Assessment of water quality, ecological and
health risks of inland water bodies in Mexico: A
case study of Lake Chapala

ABSTRACT

Water security threatens the world's population, so the assessment of the quality of water in
reservoirs is one of the priority issues and represents a challenge for the sustainability of
ecosystems and the human population. The aim is to evaluate the physicochemical
parameters and heavy metals of the water of Lake Chapala to evaluate its water quality,
during the period 2010-2023, and to estimate the ecological and health risks. The results will
provide valuable information on water quality management and protection of human health.
The design is an ecological study, using water quality, pollution risk, ecological and health
risk indices. The place and duration of the study is the Lake Chapala during the period 2010-
2023. The methodology consisted of obtaining the quality data of the Water Lake Chapala
through the State Water Commission, the National Water Commission and studies
conducted by the University of Guadalajara. The analyses were conducted on a monthly
basis from 2010 to 2023. Subsequently, the CWQI, WQI, NP, HPI, HEI, DC, PERI, HQ, HI,
THI, CR and TCR indices were calculated to determine water quality and ecological and
health risks. The results showed que the distribution of parameter concentration showed
great spatial variation, but not temporal; the TDS, Turbidity, pH, Al, As, Cr, Cu, Mn, Pb and
Zn with percentages above the CCME standard, but most of them within the NOM-001-
SEMARNAT-2021. The heavy metals Al, As, Cr, Pb and Zn have concentration percentages
of more than 100% with respect to the international standard. The remaining 14 parameters
are within both national and international standards. Pearson's correlation analysis showed
that none of the trace elements have positive correlations with each other. Water quality
according to the WQI of 178 was categorized as poor quality, while for the CWQI almost all
uses except grazing, water quality is poor (20-35). According to the NP index (3.8 to 670),
the concentrations of heavy metals showed high levels of contamination. The HPI index
(88.6) showed moderate to high levels of heavy metal contamination. The HEI index showed
<10 levels, indicating low contamination. The DC had a value of 0.2-18.2, classified as a
high degree of contamination. The PERI index showed that the ecological risk from heavy
metals is high. Non-carcinogenic risk indices indicate that lake water is not suitable for
drinking, and poses a high health risk via ingestion, while dermal contact does not pose a
health risk to residential and recreational recipients. The carcinogenic risk index is negligible
to acceptable. The conclusion is according to the water quality, ecological and health risk
indices, the water quality of Lake Chapala is poor, with a high degree of contamination and
represents ecological and health risks (non-carcinogenic). It is recommended that the use of
lake water does not include its ingestion to avoid health problems, and it is important to take
measures to sanitize the lake to avoid ecological and health risks.
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1. INTRODUCTION

“Water resources are indispensable for a healthy ecological environment and livelihoods.
The quality and availability of water have influenced the development of civilizations and the
development of populations” [1-5]. “Water quality is highly sensitive to climate variability,
climate change and intense anthropogenic activities, as they have a major impact on
ecosystems and human health” [6-8]. “Water security threatens the world's population, so
the assessment of the water quality of water bodies is one of the important issues that
represent a current challenge to ensure the sustainability of ecosystems and the human
population” [9-12].




Physicochemical, microbiological, and trace element parameters of water are the most
commonly used indicators to determine the health of water bodies. On the other hand, heavy
metals in water bodies are among the most dangerous pollutants due to their persistence,
carcinogenicity and environmental toxicity [13-17]. Many regions of the planet face severe
water pollution, especially heavy metals [12, 18-19]. Heavy metal pollution in freshwater
bodies has been a global concern in recent years [16, 20-22], so contaminated water can
make it unsuitable for a wide range of activities such as human consumption, aquatic life
development, recreation, irrigation, livestock, among others. “The accumulation of heavy
metals in water can cause adverse health effects on aquatic organisms and human” [11, 23].
Multiple investigations have been conducted on water quality, health and ecosystem risk
assessment; ldentification of sources of heavy metals in well water, rivers, shallow
groundwater, lakes, and drinking water. However, human activities have increased in recent
years, which is a potential threat to the sustainable development and ecological security of
water bodies. Previous studies have described the contamination of Lake Chapala, however,
the ecological and health risks of the riparian populations and of the ZMG, which is fed
almost 60% by water from the lake, have not been reported. For this reason, it is important
to study the quality of the water and the presence of heavy metals in Lake Chapala that are
related to activities such as water consumption, aquatic life, recreation, irrigation, grazing,
among others.

In this study, analyses of the physicochemical parameters and heavy metals of the water of
Lake Chapala were collected and analyzed during the period 2000-2020, to evaluate the
water quality and the ecological and human health risks they represent. These results can
provide valuable insights into water quality management and the protection of human health.

