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Abstract
Groundwaters are the primary source of drinking water for half of the world’s population. They represent about 97% of the 
world’s available freshwater resources, being extensively abstracted and contaminated in many parts of the world. Among 
groundwaters are the thermal waters, a source of health, well-being, and a major touristic attraction (geoheritage), also 
providing a link to the natural environment. Therefore, it is strongly important to manage such type of groundwaters in a 
sustainable way, according to the Sustainable Development Goals (SDGs) of the United Nations 2030 Development Agenda. 
In this context, geoethics plays an important role to raise in geoscientist’s community their awareness of ethical, social, and 
cultural responsibilities in conducting scientific Earth Sciences activities, and their possibility to influence decision-makers 
concerning groundwater sustainable management (hydrogeoethics). This paper aims to highlight the role of environmental 
isotopes in hydrogeoethics. A brief review of two case studies is presented, showing that nuclear techniques (Isotope Hydrol-
ogy), combined with other tools of Geosciences (e.g., Geology and Geochemistry), have demonstrated to be essential in the 
sustainable management of different types of groundwater resources: (i) the Caldas da Rainha thermal waters, where con-
ventional geochemical and isotopic techniques (e.g., δ2H, δ18O, 3H, δ34S(SO4) and δ18O(SO4)), showed that the thermal waters 
are “geologically protected” from anthropogenic contamination, and (ii) the Santa Margarida Military Camp case study, 
where δ2H and δ18O data clearly showed no mixing between the Mediterranean temporary pond waters (projectile impact 
zones associated with real fire training) and the groundwaters of the region, used for agriculture and human consumption.

Keywords  Environmental isotopes · Ground and surface waters · Sustainable management · Geoethics · Hydrogeoethics · 
Case studies

Introduction

Groundwater is the greatest abstracted raw material on 
Earth (1000 km3/year), being the main source of drink-
ing water for half of the world’s population. About 70% 
of groundwater withdrawn worldwide is used for agricul-
ture, and in some areas/regions, groundwater dependence 
approaches 100% (e.g., Siebert et al. 2010). Concerning 
both quantity and quality, groundwater is often preferred 
over surface water (e.g., Howard 2015), based on its relative 

stability and protection from instantly pollutant inputs. Due 
to population growth the drinking water demand is increas-
ing (WWAP 2019). Furthermore, it is also needed to meet 
the necessities of agriculture and industry sectors, being a 
major concern, since, at the same time, the available drink-
ing water resources are worldwide deteriorating as the result 
of pollution and overexploitation (e.g., Salameh 2008). 
Such opposite trends need particular attention in the case 
of aquifer systems in dry areas that have already suffered 
the influence of climate change and are ascribed to very low 
groundwater recharge (e.g., Meixner et al. 2016), enhanc-
ing the effects of negligent use of groundwater as the main 
reservoir of freshwater. Nevertheless, in some terms, it may 
be ethically accepted in water management strategies to use 
(some) groundwater well below recharge (if any), namely 
in dry regions in the tropics, for essential purposes (not for 
golf courses—even if sources of important revenue, exten-
sive grass lawns in land developments, or for irrigation of 
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water-intensive crops). Groundwater availability is one of 
the major issues facing mankind today, as the problems asso-
ciated with it affect the lives of millions of people around 
the world. We are therefore facing a problem that in recent 
decades has attracted the attention of many International 
Agencies (e.g., UN, UNESCO, IAEA, WMO, etc.) and gov-
ernmental and non-governmental organizations (at regional/
international level) related to the “groundwater issue”. In 
fact, groundwater plays an outstanding role as a base for 
the achievement of the United Nations Sustainable Develop-
ment Goals (SDGs), namely the SDG 6 dedicated “to ensure 
availability and sustainable management of water and sani-
tation for all’, as the SDGs are defined in the 2030 Agenda 
as “indivisible and integrated” (United Nations 2015). An 
effective groundwater management should involve the acqui-
sition of detailed information on groundwater quality and 
quantity, its capability of being renewed, and the hydrogeo-
logical conditions at depth. Socio-economic and ecological 
aspects must also be taken into due consideration (Vélez-
Nicolás et al. 2020). Centered on these data, hydrogeological 
conceptual models must be established, showing the present-
day conditions of a groundwater system (e.g., Moore 2002). 
Also, mathematical approaches through numerical modeling 
are of great importance for groundwater management, allow-
ing the study of the evolution of a groundwater system and 
its possible actions to be taken in case of pollution (e.g., 
Singh et al. 2019).

