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Abstract The development of a theoretical analytical model leads us to consider the recession
coefficient as a useful hydrological parameter for studying the hydraulic impacts of an earthquake on
spring flow in terms of the increase of persistent discharges and the overall alteration of springs. Both
the inertia of the aquifer emptying and the increased pore pressure in the lower part of the aquifer caused
by the earthquake contribute to maintaining the discharge of persistent springs. Abundant information
on the hydrological phenomena induced or modified by the 1755 Lisbon earthquake (M ∈ [8,9]) and its
relationship with present‐day knowledge of the geology and hydrogeology of Portugal and Spain, as
well as Spanish spring statistics, have allowed us to identify the factors that most influence the
hydraulic sensitivity of aquifers to that earthquake: regional faults, geological boundaries between large
geological units, the granite lithology, and aquifers with high recession coefficients. We observe an overall
single response, which was an increase in postseismic spring discharges over the entire of the SW
quadrant of the Iberian Peninsula (1–24 months). The persisting discharges were concentrated close to
the major NE‐SW directional faults located in SW Portugal that are linked to the Azores‐Gibraltar
strike‐slip fault. In terms of the geographical distribution of the hydrological phenomena, we observe that
in the near and intermediate field of the earthquake source, there were persistent increases in spring
flow in hard rocks occurring alongside persistent diffuse discharges, liquefaction, and rising water levels
in wells due to consolidation of superficial geological formations.

1. Introduction and Objectives

Distant earthquakes are well known to induce a wide range of responses in surface and groundwater
hydrology, including liquefaction of sediments, mud volcanoes, geysers, appearance of new springs,
disappearance of existing active springs, increased stream discharge, changes in the physico‐chemistry
of groundwater, and groundwater pressure (e.g., Montgomery & Manga, 2003; Wang & Manga,
2010a, 2010b).

The most common hydrogeological consequences of earthquakes are increases in the discharge of springs
and rivers, and rises in groundwater level. The impacts of earthquakes on groundwaters are usually
divided into “transient oscillations”, which include sudden rises or falls (Cooper et al., 1965), and a
sustained, gradual increase—“sustained offset”—that persists for several days after the earthquake
(Petitta et al., 2018; Roeloffs, 1998; Yan et al., 2014). The hydrological variations caused by the earthquake
affect a larger or smaller area depending on the magnitude of the quake and on the length and type of
fault. The increase in persistent postseismic stream flows constitutes an interesting manifestation that
can last days, months, or even years.

These phenomena are the result of the interaction between hydrological processes, the mechanical
properties, and tectonic characteristics of the Earth's crust when faced with a deformation of seismic origin.
The work by Muir Wood and King (1993) was pioneering in describing the hydrological responses according
to the kinematic behavior of the various types of faults. Diverse mechanisms have been proposed to describe
the origin of these phenomena: coseismic static strain pore pressure that contributes and may contribute to
alter permeability (e.g., Jónsson et al., 2003; Wakita, 1975) and the increase in permeability due to dynamic
strains caused by the earthquake, leading to amore rapid flow due to the cleaning of fractures that may even-
tually increase discharge (e.g. Briggs, 1991; Rojstaczer et al., 1995; Sato et al., 2000;Wang,Manga, et al., 2004).
Other influences can include the breaching of hydraulic barriers or seals (e.g., Brodsky et al., 2003; Wang,
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Wang, et al., 2004) and liberation of excess water after an earthquake due to consolidation or even
liquefaction of unconsolidated near‐surface geological formations (e.g., Manga, 2001; Manga et al., 2003;
Montgomery & Manga, 2003).

However, their hydraulic explanation is based on the facility or sensitivity of an aquifer to an increase in
piezometric head due to the impact of the earthquake, which manifests as rising groundwater level; this
groundwater emerges at the surface in the form of new springs or else an increased flow in the case of
existing springs and watercourses. The latter is directly related to certain hydrogeological parameters of
the aquifers, principally their hydraulic diffusivity and specific storage, but it is also influenced by the depth
of the groundwater level prior to the earthquake, size, geometry of the aquifer, and its degree of isolation. As
we shall see in this paper, many of these parameters are combined in the so‐called recession coefficient. This
is what the current study addresses, by exploring the hydrogeological factors that most influenced the
hydrological impacts of the 1755 Lisbon earthquake. To achieve this end, we propose a methodology that,
although it fits the characteristics of this particular earthquake, could be applied in other similar cases. As
with the Lisbon earthquake, while the damage and their hydrological effects of other historic earthquakes
are well documented, other quantitative aspects are not precisely known due to the age in which they
occurred; nonetheless, the data in these documents can be mined and related to the present‐day knowledge
of the hydrogeology of the terrain.

The Lisbon earthquake of 1 November 1755 is possibly the largest earthquake ever felt in Europe. It had an
enormous impact in its time, killing several thousand victims in Portugal and Spain and causing huge
economic damage. It is considered by many as the takeoff point of earthquake engineering. The quake
was felt over the entire Iberian Peninsula and much of Western Europe and Northern Africa; groundwater
and spring anomalies were even recorded in America (Figure 1; Martínez Solares, 2001).

Regarding the seismotectonics of the zone, the Iberian Peninsula lies near the southwestern edge of the
Euroasian plate along its contact with the African plate. The boundary between these two plates traces a
more or less W‐E direction extending to the eastern shore of the Mediterranean. This tectonic displacement
between the two continents is responsible for the seismic activity of Mediterranean and North African
countries. The western part of the plate boundary is marked by the Azores Islands in a triple junction where
the North American plate (to the west) joins the Eurasian and African plates (to the east; Figure 1). The mid‐
Atlantic ridge marks the boundary where the North American plate pulls away from the Eurasian and
African plates. Meanwhile, the separation between the Eurasian and the African plate is marked by the
Azores‐Gibraltar‐Tunisia Fracture, which has two distinct parts. The first one extends from the Azores
Triple Junction (longitude 25°W) to 13°W and is subject to east‐west movements along tear faults
(Martínez Solares & López Arroyo, 2004). Large magnitude earthquakes occur in this zone. This part of
the plate boundary, from the Azores to Gibraltar, is configured over an oceanic lithosphere (Andrés et al.,
2018). The second part, called the Ibero‐Maghreb region, extends from the Gorringe Ridge (13°W) to
Tunisia; the Iberian Peninsula constitutes a semi‐independent block, though it is linked to the European
plate (Martínez Solares & López Arroyo, 2004; Martínez Solares, 2017; Neres et al., 2016). From its western
end as far as the Strait of Gibraltar (6°W), tremors and quakes conform to the reverse fault mechanisms
along a pressure axis that is oriented N‐S to NW‐SE (Udías et al., 1976). According to Udías et al. (1976),
Martínez Solares et al. (1979), and Martínez Solares (2001), this would be the zone that produced the
Lisbon earthquake of 1755, with its epicenter on the Azores‐Gibraltar strike‐slip fault, several hundred
kilometers southwest of Cabo de San Vicente (Figure 1, red star). Other authors have proposed other
locations, as indicated in Figure 1. An earthquake of this magnitudeM ∈ [8,9] presupposes a rupture source
length of 200–1,000 km, and although the beginning of the rupture must start at a particular point, the
location of the initial seismic failure is not known.

The duration of the Lisbon earthquake was 7 min, though it was not a continuous movement, rather three
distinctive tremors separated by two quiet intervals. This has led some authors (Vilanova et al., 2003) to
postulate a triggered contagion of faults in the Azores‐Gibraltar Fracture Zone that are oriented NE‐SW,
toward the Iberian Peninsula (Figure 1).

While the Lisbon earthquake has been well studied in both Spain and Portugal (Mendes‐Victor et al., 2009;
Oliveira, 2008; among others), hypotheses regarding the location of the segment of the fault and the focus of
the quake remain open to discussion and represent a subject for future research.



As is well known, earthquakes induce changes in the crust's static and dynamic strains, which decay with
distance at different rates. Investigation of the hydrogeological impacts of major earthquakes, such as the
Lisbon quake, constitutes a real‐scale experiment and an opportunity to study hydrogeological interactions
and responses over time and over a large territory. In Spain, where seismic risk is low, the effects of large
earthquakes like this—with recurrence periods of longer than 200 years that have not been recorded since
—increase the interest in analyzing and understanding their behavior and evaluating their consequences.
Apart from analysis of the huge damage to buildings and engineered structures and the relationship between
earthquake intensity and distance for calculating seismic hazard (Martínez Solares & López Arroyo, 2004),
there are other aspects that are relevant, such as the effects on the environment (e.g., hydrological). In this
respect, we can cite work by Silva et al. (2017) or the landslides (e.g., Leynaud et al., 2017; Sanz Pérez, 1997;
Vaz & Zêzere, 2016), though the hydrogeological effects have only been treated in a descriptive way
(Martínez Solares, 2001).

