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Groundwater Quality in the Yucatan Peninsula:
Insights from Stable Isotope and Metals Analysis

by F. Arcega-Cabrera’®, J. 0. Sickman?, L. Fargher®, J. Herrera-Silveira®, D. Lucero?, |. Oceguera-Vargas',
E. Lamas-Cosio', and P. A. Robledo-Ardila®

Abstract

High surface water-groundwater connectivity characterizes watersheds underlain by karsts, increasing contaminant transport
risks. However, karsts are highly complex, making research necessary to understand the transport of contaminants from the surface,
through the aquifer, to discharge areas. In Yucatan, the lack of waste water treatment raises the risk of groundwater contamination.
We monitored stable isotopes (8'0-NO5 and 8"°N-N0Os), cadmium, and lead to document waste water contamination and transport
during the rainy and dry seasons, using water samples collected along the Ring of Cenotes during each season. Specific conductance
and pH showed no consistent seasonality, with conductance ranging from 0.5 to 55 mS/ecm and pH ranging from 6.6 to 8.6
for most samples. Nitrate concentrations in the cenotes averaged 205+ 260 wM and no seasonal pattern was observed. Cd and
Pb concentrations were 0.1 to 37.9 pg/L and 0.2 to 243.2 ng/L, respectively. Nitrate stable isotope values were 2.6 to 27.2%o
for '80 and 1.2 to 20.7%o for §'°N. The statistical relationship between 8'N and §'80, in dry season samples, indicated that
denitrification was occurring. A scale measure for waste water recognition showed: (1) high variability among sites probably
related with dry/rainy seasons and/or diverse anthropogenic activities; and (2) specific water quality variables that contribute to
contamination at each site during each season. Importantly, our analyses indicate that in the area surrounding the Ring of Cenotes,
waste water exhibits spatial and temporal patterns related to complex transport and dilution processes, as is the case in karsts

in general.

Introduction

Groundwater contributes the majority of urban
and agricultural water in Mexico (INEGI 2015) and
long-term monitoring of aquifers, including more recent
satellite-based measurements, indicates moderate to
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severe conditions of groundwater overuse (Castellazzi
et al. 2016). Groundwater contamination caused by defi-
cient waste water treatment and lack of correct solid-waste
disposal is also an increasing problem in Mexico, where
rapid economic and demographic growth has promoted
accelerated environmental degradation (Arcega-Cabrera
et al. 2014a, 2014b, 2017, 2018; Camacho-Cruz
et al. 2019). Sustainable use of existing groundwater
supplies, along with protection of groundwater from
human-made pollutants is essential for water security in
Mexico.

In the karstic landscape of the Yucatan Peninsula,
this situation is particularly acute because surface water is
absent, and groundwater is the main source for human use.
Here, groundwater contamination and flow are strongly
affected by a massive hydrologic formation, the Ring of
Cenotes (RC), which is a semicircular arc characterized
by a high density of flooded dolines or cenotes (Figure 1)
(Pérez-Ceballos et al. 2012). These karstic formations
intercept the water table (Gaona-Vizcayno et al. 1980) and
are capable of transporting anthropogenic pollutants from
inland areas toward coastal urban areas (Arcega-Cabrera
et al. 2014a; Derrién et al. 2015). High connectivity
between the land surface and karst aquifers increases the
risk of domestic and industrial waste waters penetrating
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groundwater (Miller 1990; Marin et al. 2000; Villasuso
and Méndez-Ramos 2000; Pacheco et al. 2001; Arcega-
Cabrera and Fargher 2016).

Systematic surveys of water quality in the RC to
assess levels of contamination and the safety of water
for human consumption are scarce. Moreover, very few
studies have utilized techniques such as stable isotopes
and trace element analysis to identify contamination
sources, inorganic contaminants, model their transport and
fate, and assess water-quality risk (Katz and Griffin 2008;
Tziritis 2010; Albertin et al. 2011; Edwards et al. 2013;
Arcega-Cabrera et al. 2014a). Inorganic groundwater
contaminants, like nitrate and heavy metals, are relatively
straightforward to measure using these techniques and
their presence indicates a likelihood that other, more
toxic organic contaminants are also entering urban water
supplies in Yucatan.

