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two municipalities in Uruguay

Paola Curbelo' ®, Vanessa Erasun' @, Alice Kimie Martins Morita*?

ABSTRACT
This study presents an exploratory hydrogeochemical and hydrogeological assessment of arsenic occurrence in groundwater from the municipalities of Carlos
Reyles (Durazno Department) and Sarandi Grande (Florida Department), Uruguay. The objective was to characterize local geological, hydrogeochemical,
and operational conditions potentially associated with arsenic mobilization in groundwater systems and to generate site-specific baseline information.
The research was conducted in two stages: first, secondary data from public supply wells were analyzed together with geological profiles and physicochemical
parameters to identify preliminary patterns. In the second stage, groundwater samples from 16 wells were collected and analyzed to support the exploratory
assessment. The results indicated that arsenic concentrations above 10 ug/L were associated with different hydrogeological settings in the two study areas,
involving Cretaceous sedimentary formations in Carlos Reyles and crystalline basement aquifers in Sarandi Grande. The analysis of secondary data allowed
the identification of site-specific hydrogeochemical patterns, including associations between arsenic concentrations and pH, alkalinity, sodium, and nitrate
in Carlos Reyles, as well as between arsenic, pumping flow rates, depth, and alkalinity in Sarandi Grande. The results from sampling and physicochemical
analyses indicated consistency with the identified patterns in 40-80% of the sampled wells. The findings highlight the complexity of local aquifer systems
and the need for detailed, site-specific investigations to understand arsenic mobilization processes. This study provides baseline environmental data and

contributes to future research, monitoring, and groundwater management strategies in arsenic-affected regions of Uruguay.
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INTRODUCTION

Arsenic (As) in groundwater affects nearly 108 countries globally, exposing more
than 230 million people to the risk of poisoning, including premature mortality
(Mukherjee et al., 2024; Shaji et al., 2021). In Latin America, As occurrence in
groundwater has been reported in 20 countries, generally of geogenic origin,
associated with young volcanic rocks (Cenozoic) and mobilized by chemical
and physical weathering (Bundschuh et al., 2020).

As a widespread contaminant, reducing human exposure is challen-
ging but can be achieved by imposing restrictions on collecting ground-
water in areas with certain geological formations and geochemical condi-
tions (Bundschuh, Carrera and Litter, 2008). In this sense, territorial map-
ping and site-specific environmental characterization play a central role in

identifying areas of potential risk and supporting informed groundwater
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management decisions. Previous approaches, such as sediment-based field
tools (Hossain et al., 2014), illustrate how integrated geological and hydro-
geochemical information can support risk-oriented environmental assess-
ments in As-affected regions.

In Uruguay, the number of studies on the presence of As in water and
soil has increased, showing an extensive distribution in the territory (Biihl
et al., 2023; Bundschuh et al., 2020; Wu et al., 2021). In this regard, at least 163
localities in inland regions of the country have As concentrations in untreated
groundwater exceeding 10 pug/L and, in some cases, above 20 ug/L (Cabrera,
2021). Such 163 identified localities are associated with public drillings, which
provide potable water to 94% of the national population, guaranteed by the
public organism Obras Sanitarias del Estado (OSE). It is important to highlight
that 6% of the national population, dispersedly located in the countryside,
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still lacks access to potable water, and could possibly be exposed to high As
content (Manay et al., 2019).

In this regard, Machado et al. (2020), evaluating 46 private wells located
in different aquifers in the country, found that half of the samples exceeded
the limit of 10 pg/L recommended by the World Health Organization for drin-
king water, implying risks for human health. The highest concentrations were
observed in the Southern Cretaceous aquifer, characterized as porous, with fine
sandstones and low levels of dissolved iron. Significant levels were also found
in the Thermal Corridor and the Mercedes aquifer.

Raigén and Chuy were also reported as aquifers with As content greater
than 10 ug/L (Bundschuh et al., 2020), even though the highest concentrations
(up to 60 pg/L) were found in the Mercedes aquifer (Manganelli et al., 2007).
Other aquifers — sedimentary and crystalline — were also associated with
high hazard areas by Wu et al. (2021), who used machine learning methods to
develop a model for the distribution of the element in the country.

