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Abstract: The Lake of Texcoco is a closed basin with soils that confer salinity, conductivity,
and alkalinity to it. It has undergone a reduction in size, incorporation of wastewater, and short-term
desiccation, and includes temporary wetlands interconnected during the rainy season, some of which
receive treated wastewater. Sediments contain metals, thus affecting water quality. Five artificial lakes
were studied, and 12 metals (As, Ba, Cd, Cu, Cr, Fe, Mg, Mn, Hg, Ni, Pb, and Zn) were monitored
bimonthly in water and sediments from June 2015 to March 2018. The Metal Pollution Index (MPI)
and the Distribution Coefficient (Kd) were computed. Fe and Cd were the most and least stable
metals in sediments, respectively (mean Log(Kd) = 4.24 and 2.079). Based on Log(Kd), metals were
ranked as Fe > Mn > Zn > Cu > Mg > Cr > Ni > Ba > Pb > Hg > As > Cd. Log(Kd) values < 3 and
> 5 indicate that metals occur mainly in water and sediments, respectively. The Mean Distribution
Coefficient Log(Kd MPI) is a novel index proposed to assess ecological risk from metals in a water
body. This index allows determining the phase (liquid or solid) where metals predominate, negatively
affecting either free-swimming or benthic organisms. Log(Kd MPI) values indicated that metals occur
primarily in the liquid phase in all lakes studied.

Keywords: aquatic risk management tool; sediments; water column; Lake of Texcoco system; Mexico;
saline lakes

1. Introduction

Metal pollution is a global environmental issue [1], being one of the most serious and conspicuous
problems in water bodies [2–5]. In fact, the world currently faces complex water management challenges
associated with an increasing human population and a changing climate [6]. In the intertropical region,
where many developing countries are located, the combination of accelerated population growth,
industrialization, and changes in land use and land cover exerts strong pressure on water resources [7];
pollution by metals can be particularly severe. Metals are natural components of the lithosphere and
also occur in aquatic sediments. Under certain biogeochemical processes, dissolution, and the effect of
factors such as pH, redox potential, salinity, and hardness, among others, metals can be released to the
overlying water, polluting it [8–10] and exposing free-swimming and benthic organisms. Metals are not
degradable; they bioaccumulate and are biomagnified through the trophic web [11]. Large amounts
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of metals derived from anthropogenic sources such as urban, agricultural, and industrial areas are
discharged into aquatic environments [5], then transported through the water column and accumulated
in sediments, thus posing an ecological risk to benthic organisms, fish, and other aquatic organisms,
and ultimately affecting humans [8,12].

Lakes are among the most vulnerable and fragile aquatic ecosystems, because they function as
sinks for a wide range of dissolved and particulate substances [13]. Sediments are essential components
of lakes, providing food for benthic organisms and accumulating multiple pollutants such as pesticides;
additionally, sediments are the most important reservoirs of metals in aquatic systems [1,10,14].
Over the past three decades, metals in water and sediments of freshwater ecosystems have been the
focus of interest of several researchers [15–17]. Therefore, the development of evaluation methods to
monitor metal pollution is essential.

1.1. Metal Pollution Index

The Metal Pollution Index [18] is a mathematical model that summarizes the values for all metals
in a single figure, calculated as the geometric mean of values for the metals considered, as follows:

MPI =
[∏n

i=1
Cfi

]1/n
. (1)

where MPI is the Metal Pollution Index, Cfi is the concentration of the ith metal, and n is the number of
metals analyzed. The MPI does not use reference concentrations, either from safety sheets, reference
sites, or baselines [19]. Moreover, MPI is not expressed in a scale or as categories that indicate the
pollution level; nonetheless, since it highlights those study sites with high metal concentrations,
it allows making comparisons between study sites or monitoring a given site through time.

Given that MPI provides a geometric mean of metal concentrations for each water body, it is
considered to be an indicator of the pollution level from these elements. Some metals occur at extremely
low levels in nature or polluting sources (trace), while others may be abundant. The assessment of
geometric mean values is useful for eliminating extre values that may skew the interpretation of data [19].

The global assessment of metal concentrations can be a gross indicator of pollution; however,
MPI provides no information about the potential mobility of metals across the two major compartments
in a water body: solid and liquid phases [10]. The mobility, fate, and bioavailability of metals are
directly related to the partitioning between suspended solids, sediments, and water [4].

1.2. Distribution Coefficient

The distribution coefficient (or partition coefficient) is one of the key parameters for assessing the
potential migration of a pollutant in the liquid phase that is in contact with sediment or suspended
matter. This tool describes in quantitative terms the partitioning of an element or compound between
sediments and the water column [20,21]. The distribution coefficient (Kd) is the ratio of pollutant
concentrations between sediments and water, and is calculated by the following equation [17]:

Kd =
[MetalS]
[MetalW]

[
L

kg

]
. (2)

where Kd (L/kg) is the distribution coefficient, Metals is the concentration of the pollutant in sediments
(mg/kg), and Metalw is the concentration of the pollutant in water (mg/L).

