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Abstract

:

Tephra fall is among the set of hazardous phenomena associated with volcanic activity that can impact water resources and services. The aim of this paper is to characterize the potential impacts of tephra fall on the groundwater-fed water supply system of Ponta Delgada (São Miguel, Azores) by comparing two scenarios of explosive eruptions. Vulnerability matrices were used to compute indexes, by multiplying the thickness of tephra fall deposits, corresponding to increasing hazard levels, by descriptors of the water supply system, representing the elements at risk. In a worst-case scenario, tephra covers a large area inland, severely constraining the abstraction of water to public supply, as 84.8% of the springs are affected. In 12 springs the expected hazard level is of perturbation (5157 m3/day; 12.1% of the daily abstraction) or damage (16,094 m3/day; 37.8%). The same trend is observed considering the storage capacity, as 75.4% of the reservoirs may be somehow affected. Moreover, 72.4% of the 68,392 inhabitants served by the water supply system will be in a zone where the damage level will be achieved. Results point out to the need of preparedness measures to mitigate consequences of a volcanic crisis over the water supply.
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1. Introduction


The impacts of volcanic activity on society and the environment are widely recognized, both by the scientific community and by the public. Nevertheless, and despite the growing awareness, the vulnerability of societies is increasing due to several reasons that lead to the rising settlement in active volcanic areas [1]. A large set of hazardous phenomena is directly and indirectly associated with volcanic activity, such as in the former group lava flows, pyroclastic density currents, tephra fall, gas and acid particle emissions, and in the latter group earthquakes, landslides, tsunamis, ground deformation, lahars and debris flows and acid rain [2]. Regarding tephra fall, the effects on water resources are the most widespread, when compared to other elements at risk, and besides the destruction of water services infrastructure, water quality may also be affected by volatiles or ash particles and may lead to indirect impacts on agricultural activity and food production. Moreover, among other hazardous volcanic phenomena that may impact water supply, such as pyroclastic density currents or lahars, the available reports suggest that tephra fall explains most of the constraints and damages recorded [3].



Water supply systems may be constrained through tephra fall due to four main processes, namely physical damages, disruption of water treatment, water quality deterioration and water shortages [3,4,5], and several case studies have been published on this subject [6,7]. Physical damages may occur in the water sources or on treatment and distribution facilities, and tephra fall or tephra-water slurries may cause abrasion of moving parts or metal corrosion [5,8]. Water treatment capacity may also be constrained due to blockage of water intake, filters and pipes [5], but in the present study the effects over storage are indirectly analyzed considering the potential damages in reservoirs to which chlorination stations are coupled. The deposition of tephra in the water source areas may deteriorate water quality, both in terms of overall chemical content and turbidity [5,8,9]. Water shortages are also a consequence of tephra fall, resulting from water supply disruption or from the increasing water use for cleaning operations [3], and may lead to the reduction of human consumption or even to infectious disease outbreaks when the amount of water needed for hygiene and sanitation is also lower [4]. Agriculture activities may also be affected by the impact of tephra fall on water availability and quality [10], and studies have shown these effects over the dairy industry [11], the latter being an important economic sector in the Azores archipelago.



With an area of 744.6 km2, São Miguel is the largest and most populated (137,307 inhabitants) island of the Azores archipelago, located in the North Atlantic Ocean between latitudes 37°42′13″ N and 37°54′38″ N, and longitudes 25°08′03″ W and 25°51′17″ W (Figure S1—electronic supplementary material—and Figure 1A). Ponta Delgada municipality occupies the westernmost part on the island, corresponding to an area of 233 km2 and a population of 68,392 inhabitants.



The geology of São Miguel is dominated by three active quaternary central volcanoes (Sete Cidades, Fogo and Furnas), associated with highly explosive trachytic eruptions that produced widespread tephra fall deposits across the island [12,13,14,15]. Besides the characterization of the different types of eruptions associated with these central volcanoes, already addressed in detail in the cases of Sete Cidades [16], Fogo [17] and Furnas [18], or in what regards the fissural volcanic systems on the island [19], other hazardous phenomena have been also described in the last decades, such as gas emanations both in the ground [20,21] or in water bodies [22,23,24,25], tsunamis [26], atmospheric processes, floods and mass wasting [26,27,28,29,30,31] or abnormal content of minor and trace elements [32].