Nitrate is a common contaminant in groundwaters of
the Yucatan Peninsula (Saint-Loup et al. 2018) and levels
are often high enough to potentially cause human illnesses
(>714 pumol/L), including infant methemoglobinemia
(Fan and Steinberg 1996), cancer, endocrine disease, and
birth defects (Ward et al. 2018). Non-point sources of
nitrate, including runoff containing agricultural fertilizers,
human waste, and waste from confined animal feeding
operations, likely contribute the majority of the nitrogen
found in the Yucatan’s groundwater (Spalding and
Exner 1993; Wakida and Lerner 2005). Accordingly, the
N and O isotopes of nitrate have been used to understand
sources of nitrate in the groundwater of karst aquifers
(Albertin et al. 2011), while nutrients have been used
to show direct waste water contamination mainly in
coastal lagoons of Mexico (Herrera-Silveira et al. 2004;
Herrera-Silveira and Morales-Ojeda 2009). Metals have
been used in both areas to investigate contamination
(Vesper and White 2003; Arcega-Cabrera et al. 2014a,
2014b, 2017, 2018).

In this study, we present inorganic water quality data,
including pH, dissolved oxygen (OD), electric conductiv-
ity (EC), oxidation-reduction potential (ORP), nutrients,
dual isotope analysis of NO3~, and cadmium, lead and
strontium concentrations, from groundwater samples col-
lected in the area surrounding the RC. This area is a
region of high ecosystem and socioeconomic relevance
in the Yucatan peninsula of Mexico. Our main objec-
tive was to establish relationships between waste water
inputs, from agro-industrial areas and human settlements
in the RC, with contaminant levels, as well as study
the impact of the karstic environment on physicochem-
ical processes and transport of contaminants. Moreover,
using these water quality data in a multivariate environ-
mental assessment, we mapped groundwater quality in
the RC region. Our regional environmental assessment
contributes to broader understanding of the fate of contam-
inated groundwater in karsts. It also provides a value tool
that could be used by stakeholders to implement sustain-
able groundwater management practices in the Yucatan
peninsula.
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Study Area

The Yucatan Peninsula contains a well-developed
karst system of interconnected fractures, joints, and
solution openings (Marin et al. 2000). A dominant
landscape feature is the semicircular concentration of
flooded cenotes, known as the RC (Figure 1), which
extends in an arc running southeast from Celestun (on the
northwest coast of Yucatan) to Cuzama (in the interior
of the state) and northeast from Cuzama to Dzilam (on
the northeast coast of Yucatan) and is delineated by the
Chicxulub impact crater (Pérez-Ceballos et al. 2012).
The Yucatan peninsula possesses a tropical climate
(26.3 °C mean annual air temperature) and experiences
a rainy season from June to September, a “Nortes”
season, characterized by strong winds from the north
(from October to December), and a dry season (DS)
from December to May. Mean annual precipitation is
1000 to 1200 mm (Graniel et al. 1999). Groundwater
flow responds strongly to precipitation timing, with a
velocity of 1x 107> cm/s in the DS that climbs to
3 cm/s in the rainy season (Arcega-Cabrera et al. 2014).
Economically and demographically, the RC area has
experienced a significant increase in human population
over the last 20 to 30 years, escalating the production of
solid waste and waste water with relatively little treatment
(SEMARNAT 2018).

Research Methods

Cenote Sampling

In May 2014 (DS) and October 2014 (wet season),
water samples were collected with a Van Dorn bottle
(depth = 0.5 m) from 32 hydrological features (Figure 1).
Water samples for metals analyses were placed into
acid-washed high-density polypropylene (HDPE) bottles,
acidified to pH 2, using trace-metal grade HNO3; and
refrigerated at 5 °C until analysis (Arcega-Cabrera and
Fargher 2016). Samples for NO3™ concentration and
isotopic analyses (3N and §'80 of NO3;™) were filtered
using 0.45pum polycarbonate filters into clean HDPE
bottles and stored frozen. Electrical conductivity (EC),
dissolved oxygen (OD), and depth were measured in situ
using a YSI Model 85 (with 3 m cable); pH and ORP
were measured in the field using a Mettler Toledo FG2.

Chemical Analyses

The elements Cd, Pb, and Sr were analyzed by atomic
absorption spectrophotometry (Perkin Elmer AAnalyst
800/FIAS 100 CDMX, CDMX, Mexico), using the
graphite furnace technique for Cd and Pb, and the air-
acetylene flame technique for Sr. Certified reference
material NIST SRM 1640a (trace elements in natural
water) was included in each analytical run to measure
analytical accuracy, and duplicate samples were run
to estimate analytical precision. Analytical accuracy,
precision, and detection limit were 0.52%, 0.8%, and
0.01 pg/L for Cd; 4.95%, 0.7%, and 0.05 pwg/L for Pb; and
0.55%, 0.8%, and 0.06 pg/L for Sr. Metal concentrations
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Figure 1. Study area showing the area of higher cenote abundance, known as the Ring of Cenotes (RC), main groundwater

fluxes, and sampling sites.

were compared with the recommended values (RV) from
Mexican norm *NOM-127-SSA1-1994 (5 ng/L for Cd
and 25pg/L for Pb) (the NOM lacks recommended
values for Sr). Nitrate-NO3 (pmol/L) was determined
by cadmium reduction as described by Strickland and
Parsons (1972). Nitrate concentration was compared with
water quality standards in Mexico’s NOM-127-SSA1-
1994 (714.3 pmol/L).