Kd is affected by multiple factors such as pH, organic matter content, and salinity, all related
to the nature of the water body [4]. According to [22], Kd provides crucial information for risk
assessment. Log(Kd) > 5 indicate elements or compounds with affinity to bind or remain in the solid
phase (sediments); values in the range 3 < Log(Kd) < 4 correspond to elents or compounds released
from the solid phase (towards the liquid phase); and Log(Kd) < 3 indicate chemicals prevailing in the
liquid phase.
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MPI and Kd are two indices that allow evaluating metal-related pollution in a water body.
MPI represents the geometric mean concentration of metals in a given compartment of the water
body, either water, sediments, or both; Kd indicates the compartment where individual metals are
contained. When used together, these two parameters support risk assessment for the aquatic
biota [5,10,16,18,22,23].

1.3. Saline Lakes

Large saline lakes account for 44% of the volume and 23% of the area of all lakes on Earth,
mostly located in arid, endorheic basins. Many saline lakes worldwide are shrinking at alarming rates,
reducing waterbird habitat, leading to economic losses, and threatening human health [6]. There are
few studies on metals in saline lake sediments [24,25]. Particularly, saline continental lakes are sensitive
to metal pollution because sediments from hypersaline ecosystems are considered sinks and sources of
trace elements [24].

The former Lake of Texcoco, in the endorheic basin of Mexico, is one of a few saline water bodies
of Mexico [19,26], maybe the most important from a cultural standpoint. The lake is located in a
zone with Solonchak and Vertisol soil types [27] (Figure 1). As indicated by [6], the Lake of Texcoco
is part of an endorheic basin; historically, this water body has undergone multiple modifications,
including reduction in size, incorporation of wastewater, and temporary desiccation. It currently
comprises natural and artificial wetlands that are temporarily interconnected during the rainy season
(June–October). Some of these receive treated wastewater and serve to regulate storm water floods [26];
consequently, water quality has deteriorated. In addition to human intervention on the Lake of Texcoco,
Solonchak soils are natural sources of metals such as Fe, Mn, Cr, and Zn [28]. Therefore, the Lake
of Texcoco, in its current state, represents a study model to monitor the presence of metals and the
compartments where these are contained; in addition, a few studies have addressed metal pollution
using both indices (MPI and Kd) [5] in temperate—but not in tropical—water bodies. This study aims to
evaluate the concentration of metals in five water bodies of the Lake of Texcoco system, Mexico, using the
MPI in water and sediments, and calculating the distribution coefficient. Based on the information
provided by each index, the MPIS/MPIW ratio is proposed to calculate the Mean Distribution Coefficient
(Kd MPI) for water bodies as a novel index to assess the ecological risk by metals and other xenobiotics that
may potentially migrate from the liquid to the solid phase of a water body, and vice versa.
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area of the Lake of Texcoco System (b), and map of soil types showing the location of lakes (c).
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2. Materials and Methods

2.1. Study Area

The Lake of Texcoco, in a closed basin known as the “basin of Mexico”, is located in the southern
portion of the Mesa Central (Mexico’s Central Plateau) and to the East of the Trans-Mexican Volcanic
Belt, and is surrounded by high mountains [29]. This basin is a volcano-tectonic depression formed
since the Cretaceous (with limestone recorded as the oldest rocks in the basin), and was filled by
volcanic materials produced in three events: the first, during the Eocene-Oligocene and Miocene;
the second, in the Miocene; and the third, in the Pliocene and late Pleistocene, associated with the early
activity of the Trans-Mexican Volcanic Belt (with volcanic rocks predominating) [30]. The drainage of
the basin, which flowed southward, was closed in the early Pleistocene, giving rise to a large single
lake that stretched across most of the basin (80%); however, in episodic periods, this lake became
fragmented into smaller reservoirs: a freshwater lake (Xochimilco) to the south of the basin and
the saline Texcoco to the north. In an island within the Lake of Texcoco, the pre-Hispanic city of
Tenochtitlan was founded by the Aztecs and flourished between 1325 and 1521. This lacustrine city
included a system of canals and causeways, which were the earliest anthropic modifications to these
lakes. When the Aztecs arrived in 1325, the basin of Mexico comprised four interconnected water
bodies: Zumpango, Xaltocan, Texcoco, and Xochimilco. During the pre-Hispanic period, the basin was
an extensive marshland surrounded by pine and oak forests in the highlands [31]. Tenochtitlán was
destroyed during the Spanish conquest and the Lake of Texcoco was gradually drained; today, the only
remnants of the lake are isolated water bodies or wetlands [32]. Mexico City, one of the megacities in
the world, is located surrounding the remnants of the former Lake of Texcoco at a mean altitude of
2240 m a.s.l. The main anthropic alteration after the Spanish conquest includes pollution by municipal
and industrial wastewater, desiccation for flood control, and intensive changes in land use resulting
from human settlements around the lakes [33].