Among groundwaters, thermal waters can be consid-
ered as the “noblest relative”. In fact, thermal waters 
originate from meteoric waters which infiltrates through 
the vadose zone into great depths, in many cases through 
major crustal discontinuities (e.g., rock fractures, faults, 
shear zones, etc.). In other cases, “normal” groundwater 
flows (meaning low gradient) in porous sedimentary for-
mations, being susceptible to reach areas in deep basins 
where they acquire thermal, geochemical, and isotopic 
signatures of deep reservoirs that may be connected to 
the surface by faults or other high gradient discontinuities 
that allow fast upward groundwater flow that justify the 
presence of thermal springs. Along such deep and long 
underground flow paths, thermal waters achieve specific 
physico-chemical signatures ascribed to the mineralogy of 
the geological formations which they percolate and inter-
act with (e.g., Marques et al. 2010; Marques and Carreira 
2019; Porowski 2019; Carreira et al. 2021). In the case 
of thermal waters, water-rock interaction processes take 
place at greater depths and higher temperatures than the 
normal groundwaters, promoting a higher mineraliza-
tion. The emergence temperature of the thermal waters 
is a function of the circulation depth (e.g., Carreira et al. 
2021). As stated by Moore (2002), such signatures of the 
thermal waters should be clearly described in the form 
of a hydrogeological conceptual model. A conceptual 

model typically comprises schematic cross-sections dis-
playing the subsurface geology, location of likely/pref-
erential recharge areas, underground flow paths, emer-
gence sites, and main water-rock interactions occurring 
at depth (e.g., Sharp 1993; Brassington 2007; Marques 
et al. 2013; Gu et al. 2017; Carreira et al. 2021). The use 
of thermal waters for balneological proposes at the Ther-
mal Spas plays an important role in the socio-economic 
development of the areas/regions where this “invisible” 
georesource occurs. Thus, Thermal Spa stakeholders and 
local water authorities must be directly involved in the 
regional development, to promote the success of Thermal 
Tourism (also called Tourism of Health and Wellness), 
which encompasses special places and objects that have 
an important role in increasing our knowledge on the his-
tory of the thermal areas/regions, its waters and rocks, and 
amazing landscapes (see Sadry 2009; Dong et al. 2013).

The geoscientists have specific knowledge and abilities 
that point to scientific, cultural, social, and ethical respon-
sibilities toward the society and our natural resources 
(Peppoloni and Di Capua 2015) and should assist deci-
sion-makers in their political choices concerning the use 
of georesources, the prevention/mitigation of natural haz-
ards, in global problems such as climate change, and in the 
conservation of geodiversity and geotourism attractions 
(Newsome and Dowling 2018). According to the Interna-
tional Association for Promoting Geoethics (IAPG), geo-
ethics is “the research and reflection on the values which 
underpin appropriate behaviors and practices, wherever 
human activities interact with the Earth system” (Di Capua 
and Peppoloni, 2019; http://​www.​geoet​hics.​org/​defin​ition), 
putting geoethics as a point of intersection for geosciences, 
sociology, philosophy, and economy (Peppoloni and Di 
Capua 2020, 2021). Geoscientists also have a vital role 
to raise common public consciousness on the theme of 
groundwater ethics (hydrogeoethics) and its interaction 
with the societies, and their groundwater practices to pro-
tect groundwater and avoid overexploitation and inefficient 
utilization (e.g., Datta 2005; Abrunhosa et al. 2021). Con-
sequently, isotope hydrology can play an important role 
on the status and knowledge about groundwater (includ-
ing thermal water) resources availability (both in terms of 
quantity and quality) and its use must be systematically 
assessed and evaluated (e.g., Datta et al. 1996). To pro-
tect groundwater (including thermal water) from deple-
tion, withdrawal must be well adjusted by the assessed 
recharge, which should be studied periodically and reas-
sessed (e.g., Datta et al. 1996). Environmental isotopes can 
have a key role in such approaches (e.g., Clark and Fritz 
1997; Mook 2000). In this view, groundwater ethics, and 
in a global sense “hydrogeoethics”, can help in promoting 
ethical, cultural, social, economic, and educational val-
ues, starting in schools toward the local water authorities, 

http://www.geoethics.org/definition
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explaining the significance of the use of environmental 
isotopes in groundwater/thermal water studies also to the 
public, including the politicians, administrators, media, 
among others (e.g., Datta 2013).