On a separate groundwater issue, we believe that the impacts of the 1755 earthquake are particularly inter-
esting because the hydrological and hydrogeological systems of the eighteenth century place them in the
context of a natural regime. The present‐day situation is very different, with more than 1,400 regulation
reservoirs along the rivers, widespread parts of aquifers affected by abstractions and overexploitation of
groundwater, with quite deep groundwater levels. The artesian condition of many aquifers has disappeared;
hydraulic diffusivity is altered both in unconfined and confined aquifers. Despite this, 5% of Spanish water
supplies are still drawn from artesian wells (Sanz Pérez, 1995).

The objectives of this study are as follows:

1. Revision of the hydrogeological parameters that most influence the hydraulic impact of earthquakes;
development (presented in section 2) of a theoretical analytical model that proposes the recession
coefficient as a parameter of sensitivity to persistent water level change and overall impact on springs.

2. Description and analysis of the hydrogeological phenomena induced by the 1755 Lisbon earthquake,
looking at the geological and hydrogeological factors that exercised most influence on these phenomena,
such as regional fractures, lithology, and recession coefficients in the aquifers.

Figure 1. Tectonic map of the Azores‐Gibraltar‐Tunisia fracture zone and isoseismal map of Spain for the 1 November 1755 earthquake (based on Levret, 1991;
Martínez Solares & López Arroyo, 2004; and Oliveira, 2008). Intensities according to Modified Mercalli Intensity Scale (MMI). Probable epicenter location
is the red big start. Other epicenter locations (red small stars) were proposed by different authors (Vilanova et al., 2003). In blue points, hydrogeological alterations
outside the Iberian Peninsula.



2. Methodology

The methodology includes different approaches that refer to the hydrological impacts of the Lisbon
earthquake of 1755, as well as the theoretical development in the post implementation of the recession
coefficient and other earthquake sensitivity parameters.

2.1. Scope, Characteristics and Representativeness of Survey Regarding the Hydrological Impacts
of the 1755 Lisbon Earthquake

The Lisbon earthquake of 1755 is one of the best documented historical earthquakes thanks to surveys
conducted in Spain and Portugal. In Spain, studies began with the survey undertaken by the Spanish
State a few days after the earthquake and conserved in the National Historical Archive and in the Royal
Academy of History. It holds information for 1,273 localities, including the provincial capitals and the most
important towns and villages over the whole of Spain (Martínez Solares, 2001). One of the eight questions in
the survey was “What movement was observed in soils, walls, buildings, springs, and rivers?” Responses
regarding this hydrological information were provided by 272 localities (see Supporting Information).

In Portugal a questionnaire was distributed to all parishes throughout the country (Arquivo Ministério do
Reino, 1756). Two of the 13 questions relate to geomorphological and hydrological impacts of the
earthquake. Unfortunately, the answers from the North and South of the country were lost, yet it was
southern Portugal that was most seriously affected by the quake. Pereira de Sousa (1919) carried out the
important job of systematizing data from the southern and central Portugal using the responses of the initial
questionnaires where they were available, plus additional information collected from other historical
documents, such as the questionnaire sent on 18 January 1758 to all Portuguese parishes requesting
information of all kinds and which included questions about the earthquake of 1755. The result is that
information survives from 129 locations in Portugal where there were hydrological impacts (see
Supporting Information). These are located mainly in the center of the country (see Figure 1), for the reasons
commented above.

Morocco was also markedly affected by the earthquake, but data are very scarce (Chabbar Abdelaziz,
2005; Levret, 1991). In France, Germany, and Belgium there were reports of changes in thermal springs,
while in England, Finland, and the United States, there were reports of slight hydrological impacts
(Reid, 1914; see Figure 1).

In Spain, the surveys covered most of the Iberian Peninsula (587,375 km2) and are very representative, since
the distribution of the rural population in the Iberian Peninsula in the eighteenth century (and also today)
was scattered very uniformly over the entire country. Surviving records of these surveys allow the hydrogeo-
logical impacts to be located at the municipal scale, although in many cases we have pinpointed specific
water points. The rural population was (and is still) more scattered in northern Spain and Portugal compared
to the south of both countries. In Spain, the average separation between population centers in Spain, for
example, in the order of 8 km (Sanz Pérez, 1995).

This nationwide survey level is the first undertaken in a European country, but although it was remarkable
for its time, it was by nature eminently qualitative or semiquantitative. However, despite its age, the survey
was quite wide ranging, and it is provided with a good guarantee, so that by relating the responses to
present‐day geological and hydrogeological information for the territory, we have been able to undertake
a quantitative analysis.

The 1,273 localities that responded to the Spanish survey represent 4.4% of Spain's population centers during
the eighteenth century, while those supplying hydrological information account for 0.9%. It is estimated that
Spain has around 17,000 springs where flow exceeds 0.5 L/s (and 1,000,000 exceeding 0.2 L/s; Sanz Pérez,
1996, 2001); the springs impacted by the earthquake account for a maximum of 1.6 % of this total. If we
assume that localities that responded but without giving hydrological informationmeans that there was zero
impact, then the sample represents 7.4%.

The water wells reported in the survey would have been quite shallow in those days (typically less than 20 m
deep) and would have had a “parapet” extending above the ground surface. The majority would have had a
diameter between 0.5 and 1 m, though some “norias” were larger (norias are wells fitted with some kind of
water wheel to raise water). The majority would have been situated in zones of rock alteration or in



superficial Quaternary geological formations so that they would have been easily excavated. They would not
have been excavated into rock. They would have been mainly located within the town for domestic supply,
or in the countryside for use in irrigation. The water level would not generally have been very far deep, and
the shallow water column would have been less than 10 m in many cases. So we can say that wells of that era
can be considered as a sample of the homogeneous character of wells over the entire country and therefore
highly representative of the surface effects of the earthquake waves in shallow aquifers). We assume that the
data on the water level of the wells correspond to short‐term observations made either at the exact time of
the earthquake or on the same day as the earthquake, although the survey shows that in some places there
were also changes that were sustained over time. First, if the network of wells is both densely and broadly
distributed, then a continuous spatial distribution of groundwater‐level response to an earthquake
may be constructed.

The 272 Spanish localities reporting hydrological impacts can be classified into 2 mud volcanoes, 13 points of
liquefaction, 64 wells, and 234 springs and watercourses (the latter category includes information about
wells). Solely in terms of springs and watercourses, some 258 localities reported impacts. According to the
survey, the Lisbon earthquake produced new persistent springs and streams in at least 50 localities in
Spain; 30 or so of them included a report about their persistence or minimum duration. Of the 64 localities
reporting on wells, 33 gave semiquantitative data about water level variations. There are 91 reports from
localities reporting turbidity and other changes in water composition from fountains/springs and from a
few wells, of which 27 reported on the duration of this phenomenon. Only five reports included information
about variations in water temperature.

The surviving Portuguese survey responses include 129 localities that reported impacts on groundwater or
surface water points related to aquifers. In fact, the number of impacts exceeds the number of localities, since
several water points might be affected in a single municipal district. The impacts can be classified as follows:
32 localities observed liquefaction phenomena (sometimes up to 50 points of liquefaction were identified in a
single parish.) At 6 sites liquefaction must have been very intense because the descriptions, although confus-
ing, could be interpreted as mud volcanoes in some cases. Ten parishes indicate well level oscillations; 54
parishes reported alterations in springs and streams on the day of the earthquake or in the following days;
23 of these give indication whether the flow increased and/or decreased, while the remaining parishes
reported disturbance (to springs and watercourses) without giving any kind of description. Thirty‐three
parishes mention changes in turbidity in springs and streams. The Lisbon earthquake caused 65 persistent
springs or streams to either appear or reappear in the case of springs that had been dried‐up for a long time
previously. Of these, 31 localities reported persistent increases in springs and stream flow, with 30 out of the
31 reporting theminimumduration (days, weeks, ormonths for the 1755 and 1758 surveys, plus “more than 2
years” for the 1758 survey). Nineteen new persistent springs and streams appeared, one thermal and onewith
SH2 in 10 of these cases the minimum duration is indicated. There are 15 reports of drying up of persistent
springs, also indicating the period they took to recover (days, weeks, months, or more than 2 years).

InMorocco there is only scarce information of hydrogeological impacts at four localities (Chabbar Abdelaziz,
2005). From France, variations in flow and temperature are mentioned for six thermal springs used in spas,
while Belgium has one report of a persistent increase in the temperature of a thermal spring. In Germany a
new persistent thermal spring emerged in Camstadt, plus impacts at two other thermal springs. In southern
England, change in turbidity or spring discharge was noted in at least three locations, while water level
oscillations were also observed in Finland and the United States of America (Reid, 1914).

2.2. The Recession Coefficient as a Hydraulic Parameter of Aquifer Sensitivity to Earthquakes:
Analytical Modeling Theory
2.2.1. Terminology
As is already known, hydraulic diffusivity D is a parameter that measures the sensitivity or response of an
aquifer to external stresses. It is expressed by

D ¼ T
S

L2T−1
� �

; (1)

where T [L2T−1] is the transmissivity and S is the storage coefficient.



