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Groundwater salinization patterns in the
Yucatan Peninsula reveal contamination
and vulnerability of the karst aquifer
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The Yucatan Peninsula is one of the largest coastal and lowland karst regions worldwide. This
groundwater-dependent region is highly vulnerable to contaminants that spread easily due to the karst
environment. Here, the spatio-temporal patterns of major ions in 1528 water samples sourced from a
government institution suggest the main factors triggering salinization in the aquifer system. The
hydrogeochemical analysis, supported by dimensional reduction and network-based clustering,
linked one-third of the samples to contamination outbreaks from seawater intrusion, extensive
gypsum dissolution in the south, and nitrate pollution in the ubiquitous carbonate aquifer matrix.
Temporal variations of water quality indicated changes in regional recharge trends and increasing
human impact in recent decades. Moreover, ~23% of water samples from human-use sources
exceeded acceptable sulfate and nitrate limits for drinking water purposes. The study underscores the
need for continuous water quality monitoring and enhanced regional knowledge to support

management plans.

The Yucatan Peninsula is one of the world’s largest coastal and lowland karst
regions, spanning ~160,000 km’ across southeastern Mexico, northern
Guatemala, and Belize'~ (Fig. 1a). The area with limited surface run-off has
a tropical climate with precipitation and temperature around
1000 mm year™' and 25 °C, respectively*® (Fig. 1b; Supplementary Fig. 1).
The peninsula’s karst environment sustains a range of groundwater-
dependent ecosystems, including biodiverse tropical forests and wetlands. It
also features the world’s longest underwater cave system and encompasses
23 Ramsar Convention-protected sites*”. The region’s historical significance
is further underscored by the ancient Maya civilization, which incorporated
the underwater system into its mythology and faced its decline, in part, due
to prolonged droughts before the arrival of the Spanish colonizers®.

Karst environments result from the chemical dissolution of primarily
carbonate rocks, increasing groundwater salinization and feeding back the
complex underground conduit systems™’. In the Yucatan Peninsula,
groundwater flows through a range of pathways, from ubiquitous small-
scale fractures up to regional fault-fractured zones (Fig. 1b, c). The conduit
system also includes large caves and thousands of cenotes, which are natural
sinkholes resulting from the collapse of carbonate rocks, exposing
groundwater to the atmosphere’. Cenotes are abundant in the coastal plain
at elevations below 40 m.a.s.l. (meters above sea level)'' (Fig. 1c), in which
Cenozoic sequences of limestone and dolomite are predominant to more

than 250 m depth”™* (Fig. 1b; Supplementary Fig. 2). In contrast, the
stratigraphy of the Elevated Interior Region (EIR)", ranging from 40 to
300 m.a.sl, remains poorly studied. However, the dissolution of gypsum
layers up to 35 m thick that outcrop within the carbonate environment has
been linked to the formation of enclosed basins with flat floors known as
karst poljes (Fig. 1b, c), as well as large subsurface conduits, low permeability
due to residual sediments, and perched water bodies'* . It is suggested that
this gypsum member underlies carbonate succession to more than 200 m in
the northern part of the peninsula' (Fig. 1b; Supplementary Fig. 2).

The Yucatan karst features high contamination vulnerability due to the
easy spreading of substances through the multi-scale flow paths™".
Groundwater in the coastal plain, with hydraulic heads less than 5 m.a.s1, is
constrained by an extensive seawater wedge. Salinity profiles from specific
sites in the zone indicate seawater underlying the aquifer at less than 90
meters depth with a mixing interface of up to 40 m*~*’. Samples collected
from UNAM 2 and UNAM 5 sites to more than 200 m.b.s.l. (meters below
sea level) were associated with groundwater beneath the diffusion zone™
(Fig. 1b). Moreover, electromagnetic measurements suggest that the halo-
cline can be modeled with the Ghyben-Herzberg principle at the regional
scale”’, which posits that the depth of the seawater-groundwater interface
below sea level is 40 times the groundwater hydraulic head above sea level
(Fig. 1c). Conversely, high concentrations of Ca** and SO4* in the south
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have been linked to the dissolution of the gypsum layers within the poorly
studied Paleocene Icaiche formation in the EIR' (Fig. 1b). Hydraulic heads
up to 250 m.a.s.l. in the EIR indicate a regional recharge flowing towards the

coastal plain’ (Fig. 1c).