The structure, status, and processes of the groundwa-
ter system, which can only be acquired through scientific 
research efforts, are critical aspects of water resource man-
agement. In this regard, hydrogeochemical data as well as 
stable and radioactive isotope data provide essential tools 
in support of water resource management (Barbieri 2019). 
The present paper is focused on the role that environmen-
tal isotopic techniques can play in sustainable groundwater 
management practices, providing a brief review of some 
of the basic theoretical concepts as well as the potential 
practical applications of Isotope Hydrology, enhancing 
the importance of expanding Isotope Hydrology meth-
odology throughout the curricula of Universities around 
the World, as already proposed in 2002 by the UNESCO 
JIIHP–Joint International Isotopes in Hydrology Program 
(https://​en.​unesco.​org/​themes/​water-​secur​ity/​hydro​logy/​
progr​ammes/​jiihp). In fact, Ferrero and Magagna (2015) 
reported the importance of extensive education actions 
from geoscientists who, in the case of isotope hydrology, 
should constitute pertinent teaching/learning opportuni-
ties for teachers and students to identify gaps, inaccura-
cies, and misconceptions ascribed to the development of 
hydrogeological conceptual models of a given case study. 
For this purpose, a brief review of two case studies is 
made, in which isotopic techniques combined with other 
tools of Geosciences (e.g., Geology and Geochemistry) 
have proved to be fundamental in the sustainable man-
agement of different types of groundwater resources. In 
the case study of Caldas da Rainha thermal waters (Cen-
tral Portugal), the multidisciplinary approach involving 
conventional geochemical and isotopic techniques (e.g., 
δ18O, 3H, δ34S(SO4) and δ18O(SO4)) led to the conclusion 
that the Caldas da Rainha thermal waters are “geologically 
protected” from anthropogenic contamination ascribed to 
intensive agriculture practices (Marques et al. 2013, 2019). 
In the case of the study of the Santa Margarida Military 
Camp, the use of environmental isotopes (δ2H and δ18O) 
clearly showed no mixing between the waters from the 
Mediterranean temporary ponds (projectile impact zones 
associated with real fire training) and the groundwaters of 
the region, used as drinking water by the local populations 
(Matias et al. 2008). These two reviewed case studies are 
distinct, but at the same time paradigmatic, and contain 
reference material for groundwater scientists, engineers, 
policymakers, managers, organizations, and professionals, 
who may be interested/involved in practical applications of 
isotope hydrology related to the assessment, development, 
protection, and sustainable management of groundwater/
thermal water resources.

Methodology

Environmental isotopes play a key role in the development 
of conceptual hydrogeological models. The use of stable iso-
topes (oxygen-18 (18O) and deuterium (2H)) as groundwater 
flow tracers from recharge to discharge areas resides in that 
these isotopes are an integral part of the water molecule, 
and are conservative after rainwater infiltration (e.g., IAEA 
1981). We are thus using water itself to write “the book of 
its history”, from recharge to discharge.

The use of stable isotopes in hydrogeology takes the form 
of relative differences compared to a specific standard. Iso-
topic results are expressed in delta (δ) notation relative to 
an international standard. The δ value is dimensionless, 
expressed in permillage (o/oo) and defined by

Rsample represents the 2H/1H, 18O/16O ratio in the sample; 
Rstandard refers to the same ratio as determined in the stand-
ard. The δ18O e δ2H isotopic results determined in water 
samples are expressed relative to the international standard 
V-SMOW (Vienna-Standard Mean Ocean Water), which by 
convention fixes the zero of the δ18O and the δ2H scale. 
V-SMOW represents a mixture of waters that reflect the 
average isotopic composition of water from various oceans, 
which constitute the beginning and end of the Hydrological 
Cycle (IAEA 1981). In a classical δ2H vs. δ18O diagram, 
the isotopic composition of atmospheric precipitation and 
groundwaters of meteoric origin is aligned along the so-
called “Global Meteoric Water Line (GMWL)” δ2H = 8 
δ18O + 10 defined by Craig (1961), and later improved by 
Rozanski et al. (1993) and Terzer et al. (2013). Thus, accord-
ing to Mook (2000), water from atmospheric precipitation, 
which has not been subject to variation in isotopic composi-
tion due to different processes including, among others (i) 
water-rock interaction at high temperatures at depth, along 
the underground flow system (usually the case of thermal 
waters ascribed to high-temperature geothermal systems), 
and (ii) evaporation effects prior to infiltration (usually the 
waters from lakes and ponds), will have δ2H and δ18O val-
ues that are distributed along and or near GMWL. In fact, a 
water that has undergone significant evaporation before infil-
tration (e.g., waters from rivers, dams, lakes, and ponds) will 
present enrichment in heavy isotopes relative to the initial 
composition, graphically represented by a straight line with 
a slope usually ranging between 4 and 6 (see Mook 2000).

Tritium (3H), the radioactive isotope of hydrogen, has a 
half-life of 12.32 years, being its concentration in natural 
waters expressed in terms of tritium units (TU) (Lucas and 
Unterweger 2000). The tritium in precipitation is the result 
of two distinct processes: (i) the first, of natural origin, is the 
result of the reaction of neutrons produced by the interaction 
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of cosmic rays, in the upper layers of the atmosphere, with 
the nuclei of nitrogen atoms; (ii) the second has an anthro-
pogenic origin resulting from thermonuclear explosions car-
ried out in the atmosphere, nuclear industry (nuclear plants, 
fuel reprocessing plants), and consumer products such as 
paints, lamps and watch components. In addition, the nuclear 
industry (e.g., water used for cooling reactors) releases this 
radioactive isotope into the atmosphere in the form of gase-
ous and liquid effluents (IAEA 1981; Rozanski et al. 1991). 
The increase of 3H atmosphere was registered from 1952/3 
onwards, with the maximum peak of tritium concentration 
in precipitation (over 1000 TU) coinciding with the year 
1963 (associated with thermonuclear testing during the 
Cold War). Since then (1963), in the Northern hemisphere, a 
decrease in tritium concentration in the atmosphere has been 
observed toward levels (≈ 4–5 TU) similar to those prior to 
the thermonuclear tests (Rozanski et al. 1991).