Regarding the geochemical conditions that can contribute to As mobili-
zation, Machado, Bithl and Manay (2019) revealed a strong correlation of total
As with fluoride, after analyzing samples collected from different aquifers in
the country. Such correlation has been attributed to the dissolution of mine-
rals containing As, facilitated by the Quaternary alluvial basin, and to the ion
exchange with fluorite.

In conclusion, it is evident that studies related to As in groundwater in
Uruguay have experienced a notable increase in recent years. Exhaustive sam-
pling has been carried out in various aquifers, both in private and public wells.
Several geological and geochemical conditions have been reported. Likewise,
multiple attempts have been made to map the presence of this element at the
national level.

In this context, the present study contributes to the growing body of
research on As in groundwater in Uruguay by providing a site-specific environ-
mental, hydrogeochemical, and hydrogeological assessment of As occurrence
in two municipalities where information remains limited. The study seeks to
characterize local aquifer systems, identify potential geological and geochemi-
cal factors associated with As mobilization, and generate baseline knowledge
to support future monitoring programs, risk assessments, and groundwater

management strategies.

METHODS

Study area

The study area is located in the Uruguayan countryside, specifically in the muni-
cipalities of Carlos Reyles (CR, located in Durazno Department) and Sarandi
Grande (SG, located in Florida Department) (Figure 1). These locations were
selected based on:

a) previous reports of elevated As concentrations in groundwater in both

areas (Cabrera, 2021);
b) theidentification of the Asencio Formation in both municipalities in regio-

nal hydrogeological maps (Figure 1,,,, Supplementary Material), which

sM
motivated an initial exploratory working hypothesis of potential hydro-
geological similarity to be evaluated through field data; and

c) the lack of site-specific academic studies addressing the geological and

geochemical conditions controlling As occurrence in groundwater.

Secondary data analysis and identification

of site-specific hydrogeochemical patterns

Secondary data were obtained by accessing public information from OSE, the
governmental organism responsible for public water supply in the country.
All available data were assessed and were associated with samples collected
in 2018 and 2019 (CR), and 2021 (SG). The geological profiles of the drillings
were also evaluated. Regional geological maps were also assessed and have been
provided by Direccion Nacional de Aguas (DINAGUA).

Statistical analyses (descriptive statistics, Pearson and Spearman correla-
tions, and mean comparison tests) were performed considering physicoche-
mical parameters, pumping flow rates, and the well depths using the software
PAST 3.26. The As concentration ranges were mapped together with geological
data, using QGIS 3.4. Based on these analyses, preliminary site-specific pat-

terns and parameters potentially associated with As occurrence were identified.

Sampling and physicochemical analysis
Eight wells from each locality (CR and SG) were sampled, being five used for public
supply (OSE) and three private ones, totaling 16 wells (Figure 1). Groundwater
samples were collected in September 2022, and the following parameters were
measured in situ: pH (pHmeter Sanxin SX711), electrical conductivity (conduc-
tivity meter Hanna® HI-98303), temperature, and oxidation-reduction poten-
tial (ORP sensor Lovibond ® SD60). The samples were kept under refrigeration
(< 4°C) until the following analyses were performed in the laboratory: alkali-
nity (titration method), chemical oxygen demand (COD, spectrophotometric
method), anions (ionic chromatography), and cations, including trace elements
(ICP-MS). Sample conservation, preparation, and analysis were performed
following the methods described by the American Public Health Association
(APHA), American Water Works Association (AWWA), Water Environment
Federation (WEF) (APHA, AWWA, WEE 1989) and/or Direccién Nacional de
Medio Ambiente de Uruguay (DINAMA, 2017).

The results were compared with national and international regulations and
with studies previously conducted in Uruguay.

The site-specific patterns and preliminary associations were further exami-

ned using the results obtained from field sampling and physicochemical analyses.

RESULTS AND DISCUSSION

Secondary data analysis and identification

of site-specific hydrogeochemical patterns

The location of the public wells, their mean As concentrations obtained from
public information, and the formations identified in both municipalities in
regional hydrogeological maps can be observed in Figure 2. Some of the public
wells presented in Figure 2 were also sampled in the present study (see Figure 1)
and their identification is presented (i.e., CR3—CRS5 in Carlos Reyles, and SG1-
SG5 in Sarandi Grande).