2. MATERIAL & METHODS

2.1 Study Area

Lake Chapala is the largest inland body of water in Mexico. It is located in the east of the
State of Jalisco and in the northwest of the State of Michoacan, it has a maximum area of
114,659 ha, of which Jalisco occupies 86% and Michoacan 14%. It has a maximum storage
capacity, at an altitude of 97.80 (equivalent to 1,423.80 meters above sea level) of 7,897
million cubic meters and dimensions of 79 km long and 28 km wide, and average depth of
4.5 m (Pic 1). The lake provides various uses and is a very important natural resource for the
region and in particular for the Guadalajara Metropolitan Area (GMA), as it is its main source
of supply (approximately 60%). The lake belongs to the Lerma-Chapala-Pacific hydrological
basin; the basin of the Lerma River is its main tributary, and industrial, agricultural and urban
activities are developed there, in which water has been a determining factor [24]. However,
these activities have deteriorated the quality of the lake's water due to wastewater
discharges, decreased river flows and water withdrawals for supply to the GMA (with a
population of 5,268,642 inhabitants in 2020, distributed in 10 municipalities Guadalajara,
Zapopan, Tlajomulco de Zudiga, San Pedro Tlaquepaque,Tonala, El Salto, Juanacatlan,
Ixtlahuacan de los Membrillos, Acatlan de Juarez and Zapotlanejo [25]), with a total area of
3,567.50 km2 and an average density of 1476.84 inhabitants per kmz2 [26].

Lake Chapala is considered a shallow lake and this type of lakes located in tropical and
subtropical regions have greater conditions of vulnerability, due to a greater photoperiod and
warm temperatures, which favors a greater production of phytoplankton, proliferation of
cyanobacteria and macrophytes, altering the water balance, the food chain and putting the
ecosystem at risk [27-31].

According to de Anda and Maniak [32], Lake Chapala is alkaline, with an average pH of 8.5,
a high degree of turbidity, and a minimum transparency of 10 cm in the east and 60 cm in
the west. The dissolved O, is 6.8-7.0 mg/l with saturation >90%, with no major variations in
the water column [33-34]. Organic matter (DBOs) is 1.4-2.0 mg/l, higher near municipal



discharges. The surface temperature is between 17.8 and 23.8°C.The total inorganic P in
the area of the mouth of the Lerma River is 0.517 mg/l; and in the rest of the lake 0.6mg/I
and phosphates (PO,?) 0.41mg/l [33-34].0Organic N, and nitrate decrease in an east-west
direction and increase near the Chapala population[35]. Sulfates have concentrations
between 47-70 mg/l. Fats and oils between 4.1 and 115.6 mg/l. The total hardness is 100-
250 mg/l and the total alkalinity is 196-246mgCaCOa/I. At the mouth of the Lerma River fecal
coliforms are 123-NMP/100ml, and in the rest of the lake 90NMP/100ml [34]. 117 species of
algae have been identified and it is estimated that there may be more than 300. The
presence of cyanobacteria of the genus Microsystis predominates in autumn and winter, and
they are indicative of contamination [36]. These cyanobacteria have an impact on the health
of aquatic life and can have consequences on human health by the ingestion of
contaminated fish [37].

The main economic activities within the lake basin are tourism, agriculture, fishing and to a
lesser extent livestock and handicrafts. Most agricultural land is rainfed, and fertilizers are
used only during the rainy season. However, traditional agricultural practices use excessive
amounts of fertilizers, which is one of the main sources of nutrient pollution.

The current situation of the lake is very complex, since the extension of the entire basin
involves the factors of water exploitation, pollution, silt and climatic effects [25]. In addition,
the lake is being lost day by day, as the only thing that saves its water level is the rainy
season. Water problems and the fight over water on the Lerma River cause the lake to be
lost little by little. Among the main problems are 1) the excessive consumption of water as a
result of human activity, 2) high levels of pollution, due to industrial and domestic discharges
and proper management of wastewater treatment plants in the lake basin itself, 3) pollution
in the entire basin is considered serious due to the water conditions of the Lerma-Santiago
basin. The Lerma River crosses the Bajio region, and all kinds of urban and agricultural
waste are dumped into it. In addition, the construction of dams on this river worsens the flow
of water and waste ends up accumulating. In the River Santiago, the pollution is equally
strong, as it receives drainage water from the GMA and nearby towns. All the waste in the
rivers comes together, causing the current to be slow and the water to stagnate, further
deteriorating the quality of the water, and 4) silting, a product of the degradation of the soils
of the basin itself and the dragging of solids by the tributaries that flow into the Lake (Lerma,
The Passion and Zula rivers).

The population of the GMA continues to increase and with it the demand for water to meet
domestic, commercial, industrial needs, among others. Water quality is a concern in Lake
Chapala due to direct discharges of raw and partially treated wastewater from settlements
located along its shores and from housing developments located within its watershed. As a
result of wastewater pollution, the water has undergone major changes in its chemical,
physical and biological characteristics, causing algae blooms, increased water turbidity and
various pollutants and, in recent years, the mass die-off of endemic and commercial fish
species during the summer.

The lake is of capital importance in the Central-West of Mexico, because it is the largest
body of surface water in the country and the one that feeds water to the Guadalajara
Metropolitan Area, which is the second largest city in Mexico. An increase in the population
of the basin and a rapid process of urbanization of the municipalities are putting at risk the
aesthetic, cultural, economic and environmental values of the lake.