The Lake of Texcoco has Solonchak and Vertisol soil types, which influence the salinity, conductivity,
and alkalinity of lake water. The climate is temperate semi-arid with warm summers, classified as BS
Kw [34]. Maximum mean temperatures range between 30 and 32 ◦C from April to June, alternating
with cold winters with minimum temperatures of 2 to 5 ◦C from October to March. Precipitation
(460–600 mm/yr) is distributed mainly from June to September. Substantial evaporation rates are
recorded from March to May, when little precipitation occurs [3].

Five artificial shallow lakes were studied in the area of the former Lake of Texcoco: Nabor Carrillo,
Recreativo, Regulación Horaria, Fusible, and Churubusco, to assess metal pollution (Figure 1). Some
of these water bodies store and regulate effluents from a wastewater treatment facility, in addition
to increasing water storage capacity and thus serving as storm water regulators [26]. The depth of
these water bodies range from 0.6 m (Recreativo) to 3.5 m (Nabor Carrillo), with a surface area ranging
from 0.26 km2 (Recreativo) to 9.19 km2 (Nabor Carrillo). The survey was carried out at bimonthly
intervals from June 2015 to March 2018. In each water body, conductivity was measured in situ with
a digital portable device EC/pH/T (Conductronic PC 18). In each study site, water and sediment
samples were collected in duplicate. Water samples were collected at 0.2 to 0.3 m depth in polyethylene
bottles, 100 ± 50 m from the edge of each water body. Surface sediment samples (top 5 cm) were
collected using a plastic spatula and transferred to plastic bags. Samples were stored in coolers and
transported to the laboratory. Samples were processed according to the guidelines in International
and Mexican standards [35–38]. Hardness (Ethylenediaminetetraacetic acid titration method) and
Total Dissolved Solids (gravimetric method) were determined according to the Mexican standards
NMX-AA-072-SCFI-2001 and NMX-AA-034-SCFI-2015, respectively [39,40].

2.2. Analytical Procedure for Metals

Twelve metals were assessed (As, Ba, Cd, Cu, Cr, Fe, Mg, Mn, Hg, Ni, Pb, and Zn) in water
samples and the leachable fraction of surface sediment samples from each water body. Partial digestion
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was performed following the modified EPA 3051 A method as reported by [41]: 45 mL aliquots of
water and 0.5 g of dry sediment were placed in polytetrafluoroethylene (PFA) beakers and mixed with
2.5 mL HNO3, 0.8 mL HCl and 1 mL H2O2 (all analytical grade) at 119 ± 1.5 ◦C and 20 psi for 40 min in
an autoclave. Subsequently, the digested sediment samples were filtered on Whatman paper no. 41.
All samples were placed in 50 mL volumetric flasks. Metals were tested on an atomic absorption
spectrophotometer (Agilent Technologies, Spectra AA 240 FS Agilent®following the methodology in
the Mexican standard NMX-051-SCFI-2001) [42]. Water samples were diluted to avoid interference
due to changes in viscosity and surface tension due to high content of total dissolved solids as is
indicate by [43]. High purity standards for Quality Control were used to prepare the calibration curve
(ICP-200.7-6 Solution A), and to verify metal recovery (SRM No. 691029 Loam Soil B for sediments and
CWW-TM-B for water). Metals recovery ranged from 91.44–111.07% (X = 101.60% ± 0.07).

2.3. Index Assessment

MPI was calculated for water (MPIW) and sediment (MIS) samples using Equation (1). The results
are expressed as average by water body and study period. Distribution Coefficient values were
calculated using Equation (2) for each metal and water body. The results are expressed as average log
(Kd) by water body and study period.

2.4. Statistical Analysis

The Shapiro-Wilk test was used to assess the normality of MPI and Kd data. When data
showed a normal distribution, one-way analysis of varianza (ANOVA, α = 0.05) and Tukey’s multiple
comparison tests were used; otherwise, Kruskal-Wallis and Dunn’s multiple comparison tests were
used. Hierarchical Cluster Analyses by Euclidean Distance (UPGMA) were conducted to identify
groups based on MPI and Log(Kd) values. A discriminant multivariate analysis was performed
considering Log(Kd) by metal as variable, and lakes and study periods as a priori groups. A second
Hierarchical Cluster Analysis by Euclidean Distance (UPGMA) was carried out to identify groups
based on Log(Kd) values by metal and water body. All statistical analyses were performed using the
software XlStat version 2015.

