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Abstract: Groundwater stored in aquifers experiences a wide variety of natural, induced and/or
anthropogenic disturbances. Among them, groundwater extraction is the main disturbance that
affects most of the aquifers in the world. Aquifer’s resilience, understood as the potential of the
aquifer to sustain disturbances on the long term and to guarantee essential qualities and functions,
provides a key tool when assessing sustainable groundwater management alternatives. The aim of
this work is to illustrate an aquifer resilience framework that can support groundwater sustainable
management. A theoretical framework is based on the identification of the key variables that
parameterize the quantitative and qualitative responses of the groundwater flow system to pumping.
An example from the literature based in Denmark is provided as an illustration of the proposed
framework. The results show that long-term high quality data are essential to make a step further in
aquifers dynamic responses. The quantitative understanding of the aquifer’s behavior before, during
and after groundwater extraction provides a valuable source of information in order to identify
thresholds of change (tipping points, transitions or regime shifts) which could permit pro-active
groundwater management decisions. Moreover, a deeper understanding on the aquifer’s dynamics
provides useful information in order to avert threats that may put the sustainability of the system
at risk.

Keywords: aquifer system; groundwater flow; resilience; water security; sustainability

1. Introduction

Groundwater is a valuable and limited resource. Some countries are entirely depen-
dent on groundwater for water supply, while many ecosystems are also groundwater-
dependent [1]. In many parts of the world, mainly in arid and semiarid regions, aquifers
are subject to stress. Stress can be defined as a situation in which demand is greater than
supply and typically leads to aquifer overdrafts [2–4] and/or groundwater mining [5]. If
we are able to understand the aquifer response to pumping before any harm in the system
is produced, undesirable situations could be avoided. Long-term series of specific data
may provide the keys to understanding possible changes in aquifer dynamics.

Groundwater sustainability assessments are usually based on snapshots of the water
cycle or on an overview of the system evolution over a few decades. Due to the nature of
aquifer systems, this can be insufficient for practical purposes [6]. Long-term aquifer trends
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can be approached from different standpoints. For instance, Luczak et al. [7] investigated
long-term changes from the perspective of the water balance, while Gejl et al [8] analyzed
long-term trends in extractions, piezometric levels and groundwater quality.

Aquifers range from fissured systems [9] to porous and unconsolidated [10] sedi-
mentary deposits [11]. Suitably, a wide range of responses to extraction can be expected.
Predicting deterioration is therefore complex [8,12–14]. Many authors have analyzed the
linkages between groundwater pumping and groundwater levels with the aim of propos-
ing sustainable extraction schemes [15–18]. In this context, we content that an enhanced
understanding of long-term trends in quantity and quality can be coupled with the specific
properties of a given aquifer in order to inform sustainable management practices.

From a general standpoint, extraction is said to be sustainable when it causes no
unacceptable impacts on groundwater level, water quality or environmental flow re-
quirements [19]. However, there is no scientific consensus as to how this translates into
practice [8]. A number of indicators are frequently used [20,21]. These include groundwater
footprints [22] or sustainable groundwater extraction [23], among others. While we agree
with Gejl et al. [8] that these are on a midpoint level and that they are useful to identify
environmental mechanisms, these indicators do not comprehensively deal with actual
impacts or deterioration of the resource itself. Furthermore, they are of little assistance
when addressing local-scale challenges. Thus, one of the goals of this paper is to investigate
the long-term effects of water extraction on aquifer deterioration. This is achieved by
studying the links between groundwater variables and their relationships with the physical
and hydrogeological characteristics of the aquifer.

The underlying hypothesis of our research is that anthropogenic actions will tend to
deteriorate the groundwater ecosystem over time. This typically translates into negative
effects on groundwater quality and base flow [24,25]. Aquifer response will depend on
factors such as the geological, physical and hydrogeological properties of the aquifer,
flow patterns and the magnitude and location of anthropogenic actions. Continuous
deterioration of water quality and quantity indicators points at an unsustainable rate of
extraction, in which case water security is at risk. According to Gray and Sadoff [26],
water-security is defined as “the availability of an acceptable quantity and quality of water
for health, livelihoods, ecosystems and production, coupled with an acceptable level of
water related risks to people, environments and economies.”