To determine the 3'°N and 8'30 values of NO3; ™, the
bacterial (Pseudomonas aureofaciens) denitrifier method
(Coplen et al. 2012) was performed at the facility for
isotope ratio mass spectrometry (FIRMS) at the University
of California, Riverside. The 8!°N and 8'80 values were
measured using a Thermo Delta V isotope ratio mass
spectrometer with a GasBench injector. The international
reference materials USGS-32, USGS-34, and USGS-35
were included in each analytical run. Values are expressed
in permil units relative to atmospheric N, or Vienna
Standard Mean Ocean Water (VSMOW).

Statistical Analyses and Integrative Environmental
Assessment

Non-parametric statistics and multivariate analyses
were performed using StatSoft STATISTICA program
and JMP v.14. Data were transformed (log [1 4 data])
to avoid magnitude or variable type bias. Significant
differences were obtained with a Mann-Whitney U test
(p = 0.05) to determine if the samples were drawn from
the same distribution. Cluster analyses were carried out
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using Ward’s method with a Pearson correlation (for
example see Arcega-Cabrera et al. 2014a, 2014b). Since
Factor analyses was used to measure the ratio of an item’s
unique variance to its shared variance, any item with a
communality score of less than 0.2 was removed. A cut off
value of 0.6 for significant loadings was used for sample
sizes less than 100, following MacCallum et al. (1999).

Groundwater Quality Mapping

We used ArcGIS to map metal and nitrate concentra-
tions relative to Mexican water quality standards. Values
more than 10% below recommended concentrations are
color-coded in green, those from 9.9% to 0.1% below in
yellow, and those that are equal to or exceed them in red.
For the nitrate isotope data, we inferred the presence of N
from septic/manure sources when the 3' N value exceeded
10%0 (Wang et al. 2014); we used green for absence and
red for presence.

To construct the waste water recognition map,
which shows the location of waste water based on
its components, we used: (1) an ordinal code with
zero units for green, one unit for yellow, and three
units for red; and (2) we summed the values for each
component (Cd + Pb + nitrate+ 8N [from fertilizers
or septic and manure]) to create a latent construct or
scale measure of waste water contamination based on
the NOM’s recommended values. Therefore, possible
scores range from O (least contaminated) to 12 (most
contaminated).
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Table 1

Characteristics of Sampled Sites
Site Geographic Coordinates Karst Feature Type Maximum Depth (m) Land Use
1 21°04/53.9”N 90°12'10.5"W Cenote/Mangroves 48.7 Tourism/Fishing
2 21°06'08.5"N 90°11'1.6"W Submerged discharge 4.0 None
3 21°08'54.7"N 90°06'52.3"W Submerged discharge 4.6 None
4 20°57'35.4"N 89°55'49.6"W Cenote 3.5 Tourism
5 20°51'00.9”N 90°14/08.0"W Cenote 39.3 Town water supply
6 20°48'47.9"N 90°11'46.8"W Cenote 14.0 Water supply for cattle
7 20°50'04.5”"N 89°58'16.5”"W Cave 4.5 Tourism
8 20°45'00.8"N 89°50'03.7"W Cave 3.7 Tourism
9 20°40'25.1"N 89°46/23.0"W Cenote 5.0 Tourism
10 20°44'11.3"N 89°43'55.4"W Cenote 10.0 None
11 20°34/50.6"N 89°28'52.4"W Cenote 1.3 None
12 20°38'46.9"N 89°27'50.8"W Cave 1.9 Town water supply
13 20°38'47.4"N 89°24'16.6"W Cenote 25.7 Tourism
14 20°37'23.8"N 89°23/03.1"W Cenote 10.0 Tourism
15 20°3855.6”"N 89°22/20.9"W Cenote 45.0 Tourism, scuba
16 20°39'45.5"N 89°21'39.7"W Cenote 52.3 Tourism
17 20°43'17.5"N 89°19'05.8"W Cenote 0.5 Tourism
18 20°44/29.6"N 89°17'28.6"W Cave 0.6 Tourism
19 20°43'37.2"N 89°16'05.3"W Cenote 10.0 Tourism
20 20°54'15.2"N 88°51'41.7"W Cenote 13.3 Water supply for cattle
21 20°54'37.5"N 88°51'59.0"W Cenote 14.1 None
22 21°08'54.7"N 90°06'52.3"W Cenote 48.0 Town water supply
23 21°1124.0"N 88°39'34.7"W Cenote 55.7 None
24 21°20'21.3"N 88°42/38.5"W Cenote 13.3 None
25 21°21'35.2"N 88°39'33.4"W Cenote 29.7 Water supply for cattle
26 21°23'16.8"N 88°34'31.3"W Cenote 14.2 None
27 21°21'36.0"N 88°53/55.4"W Cenote 0.3 Garbage deposit
28 21°23'54.5"N 88°52'06.0"W Submerged discharge 4.0 None
29 21°24/02.1"N 88°49'33.2"W Cenote / mangroves 52 Tourism
30 21°24'16.6"N 88°49'52.0"W Submerged discharge 1.9 None
31 21°24'23.9"N 88°49'55.4"W Submerged discharge 2.2 None
32 21°24/18.3"N 88°48/53.1"W Submerged discharge 2.2 Tourism

