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Abstract
Pollution levels of organochlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs) were investigated in the El Sol and the La
Luna alpine lakes. The lakes are located in central Mexico, in the crater of the Nevado de Toluca volcano. The El Sol and the La Luna
lakes are extremely relevant in Mexico and in the world because they are recognized as pristine regions and environmental reservoirs.

Samples of atmospheric aerosol, sediment, plankton, and Tubifex tubifex were collected at three different sample locations for three
years (2017, 2018, and 2019) at three different times of year, meaning that the weather conditions at the time of sampling were
different. Pollutants were analysed by gas chromatography–mass spectrometry with negative chemical ionisation (GC-MS/NCI).

Endosulfan was the most frequent and abundant pollutant, showing the highest peaks of all. Atmospheric aerosol revealed Σ2 = 45

pg/m3, including α and β, while sediment lakes displayed α, β and endosulfan sulphate as Σ3 = 1963 pg/g, whereas plankton and
Tubifex tubifex showed Σ2 = 576 pg/g and 540 pg/g for α and β respectively. Results of endosulfan ratios (α/β) and (α-β/endosulfan
sulphate) suggest that both fresh and old discharges continue to arrive at the lakes

This study shows for the �rst time the pollution levels of OCP and PCB in high mountain lakes in Mexico. These results that must be
considered by policy makers to mitigate their use in the various productive activities of the region.

Introduction
Organochlorinated pesticides (OCPs) and polychlorinated biphenyls (PCBs) are environmental pollutants known for their high toxicity,
perseverance, and bioaccumulation.

Due to their harmfulness, the production and use of these pollutants have been banned for several decades; however, despite such
restrictions, OCPs and PCBs still exist in the atmosphere because they have low degradation rates and high persistence. In addition,
some OCPs are still produced, commercialized, and principally applied in pest control and the agricultural activities; consequently, fresh
discharges of OCPs have been detected in several places of the world (Choi et al. 2008; Kallenborn et al. 2013; Yadav et al. 2016; Fang
et al. 2017; Lan et al. 2019; Kim et al. 2020).

Similarly, the presence of PCBs is a menace for biodiversity. The production of PCBs was banned in 1979, but given their chemical
stability, they continue leaving their mark around the globe. Moreover, the disposal of PCBs and/or their storage is not effectively
regulated (Tanabe 1998). According to Bursian et al. (2012), 370 thousand tons of PCBs are held in the atmosphere, and another 780
thousand tons are stored in old electrical equipment, which lacks proper storage control. Therefore, leaks of PCBs from damaged heat
exchangers and transformers, as well as land�ll sites are potential sources of PCB emissions, increasing the atmospheric levels of
PCBs, leading to severe environmental effects in the planet. Also, indirect PCB formation and PCB emissions are caused by processes
involving chloride and organic carbon, contributing to the pollution levels in the atmosphere. Such processes include industrial paper
bleaching, polymer production, and the burning of various kinds of refuse and plastics in domestic �replaces/stoves (Wolska et al.
2014).

Currently, OCP and PCB pollution levels have practically spread all over the world, including remote areas and polar regions. Long-
Range Atmospheric Transport (LRAT) has permitted their movement to distant locations. Several reports showing OCP and PCB levels
in the Arctic and Antarctic con�rm this fact (Carlsson et al., 2018). This demonstrates that the glacial regions are authentic reservoirs
and observatories of pollution caused by these contaminants (Guzella et al. 2011; Vecchiato et al. 2015; Zhang et al. 2015; Guzzella et
al. 2016; Bigot et al. 2017; Cabrerizo et al. 2017; Carrizo et al. 2017; Wang et al. 2019). The presence of lindane (HCH), endosulfan, HCB,
chlordane, DDTs, and diverse PCB congeners evidence the LRAT associated with the pollutants and their historically excessive usage
(Chakraborty et al. 2016; Gao et al. 2018; Madaj et al. 2018; Cabrerizo et al. 2019; Hao et al. 2019. Wu et al. 2020; Kim et al. 2020).

Comparably, mountainous territories in the Americas, such as the Chilean Andes, Argentinian Patagonia and the Brazilian Highlands
also reveal the global impact of these pollutants on these regions (Ornellas et al. 2016; Cipro et al. 2017; Miglioranza et al. 2021). The
high mountains and cold temperatures are the main cause of their becoming trapped and deposited in far-off regions (Wania and
Westgate 2008). Global warming has also contributed to the presence and accumulation of these pollutants because extreme
temperatures, high wind speeds, precipitation, and solar radiation all increase the distances they can cover (Nadal et al. 2015;
Potapowicz et al. 2019).
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OCPs and PCBs have also been studied in arctic mountains and alpine lakes; however, their presence in such areas has been scarcely
documented. Their presence is principally attributed to Altitude-Range Atmospheric Transport (ARAT) (Tremolada et al. 2009). In this
case, the pollution is principally linked to the surrounding region because high-altitude lakes are generally linked to nearby areas with
high levels of agricultural and industrial activities (Daly and Wania 2005).

Regarding high mountain lakes from other parts of the world, the Tibetan Plateau, Lake Como (Italy), and lakes in the Himalayas show
alarming concentrations of OCPs and PCBs (Yang et al. 2013; Cheng et al. 2014; Bettinetti et al. 2016; Ren et al. 2016; Wang et al. 2016:
Li et al. 2017; Sun et al. 2017; Nawab et al. 2020). However, other alpine lakes have yet to be explored, limiting the available
information on this topic.

In the present work, we studied two alpine lakes, El Sol and La Luna, in order to observe OCP and PCB contamination in Mexico. The
selected lakes are unique in the country, and they are in the crater of the Nevado de Toluca volcano.

Worldwide, the volcano region in the center of Mexico is considered to be a pristine region and a nature reserve for different species of
�ora and fauna. Due the altitude of this region, the lakes remain relatively unexplored.

The OCP and PCB pollution levels in the lakes were analyzed by collecting atmospheric aerosol samples, lake sediment, and organisms
from the lake; namely, plankton and Tubifex tubifex (sludge worms).

This is the �rst monitoring study of OCPs and PCBs in the El Sol and the La Luna alpine lakes. This study forms part of the
environmental program organized by Mexican NGOs. The data will provide important information regarding the levels of these
chemical substances and the pollution risk in these alpine lakes in Mexico.

Materials And Methods

2.1 Materials
Acetone, n-hexane, ethyl ether, acetonitrile, dichloromethane, and isooctane (HPLC grade) were acquired from Honeywell-Burdick &
Jackson Muskegon MI, USA. Florisil cartridges were obtained from Chromabond, USA. A mixture of twenty OCP standards was
purchased from AccuStandard, New Haven, USA, and the purity was > 99%. Alpha-HCH, gamma-HCH, beta-HCH, heptachlor, delta-HCH,
aldrin, heptachlor epoxide, chlordane I and II, endosulfan I and II, p-p’ DDE, dieldrin, endrin, p-p’ DDD, p-p’ DDT, endrin aldehyde,
endosulfan sulfate, endrin ketone and methoxychlor. Six PCBs standard congeners (28, 52, 101, 118, 138 and 153) were purchased
from AccuStandard, New Haven, USA, and the purity was > 99%. In all cases, the purest available products were purchased. Internal
standard, 1-bromo-2-nitrobencene (1Br2NB) was purchased from Chem Service Inc. (USA); >99% purity.