Despite all the knowledge regarding hazardous processes in São Miguel, the first attempt to quantify the economic loss resulting from explosive volcanic eruptions on an important economic activity, such as the tourism industry, was only accomplished recently [33]. Before that, some studies on potential damages on buildings in São Miguel Island were carried out [34], or widespread vulnerability analysis of specific islands or volcanoes [35,36,37].



The objective of this paper is to characterize the potential impacts of tephra fall deposition on the water supply system of the municipality of Ponta Delgada, through the comparison of two scenarios of explosive eruptions sourced from Sete Cidades Volcano which can be taken as a proxy for future eruptive events. The effects are characterized in terms of the volume of water abstracted, the storage capacity affection and the inhabitants that may suffer water supply disruption.



The present study is the first research regarding the impact of volcanic eruptions on critical infrastructure in the Azores archipelago, and further studies should take into account other possible scenarios for explosive eruptions (in terms of the location of the eruptive centers, eruptive source parameters and wind conditions), as well as scenarios of effusive eruptions (location of the source, effusive rate and main flow path of the lava flows).




2. Materials and Methods


2.1. Study Area


São Miguel Island is formed by seven volcanic systems (Figure 1B), namely, from the west to the east, Sete Cidades Volcano, Picos Fissural Volcanic System, Fogo Volcano (also known as Água de Pau Volcano), Congro Fissural Volcanic System, Furnas Volcano, Povoação Volcano and Nordeste Volcanic System [38]. All these systems are active, except for the Nordeste Volcanic System and Povoação Volcano, which are considered extinct [40].



The latter eruptive scenarios presented are associated with explosive eruptions in the Sete Cidades Volcano, which is the westernmost central volcano on São Miguel Island. This volcanic edifice has an area of 110 km2, a mean subaerial diameter of approximately 12 km and reaches a maximum altitude of 845 m a.s.l. [13,41]. In the summit of the volcano a 5 km-diameter sub-circular caldera can be observed with walls as high as 350 m [41].



The growth of the Sete Cidades Volcano started approximately 200,000 years ago, and its stratigraphy comprises two main geological groups, according to reference [42]: The Inferior Group, consisting of lava flows and pyroclastic deposits, which date from more than 200,000 years ago to 36,000 years BP, and the Superior Group, comprising all volcanic products erupted in the last 36,000 years.



The last major explosive eruption of Sete Cidades occurred 16,000 years BP and was related to the last stage of formation of the summit caldera. The products of this eruption are recorded by the Santa Bárbara Formation and include trachytic tephra fall and pyroclastic density current deposits [43,44]. Over the past 5000 years at least 17 trachytic explosive eruptions took place in Sete Cidades, the last one about 500–600 years BP [42]. These recent eruptions, some of which of sub-Plinian dimensions, were sourced from the summit caldera and their products are dominated by tephra fall deposits. This high eruptive frequency of Sete Cidades makes it the most active and hazardous central volcano of São Miguel [38].



The mean annual precipitation in São Miguel amounts to 1722 mm [45], and the mean annual runoff is 686 mm, corresponding to a total discharge of 5.11 × 108 m3/a [45]. According to the Azores Regional Water Plan and the River Basin Management Plan, made to comply with the EU Water-Framework Directive requirements, there are six main groundwater bodies on São Miguel (Figure 1C) [39], which are closely related to the volcanic systems on the island. A comprehensive description of the hydrogeology of São Miguel can be found in the papers [46,47].




2.2. The Water Supply System of Ponta Delgada


The water supply on São Miguel is fully assured by the six municipalities, with 100% of the 137,307 inhabitants being served. The 60 water supply zones on the island are vertically integrated and are run directly by four municipalities (Lagoa, Ribeira Grande, Vila Franca do Campo and Povoação), while the other two are run indirectly through a municipal company and a semi-autonomous service provider [48]. The mean number of inhabitants per water system is equal to 2311. On the island, a total of 157 groundwater sources are nowadays abstracted, corresponding to a volume of 2.53 × 107 m3/a, contrasting to a single surface water source exploited for human supply (6.23 × 107 m3/a) [39].