Exploring the capacity of an aquifer to cope with sustained groundwater extraction
(system inertia) requires an identification of the thresholds that trigger important and/or
permanent changes. Non-elastic subsidence is an example of an irreversible change, as
it leads to a storage capacity loss and ensuing transmissivity. Meanwhile, the interaction
between surface water and groundwater, supporting terrestrial and aquatic groundwater
dependent ecosystems, is recovered in those cases where the aquifer returns to its saturated
conditions. Groundwater deterioration processes and early warning about these threats
can be part of the knowledge base when previous events have been properly monitored
and analyzed.

Aquifer resilience is closely linked to sustainable water management. In this paper,
aquifer resilience is defined as: “the capacity of an aquifer to maintain storage and maintain
its essential functions in the face of anthropogenic pressures” [17,27]. It may also be
defined as the ability to “return to a reference state” after a disturbance [28]. The proposed
methodology provides a tool to act against undesirable changes and understand critical
tipping points.

We focuses on the identification and analysis of the main factors that control the
capacity of the aquifer to cope with specific disturbances, without changing its structure
and functioning. Although it is acknowledged that natural fluctuations can be important,
this research places the emphasis on anthropogenic impacts.

In particular, this study aims to:

• Explore the links between aspects and processes involved in the internal dynamic of
the aquifer when affecting by perturbation.
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• Analyze the relationship between lag time and aquifer’s resilience.
• Propose a theoretical methodological framework to understand the resilience in terms

of definition, problem parametrization, modelling and measurement.
• Apply the procedure to a specific example from the literature

2. Aquifer Systems and Buffering Capacity
2.1. Self-Regulating Capacity of Aquifers Affected by Groundwater Extraction

In a natural state, aquifers present some degree of buffering capacity to cope with
climate events (self-regulating capacity) that increases with the aquifer storage capacity [29].
Lags and overlaps occur between climate cycles with different frequency and extent, which
ultimately tends to result in a compensation of effects. In aquifers with low storage capacity
and thus lower buffering capacity to climate events, the effects can be more evident. The
best manifestation of the buffering capacity is shown through the surface-groundwater
interactions in a hypothetical pristine situation, where natural mechanisms of aquifer
recharge and discharge are active. When a major change happens, it leads to a state of
alternatives in which the internal variables change, interacting with externally driven
variables, leading to a loss of resilience [30]. Groundwater extraction and pollutions are
examples of human activities that disturb this self-regulating capacity, reducing or even
losing the aquifer resilience [31]. Moreover, not all renewed groundwater in an aquifer can
be pumped out. Most groundwater has to be retained into the aquifer for environmental
purposes and to support the natural functioning of the aquifer if there is a will of sustainable.
For example, minimum groundwater flows are needed to avoid seawater intrusion at the
coastal boundary, to provide hydrostatic support for the aquifer matrix to avoid subsidence,
to maintain acceptable spring flows and to generate and maintain a gradient for regional
groundwater circulation [17,19]. Galassi et al. (2014) [32] provides an example of major
change, associated to earthquakes and their effects on groundwater biodiversity.

2.2. Factors Contributing to Aquifer Resilience across Different Scales

Table 1 relates some of the intrinsic factors that have a direct influence on the aquifer
resilience and buffering capacity at different scales. At the microscopic scale, the mineral
structure composing the rocks and their chemical composition regulate the crystallization
structure, as well as the mineral and rock assembly. At the lithological scale, the type
of rocky formation transfers the physical properties to its environment, according to its
composition, structure, geological position and contact with surrounding materials. Finally,
at the overall aquifer scale, the aquifer type (rocks composing it) with its specific features—
intrinsic permeability, porosity, storage coefficient, transmissivity—are the main factors
conditioning the resilience capacity of the aquifer. The water table determines the satura-
tion conditions of the materials, conditioning the response of the aquifer to any impact
depending on the physical state. These specific features define the groundwater patterns.

When aquifers are exposed to several simultaneous disturbances, chain interactions
occur and the results are difficult to predict and to model. Nevertheless, there also exist
evidence of the system’s inertia (resistance to change) coming from different independent
and physically consistent measurements of interrelated elements, such as groundwater
temperature, electric conductivity, total dissolved solids, pH, redox and so forth. The anal-
ysis of the resilience and buffering capacity of an aquifer could be insufficiently consistent
or concluding. In this case, the comparison with different indicators would allow confirm-
ing or rejecting this analysis. The use of homogeneous working scales and independent
indicators should be considered in order to avoid local heterogeneity effects of the media
and interference among indicators which would affect the model heterogeneity.