In 2018, indigenous communities on the shores of the lake reported health problems,
specifically related to outbreaks of kidney disease, brain damage, cancer and malformations
that especially affect children and young people in the region. It has been mentioned that
these are associated with the direct consumption of water from the lake, from nearby wells,
and thermal water that do not receive special treatment. The public health problem is



serious, however, there are no official data on the factors that predispose or enhance the
development of diseases.

Based on the above, it is of vital importance to evaluate the physicochemical parameters
and heavy metals, to determine the quality of the lake's water, the ecological and health
risks, to establish whether the quality of the lake's water may be associated with the
negative effects on public health of the population that uses its waters as a source of
drinking water supply.
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Pic. 1 Lake Chapala Basin (Courtesy of Google Earth, 2023)

2.2Methodology

Water quality data for Lake Chapala were obtained through the State Water Commission
(CEA) and the National Water Commission (CNA). The data provided includes monthly
monitoring from 2010 to 2023. The data provided includes the following parameters:
temperature, TDS, conductivity, oxygen demand, pH, alkalinity, sulfates, chlorides, fluorides,
nitrates, Na, P, N, Ba, Fe, Al, Mn, As, Cd, Cr, Cu, Hg, Ni, Pb and Zn. All parameters were
compared with the Official-Mexican Standard NOM-001-SEMARNAT-2021, which
establishes the maximum permissible limits of pollutants in wastewater discharges into
national water bodies [38] and the limits of the Canadian Water Quality Guidelines for the
Protection of Aquatic Life Freshwater, Marine [39] and Water Quality Guidelines for the
Protection of Agriculture Irrigation, Livestock of the Canadian Environmental Quality
Guidelines [40].

“The lake's water samples were taken in accordance with international water sampling
standards. The samples were transferred to the laboratories of the State Water Commission
and the National Water Commission, which has laboratories accredited to perform water



quality analyses in accordance with the regulations approved in Mexico by the National
Water Commission itself, which in turn are based on internationally approved protocols” [41-
42].

With the results of the parameters analyzed during the period 2010-2023, basic statistical
techniques were applied to describe the behavior of the data collected. And the water quality
indices CWQI, WQI, NP, HPI, HEI, DC, PERI ecological risk; and HQ, HI, THI, CR and TCR
health risks were calculated, according to the following formulas and criteria of affectation:

2.1. Canadian Water Quality Index (CWQI)

“The Canadian Water Quality Index (CWQI) is one of the most widely used indices and was
proposed by the Canadian Council of Ministers of the Environment known as CCME-CWQI,
it was developed to simplify the reporting of water quality data. It is a tool to generate
summaries of quality data useful for both technicians and policymakers, as well as for the
general public interested in that knowledge” [36]. “This index is based on the determination
of three factors that represent scope, frequency, and amplitude. The scope (F1) defines the
percentage of variables that have values outside the range of desirable levels for the use
being evaluated with respect to the total number of variables considered. The frequency (F2)
is found by the ratio between the number of values outside the desirable levels with respect
to the total data of the variables studied. Amplitude (F3) is a measure of the deviation that
exists in the data, determined by the magnitude of the excesses of each piece of data out of
range when compared to its threshold” [43].
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The CWQI is considered a useful tool for obtaining a comprehensive description of the water
quality of a river or lake. The index summarizes the different water quality parameters from a
large amount of physicochemical parameter data and element-in-water using a simple
number. Five categories of water quality are presented according to the CWQI value
between 95-100 Excellent, between 80-94 Good quality, between 65-79 Fair, between 45-64
Marginal and between 0-44 Poor quality [43].

Another water quality index that is considered useful for getting a complete picture of the
water quality of rivers or lakes is the WQI. The index summarizes different water quality
parameters converted from a large amount of data (physicochemical parameters and trace
elements) into a single number. The WQI is calculated as follows:

woI = Z [Wi x (g—)] x 100

where W; = ZW—V; which is the relative weight. w; is the weight of each parameter according to

its relative effects on drinking importance and human health. The relative weights of each
parameter are: pH=4, TDS=4, Cr=5, Mn=5, Ni=1, Cu=2, Zn=1, As=5, Cd=5, Ba=2 and Pb=5;



The other elements have no relative weights. Y w; is the sum of which in this case is 39.C; is
the concentration of the element in the water sample, andS; represents the boundary
concentration of the element in the lake water. Five water quality ratings are presented
according to the values of theW QI:<50 represents excellent quality, 50-100 represents good
quality, 100-200 represents poor quality, 200-300 represents very poor quality, and > 300
indicates that the water is unfit for drinking.

2.2. Nemerow Pollution Index (NP)

The Nemerow Pollution Index (NP) is applied to comprehensively assess the quality of
water, sediment or soil, taking into account the maximum and average values of a simple
factor and can highlight the role of heavy pollutants [14, 44-45]. The NP is calculated using
the equation:

Where:
Ci is the trace element of the water sample,
S; is represents the permissible limit of drinking water, and

(g—)2 and (j—)z refer to the mean and maximum values of (

i/ mean i/ max

Ci

2
;) among all trace elements.