2.2 Description of the study area
The alpine lakes called El Sol and La Luna (The Sun and The Moon) are located in the crater (4200 m.a.s.l) of the Xinantécatl volcano,
known as Nevado de Toluca (19° 06’30”, -99°45´30” west longitude 4230 m amsl) (Alcocer et al., 2008; Alcocer et al., 2020) (Figure 1).

The volcano covers an area of 927 km2; the summit of the crater measures 1.5 km. Due to its environmental importance, 19.41 km2 of
the surrounding area are considered a Flora and Fauna Protection Area. In addition, El Sol and La Luna are scenically beautiful
because the highest mountains of Nevado de Toluca surround the lakes, protecting their natural formation.

The volcano is situated in the central region of Mexico and volcano is located ~ 80 km West-South-West of Mexico City (the capital).
The volcano area contains 10 municipalities; among which are Toluca, Zinacantepec, Villa Guerrero and Coatepec. All these
municipalities are agriculturally very active.

Toluca is the state capital of the State of Mexico and is especially important because it is a densely-populated city with a population of
nearly 1 million. It is a highly industrialized region with 535 000 industries, accounting for 12.6% of the national total. Automotive, food,
chemical, and plastic sectors are among the main industries found in Toluca (INEGI 2021). The weather at the volcano is generally mild
and rainy. The annual average temperature in the mountains is 3.8±2°C (SMN-CONAGUA 2017); however, temperatures reach -4±1°C at
the summit. Figure 1 (supplementary information) shows a panoramic view of the Nevado de Toluca volcano and the El Sol and La
Luna lakes.
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Both lakes have a similar origin, age, and water regime (polycmitic and perennially astatic) (Alcocer et al. 2020). The total area of the
surface of El Sol Lake is 23.7 ha, while that of the La Luna Lake is 3.1 ha. The maximum water depth is 10 m and 15 m, respectively
(SMN-CONAGUA 2017). The temperature of the water in both lakes is generally<10° C; however, during winter it drops to <0°C, and in
summer reaches 15°C. Although the lakes are separated by a dacitic dome, the water in each of the lakes presents different pH,
transparency, suspended solids, and chlorophyll (Alcocer et al. 2020). Both lakes have little mineralization with low conductivity (18
mS/cm).

The phytoplankton and zooplankton biomass in La Luna is lower than in El Sol. Biomass is associated with pH; the lowest pH (5-6) is
found in La Luna (Cuna et al. 2014). El Sol has aquatic life due to the arti�cial introduction of rainbow trout (Oncorhynchus mykiss).
However, the proliferation of this �sh failed in La Luna, which has been attributed to its low pH. This difference in pH is surprising
because the lakes are connected and separated by a small rocky mound (formed by a lava vault) (Armienta et al. 2008).

The Nevado de Toluca and its crater lakes capture and in�ltrate rainwater and snow, which feed the basins of the Lerma and Balsas
rivers in Mexico. This process allows the recharge of these aquifers and the equilibrium of their environment. In addition, the water of
the basin is exploited intensively to meet the water demands for water potable uses in Mexico.

2.3 Sampling sites and sample collection
Sample collection consisted of the capture of atmospheric aerosol, sediments, phytoplankton, and Tubifex tubifex from the El Sol and
La Luna lakes. The samples were collected at three different times of year, each one with different weather conditions: dry and warm
(April-July), rainy (August-November), and dry and cold (December-March). Samples were taken in 2017, 2018, and 2019. Sampling
sites were selected according to height, location, position, and lakes dimensions.

Figure 2 presents the geographical position of the sampling sites for atmospheric aerosol, sediments, phytoplankton, and Tubifex
tubifex from the El Sol and La Luna lakes. The geographical position of the sampling stations is depicted in Table S1 (supplemental
material).

The sample-collecting procedure was as follows:

1. Atmospheric aerosol samples were collected by way of passive samplers (TE-PAS-200) containing polyurethane foam (PUF). Tisch
Environmental high-volume air samplers were installed at three sites on the mountains around the summit of volcano. The sites were
designated as follows: site1-Northern Mountain (1-NM), site 2-Eastern Mountain (2-EM), and site 3, mountain located between lakes (3-
BM).

2. Sediment samples were collected at lake sites designated as 4-North side of the El Sol lake (4-NLS), 5-Center side of the El Sol lake
(5-CLS) and 6-South side of the El Sol lake (6-SLS); while sites on the La Luna lake were indicated as 7-North side the La Luna lake (7-
NLL), 8-Center side of the La Luna lake (8-CLL) and 9-South side of the La Luna lake (9-SLL).

The sediments were collected at a depth of 10-30 cm, using a Van Veen dredge. The sediment samples were sieved through a 100-
mesh; after, the samples were kept in a freezer at 0°C for further use.

3. Samples of phytoplankton-zooplankton mixture and Tubifex tubifex were collected at the same sites as the samples of lake
sediment. Samples of phytoplankton-zooplankton were collected using a Clark–Bumpus sampler (mesh: 200 µm), which vertically
�ltered the water column of 0-10 m corresponding to the layer where most phytoplankton and zooplankton are present in the lakes.

Tubifex tubifex samples were collected from sediments, separating the sediment with small shovels, digging up the surface layers of
the sediment and on the shore of the lakes. Sediment and Tubifex tubifex samples were stored in 1L glass containers for transport and
analysis.

Samples of Tubifex tubifex worms were subsequently freeze-dried, lyophilized, and crushed, until a �ne and homogeneous powder was
obtained. The samples of both sediment and organisms were kept in a freezer at 0°C for further use.

2.4 Extraction of OCPs and PCBs from lakes samples

1. Atmospheric aerosol
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Contaminants were extracted from PUF disks by a modi�ed ultrasound-assisted extraction micro-scale cell with re�ux (UAE-MSC)
(Amador-Muñoz et al., 2014; Arias-Loaiza et al., 2018). Brie�y, PUFs were located inside the MSC and 50 mL of dichloromethane was
poured. Two consecutive ultrasound extractions (Branson 8800) at 60°C for 30 min were performed at 37 Hz. The organic extracts
were �ltered (Te�on �lters 13 mm Ø, 0.25 µm pore), the solvent excess was evaporated in a rotatory evaporator, and the �nal volume
adjusted to 1 mL with nitrogen gas (Infra, 99.998%).

2. Samples of sediment and organisms from the lakes
The extraction procedure was carried out according to the EPA 3550B method, using ultrasound-assisted extraction by a mixture of n-
hexane and HPLC grade acetone (50:50 v/v). The sample was placed in a 10 mL test tube with 3 mL of the solvent mixture (50% v/v
acetone/n-hexane). The samples were stirred in a vortex (Scilogex SCI-VS (MX-S), US Plug) for 1 min and sonicated for 30 min in a
water bath at 60°C (Branson 1800 at 35 kHz and 30 watts).

The organic extracts were cooled at room temperature and centrifugated at 3000 rpm for 3 min. The supernatant of each extract was
placed in a �at bottom vial which was previously washed and baked. The residual solid was washed three times with 3 mL of 50% v/v
acetone/n-hexane, stirred and centrifuged. The supernatants were combined in the same vial, obtaining the extract of OCPs and PCBs
from the samples. Subsequently, a multiple collector Manifold chamber (Supelco-Sigma Aldrich) with a �orisil cartridge was used for
cleaning the extracts. Previously the �orisil cartridge was washed and activated with 4 mL of n-hexane at 1mL/min and vacuum of the
chamber 12 kPa. Another 3 mL of n-hexane was added, until the solvent reached the surface of the column. The column was �lled to
avoid the �orisil from drying out (García et al. 2020). 1 mL of organic extract was transferred into the �orisil cartridge. Elution of the
fractions was established according to the EPA method 3620B (1996), using 0.5 mL of n-hexane and 9 mL of acetone/n-Hexane (10 %
v/v) with a constant �ow of 1 mL/min. The eluates obtained were concentrated with inert nitrogen gas until the volume was reduced to
1 mL organic extract which was kept at 20°C until they were instrumentally analyzed.