The system properties condition the system resilience but the analysis of resilience
also provide information about the system properties, particularly through the analysis
of feedback processes. Some authors differentiate between stabilizing feedbacks versus
amplifying feedbacks, the first being critical to keep the system’s stability.
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Table 1. Intrinsic factors that contribute to resilience and buffering capacity of groundwater systems
across different scales. Hierarchy of organization and selected traits.

Scale Factor

Minerals
Chemical components

Structure

Lithology

Formation texture
Composition

Position
Structural features

Thickness

Aquifer

Hydrodynamic type of aquifer (unconfined, semi/confined)
Lithological type of aquifer (karstic, detrital, mix)

Heterogeneity and anisotropy (related to intrinsic properties of the aquifer)
Groundwater level position

Aquifer storage volume
Recharge

2.3. Factors Controlling Internal Changes in Groundwater Flow Systems (GFS)
2.3.1. Water Extraction and Hydraulic Heads

Under natural conditions, this means before groundwater pumping, aquifers typically
tend to converge toward a ‘steady-state.’ This concept implies that the spatial distribution
of the potential is invariable with time. In general, this regime does not appear in reality
but it is a useful concept when it is approximated [33]. Recharge and discharge balance
out over long periods and this translates into a more or less stable piezometric surface.
Inducing extraction will perturb this equilibrium. It will cause changes in the hydraulic
gradient and consequently, in groundwater flow patterns [19,33].

2.3.2. Water Quantity Parameters and Processes Affected by Groundwater Extraction

Any change in the components of the aquifer water balance will cause changes in the
groundwater flow direction. Groundwater extractions may increase aquifer recharge since
the decrease in groundwater levels increases the thickness of the unsaturated zone and
increases the gradient and thereby the amount of rainwater that can transit and be retained
which would otherwise become surface or subsurface runoff. The aquifer development
implies a reduction in groundwater volume storage but not in storage capacity of the
aquifer, which is increased. The increasing volume of extraction may also cause changes in
aquifer compaction that can occur in saturated porous media if they become desaturated
or even if fine entrainment occurs during pumping [34,35].

2.3.3. Water Quality Parameters and Processes Affected by Groundwater Extraction

As the saturated zone empties, pumping induces a change in the redox conditions.
This implies changes in a set of groundwater quality indicators, including those referring
to biogeochemical processes [8,12]. Periodic physical and chemical analyses of the ground-
water samples (pH, chloride, sulfate, calcium, magnesium, sodium, nitrates, arsenic, iron,
etc.) may provide the information to decide which parameters are the most relevant for
our specific study, depending on the type of aquifer and geological and hydrogeological
characteristics. Redox changes may cause mobilization of previously stable constituents or
retained substances in the aquifer. Additionally, the physical remobilization of substances
should be considered. A peculiar example of physical remobilization of substances caused
by groundwater extraction itself is that of mercury in La Plana de Castellón coastal aquifer
(Spain). Natural Hg particles present in the detrital aquifer matrix were dragged (particles
smaller than 0.45 µm) just high extraction rates (higher than 30 L/s, during more than
10 hours per day) were produced in irrigation wells [36,37]. During those high pumping
rate periods, Hg concentrations reached up to 21 µg/L decreasing to less than 1 µg/L
during the long resting periods (no pumping). With lower flow rates, no significant Hg
concentrations were detected.
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3. Materials and Methods
3.1. Procedure to Decompose Resilience

This section presents a multi-step methodology with a threefold objective: first, to
identify the most relevant variables involved in the system dynamics; second, to build a
conceptual map of the system dynamics, integrating expert and scientific knowledge; and
third, to provide a procedure applicable to any type of aquifer.

3.1.1. Aquifer Resilience: From What Disturbance to What System

The first step in an aquifer resilience approach is to define “from what to what”
and “how.” It means, from what state to what steady or transitory new state. After a
perturbation, the system may bounce back to the initial state (recovery) or evolve to a new
state. Once the main drivers are defined, the attention should be on the characterization of
the event or perturbation itself. These terms are frequently used; however, they may imply
different characteristics and should eventually be defined. Frequently, these terms are
used indistinctively in the literature and may be encompassed under the general concept
cause/effect factors, regardless of the significance of each one. The meaning of the above
mentioned terms allows one to identify just one Cause concept “event” and the rest are
effect expressions with an increasing significance: from shock (less) to impact (more).
With the intention of using the proper term in every situation, the following definitions
are proposed:

• Event: any episode with the capacity to modify aquifer dynamics.
• Reaction/shock: the physical response to a sudden, unexpected event.
• Perturbation: a small change in the regular behavior of an object or system.
• Stress: an important effect produced by a situation that tends to negatively change the

condition of a system.
• Impact: a powerful effect incurred by something (especially new) on a system´s

behavior.