NP is divided into five classes: clean (<0.7), still clean (0.7-1.0), low pollution (1.0-2.0),
moderate pollution (2.0-3.0), and high pollution (>3.0) [14].

2.3. Heavy Metal Contamination Index (HPI)

The Heavy Metal Pollution Index (HPI) is used to assess the influence of individual heavy
metals on overall water quality [39]. The grading system is an arbitrary value between 0 and
1, and the selection depends on the importance of the individual heavy metals [46-47]. The
HPI is calculated by:

Ci k
LVVi:_
i

1 (WiQ;) Ci
s s;

X
HPI = ", and Q; =
Where:
n is the number of heavy metal parameters considered;
Wi is the unit weight of the i-th trace element parameter;
Qi is the subscript of the i-th trace element parameter;
Ci is the concentration of the heavy element in the water sample;
S;represents the permissible limit of drinking water, and
k constant of proportionality. k=1 was selected for the calculation [48].
Calculated HPI values are classified into four levels of heavy element contamination: low
(<15), moderate (15-30), moderate to heavy (30-100), and high (HP1>100).

2.4. Heavy Metal Evaluation Index (HEI)

“The Heavy Metal Evaluation Index (HEI) reflects water quality with respect to heavy metal
concentrations [49-50]. The HEI is used to rate the combined influence of each parameter on
overall water quality and are used to assess the level of pollution caused by heavy metals”
[16]. The equation used for the calculation of HEI is [49]:

n
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Where:C;are the current concentrations of heavy metals andMAC;is the maximum
permissible concentration of the heavy metal. The classification of surface water quality
based on the HEI is low (<10), moderate (10-20), and high pollution (> 20) [51].

2.5. Degree of contamination (DC)

The Contamination Degree Index (DC) is used to quantify the level of contamination with
trace elements. The DC summarizes the combined effects of several elements considered
harmful to domestic water [52]. It is determined by the following equation [50, 52]:

n
o
DC:ZCﬂ y Cfi:m_l
i=1
Where:

Cy; represents the contamination factor,

C; and MAC;are the values of the actual concentration and the maximum permissible
concentration of the i-th component.

DC values are grouped into three pollution degree categories: low (<1), moderate (1-3), and
high (>3) [51].

2.6. Risk assessment
2.6.1. Ecological risk

The potential impact of trace element contamination on organisms was determined by an
ecological risk assessment. The Potential Ecological Risk Index (PERI) is often used in
ecological risk assessments of aquatic environments and is calculated as follows [53-54]:

PERI = G
~ALC;

Where:

C; and ALC;are the actual values of concentration and aquatic life, respectively. Cui et al. [53]
refer to trace element ACL values. Risk levels were classified as no risk (<0.1), low risk (0.1-
1), moderate risk (1-10), and high risk (>10) [54].

2.6.2. Health risk

Hazard ratios (HQs) are widely used to assess toxicity caused by trace elements in aquatic
ecosystems [21, 55, 56] and the total potential non-carcinogenic risks resulting from different
methods are assessed by HI [57]. Carcinogenic risks (CRs) are assessed only for elements
that have carcinogenic slope factors (CSFo) [54]. Health risks are calculated separately for
residential and recreational recipients (adults and children) with the following equations [57]:

Non-Carcinogenic (HQ) Risks for Residential Receptors:
_ Cy X IRW,; X EF,; X ED
~ BW X AT, X R¢D, X 103

Cy X SAX K, X ETyo5 X EV X EF,p X ED
BW x AT,.s X RsD, x GIABS x 10°

HQinjectL'on

HQdermal =

Non-Carcinogenic (HQ) Risks to Recreational Receptors:
C, X IRW,,. X EF,,. X ED

" BW X AT, X R;D, X 10°

Cy X SAX Ky, X ETyec X EV X EF,,c X ED
BW X AT,.c X R¢D, X GIABS % 1096

HQinjection

HQdermal =



The total potential non-carcinogenic risks of all individual trace elements are assessed using
the hazard index (HI). The total HI (THI) for different receptors is calculated by summing the
IH at each route of exposure.

HI = HQ(AL) + HQ(CT) + --.+HQ(Pb) + HQ(As)
THI = Hlinjection + HIdermal

If HQ, HI, or THI are > 1, the effects of trace elements on human health should be
considered [58].

Carcinogenic (CR) Hazards for Residential Recipients:
_ EFree X EDg X IRWyo | EFyoc X ED X [RW;gq

IFW, .. =
rec BVVa BVVC
C, X IFW,,, x CSF,
CRinjection = AT % 103
ETres—a X EDa + EFres—c X EDC
ETevent —rec — ED
DR, — EV, x EFre;;VEDa X SA, N EV, x EFre;;/EDC X SA,
a c
Cy X K, X 0.001 X ETepent —yes X DFW,os X CSF,
CRdermal =

AT X GIABS x 103
Carcinogenic (CR) Hazards to Recreational Recipients:
_ EFs XEDy X IRW,e5_q & EF.es X ED; X IRW,o5_

IFW, s = B W B
; c
Cyy X IFW, . X CSF,
CRinjection = AT % 10°
EF.._o XED, + EF,,._. XED,
ETevent —rec — ED
DFW,, = EV, X EF,,. X ED, X SA, +EVC x EE.,. X ED, X SA,

BW, BW.