2.5 Calibration curves for OCPs and PCBs
The calibration curves for OCPs and PCBs were prepared at seven concentration levels (1, 10, 20, 40, 60, 80 y 100 pg/µL). Linearity was
evaluated with the Pearson correlation coe�cient (r). The precision of calibration curves was calculated by way of the relative standard
deviation (RSD %) of the slope. The limits of detection (LODs) and quantitation (LOQs) of the instrument for each analyte were
calculated based on Equation (1) and Equation (2) respectively (Miller and Miller et al. 2018).

Where m is the slope of the weighted regression line, and sb is the standard deviation of the weighted intercept. To calculate the LOD
and LOQ of the method for the aerosol samples, instrumental LOD, LOQ and the recoveries of the analytical method were considered.
LOD and LOQ for sediment and organism samples were calculated based on 3 and 10 times the standard deviation of the blank
samples.

2.6 OCPs and PCBs recovery

1. Atmospheric aerosol
Recoveries of OCPs and PCBs were obtained by spiking clean PUF (blanks, N=3) and PUF disks with atmospheric aerosol (previously
sampled in another campaign and solvent-washed) (N=9), with 50 µL of 20 OCPs and 6 PCBs at 100 pg/µL each. Analytes were
extracted by UAE-MSC as explained in Section 2.4. Recoveries were calculated based on Equation 3.

2. Sediment samples
OCPs and PCBs recoveries were evaluated with the certi�ed referenced material IAEA-417 (International Atomic Energy Agency).
Extraction conditions were indicated in Section 2.4.

3. Organisms from lakes
OCPs and PCBs recoveries were obtained from lyophilized and pulverized phytoplankton and worms spiked with 50 pg/µL of the
mixture of OCPs and PCBs analytes. Contaminants were extracted under conditions indicated for sediment samples.
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Internal standard 1Br2NB was added (50 pg/µL) to the �nal volume, and samples were analysed by gas chromatographic technique.
Recoveries of OCPs and PCBs were calculated according to Equation 3 and expressed as percentages.

Where, A is the amount of OCP and PCB obtained after the spiked sample extracted and analysed by GC-MS-NCI, while B is the
standard used for spiking the samples and analysed by GC-MS-NCI.

2.7 Instrumental analysis of OCPs and PCBs
OCPs and PCBs were analysed by gas chromatography (7890A)–mass spectrometry (5973N) with single quadrupole in negative
chemical ionisation (GC-MS/NCI) (Agilent Technologies, United States).

Samples were automatically injected by triplicate in spitless mode (2 µL) at 280°C. Helium (99.998%, infra) was used as a carrier gas at
a constant �ow of 1.2 mL/min. A capillary column DB35 (J&WScienti�c; 60 m, 0.25 mm, 0.25 µm) was used to separate the
compounds. The oven program was: 40°C for 1 min, 50°C/min up to 110°C, 5°C/min to 303°C, 20°C/min to 335°C for 5.4 min (Arias-
Loaiza et.al., 2018; García et al., 2020). The transfer line was at 280°C. The quadrupole and ion source temperatures were 150°C.
Methane was used as the reactive gas for chemical ionisation. Selected ion monitoring (SIM) mode was used to increase sensitivity
and acquire the data. The Agilent MSD ChemStation Classic Data Analysis software program was used for data processing.

2.8 Statistical analysis
An ANOVA test was used to compare averages of the OCP and PCB data, using TIBCO Statistica® Software Release 13.5. Additional
data analyses were completed in Microsoft Excel 2013.

Results And Discussion
Table S2 (in supplementary information) shows the OCPs, and PCBs analysed by GC-MS/NCI, while Figure S2 illustrates the total ion
chromatogram, showing good resolution in terms of the development of the qualitative and quantitative analyses.

3.1 Performance of analytical methods
Table S3 shows the calibration curves of OCPs and PCBs by GC-MS/NCI. Analytical parameters showed that the chromatographic
method was effective for the determination of standard OCPs and PCBs in the 1-100 pg/µL range.

Linearity measured by the Pearson coe�cient (r) was r>0.990, with a value of RSD <10%, meeting the acceptance criterion of <20%
(Christian, 2019). The relative sensitivity for OCPs ranged from 0.4 to 3.7, while PCBs presented a range of 1.0-1.1, demonstrating high
sensitivity, observed in the low instrumental LODs and LOQs. LODs and LOQs for OCPs ranged between 0.030-2.24 pg/µL and 0.11-7.41
pg/µL respectively, while LODs and LOQs for PCBs ranged between 0.51-0.77 pg/µL and 1.65-2.59 pg/µL respectively. Table 1 shows
recoveries, LODs and LOQs for OCPs and PCBs in matrices of aerosol, sediment, and organisms.

LODs and LOQs in PUF were found between 30-2200 pg and 200-6900 pg, respectively. In terms of organisms, these values were
between 500-3900 pg/g and 200-16400 pg/g, while for sediments these values were between 60-4400 pg/g and 200-14800 pg/g,
respectively.

The recovery range for OCPs and PCBs were acceptable. Reference material (IAEA-417) shows values of OCPs 78-120% The aerosol
afforded recoveries between 78 and 114%, while the recovery range for OCPs in the matrix corresponding to organisms was 73-114%,
whereas the PCB range was 78-88%.

The recovery range of OCPs were like our previously reported results (80-120%). These results are higher than those reported by Arias-
Loaiza et al. (2018) (55-85%) for aerosol samples. This is probably due to the matrix effect. 
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Table 1
LODs, LOQs and recoveries of OCPs and PCBs for each matrix

Target
analyte

LODs LOQs Recovery %

Aerosol

ng/PUF

Sediment

ng/g

Organisms

ng/g

Aerosol

ng/PUF

Sediment

ng/g

Organisms
ng/g

Aerosol Sediment Organisms

α-HCH 1.9
(±0.70)

3.4
(±0.90)

3.9 (±0.80) 6.3
(±0.20)

1.1
(±0.05)

13.2
(±1.15)

81.8
(±2.7)

88.6
(±1.7)

78.6 (±3.5)

g-HCH 0.9
(±0.20)

1.7
(±0.20)

1.9 (±0.09) 3.1
(±0.10)

5.7
(±0.10)

6.4 (±1.01) 91.3
(±8.7)

100
(±0.7)

89.3 (±8.8)

β-HCH 1.2
(±0.20)

2.2
(±0.50)

2.1 (±0.10) 3.4
(±0.50)

7.5
(±0.15)

7.1 (±0.08) 104
(±8.3)

94.3
(±1.7)

100 (±9.7)

Heptachlor 0.03
(±0.01)

0.06
(±0.01)

0.6 (±0.01) 0.2
(±0.01)

0.2
(±0.02)

0.2 (±0.01) 93.9
(±2.8)

94.4
(±1.7)

94.0 (±4.7)

d-HCH 1.7
(±0.10)

3.4
(±1.20)

3.9 (±0.50) 5.6
(±0.75)