It is possible to observe the incidence of Asencio Formation in several
localities with high As concentrations. Such formation is commonly associated
with Mercedes Formation, where high concentrations of As have been reported
previously (Machado et al., 2020; Manganelli et al., 2007); thus, the presence
of such formation in both localities motivated an initial exploratory working

hypothesis of potential hydrogeological similarity, which needed evaluation
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Figure 1- Sampling wells in the municipalities of Carlos Reyles and Sarandi Grande, Uruguay. The abbreviation CR was used to represent wells in Carlos Reyles, public (1-5)

or private (6-8), while SG was used for Sarandi Grande, public (1-5) or private (6-8).

through field data. In this regard, it is important to highlight that geological
maps can mislead to incorrect interpretations, as other aquifer layers may not
be represented. Thus, the geological profiles of the wells were also evaluated
(Table 1).As observed, the geological profiles reveal the presence of sandsto-
nes in untubed zones in CR, which could be preliminarily associated with the
Asencio or Mercedes Formation (Cretaceous formations). Differently, in SG
the profiles reveal the incidence of crystalline (and not sedimentary) forma-
tions after the tubing.

Thus, even though the geological map (Figure 2) shows that the Asencio
Formation could be associated with high As concentrations in groundwaters
from both CR and SG, such a working hypothesis could not be validated, and the
well regions without tubing indicated that different aquifers are actually being
exploited. Therefore, As concentrations above 10 pg/L could be associated with
Cretaceous formations in CR and crystalline formations in SG.

Considering the physicochemical data obtained at this stage (secondary
data), Tables 1,, and 2, of the Supplementary Material present descriptive sta-
tistics for CR and SG, respectively. Table 3., shows the mean comparison using

the Mann-Whitney test (adopted due to non-normality of data), indicating that

(n, Eng Sanit Ambient | v. 31| e20250123 | 2026

CR and SG samples did not present a statistically significant difference, consi-
dering As concentrations.

The Pearson correlation analysis was performed considering the diffe-
rent aquifer formations observed in CR (n = 15) and SG (n = 16), separately.
The results are presented in Figures 3 and 4 for CR and SG data, respectively.
The Spearman correlation analysis was also performed, and the results are
presented in Figures 2., and 3, of the Supplementary Material, respectively.

Considering CR data, several correlations could be observed, with the
significant ones (p < 0.05, boxed) being those of As with pH, hardness (com-
monly caused by dissolved calcium and magnesium), alkalinity, as well as with
the concentrations of nitrate and sodium, all of them positive. Some geoche-
mical processes that could be preliminarily associated with such correlations
are described as follows; they are hypothesis-driven and have not undergone
experimental validation in this study.

High pH values and alkalinity could reduce the adsorption of arsenates
(As V) and favor their desorption to the aqueous phase (Bhattacharya et al.,
2002; Smedley and Kinniburgh, 2002). The presence of sodium, calcium, and

magnesium in the samples may indicate dissolution and/or ion exchange with
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Source: Public data provided by Uruguayan governmental institutions
(Obras Sanitarias del Estado and Direccion Nacional de Aguas).

Figure 2 - Geological formations and arsenic concentrations in groundwater
(ug/L) in Carlos Reyles (above) and Sarandi Grande (below).

alkaline minerals, which can also contribute to increasing pH values and desor-
bing arsenates (Smedley and Kinniburgh, 2013).

On the other hand, the presence of nitrates may indicate anthropic influence
on arsenic (As) mobilization; it has been reported that nitrate stabilizes the oxi-
dant conditions of As in arsenates, which are more mobile at high pH values
(Adeloju, Khan and Patti, 2021). Such a process agrees with the correlation of
As and alkaline environments previously mentioned. Nevertheless, even though
anthropogenic influence may contribute to As mobilization, this is not neces-
sarily associated with the anthropogenic origin of As; rather, evidence indica-
tes that human activities contribute to modifying geochemical conditions that
may favor the mobilization of geogenic As (Smedley and Kinniburgh, 2002).
In this regard, the municipalities of CR and SG do not present industrial activity
which could be the source of As contamination, nor have any significant con-
centrations of other heavy metals been observed in the secondary data analysis.
Thus, As content in these zones was considered to be geogenic.