The Ponta Delgada water supply system serves a total of 68,392 inhabitants and corresponds to a vertically integrated system run indirectly by the Ponta Delgada municipality through a semi-autonomous water services utility company (Serviços Municipalizados de Água e Saneamento de Ponta Delgada—SMAS).



The supply system is divided into 18 zones (Figure 1D), based on the homogeneity of the water sources that feed the system. All the water is abstracted from groundwater bodies, namely through 46 springs or groups of springs and four drilled wells (despite a larger number that can be exploited), corresponding to a mean volume of about 42,545 m3/day (2019; SMAS). The volume of water abstracted has been relatively constant since 2003, reflecting the influence of the springs presenting higher discharge rates, where seasonal variations are nonexistent [32], and in 2018 the overall abstracted volume was estimated as equal to 1.42 × 107 m3/a [49].



Springs correspond to discharges from perched aquifers in the Sete Cidades and Água de Pau groundwater bodies (Figure 1C), respectively, toward the west and the east, with the latter being used also to transfer water to systems run by the Ribeira Grande and Lagoa municipalities. These springs are located at various altitudes on the flanks of the quaternary central volcanoes of Sete Cidades and Fogo, such as, for example, the so-called Chã dos Tanques (Figure 2). Hydrogeological studies have shown that in the Azores discharge is generally higher in springs from lava flow aquifers, basaltic or trachytic in nature, compared to discharges from aquifers made of pyroclastic deposits. Discharge is also often higher in winter than in summer [50], presenting an inverse linear relationship between the elevation of the discharge and the water conductivity, which suggests that groundwater discharging at the high-altitude springs have a lower residence time [51].



The Sete Cidades and Fogo central volcanoes are linked by a volcanic fissural zone (Picos Fissural Volcanic System), corresponding to a flatter area at a lower altitude where wells were drilled in the last decades, abstracting groundwater from perched or from basal aquifers. This fissural system corresponds to the so-called Ponta Delgada–Fenais da Luz groundwater body, and drilled wells present depths in the range 89 m up to 284 m, with a mean transmissivity of 3 × 10−2 m2/s.



Water storage is ensured by using 61 reservoirs, mainly ground reservoirs, corresponding to a total capacity of 48,790 m3 and the system also includes nearly 710 km of pipes. Coupled to reservoirs, water treatment is made in 33 treatment stations through chlorination. As the groundwater abstracted in springs is mainly of acid soft waters type, it requires only a simple correction of pH and hardness, which is typically made in the spring capture using tanks with limestone fragments in the bottom. Generally, the supplied water is of very good quality, complying to normative values and monitoring demands, despite some concerns about abnormal fluoride content in some springs [32].



Water usage in Ponta Delgada is dominated by domestic supply, which corresponds to about 3.34 × 106 m3/a (year 2018; [52]), to which 3.39 × 105 m3/a (commerce and services) must be added to estimate urban water services. The water supply system managed by SMAS also provided 9.03 × 105 m3/a for social purposes and temporary supplies, about 7.53 × 105 m3/a to other public demands, as well as 8.36 × 105 m3/a and 5.42 × 105 m3/a to agriculture and industry, respectively [52]. The volume of water charged by SMAS to water users in 2018 was equal to 6.54 × 106 m3/a [52], and the leaks in the system were computed at more than 40%, which justifies the gap to the volume of water being abstracted annually [49].




2.3. Methodology


The potential impact of explosive volcanic eruptions on the water supply system of Ponta Delgada was evaluated through the application of vulnerability matrices. In the present paper mainly the physical vulnerability is approached, in the sense presented by [53], representing the susceptibility to tephra fall associated with trachytic explosive eruptions from the Sete Cidades Volcano.



The first step in the assessment of the impact of tephra fall deposition on the water supply systems was the definition of eruptive scenarios. This is a common approach used to assess volcanic hazard, as it helps to mitigate the impacts of future eruptions by anticipating the consequences that may occur [54]. For this paper, two of the eruptive scenarios of [44] were selected, which were obtained from the reconstruction of the violent sub-Plinian phase of the Santa Bárbara eruption [43,44]. The numerical simulations of tephra fall scenarios were obtained using an advection–diffusion model (for details see [55]) in the Volcanic Risk Information System (VORIS) 2.0.1 tool [56], implemented in a GIS framework, which allows for the rapid visualization of the simulation results. This methodology has been successfully applied to other cases, such as of Deception Island, Antarctica [57], El Hierro and Lanzarote, Canary Islands [54,58] and Fogo Volcano (São Miguel) [33].