Note: Maximum depth is the average of depth measurements made in May and October 2014.

Results

Characteristics, Land Use, and Physicochemical
Conditions

The 32 sampling sites were selected to capture the
wide variability of karst surface features in the Yucatan
peninsula (Table 1). These features include: (1) submerged
groundwater discharges or SGDs (18.8%); (2) cenotes
(68.7%); and (3) caves (12.5%). Maximum depth to water
table at the sites ranged from 0.3 to 55.7 m with mean
and median depths of 15.3 and 7.6 m, respectively. About
19% of the karst features sampled are used for water
supply, either for humans, cattle, or both; 44% are used for
recreational activities such as swimming or diving; 34%
are undeveloped; and, one site, the shallowest, is used as
a garbage dump.

Anthropogenic activities are common in areas adja-
cent to the sampled sites (Figure 2). Crop production for
animal feed occupies the largest area, followed by crops
for human consumption. Rural settlements (<2500 inhab-
itants) are dispersed throughout the study area; whereas,
urban areas (>2500 inhabitants) are located mainly in the
north, near the Gulf of Mexico.
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We observed little difference in specific conductivity
between the dry and rainy seasons (Figure 3A), which
parallels findings by Pérez-Ceballos et al. (2012). The
central part of the RC shows a mean conductivity of
2 mS/cm, whilst the coastal cenotes and SGDs show
conductivities around 30 mS/cm. This spatial pattern is
observed for both seasons and, in particular, variations
in sites 29 and 31 are likely related to their type (see
Table 1). Site 29 is a coastal cenote with a constant fresh
groundwater inlet and site 31 is a SGD with flux velocities
as high as 1634 L/s (Kantdin 2011).

Dissolved oxygen (Figure 3B) is highly variable
across the cenotes and depends on the productivity,
flow, and type of water body. Dissolved oxygen was
lower during the rainy season in nearly all cenotes,
probably because of increased terrestrial organic matter
input followed by its aerobic degradation (Herrera-Silveira
and Comin 2000).

Some differences (p = 0.05) in pH can be observed
between the dry and rainy season values, with the largest
differences occurring in the RC’s northwestern sites
(Figure 3C). More acidic waters are expected in lentic
cenotes, owing to higher productivity and respiration,
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Figure 2. Map of land use in Yucatan with the Ring of Cenotes overlaid (adapted from Arcega-Cabrera et al. 2014a).

and also in coastal zones, because of the formation
of H,S under anoxic conditions (Herrera-Silveira and
Comin 2000). Infiltrating water is expected to acquire CO»
from the soil and from the oxidation of organic matter,
contributing to decreases in the concentration of O, and
increases in acidity, which in turn is partially neutralized
by the dissolution of limestone. These processes could
also be related with the ORP variations (Figure 3D),
which show significant differences (p = 0.05) between
the dry and rainy seasons, with much lower ORP during
the rainy season. Therefore, the RC shows significant
physicochemical variations between seasons, which is
related to water and organic matter entering the system.
Yet, it also shows significant differences between coastal
and inland cenotes in terms of EC.

Waste water Recognition

Isotopes (8'80-NO3 and 8'"N-NO3), nitrate (NO3),
Cd, and Pb were quantified to identify the presence of
waste water in cenotes and denitrification (Table 2). They
were, also, coded to construct a scale measure of waste
water recognition (Tziritis 2010).