Regarding the Spearman correlation analysis for CR samples (Figure 2,
of the Supplementary Material), it did not indicate any significant pattern.

Considering SG data, the Pearson correlation analysis showed that As con-
centrations presented positive significant correlation with pumping rates and

negative correlation with depth and alkalinity.

In this regard, possible explanations for the correlation with pumping rate
are that higher pumping rates can enhance the contact with geological forma-
tions containing As, favoring the dissolution, liberation, and mobilization of
the element in groundwater (Smedley and Kinniburgh, 2002). Another possible
hypothesis for such correlation is that higher rates can change more intensely
the redox conditions of the aquifer, especially when the water that enters the
well has different chemical characteristics, which can promote As mobilization
(Stollenwerk, 2003). Such explanations are hypothetical, not experimentally
validated, since there were no oxidation-reduction potential (ORP/Eh) data-
sets for the studied wells.

Regarding the negative correlation with depth, it is suggested that As
mobilization can be more intense in shallower wells in the zone, possibly more
influenced by oxidant conditions and/or anthropogenic activities (Smedley and
Kinniburgh, 2002). In the same direction, the negative correlation with alkali-
nity indicates that As mobilization might not be controlled by alkalinization/
mineralization of the water, as was observed in CR. Differently, As mobiliza-
tion could originate from the mixture of waters with different hydrogeochemi-
cal evolutions, including young waters from recharge zones (Goldberg, 2002;
Dixit & Hering, 2003; Smedley & Kinniburgh, 2002).

The Spearman correlation analysis for SG samples (Figure 3, of the
Supplementary Material) indicated a similar pattern, with significant positive
correlation with pumping rate and negative with depth.

Therefore, considering the analysis of secondary data, it can be suggested
that the following site-specific patterns could be observed:

a) for the municipality of CR, the verification of Cretaceous (sedimentary)
formations and the positive linear correlation with pH, hardness, alkali-
nity, concentrations of sodium and nitrate, indicating, preliminarily, the
influence of alkalinization on the desorption of geogenic As, as well as the
stabilization of arsenates in environments containing nitrates;

b) for the municipality of SG, the verification of crystalline basement and the
correlation with pumping rate (positive), depth, and alkalinity (negative),
indicating geochemical mobilization processes influenced by environments
occurring in shallower zones and the mixture with younger waters, as well

as by the operation of the wells (pumping rate).

Such geological and geochemical patterns were hypothesis-driven (suppor-
ted by the literature) and not experimentally demonstrated and were further
examined in the next step of this study. Therefore, in a preliminary and explo-
ratory analysis, the observed patterns indicated that significantly different geo-

chemical processes influenced As mobilization in the studied sites.

Sampling and physicochemical analysis

The results of the physicochemical parameters evaluated for the sampled wells
are presented in Table 2. Parameters whose correlations were suggested to be
significant in 3.1. were highlighted. Other results are also presented in Table 4.,
of the Supplementary Material.

As the number of samples was too small for statistical analyses (n=8 for
each municipality, being n = 6 for the same known hydrogeological formation),
no statistical correlation analysis was performed at this stage. Instead, increa-
sing or decreasing patterns associated with As concentrations were observed.

For CR samples, the private wells CR6-8 did not present As mobilization
in groundwater (2.5 ug/L is the detection limit). Therefore, only CR1-CR5
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Table 1 - Geological profiles of wells in the municipalities of Carlos Reyles and Sarandi Grande.

Well ID Geological profile Tubing (m) | Depth (m) | Q(m3.h) As (ug/L)

CR1 0-1 soil /1-5m sandstone, Asencio Fm /5-22.5 sandstone 0-15 225 40 96 139 Nd

CR2 O-Tm soil /1-28 m sands.tone./2.8-30 m Ilmol'lte/30-31 m sandstone /31-34 m 0-21 35 120 55 18 Nd
limolite in contact with basalt

CR3 No information 100
CR4 0-27 m fine sand /27-29 m fine and medium sand 0-20 290 40 83 180 140
0-3 m soil /3-12 m clayey sand, Asencio Fm /12-21 m limestone /21-30 m
CRS ferrified sand /30-33 m clayey sand /33-36 m ferrified sand 0-27 360 40 120 220 190
. . . . 207 30.2 6.0 88 17.2 14.3
CR Sedimentary formations (after tubing) £49 +59 £40 27 £37 145
SG1 0-50.5 m crystalline basement 0-17 505 95 126 144 13

