples. These results indicated that the contamination is relatively high; there are serious
impacts of pollution related to PTE in the Taxco River System coming from abandoned
mining tailings, metals processing (jewelry) and untreated sewage.

In many studies, where the CF index has been calculated, CF values ranged from 0.03
to 2.31 for Cr, As, Fe, Al, Co, Ni, Zn and Mn, CF values in the Zarrin-Gol River ranged
from 0.14 to 6.08 for Fe, Mn, ZN, Cr and Ni and CF values in the Yauri River ranged from
0.44 to 2.47 for Cr, Fe, Ni and Zn [2,7].

Table 6. PTE contamination factors (CFs) and pollution load indices (PLIs) for sediments of all sites
studied in the San Juan-Taxco River system.

Contamination Factors (CFs)

SiteS ] As B Ba Cd Co Cr Cu Fe Mn Ni Pb zn 'H
ST 021 - 093 025 2333 03 005 746 037 03 04 209 524 080
2 02 819 099 024 20 035 003 244 04 047 035 554 215 086
S3 022 1017 075 028 180 042 - 28 041 1.03 033 1559 2997 208
S4 025 531 184 044 560 045 006 14.04 041 35 236 1435 673 283
S5 023 515 094 017 6111 042 - 149 046 043 04 941 1443 143
S6 028 - 117 023 2222 052 01 418 042 014 051 082 212 072
S7 015 444 081 0.4 10444 036 - 2 044 085 043 1112 2631 159

Mean 0.22 6.652 1.06 0.25 138.73 0.4 0.06 4916 042 096 0.68 8417 21.07 147
Max 0.28 10.17 1.84 044 560 052 0.1 14.04 046 35 236 1559 673 283
Min 015 444 075 0.14 20 03 003 149 037 014 033 082 212 0.72

The PLI values estimated by sampling points ranged from 0.72 to 2.83 (Table 6). These
indicate that samples S1, 52 and S6, where PLI was below 1, were unpolluted, the samples
S5 and 56 were moderately polluted, while samples S3 and S4 were polluted. For compu-
ting the global value, it was necessary to consider all the samples and correct for points
S1, S3, S5, S6 and S7, which do not contain As and Cr; therefore, n = 12. The global value
of PLI for the entire study area was 1.29, which makes it a moderately contaminated area
(Figure 6). This indicates that the San Juan, Taxco and Cacalotenango rivers are in a state
of contamination due to the influence of the 13 PTEs evaluated, with Cd, Zn, Pb and Cu
being the most influential elements.
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Figure 6. Spatial distribution of the pollution load index (PLI) in fluvial sediments of the San Juan-

Taxco River system.

The ecological risk of PTE in superficial sediments was assessed through the poten-
tial ecological risk index (Ef and RI) and summarized in Table 7. E! values for Cd in al-
most all the samples indicated very high ecological risk (666 to 16,800), except for S2,
which was classified as considerable ecological risk (600); for As, the values E} were clas-
sified as moderate ecological risk in samples 54, S5 and S7 (44.38 to 53.1) to appreciable
ecological risk in samples S2 and S3 (81.88 to 101.67). For Cr, all the values of E{ in the

studied sediments were assessed with low ecological risk.
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Table 7. Potential ecological risk index in the San Juan-Taxco River system.

. E; .

Sites As cd Cr Cu Pb RI Risk Grade
S1 700 0.109 37.32 10.47 747.9 very high
S2 81.88 600 0.054 12.2 27.71 721.83 very high
S3 101.67 5400 14 77.94 5593.61 very high
S4 53.13 16,800 0.12 70.18 71.76 16,995.19 very high
S5 51.46 1833.3 7.46 47.06 1939.31 very high
S6 666.7 0.204 20.89 4.09 691.85 very high
S7 44.38 3133.3 9.98 55.59 3243.28 very high

Mean 66.504 41619 0.12175 24576  42.0886 4276.1386

Max 101.67 16,800 0.204 70.18 77.94 16,995.19

Min 44.38 600 0.054 7.46 4.09 691.85

The E! values for Pb showed low ecological risk in samples S1, S2 and S6, and mod-
erate ecological risk in samples 53, S4, S5 and S7. In the case of Cu, the values in almost
all the samples showed a low ecological risk, but 54 showed a moderate ecological risk.
The values of Rl in all the studied sites were above 600 (RI > 600), which indicated very
high ecological risk for the studied area. In summary, the Efand Rl indices for the studied
elements in the surface sediment at all sites showed that San Juan, Cacalotenango and
Taxco river pose considerable to high potential ecological risk with major contribution of
As and Cd (Table 7 and Figure 7).