Cadmium levels ranged from 0.1 to 37.9 pg/L and
averaged 4.8 £ 9.9 ng/L. These values varied substantially
between the dry and rainy seasons in some cenotes,
but no statistically significant seasonal differences were
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observed (Figure 4A). There were nine instances of
Cd exceeding the water quality standard, and, in three
sampling sites (1, 3, and 28), the standard was exceeded
in both seasons. Lead concentrations ranged from 0.2 to
243.2 pg/L and averaged 69 4 82 pg/L. Concentrations
were generally lower during the DS, but the difference
is not significant. Six sites have Pb levels below the
detection limit (Figure 4B). Lead concentrations exceeded
the standard in 10 instances, with three sites exceeding
the standard in both seasons (1, 2, and 3). Concentrations
of Cd and Pb show significant correlations among the
sampling sites, especially during the RS (DS Spearman’s
p =0.592, p <0.001, n = 32; RS Spearman’s p = 0.721,
p<0.0001, n = 32); nevertheless, none of the sites
with high concentrations of metals had nitrate levels that
exceeded the water quality standard.

Nitrate concentrations in the sampling sites ranged
from 0.7 to 1277 pM and averaged 205 4260 wM. There
were four instances of nitrate exceeding the Mexican
water quality standard in the DS and one in the rainy
season. We observed no significant difference in the
concentration of nitrate between the rainy and DSs
(Figure 4C).

The stable isotope composition of nitrate in the sites
was quite variable (Table 2). The 8180 of nitrate varied
from 2.6 to 27.2%0 with an average of 10.5+5.4%o;
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values above 20%o suggest the presence of nitrate from
atmospheric deposition (rain or dry deposition). The
815N of nitrate ranged from 1.2 to 20.7%0 and averaged
10.6 +3.3%o. Values above 10%o suggest the presence
of nitrate derived from human/animal sources, whereas
values above 15%0 have been correlated with the presence
of human pharmaceuticals and personal care products in
California (Huang et al. 2012). Because of the overlap in
815N values between fertilizers and natural soil-derived
NOs, we interpreted 815N values between 1 and 10%o
to indicate a mixture of nitrate sources. There were
more than 25 instances of 3'°N exceeding 10%0 and 8
instances where it exceeded 15%0. Some of the cenotes
with high metal concentrations also had high §'°N values,
but relatively high 8'N was also observed in cenotes with
very low or undetectable metals concentrations. Similarly,
we did not observe a strong coherence between the §!°N
of nitrate and nitrate concentrations (except in site #12).
Cenotes with high nitrate concentrations often had §°N
values between 8 and 11%o, indicating a variety of nitrate
sources. The lack of strong coherence between metals and
indices of nitrate contamination could be indicating that
N contamination is predominately from diffuse non-point
sources (Huang et al. 2012) in the sampling sites. Given
the karstic nature of the study area, this pattern may be
expected (Pacheco and Cabrera 1997; Pacheco et al. 2001;
Katz and Griffin 2008; Albertin et al. 2011). Although,
further research should be done to corroborate this.
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In the DS (Figure 5A), there are 18 sites that exhibit
isotopically enriched nitrate, suggesting the presence of
waste water. Whilst in the rainy season (Figure 5B),
the number decreases to 10. The sites in the southwest,
northwest, and northeast sections of the RC show a
constant presence, whilst the southeast section shows
waste water presence only in site 19, and only in the DS.
The presence of waste water may be linked to nearby
anthropogenic activities (cf. Jiang et al. 2009), since
815N values suggest N from septic/manure and fertilizer
origins. But at coastal sites, it is highly probable that
waste water is transported as part of groundwater from
southern sites. This groundwater behavior was reported
before by Arcega-Cabrera et al. (2014a) and Derrién
et al. (2015) using fecal sterols as waste water tracers.
Waste water absence in the SE part of the RC, in
the rainy season, could be related to relatively large
groundwater flux (dilution) that has been reported to be
as high as 1634L/s (Kantdin 2011). The flux increase
could be promoting a washing effect during the rainy
season that dilutes groundwater, transporting it faster
and farther than in the DS. This is also shown in the
northeast sites, where the waste water scale measurement
changes from 9 in the rainy season to 1 in the DS.
This groundwater behavior depends on the way variation
in the water table affects transport through conduits
or fractures, with higher transport during the rainy
season.
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Table 2
Isotope, Nitrate, Cd, and Pb Data During the Dry (DS) and Rainy Seasons (RS)
3180-NOj3 vs. $15N-NO; vs.