0-5 m clayey soil /5-6 m clay with dispersed limestone /6-16 m clayey
sandstone, Cretaceous sediments, Mercedes Fm /16-19 m sandstone with
S62 mixture of sediments and granite /19-27 m felsic granite to muscovite /27-31 0-18 400 225 100 123 230

m granite to muscovite /31-33 m granite pegmatite /33-36 m granite

SG3 No information 0-116 497 20 55 105 90

10-21 m fine ground to thick feldspar, quartz and mica /21-23 m fine to thick
SG4 ground with quartz, feldspar, hornblende and biotite /23-50 m fine ground 0-5 600 69 58 194 90
with abundant quartz and few feldspar and biotite

SG5 No information 0-1645 470 138 34 369 140
" . . X 136 494 109 75 187 136
SG Crystalline formations (after tubing) £54 £72 77 £37 £107 £57

|D: identification; CR: Carlos Reyles; SG: Sarandi Grande; Q: pumping rates; S.L. static levels; D.L: dynamic levels; As: arsenic concentrations (mean values); Fm: formation; Nd: not
determined; *: descriptive statistics for wells from each municipality, corresponding to the values of means + standard deviations.
Source: Public data provided by Uruguayan governmental organism (Obras Sanitarias del Estado).

Q: pumping rates; T: temperature; EC: electrical conductivity; Hard: hardness; CI: chloride; NO,: nitrate; F: fluoride; SO4: sulfate; Na: sodium; As: arsenic; Cr total chromium.

Figure 3 - Pearson correlation for the physicochemical parameters of Obras Sanitarias del Estado public wells in Carlos Reyles. Significant correlations are boxed, with
positive (blue) or negative (red) values.
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Figure 4 - Pearson correlation for the physicochemical parameters of Obras Sanitarias del Estado public wells in Sarandi Grande. Significant correlations are boxed, with
positive (blue) or negative (red) values.

Table 2 - Results of the physicochemical analysis performed for the sampled wells.

Well ID

CR1 165 25 40 699 226 766 310 5 415 103 178 S
CR2 16.2 335 120 721 251 783 348 5 o7 158 323 S
CR3 190 654 308 800 210 10 208 659 106 S
CR4 196 25 40 674 522 833 298 5 486 864 165 S
CR5 194 36 40 690 609 1030 350 44 745 105 95 S
CR (1-5)* 181+16 | 29.2+65 | 60+40 | 690+020 | 383172 842+108 303+57 14+17 3.80+260 | 104+34 | 170+90 S
CR6 176 50 18 638 616 478 130 5 1060 137 25 Nd
CR7 158 25 716 604 539 258 5 298 366 25 Nd
CR8 130 20 25 800 660 502 258 5 273 212 25 Nd
CR(6-8)* 155+23 | 350+212 | 22+04 | 720+080 | 627+29 506 + 31 215+4 5+0 5.40+4.50 24+12 25+00 Nd
SG1 194 35 10 716 816 1530 564 5 672 284 174 C
SG2 190 36 n5 733 735 1363 498 5 506 299 271 c
SG3 205 29 88 725 682 1216 458 5 683 0 140 C
SG4 192 26 46 721 655 140 436 5 433 172 125 C
SG5 194 35 65 710 269 1351 520 90 564 228 161 C
SG (1-5)* 195+06 | 322+44 | 83+27 720+010 631+£211 | 1320+150 | 495+51 22+38 570 +110 197 £121 174+57 C
SG6 164 31 35 708 576 1431 668 51 632 359 106 Nd
SG7 170 50 08 736 646 1405 540 10 977 329 265 Nd
SG8 136 7 15 727 343 777 402 19 135 707 133 Nd
SG (6-8)* 157+18 | 293+215 | 19+14 720+ 010 521+159 | 1204+370 | 537+133 27+21 58+4.2 253+158 | 16.8+8.5 Nd