3. Results

3.1. Chemical Characteristics of Lakes

The five artificial lakes studied are located in the area of the former Lake of Texcoco and have a
Solonchak soil type as substrate (Figure 1). Therefore, lakes are influenced by various mineral salts that
increase parameters such as conductivity, hardness, and total dissolved solids (TDS). The mean values
of these three parameters during the study period are shown in Table 1. Recreativo was the water body
with peak conductivity values, while Churubusco exhibited the lowest. In terms of hardness, all water
bodies are classified as either moderately hard or hard [44]. Similar to conductivity, Recreativo was the
water body with the highest TDS, and Regulacion Horaria showed the lowest values of this parameter.

Table 1. Chemical characteristics of lakes in terms of conductivity, hardness, and total dissolved solids.

Water Body
Conductivity (µS/cm) Hardness (mg/L as CaCO3) TDS (mg/L)

X ±SE X ±SE X ±SE

Churubusco 2036 187 237 8 3705 1387
Regulación Horaria 4882 547 226 11 2767 372

Fusible 6397 1291 214 33 6939 2616
Recreativo 19,660 340 240 22 42,594 8037

Nabor Carrillo 6654 493 245 22 5088 1016



Water 2020, 12, 29 6 of 20

Metal concentrations in water bodies of the Lake of Texcoco system showed spatial and temporal
variations associated with the nature of the substrate, the rainy and dry seasons, and the tributaries
draining into each water body (some of them carrying wastewater). During the study period,
the content (µg/L; mean ± standard deviation) of each metal in water samples was: As = 4.52 ± 3.6,
Ba = 253.98 ± 37.5, Cd = 25.01 ± 31.04, Cr = 48.98 ± 11.59, Cu = 29.4 ± 19.0, Fe = 757.36 ± 315.20,
Hg = 1.18 ± 0.14, Mg = 35176 ± 8445, Mn = 76.7 ± 37.9, Ni = 117.5 ± 145, Pb = 166.2 ± 163.4, and
Zn = 50 ± 12.7. The content of each metal (mg/g; mean ± standard deviation) in sediment samples was:
As = 0.46 ± 0.06, Ba = 156 ± 30, Cd = 1.94 ± 0.32, Cr = 52 ± 34, Cu = 86 ± 77, Fe = 14427.96 ± 2630.90,
Hg = 1.066 ± 0.66, Mg = 29052.51 ± 11584.2, Mn = 484.6 ± 105.1, Ni = 37.9 ± 6.15, Pb = 56.59 ± 9.41,
and Zn = 180.57 ± 115.38. Data by water body and metal are shown in Table 2. Likewise, Table 2
shows comparative values for other water bodies: Manzala Lake in Egypt (water) [45], Lake Maharlu
in Iran (water and sediments) [46]; Rift Valley Lakes in Kenya [47]; Lakes of the Yangtze river region in
China (sediments) [48]; Wadi El Natrum Lakes in Egypt (sediments) [24]; Lakes of Eastern Austria
(sediments) [49]; and Lakes of the Gobi Desert Region, Eastern Mongolia (Sediments) [50].

3.2. Metal Pollution Index

MPIW values ranged from 0.024 to 0.212 during the study period, showing differences in content
across water bodies. The overall mean MPIW for all water-bodies was 0.067 (Global MPIW). Nabor
Carrillo showed the lowest MPIW (0.044), while Recreativo showed the highest MPIW (0.212), as well as
the greatest dispersion of data, indicating that it shows the greatest fluctuations in metal concentration
through time (Figure 2).

A gradient of MPIW values was observed across water bodies in the following ranking order:
Recreativo > Fusible > Churubusco > Regulación Horaria > Nabor Carrillo (Figure 2). Since data did
not follow a normal distribution (Shapiro-Wilk p < 0.05), a Kruskal-Wallis test was run followed by a
Dunn’s multiple comparison test to identify significant differences across water bodies. Recreativo
showed highly significant differences (Dunn’s p < 0.0004) versus Churubusco, Regulación Horaria,
and Nabor Carrillo. Fusible showed significant differences (Dunn’s p < 0.005) versus Nabor Carrillo
(Figure 2).
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Figure 2. Box and whisker plot of MPIW by water body.

MPIS also showed a gradient across water bodies, with values ranging from 33.43 to 128.19 during
the study period. Regulación Horaria showed the lowest mean MPIS (46.5), while Recreativo showed
the highest mean MPIS (77.5) and a large data dispersion. The overall mean MPIS considering all water
bodies was 63.61 (Figure 3).
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Table 2. Mean values of metal concentration in water and sediments samples of study lakes of Texcoco Lake System, compared with values for other shallow lakes.