This external action may comprise the abstraction of groundwater from a pumping well, or artificial
recharge in the opposite direction; the latter might be likened to the pressure pulse of an earthquake,
although in the latter case the pressure pulse comes from below and not from above. In this section, we con-
sider the increased pore pressure and, as its consequence, the rise in piezometric level and of discharges,
which was the overall observation across the springs, streams, and wells of the Iberian Peninsula following
this earthquake.

Diffusivity D depends heavily on the storage coefficient and so like transmissivity D is much larger if
the aquifer is confined (S ∈ [10−6, 10−5]) than if it is semiconfined (S ∈ [10−4, 10−3]) or unconfined
(S∈ [10−3, 10−1]). It is well known that confined aquifers are more readily affected during earthquakes than
unconfined ones and that the majority of faults that act as water conduits in impermeable terrains behave
like confined aquifers.

In unconfined aquifers, the sensitivity due to diffusivity will depend on the effective porosity, since S = me,
on the permeability k [LT−1] and on the saturated thickness b [L], since T = kb. As in the case of the satu-

rated thickness b, diffusivity can be expressed as D ¼ kb
me
. That is, it depends heavily on the groups of similar

hydrological behavior with similar characteristics of k andme. In this study we explore the sensitivity of the
various aquifer types during the Lisbon earthquake according to the types of lithology occurring in Spain.

Despite the fact that diffusivity is a reliable parameter for estimating the sensitivity of an aquifer to an
exterior action caused by an earthquake, the methodology proposed here is based on the recession coeffi-
cient of the aquifer discharge from a spring or into a river. The recession coefficient is a more appropriate
parameter for reflecting external actions than diffusivity, since sensitivity to an external action is also
influenced by the geometry and the characteristic length L [L] of the aquifer, and not just by the transmis-
sivity T and storage coefficient S.

For a confined or unconfined aquifer of considerable depth and with a constant level of discharge, the
uninfluenced drainage of a new persistent spring is obtained by

Q ¼ Q0e
−αt L3T−1

� �
; (2)

whereQ is the volumetric rate of flow; Q0 is its value at the (arbitrarily) chosen initial time, that is, t= 0; and
α is the recession coefficient (Boussinesq, 1877):

α ¼ π2T

4SL2
¼ π2D

4L2
T−1
� �

: (3)

This value is influenced by the hydrogeological characteristics, that is, transmissivity T and storage
coefficient S, as well as the characteristic geometric size of the aquifer, that is, the length L from the aquifer's
center of gravity to the discharge point or, when it is possible to define, the average length of flow paths.

Bearing in mind the definition of this parameter, α, in (3), it is reasonable that the seismic impact on an aqui-
fer is proportional to the transmissivity and inversely proportional to the storage coefficient. Effectively, the
overpressure produced in the subsoil by an earthquake can be likened to a recharge pulse B [L3T−1] that
causes a rise in piezometric level. The higher the transmissivity of the terrain, the larger the effect on spring
flow triggered by this rise in piezometric level. Likewise, the ratio between the rise in the piezometric surface
of the aquifer and the volume of water that can be liberated by the aquifer is given by 1/S, where S is the
storage coefficient of the aquifer. Lastly, the characteristic distance of the aquifer L is a factor that decreases
the sensitivity of an aquifer to the overpressure caused by an earthquake, so that aquifers with an elevated L
will mitigate the effect of an earthquake on its groundwater. We see, for example, the influence of L in the
case of three vertical faults F1, F2, and F3 that have their origin in the hypocenter (Figure 2). It can be consid-
ered not as a point source, but as a source of the linear earthquake if it is a large magnitude quake (as men-
tioned above), with hydraulically connected faults of different lengths and where the recharge Bi+1 is
increased due to the earthquake (Figure 2). Each fracture has an associated spring flowQi that is the same in
all three cases. The three faults also have the same values of k and S, the samewidth and depth b, but they vary

in length L, such that L2 = 2L1 and L3 = 3L1, which means that if α1 ¼ π2T
4SL12

, then α2 ¼ 1
22 α1 and α3 ¼ 1

32 α1.



The parameter α decreases with fault length and so is less sensitive to the recharge caused by the earthquake.

During an earthquake, excess pore pressure is produced that creates a new piezometric field and causes
an upward flow that may manifest as a persistent spring discharge that is maintained in the near and inter-
mediate fields of the hypocenter when the new piezometric level exceeds (breaks) the topographic surface.
Water flows from the upper part of the aquifer, pushed by the water below. It is observed that the recession
coefficient comes into play during the release of discharges asserted by an earthquake (Wang, Wang, et al.,
2004). When a typical recession curve manifests, it is supposed that the regime is Darcian, while one that
gradually decreases probably means that the hydraulic head is diminishing, undoubtedly as a consequence
of the depressurization occurring in the lower part of the aquifer.

If, instead of a new spring or stream, we are dealing with an increase in flow of an existing watercourse, in
the case of recession we will have a composite hydrogram on semilogarithmic scale consisting of two straight
line portions, and the expression of the recession curve would be

Q ¼ Q01e
−α1t þ Q02e

−α2t;

where Q01 is the flow at the start of the recession curve of the spring or stream prior to the quake, α1 is the
recession coefficient of the spring prior to the quake, Q02 is the flow at the start of the recession curve of the
spring or stream affected by the increased flow caused by the earthquake, and α2 its recession coefficient. But
it could also be that only an increase in flow is observed, but with the same recession curve as prior to the
earthquake.

In certain aquifers it is observed that, once the zone has returned to equilibrium, the aquifer behaves
hydraulically as before, conserving the same initial α as prior to the earthquake, and from this we deduce
that there was no substantial increase in permeability in the areas of discharges as a result of the earthquake.

In the first case, we can estimate the hydrodynamic volume (or “renewable reserve”) due to the earthquake
for a given moment using

V1 ¼ Q01

α1
L3
� �

:

In the second case, we can differentiate the hydrodynamic volume V2 resulting from the earthquake at a
given moment:

V2 ¼ Q02

α2
L3
� �

:

2.2.2. Impact on an Aquifer From the External Stress of an Earthquake, Using the
Recession Coefficient
We can establish the impact on an aquifer of an injection of groundwater flow B from below, where this
injection of flow is caused by an increase in pore pressure at some distance from the point of discharge of

Figure 2. Influence of the length of the receiver faults on the recession coefficient of the springs drained by them and their
hydraulic sensitivity to an earthquake. Case of a point seismic source (left). Case of a seismic failure (right). The dashed
line represents the same values of B (flow B from beneath caused by the increase in pore pressure produced by the
earthquake).



a spring (this was almost always the case in the event of the 1755
Lisbon earthquake). The piezometric level rises, and the hydrody-
namic volume prior to the earthquake V1 becomes the hydrodynamic
volume V, by adding the volume prior to the earthquake to that due
to the earthquake V2: V= V1+V2 and so increasing the flow of springs
and streams (Figure 3).

Thus, if V is the hydrodynamic volume (representing the quantity of
water stored in an aquifer above its drainage level at a specific time),
Q is the natural spring flow, Q′ is the spring discharge that is
influenced by the new upflow B that comes from the increased pore
pressure produced by the earthquake, R the natural recharge of
meteoric origin, and α the recession coefficient (which we will
assume is the same as that for the aquifer prior to the earthquake),
we have for a time interval i:

V0 ¼ ∫
þ∞
0 Q tð Þdt ¼ ∫

þ∞
0 Q0e

−αtdt ¼ Q0

α
⇒Vi ¼ Qi

α
⇒Qi ¼ Viα:

Taking into account the natural regime of the aquifer (including the natural recharge of meteoric origin),
we have

Viþ1 ¼ Vi þ Ri−Qi⇒
Qiþ1

α
¼ Qi

α
−Qi þ Ri ¼ Qi

1−α
α

� �
þ Ri⇒Qiþ1 ¼ Qi 1−αð Þ þ α Ri:

Now we consider the influence of the new upflow B that comes from the increased pore pressure produced
by the earthquake,

V
0
iþ1 ¼ Vi−Qi þ Ri þ Bi⇒

Q
0
iþ1

α
¼ Qi

α
−Qi þ Ri þ Bi⇒Q

0
iþ1 ¼ Qi 1−αð Þ þ αRi þ Bi ¼ Qiþ1 þ αBi;

or what is the same,

Q
0
i ¼ Qi þ Bi−1α: (4)

As we see in (4), the impact on a spring due to the increase in pore pressure generated by the earthquake will
clearly depend on the value for the flow B caused by this pressure. And this will ultimately depend on the
magnitude of the earthquake, and on the distance from its epicenter or to the earthquake source fault, since
this pressure increases with the magnitude and decreases with distance. Thus, the depletion coefficient is a
parameter of sensitivity to equality of B.