Sampling VSMOW (%0) VSMOW (%) Cd, pg/L Pb, pg/L NO;, uM
site DS RS DS RS DS RS DS RS DS RS
1 27.2 17.4 1.2 8.7 15.2 32.2 94.1 203.4 0.8 3.1
2 15.8 14.3 13.0 11.5 9.8 37.9 110.1 184 6.0 17.7
3 21.7 17.1 18.6 15.8 34.5 33.2 135.9 211 12.1 98.3
4 11.0 5.6 13.2 10.7 0.5 ND ND ND 434.6 338.3
5 10.8 11.6 11.0 8.3 0.3 ND ND ND 2.9 2.6
6 17.6 9.7 9.5 10.8 0.4 0.4 ND 2.9 12.0 0.7
7 8.3 5.1 9.0 8.1 0.5 0.4 1.4 ND 859.7 149.8
8 6.4 4.4 9.8 11.2 0.1 0.1 ND ND 303.8 332.2
9 6.2 5.0 7.6 8.5 0.2 0.1 ND ND 470.3 2479
10 8.4 5.2 8.7 8.8 0.1 ND ND ND 778.7 270.9
11 13.9 6.3 8.9 8.3 0.5 ND ND ND 3.6 14.8
12 14.8 4.5 15.3 14.5 0.1 0.1 ND ND 117.4 872.8
13 8.1 5.1 11.2 7.9 ND 0.4 ND ND 793.0 248.8
14 6.0 4.8 7.3 8.3 0.1 0.1 0.2 ND 583.2 213.9
15 8.7 5.0 7.6 7.1 0.1 0.1 0.3 ND 74.5 175.8
16 6.6 4.8 7.5 7.0 0.2 0.6 0.2 2.4 157.4 195.5
17 6.9 5.0 7.2 8.1 0.2 0.1 0.2 ND 223.9 2179
18 8.1 5.0 10.8 114 0.2 0.1 0.4 ND 1277.4 526.9
19 15.3 6.5 11.3 20.7 0.1 0.1 0.4 ND 487.2 235.9
20 7.3 11.6 11.0 9.9 0.1 ND ND ND 16.8 13.7
21 12.2 16.2 15.6 114 0.1 ND ND ND 3.3 26.9
22 9.4 16.0 12.6 5.7 0.1 ND ND ND 373.5 18.3
23 17.1 15.6 9.1 7.8 ND 0.8 49 ND 4.1 2.6
24 15.2 21.2 11.1 11.9 ND 0.5 ND ND 8.3 1.3
25 10.3 14.7 15.0 10.6 0.1 0.1 ND ND 120.4 0.9
26 19.2 22.7 18.7 9 ND 0.5 ND ND 11.0 13.0
27 3.7 2.6 14.0 16.1 0.4 0.3 ND ND 6.8 5.1
28 8.5 8.8 10.5 11.5 9.95 14.4 18.4 60.0 377.9 182.5
29 7.4 8.2 9.8 10.1 ND 1.5 ND ND 236.7 215.8
30 7.9 8.0 10.5 11.9 3.6 0.1 133.7 ND 261.1 168.5
31 13.5 8.6 13.7 8.3 19.1 3.0 243.2 20.2 29.7 77.8
32 11.2 7.7 11.9 9.0 22.0 3.2 156.4 5.1 98.1 89.7

ND = below the detection limit.

Notes: Values in bold are above the national or international recommended values. Recommended values for Cd (5 pg/L), Pb (15-25 wg/L), and nitrates (714.3 pM)
were taken from NOM-127-SSA1-1994, WHO (1993), and SQuiRTs (Buchman 2008); SISO—NO3 vs. VSMOW (%o) values >20 indicate presence of atmospheric
NOs3, 515N7NO3 vs. VSMOW (%o) values >10 indicate presence of human/animal waste.

Nitrate contamination could be related with the agro-
waste water input, mainly in the central and southwestern
portions of the RC, where the use of agrochemicals has
been reported (SEDUMA 2012). For nitrate, it seems
that nitrate reduction by microorganisms is promoting low
levels in almost all sites in the RC area.

During the DS, we did not detect a relationship
between anthropogenic activities and metal concentra-
tions. This despite the fact that Cd and Pb have been
previously related with agricultural and domestic waste
water (Graniel et al. 1999). Cadmium and Pb were gen-
erally higher in coastal sites, where their concentrations
exceed SQuiRTs values (Buchman 2008). This could be
an indication that SGDs are sources of metals along the
coast. Arcega-Cabrera et al. (2014b) reported this same
process for fecal matter, using fecal sterols and stanols as
tracers. Pacheco and Cabrera (1997) showed that metal
presence (mainly Cd) in inland regions, happens only in
events of significantly increased groundwater flux, like
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in heavy storms or hurricanes. This pattern is proba-
bly related to metals being retained in the karstic matrix
or co-precipitating with organic material (Arcega-Cabrera
et al. 2010). Therefore, it is probable that higher metal
levels in the coastal area are the product of long-distance
transport and concentration in the groundwater.