Natural salinization and inadequate public service coverage complicate
aquifer management and water supply for over 5 million inhabitants™. In
2020, around 121,000 people lacked access to potable water, while 291,000
had no sewage service”. For many, the aquifer is a crucial water source
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through cenotes and dug wells, and it also serves as a disposal site for
household sewage. Even those with reported access to water services remain
atrisk, as groundwater from tube wells may not meet quality standards™***.
Additionally, 21% of collected wastewater is discharged untreated into the
aquifer”®. Although the aquifer is considered subexploited’, pumping for
public supply and irrigation can induce localized seawater upconing
(Fig. 1d). These pressures are further exacerbated by over 26 million tourists
annually”. The Mayan Train project”, a railway network that aims to boost
regional development (Fig. 1d), is expected to increase the population to 8
million and tourist numbers to 36 million by 2035 following the anticipated
project completion in 2025”. This development may intensify anthro-
pogenic pressures on the peninsula.

Addressing water quality deterioration in the Yucatan Peninsula
requires an enhanced understanding of the hydrogeological system™".
However, the multiscale variabilities in hydrogeochemical conditions
modified by different regimes and compositions of flows in the karst
environment make a proper description of processes challenging'’. Fur-
thermore, the lack of regional water quality data and insufficient knowledge
of the geological settings in the EIR have limited the understanding of the
Yucatan system. In local studies, researchers have utilized water quality data
to assess pollution and water quality concerns, highlighting major ions
(hydrogeochemistry) as valuable tracers'”******. Despite these contribu-
tions, a comprehensive regional-level water quality analysis remains lacking,
limiting the understanding of the complex dynamics of the vast karst aquifer
system. Recently, the Mexican National Institute of Statistics and Geography
(INEGI) began publishing extensive water quality records for the Peninsula,
including major ion concentrations. Utilizing pattern recognition in this
data, coupled with comparison to previous studies, offers the potential to
clarify regional hydrogeological processes associated with salinization and
inform future water management plans.

Here, the spatio-temporal hydrogeochemical patterns of the Yucatan
Peninsula are recognized by analyzing 1528 water quality samples provided
by the INEGI™. For this, network-based clustering was used to group similar
water quality samples, dimensional reduction to explore salinization trends,
traditional hydrogeochemical criteria to assess the resulting groups, and
inferential statistics to suggest changes in dominant processes over time. The
results are compared with major ion datasets from smaller-scale studies
within the peninsula that mark local salinization patterns'®*****>*,
Although the karst environment poses challenges in the identification of
hydrogeological processes due to the inherent heterogeneity, the large
amount of data analyzed enables the identification of specific trends. This
study marks a comprehensive assessment of water quality across the entire
peninsula, highlighting one-third of the samples as contamination out-
breaks linked to seawater intrusion, gypsum dissolution from the Paleocene
Icaiche formation within the EIR, and nitrate pollution. Most of the
remaining samples represent the influence of the ubiquitous carbonate
dissolution interacting with multiple processes. Additionally, temporal
variations of major ions indicated changes in regional recharge trends and
increasing human impact in recent decades in the southern part of the
peninsula.

Results and discussion

Pattern recognition

Unsupervised techniques were applied to explore patterns within the INEGI
dataset’®”, allowing for the clustering of similar water samples and
exploring distinctive trends within the multivariate space. Fourteen clusters
of water samples were defined through network-based clustering. With this,
samples are connected to the nearest ones, making it easy to relate the
samples and the groups (Fig. 2a; Supplementary Fig. 3). Regarding PCA,-
four linear environmental trends explain 89% of the INEGI dataset
(Fig. 2b-g). Clusters C9, C10, Cl11, C12, and C14, accounting for 561 sam-
ples, mark the greatest impact on the dataset variance. Meanwhile, C1, C2
and C4, accounting for 578 samples, are strongly related and have little effect
on the variance. C3, C5, C6, and C7 are tiny clusters without an appreciable
pattern. For simplicity, clusters C1 to C7 were grouped for further analysis.

The first principal component (PC1), which accounts for 39% of the
explained variance, is influenced by all the major ions, except K" and
HCO;™ (Supplementary Table 1). Samples’ scores on this component have a
high correlation with TDS (r=0.98), highlighting that this direction
represents a general salinization process™. PC2, explaining 24% of the
variance, is characterized by the moderate influence of SO,>~, Ca**, and
HCO5 . This component is associated with karst rock minerals dissolution,
as carbonate and sulfate minerals contribute to these ions and are ubiquitous
in the peninsula'”'"***, Moreover, the most scattered samples plotted on the
first two PCs indicate two distinctive trends triggering salinization: an
increasein Na" and Cl™ suggests seawater-groundwater mixing ****’,and an
increase in Ca’" and SO,*~ indicates gypsum dissolution'****" (Fig. 2b, c).
PC3 has a high influence of NO; ™~ explaining 15% of the variance (Fig. 2d, e).
The PC associated with NO; ™ usually indicates anthropogenic pollution
from sewage, manure, or fertilizer leaching, as documented in several
hydrogeochemical studies” ™. Finally, PC4, accounting for 11% of the
variance, exhibits a strong influence of HCO; .