2.3. Sensitivity Analysis of the Recession Coefficient, Lithology, and Large Geological Fractures

Since wells correspond to superficial aquifers, we consider them as a separate case; thus, we focused our
study on springs and watercourses, following these steps.

All the springs and streams affected by the earthquake, whether close to or far away from the fault that
originated the earthquake, were plotted on a map of Spain and Portugal showing the lithology, hydrology
and hydrogeology, tectonics, and active faults; these maps also show the main geological features of the ter-
ritory that might, in principle, be related to the seismological behavior of the groundwater. We consider that
the lithology—being related to porosity and permeability—might offer a first approximation of the sensitiv-
ity of hydraulic parameters. The specific maps used were the Geological Maps of Spain and Portugal at scales
of 1:50,000 and 1:200,000 (Instituto Geológico y Minero de España, http://info.igme.es/cartografiadigital/
geologica/Magna50.aspx& http://info.igme.es/cartografiadigital/geologica/Geologico200.aspx?language=
es, various years; Laboratório Nacional de Energia e Geologia, various years), the Hydrogeological Map of
Spain 1:1,000,000 (Instituto Geológico y Minero de España, 2000; Direcção Geral de Minas e Serviços

Figure 3. Conceptual model of an aquifer that discharges from a spring of flow Q
that exists prior to the earthquake, showing natural recharge R [L3T−1], with
meteoric origin; flow B from beneath caused by the increase in pore pressure
produced by the earthquake; V1 hydrodynamic volume or renewable reserve
prior to the earthquake; V2 hydrodynamic volume due to the earthquake.

http://info.igme.es/cartografiadigital/geologica/Magna50.aspx&
http://info.igme.es/cartografiadigital/geologica/Magna50.aspx&
http://info.igme.es/cartografiadigital/geologica/Geologico200.aspx?language=es
http://info.igme.es/cartografiadigital/geologica/Geologico200.aspx?language=es


Geológicos, 1970), the Tectonic Map of Spain and Portugal 1:2,000,000 (Instituto Geológico y Minero de
España, 2004; Instituto Geográfico Nacional, 2016), and the Landsat geological alignments (Antón
Pacheco, 1979). The 1:400,000 lithological maps of Spain (Riva Arderiu, 1969) were also used, summarizing
them into nine groups of similar hydrogeological behavior (Sanz Pérez, 1996). These nine groups could not
be differentiated for Portugal given the difficulty of separating slates/shales from sandstones and quartzites,
so they have been grouped simply as “metamorphic rocks” and “other rocks.” Although in Figure 5 nine
groups are represented, the statistical analysis (Table 1) refers only to six. The water points in Portugal were
classified according to the lithology obtained in Pereira de Sousa (1919) and from the 1:25,000 and 1:50,000
maps drawn by the Portuguese Geological Services, as mentioned. Complementarily, each spring was stu-
died in terms of the geology and hydrogeology of the aquifer it drains. Apart from consulting bibliographic
references (where they exist) for each spring, we consulted the IGME water points inventory and the
1:50,000 geological sheets (old series) for Spain, while field visits were made to 20% of the Spanish springs.
For Portugal, the national 1:1,000.0000 hydrogeological map (Direcção Geral de Minas e Serviços
Geológicos, 1970) and the Hydrogeological Resources database of the Laboratorio Nacional de Energía e
Geología were used. The bibliography is very extensive, and so it is omitted from this paper.

Each water point was assigned to the lithological type for its location, and its proximity to a fault or significant
geological contact. The activated water points associated with major fault lines are generally less than 200 m
away, although there may be cases of points located further away depending on the geological characteristics
of the fault and its immediate surroundings. The distance to geological contacts is typically less than 1 km.
Geological contacts considered were those of the large geological units in Spain. Faults were considered on
a national and regional basis and, within these, those that also affect plutonic rocks and Miocene sediments
of the Duero Continental Basin. This differentiation is not arbitrary, when the water points are plotted on a
geological map. These settings are most frequently associated with springs impacted by the earthquake.
Logically, every spring drains a particular lithology or lithologies, but in the classification we gave preference
to those associated with the presence of a fault or significant geological contact, as reflected on the citedmaps.

Only those springs or streams not directly located over faults or significant geological contacts were classified
according to their lithology. In order to determine the sensitivity of the various rock types to the hydrogeolo-
gical impacts of the earthquake, we devised an index (Index A in Table 1) that is the ratio of the percentage
number of springs impacted by the earthquake against the total percentage number of springs in a particular
lithology for a particular region. This was made possible in our case because the classification of the number
of springs according to lithology is known for Spain (Sanz Pérez, 1996) and we assume that this classification
is representative of the whole Iberian Peninsula.

We analyzed the geographical distribution of the various types of hydrological response to the 1755 Lisbon
earthquake, sometimes relating them to their proximity to the areas SW of the Iberian Peninsula where the
earthquake source fault is thought to lie. A rigorous relationship with distance is not possible because, as
mentioned above, an earthquake of this magnitude presupposes a failure break length of between 200 and
1,000 km, which is why most hydrogeological observations found occur within the distance of the length
of the earthquake source fault.

The theoretical analytical model developed proposes the recession coefficient as a possible parameter of the
hydraulic sensitivity of aquifers to seismic activity, and this has been applied to the 1755 Lisbon earthquake
in Spain by relating the distribution of hydrological alterations to the map of recession coefficients for
aquifers (Figure 6; Ministerio de Medio Ambiente, 2000; Sanz & Recio, 2011) and for fractures. It could
not be done in Portugal because such a map does not exist.

The recession coefficient is an internal parameter of the aquifer that describes how it is affected by the seismic
energy it is exposed to. It is a parameter that studies the characteristics that make aquifers more sensitive
(from a hydraulic point of view) when exposed to an equal amount of seismic energy; therefore, it is indepen-
dent of pore pressure B.

In the case of the 1755 Lisbon earthquake, it can be assumed that the distribution of the affected aquifers
(Figure 6) depended on the seismic intensity they experienced (Figure 1). For example, if there are many
affected aquifers in the SW zone of the Iberian Peninsula, it is not only because they have a higher recession
coefficient but also due to the fact that they are closer to the source of the earthquake and, consequently, were



exposed to a greater input of seismic energy. Likewise, the different hydrogeological units do not have the
same surface area. Thus, the greater the area of the hydrogeological unit, the greater the number of
affected water points.

To account for these two effects, the data on the number of affected water points have been analyzed,
resulting in what is known as the normalized incidence NI [L²] index, which allows them to be compared
to each other. This index expresses (for each recession coefficient interval) the average number of activated
water points per km2, which has been expressed in percent in Table 2.

3. Results: The Hydrological Impacts of the 1755 Lisbon Earthquake in Spain
and Portugal
3.1. Geology and Hydrological Impacts

The localities reporting hydrological impacts of the earthquake are shown on the geological and tectonic
map of Spain and Portugal (Instituto Geológico y Minero de España, 2004; Figure 4), on the lithological
map of Spain and Portugal (Figure 5), and on a map of recession coefficients for Spanish aquifers (Figure 6).

3.2. Liquefaction and Mud Volcanoes

The zones where liquefaction phenomena were recorded lie close to the seismic source in formations that
are susceptible to liquefaction and where the piezometric level lay close to the ground surface. Two mud
volcano phenomena were identified in the Spanish marshes of Huelva, and submarine mud volcanoes—
probably due to this earthquake—were mentioned in the Lolita Salt Diapir and Cadiz Valley (Figure 7a;
Leynaud et al., 2017). The Quaternary or Miocene surface geological formations affected by liquefaction
extend over hundreds of kilometers along the Atlantic coast, and across river alluvia.

Table 1
Lithological Classification of Springs Affected by the 1755 Lisbon Earthquake and the Incidence of the Earthquake on Each Lithological Group

Lithological
groups

Number of
springs ≥0.5

L min−1 km−2
Surface area

(km2)
Surface
area (%)

Number of
springs ≥0.5

L/min

X = number of
springs ≥0.5
L/min (%)

Number of
springs affected
by the Lisbon

1755 earthquake

Y = number of
springs affected
by the Lisbon

1755 earthquake(%)
Index

A = Y/X (%)

1. Alluvial 14.2 89,094 15.2 1,265,135 21.5 21 9.5 0.44
2. Calcareous rocks 10.0 79,077 13.5 790,770 13.4 54 24.6 1.8
3. Silt, clay, sands,
marls, and
calcareous marls

11.3 129,757 22.1 1,466,254.1 24.9 42 19.1 0.76

4. Metamorphic rocks 6.2 146,339 24.9 907,302 15.4 50 22.7 1.47
5. Plutonic rocks 5.5 78,847 13.4 433,658.5 7.4 53 24.1 3.25
6. Other rocks
(conglom., gypsum,
volc. rocks,
sandstones)

15.9 64,261 10.9 1,021,750 17.4 — — —

All 587,375 100 5,884,869.6 100 220 100

Table 2
Normalized NI and Nonnormalized NNI Distribution of Springs Affected by the 1755 Lisbon Earthquake in Spain, According to Recession Coefficients

Recession coefficient (day‐1) Number of springs
Nonnormalized

incidence NNI (%)
Normalized incidence

NI (10‐3/km2)
Normalized incidence

NI (%)

Faults and geological contacts of
significant geological units 10,000

86 33.2 70.25 59.6

≥10.000 106 40.9 20.14 17.1
5,000–10,000 3 1.2 10.71 9.1
1,000–5,000 11 4.3 4.49 3.8
500–1,000 6 2.3 2.45 2.1
100–500 19 7.3 1.65 1.4
0–100 28 10.8 8.07 6.9
All 259 100 117.76 100



3.3. Alteration of Springs and Watercourses

Of the impacts on springs and watercourses, we first made an overall analysis and subsequently differen-
tiated the cases of persistent discharges.