Cy X K, X 0.001 X ETepent —yec X DFW,ee X CSF,
AT x GIABS x 103

Total cancer risk (TCR) is calculated by summing cancer risks (CR).

TCR = CRinjestion + CRdermal

CRyermar =

According to the USEPA [59], cancer risks are classified into three levels based on CR
value: negligible (<10®), acceptable (10° - 10™), and high risk (>10™). International values
were used for oral reference dose (RfDo), dermal permeability constant (Kp), oral slope
factor (CSFo) and gastrointestinal absorption (GIABS) for each element analyzed.

2.7. Statistical analysis

Descriptive statistics, Pearson correlation matrix of heavy metals, and all indices were
calculated using Excel 2017.

3. RESULTS AND DISCUSSION

Descriptive statistics of the physicochemical and heavy metal parameters of the water of the
Lake Chapala are presented in Table 1. The temperature ranges from 17.8 to 33.0 °C with



an average of 23.6 °C.Conductivity ranged from 576 to 1842 uS/cm and average of 950
puS/cm. Dissolved Total Solids (TDS) ranged from 286 to 1101 mg/l with an average of 645
mg/l. Turbidity ranged from 26 to 125 NTU and average 67.6 NTU. Dissolved oxygen DO
range from 1.1 to 20.1 mg/l with an average of 8.99 mg/l. The water showed pH between 7.4
and 9.7 and an average alkaline of 9.1. Total alkalinity ranged from 258 to 561 mg/l with an
average of 388 mg/l. Na ranged from 0 to 254 mg/l and average 123 mg/l. Sulfates ranged
from 20 to 68 mg/l with an average of 51 mg/l. Chlorides ranged from 35 to 157 mg/I and
average 76 mg/l. Fluorides ranged from 0.5 to 5.9 mg/L, with an average of 1.05 mg/L.
Phosphorus (P) ranged from 0.21 to 1.75 mg/l and average 1.10 mg/l. Nitrate ranged from
0.1 to 1.3 mg/l with an average of 0.14 mg/l. N ranged from 0.5 to 19.8 mg/l and mean 9.20
mg/l. Al ranged from 0.01 to 4.7 mg/l with an average of 0.3 mg/l. Trace elements (including
heavy metals) showed the following concentrations: As ranged from 0.0025 to 0.1080 mg/l
with an average of 0.0213 mg/l, Ba ranged from 0.0026 to 0.2530mg/l and average of
0.0848 mgl/l, Cd presented values of 0.0191 mg/l, Cr presented values between 0.0670 to
0.0950 mg/l and average of 0.0810 mg/l,Fe ranged from 0.0360 to 2.7260 mg/l and average
of 0.1444 mg/l, Hg ranged from 0.0011 to 0.0674 mg/l and average of 0.0035 mg/l, Mn
ranged from 0.044 to 0.2740 mg/I with an average of 0.0623 mg/l, Ni ranged from 0.0023 to
0.0514 mg/l and value of 0.0163 mg/l, Pb ranged from 0.0025 to 0.10 mg/l with an average
of 0.0054 mg/l, Zn ranged from 0.02 to 3.002 mg/l and average 0.0786 mg/l. The
physicochemical and heavy metal parameters have increased as a function of time, since
the values reported here are higher than those of De Anda and Maniak [32], Sanchez et al.
[60] and CNA [61].

The distribution of concentrations showed significant spatial variation.The parameters with
percentages above the CCME standard are: TDS (3111895%), Turbidity (6657%), pH (7%),
F (5%), Al (5956%), As (326%), Cr (8000%), Cu (2425%), Mn (25%), Pb (438%) and Zn
(162%), however, most are within NOM-001. The heavy metals Al, Cr, Pb, Zn and As are
those with concentrations of more than 100% with respect to the international standard. The
remaining 14 parameters are within national and international standards. Pearson's
correlation analysis showed that no trace elements have positive correlations with each
other. (Table 2). Variations in some heavy metals were significant, including As, Cd, Hg. Pb
and Zn with larger standard deviations than the other trace elements. The results indicated
the geological-chemical-physical properties of the lake and its reservoir. According to
average values, heavy metals can be divided into two categories: moderately abundant
elements such as Ba, Cd, and Hg; and high-abundance elements such as Al, Cr, Ni, Pb, Zn,
and As. The heavy metals reported in this study are higher than those reported by De Anda
and Maniak [32], Sanchez et al. [60] and CNA [61].

For De Anda and Maniak [32], Sanchez et al. [60] and CNA [61] heavy metals do not pose a
risk. In the present assessment, practically all heavy metals represent a risk and are most
likely the result of metal deposition processes.

The WQI and CWQI indices are assessment tools to represent the combined effects of
various water quality parameters and measure the suitability of water for consumption in
different activities. The WQI and CWQI values for Lake Chapala are shown in Table 3 and
Figures 1-3. The indices were very similar in the period analyzed.