From a hydrogeochemistry perspective, the relative contribution of
major ions in the Piper diagram indicates groundwater types as calcium-
bicarbonate, calcium-sulfate and sodium-chloride (Figs. 3a, b; 4a). Seawater
fraction values, regarding the ideal mixing between rainwater and seawater,
reach up to 15% with a median of 7.6% (Figs. 3¢, d; 4a, b). Since anthro-
pogenic sources and halite dissolution may contribute Cl~, caution must be
taken in evaluating this indicator”. Furthermore, previous studies have
highlighted the milliequivalent ratio 100-SO,>/Cl™ as a valuable indicator
for major ion source differentiation within the Yucatan Peninsula'*
(Figs. 3e, f; 4a, c). Samples with a ratio close to 10.3 (seawater ratio) suggest
seawater-groundwater mixing, while ratios >100 indicate evaporite layers
dissolution. Median saturation indices indicate most of the groundwater is
in equilibrium with calcite (SIc e = 0.16) and dolomite (SIpojomite = 0.05),
and undersaturated regarding halite (Sljgaue=—1.83) and gypsum
(SIgypsum = —6.6). The spatial distribution of halite and gypsum has similar
patterns to the seawater fraction and 100-SO,* /Cl™ ratio, respectively
(Supplementary Fig. 5).

Based on the multivariate and spatial patterns of hydrogeochemistry,
the predominant hydrogeological and anthropological processes, along with
their associated triggering factors, were inferred (Fig. 4a, e; Table 1). Owing
to the karstic nature of the Yucatan Peninsula, water samples are the result of
a complex mixture of overlapping processes, resulting in a heterogeneous
water quality pattern (Fig. 3). In this analysis, the water quality clusters were
associated with processes that contributed the most to the variance of the
INEGI dataset. This does not mean that samples are exclusive to individual
processes or unaffected by other processes outside the scope of this study,
such as biochemical reactions, dedolomization, cation exchange, among
others'. Furthermore, the discussion is limited to the post-Cretaceous
carbonate successions in the northern part. Although water sample
extraction depths are unknown, wells are drilled up to 100 m in the
peninsula®®, while the limestone and dolomite successions are deeper than
200 m"* (Figs. 1b; 4e). On the other hand, the stratigraphy south of the Ticul
fault is unknown, apart from the outcrops of carbonate and gypsum rocks of
the Paleocene Icaiche formation.

Seawater intrusion outbreaks, represented by the linked C9 and C10
samples, are predominant in the coastal zones; gypsum dissolution
outbreaks, represented by the linked C12 and C14 samples, are within
and around the EIR; whereas nitrate pollution outbreaks (C11) are
ubiquitous (Figs. 2a; 4a). Although (C1-C7) reflect mainly calcium-
bicarbonate facies, explaining the excess of ions relative to the ideal
mixture (Fig. 3c). The lack of a higher correlation between the excess of
Ca’" + excess Mg’" and excess of HCO;™ (r = 0.53) denotes the influence
of sources other than carbonate dissolution and seawater intrusion. The
contribution of gypsum dissolution, nitrate pollution, and seawater-
groundwater mixing at a lesser intensity than the contamination out-
break clusters partially explains the scattered hydrogeochemical
pattern. C13 reflects a strong relation to C9, C12 and C1 (Fig. 2a). This
may refer to a specific pattern indicating recharge from the EIR with
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calcium-sulfate facies type to the lower-elevation area with pre-
dominantly carbonate rocks through large fault-fractured zones which
serve as preferential flow channels (e.g., Ticul, Rio Hondo, Holbox-
fractured zones) (Fig. 4a). Another interesting group is C8, which is more
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° Cl1
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related to C1, with samples tending to a lower water-rock interaction but
with a higher dispersed hydrogeochemical pattern (Figs. 2a; 4a; 3).