1.1
(±0.05)

13.2
(±1.12)

96.1
(±2.8)

93.3
(±1.7)

81.6 (±1.6)

Aldrin 1.7
(±0.30)

1.9
(±0.20)

3.8 (±0.45) 5.5
(±0.20)

9.9
(±0.10)

12.8
(±1.18)

103
(±9.1)

114
(±1.5)

87.9 (±7.8)

heptachlor
epoxide

0.3
(±0.01)

0.5
(±0.05)

0.5 (±0.05) 0.9
(±010)

1.8
(±0.01)

3.1 (±0.05) 117
(±0.4)

120
(±0.2)

114
(±0.20)

chlordane I 0.7
(±0.10)

1.2
(±0.02)

1.1 (±0.04) 2.3
(±0.50)

4.2
(±0.10)

3.9 (±0.05) 98.3
(±1.2)

104
(±0.8)

114
(±0.20)

chlordane II 1.3
(±0.20)

2.4
(±0.70)

2.6 (±0.70) 4.2
(±0.30)

8.2
(±1.00)

8.7 (±0.09) 88.7
(±1.9)

89.6
(±1.9)

85.0 (±2.0)

α-endosulfan 0.3
(±0.01)

0.6 (±
0.01)

0.5 (±0.02) 1.3
(±0.05)

2.0
(±0.15)

1.9 (±0.01) 89.6
(±5.7)

89.6
(±1.7)

92.7
(±3.30)

4,4’-DDE 0.5
(±0.01)

0.9
(±0.02)

0.9 (±0.01) 1.5
(±0.02)

3.3
(±0.05)

3.3 (±0.05) 110
(±9.1)

103
(±1.1)

103
(±4.70)

Dieldrin 2.2 (±0.70 4.4
(±1.50)

5.0 (±0.52) 7.4
(±0.50

14.8
(±1.67)

16.4
(±0.05)

100 (±
1.7)

100
(±1.7)

89.9 (±3.0)

congener-28 0.5
(±0.05)

1.0
(±0.05)

1.1 (±0.01) 1.2
(±0.08)

1.0
(±0.01)

3.9 (±0.08) 104
(±0.8)

100
(±2.3)

86.8 (±1.3)

congener-52 0.7
(±0.01)

1.3
(±0.50)

1.7 (±0.04) 2.2
(±0.10)

4.6
(±1.01)

5.9 ±1.01) 114
(±1.0)

112
(±3.0)

87.8 (±0.9)

Endrin 1.2
(±0.51)

2.4
(±0.05)

2.8 (±0.06) 4.0
(±0.18)

8.1
(±0.19)

9.3 (±1.05) 109
(±5.6)

109
(±1.6)

94.7 (±1.0)

4,4’-DDD 0.7(±0.03) 1.5
(±0.05)

1.7 (±0.05) 2.5
(±0.13)

5.0
(±1.05)

5.79± 0.03 102
(±2.1)

102
(±1.6)

89.4 (±6.7)

congener-101 0.6
(±0.02)

1.3
(±0.20)

1.7 (±0.03) 2.1
(±0.15)

4.4
(±1.10)

5.7 (±1.09) 103
(±1.1)

102
(±2.9)

78.1 (±2.0)

β-endosulfan 0.6
(±2.70)

1.2
(±0.09)

1.2 (±0.01) 2.0
(±0.05)

4.0
(±0.05)

4.0 (±1.05) 103
(±1.8)

103
(±1.3)

102
(±1.20)

4,4’-DDT 0.7
(±0.10)

1.6
(±0.05)

1.4 (±0.17) 2.5
(±0.15)

4.7
(±0.05)

4.7 (±1.01) 90.2
(±4.7)

94.9
(±0.3)

94.9
(±4.20)

endrin
aldehyde

2.0
(±1.10)

4.0
(±0.90)

3.6 (±0.70) 6.9
(±1.20)

13.6
(±1.50)

12.2
(±1.15)

81.8
(±2.2)

83.3
(±2.2)

93.0
(±1.10)

endosulfan
sulfate

0.5
(±0.01)

0.9
(±0.05)

1.0 (±0.02) 1.6
(±0.02)

3.2
(±0.07)

3.5 (±0.05) 99.5
(±0.5)

99.5
(±0.7)

91.7
(±5.80)

congener-118 0.6
(±0.02)

0.7
(±0.01)

1.5 (±0.05) 1.8
(±0.05)

4.2
(±0.06)

4.6 (±0.03) 102
(±1.8)

89.4
(±0.3)

81.6
(±0.80)
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Target
analyte

LODs LOQs Recovery %

Aerosol

ng/PUF

Sediment

ng/g

Organisms

ng/g

Aerosol

ng/PUF

Sediment

ng/g

Organisms
ng/g

Aerosol Sediment Organisms

congener-138 0.5
(±0.01)

1.1
(±0.01)

1.5 (±0.05) 1.6 (±
0.02)

3.6
(±0.08)

3.9 (±0.01) 99.5
(±0.5)

91.7
(±0.7)

82.7
(±1.80)

endrin ketone 1.2
(±0.02)

2.2
(±0.03)

2.3 (±0.03) 3.9 (±
0.10)

7.4
(±1.10)

7.9 (±0.05) 73.5
(±0.8)

78.3
(±2.3)

72.9
(±1.10)

Methoxychlor 1.1
(±0.05)

2.2
(±0.04)

2.4 (±0.05) 3.8
(±0.15)

7.5
(±1.08)

8.1 (±0.03) 78.4
(±1.2)

78.9
(±1.9)

73.5
(±0.70)

congener-153 0.6
(±0.07)

1.5
(±0.03)

1.6 (±0.04) 2.2
(±0.12)

4.9
(±0.05)

5.2 (±1.05) 103
(±2.0)

87.9
(±0.9)

83.3
(±1.80)

3.2 OCPs and PCBs in the El Sol and La Luna lakes.

3.2.1 Atmospheric aerosol
OCP and PCB concentrations in the atmospheric aerosol (Figure 3) were calculated as pg/m3, counting 150 m3 of �ltered air through
PUF (Harner et al., 2005). The data presented are the average of three climate periods for the three sampling sites, 1-NM, 2-EM and 3-
BM. No differences among them were observed (ANOVA, p>0.05). Results showed the presence of heptachlor, chlordane, endosulfans,
and DDTs. Chlordane and endosulfans were observed at the three sampling sites (relative frequency = 3/3), whereas heptachlor and
DDTs were detected at site 1-NM and 3-BM (relative frequency 2/3). The lower concentration of OCPs was identi�ed at site 2-EM for
chlordane I and α-endosulfan (3 pg/m3), whereas site 3-BM showed the highest value of OCPs (19 pg/m3 of 4,4’-DDD).

The detected PCBs were congeners 28, 52, 118, 138, and 153. The highest concentration was observed in congener 153 (50 pg/m3),
followed by congeners 118 and 138 (16 pg/m3).

The total concentrations of OCPs and PCBs were ∑2 chlordane = 30 pg/m3; ∑2 endosulfan = 32 pg/m3, ∑3 DDTs= 64 pg/m3 and ∑5

congeners= 124 pg/m3.

The presence of endosulfan, chlordane, DDTs, and PCB congener 153 in atmospheric aerosol from lakes is chie�y attributed to ARAT
and LRAT. The high a�nity to clay and organic matter could also explain their carriage as adhesive PM2.5 and powder, reaching the
airspace surrounding the El Sol and La Luna lakes (Daly and Wania 2005; Beristain-Montiel et al. 2020).