The WQI is a useful tool for managing and monitoring surface water resources, summarizing
different water quality parameters converted from a large amount of data into a single
number [62]. Lake Chapala WQI values ranged from 111 to 269, with an average of 178
(Table 3 and Fig. 3). The quality of the water according to the WQI was categorized as poor
quality, unlike what was reported by CNA [61].

The Canadian Water Quality Index (CWQI) is the most widely used index globally as it
allows water quality to be analyzed in a general way and for each specific water use. Overall
CWQI values ranged from 28 to 36 in the water samples, with an average of 30 classifying it



as poor-quality water. For the use of drinking water, the CQW!I value presented an average
of 38 with a category of poor quality. For aquatic life, the average CQW!I value was 18 with
poor quality category. For recreational uses, the average CQWI value was 29 with low

quality category.

Table 1. Descriptive statistics of water quality parameters analyzed in Lake Chapala
during the period 2010-2023

Temp
Condl
TDS
Turb
DO

pH

Alk

Na
Sulphate
Chloride
Fluoride
P
Nitrate
N

Al

As

Ba

Cd

Cr

Cu

Fe

Hg

Mn

Ni

Pb

Zn

Mean SD CcVv Maximum
23.6190 2.3242 0.098 33.0000
950.1884 210.5534 0.222 1842.0000
125.4245 0.194 1101.2000
22.3545 0.331 125.0000
8.9860 3.7915 0.422 20.1000
0.3366 0.037 9.7000
387.6229 63.9232 0.165 561.2800
123.0373  31.1620 0.253 254.1000
50.9315 10.2143 0.201 68.3929
76.2586 20.4326 0.268 157.2900
0.7123 0.677 5.8700
1.1042 0.3437 0.311 1.7500
0.1422 0.1388 0.976 1.3300
9.1759 2.6716 0.291 19.8000
0.5255 1.736 4.7300
0.0146 0.685 0.1080
0.0848 0.0757 0.893 0.2530
0.0191 0.0000 3E-15 0.0191
0.0141 0.174 0.0950
0.0031 0.061 0.0740
0.1444 0.2555 1.77 2.7260
0.0107 3.043 0.0674
0.0262 0.421 0.2740
0.0092 0.564 0.0514
0.0102 1.9 0.1000
0.2955 3.759 3.0020

Minimum NOM-001

17.8000
576.0000
286.0000

26.0000

35.0000

20.0000

1.1400 100.0000

7.3700
258.0000
0.0025
20.0000
35.0000
0.4900
0.2110
0.1000
0.5000
0.0100
0.0025
0.0026
0.0191
0.0670
0.0500
0.0360
0.0011
0.0435
0.0023
0.0025
0.0200

45175

5.0000

15.0000

0.1000

0.1000

0.5000

4.0000

0.005

2.0000

0.2000
10.0000

CCME

9.5
8.5

200
500
110

100

0.005
0.005
1
0.005
0.001
0.002
0.3
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Table 2. Multiple correlation of heavy metals analyzed in Lake Chapala water during
the period 2010-2023

As Cd Cr Cu Hg Ni Pb Zn
Al 1
As 0.1730 1
Cd 0.0000 7.5E-17 1
Cr 0.0292 7.2E-02 -5.0E-15 1
Cu -0.0427 -3.0E-02 3.6E-14 -0.0810 1
Hg -0.0445 -9.4E-03 3.6E-17 -0.1641 -0.0245 1
Ni -0.0389 -5.4E-02 6.6E-16 -0.0419 -0.0673 0.0201 1
Pb -0.0310 -5.8E-02 9.8E-16 0.1733 0.0370 -0.0382 -0.0256 1
Zn -0.0474 2.7E-02 3.7E-16 -0.0554 0.1126 -0.0169 -0.0860 -0.0198 1




For irrigation, the average CQWI value was 50 with a marginal quality. For livestock, the
average CQWI value was 77 with the fair quality. In summary, for all uses except livestock,
the water quality of Lake Chapala is poor according to CWQI (Table 3 and Figs- 1 and 2).

Nemerov Contamination Indices (NP), Heavy Metal Contamination (HPI), Heavy Metal
Evaluation (HEI) and Contamination Degree indices (DC) were evaluated for the following
elements As, Cd, Cr, Ni, Pb, Al, Cu, Hg, Mn, Ba and Zn. The values of NP, HPI, HEI and DC
of the water of the lake Chapala are shown in tables 4 and 5. The values were temporally
similar throughout the period 2010-2023. However, the values indicated that the risk of
heavy metals in most water samples was at a high level.

NP values take into account the maximum and average values of individual trace elements
and can highlight the role of heavy contaminants [14, 45]. The NP values of heavy metals
were high, ranging from 3.80 to 670, depending on the NP classification criterion [14], the
NP indices showed high levels of contamination. The NP values from highest to lowest were
as follows: Al> Cr > Pb > Zn > Hg > As > Cd > Ni (Table 4).