It should be noted that both the 3H produced in the atmos-
phere by natural processes and that resulting from anthro-
pogenic activities are rapidly oxidized, changing to atmos-
pheric water vapor (1H3HO). It thus enters the Hydrological 
Cycle through precipitation and isotopic exchange between 
air and oceanic water masses. The use of tritium concentra-
tions present in groundwaters provides qualitative informa-
tion on the: (i) presence of active recharge in the system; 
(ii) "age" of groundwater, (iii) extent of underground flow 
paths, and (iv) possible existence of mixture between recent 
infiltration and older groundwaters. In determining the “age” 
of groundwater, it was considered that: a water devoid of 
tritium has an “age” greater than 70 years; a tritium content 
of the order of magnitude of a few tritium units indicates that 
the infiltration will have occurred approximately 30 years 
after the first thermonuclear tests, or that it is a mixed water; 
a water with higher tritium values reveals a recent infiltration 
(e.g., Clark and Fritz 1997).

Dams, lakes, and ponds are the most readily available 
water resources, being widely used in many parts of the 
world. Together with other surface water bodies (e.g., wet-
lands and artificial surface water reservoirs), lakes, and 
ponds cover millions of km2 of continental areas, constitut-
ing an essential component of the hydrological cycle, either 
regionally or globally (Meybeck 1995). In fact, according 
to Mook (2000), lakes and ponds interacting with the local 
environment are complex dynamic systems through surface 
and ground “inlet” and “outflow” flows, as well as through 
atmospheric precipitation/evaporation phenomena.

Frequently, it is important to understand the extent of 
interaction between a lake/pond and the adjacent ground-
water systems. The assessment of possible mixing processes 
between these two end-members is of particular importance 
for aquifer systems being exploited for water supply, where 
the vulnerability of the boreholes to pollution originating 
in the lakes/ponds is a crucial issue. Heavy isotopes (e.g., 

2H and 18O) build-up in lakes/ponds can be considerable, 
depending on climate and system hydrology. Therefore, the 
lake/pond water entering adjacent groundwater systems can 
be distinguished from local precipitation. Also, knowing the 
isotopic composition of the two end-members (lake/pond 
water and local groundwater), one can estimate the percent-
age of lake water in the borehole water located downgradient 
from the lake/pond (e.g., Yehdegho et al. 1997; Stichler et al. 
1999). In this paper, we review a case study presented by 
Matias et al. (2008), where the use of environmental isotope 
applications has proven to be an important tool to understand 
the dynamics of pond systems, with an emphasis on assess-
ment of the possible interaction of this type of water system 
with adjacent groundwater bodies.

Oxygen and sulfur stable isotopes have been widely used 
to investigate sulfate sources, sulfate oxidation, and reduc-
tion zones in the peat, and to assess and compare sulfate 
sources in numerous wetland systems ascribed to diverse 
climatic and hydrogeological environments (e.g., Krouse 
and Mayer 2001; Novak et al. 2005). Sulphate’s isotopic 
composition has been also used to explain the processes and 
sources of SO4

2− released from peatlands to soils, streams, 
or lakes (e.g., Schiff et al. 2005). In this paper, δ34S(SO4) and 
δ18O(SO4) values were reviewed as a very important hydro-
geological tool (Marques et al. 2013, 2019) for determin-
ing sulfate origin (e.g., interaction with evaporites, sulfate 
from both atmosphere and soil, and sulfate from oxidation 
of reduced inorganic sulfur species) in shallow cold dilute 
groundwaters/thermal waters sulfate in a diversified geo-
logical environment (limestone rocks, diapir intrusions, 
and gypsum lenses). It was also useful in assessing shal-
low cold dilute groundwaters/thermal water interaction 
and, consequently, in clearness of the vulnerability of the 
thermal groundwater system to anthropogenic pollution (see 
Marques et al. 2013, 2019).

Water sampling procedures and storage (for later chemi-
cal analyses), type of waters physico-chemical parameters 
measured in situ, the techniques used for surface waters, 
shallow cold dilute groundwaters, and thermal waters 
chemical analysis and isotopic determinations (δ2H, δ18O, 
δ34S(SO4), δ18O(SO4), and 3H) were those described in detail 
in Matias et al. (2008) and Marques et al. (2019).