Water Body
Water (µg/L)

As Ba Cd Cu Cr Fe Mg Mn Hg Ni Pb Zn

Churubusco 1.81 239 9 21 40 717 29,029 130 0.99 26 75 41
Regulación Horaria 2.13 234 9 16 46 866 27,854 57 1.24 46 97 41

Fusible 9.64 251 17 34 45 1212 31,176 89 1.10 100 112 62
Recreativo 7.14 319 80 61 69 639 47,469 80 1.37 381 458 65

Nabor Carrillo 1.85 226 9 15 44 353 40,353 28 1.20 34 90 39

Manzala Lake 20 55 22 311
Maharlu Lake 0.28 0.28 10,400 313,200 1500 2.36 5 370

Rift Valley Lakes 17 33 85 161 145 171 86
Yangtze Lakes 26 81 0.90 11 39 0.32 1.30 24 3

Water Body
Sediments (ppm)

As Ba Cd Cu Cr Fe Mg Mn Hg Ni Pb Zn

Churubusco 0.51 122 2.26 210 104 12,833 13,862 551 2.15 45 56 356
Regulación Horaria 0.37 174 1.61 25 22 11,789 38,959 329 0.44 30 47 86

Fusible 0.42 140 2.28 57 41 15,162 42,112 538 1.02 38 70 139
Recreativo 0.47 198 1.89 108 67 18,578 23,275 580 1.08 42 61 236

Nabor Carrillo 0.55 144 1.66 29 26 13,777 27,055 423 0.64 34 48 86

Maharlu Lake 0.52 3 38 40 19,477 554 207 160 67
Rift Valley Lakes 0.64 10 3 1320 25 20 169

Yangtze Lakes 31 583 465 65 837 0.03 33 46 144
Wadi El Natrum 27 45 377 26 52 45

Austria Lakes 3 141 32 1.18 44 70
Mongolian lakes 13 25 243 696 151 16 65
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The ranking of water bodies based on MPIS is Recreativo > Churubusco > Fusible > Nabor Carrillo
> Regulación Horaria (Figure 3). Recreativo also shows the highest metal concentration in sediments.
Significant differences were observed between Recreativo and Churubusco relative to Regulación
Horaria and Nabor Carrillo (Dunn’s p < 0.0003), and between Regulation Horaria and Fusible (Dunn’s
p < 0.001).
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Figure 3. Box and whisker plot of MPI by water body.

3.3. Distribution Coefficient

Log(Kd Fe) ranged from 3.38 (Fusible) to 5.19 (Nabor Carrillo) and showed significant differences
between Nabor Carrillo and Regulación Horaria (p = 0.001) (Figure 4a). Likewise, Log(Kd Mn) ranged
from 0.5 (Churubusco) to 3.7 (Nabor Carrillo). For its part, Log(Kd Mn) showed significant differences
between several water bodies: Churubusco versus Regulación Horaria (p = 0.004), Recreativo
(p < 0.0004), and Nabor Carrillo (p < 0.0001); and Nabor Carrillo versus Fusible (p = 0.003) (Figure 4b).

Churubusco showed significant differences in Log(Kd Zn) relative to Regulación Horaria (p < 0.001)
and Nabor Carrillo (p < 0.005) (Figure 4c). Log (Kd Cu) showed significant differences between
Churubusco and Regulación Horaria (p < 0.001) (Figure 4d). Churubusco showed significant differences
in Log(Kd Cr) versus Nabor Carrillo (p < 0.0001) (Figure 4d,e). Log (Kd Ni) showed significant differences
between Recreativo and any other lake (p < 0.05) (Figure 4f).

Log (Kd Ba) and Log (Kd Hg) showed no significant differences across water bodies (p > 0.05)
(Figure 4g). Log(Kd Pb) for Churubusco showed significant differences versus Carrillo (p < 0.004) and
Fusible (p < 0.001). Log(Kd As) showed significant differences for Recreativo relative to Churubusco
and Nabor Carrillo (p < 0.0001) (Figure 4h). Finally, Log(Kd Cd) showed significant differences in Lake
Recreativo versus all other lakes p ≤ 0.05) (Figure 4l).

On the other hand, As and Cd showed the lowest Log(Kd) values in all water bodies. Significant
differences between water bodies based on Log(Kd) values are shown in Table 3.
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Table 3. Significant differences between water bodies based on Kd values by metal.