The spatial distribution of variables suggests the influence of main
processes in individual samples. Seawater fractions with values higher than
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seawater depth. A representation of the seawater wedge was constructed with the
hydraulic heads’ records in Lake Chichancanab and P-XMABEN sites (Fig. 1c), and
the Ghyben-Herzberg principle’. Line S delineates the division of samples for
hypothesis testing by region (northern and southern) in Table 2.
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1% are located in zones with low topography and low hydraulic heads
(Figs. 4b; 1c), consistent with the samples related to seawater-groundwater
mixture (Fig. 4a, e). However, samples close to the P-XMABEN site, with a
recorded hydraulic head of 73 m.a.s.1. and a presumed depth to the seawater
interface below 2900 m.b.s.J, may not reflect modern seawater intrusion
through the actual water mining technology. The predominance of gypsum
dissolution outbreaks (Fig. 4a, e) in the EIR suggests that residual halite from
the evaporite layers could explain these high Cl™ values in some water
samples”. On the other hand, anthropogenic inputs, marked by the
occurrence of nitrate pollution outbreaks (Fig. 4a, d, e), could also contribute
to Cl~ release as a local factor”.

Regarding the 100-SO,*"/Cl™ distribution, values greater than 100
occur mainly within and around the EIR with some high values in the
Holbox Fractured Zone (Fig. 4c). This predominance of sulfate over
chloride suggests that the gypsum dissolution is regionally associated with
the EIR and the Icaiche formation, as stipulated in previous studies'*'”'>*,
Furthermore, ratios greater than 50 on the coastal plain could suggest the
regional recharge from the EIR, and values higher than 100 in the Holbox
Fractured Zone may indicate preferential subsurface flow as marked by
water samples in C13 (Figs. 3a, e; 4a, ¢). A buried gypsum layer of 35 m in U6
located beneath more than 200 m.b.s.I. of the carbonate rocks succession has
been correlated with the Icaiche formation, which plunges to the north'*"".
Due to this, gypsum dissolution may not occur locally in the exploitable
portion of the aquifer further north of the Ticul fault, but much further
below the seawater wedge'*'” (Fig. 4a, €).

The INEGI dataset reveals the Yucatan Peninsula has been heavily
affected by nitrate pollution regionally, with concentrations reaching up to
6212mgL™" (Fig. 4d). Sixty percent of the water samples exceed
13.8 mg L', the threshold used to define the natural nitrate background of
NO;~ in the peninsula®. Pollution is as scattered as the anthropogenic
activities in a karst system (Figs. 1d; 4e), in which heterogeneous hydro-
logical features facilitate the infiltration, mixing and transport'*” (Fig. 4e).
Anthropogenic contamination influences deviations in the water quality
pattern affecting the mineral dissolution and groundwater-seawater mixing
relationships”', contributing to the heterogeneous pattern of water quality
in the Yucatan Peninsula (Fig. 3). Other anthropogenic contaminants
recorded on the peninsula that may accompany NO;~ leaching include
bacteria, viruses, fecal sterols, polycyclic aromatic hydrocarbons, pesticides,
microplastics and other emerging contaminants'"***>**,

Temporal variation

To elucidate long-term and seasonal changes in water quality, differences in
variables associated with the main drivers of salinization were tested by
contrasting the historical (1998-2003) to the 2014 data and the 2014 rainy
season to the 2014 dry season data (Table 2). These comparisons were made in
the northern and southern regions of the Peninsula, divided by an imaginary
line S parallel to the Ticul fault (Fig. 4). This division was based on the
observed geochemical and hydrogeological differences. The northern region is
characterized by elevations less than 40 m.a.s.1. with recorded hydraulic heads
around 5 m.a.sl, and the influence of Eocene-Pliocene carbonate rocks,
predominantly showing water samples associated with carbonate dissolution
(C1-C7) (Figs. 1b, ¢; 3a; 4a, e). Meanwhile, the southern region recorded
hydraulic heads up to 250 m.a.s.l. within the EIR and exhibited most of the
outbreaks of gypsum dissolution (C12 and C14) (Figs. 1b, ¢; 3a; 4a, e). The
100-SO,*"/Cl" ratio spatial distribution highlights the regional differentiation
(Figs. 3e; 4c¢).