Results and discussion

The case study of Caldas da Rainha thermal waters 
(a review)

Groundwaters (thermal or not) ascribed to karstified lime-
stone aquifer systems are more vulnerable to mixing pro-
cesses with shallow groundwaters, when compared to other 
aquifer types, consequently demanding specific attention 
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(e.g., Goldscheider and Drew 2007). The strategy and setup 
for sustainable thermal water withdrawal schemes in such 
hydrogeological environments involve a detailed understand-
ing of the hydrogeological system, including preferential 
pathways for thermal water flow and the existence (or not) 
of shallow/thermal waters interaction (e.g., Horvatincic et al. 
1996). According to Ravbar and Goldscheider (2009), differ-
ent methodologies should be applied, considering the nature 
of karst aquifers such as heterogeneity and duality of infiltra-
tion processes. Although groundwaters from fractured and 
karstified limestones constitutes a main component of drink-
ing water supply all over the world and in particular in many 
Mediterranean countries (e.g., Custodio et al. 1991; Arfib 
et al. 2000), thermal waters from karst aquifers supply Spas 
all over the world, such as the well-known baths in Budapest 
(Hungary) and geothermal power plants with use such type 
of georesources for electricity production, district heating, 
or other purposes (e.g., Goldscheider et al. 2010). Regret-
tably, as stated by Ryan and Meiman (1996), these types 
of georesources are sometimes polluted by anthropogenic 
activities such as: agricultural runoff loaded with chemical 
fertilizers, effluents from septic tanks, pesticides and animal 
wastes, municipal wastewater, landfill, and industrial wastes. 
To create active comprehensive protection procedures for 
thermal water bodies, it is extremely worthwhile to precisely 
consider the contamination risk, which should be the con-
ceptual basis for defining safeguard zones in thermal water 
bodies projected for Spas supplies.

In this section, we review the Caldas da Rainha ther-
mal waters case study (see Marques et al. 2013), one of the 
most important Spas in Portuguese mainland, with a special 
emphasis on the usefulness of sulphate’s isotopic composi-
tion to explain the sources of SO4

2− in the thermal waters 
and the possible existence (or not) of interaction between the 
local shallow cold dilute groundwaters and the deep circula-
tion thermal waters.

The region where Caldas da Rainha thermal waters 
emerge (Fig. 1) is dominated by a huge synclinal structure 
responsible for the regional flow of thermal waters.

The Caldas da Rainha thermal waters emerge through 
springs and are exploited from boreholes close to an N-S ori-
ented oblique fault (60° E), at the geological contact between 
the Upper Jurassic detrital rocks (e.g., (D)—clayey sand-
stone) and the Hetangian–Retian Dagorda marls (A) that 
act as a hydrogeological barrier. The elevation and conse-
quent folding of the Jurassic formations was the result of the 
regional diapiric intrusions (Zbyszewski and Moitinho de 
Almeida 1960). At greater depths, there are essentially lime-
stone rocks [(C)—Middle Jurassic and (B)—Lower Juras-
sic], later covered by Plio-Plistocene sedimentary deposits 
(E) (see Zbyszewski 1959; Zbyszewski and Moitinho de 
Almeida 1960).

The Caldas da Rainha thermal waters present an 
issue temperature around 33  °C. They belong to the 
group of sulfur waters (presence of H2S, HS−, and S2−) 
and present a rather complex hydrochemical facies: 

Fig. 1   Schematic geological 
and structural cross-section of 
the studied area (no scale). (1) 
Caldas da Rainha diapir; (2) 
Candeeiros Mountain; (3) Fonte 
da Bica diapir. (i) Thermal 
spring at Caldas da Rainha Spa; 
(ii) exploitation borehole of 
Caldas da Rainha thermal water. 
Adapted from Marques et al. 
(2013)
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Cl-SO4-HCO3-Na-Ca. As reported by Marques et  al. 
(2019), noteworthy 3H concentrations (2.8; 2.5 and 
1.1 ± 0.6 TU) were detected in Caldas da Rainha ther-
mal waters sampled at AC1-B, AC2, and JK1 boreholes, 
respectively. On the other hand, the thermal spring waters 
sampled at the “Piscina da Rainha” spring were character-
ized by the absence of 3H (and by 3H values close to the 
detection limit). This type of results is extremely important 
for the identification of different underground flow paths 
of thermal waters, basis for a sustainable management of 
the hydromineral resources, and assessment of their vul-
nerability to possible contamination of anthropic origin. 
Traditional springs are usually places of touristic attraction 
in each Spa. Therefore, the stakeholders have the need to 
maintain the good quality of spring waters (definition of 
the protection areas of the thermal springs), which in many 
cases can be tasted by the visitors, in the local “buvettes”, 
with the assistance of personnel specialized in thermal-
ism. Concerning the isotopic composition of shallow cold 
dilute groundwaters and thermal waters sulfate, Marques 
et al. (2019) reported that these groups of waters presented 
different δ34S(SO4) and δ18O(SO4) signatures: (i) the shallow 
cold dilute groundwaters ascribed to the (D) geological 
formation, present δ34S(SO4) and δ18O(SO4) values between 
1.5 and 4.1 ‰ and 8.6 and 9.3 ‰, respectively, and (ii) 
the thermal waters of Caldas da Rainha present δ34S(SO4) 
and δ18O(SO4) values between 14.9 and 19.1 ‰ and 11.1 
and 16.2 ‰, respectively (Fig. 2).