|D: identification; T: temperature; Q: pumping rates; pH: hydrogen potential; ORP: oxidation-reduction potential; EC: electrical conductivity; Alk: alkalinity; COD: chemical oxygen
demand; NO,; nitrate; Na: sodium; As: arsenic;
Lit: lithology; CR: Carlos Reyles; SG: Sarandi Grande; S: sedimentary; C: crystalline basement; Nd: not determined; *: mean and standard deviations (+) for wells considered to
exploit groundwater from similar hydrogeological formations.
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were examined to observe the identified patterns (with alkalinity, pH, sodium,
calcium, magnesium, and nitrate). For pH, alkalinity, and sodium, an increa-
sing pattern with the increase of As concentrations could be observed in
80% of the wells (CR1-CR4, not observed in CR5). For nitrate, the pattern
could be observed in 60% of the wells (CR1, CR3, and CR4). Differently, for
calcium and magnesium, no pattern could be observed (see Table 4, of the
Supplementary Material).

Considering SG data, no geological profiles were available for the private
wells, impairing their association with the same hydrogeological setting as the
public ones. Nevertheless, their results were also examined for patterns in this
case, as As mobilization was observed in all samples. Thus, considering asso-
ciations with pumping rate, depth, and alkalinity, respectively, the previously
identified patterns could be observed in approximately 60% (wells SG1, SG2,
SG3, SG 4, SG6), 40% (wells SG4, SG6, SG8), and 60% (wells SG2, SG3, SG4,
SG6, SG8) of the samples collected,.

It should be emphasized that even though some patterns could be obser-
ved both after secondary data analysis and sampling (primary data), the results
are still exploratory, and more datasets must be collected to permit statistical
evaluation and validation.

Finally, it is important to highlight that the observation of high As values
in private wells, which do not undergo potability control, indicates a risk to
public health. In this sense, it is essential to continue with exhaustive mapping
of As presence in the territory, as well as to adopt tools for the early identifi-

cation of the element.

Study limitations and uncertainties

This study presents an exploratory, site-specific assessment and is subject to
several limitations. The number of sampled wells is limited, which restricts sta-
tistical power and generalizability. The spatial distribution of wells is constrained
by the availability of public and private infrastructure, potentially introducing
spatial bias. Geological and construction profiles were incomplete for some
private wells, limiting hydrogeological interpretation. The absence of detailed
mineralogical, iron, manganese, and redox speciation data restricts process-
-based geochemical interpretations.

Statistical relationships identified in this study represent associations rather
than causal mechanisms. Therefore, the observed patterns should be interpreted
as hypothesis-generating rather than predictive or operational tools. Future stu-
dies should incorporate larger datasets, systematic sampling designs, detailed
mineralogical characterization, and experimental hydrogeochemical analyses

to validate and refine the interpretations presented herein.

CONCLUSIONS

This study conducted an exploratory environmental assessment of As occur-
rence in groundwater in the municipalities of Carlos Reyles and Sarandi
Grande, Uruguay, combining secondary data analysis with spot sampling
and physicochemical characterization. The objective was to identify local
hydrogeological and geochemical patterns potentially associated with eleva-
ted As concentrations.

In Carlos Reyles, the analyzed public datasets (secondary data) showed a
positive association of As with pH, alkalinity, hardness, concentrations of sodium
and nitrate, in wells exploiting sedimentary formations. In Sarandi Grande, wells
exploiting crystalline aquifers showed As concentrations positively associated
with pumping rates and negatively with depth and alkalinity. These identified
patterns were consistent in a significant proportion of the samples collected for
this study (primary data). These relationships should be interpreted with cau-
tion, as they are based on a limited number of observations and do not allow
for the conclusive establishment of As mobilization mechanisms.

The results reinforce the idea that, even in geographically close areas with
similar surface formations, the hydrogeological processes that control As levels
can differ substantially. In this regard, the study underscores the need for local
and specific assessments, avoiding simplified extrapolations to a regional scale.

Finally, given the detection of high As concentrations in private wells
without systematic potability testing, the importance of strengthening hydro-
geological monitoring and characterization strategies in rural areas is highligh-
ted. Future studies with higher sampling density, more robust statistical analy-
ses, and mineralogical characterization will allow for a deeper understanding
of the processes that control As mobility and support the preventive manage-

ment of groundwater resources.
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