3.1.2. System Conceptualization

The system conceptualization implies defining the conceptual or the mental model of
the system including the limits, the components and the analyzed perturbation, as well
as the relationships among them (Figure 1). Resilience is not a single number or a result.
It is an emergent property that applies in different ways and in the different domains
that make up the system. It is contextual and it depends on which part of the system
you are looking at and what questions you are asking [38]. When looking at the scale,
some authors describe three methodological steps: 1) Specific resilience is the resilience
of some part of the system to a particular kind of disturbance; 2) General resilience is the
property of a system to be in a state of equilibrium in spite of various generic disturbances;
3) Transformability of the system where the key point deals with whether a disturbance
might push the system over a particular threshold or beyond a tipping point from where it
changes the way it functions. Specified resilience and general resilience are complementary,
linked aspects of self-organizing social-ecological systems [38]. Therefore, both of them
should be properly considered in any resilience analysis or framework.

In the system conceptualization, the definition of what is inside the system and what
is outside the system (drivers) is the first step.



Water 2021, 13, 519 6 of 15

Water 2021, 13, x  6 of 15 
 

 

3.1.2. System Conceptualization 
The system conceptualization implies defining the conceptual or the mental model 

of the system including the limits, the components and the analyzed perturbation, as well 
as the relationships among them (Figure 1). Resilience is not a single number or a result. 
It is an emergent property that applies in different ways and in the different domains that 
make up the system. It is contextual and it depends on which part of the system you are 
looking at and what questions you are asking [38]. When looking at the scale, some au-
thors describe three methodological steps: 1) Specific resilience is the resilience of some 
part of the system to a particular kind of disturbance; 2) General resilience is the property 
of a system to be in a state of equilibrium in spite of various generic disturbances; 3) Trans-
formability of the system where the key point deals with whether a disturbance might 
push the system over a particular threshold or beyond a tipping point from where it 
changes the way it functions. Specified resilience and general resilience are complemen-
tary, linked aspects of self-organizing social-ecological systems [38]. Therefore, both of 
them should be properly considered in any resilience analysis or framework. 

In the system conceptualization, the definition of what is inside the system and what 
is outside the system (drivers) is the first step. 

 
Figure 1. Flowchart of conceptual, operational and methodological considerations when applied to the aquifer resilience 
approach. The procedure has three phases: the first one, in beige, describes the data treatment and definition of key vari-
ables; the second one, in grey, the groundwater flow model; and the third one, in purple, the resilience measurement and 
mapping. 

3.1.3. Types of System Responses 
Monitoring the aquifer allows analyzing groundwater patterns and different types 

of aquifer responses can be recognized, that is, equilibrium state and transient state, to-
wards a new equilibrium. The time scale on which an aquifer system adjusts to a new 
equilibrium is often referred to as “response time” or “lag time” [39]. Two equilibrium 
states are separated by a threshold. Between one equilibrium state and another, there is a 
critical threshold. This critical threshold [38] could reach what is called a “tipping point” 
in which the system breaks down its equilibrium and changes (transforms) into other new 

Figure 1. Flowchart of conceptual, operational and methodological considerations when applied to the aquifer resilience
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and mapping.

3.1.3. Types of System Responses

Monitoring the aquifer allows analyzing groundwater patterns and different types of
aquifer responses can be recognized, that is, equilibrium state and transient state, towards a
new equilibrium. The time scale on which an aquifer system adjusts to a new equilibrium is
often referred to as “response time” or “lag time” [39]. Two equilibrium states are separated
by a threshold. Between one equilibrium state and another, there is a critical threshold.
This critical threshold [38] could reach what is called a “tipping point” in which the system
breaks down its equilibrium and changes (transforms) into other new equilibrium. Some
authors define “transformation” and “adaptation” terms to differentiate those cases in
which the system changes its functions and structure and there is no change in them [30].
It may even be a hard task to discriminate between periods of equilibrium and transition.
Even in a same equilibrium period, there may be instability to a certain range.