As described by Marques et  al. (2013, 2019), the 
hydrochemical facies of Caldas da Rainha thermal waters 
(Cl-SO4-HCO3-Na-Ca) is the result of water-rock interaction 
with limestone (HCO3-Ca), gypsum (SO4-Ca), and diapir 
(Cl-Na) geological formations along the underground flow 
paths from recharge (at Candeeiros Mountains) to discharge 
at the Spa area (at approximately 20 km distance, see Fig. 1).

The Caldas da Rainha thermal spring waters (e.g., “Pis-
cina da Rainha”) should be considered as the most represent-
ative of the deep hydrothermal system due to the absence of 
3H (Marques et al. 2019).

The results of the isotopic composition of shallow cold 
dilute groundwaters and thermal waters sulfate are a strong 
indication that Caldas da Rainha thermal waters are "geo-
logically protected" from any processes of anthropogenic 
contamination, since the (D)—Upper Jurassic geological 
formation is a clayey sandstone, typically with low perme-
ability (see Gao et al. 2009), avoiding mixing between shal-
low cold dilute groundwaters and thermal waters. In fact, 
as referred by Marques et al. (2019), sulfate concentrations 
in the local shallow cold dilute groundwaters may be from 
atmospheric deposition that has traveled through the soil 
zone (see Mayer and Krouse 2004). Nevertheless, the use 
of fertilizers in agriculture activities should not be excluded 
(sulfate concentrations in local shallow cold dilute ground-
waters range from 40 to 60 mg/L). Water-rock interaction 
at depth with diapir formations (see Mayer and Krouse 
2004) clearly explain the isotopic composition of Caldas da 
Rainha thermal waters sulfate, as stated by Marques et al. 
(2019). The different δ18O values of groundwaters associated 
with the (D)—Upper Jurassic geological formation and the 
Caldas da Rainha thermal waters (Fig. 3) reflect different 
recharge altitudes ascribed to different underground flow 
systems, corroborating the inexistence of mixing between 
the local shallow cold dilute groundwaters and the thermal 
waters, as stated by Marques et al. (2013, 2019).

This study was initially requested by the “Centro Hospitalar 
das Caldas da Rainha” (CHCR), at that time (2005), the con-
cessionaire of Caldas da Rainha Spa. During the development 
of this study, particular emphasis was given to the issue of 
thermal aquifer systems protection from anthropogenic inputs, 
since the actions to be taken to protect them may arrive too 

Fig. 2   Variation of δ34S(SO4) 
and δ18O(SO4) values observed 
in atmospheric, pedogenic, and 
geogenic sulfates. Adapted from 
Marques et al. (2013). Unfilled 
square stands for Caldas da 
Rainha thermal waters. Filled 
square stands for shallow cold 
dilute groundwaters ascribed to 
the Upper Jurassic (D) geologi-
cal formations
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late, when the contamination is already widespread. It should 
be stated that field work campaigns were always attended by 
the Technical Director of Caldas da Rainha Spa, providing 
extensive discussions on the information gathered, as more and 
more isotopic studies were carried out. As also discussed with 
the local authorities, in the region under study, diffuse agri-
cultural pollution should be seen as one of the main potential 
obstacles to achieving an ecologically sustainable exploita-
tion of local thermal water resources. However, in this case 
study, the isotopic data obtained indicate that Caldas da Rainha 
thermal waters seem to be “geologically protected” from the 
human contamination processes detected in the shallow cold 
dilute groundwaters, given the nature of the geological forma-
tions of ground's surface. The results obtained in this study, 
namely the (i) different δ18O signatures presented by the shal-
low cold dilute groundwaters [associated with the (D)—Upper 
Jurassic geological formation] and the Caldas da Rainha ther-
mal waters, and (ii) different isotopic composition of shal-
low cold dilute groundwaters and thermal waters sulfate, 
were disseminated to local authorities and the general public, 
through various Seminars such as the one that took place in 
December 2008, at the CHCR, were the results obtained were 
presented and discussed with the Director of the CHCR, the 
General-Director of Health, Members of the several parties 
of the Municipal Assembly and the Media of region. It was 
concluded that such isotopic studies provided the acquisition 
of fundamental information, so that the due protection can be 
integral, namely in terms of the delimitation of the thermal 
aquifer system protection areas, one of the tasks ascribed to 
the Technical Director of Caldas da Rainha Spa.