In the SW of Portugal, impacted springs and streams must have been a generalized phenomenon, judging by
their abundance in central Portugal, which is the only part of the country from which results of the 1755
survey survived. A total of 143 springs and streams related to faults and geological contacts of important
geological units were impacted (86 in Spain and 57 in Portugal), representing 37% of the total. Of these
143 springs, 28% are associated with boundaries between large geological units, where changes in lithology
and structural trends are usually found. The remainders (72%) are linked to major regional or national faults.
In Portugal, 19% of the impacted springs are associated with faults considered active by García‐Mayordomo
et al. (2012). In Spain, 13% were associated with faults considered active by the same author (active faults):
regarding Spain, 14% to faults in granite rocks, 13% to undifferentiated faults in the Miocene of the Duero
Basin, and 17% to other unspecified major faults.

The remaining 220 (56%) affected springs were classified according to their lithological groups with
similar hydrogeological behavior for Spain (except Group 6 in Table 1, which is heterogeneous). This
means a simplification of the classification by Sanz Pérez (1996), and with which we are going to compare
between them (Table 1). The map in Figure 5 also shows conglomerates, sandstones, quartzites, and slates
individually, but it was not possible to make such a straightforward distinction for the sample of
springs affected by the earthquake. These groups in Table 1 are (1) alluvial sediments; (2) calcareous
rocks (limestones and dolomites); (3) silts, clays, sands, marls, and calcareous marls, which correspond
overall to the large Tertiary Continental Basins of the large Iberian rivers, except for the “Páramo”
limestones (Ebro, Duero, Tagus, and the Tertiary of the Lower Tagus in Portugal, Guadalquivir,
Guadiana); (4) metamorphic rocks (gneisses, schists, slates, and quartzites); (5) plutonic rocks; and
(6) other rocks (gypsum, sandstones, conglomerates, and volcanic rocks).

Figure 4. Map of Geotectonic Units in Iberian Peninsula (adapted from Instituto Geológico y Minero de España; original scale 1:2,000,000) and situation of the
inventoried hydrological alterations produced by the 1755 Lisbon earthquake.



Table 1 shows Index A, defined as the ratio of the percentage number of springs affected by the earthquake to
the percentage total of springs in a particular lithology in a particular region (measures the incidence of
the earthquake on each lithological group). It is an index of the sensitivity of the various rock types to
hydrogeological alteration caused by earthquakes. This is made possible in the Spanish our case because
the classification of springs according to their lithology is already known (Sanz Pérez, 2001). We have
assumed that the distribution of springs with flows of more than 0.5 L·min−1·km−2 and by lithology
(Column 1 in Table 1) is representative of the entire Iberian Peninsula, and not just Spain. This is a fair
assumption because two of the factors that perhaps most heavily influence this distribution, lithology and
climatology, are similar across Spain and Portugal. On the one hand, the geology of Portugal is quite similar
to that of Spain in the area most affected by this earthquake, since the Iberian Massif extends across both
countries, though the relative abundance of metamorphic rocks and granitoids in Portugal is higher than
in Spain. On the other hand, the climate is Mediterranean climate in both cases, though Portugal is
somewhat wetter (855mm annual average rainfall) than in Spain (687 mm).

3.4. Relationship With the Recession Coefficient

Figure 6 is a map of mean recession coefficient α calculated for different groundwater masses in Spain, as
well as the springs and streams affected by the Lisbon earthquake. The recession coefficient is the slope of
the groundwater aquifer discharge hydrograph recession curve in a long‐lasting dry period (with no
precipitation; see equation (2)). We observe that the impacts are principally distributed along significant
faults and fractures (Figure 7a), but also in areas with higher α.

Table 2 shows the distribution of the impacted springs according to the recession coefficients of Spanish
aquifers. We have considered that the depletion coefficient of the faults is α 10,000 days‐1, which is the max-
imum value considered in the map mentioned above. It seems reasonable to expect these values because
they tend to be confined aquifers with a very small storage coefficient S and a long L length (see equation (3)).
According to the NI index, we see that activated water points in faults and geological contacts are the most

Figure 5. Schematic lithological map of Iberian Peninsula (adapted from Riva for Spain, 1969; original scale 1:400,000; original elaboration for Portugal in this
study) and situation of the inventoried hydrological alterations produced by the 1755 Lisbon earthquake. (1) Alluvial sediments; (2) conglomerates; (3) sand-
stones (differentiated only for Spain; included in 7 for Portugal); (4) calcareous rocks (limestones and dolomites); (5) silt, clay, sands, marls, and calcareous marls
that correspond in general to the large Tertiary Continental Basins of the large Spanish rivers, with the exception of the “Páramo” limestones; (6) quartzites
(differentiated only for Spain; included in 7 for Portugal); (7) slates (differentiated only for Spain; for Portugal this color represents all metamorphic rocks, including
the majority of sandstones); (8) plutonic rocks; (9) other rocks (gypsum and volcanic rocks).



numerous (59.6%). They are followed by hard rock aquifers with α ≥ 10,000 days−1 (17.1%), which stand out
above the rest and show an overall declining trend as α decreases.

3.5. Persistent Hydrological Effects

According to the survey, the Lisbon earthquake caused new springs or watercourses to appear for the first
time in at least 103 localities (50 in Spain and 53 in Portugal) and provoke flow in ephemeral springs that
were almost always previously dry or else only emanated in rainy spells, as well as a significant increase
in flow from perennial springs and streams (Figure 7). There were at least 30 cases of persistent decrease
in flows, 28 in Portugal, and 2 in Spain. There must have been many more persistent streams and springs
in the SW of Portugal, judging by their abundance in central Portugal where the 1756 survey results have
survived. The increase in flow took a day to manifest, but it was very considerable, such that streams and
springs that feed streams were able to drive all the watermills without the need for the mill races and sluice
gates and, in some cases, the sluice gates were destroyed by the flooding. This implies flows of more than 50
and 100 L/s in many cases. According to the survey, we deduce that there was no significant precipitation in
the month following the earthquake; therefore, these reported flows were largely produced by the increased
groundwater discharges.

A common feature of all these streams is that they persisted for quite a long time; however, since the major-
ity of responses to the Spanish survey were received 20 to 40 days after the earthquake, we do not knowwhen
the flows stabilized to their pre‐earthquake values, if they exceeded that length of time.

In Portugal, the existence of two surveys conducted about 2 years apart made it easier to constrain these data:
of the 30 persistent springs or streams where information about how long the increased or decreased flow
lasted, two responses gave an answer of between 8 and 15 days, four between 2 and 4 months, three between
4 and 5 months, nine more than 4 months, five more than 5 months, and seven more than 2 years. In fact,
springs lasting more than 2 years might have totaled 14 if we count all the emanations within a single spring
locality, as indicated, albeit inaccurately, in the responses of the surveys. There are 15 municipalities that

Figure 6. Map of recession coefficients α × 105 in per day (adapted fromMinisterio de Medio Ambiente, 2000), and over-
laying the location of the inventoried hydrological alterations produced by the 1755 Lisbon earthquake in Spain.



reported decreases or drying up of certain springs as well as increases in flow or rising well levels—the latter
occurring in most cases. Without ruling out this compatibility in some cases, this contradiction is only
apparent, since in most cases it seems to be understood that it is a change in the location of the spring,
and not a true drying out of the old spring, although there are cases that drying up undoubtedly
happened. Among the latter cases, their distribution throughout central Portugal (where the survey has been
kept) is random, affecting faults and all kinds of rock lithologies, but not surface formations. The general
trend is unquestionably an increase in spring and stream flow.