Summarizing, the degree of pollution from PTE decreased in the following sequence
Cd > Zn > Pb > As > Cu > Mn > Ba > Ni. It is worth noting that the investigations carried
out revealed a considerable loading of the surface sediment with Cd. Consequently, Cd,
Zn and Pb may originate from mining, jewelry wastes and agricultural sources, such as
pesticides and chemical fertilizers (phosphate fertilizer). The indices exhibited very high
pollution in 54 and S3, and considerable contamination in S7 and S5. The results revealed
the degree of PTE pollution with PLI in the study area is moderately contaminated and RI
values demonstrated very high ecological risk for the five metals assessed (As, Cd, Cr, Cu
and Pb).

The concentrations of PTEs in the San Juan-Taxco River system were compared with
other major polluted rivers in Mexico and worldwide and summarized in the Table 8. The
comparison of the PTEs concentrations with other Mexican rivers showed that this system
presents higher concentrations of As, Cd, Ni, Fe, Cu and Zn than those reported in the
Atoyac river; Cd, Cu and Zn higher than those reported in the Panuco River and exceeds
the concentrations of As, Fe, Cu, Ni and Zn measured in the Coatzacoalcos River [4,48,49].
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Figure 7. Spatial distribution of the potential ecological risk index in the San Juan-Taxco River

system.

Table 8. Comparison of PTE concentrations with other riverine environments worldwide.

PTE As Ba Cd Cr Cu Ni Pb Zn Fe
(mg kg)
Present study 17.1-48.8 1.8-504 25-17.1 4.3-502 154-111 2.5-13.9 45.09-142 15,366-23,223
Yangtze River [50] 9.1 0.19 79.1 24.7 31.9 23.8 82.9 -
Yellow River [51] - 0.1-0.3 61.3-139.5 14.1-30.3 19.3-34.6 15.5-24.6 39.9-74.6 -
Tinto River [52] 1130 2.75 56 805 17 2230 901 11,500
Tigris River [53] 7.9 - 2860 66 1061 -
Ganga River [54] - 1.7 69.9 29.8 372 26.7 67.8 31,988.60
Euphrates River [55] - 1.9 58.9 18.9 67.1 22.6 48 2249.50
Zarrin-Gol River [7] 21.91 - 37.67 - 12.39 - 32.68 13,751
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4.3.5. Comparison of PTE Concentrations with Other Riverine Environments Worldwide

The worldwide comparison showed higher concentrations, the comparison with Zar-
rin-Gol River in Iran in As, Ni, Zn and Fe, and the sediment concentrations of Cd, Cu, Ni,
Pb and Zn in the present study exceed those reported in the Yantze, Yellow, Ganga and
Euphrates Rivers [7,48,55]. The concentration of Fe was found to be higher than the values
in the Tinto River and Euphrates River (Table 8). The Fe abundance in sediments has been
attributed to weathering, erosion and other natural sources, as well as large-scale human
activities (mining release, municipal solid waste and agricultural activities).

Cadmium values are considerably high, compared to the other rivers of Mexico and
the world; the results showed concentrations in all study sites to be above the background
values, and these vales are associated with wastes from mining and urban and agricul-
tural runoff. The concentration of Pb in this study was found to be lower than the concen-
tration reported in the Atoyac, Panuco, Coatzacoalcos, Yangtze, Yellow, Tinto, Ganga and
Euphrates Rivers [7,48-55]. This metal is mainly associated with Fe oxide fraction and
shows high retention in sediments. Pb and Zn concentrations is attributed that tailings are
being washed down by the action of rain towards the riverbed. Zn is one of the most
abundant elements in the sediment of the San Juan-Taxco River system (Table 8). Those
values are higher than the values reported in the Atoyac, Panuco, Coatzacoalcos, Yangtze,
Yellow, Ganga, Euphrates and Zarrin Rivers [7,48-55].