Under a situation of pumping, however, the lag time covers the equilibrium phase
plus the threshold (hereinafter we will refer to it as “transition”) crossed to reach the new
equilibrium. Therefore, there is an important difference between lag time and aquifer
resilience, being the former the time between the beginning of the event and the first
changes in the aquifer descriptive variables. Cook and Lamontagne [40] observed that, as
there will always be a time lag between groundwater abstraction and reduction in natural
discharge, the current apparent health of an exploited aquifer and the ecosystems that
depend upon it does not necessarily indicate that the situation will be sustainable in the
longer term. In fact, lag time implies a new equilibrium that include the transition period.
Figure 2 represents the stages of an aquifer development and the changes observed in the
average groundwater level and in the groundwater balance.
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assume the piezometric level as descriptive variable. The piezometric level indicates time series of the groundwater system
state. The grey area represents the state shift made evident by the changes manifested the system. Transition-1 shows a
decrease of the capillary finger with the corresponding affection to terrestrial groundwater dependent ecosystems, as well
as changes in surface water and groundwater interactions (discharges to rivers and wetlands reduced). Transition-2 shows
changes in groundwater heads (decreasing) with implications on groundwater availability. Transition-3 implies changes in
groundwater quality (possibly in groundwater hydrochemical facies) and associated problems of water scarcity. These three
transitions also imply changes in hydraulic parameters (Transmissivity and Storability).

However, the aquifer response to pumping does not only affect groundwater quantity
but also groundwater quality as will be illustrated in the case study (Section 3.2). The
monitoring of both aspects—before, during and after event—jointly with physical and
hydrogeological characteristics of the aquifer, are essential to understand aquifer resilience.

3.1.4. Cause/Effect Characterization

The cause/effect factors should be characterized in terms of typology and spatial
and temporal dimensions: temporal range, character (discontinuous/continuous), spatial
coverage and magnitude (Figure 1).

An isolated event is different from one maintained over time and the adaptation of
the system ought to be different. Also, the magnitude of the effects influences the response
of the system. Some shocks and stresses, either individually or in combination, might lead
to a long-term decline in the aquifer functioning, thus altering its provision of ecosystem
services.

An aquifer might be considered in equilibrium under conditions of non-human per-
turbation. Human interventions imply the presence of processes, which are response to
changes in the groundwater system [27].

It should be noticed that “many different shocks and stresses may combine or occur
closely together, each impacting the level of resilience at different scales and each requiring
separate or integrated measures to reduce the abruptness of downward [development]
trends” [41].

3.1.5. Definition of the Descriptive Variable

The descriptive variable is a dependent variable among a set of independent variables
that act as disturbing elements in the system, either from a natural or anthropogenic origin
and whose measurement helps in the description or quantification of the system’s behavior
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against disturbances. Examples of descriptive or independent variables commonly used in
hydrogeological systems are piezometric levels, spring flows, surface water flows, electric
conductivity, pH, temperature or chemical concentrations. These are typically controlled by
independent variables such as precipitation, abstractions, evapotranspiration and irrigation
returns.

Depending on the specific process to be monitored, the most suitable descriptive
variable should be selected. Each disturbance propagates along the system generating
a series of changes in response to it. These changes play out by triggering a series of
processes that lead to the changes in a series of specific variables that should be observed
during a time period long enough to reflect the behavior of the system before, during and
after the disturbance. This requires having good quality registers and databases.

Statistical correlations between observed parameters is a useful auxiliary tool to
identify relevant variables and evaluate them. For example, t-test, that assess the statistical
significance of a selected variable.

3.1.6. Aquifer Resilience Measurement

Aquifer resilience is likely to be measured in temporal dimensions. This temporal
scale refers to the time from the beginning of the event until the first transition begins.
In fact, the first changes into the first transition imply that the system has already been
affected. What we suggest is that it could be possible to predict the moment in which the
system may suffer a transition (aquifer deterioration) through the combination of long-term
series of descriptive variables of the aquifer’s groundwater patterns and groundwater
hydrochemical model. In fact, this integrative model should be able to show the aquifer’s
complexity involving a complete compilation of the aquifer knowledge and look for a
step further than an estimation of time response, in order to predict internal changes into
the groundwater flow and transport system. Machine learning and big data tools could
provide additional support to identify groundwater patterns. This will be particularly
useful for modelling multiple processes. It is worth considering that the results of the
proposed methodology are case-specific and are strongly dependent on the amount of data
involved in the process. The model itself represents one of the possible views of the system,
not the only one.