Figure 7. (a) Distribution of the increase in groundwater discharges through springs and permanent watercourses.
Distribution of the liquefaction and mud volcanoes. (1) New springs and streamflows; (2) increase in the flow of
persistent springs and streams; (3) increase in the flow of persistent thermal springs; (4) possible reduction or drying of
persistent springs and/or possible change of place of birth of the sources; (5) hydraulic alteration of the nonpersistent
springs that are associated with faults; (6) possible mud volcanoes; (7) liquefaction. (b) Areas with persistent streams and
springs: (1) duration of more than 3 months; (2) duration of more than 2 months; (3) duration of more than 20 days;
(4) persistent thermal springs more than 1 month or 20 days long; (5) sectors of faults with persistent springs of more than
2 years of duration; (6) sector of seismic fault in the Azores‐Gibraltar fault of the 1755 earthquake. (c) Relation of
long‐term springs with major faults in the SW of the Iberian Peninsula: NF = Nazaré Fault; BTF = Bajo‐Tajo Fault;
MF = Messejana Fault. (1) Persistent springs of more than 2 years in duration; (2) persistent springs of more than
4–5 months of duration; (3) persistent springs of more than 20‐day duration; (4) nonpersistent springs.



In spite of the limitations of the survey responses, this data set allowed us to delimit a wide area closer to the
earthquake source fault, which is where the springs and streams that persisted formore than at least 1month
are situated. It is in this zone that most of the information comes from, and, according to the responses in the
Spanish survey, it seems that the flows of the vast majority of these Spanish watercourses and water points
had not yet shown any signs of diminishing; consequently, we can assume that this regime influenced by the
earthquake might have continued for several months more as is clear from the Portuguese surveys for lands
further to the west. It should be remembered that the period of aftershocks of the 1755 earthquake went on
for at least a year (Martínez Solares, 2001); consequently, the area would not have been stabilized from a
tectonic point of view.

3.6. Color and Composition

Ninety‐one localities provided responses regarding turbidity in springs and in a number of wells (Figure 8b),
of these 27 reported on the duration of this turbidity. Whether or not close to or distant from the epicenter,
the mean duration of turbidity was around 2 days, and no more than 5 days. There were three exceptions
where turbidity lasted more than 30 days: in the thermal spring of Caldas de Malavella in Gerona—more
than 1,500 km away, in Alhama de Granada more than 15 and in Peñíscola (more than 10; Figures 7a
and 7b).

3.7. Variations in Well Level

There are references to 78 localities with well data (64 in Spain and 14 in Portugal; Figure 8a). In Spain all
survey responses indicate that the water level in wells increased, except for two. In Portugal, a rise in level
was seen in locations with nearby cases of increases in persistent spring flows; a fall in level was recorded
in locations where nearby springs and streams were reported to have suffered a decrease in flow. There
are also a number of cases of lagoons on flat or low‐lying land, whose water represented the upwelling of
the phreatic water, which also rose in level. In Portugal there are scarcely any quantitative data, and in
Spain, there are quantitative data for a rise in level in only 17 localities. At a further 16 localities, the initial
water depth was known, and the water overflowed the parapet of the well; consequently, we have to consider
that the water level rose by at least this amount—as a minimum. Though these are scarce data, the well
network is distributed over a wide area, and it is possible to construct a continuous spatial distribution of
the response of groundwater level to this earthquake.

In Spain, in almost all cases there were minimum rises in water level of between 0 and more than 8 m,
corresponding to areas closest to the epicenter, and also in those localities closest to the significant regional
fractures, where the intensity was greater. We have made a tentative attempt to draw a contour map of water
level rises (Figure 8a), from which it is possible to paint quite well the limit of water level rises in excess of
5 m, which covers half of the peninsula.

The area where water level rose by more than 5 m lies closest to the al epicenter and where the isoseismal
lines exceed V more or less. There are some striking cases where spectacular water level rises of more than
80 m occurred in four large diameter wells (we assume these were point sources) along a southwest‐
northeast alignment. In some cases, these generated new streams.

4. Discussion
4.1. Liquefaction

In Spain, liquefaction occurred preferentially in Quaternary marshy and alluvial formations (74%) close to
the area of the earthquake source. Liquefaction occurred in secondary fashion in Pliocene andMiocene sands
(26%). In Portugal, and according to Vaz & Zêzere (2016), liquefaction affected superficial geological forma-
tions (63%) and stratified sedimentary and volcanic rocks (29%). In both cases, the liquefaction zone largely
coincides with the zone of persistent springs and streams. This liquefaction contributed to the underground
discharge of rivers and streams and to the increase in the turbidity of the waters during the earthquake.

4.2. The Impact of Springs and Watercourses
4.2.1. The Sensitivity of Faults
It is significant that a large proportion of the springs influenced by the earthquake lie along faults; among
other causes this is explained by (1) the good communication with deep zones and with the seismic fault



with high pore pressures with increased pore pressure; (2) the preferential transmission of the seismic
waves across them; (3) the fact that they frequently occur in confined aquifers; and (4) they have a
large recession coefficient.

In Spain, of the 30 long springs and streams in the SW that persistedmore than 1month after the quake, 19 of
them (63%) are clearly related to either theNE‐SW fractures (14) or the E‐Wthrust faults of southern Portugal
(5). This does not mean that the remainder are unrelated to fractures but that this is unknown. These NE‐SW
fractures correspond to the Guadalquivir Fault and others faults they extend to Portugal, such as Messejana
Fault (or Plasencia‐Alentejo Fault) (Figure 7). In Portugal, 90% of the persistent springs and streams are
related to faults (Figure 7), and more than half are associated with three major faults, which are secondary
faults of the Azores‐Gibraltar Fault (AGF), namely, the faults of Nazaré, Bajo‐Tajo, and Messejana.

It is also indicative that a large proportion of the springs are associated with both fractures and with granite.
It frequently happens that springs are aligned in the stretches of these large fractures that cross granitic
plutons but not in the other metamorphic lithologies that they also traverse, as seen in the maps in
Figure 4. In addition, the water points in the Tertiary of the Duero Basin are aligned along the trace of the
faults that affect the substrate beneath and close to which the seismic vibrations would have been greater.
A further indicator is that a significant part of the affected springs are thermal in nature (20%). Some are
associated with important deep faults, such as those situated more than 1,500 km away within the Iberian
Peninsula (Figures 7a and 7b), or more than 2,000 km away in France, Germany, and Belgium (Figure 1).
When considering the sensitivity of the faults of the thermal system to an external action, it is possible that
the value of the hydraulic diffusivity D that intervenes is the highest one that exists in relation to shallower
hydrogeological systems. As hydraulic conductivity increases, with a decrease in groundwater viscosity
(as temperature increases), transmissivity also increases in (1).
4.2.2. The Sensitivity of the Lithology
Applying our Index A, we found that plutonic rocks (mostly granitoid) are the most sensitive to seismic
effects because, although they represent only 7.4% of the total number of springs in Spain and Portugal
(the lowest value of all the lithologies), they account for 24.1% of the impacted springs, that is, A = 3.25
(Table 1). If we consider the value of the index only for Spain (AS), it is even more pronounced: AS = 6.7.
Granites are followed by carbonaceous rocks with A = 1.8 and metamorphic rocks with A = 1.47;
considering Spain alone, the metamorphic rocks are the second most affected with AS = 3.84, followed by
carbonaceous rocks AS = 1.27. It should be noted that the Portuguese sample is less uniform than the
Spanish one, since surviving survey responses relate mostly to the center of the country, where calcareous
rocks are more abundant. Therefore, we believe that the sensitivity of plutonic and metamorphic rocks
was even more pronounced than the data suggest. One might think that plutonic and metamorphic rocks
abound in the area closest to the earthquake source fault, but we can compare quite precisely between
them—moreover, it is the metamorphic rocks (and not the granites) that occur closest to the epicenter.
Even at much greater distances from the epicenter it is not unusual to observe that the affected springs occur
in granites. This was also observed, for example, by Brodsky et al. (2003), for wells drilled into granite in
areas far from the source of the earthquake.

Figure 8. (a) Geographical distribution of the rise in groundwater level in wells (meters). (1) Increase in well level (in m);
(2) drop in the level of wells. (b) Turbidity and its duration in springs and wells.



The alluvial deposits in zones far from the epicenter are not very sensitive, while close to the epicenter, it
seems that they mostly produce liquefaction. Neither are Tertiary sedimentary basins particularly sensitive,
specifically the Ebro Basin, which is the only one where clayey sediments and evaporite rocks are clearly
dominant. On the map in Figure 5, the clayey Ebro Basin appears as an island that escaped any
significant impacts.

Finally, the group of “other rocks (conglomerates, sandstones, volcanic rocks, and gypsum)” is not
assigned any impacted springs. This must be a true reflection for the volcanic rocks and conglomerates
(which are infrequent) and gypsum (which do not support potable springs and so fall outside the field
of interest of the surveys). In contrast, in the case of sandstones, the explanation is that it is difficult to
distinguish if a spring impacted by the earthquake drains from this lithology only, or also from the
other metamorphic rocks to which sandstones are frequently associated, as occurs with the Paleozoic
of the Iberian Massif in both Portugal and Spain. That is to say, it is possible that some sandstone
springs impacted the earthquake are placed in the group of “metamorphic rocks.” Whatever the case,
sandstones cover only 6.3% of the surface area of the Iberian Peninsula, which we believe does not
detract from these approximations.