Eruptive scenario A (corresponding to scenario 2 of [44]) reconstructs the known distribution and thickness of the tephra fall deposit of the Santa Bárbara eruption. The main eruptive source parameters used in scenario A were an erupted bulk volume of 0.27 km3 and an eruption column height of 17,000 m, which are in the same range of values estimated for some of the recent (<5000 years) sub-Plinian eruptions of the Sete Cidades Volcano [42,59]. Therefore, it can be taken as a proxy for future explosive eruptions. The wind conditions used correspond to a vertical profile with wind directions ranging from SW-blowing winds at lower altitudes to WNW-blowing winds at higher altitudes.



Eruptive scenario B (corresponding to scenario 3 of [44]) simulates a hypothetical future explosive eruption with the same eruptive source parameters as in scenario A, but with a unidirectional NW-blowing wind profile. It reproduces a worst-case scenario of a violent sub-Plinian eruption of the Sete Cidades Volcano under wind conditions blowing toward Ponta Delgada city. Given the westerly prevailing winds throughout most of the year in the Azores region (see wind statistical analysis in [33,38]), scenario B is a plausible most hazardous scenario with the highest impact on critical infrastructure of Ponta Delgada municipality.



The main input parameters used for the simulations of eruptive scenarios A and B with the VORIS 2.0.1 tool are shown in Table 1 (for further details see [44]).



Vulnerability matrices were applied to compute indexes, as through these matrices, the thickness of tephra fall deposits, corresponding to an increasing hazard level, is multiplied by descriptors of the water supply system, representing the elements at risk. For this latter purpose, the elements at risk considered in this study were the volume of water being abstracted (Table 2), the storage capacity of the reservoirs (Table 3) and the number of inhabitants being served by the system (Table 4). The application of this semi-quantitative approach does not require ex-ante data [60] and may provide an important insight into the definition of strategies and structural measures for risk mitigation [61]. Nevertheless, as only one single volcanic hazard (tephra fall) is addressed, difficulties associated with a multi-hazard analysis are avoided, despite recognizing that in volcanic regions this approach may be of higher value as these areas are affected by a large array of hazardous phenomena [62].



Threshold values for tephra fall thickness used in Table 2, Table 3 and Table 4 were taken from [3]. For springs the increasing hazard levels are, respectively, equal to 1 to 20 mm, 20 to 100 mm and higher than 100 mm, while for values lower than 1 mm no damage/disruption is expected (Table 2). If along the first level (1 to 20 mm), clogging of filters and some abrasion occurs, as well as higher water turbidity, the following levels may depict an increasing deterioration of the water quality, damages to pumping equipment, infilling of tanks and in the limit the collapse of the water source roofs [3]. The same threshold values were considered for the analysis of the number of inhabitants being affected (Table 4). Indices in the matrix were classified as representative of a tolerance status (1–4), of disturbance (5–9) and of damage (10–15). Five classes were considered for the spring discharge (Table 2), taking into account data for the several sources being abstracted [32].



For reservoirs, the hazard levels used are, respectively, equal to 10 to 100 mm, 100 to 500 mm and higher than 500 mm, and for values lower than 10 mm no damage/disruption in the building is expected (Table 3). These threshold values are the same as those proposed by [3] for buildings, more appropriate for the type of reservoirs in the Ponta Delgada water supply system. For the first level (10 to 100 mm), only light roof damages are expected, with abrasion of windows and cladding; nevertheless, tephra will infiltrate the interior of the building [3]. Roof damages will increase along the following levels, from severe to total collapse, as well as the extent of damages in the buildings. The expected amount of tephra inside the reservoirs will also be much higher. Five classes were considered for the storage capacity (Table 3), considering data for the several water reservoirs that made the water supply system of Ponta Delgada [32].



Finally, for the vulnerability matrix based on the number of inhabitants being served by the system, five classes were considered regarding the number of people served in each of the 18 water supply zones into which the system is subdivided (Table 4).