One of the problems that arises is due to the fact that events like water abstractions are
normally maintained and do not cease in the short term. In most aquifers that are currently
being exploited, pumping is a continuous and prolonged event over time, so the analysis
of the aquifer’s resilience only makes sense within the framework of identifying the system
trend towards a new state of balance. Approaches to this concept have been made in works
where the central theme was, for example, the intensive exploitation of groundwater and
water mining. In specific cases, resilience has been identified as the time that it would take
to recover from pumping. For example, in the Canary Islands and particularly in Gran
Canaria and Tenerife, it would range between decades and up to one century [42].

At a local scale and on a temporal scale of days, the analysis of the hydrological
resilience of aquifers can be undertaken through diagnostic techniques such as a pumping
test. By measuring a dependent variable (water depth in the pumping well and in obser-
vation wells) and controlling the independent variables (yield and pumping time), the
specific effects of the disturbance could be quantified, as well as the inertia and recovery
time and the local hydraulic parameters of the aquifer could be obtained. In a broad sense,
an assessment of the resilience of this system points to the pumping that could be made.
The major drawback of the use of pumping tests is that they are local and specific in time
and space and their extrapolation to greater extensions of the system depends largely on
the anisotropy and heterogeneity of the aquifer. The most frequently used procedure to
estimate aquifer resilience is based on some type of index.
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3.2. Case Study

The selected case study provides an example for the first phase of the procedure
explained in Section 3.1. (Figure 1). It is a set of confined coastal aquifers with long-term
series analyzed, located around Copenhagen (Denmark). Gejl et al. [8] investigated 1900–
2015 series of groundwater quality parameters, pumping rates and groundwater levels in
28 well fields. These authors focused on well fields with a maximum 10-year gap in data
and extraction. They also emphasized long time series, using wells that began pumping
before 1970 and that have remained operational for more than 30 years with no major
changes within the well field that could result in changes in water quality. Extraction and
water quality data was available for each well field, not lumped. These criteria are common
to analyze aquifer’s resilience.

The aquifer consists of a sand layer (unconfined aquifer), clay (aquitard) and chalk
(deep confined aquifer) (Figure 3a), with abundant presence of pyrite [43]. Processes affect-
ing groundwater quality, include oxidation of pyrite, which produces sulphate and iron
precipitates and which may release nickel and arsenic [44]. Furthermore, other important
processes are also participating in the system’s dynamics: saltwater intrusion and other
dissolution/precipitation processes different from the pyrite oxidation above-mentioned.
The background concentration of sulphate in groundwater in Denmark ranges from 10 to
30 mg/L.
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Figure 3. Case study of a set of confined coastal aquifers around Copenhagen (Denmark) (adapted from [8]). (a) The
confined aquifer are generally formed by an upper layer of chalk with freshwater, an intermediate layer of transition zone
with Mg and NaCl and a lower layer of Chalk with marine salt water. (b) Potentiometric heads from 1940 until 2014
experienced a 2–14 m decrease in the nearby potentiometric surface compared to the pre-pumping potentiometric surface
recordings, meanwhile sulphate concentrations increased from less than 10 mg/L to around 140 mg/L after the maximum
extraction period, compared to the earliest water quality parameters. (c) Total extraction since 1962 and the average
dra-down at the 28 well fields. Note from 1990, the decrease in annual extraction could be modeled as an exponential
decay function.
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Aquifer Development

Time-scale dimension for extraction covers a period of around 50 years with the
highest water extraction reached in the 1980s (Figure 3c). Extractions are known for each
year, so the impact is well quantified. Extractions from the deep confined aquifer caused a
small change in the potentiometric surfaces of the shallow unconfined and a large change
in the confined aquifer, deriving in an increase of the vertical hydraulic gradient.

4. Results and Discussion
4.1. Identifying the Most Relevant Variables

Descriptive variables are potentiometric surface, vertical gradients and water quality
parameters for the wells in the case study. Groundwater extractions are the independent
variable since the others vary depending on the extractions and in case of action, it is the
only one on which you can intervene.

Identifying these variables as indicators of change was enabled by the follow-up and
comparison of other monitored variables (water quality parameters) in the same time
interval. Groundwater levels were obtained from monitoring wells close to the studied
well field, where the influence from other well fields was expected to be minimal. The final
dataset included 3389 samples of water quality analyses for 28 well fields (1940–2 to 2015).
This comprises 20,330 individual records of water quality parameters. After processing
these data, Gejl et al. [8] observed that the most relevant indicator for water quality was
sulphate concentrations because is the process that produces the higher quality problems
and the most sensitive to water depletion.