The HPI index has been used to assess total trace element contamination in water samples
in many studies [63-65]. The selection of HPI depends on the importance of individual heavy
metals [46]. According to the HPI classification criteria [63], the HPI values for heavy metals
ranged from moderate to high, with an average value of 89. The HEI and DC indices are
calculated based on the integration of the maximum and maximum permissible
concentrations of the element [49, 52]. HEI values ranged from 9.2 to 9.3. The HEI index
shows levels below the limit of 10, which indicates a low contamination status. DC values
ranged from 4 to 18 with an average value of 11, described as a high degree of
contamination (Table 5).

3.1 Ecological risks

Ecological risks were assessed using the values of the PERI index of trace elements in
surface waters; they are calculated by dividing the concentration of each element in the
water by the ALC value. The ALC values of the trace elements analyzed are As=4.66,
Cd=0.43, Cr=7.06, Ni=4.46, Pb=5.65, Hg=0.3 and Zn=25.64. The PERIs of the elements in
the surface water samples from Lake Chapala are shown in Table 6. The results show that
all PERI values >1, indicating a high risk for the organisms in the lake. PERI's indicate higher
risk in the following order of heavy metals: Hg > Zn, > Cd, > As, > Pb > Cr > Ni; for the Al,
Cu do not apply. The results show that the ecological risk posed by heavy metals in Lake
Chapala is high in most water samples. More attention should be paid to all heavy metals
with regard to ecological risks.

3.2 Health Risks

3.2.1 Non-carcinogenic risks

The hazard quotient method is used in health risk assessment and was developed by
USEPA [58]. The total hazard quotient values for Lake Chapala are shown in Table 7. The
total hazard ratios of trace water elements for residential adults and children averaged
4.00and 5.7, respectively (Table 7). Risk ratios for adults and children were above the
threshold of 1.0, suggesting that non-carcinogenic risks for adults and children are high. The
total hazard ratios of trace water elements for adults and children for recreational use had
average values of 0.68 and 1.01, respectively, which does not represent a risk (Table
7).Non-carcinogenic risks for adults and residential children were3.58 and5.21by ingestion of
water and 0.43 and 0.49 for dermal contact, while the non-carcinogenic risks for recreational
adults and children were 0.0790 and 0.3092 for water ingestion; and 0.6032 and 0.7013 for
dermal contact (Table 7).

These results revealed that recreational receptors via water ingestion were less sensitive
than residential receptors. In addition, the adverse effect via water ingestion on residents'



health was greater than that of the dermal contact route. Notably, the non-carcinogenic risks
to ingestion and dermal contact routes for residential and recreational adults were lower than
for residential and recreational children, indicating that children were more sensitive than
adults when exposed to trace elements in surface water, which is consistent with the results
of other studies [11, 66]. In terms of the route of exposure to water ingestion, Cr was the
element with the highest risk ratios for residential and recreational receptors. The highest
order of exposure by the route of ingestion is as follows: Cr > Pb > Zn > Hg >As > Cd > Ni >
Cu > Al. Thus, the water of Lake Chapala is not suitable for drinking, so it represents a high
health risk via ingestion. In terms of dermal exposure pathway, Cr was also the element with
the highest hazard ratios for residential and recreational receptors. The highest order of
dermal exposure is as follows: Cr > As > Ni > Cu > Pb > Al > Zn. Thus, the lake water is
suitable for dermal contact for both residential and recreational use in both adults and
children, so they do not pose a health risk by contact.

In both children and adults, the heavy metals with the highest hazard ratios for residential
and recreational receptors are Cr, As, Ni, and Cu, while Pb, Al, and Zn contributed the least
to hazard ratios for both ingestion and contact.

3.3 Carcinogenic risks

The carcinogenic risk (CR) values are shown in Table 8. As and Cr, which have carcinogenic
slope factor, are the two elements that were used to evaluate CR and CRT. The total CRT of
As and Cr for residential receptors presented values of 5.53x10® and 2.10x10” respectively,
while for recreational receptors it presented values of 2.22x10° for As and 8.45x10°® for Cr.
Consequently, according to the indicators, these do not represent high risks for residential
and recreational receptors.

Analyzing the CR values of Cr by routes of ingestion and dermal contact for residential and
recreational receptors, these were lower than the target risk of 1x10™ (Table 8); likewise, the
values of As via ingestion and dermal contact for residents were lower than the target risk
(Table 8). CR by ingestion was the predominant contributor to total CRT and the dermal
route was the least contributor to total CRT. The results indicate that As would not pose a
carcinogenic risk to residents and recreators in different surface waters, while Cr may pose a
slight carcinogenic risk to recreational receptors.

Perhaps one of the consequences of the increase in poor water quality and ecological and
human health risks is due to the change in land use that the Lake Chapala basin has
experienced in recent decades. Due to the increased demand for water due to the growth of
the GMA in the present century and anthropogenic pollution; Heavy metals are a concern
because along with the average pH > 9; It puts agricultural production at risk and enables
the transfer of heavy metals via food.