As the water treatment stations are in the main reservoirs, results for the latter structures also reflect any constraints to the treatment capability following explosive volcanic eruptions.



Despite groundwater-based water supply systems perhaps being less vulnerable to tephra fall than surface water-fed systems or wastewater facilities, which are not addressed in this paper, well-head equipment is still vulnerable [5]. Moreover, the water supply system design is instrumental in what concerns impact occurrence and severity [4], and in the present case study spring-fed sources will also be impacted as suspended ash will penetrate inside the infrastructure, which may cause blockage of the water intake, and filter and pipe clogging, besides the possibility of the damages to the overall infrastructure. Tephra-water slurries may also cause clogging [3]. Poor water quality is also to be expected due to the deposition of tephra inside the water sources infrastructure and in the recharge areas.





3. Results and Discussion


3.1. Impacts on Water Abstraction


The impacts of the two eruptive scenarios on the water supply system of Ponta Delgada are shown in Figure 3 and Figure 4, respectively, for scenarios A and B. In scenario A, tephra fall deposits extend mostly to the north coast of São Miguel, while in scenario B tephra covers a much larger area inland, thus impacting at a larger scale the water supply infrastructure.



According to scenario A, 70.5% of the springs that feed the water supply are impacted (31 springs from a total of 44); nevertheless, the remaining 29.5% (13 springs) represent a major portion of the total abstraction (Figure 3A). The latter group is responsible for 64.5% of the total daily abstraction (27,446 m3/day). In 17 springs, the hazard level is tolerable, corresponding to a volume abstracted of 1947 m3/day (4.6% of the total daily volume), in six springs the level is of perturbance (2274 m3/day; 5.3% of the total) and in seven springs the level is of damage (10,884 m3/day; 25.6% of the total) (Figure 3A and Figure 5A). The drilled wells area was not affected in this scenario.



If the tolerance level only requires an increasing frequency of maintenance operations, due to clogging of filters and equipment abrasion in the spring abstraction infrastructure, the disturbance level may imply restrictions on the water usage, due to damages to equipment or water pollution. These impacts are aggravated in the damage hazard level, where the water source infrastructure may collapse and the expected water pollution risk increases.



Scenario B reveals that only 15.2% of the springs (seven of a total of 46) are not affected at any level by tephra fall deposits, namely the ones located at Água de Pau groundwater body (Figure 1C,D and Figure 4A). Instead, springs spread over Sete Cidades groundwater body, as well as all the drilled wells in the Ponta Delgada–Fenais da Luz groundwater body, are affected by the deposition of tephra. In 18 springs the hazard level is tolerable, corresponding to 1821 m3/day (4.3% of the total daily volume), but in 12 springs the expected level is of perturbation (5157 m3/day; 12.1%) or damage (16,094 m3/day; 37.8%) (Figure 4A and Figure 5A). The latter percentages show how scenario B has a much larger impact compared to scenario A, severely constraining the daily abstraction of water to public supply.




3.2. Impacts on Water Storage


The water storage capacity is also strongly impacted on both scenarios, but with different magnitudes. According to scenario A, in 12 reservoirs the hazard level is of tolerance, corresponding to a storage capacity of 4730 m3 (9.7% of the total capacity), and in the other two the hazard is of perturbation (1060 m3; 2.2%) (Figure 3B and Figure 5B). The damage level only occurs in a single reservoir, corresponding to a storage volume of 2000 m3 (4.1%).



If within the tolerance level only small damage in the roofs and abrasion of doors, windows and cladding of the reservoirs is to be expected, thus not constraining the storage capacity, with the perturbation level partial collapses of the infrastructure may occur, as well as serious damage in roofs and vertical structures, thus compromising water storage volume. The water storage is fully compromised at the damage level, as damages are beyond repair, as total roof collapse may occur as well as severe damage to the remaining structures.



The overall storage volume is strongly aggravated with scenario B, as 75.4% of the reservoirs may be affected, corresponding to 87.7% of the overall storage capacity of the water supply system (Figure 4B and Figure 5B). A total of 22 reservoirs are at the tolerance level (13,360 m3; 27.4% of the total), 18 at the perturbance level (17,140 m3; 35.1%) and six at the damage level (12,300 m3; 25.2%).