Extraction, groundwater level and water quality data were analyzed jointly [8]. De-
scriptive variables were chosen based on statistical tools, such as correlations between
parameters evaluated by t-tests. Three sub-periods were identified: (a) pre-pumping; (b)
the maximum extraction period; (c) 20 years after the maximum extraction period (this is
equivalent to three steady stages from our approach separated by two transition periods
(Figure 3b)). The authors observe that in (b) the well fields experienced a 2–14 m decrease in
the nearby potentiometric surface compared to the first –or pre-pumping—potentiometric
surface recordings. Sulphate concentrations increased in 25 out of 27 well fields after the
maximum extraction period, compared to the earliest water quality measurements.

4.2. Identification of Thresholds and Lag Time

According to the system’s changes described by the authors, we recognized two tran-
sitions (or thresholds) in the time series (extractions, potentiometric surface and sulphate
concentrations). A first transition (Transition-1) goes from the pre-pumping conditions to
during-pumping conditions (Figure 3b). The associated changes show a steep decrease
in the potentiometric surface versus an increase in sulphate concentrations. Meanwhile,
the changes associated to Transition-2 show an increase in potentiometric surface versus a
stabilization in sulphate concentrations (Figure 3b). The equilibrium state is found first for
the potentiometric surface and second, for the sulphate concentration in the Transition-1.
Meanwhile in the Transition-2 the only variable that experiences changes is the potentio-
metric surface. It means that after a potentiometric head decrease of about 13 meters, the
sulphate concentration reaches a semi-steady state and thus, the sulphate concentration
turns into an independent variable from potentiometric head and, consequently, from
extraction. This new steady and independent state for sulphates indicates an irreversible
situation.

The lag time estimation is around 40 years (with the groundwater quality deterioration
already produced into the aquifer). The Transition-1 appears at the beginning of the 1960s,
after around 50 years of aquifers development. This means that the aquifers tolerance to
pumping could resist the experienced volumes of extraction (around 55 million m3/yr)
without experiencing important changes. Changes in aquifer conditions during that
pumping period reveal pyrite oxidation to be a key long term water quality indicator, as
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observed from calcium and sulfate and calcium content. Therefore, changes in pyrite can
indicate (un)sustainable groundwater extraction.

4.3. Aquifer Resilience and Groundwater Sustainability Management

Some aspects are relevant: the aquifer resilience will be maintained as long as the
aquifer is under confined conditions. However, if the water quality changes drastically,
the aquifer is not resilient to pumping and it can take very long time to come back to the
starting water quality conditions. The degree of exploitation determines the conditions
of confinement and un-confinement of the aquifers, which determine the hydrodynamic
behavior. This means that an important hydrodynamic change will happen the moment
the aquifer shifts from a confined to an unconfined state. The self-regulatory capacity will
be seriously affected and the aquifers will be exposed to impacts for which they previously
had mechanisms to find a new equilibrium.

Some challenges to cope with in the future will be:

• Even though the aquifer’s development could potentially be in an advanced state
(perhaps in the regime 3 Figure 2), there are not changes in the aquifer skeleton which
could cause subsidence problems.

• The different degree of exploitation or development of wells in some sectors, compared
to others in the same aquifer, can generate a compartmentalization in its hydrodynamic
operation, observing, for example, different piezometric trends in different sectors for
the same time period. This could be interpreted as different states of equilibrium for
the same time period.

The measurement of the buffering capacity, resilience or recovery of an ecosystem from
a certain disturbance requires not only a good characterization but also a definition of its
spatial and temporal dimensions. Yet this is not sufficient. According to Llamas et al. [45],
a profound change is needed in the understanding of the mechanisms behind aquifer
regime shifts. This aspect is important since it remains unclear how aquifers will respond
to current trends of climate patterns and anthropogenic pressures.