Churubusco Regulación
Horaria Fusible Recreativo

Kd Fe Churubusco
Regulación Horaria

Fusible
Recreativo

Nabor Carrillo 0.001

Kd Mn Churubusco
Regulación Horaria <0.004

Fusible
Recreativo <0.0005

Nabor Carrillo <0.0001 0.003

Kd Zn Churubusco
Regulación Horaria <0.001

Fusible
Recreativo

Nabor Carrillo <0.005

Kd Cu Churubusco
Regulación Horaria <0.001

Fusible
Recreativo

Nabor Carrillo

Kd Mg Churubusco
Regulación Horaria <0.0001

Fusible <0.0001
Recreativo <0.0001 <0.0001

Nabor Carrillo 0.004

Kd Cr Churubusco
Regulación Horaria <0.0002

Fusible
Recreativo

Nabor Carrillo <0.001

Kd Ni Churubusco
Regulación Horaria

Fusible
Recreativo <0.0001 0.002 <0.0005

Nabor Carrillo <0.0001

Kd Pb Churubusco
Regulación Horaria

Fusible <0.001
Recreativo

Nabor Carrillo <0.004

Kd As Churubusco
Regulación Horaria

Fusible
Recreativo <0.0001

Nabor Carrillo <0.0001

Kd Cd Churubusco
Regulación Horaria

Fusible
Recreativo <0.0001 < 0.002 < 0.0001

Nabor Carrillo <0.0005
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The overall mean Log(Kd) for each metal was calculated considering the five water bodies
(Figure 5), revealing a gradient with the following ranking order: Fe > Mn > Zn > Cu > Mg > Cr > Ni
> Ba > Pb > Hg > As > Cd.
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Figure 5. Box and whisker plot of mean Log(Kd) for the studied metals considering all water bodies.
The blue band includes Log(Kd) < 3; the orange band, 3 < Log(Kd) < 4; and the white band, Log(Kd) > 4,
as indicated by the criteria of Nebelkova and Kominkova [22].

3.4. ANOVA and Hierarchical Cluster Analysis

Significant differences were found for Log(Kd) values of metals in water bodies (one-way ANOVA
F = 29.406, p < 0.0001). The Tukey’s multiple comparison test indicates that Log(Kd Fe) differs from all
other Log(Kd) values. The Hierarchical Cluster Analysis yielded four groups: (I) As and Cd, (II) Hg,
Cr, Ba, Mg, Ni, Pb, (III) Mn, Cu, Zn, and (IV) Fe (which differed from all other groups). The clustering
corresponds to the gradient of Log(Kd) values (Figure 6). Group I clusters those metals with the lowest
Log(Kd) values, i.e., metals available in the water column, in direct contact with the free-swimming
aquatic biota. Group II corresponds to metals whose Log(Kd) has intermediate values lower than 3,
which according to [22] are also elements prevailing in the liquid phase. Group III includes metals
with the highest values, contained mainly in sediments, reflecting the nature of the substrate. Last,
Group IV includes only Log(Kd Fe), with values suggesting that Fe is associated with the solid phase or
particulate materials, forming stable compounds.
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Figure 6. Dendrogram showing clustering by Log(Kd) values of each metal.

The hierarchical cluster analysis by water body shows the similarity between water bodies based
on Log (Kd) values; three groups are formed (Figure 7): (I) Recreativo, (II) Churubusco, and (III) Nabor
Carrillo, Regulación Horaria, and Fusible. The water body with the greatest dissimilarity is Recreativo,
showing the highest MPI values in both water and sediments (Figures 2 and 3), as well as the lowest
Log (Kd) values for As and Cd.
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Figure 7. Dendrogram showing the clustering of water bodies based on Log(Kd) values.

3.5. Discriminant Analysis

A discriminant analysis applied to Log(Kd) values by water body was significant
(Wilks Lambda = 0.089, p < 0.0001), with the first two discriminant functions accounting for 82.36%
of the explained variance. Centroids represent lakes, and three groups emerge: (I) Recreativo,
(II) Churubusco, and (III) Nabor Carrillo, Regulación Horaria, and Fusible. Group I is characterized by
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the highest Fe and Mn values and the lowest Cd, As, Ni, and Pb, consistent with Figure 4e–g. Group
II is characterized by Zn, Cr, and Cu; and Group III is influenced by Cd, Ni, As, and Pb (Figure 8b).
All three groups are in agreement with the hierarchical cluster analysis (Figure 7).
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Figure 8. Biplot of Discriminant Analysis of Log(Kd) values by metal and water body. (a) Study sites;
(b) Vectors of metals.

3.6. Mean Distribution Coefficient: Ratio MPIS/MPIW as a New Index.

The Metal Pollution Index by water body, either in water or sediments (Figures 3 and 4), indicates
the average concentration of metals in each water body. MPIS/MPIW is the ratio of geometric mean
concentrations of metals in sediments and water, corresponding to the mean distribution coefficient of
the total metals quantified by water body.

Based on the above, the Mean Distribution Coefficient Index is proposed as:

KdMPI =
MPIS

MPIW
(3)

where KdMPI = Mean Distribution Coefficient based on MPI values calculated for water and sediments.

MPIS = Metal Pollution Index for metals in sediments.
MPIW = Metal Pollution Index for metals in water.

Thus, the criteria of Nebelkova and Kominkova [22] can be applied to Kd MPI as follows:
Log(Kd MPI) < 3 indicates that the set of metals is found primarily in the water column. Values of 3
< Log(Kd MPI) < 4 include metals released from the solid or particulate phase into the water column.
Log(Kd MPI) > 5 indicates metals associated with the solid phase. Log(KdMPI) can be calculated by
water body to identify the phase where the set of metals quantified predominates (Figure 9). In the
case of the Texcoco artificial lakes, Log (Kd MPI) values indicate that Recreativo and Regulación Horaria
contain metals mainly in the water column, while Fusible, Nabor Carrillo, and Churubusco have
metals in the liquid phase mostly coming from sediments.
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Figure 9. Box and whisker plot of Log(Kd MPI) for all water bodies.