Discharges of poorly treated wastewater and the lack of measures to control runoff from
agricultural areas result in a visible and consequential detriment of the physicochemical
characteristics and increase in heavy metal pollution of the water and the loss of several of
its potential uses as a reserve area for aquatic and terrestrial species. It also puts agriculture
and human health at risk due to ingestion and dermal contact with the waters of Lake
Chapala. Likewise, the health problems (kidney diseases, brain damage, cancer and
malformations) that affect children and young people from the indigenous communities of the
lakeshore could be the result of high levels of pollution, mainly by heavy metals, however,
epidemiological studies are needed to be able to affirm that the diseases are associated with
the direct consumption of water from the lake, nearby wells, and polluted hot springs.

4. CONCLUSION

The main conclusions are:



v The distribution of concentrations showed significant spatial variation. The parameters
with percentages above the CCME standard are: TDS (3111895%), Turbidity (6657%),
pH (7%), F (5%), Al (5956%), As (326%), Cr (8000%), Cu (2425%), Mn (25%), Pb
(438%) and Zn (162%), however, most are within NOM-001.

v Pearson's correlation analysis showed that no trace elements have positive correlations
with each other.

v Water quality according to the WQI of 178 was categorized as poor quality, while for the
CWQI for all uses except livestock it was categorized as poor (20-35).
Table 3. Canadian Water Quality Index (CWQI) for Lake Chapala by year and over the
entire period 2010-2023

2010 29 Poor 136 Poor Quality
2011 30 Poor 197 Poor Quality
2012 28 Poor 185 Poor Quality
2013 32 Poor 142 Poor Quality
2014 30 Poor 118 Poor Quality
2015 31 Poor 116 Poor Quality
2016 31 Poor 143 Poor Quality
2017 28 Poor 219 Very Bad Quality
2018 29 Poor 227 Very Bad Quality
2019 28 Poor 209 Very Bad Quality
2020 32 Poor 269 Very Bad Quality
2021 24 Poor 213 Very Bad Quality
2022 31 Poor 195 Poor Quality
2023 36 Poor 186 Poor Quality
2010-2023 | 29.9285714 Poor 182 Poor Quality
Mean 29.9285714 Poor 182.38384 Poor Quality
SD 2.63124864 43.7563495
Max 36 268.78374
Min 24 115.671537
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Figure 1 Canadian Water Quality Index (CWQI) and Lake Chapala WQI Index by year
and over the entire period 2010-2023
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Figure 2 Canadian Overall Water Quality Index (CWQI) for Lake Chapala by year and
over the entire period 2010-2023
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Figure 3 Water Quality Index (WQI) of Lake Chapala by year and over the entire period
2010-2023

Table 4. Nemerow Pollution Index (NP) of Lake Chapala during the period 2010-2023

Turb PH Na SO,*- cr F NO; Al As Ba Cd Cr Cu Fe Hg Mn Ni Pb Zn

Y1 FESRRRNCPCRNNRE] gy o BB

Table 5. HPI, HEI and DC pollution indices of Lake Chapala during the period 2010-
2023

Mean Max
HPI 89 88
HEI 9 9

Table 6. Ecological DC _ risk index of Lake

Chapala by year during the period 2019-2023
As Cd Cr Ni Pb Al Cu Hg Zn

PRI 2348 4442 1346 1152 1770 NA NA 33333 117.08

Table 7. Non-carcinogenic risk index for residential and recreational residents (adults and
children) of Lake Chapala water during the period 2010-2023

HI Ingestion HI Dermal THI

Adults | Children’s Adults Children’s | Adults | Children’s
Residential 0.4276 0.4919

A [0.0790 | 0.3092 | 06032 | 0.7013 | 0.6822 | 1.0105

Non-Carcinogenic Risks

Table 8. Carcinogenic Risk Index in Residential and Recreational Residents of Lake
Chapala Water During the Period 2010-2023

As Cr
Carcinogenic Risks
g CRIngestion | CRDermal TCR CRIngestion | CRDermal TCR
Residential 4.69x10° | 8.39x10° | 5.53x10® | 1.78 x10” | 3.19 x10° | 2.10 x10”
Recreational 1.57x10° | 6.51x107 | 2.22X10° | 5.98 x10° | 2.48 x10® | 8.45 x10°

TDS

0.9



v According to the NP index (3.80 to 670), the concentrations of heavy metals showed high
levels of contamination. The HPI index (89) showed moderate to high levels of heavy
metal contamination. The HEI index (9) with levels < 10 indicates a low pollution status.
The DC value was 4 to 9, classified as a high degree of contamination.

v The PERI index showed that the ecological risk from heavy metals is high.

v Non-carcinogenic risk indices indicate that Lake Chapala water is not suitable for
drinking, and poses a high health risk, while dermal contact does not pose a health risk to
residential and recreational recipients.

v According to the water quality, ecological risk and health indices, the water quality of
Lake Chapala is poor, with a high degree of contamination and represents ecological and
health risks (non-carcinogenic).

v/ The health problems (kidney diseases, brain damage, cancer and malformations) that
affect the indigenous communities of the lakeshore could be the result of high levels of
pollution, mainly by heavy metals, however, epidemiological studies are needed to be
able to affirm that the diseases are associated with the direct consumption of water from
the lake and nearby wells.
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