3.3. Impacts on Water Supply Zones


Using the same hazard levels applied for the water sources and considering the overall number of inhabitants served by each water supply zone, scenario A reveals that in four zones the level is of tolerance, with 2169 inhabitants affected (3.2% of the total). In other eight water supply zones the level is of perturbance (40,868 inhabitants; 59.6%) (Figure 3C and Figure 5C).



Scenario B affects six zones (33% of the total) with a tolerance hazard level (5087 inhabitants; 7.4%), another six zones depict a perturbation level (13,323; 19.5%) and five present a damage hazard level (Figure 4C and Figure 5C). The latter ones correspond to 49,513 inhabitants, 72.4% of the total population served by the Ponta Delgada water supply system.




3.4. Prepradness Measures and Forthcoming Research


The main findings suggest that the water supply system of Ponta Delgada can be severely impacted by an explosive eruption at the Sete Cidades Volcano. Moreover, despite not being analyzed in the present paper, an explosive eruption at the nearby Fogo Volcano also has the potential to disrupt the water supply system, as suggested by volcanological studies [12,33], both by directly affecting springs located in the Água de Pau groundwater body or by tephra deposition toward the west if the wind conditions are favorable. Therefore, a set of preventive measures must be adopted to mitigate the potential effects of a future explosive eruption. Several actions have been recommended to water supply managers in the literature [63], such as further protection of the water intakes and the empowerment of water monitoring, besides the increase of spare technical components.



Taken as priority criteria for the springs/wells, or similarly the reservoirs, that depict a higher hazard index for both eruptive scenarios, the water intake protection should be reinforced to prevent physical damages and avoid water turbidity increase, maintaining the interiors as cleanly as possible. Moreover, air thigh conditions will also allow a higher protection of any indoor equipment, such as electrical control panels or chlorination devices (in reservoirs).



An overall increase of the storage capacity, as well as creating conditions for water transfer between water supply zones in the system, also have to be prepared to allow a response to a volcanic crisis, or to anticipate the increasing water demand for cleaning operations in the aftermath of the eruption. The identification of alternative routes toward water intakes and reservoirs, facilitating cleaning operations in the facilities and personnel training will also be useful for a prompt response.



Monitoring of water quality is also to be reinforced during and in the aftermath of the eruption, to allow any adjustment to be made in the water treatment operations, for example, due to acidity decrease or higher water turbidity, or to control some elemental contamination from toxic elements (e.g., fluoride). Preparedness should also include analyzing tephra to characterize those toxic elements’ leaching (Al, As, Cd, Cr, Cu, F, Fe, Mn, Ni, Pb, Zn) to which some protocols have been already developed [64].



The geology of the Azores depicts a large array of eruptive styles, from more effusive eruptions to highly explosive events, thus other eruptive scenarios must be fully investigated in the future to consider water supply as a major issue of civil defense in the Azores archipelago, in general, and in São Miguel Island, in particular.
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Figure 3. Cartographic representation of the impacts of eruptive scenario A, respectively, for: (A) Volume of water being abstracted; (B) storage capacity of the reservoirs; (C) number of inhabitants being served by the system over the water supply system of Ponta Delgada. 
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Figure 4. Cartographic representation of the impacts of eruptive scenario B, respectively, for: (A) Volume of water being abstracted; (B) storage capacity of the reservoirs; (C) number of inhabitants being served by the system over the water supply system of Ponta Delgada. 






Figure 4. Cartographic representation of the impacts of eruptive scenario B, respectively, for: (A) Volume of water being abstracted; (B) storage capacity of the reservoirs; (C) number of inhabitants being served by the system over the water supply system of Ponta Delgada.
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Figure 5. Comparison of the two eruptive scenarios (A,B), respectively, for: (A) Volume of water being abstracted; (B) storage capacity of the reservoirs; (C) number of inhabitants being served by the system over the water supply system of Ponta Delgada. 
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4. Conclusions


Ponta Delgada is the municipality with the largest population in the Azores and is located in the vicinity of two active central volcanoes (Sete Cidades and Fogo). Therefore, the water supply system in this area, which serves a total of 68,392 inhabitants, may be affected by volcanic eruptions in the future, with severe consequences if the supply is partially or totally interrupted. Moreover, the location of the water captures, mainly spread in the flanks of these volcanoes, as well as the widespread distribution of the urban areas along the coastal area of the municipality, poses additional difficulties in preventing or mitigating the consequences of an eruption over the water supply system.