A hierarchical cluster analysis applied to the values of the Log(Kd MPI) by water body showed three
groups (Figure 10): (I) Lake Recreativo, (II) Lake Churubusco, and (III) lakes Nabor Carrillo, Fusible,
and Regulación Horaria. This cluster corresponds to the one obtained when Log(Kd) values were used
by metal and water body (Figure 7); this clustering is consistent with the Discriminant Analysis.
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Figure 10. Dendrogram showing the clustering of Mean Distribution Coefficients across water bodies.
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4. Discussion

4.1. Comparison of Metal Concentrations

Recreativo is the water body that shows the highest mean concentration of Ba, Cd, Cr, Cu, Mg,
Hg, Ni, Pb and Zn, in water, and of Ba, Fe, and Mn, in sediments. On the other hand, Nabor Carrillo
shows the lowest concentration for most metals.

Metal concentrations in the water bodies of the Lake of Texcoco system fall within the same range
of values reported for other shallow saline lakes; however, Ba, Cd, Hg, Ni, and Pb show higher mean
values relative to other water bodies. Particularly, Hg shows higher values in both water and sediments.

4.2. Metal Pollution Index

MPIW and MPIS results showed a gradient of mean metal content in the Texcoco artificial lakes.
In both cases (water and sediments), Recreativo showed the highest MPI values. According to [26],
Recreativo and Churubusco were built to increase water storage capacity in the municipality of Texcoco;
however, Churubusco currently receives wastewater from México City, while Recreativo is occasionally
refilled with groundwater from an area with Solonchak soil. On the other hand, Nabor Carrillo and
Regulación Horaria have the lowest MPIW and MPIS values, respectively. In this case, MPI values
indicate that Recreativo has the highest metal enrichment, with an evident influence of the Solonchak
soil. Several authors have used the MPI to compare mean metal concentration in water, sediments,
and even in aquatic organisms [51]. Dadolahi and Nazarizadeh [52] found a gradient of metal content
based on MPI values in sediments of the coastline of the Hormuzgan province, Iran, ranging from 5
to 10. Adeniyi et al. [53] used the MPI to compare the mean metal concentration along a sampling
cycle in the Ebute Ogbo river, finding an inverse correlation of MPI between water and sediments
in two consecutive years. As mentioned above, the MPI is an ideal index to compare mean metal
concentrations in a region, across water bodies, or in a given water body at different times.

4.3. Distribution Coefficient

Log(Kd Fe) values indicate that Fe is highly stable in sediments (solid or particulate phase); on the
other hand, Log(Kd) for As and Cd indicates that these metals are contained primarily in the liquid
phase, and thus, in direct contact with free-swimming organisms, potentially affecting them [54].

Barreto et al. [16] indicate that less than 200 studies in the literature report Kd values for natural
aquatic environments, located mostly in the northern hemisphere. Li et al. [55] estimated the distribution
coefficients of five metals in three temperate lakes of China collapsed by mining operations (Cd, As,
Pb, Zn, and Sb). Mean Log(Kd) values for Cd, As, Pb, and Zn in the three lakes were 2.56, 3.83, 4.26,
and 3.76, respectively. Log (Kd Cd) and Log (Kd Zn) values in our study were 2.10 and 3.47, respectively;
these are closely similar to those obtained by [55], suggesting that the water bodies studied by them
have a higher risk of Cd pollution.

Barreto et al. [16] determined the distribution coefficients in the Capivara reservoir in Brazil,
a tropical water body. These authors worked with Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, and Zn, obtaining the
following Log(Kd) values: 3.80, 6.98, 5.86, 6.2, 3.81, 6.37 5.6, 5.49, and 5.84, respectively, which indicate
that Cr, Cu, Fe, Mn, Ni, Pb, and Zn are associated mostly with the solid phase. In the present study,
the values for the Texcoco lakes show a greater affinity for the liquid phase, with Fe as the metal that
comes closest to being in the solid phase.

In a study carried out by the Environmental Protection Agency [56], average Log(Kd) values
were obtained for different metals in various freshwater bodies: As (2.5), Ba (4.0), Cd (3.6), Cr (4.5),
Cu (4.2), Hg (4.9), Ni (4.0), Pb (5.1), and Zn (3.7). Log(Kd) values for the Texcoco water bodies were
lower than those reported by [56]. The lowest value reported by [57] corresponds to As (2.5), while for
the Texcoco lakes, Log(Kd As) is 2.19, 12.3% lower versus the [57] study. In the Texcoco water bodies,
Cd showed the lowest value (2.096), while [56] reported a Log(Kd) value of 3.6 for Cd. For Pb, the
Texcoco water bodies showed a Log(Kd Pb) of 2.71, while [56] reported a value of 5.1. On the other
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hand, [16] reported that Log(Kd d) values for Cr, Cu, Ni, and Zn in Lake Capivara were higher than
those calculated by [56]. Despite lakes Capivara and Texcoco being tropical water bodies, the latter is
influenced by a Solonchak soil. Therefore, the differences recorded may be due to the salinity of the
Texcoco water bodies, since some authors report that Kd decreases with salinity [21,57–59].