The waste water scale measure demonstrates that con-
tamination related to anthropogenic activities is present in
the RC area and shows significant differences between
the dry and rainy seasons related with concentration and
dilution processes. Transport of waste water to the coast
of Yucatan could be contributing to the degradation of
sensitive habitats, like mangroves and coastal lagoons,
or even the incidence of toxic microorganisms (Herrera-
Silveira and Morales-Ojeda 2009; Hernandez-Terrones
et al. 2011; Arcega-Cabrera et al. 2014a; Hernandez-
Terrones et al. 2015; Kantiin-Manzano et al. 2018).

Denitrification can be discerned by examining the
relationship between the 3N and 8 '30 values of

NGWA.org
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Figure 4. Concentrations of metals and nitrate in selected
sites for rainy season (RS) and dry season (DS): (A) Cd; (B)
Pb; (C) nitrate.

nitrate and by observing the relationship between & '>N-
NOj and nitrate concentration (Kendall and McDonnell
1998; Albertin et al. 2011; Huang et al. 2012). When
denitrification is occurring in an aquifer, fractionation
will leave a characteristic isotope effect on the remaining
nitrate in the aquifer, typically leading to a linear
relationship between § SN and § '80 values with a slope
of approximately 0.5 (y = 8 '80, x = § ’N). In addition,
as nitrate is microbially reduced, one should observe
an inverse relationship between nitrate concentration and
§ 'N-NOs, as the residual nitrate pool shrinks, but
becomes progressively isotopically enriched due to kinetic
fractionation caused by denitrification. During the DS,
we detected a linear relationship between 3'N-NO; and
§ 80-NO; (Figure 6A; R?> = 0.30; p = 0.001) and
an inverse relationship was discernable between nitrate
concentrations and 8 "N-NO3; (p = 0.069). The 95%
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confidence interval for the slope of the line in Figure 6A
ranged from 0.34 to 1.25, encompassing the characteristic
slope of 0.5 caused by denitrification. No relationship was
observed during the rainy season (Figure 6B) between
§ PN-NO3 and 3 '80-NO;3 or between § ’N-NO; and
nitrate concentration. It is likely that the longer residence
time of water in the aquifer during the DS allows the
isotopic effects of denitrification to be detected. Whereas,
during the rainy season, new inputs of nitrate from
the surface obscure the effects of denitrification. While
denitrification is likely occurring in most cenotes, the fact
that nitrate concentrations exceed established standards
suggests that the rate of contamination of some of the
sampled cenotes exceeds the rate of natural removal of
nitrate, through denitrification, leading to unsafe nitrate
concentrations at those sites.

Multivariate Analyses

Cluster analyses by season are presented in Figure 7A
and 7B. In the DS, three groups can be observed, moving
from left to right in the diagram. The first one groups
all stations with waste water input. This group shows
a significant distance from the others, demonstrating the
relevance of waste water input for these sites. The second
group denotes sites free from waste water input and with
low water conductivity. The last group is composed of
sites with high conductivity and no waste water input.

For the rainy season (Figure 7B), sites in the NW
area of the RC remained grouped (S1, 2, and 3), but the
grouping for the rest of the sites changes. Although sites
with waste water input remain grouped (middle group),
some other sites, free of waste water, occur in this group.
This could be the result of the significant flux increment
in the intricate karstic system, promoting the mixing of
different water masses that are not in contact during the
DS due to the aquifer’s low flux. It could also be showing
a dilution process, since fewer sites show waste water
input; or, it could be the result of transport to coastal areas.
Cracks and conduits can change the general flow pattern in
a given area, and a given site could show higher seasonal
variation (White 1988) depending on its connection with
the aquifer (Herrera-Silveira and Comin 2000).

In order to further understand the variables contribut-
ing to the variability of waste water presence in the RC,
integrative environmental assessment was used (Morales-
Caselles et al. 2008a, 2008b; Bonnail et al. 2016). Results
can be observed in Figure 8.

Table 3 shows the factor analysis for dry and
rainy seasons that explains approximately 80% of the
total variance. For the DS, three factors were extracted.
Factor 1 loads metals (Cd and Pb) inversely with EC
and Sr. Strontium and EC are directly correlated since
they indicate brackish/salt water presence. An inverse
correlation between Cd/Pb and Sr./EC indicates that
metals inputs to the RC are related with the groundwater
system and processes, such as input from the hydrological
basin, rather than from a saline intrusion (Arcega-Cabrera
et al. 2014a). Factor 2 groups nitrate inversely with pH
and ORP. This could be indicating nitrate reduction in
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Figure 7. Cluster analysis: (A) dry season (DS) and (B) rainy season (RS) at the Ring of Cenotes (RC).

a more acidic and reductive environment, such as would
be expected for groundwater. Factor 3 groups nitrate with
isotopes, which indicates waste water presence, mainly
related with septic tanks or manure.