Aquifer resilience constitutes an important groundwater related ecosystem service
of outstanding value, given its potential to mitigate droughts and assist in emergency
situations [46]. In the studied aquifers, an important characteristic that increases their
resilience, is their ability to recover from exhaustion situations in certain cases. This
ecosystem service, can be of benefit for humans and a service of need/dependence. For
this reason, we consider it essential to develop a research line in this area, in which
knowledge can be generated through different interested international professional groups.
The integration of the concept of resilience in water and ecological management implies
working with long-term planning, something that is usually outside the scope of the
temporary interest of some political processes and of many research projects. It is not
about exhausting an aquifer to learn or know but rather about discovering the limits of
response of the system to avoid surpassing them. What is not possible is to undertake a
sustainable management of an aquifer without having enough knowledge of the system.
Lack of knowledge poses a risk of degrading or destroying the natural heritage and future
water security.

We agree with the conclusions by Rockström et al. [47] at a planetary scale. At
the aquifer scale, much of the uncertainty in quantifying aquifer resilience is due to our
lack of scientific knowledge about: the site specific nature of the biophysical thresholds
themselves; the intrinsic uncertainty of how complex systems behave; the ways in which
other biophysical processes such as feedback mechanisms interact with the primary control
variable; and the uncertainty regarding the allowed time of overshoot for a critical control
variable in the aquifer system before a threshold is crossed.

4.4. Limitations and Needs of Further Research

The described approach could be useful for analyzing long-term series of well-known
aquifers. Regarding aquifers monitoring, the approach could also be applied for the
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analysis of big data using GIS technologies. The results will contribute to improve the
efficiency of groundwater resource management and will help to concretize the threshold
of potential changes in the groundwater flow system.

The most important handicap for this type of studies is the lack of long-term time
series and the difficulties to work in the field with monitoring equipment not subject
to temporal projects. A well-defined network of monitoring data should be established
and controlled by regional governments to guarantee a solid data-base for research and
protection of aquifers [33]. Another important challenge is the lack of historical information.
In most countries, extraction data records start in the 1960’s, whereas the coverage records
for the whole country is not achieved until many years later. Therefore, it is not possible to
carry out synchronic studies for different areas.

Modelling aquifer resilience is an open field of work, which needs the support of long
time series and potentially big data to guarantee the quality of the analysis and assessment.
Machine learning techniques may provide an important support to identify thresholds
once the key variables have been defined.

5. Concluding Remarks

An aquifer resilience approach was proposed, starting from an in-depth knowledge
of the aquifer. This means either a quantitative or a qualitative understanding of the
processes involved in the aquifer’s dynamics. Using a set of key variables, which describe
the groundwater patterns, this approach is based on the identification of thresholds of
change as an efficient and helpful supporting tool to evaluate sustainable groundwater
extractions.

The analysis of the resilience of an aquifer implies an in-depth knowledge of the aquifer
system, in its physical aspects (geometry, storage volume, etc.) but also fundamentally, in
its dynamic aspects either for qualitative or quantitative processes. We agree with some
authors who have identified this aquifer capacity as a latent capacity [48] since it may not
manifest itself until a certain moment of stressful conditions.

Knowing the system is not enough to undertake a good management but it is also
necessary to identify the surrounding stressors. An aquifer is affected by, for example,
droughts, agricultural pollution, groundwater pumping and climate change, both in quality
and quantity. These impacts from these stresses can occur individually or simultaneously.
Groundwater managers must consider this and act with a proactive response, in which
a number of measures is available to mitigate the changes that may occur in the system,
before they reach a point of no return.

The identification of thresholds is based on the respective patterns. However, there
is no consensus from the scientific community on the usefulness of empirical data to
understand ecosystem responses to changes. This remark is open to debate. While in the
field of ecology some authors defend that the thresholds for ecological responses to global
change do not emerge from empirical data [49], in the hydrogeological sphere, there is no
pronouncement on the matter.

The existing indices and indicators to quantify the resilience of a system have been
proposed in the field of ecology and are rarely extrapolated to the hydrogeological field.
This means that hydrogeology itself must be the area in which the indicators that allow this
measure to be achieved have to be generated. The proposed methodology constitutes an
approximation but it needs an empirical validation in different types of aquifers. Besides,
there is a need to develop methods to understand the join impacts of natural fluctuations
and anthropogenic impacts.

It is important to strengthen and develop this line of work of aquifer resilience in order
to: (a) achieve an in-depth knowledge of the systems, leading to adopt a more proactive
management based on the principle that to prevent is better than to cure; (b) properly
manage aquifers where the operating limits have been exceeded, so that these aquifers can
continue to provide their services in the future.
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Determining aquifer resilience may allow for improved management practices and
react before causing irreversible deterioration.
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