Forghani et al. [14] conducted a study on metal content in Lake Maharlu, a saline continental
water body. They found the following gradient: Fe > Mn > Pb > Ni > Cr > Cu > Co > Zn > Cd in
terms of absolute concentration of these metals in sediments. Our results in terms of Kd showed the
following gradient: Fe > Mn > Zn > Cu > Mg > Cr > Ni > Ba > Pb > Hg > As > Cd, with Fe and Mn as
the most abundant metals, and Cd with the lowest Kd value.

The gradient found in the Texcoco water bodies based on Log(Kd) by metal indicates sediments
enriched with Fe, Mn, and Zn, typical of Solonchak soils [28], likely forming stable compounds,
in agreement with [16]. Likewise, [28,59] determined the concentrations of several metals in Solonchak
soil, indicating that Fe and Mn are abundant in this soil type. The stability of certain metals (Log(Kd) > 4)
can pose a threat to bottom-dwelling organisms; under certain conditions, these metals could be
released to the overlaying water. Metals are generally contained in the liquid phase, and given their
toxicity profile, may endanger the whole aquatic ecosystem, as indicated by [55].

4.4. Mean Distribution Coefficient

In this research, a novel index named the Mean Distribution Coefficient herein, is proposed to
obtain information about the partitioning of mean metal content in a water body. Log(Kd MPI) integrates
the information on all metals combined, leading a characterization of a water body (Figure 10) that
is similar the one obtained when values for individual metals are used (Figure 7); both approaches
ultimately lead to the same three clusters of water bodies. Log(Kd MPI) is calculated by water body and
not by metal, thus giving an overview of the predominant distribution of metals in the water body and
the phase where they prevail.

Based on our results in terms of Log(Kd MPI) and considering the criteria of [22], the set of metals
studied are being released primarily from sediments into the water column, and highlight the nature
of the substrate. When metals are in the liquid phase, they are in contact with the benthic fauna and
free-swimming organisms such as fish and macroinvertebrates. The different respiratory systems in
these organisms, including the skin, gills, and other specialized respiratory modes, such as accessory
pigments, where hemoglobin transports oxygen to the whole organism [60], are also involved in the
uptake of metals from the liquid phase [54,61]. This is important for risk assessment studies.

The water bodies of the Lake of Texcoco System are home to a resident community of water
birds; additionally, these also host an even larger community of migratory birds during the winter.
The detection of the phase where the highest concentration of metals is found and its overall level can
be useful in the environmental risk assessment for the bird community (including both migratory and
resident species), considering their various food habits. In this case, the Mean Distribution Coefficient
may play a central role.

Since some lakes are receptors of both raw and treated wastewater, monitoring the total metal
content and the phase where it is found is key. Thus, spatial and temporal variations of the Mean
Distribution Coefficient will detect extraordinary metal loads.

Reporting metal levels in terms of the Mean Distribution Coefficient can facilitate summarizing
environmental monitoring reports; thus, this is a potentially useful tool for communicating results to
society and decision makers.

5. Concluding Remarks

This study provides information about metal pollution in the water bodies of the former Lake of
Texcoco, an important continental saline lake of Mexico. MPI is a valuable tool for assessing pollution
by metals and facilitates spatial comparisons among water bodies. MPI showed a gradient of metal
content in the five lakes studied, where Recreativo was the water body with the highest MPI values,
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both in water and sediments, while Nabor Carrillo and Regulación Horaria exhibited the lowest
concentrations of metals in water and sediments, respectively.

The distribution coefficient reveals the potential mobilization of metals between the liquid and
solid phases. Cd and As are the most available elements in the liquid phase in the Texcoco water
bodies, and their Log(Kd) values show that, given their toxic properties, these metals may pose a threat
to the free-swimming aquatic biota.

The results of the index proposed herein, named Mean Distribution Coefficient Kd MPI,
were consistent with the results of the Hierarchical Cluster Analysis when applied by water body,
using Log(Kd) values for all metals.

The Mean Distribution Coefficient can be a useful tool in assessing ecological risk by metal
pollution and in global water quality assessments. This novel index combines the benefits of integrating
average concentrations of the metals of interest (through MPI) and the phase where they are mostly
located, whether liquid or solid, thus reflecting the migrating capacity of a set of metals between
these phases.
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