The case study of Santa Margarida Military Camp (a 
review)

This case study is linked to assessment of the environmen-
tal impact caused by the Santa Margarida Military Camp 
(CMSM) after 50 years of use (see Matias et al. 2008). The 

CMSM covers an area of about 62 km2 and is divided into 
two sectors with distinct characteristics: (i) an urban area 
where the headquarters, the residential units, barracks, and 
support services are located, and (ii) the military training 
area (the most extensive) including firing ranges, a land-
ing strip, and several areas for tactical military maneuvers 
of the mechanized divisions (see Matias et al. 2008). The 
CMSM is the unique Portuguese military training area, 
comprising firing ranges for tactical military maneuvers of 
mechanized divisions. Therefore, several negative effects 
on the environment were predictable ascribed to the mili-
tary activities, as the Military Camp’s area is classified 
as a highly vulnerable area to pollution of its multi-layer 
porous aquifers (Almeida et al. 2000).

The CMSM is in an extensive flat area in the Tertiary 
Lower Tagus Basin, where the most extensive and impor-
tant multi-layer aquifer system occurs in Portugal (Ros-
selló-Graell, 2003), consisting mainly of sandstones alter-
nating with layers of impermeable clays (Almeida et al. 
2000), which strongly influence soil porosity and perme-
ability (see Matias et al. 2008) and references therein). 
The most recent formations are represented by quaternary 
deposits (see Matias et al. 2008).

In the case study presented by Matias et al. (2008), and 
reviewed in this paper, a special emphasis was put on the 
characterization of the surface water/groundwater interac-
tion. In fact, in the CMSM, there is a network of Medi-
terranean temporary ponds, whose main characteristic is 
their marked seasonality in the permanence of the water 
layer, becoming completely dry in the summer months. 
Superficially, where these Mediterranean temporary ponds 
occur, there are sands, in some places with a significant 
percentage of clays (Rosselló-Graell 2003). According to 
Rosselló-Graell et al. (2000), there were 20 of these ponds 
present in the CMSM, distributed over an area of 25 km2. 
They had variable dimensions, with a maximum length 
between 150 and 300 m, and with an approximate area 
of 0.1 to 0.9 km2. At the CMSM, some of these Mediter-
ranean temporary ponds are located within, or very close, 
to the present-day projectile’s impact areas ascribed to real 
fire training activities, being considered as potentially vul-
nerable to anthropogenic contamination due to military 
activities. In fact, as reported by Matias et al. (2008), the 
waters from such Mediterranean temporary ponds had sig-
nificant concentrations of Al (0.27 mg/L), Fe (0.12 mg/L), 
Cr (1.5 μg/L), and Pb (5 μg/L)—example for the Junco 
(J) Mediterranean temporary pond (see Fig.  4)—con-
stituent elements of ammunition and shells. However, the 
groundwaters showed no contamination by these elements 
(Matias et al. 2008). To confirm the existence (or not) of 
mixing between the surface waters from the Mediterranean 
temporary ponds and the regional groundwaters, which in 
some cases are used for human supply (drinking water), 

Fig. 3   SO4
2− vs. δ18O for thermal waters, (D) shallow cold dilute 

groundwaters, and (C) deep groundwaters ascribed to different geo-
logical formations
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the stable isotopic data of the sampled waters were plotted 
in the diagram of Fig. 5. 

The observation of Fig. 5 evidences the existence of two 
water groups. One of the groups (A) is ascribed to local 
groundwaters (sampled from springs and a borehole). This 
group of meteoric waters shows no signs of having been 
subjected to evaporation, being straight infiltrated into the 
ground, as they are plotted along and close to the Global 
Meteoric Water Line (δ2H = 8 δ18O + 10). On the other 
hand, waters from group (B) do not form a cluster, as those 
from group (A), since they represent the waters from the 

Mediterranean temporary ponds, where each pond presents 
signs of its own way of evaporation (in the Mediterranean 
temporary ponds, the water depth sometimes has no more 
than 0.5 m). The isotopic signatures of these two groups of 
waters show no evidence of mixing between them. If there 
was a mixture between these two groups of waters, one 
should observe the projection of some water points along 
a hypothetical mixing line (as suggested in Fig. 5) between 
the two end-members. These results are extremely impor-
tant as they demonstrate that, in the CMSM area, military 
maneuvers using real fire, and having some impact areas 
in the Mediterranean temporary ponds, do not threaten the 
sustainable management of groundwater resources (used as 
tap water and supply for agriculture practices by the local 
populations). This is one of the major concerns which has 
been addressed in the context of periodic joint meetings 
between geoscientists and the CMSM’s military leadership, 
in the context of the development of the studies reviewed in 
this paper. To this issue, strongly contributes the fact that 
where these Mediterranean temporary ponds occur, there are 
sands with a significant fraction of clays contributing to the 
natural impermeabilization of the projectile’s impact areas.