The sampling sites affected the capture of pollutants. Sites 1-NM and 3-BM indicated the highest capture of OCPs, whereas site 2-EM,
exhibited the maximum capture of PCBs (p<0.05). Sites 1-NM and 2-EM correspond to the east and north of the lakes respectively.
However, site 3-BM is located between both lakes; which is geographically characterized by a sinking between mountains; therefore, the
contaminants were probably captured by passive samplers located in this gap. The presence of OCPs and PCBs at sites 1-3 from could
be attributed to the mixing of local and adjacent emissions because the Nevado de Toluca volcano is surrounded by different
provinces such as Villa Victoria, Almoloya de Juárez, Zinacantepec, Toluca, Coatepec and Villa Guerrero. These municipalities are very
active both agriculturally and industrially. Speci�cally, the presence of α- and β-endosulfan at the three sites showed a relative
frequency of 3/3 and 2/3 respectively, con�rming their extensive use in agriculture which affects lakes’ environment (Kim et al. 2020).

The absence of endosulfan sulfate in atmospheric aerosol was associated with the recent arrival of relatively fresh discharges because
it is the main degradation product of α- and β-endosulfan; however, a low biodegradation of these isomers by the environmental
conditions found in lakes could indicate older releases and re-emissions (Pawlak et al. 2021). Nevertheless, the lack of endosulfan
sulfate might also be explained by vapour pressure because it has lower values (∼4-fold) than α- and β-isomers; thus, due to altitudinal
transport they presented higher incidences in the atmosphere of the lakes. In turn, the origin of endosulfan emissions could be
predominantly local, because Coatepec and Villa Guerrero are provinces close to the Nevado de Toluca, and they are known for their
�ower, carrot, and potato cultivation and commercialization.
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Several studies (2005-2012) described the presence of endosulfan as fresh emissions in Asia, India, Africa, and America (Weber et al.
2010; Arinaitwe et al. 2016; Kirchner et al. 2016; Yadav et al. 2016). Particularly, Mount Everest showed 27.6 pg/m3 (Li et al. 2006);
whereas the concentration from Dalian, Northeast China was 0.1- 52.6 pg/m3 (Li et al. 2012); however, National Park of Serra dos
Orgaos (Rio de Janeiro, State) and National Park of Sao Joaquin (Santa Catarina State) displayed ranges from 50 to 5,600 pg/m3

(Meire et al. 2012). This is the strongest presence of endosulfan in Brazil.

Currently, Arctic sites (Alert, Pallas and Villum) show declining emissions of endosulfan, including a null concentration of β isomer
(Wong et al. 2012; Balmer et al. 2019). Decreasing emissions of endosulfan were attributed to international regulations (Stockholm
Convention, UNEP, UNEP/FAO, UNECE and others); however, after 2018, other programs and actions to reduce endosulfan discharges
have not been documented (Balmer et al. 2019).

Furthermore, control of production and use of endosulfan has taken longer in other countries. According to the National Agency for the
Regulation of International Pesticide Commerce (CICOPLAFEST, Spanish initials), endosulfan has been widely used in Mexico for
several decades. Since 10 July 2012, the use of products containing endosulfan has been controlled by the European Union Regulation
(CICOPLAFEST, 2021). In addition, it is unknown whether the importation of endosulfan from Asia is still ongoing; therefore, high levels
of endosulfan as fresh emissions are expected in North and Central America.

Conversely, the �nding of the isomers, DDE, DDD, heptachlor chloride and chlordane, were associated with less recent releases of
pesticides. However, the strong agricultural activity in provinces nearby the lakes, shows that the principal participation of OCPs and
PCBs could be of regional origin because they are still used in public health programs. Chlordane is predominantly used to remove
termites by injection into the subsoil, and heptachlor is used for the control of various pests in central and South America (Alegria et al.
2006; Wu et al. 2014; Wang et al. 2016; Shunthirasingham et al. 2016).

The presence of PCBs in atmospheric aerosol was also associated with their ARAT and LARAT characteristics, and their high resistance
to degradation processes. In turn, PCB levels were associated with less recent discharges; re-emissions from pollutant accumulation
(Armitage et al. 2011; Stemmler and Lammel 2012), and fresh releases by waste incineration (Wolska et al. 2014), because in the lower
zone of the Nevado de Toluca volcano, the antiquated practice of slash-and-burn for the agricultural preparation is common practice. In
addition, waste is often disposed of my burning. Herein it is also notable that site 2 showed an outstanding level of congener 153,
con�rming its abundance in the environment (Hung et al. 2016).

PCB levels from the El Sol and La Luna lakes were comparable to the reported range in the Arctic (< 5–30 pg/m3). Particularly, the PCB-
153 shows the highest levels at Zeppelin station (2004-2009); however, after 2009, the levels of PCBs have notably reduced, as was
indicated in Hung et al. (2016) and Carlsson et al. (2018).

3.3.2 Sediment
Figure 4 shows concentrations of OCPs and PCBs in lake sediment, for three climate periods (dry warm, rainy, and dry cold). Data are
average concentrations of pollutants from 3 sampling sites. The data do not present signi�cative differences (p<0.05) between sites.
The averages (± standard deviation) were expressed as pg/g of sediments.

The most frequent pollutants were chlordane, endosulfan, and congeners 118, 138 and 153, revealing a high concentration of the
pollutants detected in aerosol samples.

Total concentrations of OCPs and PCBs in the El Sol lake were ∑3 endosulfan = 2067 pg/g; ∑2 chlordane = 457 pg/g; ∑3 PCBs = 70
pg/g; ∑1 DDT = 82 pg/g; whereas total concentrations in sediment from La Luna Lake were ∑3 endosulfan = 1633 pg/g; ∑2

chlordane = 646 pg/g; ∑3 PCBs = 71 pg/g.

Endosulfan ranged from 180 to 280 pg/g, 200-300 pg/g of β-endosulfan, and 50-100 pg/g of endosulfan sulfate. Chlordane I ranged
from 150-170 pg/g and chlordane II from 45-55 pg/g, whereas levels of PCBs were found in congeners 153 and 118 as 17-20 pg/g.

In turn, α-endosulfan was the only OCPs which showed variability (p>0.05) between years 2017-2019. The highest concentration was
observed in 2019.

The El Sol and La Luna lakes showed signi�cative differences in total concentrations of endosulfan and chlordane (p<0.05); however
total concentration of PCBs did not present signi�cant differences (p<0.05).
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The presence of endosulfan, chlordane, DDTs, and PCB congeners 118, 138 and 153 (medium level of chlorinated compounds) in the
volcano lakes was attributed to their altitudinal and medium transport. Subsequently their occurrence in lake sediments was mainly
due to thaw and rain by quick sorption and accumulation. Speci�cally, endosulfan in the lakes suggest long-established global and
recent use, while the presence of the other pollutants was attributed to their perseverance in the environment by older usage.

Isomers such as endosulfan sulfate and chlordane II could show the age of the detected OCPs, indicating that recent emissions were
the primary source and chief contributor. Re-emissions, on the other hand, were secondary sources. Previous experiments showed that
α-endosulfan is more quickly desorbed from sediments than the ß-isomer, and it is associated with endosulfan sulfate (Peterson and
Batley 1993).