The present study also points to the need for the municipal emergency plan to provide measures specifically focused on protecting the water supply, to maintain it during and after a volcanic crisis with a minimum of constraints. The results of this paper can serve as a benchmark for other municipalities in the Azores, where the issue of water supply during and after a volcanic event is equally crucial and stresses the need to develop such studies in the near future.
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Figure 1. Study area setting: (A) Location of São Miguel Island in the Azores archipelago; (B) volcanic systems of São Miguel from west to east (1—Sete Cidades Volcano; 2—Picos Fissural Volcanic System; 3—Fogo Volcano, also known as Água de Pau Volcano; 4—Congro Fissural Volcanic System; 5—Furnas Volcano; 6—Povoação Volcano; 7—Nordeste Volcanic System; according to [38]); (C) groundwater bodies delimitation from [39]; (D) layout of the water supply system from Ponta Delgada (data from SMAS) and Municipalities (PDL—Ponta Delgada; LAG—Lagoa; RG—Ribeira Grande; VFC—Vila Franca do Campo; POV–Povoação; NOR—Nordeste). 
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Figure 2. View of the Chã dos Tanques spring (Feteiras, Sete Cidades): (A) External view; (B) interior of the spring capture. 
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Table 1. Main input parameters for the two eruptive scenarios (adapted from [44]).
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	Scenario A
	Scenario B





	Eruptive source parameters
	Erupted bulk volume (km3)
	0.27
	0.27



	
	Eruption column height (m)
	17,000
	17,000



	Wind conditions
	Altitude (m)
	Direction (°)/Intensity (m/s)
	Direction (°)/Intensity (m/s)



	
	2000
	230/2
	322/2



	
	4000
	245/4
	322/4



	
	8000
	265/10
	322/10



	
	13,000
	280/21
	322/21



	
	18,000
	290/32
	322/32
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Table 2. Vulnerability matrix for the volume of water being abstracted (threshold values for tephra fall thickness adapted from [3]. Tolerance status (1–4) in yellow, disturbance in orange (5–9) and damage in red (10–15).
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Spring/Drilled Well

	

	
Tephra Fall Thickness (mm)






	
Discharge (m3/day)

	

	
1–20

	
20–100

	
>100




	
Value

	
1

	
2

	
3




	
0–125

	
1

	
1

	
2

	
3




	
125–250

	
2

	
2

	
4

	
6




	
251–500

	
3

	
3

	
6

	
9




	
501–1000

	
4

	
4

	
8

	
12




	
>1000

	
5

	
5

	
10

	
15
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Table 3. Vulnerability matrix for the storage capacity of the water reservoirs (threshold values for tephra fall thickness adapted from [3]. Tolerance status (1–4) in yellow, disturbance in orange (5–9) and damage in red (10–15).
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Reservoir

	

	
Tephra Fall Thickness (mm)






	
Storage Capacity (m3)

	

	
10–100

	
100–500

	
>500




	
Value

	
1

	
2

	
3




	
0–250

	
1

	
1

	
2

	
3




	
251–500

	
2

	
2

	
4

	
6




	
501–1000

	
3

	
3

	
6

	
9




	
1001–2000

	
4

	
4

	
8

	
12




	
>2000

	
5

	
5

	
10

	
15
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Table 4. Vulnerability matrix for the number of inhabitants being served by the system (threshold values for tephra fall thickness adapted from [3]. Tolerance status (1–4) in yellow, disturbance in orange (5–9) and damage in red (10–15).
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Water Supply Zone

	

	
Tephra Fall Thickness (mm)






	
Inhabitants (no.)

	

	
1–20

	
20–100

	
>100




	
Value

	
1

	
2

	
3




	
0–500

	
1

	
1

	
2

	
3




	
501–2000

	
2

	
2

	
4

	
6




	
2001–6000

	
3

	
3

	
6

	
9




	
6001–8000

	
4

	
4

	
8

	
12




	
>8000

	
5

	
5

	
10

	
15
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