Significant long-term and seasonal calcite and dolomite saturation
indices variations were observed for the northern region and long-term var-
iations for the southern region. These changes can be explained by the fact that
carbonate dissolution/precipitation kinetics and dilution/concentration vary
with the hydrogeological conditions at different time scales in a carbonate
karst system'’. For instance, influenced by seasonal and interannual meteoric
recharge trends in the peninsula (Fig. 1b; Supplementary Fig. 1), mixing with
other sources like seawater™, or matrix porosity/permeability and water
composition alterations due to the groundwater flow'’. Results from a local

flow model suggest there is a short residence time in the north of the peninsula
with flow velocities in the order of one kilometer per month™, supporting
temporal hydrogeological changes. Non-seasonal significant variations in
carbonates saturation indices are suggested in the southern part of the
peninsula, possibly associated with the less dynamic system related with the
low permeability of the Icaiche formation'”"”.

Although variations in Slgyp.um are not suggested in the southern
region, where gypsum dissolution occurs, a significant long-term change is
inferred for the northern region. One explanation for this could be changes
in the regional recharge patterns with calcium-sulfate groundwater type
from the EIR (Figs. 3a, ¢; 4a, ¢, e). Other explanations can come from the
seawater-groundwater mixture, increasing the Slgy,qm value. However,
non-variation in the seawater fraction indicated no changes relative to the
seawater-groundwater mixing in all the comparisons, assuming seawater as
the major Cl™ contributor in water quality. Meanwhile, there was no sig-
nificant long-term change in NO;™ in the northern region, with both
medians above the background level of 13.6mgL™" (20.34 and
19.02 mg L"), but a significant increase was observed in the southern region
with medians of 14.99 and 20.88 mg L. The expansion of anthropogenic
activities in the southern region in the early 2000s'°*"" in contrast to the
already-established development in the northern region before the 1990s
could explain this difference (Supplementary Fig. 6). This is because high
sulfate content has constrained the settlement within the EIR, although the
Mexican government’s efforts in the last decades have tried to expand the
anthropogenic activities in the zone".

Implications for water management. Water quality poses substantial
challenges for water management in the Yucatan Peninsula. Although
85% of the samples in the INEGI dataset came from sources categorized
for domestic, potable, and urban uses™, many of these failed to meet
WHO quality recommendations™. Specifically, TDS exceeded
1000 mg L™ in 42% of the samples, a level beyond which water may
taste unpleasant. The primary factors that trigger the high salinization
values in groundwater are seawater-groundwater mixing and gypsum
dissolution (Fig. 2b; Table 1). With a projected sea level rise of 20 cm
on the peninsula by 2100%, horizontal seawater intrusion could advance
the seawater wedge hundreds of meters or even kilometers inland**’,
reducing the thickness of the usable aquifer and increasing the vulner-
ability of upcoming seawater intrusion (Fig. 4e). Moreover, climate
change may disrupt hydrogeological patterns in the karst environment,
affecting the rate of carbonate and gypsum dissolution. In turn, ~11%
of samples exceeded the recommended 500 mg L™" for SO,*~, primarily
due to gypsum dissolution from the Paleocene limestone-gypsum
Icaiche formation. This issue has constrained human settlements and
delayed agricultural development in the southern region'’. The release
of high SO,*~ concentrations in the complex network of perched aquifers
and preferential conduits in the zone could abruptly affect local
water quality, necessitating ongoing monitoring of drinking water
sources'.

Regarding NO5~, 13% of the samples exceeded the 50 mg L™ limit.
This contamination mirrors the distribution of human activities on the
peninsula (Figs. 1d; 4d). Sewage discharge and fertilizer leaching mainly
affect the upper part of the water table, where some populations are supplied
with water from cenotes, springs, and dug wells without further treatment,
making these sources particularly vulnerable to anthropogenic
contamination'*****’. The national water authority recognizes the con-
tamination issues and potential exacerbating factors™, including climate
change and population growth driven by the Maya Train project. Projec-
tions indicate that these drivers could strain water resources beyond 100% of
their current availability by 2050 while also increasing anthropogenic pol-
lution. The hydrogeochemistry spatial pattern of this study can inform the
authority’s future water quality sampling campaigns, focusing on mon-
itoring seawater intrusion, nitrate pollution, and gypsum dissolution across
the Yucatan peninsula. In particular, monitoring in areas with the highest
occurrence of contamination outbreaks, like the intersection between the
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Table 1 | Overview of clusters’ pattern recognition

Predominant
processes

Clusters Triggering factors

Supporting observations

C1-C7 Carbonate minerals

dissolution

Dissolution of ubiquitous carbonate rocks (limestone,
dolomite, marga and coquina) from the Paleocene to
Pliocene (Cenozoic) geology (Figs. 1b; 4a, €).