The age of endosulfans from the lakes was also linked to their half-life. The α- and β-isomers have been in water and sediment for 2-6
months, whereas endosulfan sulfate has a longer environmental half-life (Weber et al. 2010). However, Fenner et al. (2003)
demonstrated that the association of endosulfans would result in considerably longer environmental half-lives, which is dependent of
environmental conditions.

Ratios between α or β-endosulfan/endosulfan sulfate were found as 1.39-1.51, demonstrating continuous endosulfan arrival to the El
Sol and La Luna lakes.

The highest ratio of α or β-endosulfan/endosulfan sulfate was observed in the humid period (ambient temperature 10-12°C),
corroborating the temperature effect on the endosulfan sulfate formation.

In addition, the ratio α/β of 1.25 suggests higher volatility of α-endosulfan (Kim et al. 2020) and low altitudinal transport of β-
endosulfan.

On the other hand, the ratio of chlordane I/II showed a range of 2.06-4.08, indicating emissions from time ago, due to the degradation
of chlordane I and formation of chlordane II.

PCBs in lake sediment revealed the lowest levels. Congener 153 showed 17 pg/g, followed by congener 118 (11 pg/g), and congener
138 (9 pg/g), which could be related to their degradation by past emissions. A similar result was detailed in Vecchiato et al. (2015),
indicating low concentrations of PCBs (10 and 634 pg/g) in Antarctic sediments.

Other important data regarding OCPs in sediments are also notable. Unlike air from lakes, heptachlor was not detected in sediment
samples; however, a low concentration of DDE was found in the El Sol lake during the cold period. These results were also associated
with degradation by old discharges.

According to the quality guidelines provided by the Ministry of the Environment of Ontario, Canada (NOAA, 1990), the levels of 4,4'-DDE
found in sediment from the El Sol lake (82 pg/g), do not represent an impact on the lake ecosystem, referring to the potential risk of
biomagni�cation and toxicity of the trophic chain in benthos. These guidelines indicate that the 4,4'-DDE levels which cause this risk
are those classi�ed as a Low Effects Level (LEL), which is around 5000 pg/g/The Severe Effects Level (SEL) is around 19x104 pg/g.
Therefore, the concentration of 4,4'-DDE in the El Sol lake is very far from the LEL and SEL indicated in this guide.

The detection of OCPs and PCBs in sediments of the El Sol and La Luna lakes could be associated with temperature, wind direction,
and wind speed. Alcocer et al. (2021) found that the wind speeds in the crater are weakened due to the dome and the high walls of the
crater. The wind speed range is < 0.5 m/s, except in winter; in this period, it is 1–2 m/s, which shows that winds are predominantly calm
in this area. In addition, the heat exchange between the near-surface layer with deeper waters occurs only due to vortex diffusion, and
not by wind mixing as expected. Consequently, the mix of pollutants could remain intact for many years.

3.3.3 Aquatic organisms
Endosulfan and chlordane were the OCPs found in plankton and Tubifex tubifex (Figure 5) at three different times of year with different
climatic conditions and three at sampling sites. However, PCBs were not observed in the organisms.

The presence of OCPs in plankton and Tubifex tubifex were coincident with the occurrence of endosulfan and chlordane in the air and
sediment, whereas the OCP concentration was different between the El Sol and La Luna lakes. The difference was attributed to aquatic
life and lake size, because the El Sol lake is bigger than the La Luna lake, and the pH of this lake limits the natural life.
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Plankton from the El Sol lake showed 550 pg/g of ∑2 endosulfan, including α and β endosulfan, while plankton from the La Luna lake
displayed 150 pg/g of α-endosulfan. In turn, Tubifex tubifex from the El Sol lake exhibited 400 pg/g of ∑2 endosulfan, including α and
β endosulfan, whereas Tubifex tubifex from the La Luna lake showed 100 pg/g of β-endosulfan. Levels of chlordane I were similar for
both plankton and Tubifex tubifex, showing 150 pg/g.

The ratio between α/β endosulfan isomers was lower in plankton (1.02) than in Tubifex tubifex (1.7). These results, plus the absence of
endosulfan sulphate and the presence of chlordane isomers in the organisms, could indicate the recent and continued occurrence of
endosulfan and chlordane; however, a longer life of these pollutants in the sediments could also be the reason for this result, because
these lakes are recognized as having weak or no levels of biomagni�cation of pollutants, due to a low mixture of water and sediment,
as well as a small amount of aquatic life, which limits their continued biodegradation (Sun et al. 2017). In addition, Ren et al. (2017)
used a dynamic model to describe the biomagni�cation of OCPs and PCBs in the �sh Gymnocypris namensis from the Nam Co Lake
on the central Tibetan Plateau, indicating strong bioaccumulation in �sh aged by DDEs, DDDs, PCB-138, -153 and -180. However, long
residence times with half-lives up to two decades were recognized because of higher chlorinated PCBs.

3.3.4 Global analysis of OCPs and PCBs
Table 2 and Figure 6 summarize the average concentrations of total OCPs and PCBs in the El Sol and La Luna lakes. Data are relative
to three sampling sites for each matrix. The metric includes the whole sampling period (2017-2019).

The total concentration of pollutant levels in atmospheric aerosol, sediments, plankton and Tubifex tubifex from lakes show
signi�cative differences in the levels of pollution (p<5%). In turn, the dominant presence of endosulfan and chlordane in the lakes was
notable. The highest levels of endosulfan and chlordane were observed in lake sediments, followed by plankton, Tubifex tubifex, and
atmospheric aerosol, while DDTs and PCBs (118, 138 and 153) were only found in sediments and atmospheric aerosol.

As mentioned above, the occurrence of these pollutants in the El Sol and La Luna lakes is documented by their ARAT, while the main
contributions were associated with local sources.

The absence of isomers and low isomeric ratios of endosulfan explain its presence as a mix of fresh and not so recent discharges.
Subsequently, the presence of chlordane, DDTs, and PCBs was recognized as a result of emissions from considerable time ago.
However, it is known that only 10% of chlordane can be found ten years or more after application, and it is inferred that it usually
comes from nearby places because its low vapor pressure allows its volatilization to be minimal. Therefore, its arrival at the lakes
could be recent, and its presence is due to terrigenous runoff; chlordane usually remains adsorbed on clay particles or soil organic
matter in the upper layers and slowly volatilizes into the atmosphere.

On the whole, levels of OCPs and PCBs in the El Sol and La Luna lakes con�rmed the information previously described regarding
remote areas. Endosulfan, chlordane, DDTs and PCBs are the most detected pollutants. Furthermore, their levels were comparable with
preceding reports on this topic.