Military Training Camps are military facilities that pro-
vide training exercises and tactical operations. The greater 
its size and operational use for military training, the greater 
the anthropic impacts on the ecosystems. However, the 
CMSM has already received three awards from the National 
Défense and Environment, in 1996, 1998, and 2003. The 

Fig. 4   Location map of the 
study region, with the posi-
tion of the surface (ponds) 
and groundwater (springs and 
boreholes) sampling sites. (J) 
stands for the Junco Mediterra-
nean temporary pond. Adapted 
from Matias et al. (2008) and 
Instituto Geográfico do Exército 
(2008)

Fig. 5   Isotopic composition (δ2H and δ18O values) of surface (from 
the Mediterranean temporary ponds) and groundwaters of the 
CMSM. Adapted from Matias et al. (2008)
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application of an Environmental Management System 
(EMS), started in 2001, was responsible for the third prize. 
It is worth mentioning the participation of the authors of 
this paper, in October 2003, in the CMSM’s Environmen-
tal Week, through the presentation of the Lecture “CMSM: 
Study of the Environmental Impact after half a century of 
use”. The isotopic studies contributed to the development of 
the EMS, promoting environmental protection, and integrat-
ing the ecological component into military activities. This 
facility has had an Environmental Certification since 2004, 
in accordance with the Portuguese Standard ISO 14001, and 
the results of the studies presented here have contributed to 
the maintenance of this Environmental Certification, refer-
ring to the CMSM as an example of outstanding environ-
mental practices within Portuguese Military Institutions.

Concluding remarks and outlook

This paper highlights the role environmental isotopes in 
hydrogeoethics, namely (i) in the sustainable manage-
ment and protection of thermal water systems used in local 
Spas, and (ii) in identification of possible mixing pro-
cesses between surface and groundwaters of a given region. 
Although hydrogeoethics is a relatively new “discipline” 
in geosciences, it provides important guidelines for human 
actions by make known to geoethical principles when deal-
ing with the natural water resources of our planet. For this 
purpose, two paradigmatic case studies were reviewed, pro-
viding new insights into hydrogeoethics and its links with 
a sustainable environment and societal worries. This paper 
enhances the usefulness of the use of environmental iso-
topes to assess some of the most important parameters of 
interest to the groundwater planners and managers, such as 
groundwater quality and the interaction between surface 
water and groundwater. The application of environmental 
isotopic techniques in hydrogeology has demonstrated to be 
an important tool for improving our understanding on (i) 
the behavior of groundwater systems, namely thermal water 
systems, essential for their sustainable management, and (ii) 
on surface/groundwater interaction ascribed to potential con-
tamination problems. The two case studies reviewed here 
are well illustrative of the fact that environmental isotopic 
techniques can provide an independent approach to solving a 
particular hydrogeological problem, as isotopic groundwater 
signatures (whether thermal or not) are authentic archives 
that hold the memory of its evolution. However, we should 
be aware that these isotopic techniques are just one of the 
many available tools that can be applied in hydrogeological 
surveys, and that their use in parallel with other disciplines 
of geoscience (geology, geochemistry, and geophysics) will 
certainly be much more successful.

To establish effective global protection measures, it is 
highly advisable to specifically consider the risk of con-
tamination as the basis of the methodology for defining 
safeguard zones in thermal water bodies intended for 
Spas supplies. Unfortunately, sometimes, these vital and 
rather limited georesources are polluted due to anthropo-
genic activities such as: agricultural runoff loaded with 
chemical fertilizers, pesticides and animal wastes, sep-
tic tanks, landfill, municipal wastewater, and industrial 
wastes (which is not the case of Caldas da Rainha area). 
The future actions, policies, and recommendations to be 
assumed by the present-day Caldas da Rainha Spa owner 
(the Caldas da Rainha Municipality) must be focused on 
the control of the storage, handling, use, and disposal of 
possible contaminants within the recharge areas, and of 
actions that may negatively affect groundwater quantity 
and quality. Such topics should be accomplished through 
the development of procedures, programs for best prac-
tices, and communication protocols by local/regional gov-
ernmental institutions.

The integration of environmental management systems 
must be a priority for the government to guarantee the 
environmental sustainability of the Military Sector. The 
Armed Forces must agree on the need that the poten-
tial environmental impacts of certain activities must be 
evaluated before a decision is made. To promote the link 
between the Armed Forces and the environment, research 
should be increased into methods of developing, meas-
uring, and promoting the integration of environmental 
practices, at different levels of military organizations, in 
decision-making, in logistics, and in operational processes.

Though it is a rather new area in geoethics, hydrogeo-
ethics is increasingly assuming an essential role since ethi-
cal behavior, while assessing, developing, and managing 
groundwaters resources have turned into an imperative 
requirement for the sustainable environment, and societal 
concerns.
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