The geology of the zone inwhich persistent changes occur comprises rocks ranging fromvery impermeable to
slightly permeable, like slates, schists, and granites, except along the southern Spanish coast where there are
alluvial deposits and permeable calcarenites. In the latter, due to their character of producing homogeneous
aquifers, the rise occurred by means of diffuse discharges along watercourses and not as point discharges
(springs). In just a few cases there were increases in other, moderately permeable, quartzite formations.
Granite lithologies clearly stand out, which in Spain, for example, account for 50% of the increases in persis-
tent springs and streams, though many of these also flow along the SW‐NE fractures.

According to Sanz Pérez (1996), the mean flow of the schists, gneisses, and plutonic rocks in Spain is 0.04
L/s, and it is very rare to exceed 10 L/s. Mean flow for the quartzites is 0.12 L/s and not exceeding 50 L/s.
According to the responses of the survey, the increase in flow in springs emanating from these lithologies
far exceeded these flows, which points to an internal rather than a meteoric origin for the increased flow.

Beyond this zone (SW), the cases reported in Spain affected mostly springs, and again the sensitivity of ther-
mal springs associated with large fractures is highlighted, such as inMurcia, Almería, and Gerona provinces,
respectively, where the increased flows persisted for at least 1 month, as well as in areas as far away as
France, Belgium, and Germany, more than 2,000 km away from the earthquake source fault.

Furthermore, several mechanisms have been proposed to explain changes in streamflow following
earthquakes: consolidation or liquefaction of superficial deposits (e.g., alluvial deposits, which, as they
are not deep geological formations, are not usually connected to the pressure source of an earthquake;
Manga, 2001; Manga et al., 2003; Montgomery & Manga, 2003), expulsion of midcrustal fluids resulting
from coseismic elastic strain (e.g., Muir Wood & King, 1993), and changes in near‐surface permeability
(Briggs, 1991; Rojstaczer et al., 1995; Rojstaczer & Wolf, 1992; Sato et al., 2000; Tokunaga, 1999 and Xue
et al., 2013).

If we set aside the group of alluvial deposits and restrict our analysis to the somewhat rocky lithologies in
Table 1, these can be listed from greater to lesser hydrogeological sensitivity to earthquakes in the following
way: granites, metamorphic rocks, calcareous rocks, and clayey rocks. This order coincides with the depth
reached by each type of rock below the nonplastic layer of the Earth's crust. It is also the reverse order of
the average porosity of these rocks.

Thus, granite rocks descend deeper and better transmit the pressures of the fluid expulsion zone that result
from the coseismic elastic strain of the midcrustal layer. The greater saturated thickness in granites and
other hard rocks could explain the large volume of water expelled by this lithology and other hard rocks
in the 1755 Lisbon earthquake.

Moreover, granites have a very low porosity and storage coefficient but a large recession coefficient, so small
flows injected from below (no matter how small) can lead to a significant rise in piezometric level. This is
exactly what happens but in reverse, as is seen in the impact on springs during the drilling of granite tunnels,
where small flows drained by the tunnel cause very large drops in the piezometric level, leading to the drying
up and depletion of springs and streams.



4.3. Sensitivity of the Aquifers According to the Recession Coefficient: Maintenance of Flow in
Persistent Springs and Streams

Several authors have studied the characteristics of increased discharge through recession analysis, which has
been a useful procedure for characterizing the catchment‐scale response of hydrological systems to earth-
quakes (e.g., Brodsky et al., 2003; Manga, 2001; Manga et al., 2003; Roeloffs, 1998; Wang, Manga, et al.,
2004). For example, Wang & Manga (2010a) explain a procedure to estimate excess discharge due to earth-
quake activity for aquifers with the same α before and after the earthquake. Our work presents another
procedure to use in the event of different α values. In addition, and as a step forward in the analysis of
quantifying flow increases due to earthquakes, we also provide the solution for the equation to determine
the impact on an aquifer from the external stress of an earthquake by using this recession coefficient.

Within this analytical development, first note that time intervenes in equation (4) because the impacts pro-
duced are calculated for B for a past time interval. This holds true and is somehow demonstrated when the
reaction of the perennial springs shows a delay of a day or two following the earthquake, at least this was
observed in the case of the Lisbon earthquake. Sudden oscillations of flow due to the vibratory effects are,
however, very rapid and occur during the earthquake.

On another note, according to equation (4), the impact (the sensitivity) will be greater in aquifers with larger
recession coefficients, and vice versa. Let us use an example to see how the value of α impacts on spring and
stream flows: We assume a permeable fault in granite with k ¼ 0; 1 m

day ¼ 10−4 m
s , b = 5,000 m, and

S = 4 × 10−6, which occurs frequently in crystalline granitoid rocks and gneisses, typical values for confined
aquifers; so we would have α = 0.12 days−1. To explain the increase in flow of an existing spring of
Q′ − Q = 10 L/s, a flow of Bi − 1 = 83.33 L/s would be required. An increment of 100 L/s would require
Bi − 1 = 833.3 L/s. If we were to change the recession coefficient to α = 0.01 day−1, we would require a flow
from beneath of Bi − 1 =1,000 L/s for an increase of 10 L/s, or of 10,000 L/s for an increase of 100 L/s. We see
that if the recession coefficients are large, only small flows of B are required to impact on the springs.

In Figure 6 and Table 2 (NI index) we see that more than 75% of spring alterations are clearly distributed
throughout aquifers with the highest α, among which we can highlight regional fractures; significant geolo-
gical contacts; and, secondarily, large hard rock aquifers. It therefore seems reasonable to interpret the reces-
sion coefficient of a spring as a way to measure the extent to which an aquifer will be affected by seismic
activity, meaning that the higher the α value, the greater the impact of the earthquake on aquifer hydraulics.

Another feature of persistent springs caused by earthquakes like the Lisbon one is that the increased
discharge is maintained for days, months, or even years. How is this flowmaintained? Is it due to the inertia
of the groundwater emptying the aquifer? Is it due to recharge from beneath due to the increased pore
pressure and the subsequent depressurization and equilibrium after the earthquake? Is it due to both
these causes?

Up to this point we have examined how aquifers with the highest recession coefficients are themost sensitive
to earthquakes, but the emptying of the aquifer is also faster. The speed of discharge of the hydrodynamic
volume (the volume held between the level of the spring and the piezometric level) is given by equation (2).
Given the form of equation (2), drainage would be slow, influenced by the regulatory nature of the springs or
rivers fed by the aquifer. For the flow to be reduced by one half, a time of t= 0.693/αwould be required. With
values of α1 = 0.01 day−1 or α2 = 0.001 day−1, a time t1 of 69 days and t2 of 693 days would be required.

Following the above example, an increase in flow due to the earthquake of 10 L/s in a fracture with a

recession curve ofQ(t) = 864 e0.1t, with t in days andQ in m3

daywould lead to the reestablishment of the starting

flow in time t:

t ¼ ln Q0ð Þ− ln Q1ð Þ
α

¼ 67:6 days:

If α = 0.01 day−1, then t = 676 days = 22.5 months

For an increase of 100 L/s, and an α = 0.1 day−1, then t = 90 days = 2 months. And for an α = 0.01 day−1,
then t = 900 days = 2.46 years.



This we see that a higher α in an aquifer means a shorter emptying time and vice versa. We have already seen
that after the Lisbon earthquake, the new springs or augmented ones are associated with aquifers where α is
low but that these springs persist for quite some time before drying out. We note that the mere inertia of the
aquifer is not enough to explain this phenomenon; rather, it is necessary to have an additional recharging
action, which progressively decreases (since the depressurization occurs little by little).

4.4. Color and Composition of the Water

The intensity of the turbidity depended not only on the magnitude of the earthquake but also on its long
duration and the fact that it manifested as three separate shakes with pauses between. The passage of seismic
waves agitated the aquifer systems, cleaning fine particles from the matrix of the superficial detritic aquifers,
or from the fill in its fractures and diaclases. The increase in the pulsed upward flow caused by the three
shocks and the two intermediate pauses must have caused a flow reflux that caused the rupture of clay
“bridges”. This is similar to when a borehole is developed using a piston—alternating between injecting a
flow and causing it to reflux breaks the so‐called “bridges” of fine particles from the aquifer matrix
immediately around the bore and so increases the permeability of the aquifer and the flow from the
borehole. Karstic aquifers can also be sensitive to turbidity: Turbidity is frequently associated with water
level oscillations in rivers and subterranean conduits with clayey banks, for example, in the large karstic
spring of Ucero, Vozmediano, and others of the 1755 Lisbon Earthquake.

As a separate issue, the presence of turbidity in springs is not so closely related to the intensity of flow:
Turbidity is stabilized before flow. Since a large proportion of springs emerge at elevations below the
permeable‐impermeable contact, or are associated with fractures, the color of the turbidity provoked by
the earthquake is intimately linked to the color of the geological formations in contact with them, or to
the fill material in the fractures. The color of the clayey matrix in a detritic aquifer, or the color of the fill
in the fractures (which are dependent on their mineralogical composition), is the determining factor.