The results of PTE pollution in surface sediments of the San Juan-Taxco River system
indicated that the contamination is relatively high. Several authors have documented the
contamination until the closure of the mines and after the abandonment of the mining
tailings [14,15,56,57]; the closure of the mines brought with it an increase in formal and
informal crafts and jewelry workshops not only made of silver, but also of other alloys,
such as alpakar, brass and tumbaga. The results indicate that the concentrations previ-
ously reported in the sediments do not coincide in order of abundance or in the same
elements; in this work, the toxic elements present in order of abundance are Cd > Zn > Pb
> Cu > As and before they were Pb > As > Zn > Fe [17,56].

The manufacturing process of handicrafts and handmade jewelry include refining
and alloying with other metals, such as Cd, Zn and Cu, the smelting process, framing the
metals, soldering, platinating, polishing or etching the piece. Each task is generally accom-
plished by the use of some substances and actives of PTEs, such as Cd, Zn and Ni; tradi-
tionally, Cd and Zn have been used in jewelry solders or galvanized [20]. The rivers in the
mining region of Taxco constantly receive trace amount of PTEs from weathering of rocks.
Continuous or intermittent but relatively higher input of heavy metals to rivers and
streams is linked to anthropogenic sources [56].

The release of PTE may change between different points depending on the local con-
centrations and physicochemical conditions and the sources. The contributions of these
elements can be from the piles of mining tailings dust, the discharges of the municipal
network and water contributions from the jewelry and handicraft workshops, the dust
produced by the metal processing of these workshops and pollution from regular munic-
ipal discharges. These toxic elements may be mobilized by rain and air towards the riv-
erbed.

5. Conclusions

PTEs in water resources is a severe threat due to their toxic nature and tendency to
bio-accumulate and amplify in higher trophic levels, altering the ecological functions of
the river and soil, poisoning the aquatic environment and putting at risk the populations
dependent on the river system. This study determined the concentrations of nine PTEs in
water samples; the concentrations in water (river water and groundwater) in almost all of
the samples were below the standards of the WHO. The concentrations of Mn, As, Al and
Pb in water posed health risks based on the CDI, HQ and HI method and USEPA criteria
(2005). The human health risk assessment indicated that the water of San Juan-Taxco River
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system is not recommended for human consumption, domestic activities and prolonged
ingestion.

The San Juan-Taxco River system has a potential health risk in both population
groups for the two pathways. Non-healthy risk was determined in groundwater; the risk
to human health in the river water can be attributed to the dissolution of minerals, trace
metals from direct sewage discharge, agricultural runoff, tailings dams and increasing
concentration due to bioaccumulation downstream. Therefore, it can be established that
the population living in the riverine landscape and using untreated surface water for
drinking are vulnerable to the health risk from TPE pollution. Proper monitoring in the
area should be implemented to control the pollution and to identify alternative sources of
drinking water. It is recommended to implement a proper treatment and management
policies of water to reduce the health risk.

Anthropogenic sources have contributed significantly to PTE concentrations in the
study area, while natural sources have contributed only small amounts. Cd, Zn and Pb
may originate from mining and jewelry wastes, wastewater and agricultural sources, such
as pesticides and chemical fertilizers. The analyses also indicate that the main processes
that control the pollution are mining tailings erosion with discharge processes and pro-
portional dilution related to grain-size distribution processes (this is a high-energy stream
with dominance of sand size particles). Thus, PTE concentrations tend to accumulate in
banks and in backwaters with fine sediments with reduced flow rate and flow velocity.

PTE concentration in water and sediments pose a severe threat to the human popu-
lation due to erratic disposal and rapid discharge of PTE in the river environment by min-
ing tails, numerous jewelry workshops and human settlements in this riverine landscape.

This study provides the environmental knowledge in identifying the contaminants
in the sedimentological substrate and locates the sites in need of immediate assistance. In
addition, it is necessary to identify the number of handicrafts and jewelry workshops and
to know the amount of PTE waste that is generated.

It is also very important to establish the PTE waste concentration in water and the
environment to establish regulation, conservation and treatment measures. The infor-
mation generated from the present study would serve to establish public policies for an
effective management of this fluvial system in Mexico. Moreover, sensitization and aware-
ness of the health risk of the consumption of water sources affected with PTE should be
carried out intensively.

To reinforce the results of this study, it is recommended to increase the number of
samples in those critical areas. Future research should include the risk analysis of the en-
tire population. An isotopic analysis of strontium could provide a more detail source of
contaminants.
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