¢ Major occurrence of samples in the northern part of the
peninsula, where logs show Mesozoic sedimentary sequences
of carbonate rocks at more than 150 meters deep' (Fig. 1b,
Supplementary Fig. 2, Fig. 4a, €).

e Increase in HCO3;~ without a dramatic increase in salinization
(Fig. 2f).

e Samples are mainly characterized by calcium-bicarbonate
facies in the Piper diagram (Fig. 3a).

C9and C10 Seawater-

groundwater mixing

Seawater intrusion” (Fig. 4a, e):

seawater intrusion).

* Surge inundation (vertical seawater intrusion).
® Sea level rise (horizontal seawater intrusion).

¢ Upconing due to groundwater abstraction (vertical

¢ Samples spreading along Na* and CI~ trend in PC1 vs PC2 plot
(Fig. 2b), with high correlation between Na*™ and CI~ (r= 0.96).
® Samples have the highest seawater fraction and Cl~ values, with
a median of 2.89% and 13.75 meq/L (487.62mg L"),
respectively (Fig. 3c).
* 97% of the samples have 100-SO,*> /Cl~ <100, with the highest
concentrations of Cl~ close to the seawater ratio (Fig. 3e).
e Similar multivariate pattern to samples from previous studies
identified as seawater-groundwater mixtures®* and seawater
beneath the diffusion zone in the case of UNAM 2 and UNAM 5,
which are samples taken to more than 200 m.b.s.I.** (Figs. 1b;
2b, c; 3e, f).
Most samples are concentrated close to the coast (Fig. 4a).
Large seawater wedge beneath the coastal plain due to the
lowland and consequent low hydraulic heads. This facilitates the
upconing of the groundwater-seawater mixture (Fig. 4e).
Considering a hydraulic head of 4 m.a.s.l. in Lake Chincancanab®,
the seawater-groundwater interface could be at 160 m.b.s.I. there
according to the Ghyben—Herzberg principle’. Meanwhile, the
diffusion thicknesses could be tens of meters®, and for each
meter of drawdown when pumping, the interface can ascend
40 m according to the same principle. All this makes the
groundwater-seawater mixture accessible to wells up to 100
meters deep in the peninsula®. On the other hand, variations in
sea level could affect the seawater wedge position due to the low
hydraulic gradient®. Furthermore, the coastal lowland makes the
peninsula vulnerable to seawater surges from tropical storms’®,
common in the Gulf of Mexico™.

C12and C14  Gypsum dissolution

the EIR" (Figs. 1b; 4a, e).

Dissolution of gypsum layers from the Paleocene
limestone-gypsum Icaiche formation within and around

Samples spreading along Ca®" and SO, trend in PC1 vs PC2
plot (Fig. 2b), with high correlation between Ca?" and SO42~
(r=0.93). Furthermore, there is a high correlation between the
excess of Ca?* and the excess of SO, regarding the
conservative seawater-groundwater mixture (r = 0.93),
indicating that high concentrations of these ions have a different
source from seawater (Fig. 3c).

Samples are mainly characterized by calcium-sulfate facies in
the Piper diagram (Fig. 3a).

96% of the samples have 100-SO,>/Cl- > 100, indicating
evaporite layers dissolution® (Fig. 3e, f).

Most samples are concentrated inside or close to the EIR that
encloses the outbreaks of gypsum layers with thicknesses of up
to 35 m of the Paleocene limestone-gypsum Icaiche
formation'”*° (Figs. 1b; 4a, e).

The samples are the closest to gypsum saturation. C14 has a
median Slaypsum vValue of —0.3 and C12 has a median value of
—0.86. Thus, C12 reflects groundwater affected by gypsum
dissolution without achieving saturation'.

C5,C6
and C11

Nitrate pollution

settlements (Figs. 1d; 4a, e).

Leaching of fertilizers, manure and sewage from
anthropogenic activities: Farming, livestock and urban

Samples in C11 are the most influenced in PC3 with a median
NO3~ value of 94.92 mg L' (Fig. 2d). Water quality in the
Yucatan peninsula with concentrations less than 13.8 mg L™
has been indicated as non-polluted groundwater™.

Samples are distributed across the peninsula, particularly
between the Ticul Fault, the Ring of Cenotes and the Holbox
Fractured Zone. Farmlands, cultivated grasslands for livestock
and urban settlements are well-known drivers of NO3~ pollution
in the study area®***** (Figs. 1d; 4a, e).

Predominant processes, triggering factors, and supporting observations.

Ring of Cenotes and the Ticul fault, sites close to lake Chichancanab, the
central EIR, and in the center of the northern region (Fig. 4a).