Particularly, the presence of endosulfan in the El Sol and La Luna lakes recognized that endosulfan is now the most notable pesticide
in the world, and its levels depend on sampling locations and sampling time. According to Kim et al. (2020), endosulfan presents a
rising trend, as evidenced by recent air monitoring in South Korea, which demonstrated an increment of ∑3 endosulfan levels (274

pg/m3). 
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Table 2
Average concentration of OCPs and PCBs in atmospheric aerosol, sediments, plankton and

Tubifex tubifex from Lakes El Sol and La Luna.
Pollutant type Pollutant Aerosol

(pg/m3)

Sediment

(pg/g)

Plankton

(pg/g)

Tubifex tubifex

(pg/g)

OCPs heptachlor

epoxide

26 (±3) <LOD <LOD <LOD

chlordane I 33 (±3) 328 (±7) 144 (±5) 147 (±3)

chlordane II <LOD 133 (±5) <LOD <LOD

α-endosulfan 31 (±3) 763 (±8) 206 (±7) 240 (±5)

β-endosulfan 14 (±3) 1200 (±10) 370 (±8) 300 (±5)

endosulfan sulfate <LOD 1100 (±7) <LOD <LOD

4,4’-DDE 27 (±2) 82 (±3) <LOD <LOD

4,4’-DDD 29 (±2) <LOD <LOD <LOD

4,4’-DDT 10 (±2) <LOD <LOD <LOD

PCBs Congener-28 8 (±1) <LOD <LOD <LOD

Congener-52 8 (±2) <LOD <LOD <LOD

Congener-118 40 (±2) 30 (±1) <LOD <LOD

Congener-138 20 (±1) 10 (±2) <LOD <LOD

Congener-153 51 (±3) 90 (±5) <LOD <LOD

In turn, concentrations of PCBs and other pesticides such as DDTs, chlordane, and HCB con�rmed low levels in the El Sol and La Luna
lakes. This information is like what has been reported elsewhere. Low levels of PCBs, DDT, and HCB indicate that the control of
production and emissions regulation of these pollutants had has a result in the world.

Declining trends of α-HCH, γ-HCH, chlordane, and DDT, including α-endosulfan from analysis of Arctic air at eight sites over 25 years of
monitoring (AMAP program) were previously discussed by Wong et al. (2021). However, the authors of the present work observed a
slight increase in PCBs, which was attributable to warming in the region and continued primary emissions at source.

In short, there are controversial results regarding the global distribution and concentration of OCPs and PCBs. Speci�cally, pollution in
the air has been associated with their deposition cycles, more than recent emissions; in addition, their detection has incremented in the
last year because of the climatic conditions. Wang et al. (2016) explained that the increased temperatures and changing coverage of
snow and glaciers have affected the behaviour and distribution of OCPs and PCBs in the Tibetan Plateau (East Asian monsoon, Indian
Monsoon).

Other signi�cant results regarding air samples show debatable data. Samples from the south of Mexico indicated the highest
concentrations of endosulfan and DDTs. Results ranged from 239 to 2360 pg/m3; while, chlordane, dieldrin, heptachlor, and PCBs
presented the lowest concentrations. Endosulfan and chlordane DDT, were mostly recognized as fresh emissions (Alegria et al. 2004;
Wong et al. 2010). The result was associated with the monitoring site (�elds in Chiapas, south Mexico) and the sampling period,
showing an intense use of these pesticides.

Furthermore, studies on particulate matter from samples collected in the Metropolitan Zone of the Mexico Valley (MZMV), during 2013
and 2014, showed endosulfan presence and transport (4-5 pg/m3) (Beristain-Montiel et al. 2020), indicating aged endosulfan from
regional contribution.
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On the other hand, Arctic air (1990-2000) from different monitoring sites displayed 3-6 pg/m3 of endosulfan. Mountain air in Mexico,
Columbia, and the eastern fringes (Prince Island) of Canada presented the highest pollutant concentration (Shen et al. 2005), indicating
the predominant use of endosulfan in these territories during this time.

Furthermore, endosulfan in the range of >1000 pg/m3 was detected in the Artic air in Canada/US, which was linked to the peak
discharges from Europe and Asia (Harner et al. 2004).

According to Carrera et al. (2002), endosulfan was also detected at remote lakes in the Pyrenees, Alps, and Caledonian mountains,
exposing �uxes ranging between 190 and 340 ng/m2/month, with a signi�cant contribution of β-endosulfan, due to the highest
evaporation of α-endosulfan.

More OCPs were also detected at different mountains sites. Shunthirasingham et al. (2016) also reported endosulfan, DDTs, dieldrin,
and g-HCH having monitored the air at the Canadian Great Lakes Basin (GLB) (1992-2012). However, diminishing trends of these
pollutants were observed after 2004. Particularly g-HCH and DDTs showed a notable decrease in air samples. The reduction of
pollution levels was associated with regulatory efforts to control pesticide emissions (U.S. in 2007 and Canada in 2010). Nevertheless,
the concentration of atmospheric endosulfan was observed as stable at all monitoring sites, demonstrating its usage in America, Asia,
and Europe.

A gradual decline of endosulfan was also observed in the air at Little Fox Lake Canada’s Western Sub-Arctic (2003-2013), displaying
ranges < 61 pg/m3, whereas DDTs were undetected. In this case, Northern Canada, Asia-Paci�c, and East Asia were recognised as
potential sources in warm seasons, while the Paci�c Rim was indicated as a potential source in cold seasons (Yu et al.,2015).

Jacobi et al. (2015) analysed air samples from three sites of the Alps from 2005 to 2010, detecting higher deposition rates in summer
than in winter. The average annual deposition of ∑DDT, ∑DDD, ∑DDE, and ∑chlordane was 579, 210, 144 and 98 pg/m2 respectively.
The levels of OCPs at each site were also affected by air masses; however, a decline in OCPs levels was not observed.

Conversely, the Arctic Monitoring and Assessment Programme (AMAP) reported a notable decline in the concentration of PCBs, DDTs,
and chlordane. The reduction levels were attributed to the diminished use of these pollutants in the United States over the last 20-25
years (Hung et al. 2016). The decrease in endosulfan in the air at the Greak Lakes Basin was also observed from 2015 (Hites 2019).

Nonetheless, the recent information on endosulfan levels show different behaviour. Balmer et al. (2019) indicated that endosulfan
presents low levels in the air, but freshwater �sh from the Canadian Arctic showed recent increases, which are associated with an
increase in deposition, with food webs, or climatic factors.

Wang et al. (2019) discussed numerous studies of OCPs and PCBs in air from sites located in the Arctic and on the Tibetan Plateau.
From 1995 to 2005 the pollutants exhibited concentration ranges of 5-500 pg/m3 of endosulfan, 0.1-100 pg/m3 of PCBs, and 1-800
pg/m3 of DDTs. The principal contribution to air pollution was attributed to air transport from India and Asia. In turn, levels of OCPs in
mountain regions from south Brazil (2015) displayed 170-260 pg/m3 of 3 endosulfan, indicating fresh discharges with contributions
from various sources (Ornellas et al. 2016).

Concerning OCPs and PCBs in sediment the Lakes El Sol and La Luna lakes, their levels were comparable to high mountain sediments
from Arctic and Antarctic Lakes.

Speci�cally, endosulfan presence was found in several research projects. According to a review presented by Weber et al. (2010),
endosulfan has been detected in high mountain lakes, revealing a marked increase from the 1980s onwards. The northern hemisphere
reached the maximum levels dated to 2003 (Usenko et al. 2007); however, the decline of endosulfan has not been reported, con�rming
continued use since that date. Nevertheless, more reports on lake sediment are necessary to document this observation.

In terms of reports regarding endosulfan, Stern et al. (2005) detected 40 pg/g of α isomer and a �ux range of 6.2 ng/m2/year on core
sediment from Lake DV09 in the Canadian Arctic Archipelago, indicating a high occurrence of this pollutant and fresh discharges.