In granite rocks, whose fractures are filled with iron oxides, the turbidity is red, while if the fill is kaolin
(from the degradation of feldspars), the turbidity is whitish. In Portugal, according to Vaz & Zêzere
(2016), 20% of the changes in water quality are related to milky colored water, which must have included
many cases in granitic areas. The fill of fractures in the Ordovician Armorican quartzites, for example, is
usually red iron oxides. Infrequently, they are hydroxides, and there are a few cases of a yellow turbidity.
Springs flowing from carbonate aquifers become muddy red due to the decalcification clays that occur so
frequently in karstic conduits, or else, they turn white if they occurs close of the kaoliniferous sands of
the Utrillas facies or the whitish marls of its impermeable basement.

In terms of composition, geological facies like the Weald in the Cameros region (North of Spain), contain
small confined aquifers within its sedimentary layers and fractures; at a certain depth, these contain much
more SH2 due to the reduction of pyrites. Small dynamic shocks produce an increase in SH2, as in the
Suellacabras Spring (Soria province, NE Spain), which prior to the earthquake issued potable water.
Something similar occurs concerning the total iron content (not only dissolved iron but also in suspension):
The ferrous state is greater at depth, but as the water emerges from the spring, it oxidizes and shows itself
clearly in its insoluble red ferric form. Likewise, the earthquake provoked an upsurge of the chloride saline
waters held deep in Keuper facies. In swampy areas of the Quaternary that are rich in anoxic organic matter,
these rose to the surface either as liquefaction or as black colored springs.

In general, there were no significant geochemical and thermal anomalies recorded in this earthquake. This
is, however, normal in most earthquakes, but it has been argued as a contradiction to the coseismic origin of
these fluids, which are expelled to the surface in earthquakes and are assumed to come from the midcrustal
layer (e.g., Rojstaczer et al., 1995). However, we think that this could be explained by the fact that the fluid
from below pushes the water above it (which is mostly what comes out) without substituting it completely.

4.5. Variations in Well Levels

In general, in the 1755 Lisbon earthquake there is only one affirmative record of water‐level rise in wells,
which we assume corresponds to short‐term observations made at the time of the earthquake. As distance
from the ruptured AGF increases, there is a decreasing trend in the height of the oscillation in well level.



Several mechanisms have been proposed as a cause for the water‐level fluctuations in wells in the short term
(minutes) and over longer periods (hours and days). For example, in Shalev et al. (2016), it is proposed that
short‐term increases in water level caused by seismic waves from distant earthquakes are produced by
compaction. In the near field, but outside of the immediate area of the ruptured fault, the consolidation
of loose sediments led to a scaled increase in water level. Consolidation must have been especially signif-
icant following the 1755 earthquake because of the duration of the tremors, and because the wells were
shallow excavations in superficial formations and disturbed areas that were susceptible to consolidation.
This consolidation would explain most cases of the rise in water level observed. In Portugal, the rise or
fall of well levels is consistent with the increase or decrease on spring flow from aquifers in the locality.
This consolidation must have been especially important in this earthquake because of its duration.
However, in the fractured crystalline rocks, the pattern of changes in water level can imitate the coseismic
volumetric deformation. In the distantfield the instantaneous rises inwater level of thewells observed during
the earthquake seem to have been a transitory response to the passing of the seismic wave through the
subsurface that produced changes in strain or changes around the well.

4.6. Hydrogeological Alterations and the Focal Mechanism of the Lisbon Earthquake

Despite the limited availability of quantitative data for this earthquake, the tectonically induced fluid flows
following the earthquake may have important implications for our understanding of the kinematic behavior
of the alleged fault zone that was the origin of the earthquake.

The recorded hydrogeological phenomena generated by this earthquake correspond, as mentioned above, to
a generalized increase in discharges over the entire southwestern quadrant of the Iberian Peninsula—an area
of more than 90,000 km2 (Figure 7b). In other words, over this whole tract of land, there was a single
hydrogeological response to the tectonic forces acting on the seismic fault. The large magnitude suggested
for this quake (M ∈ [8,9]), the volume of water released over a period of 1 month to more than 24 months,
and the propagation of impacts over such a large region, suggests that this earthquake event originated at
considerable depth in the Earth's crust.

As stated in section 1, one of the candidates for the seismic source is the reverse thrust that forms parts of
the AGF, extending from 13°W, where the African plate subducts under the Euroasian one. However, this
type of model would not explain why there were hydrogeological impacts, since the Eurasian plate that
was compressed leading up to the earthquake would have relaxed after it. So, following the works of
Muir Wood and King (1993) for a pure reverse fault, this relaxation would have increased porosity, and
there would have been a consequent decrease in stream flows and well levels, which is actually contrary
to what was observed.

However, the impacts recorded can be very well explained if the kinematic model of this earthquake was
produced by a strike‐slip fault, such as the AGF, where the greater displacement of the Eurasian plate with
respect to the African one would generate progressively more traction to the north of this fault during the
elastic deformation phase before the earthquake, and the area affected would surely have included the
SW quadrant of the Iberian Peninsula. After the earthquake, during the postseismic phase, there would
be a relaxation of the terrain that would reduce the traction. As the continental terrain relaxed back to
the state of tension that existed at the beginning of the seismic cycle, the specific storativity of the rock would
tend to decrease (due to a reduction in porosity), thus increasing the pore pressure and so causing the release
of fluids. These fluids would drain along precisely the long faults that link the Azores‐Gibraltar strike‐slip
fault with the Iberian Peninsula, such as the Messejana Fault (also called the Plasencia‐Alentejo Fault), as
well as the Lower Tagus Valley Fault, the Nazaré Fault, and the Guadalquivir Fault (Figure 7c).

It is highly significant that the majority of the persistent springs, and every one of the springs that were still
flowing more than 2 years after the Lisbon quake, are concentrated along these secondary faults. The pro-
longed existence of these discharges was surely due to themagnitude of the pressures generated in the fluids,
to the good hydraulic communication between the seismic source fault and these (secondary) ones, as well
as their proximity to the more compressed postseismic zone. If we extend the line of these faults toward the
AGF, it could provide a clue about which segment of the AGF was the active one, as indicated in Figure 7b,
so allowing us to pinpoint the tear fault responsible for the quake within the length of the Azores‐Gibraltar
strike‐slip fault as a whole.



The location and random distribution of the few places throughout the center of Portugal that experienced a
decrease in water level (or mixed increases and decreases) do not affect what has been said about the
source of the earthquake or focal mechanism. They may indicate that, within an area with a predominant
mechanism for expulsion of midcrustal fluids resulting from coseismic elastic strain (e.g., Muir Wood &
King, 1993), there have also been permeability changes in rocks near the surface (Briggs, 1991; Rojstaczer
et al., 1995; Rojstaczer & Wolf, 1992; Sato et al., 2000; Tokunaga, 1999).

5. Conclusions

Through the development of a theoretical analytical model, we explain how the recession coefficient α can
be used as a parameter to measure sensitivity of aquifers to earthquakes, just as the increase in pore pressure
generated by the earthquake, and especially the increase in persistent groundwater discharges and altera-
tions of springs in general.

This occurs above all in faults, hard rocks, confined aquifers, and with a specific geometry, as has been
demonstrated for the 1755 Lisbon earthquake. The majority of these long‐duration springs and streams is
clearly related with granitic outcrops, with the SW‐NE fractures and with the E‐W thrust faults of
southern Portugal.

Nevertheless, the large flow rates and long duration of the springs associated with aquifers with high α (and
which are therefore sensitive but have rapid emptying) must be explained by the addition of a upward
groundwater flow from beneath that derives from the increment in pore pressure caused by the earthquake,
and which gradually diminishes over time as the tectonic equilibrium of the area is reestablished.

In the 1755 Lisbon earthquake, there was a gradation of hydrological phenomena over distance, and in the
near and intermediate fields there were both persistent increases in spring flows emanating from hard rocks,
and persistent diffuse discharges, liquefaction, and rises of water level in wells due to consolidation of the
superficial geological formations. The varying color of the spring turbidity are well explained by the geolo-
gical characteristics of the region.

From the geographical distribution of the hydrological phenomena over distance, we observe that in the
near and intermediate fields there were both persistent increases in spring flows emanating from hard rocks,
and persistent diffuse discharges, liquefaction, and rises of water level in wells due to consolidation of the
superficial geological formations. There is a single generalized response of persistent increase in spring
and stream flow extending over more than 90,000 km2 of the southwestern Iberian Peninsula. The longest
lasting persistent springs (between 5 months and more than 2 years) were located near the major faults con-
nected to the Azores‐Gibraltar strike‐slip fault, and where the pore pressure dissipation to equilibriummust
have taken longer.
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