Further research could provide information to enhance the under-
standing of the Yucatan Peninsula and improve the interpretation of this
and previous local studies. Although the pattern within and around the EIR

supports gypsum dissolution acting regionally, deep geological logs in the
southern region could clarify the stratigraphy of this zone and increase the
knowledge of the Icaiche and deeper Cretaceous formations. On the other
hand, a regional groundwater flow model would be beneficial to under-
standing recharge trends, contamination pathways, and the diffuse interface
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Table 2 | Temporal variations in water quality

Region Comparison Test summary No. of Slcacite Slpolomite Slgypsum NO; Seawater
samples fraction
Northern Long-term p value - <0.005 <0.005 <0.005 0.95 0.23
2014 median 324 0.66 1.05 -2.11 19.96 mg L™ 0.84%
(1998-2003) median 411 -0.12 -0.45 -2.27 18.61mgL™" 0.82%
Seasonal p value - <0.005 <0.005 0.12 0.40 0.45
2014 dry median 157 0.61 0.89 —2.08 20.34mg L™ 0.86%
2014 rainy median 167 1.35 2.37 —-2.14 19.02mg L™’ 0.83%
Southern Long-term p value - <0.005 <0.005 0.96 <0.005 0.16
2014 median 370 0.31 0.30 -1.17 20.98mgL™" 0.59%
(1998-2003) median 295 0.13 -0.14 -1.19 14.99mgL™" 0.68%
Seasonal p value - 0.35 0.37 0.63 0.12 0.32
2014 dry median 181 0.33 0.31 -1.18 22.80mgL™’ 0.70%
2014 rainy median 189 0.31 0.26 -1.16 18.96 mg L™ 0.53%

Two-tailed Wilcoxon rank sum test to determine whether there is a significant difference between the distribution of variables in two periods. p values less than 0.005 were considered statistically significant.
The long-term test refers to the comparison between the 2014 and the historical data (1998-2003), and the seasonal test compares data between the 2014 dry and rainy seasons.

between groundwater and the seawater wedge. With this, the aquifer
hydrodynamics could be simulated under different pumping allocation,
vertical recharge, and sea level rise scenarios, providing more concrete
information about optimal land use and protection areas. Substantial
challenges for modeling include the collection of reliable spatio-temporal
hydraulic and hydrological data and emulating the multiscale karst het-
erogeneous properties. Hydraulic heads for calibration in the extensive
lowland require at least decimetric precision in the measurement regarding
the sea-level datum, since 1 m of error could roughly suggest 40 m of error in
the vertical position of the seawater-groundwater interface, according to the
Ghyben-Herzberg principle.

Conclusions

The comprehensive analysis of spatio-temporal water quality patterns in the
Yucatan Peninsula, supported by unsupervised learning techniques, pro-
vides valuable insights into regional hydrogeochemical processes and con-
tamination vulnerabilities. Examination of major ions reveals a
heterogeneous and complex water quality profile driven by distinct pro-
cesses. Key factors triggering salinization include the seawater-groundwater
mixing driven by seawater intrusion, with the coastal lowland being the
most vulnerable to upconing due to the proximity of the seawater wedge and
potential seawater surges. On the other hand, gypsum dissolution acts
regionally at the south of the peninsula within the Elevated Interior Region.
Furthermore, regional recharge to the coastal plain with calcium-sulfate
groundwater type is suggested, influencing water quality in the pre-
dominantly carbonate aquifer. Additionally, the study highlights a wide-
spread nitrate contamination across the Yucatn Peninsula attributed to
inadequate waste management and the high vulnerability of the karst
environment, which facilitates rapid infiltration and mixing.

The findings emphasize the importance of spatio-temporal monitoring
of major ions to ensure safe water sources for human consumption in the
Yucatan Peninsula. Approximately 23% of samples from water sources
designated for human use exceeded acceptable limits for the SO,” or NO; ",
posing health risks. With anticipated population and tourism growth,
anthropogenic pollution is expected to intensify, while climate change may
disrupt hydrogeological patterns in the karst environment, affecting the rate
of carbonate and gypsum dissolution. Furthermore, sea level rise could
introduce the large seawater wedge into the aquifer due to the low hydraulic
heads, further contributing to salinization. The study suggests future
research directions to better understand aquifer behavior, including
increasing knowledge of seawater-groundwater mixing diffusion zones at
the regional scale through a regional flow model and advancing

hydrogeological comprehension in the south of the peninsula. These efforts
are essential for informed water resource management and sustainable
development in the region.