Recently, Kim et al. (2020) showed data variability in terms of endosulfan in the river sediments from South Korea; average levels of Σ3

endosulfan were 100 pg/g. In this case, endosulfan sulfate was dominant at most of the sediment sampling stations; therefore, old
emissions were proclaimed.
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The prevalence of DDTs and PCBs in sediment lakes was found in Gusella et al. (2011). In this case, the sediments from several high-
altitude sites in Sagarmatha National Park (Nepal) (included in the Himalayan ridge) showed 1 ng/g as total ∑PCBs, containing
medium-level chlorinated congeners as the most dominant contaminants. After, Barakat et al. (2013) reported high contamination in
sediment from 34 locations in Lake Qarun, Egypt, indicating ranges from 1.01 to 16.48 ng/g of OCPs, and 1.48 to 13.72 ng/g of PCBs,
respectively. The most abundant compounds were HCH, heptachlor, aldrin, endrin, DDE, and endosulfan I and II, whereas PCB
congeners was dominated by light chlorinated biphenyls. The isomeric ratios speci�ed new inputs of lindane, endrin, heptachlor and
technical endosulfan, while the ratios of DDTs isomers indicated earlier usage of this pollutant: DDT.

Wu et al. (2014) analysed sediment from Qinghai Lake (northeast Qinghai–Tibet plateau). The range displayed was 860 pg/g for DDTs
and 260 to 1730 pg/g for other OCPs. As a result of the percentage of DDT isomers, age discharges were linked to signi�cant
degradation of this pollutant.

Bettinetti et al. (2016) revealed DDE ranging 27-75 ng/g, and maximum PCB concentrations which reached 80 ng/g in the sediment
sampled from the Como Bay Lake (Northern Italy) (2006-2009). A decline in the concentration of PCBs was observed during the studied
period; however, DDE levels were maintained.

In turn, a comparative study of soils in polar regions from the Antarctic and the Tibetan Plateau discovered maximum levels of
pollutants during 2005-2007; the register indicates 7.7 ng/g of ∑DDTs and 1.02 ng/g of ∑PCBs. The effectiveness of the Stockholm
Convention in reducing emissions was made evident by a signi�cant decrease in ΣPCBs (Wang et al., 2016).

Historic deposition of pollutants in two sediment cores from the Yamzho Yumco Lake from the Tibetan Plateau also evidenced the
concentration peaks of OCPs in the 1970s and 1990s (Sun et al., 2018). Moreover, the isomeric ratios at different times showed that
environmental self-puri�cation caused a stronger presence of the OCPs in the lakes. However, recent study by Li et al. (2017)
demonstrated the prevalence of OCPs and PCBs in sediment from 52 lakes from China, detecting 120-45.24 ng/g of ∑OCPs and 6.33-
17 ng/g of ∑PCBs, with a predominance of isomers, indicating mixes of emissions of different ages and high levels of contamination.

Regarding bioaccumulation, at present, there are several reports focused on OCP and PCB accumulation in �sh from the Antarctic and
Arctic lakes and rivers. However, few studies have analysed the plankton and worm as aquatic organisms of bioaccumulation of these
pollutants; specially, Tubifex tubifex worms were not studied, even though these organisms are strong indicators of pollutants in
sediment.

What is more, the levels of plankton, OCPs, and PCBs detected in the El Sol and La Luna lakes were low in comparison to those
reported by Bettinetti et al. (2016), who detected 131 ng/g of ∑3 DDTs and 981 ng/g of ∑7 PCBs in zooplankton from the Como Bay
alpine lake (Northern Italy) (2009). However, Como Bay is comprised of four lakes and their dimensions are not analogous to the El Sol
and La Luna lakes. Cabrerizo et al. (2019) discussed zooplankton contamination from Arctic rivers and lakes; �nding ranges from 26 to
35 ng/g of Σ70 PCBs, 1.9−6.9 ng/g of HCB, 1.3−1.7 ng/g of Σ3 HCHs, and 1.5−4.1 ng/g of Σ3 DDTs; however, the difference was
attributed to river samples.

Diverse reports on �sh bioaccumulation have demonstrated different contamination levels of OCPs and PCBs. The highest
concentration was found in �sh from the Cau Hai lagoon, demonstrating ranges from 26-43 ng/g of PCBs, and 182-277 ng/g of DDTs
(Tran et al. 2019). However, contamination of the lagoon from a long time ago and a large decrease in ΣDDT residues in the following
years was suggested as the cause. Nawab et al. (2020) showed low levels of PCBs (240 pg/g), DDE (1400 pg/g), and DDT (600 pg/g)
detected in Brown Trout and Rainbow Trout in alpine lakes in the Himalayas, Pakistan. In this case, the levels were comparable to data
regarding plankton and Tubifex tubifex from the El Sol and La Luna lakes.

Conclusions
Environmental samples (atmospheric aerosol, sediments, plankton, and Tubifex tubifex) from the high mountain El Sol and La Luna
lakes showed pollution status by way of OCPs and PCBs in Mexico.

Investigation during 2018-2020 in three different climate periods (dry warm, rainy, and dry cold) revealed that analysis periods did not
show a signi�cative difference between levels of OCPs and PCBs in atmospheric aerosol samples (p<0.05); however, sediment showed
differences according to the analysis period. Herein, it is notable that DDTs and PCB-153 were observed in the cold period, whereas
chlordane II level was in decline.
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Atmospheric aerosol samples from lakes presented the principal occurrence of pollutants (7 OCPs and 5 PCBs); however, the lowest
levels of OCPs were detected in these samples. Particularly, PCBs showed the peak levels (maximum 50 pg/g). Lake sediments showed
the highest concentration of OCPs, followed by plankton and Tubifex tubifex. However, PCBs levels were scarcely detected in sediment;
in addition, plankton and Tubifex tubifex did not show an accumulation of these pollutants, indicating that the principal contribution of
lake contamination is by rain and snow.

Endosulfan was the most detected pollutant, showing the highest levels in sediments (3500 pg/g); plankton (1000 pg/g) and Tubifex
tubifex (800 pg/g).

The absence of isomers of OCPs indicated that the principal contribution of pollution by OCPs and PCBs is due to fresh and local
discharges.

The levels of pollution were within the range of other high mountain lakes, including Antarctic and Arctic lakes.

The results of this study con�rmed that endosulfan can cover great distances by way of altitudinal transport, which allows this
pollutant to be the most common pesticide in the world today. On the other hand, declining levels of PCBs, chlordane, and DDTs were
also observed.

This investigation corresponds to the �rst result of monitoring OCPs and PCBs in Mexico, through the Comisión Nacional de Áreas
Naturales Protegidas (CONANP) (National Board for Protected Natural Areas) program organised by the Secretaría del Medio Ambiente
y Recursos Naturales (Secretariat for the Environment and Natural Resources), Mexico.
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Figure 1

Map of Nevado de Toluca volcano, Lakes El Sol and La Luna, and surrounding region.
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Figure 2

Geographical position of the sampling sites for atmospheric aerosol, sediments, phytoplankton, and Tubifex tubifex from the El Sol
and La Luna lakes.
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Figure 3

OCPs (left) and PCBs (right) average concentration (±standard deviation) in atmospheric aerosol (pg/m3) found in three sites located
in the crater. N = 9. The metric includes the whole sampling period (2017-2019).
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Figure 4

Average concentration (± standard deviation) of OCPs and PCBs (pg/g) in sediment from the El Sol and La Luna Lakes by season
including 2017-2019. N = 9.
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Figure 5

Average concentration (±standard deviation) of OCPs in plankton and Tubifex tubifex (pg/g) from three sites of the El Sol and La Luna
lakes. N=9. The metric includes the whole sampling period (2017-2019).

Figure 6

Frequency percentage of the most detected pollutants in atmospheric aerosol, sediments, plankton, and Tubifex tubifex from the El Sol
and La Luna lakes.
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