For the rainy season, three factors, that explain about
80% of the total variance, were also extracted. The first
one groups metals inversely with EC and Sr., as was the
case in the DS, showing that the presence of metals in

groundwater does not depend on hydrological variations
and, instead, input is constant and related with in situ
sources. Factor 2 groups inversely pH with ORP and
could be indicating the presence of rain water in the
groundwater system. Factor 3 groups isotopes with nitrate
and dissolved oxygen. This third factor could be indicating
nitrogen input related with waste water from septic tanks
or manure (groundwater has a lower oxygen content
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compared with rain water), as well as from runoff from the
hydrological basin, which is probably injecting nitrogen
from agrochemicals. Therefore, waste water presence in
the RC depends on the hydrological season, being more
significant in the rainy season.

Hydrological-dependent behavior was analyzed for
each site, since each one could be affected in a different
manner by its geological context and nearby sources.
Results (Figure 8A and 8B) show that metals input is
relevant at sites 1, 2, 3, 28, 30, 31, and 32, which are the
sites of SGDs. Consequently, these sites are functioning
as sources of metals in coastal areas (Arcega-Cabrera
et al. 2014a, 2014b; Derrién et al. 2015; Kantin-Manzano
et al. 2018).

Factor 2 is significant in the sites located along the
central part of the RC area, where agriculture activities
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dominate. Thus, it suggests that nitrate could be related
to input from agrochemicals.

Factor 3, which represents waste water input with
N from septic tanks or manure, is significant in sites
1, 2, 3, and 32, which are most of the SGDs, showing
that these sites are also functioning as sources of waste
water in the coastal area. These results concur with results
previously reported by Arcega-Cabrera et al. (2014a),
Derrién et al. (2015), and Kantin-Manzano et al. (2018),
which identified fecal matter input from SGDs. Also, sites
that are near human settlements, ranches, or used for
touristic activities show a significant score on factor 3
(sites 11, 12, 20, 21, 22, 23, 24, 25, and 26; see Figure 8B
and 8C). It is noteworthy, as well, that these same sites
show a higher factor 3 score in the rainy season than in
the DS, corroborating the influence of hydrology in waste
water variation in the RC.
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Table 3

Factor Analysis for Dry and Rainy Seasons

Dry season Rainy season

F1 F2 F3 F1 F2 F3
15N-NO3 0.2 -0.2 0.8 0.3 0.1 0.6
180-NO3 0.4 0.1 0.7 0.5 0.1 0.7
NO3 -0.3 0.6 —04 —0.2 0.1 0.8
Cd 0.8 0.1 0.4 0.9 —0.1 0.1
Pb 0.9 —0.1 0.1 0.9 —0.1 0.1
EC -0.9 —0.1 0.1 -0.9 —0.2 0.1
DO —0.5 -0.5 0.4 0.2 0.4 0.6
pH —0.2 -0.8 0.2 0.2 0.9 0.1
ORP —0.2 —0.8 0.2 0.1 -0.9 0.1
Sr -0.9 0.1 0.2 -0.9 —0.1 0.1
Expl Var 3.6 1.9 1.8 3.9 2.1 1.8
Prp Totl 0.4 0.2 0.2 0.4 0.2 0.2

EC = electrical conductivity, DO = dissolved oxygen, ORP = oxidation-reduction potential, Expl Var = explained variability, Prp Totl = proportionality total.

Note: Significant values are bold. F1 = factor 1, F2 = factor 2, F3 = factor 3.

Conclusions

Human development in a complex karstic aquifer
often affects the environment, mainly through contamina-
tion. But seasonal changes in general flow patterns make
it more difficult to identify those sites that are affected by
anthropogenic activities. Using several indicators to con-
struct a scale measure for waste water recognition, it was
possible to identify waste water input and its qualitative
magnitude and to relate it with nearby anthropogenic
activities. A multivariate analysis showed significant sea-
sonal changes that could be the result of incremented flow
during the rainy season, promoting dilution and transport
of waste water mainly from the interior to the coast where
sensitive ecosystems, such as mangroves, are located.
Isotopes also showed that the rate of contamination of
the aquifer exceeds the rate of natural removal of nitrate,
leading to unsafe concentrations of nitrate. The integrative
environmental assessment corroborated the presence of
waste water in several cenotes, even those used for human
provisioning. It also showed the variables contributing
to contamination at each site. Although the map gives a
useful overview of the distribution and behavior of anthro-
pogenic contamination, the mobility inferred from con-
centration changes corresponds to the sampling year and
concentrations may vary from year to year. In addition, the
determination of other contaminants should be included
to assess the constraints and potential general application
of the index. Nevertheless, this map could be used as a
practical tool to inform stakeholders regarding contami-
nation in other karstic areas.
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