Methods
Data and quality
The dataset analyzed in this study comprises recently published and
unpublished reports of 1528 water quality samples collected between 1998
and 2021, focusing on major ions as measurement parameters (Ca’", Mg*",
Na*, K%, SO,>~, HCO;™, CI', and NO5 ™)™ (Fig. 1d). The dataset includes
706 water samples from historical records (1998-2003), 356 samples at the
end of the 2014 rainy season (October and November), 338 at the end of the
2014 dry season (April and May), and 128 samples at the end of the 2021 dry
season (April and May). Of these, 78% were collected from tube wells after
purging, while the remainder were from cenotes, springs and dug wells.
Most of the samples from the wells, mainly intended for water supply, were
pumped without certainty about the screening intervals. According to the
Mexican water authority, wells have depths of up to 100 m*. The samples
from the other sources were taken close to the phreatic surface, except for
63 samples from the 2021 campaign that were taken from depths up to 20 m.
Major ions were measured according to the INEGI guidelines for water
quality analysis®. To ensure the reliability of the analysis, 117 out of the
initial 1645 samples were excluded. These exclusions were due to exceeding
the 5% threshold for the absolute Charge Balance Error, related to major
ions measurement accuracy® as well as those exhibiting inconsistencies in
concentration values or sampling sites outside the study area. Total Dis-
solved Solids (TDS) were calculated as the sum of the major ions for sub-
sequent analysis. CO5>~ was excluded from the multivariate analyses due to
null values in 64% of the samples; in turn, it constitutes only 0.7% of TDS on
average. The dataset statistical description is provided in Supplementary
Table 1 and Supplementary Table 2.

Statistical analysis

Statistical analyses were conducted using the R programming environment
utilizing the stats package™*. This included descriptive statistics and the
two-tailed Wilcoxon rank-sum tests** for assessing temporal differences
between non-parametric distributions. p values less than 0.005 were con-
sidered statistically significant.

Multivariate analysis
Clustering of water samples was achieved through the Edge Betweenness®
community detection algorithm applied to an undirected and unweighted
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Nearest Neighbor Graph® of the INEGI dataset’®””. First, the Euclidean
distance matrix of the standardized dataset was computed, and the K
shortest distances for each sample were selected as the network’s connec-
tions to simplify the topology of the multivariate data. The Edge Between-
ness community detection algorithm was then applied to the graph network
to identify clusters (communities) based on the resulting structure. For this
analysis, K =8 was chosen to minimize the number of clusters and max-
imize the modularity, which quantifies the strength of a network’s division
into communities. Fewer clusters simplify the analysis, while higher mod-
ularity values indicate better-defined separation. Supplementary Table 3
shows the variation in clusters’ numbers and modularity concerning the K
values. The R packages igraph” and cccd” were used to construct the
network and perform community detection, and the Kamada Kawai layout
was utilized for network visualization®.

Principal components analysis (PCA)* was conducted on the INEGI
dataset for multivariate data exploration and dimensional reduction®”".
Data from previous studies'******>* were projected onto the PCA results by
multiplying each standardized dataset by the PCA weight matrix. The
means and standard deviations of the INEGI dataset were used for stan-
dardization. PCA was conducted using the R package psych”.

Hydrogeochemical analysis

Water samples were plotted into the Piper diagram to observe the relative
dominance of major ions and infer the main hydrogeochemical facies™".
Seawater fraction and excess of major ions were calculated regarding the
conservative mixing between freshwater and seawater with chloride as the
conservative tracer’”. For this, the chemical compositions of rainwater’* and
seawater” in the Yucatan Peninsula were used as end-members. The
100-SO,*7/Cl” ratio was also calculated, as it has been highlighted in pre-
vious studies as a valuable tracer in the study area.

Saturation indices for minerals of interest were calculated to assess
trends in mineral dissolution or precipitation. The indices were determined
by the formula SI=Log(IAP/K), where IAP represents the ion activity
product and K denotes the equilibrium constant for the specific mineral.
The calculations were performed using the USGS PHREEQC 2.7” program,
with default equilibrium constants set as follows: Logo(Kcacire) = —8.48,
Log10(Kpolomite) = —17.09, and Log;o(Kgypsum) = —4.58.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The INEGI dataset and the statistical summary of the variables analyzed by
cluster are publicly available at https://doi.org/10.5281/zenodo.15604505™.

Code availability
The R Markdown related to the statistical and multivariate analysis is
publicly available at https://doi.org/10.5281/zenodo.15547586".
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