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Background: Little is known about the public health impact of chronic exposure to physical and social stressors in
the human environment. Objective of this study was to investigate the immediate and long-term health effects of
living in an environment with gas-mining induced earthquakes and related stressors in the Netherlands. Methods:
Data on psychological, somatic and social problems recorded routinely in electronic health records by general
practitioners during a 6-year period (2010–2015) were combined with socioeconomic status and seismicity data. To
assess immediate health effects of exposure to ML�1.5 earthquakes, relative risk ratios were calculated for
patients in the week of an earthquake and the week afterwards, and compared to the week before the earth-
quake. To analyse long-term health effects, relative risks of different groups, adjusted for age, sex and socio-
economic status, were computed per year and compared. Results: Apart from an increase in suicidality, few
immediate health changes were found in an earthquake week or week afterwards. Generally, the prevalence
of health problems was higher in the mining province in the first years, but dropped to levels equal to or even
below the control group in subsequent years, with lower relative risks observed in more frequently exposed
patients. Conclusions: From a public health perspective, the findings are fascinating. Contrary to our expectation,
health problems presented in general practice in the earthquake province decreased during the study period.
More frequently exposed populations reported fewer health issues to general practitioners, which might point at
health adaptation to chronic exposure to stressors.
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Introduction

I
n recent decades, the health impact of exposure to disasters has
been studied extensively. As a rule, findings point at an increase in

physical, psychological and social consequences.1–6 The typical pat-
tern in health problems or health care utilization after a disastrous
event can be visualized as a sudden peak followed by a gradual
decrease over time, with over half of exposed population not devel-
oping health problems and a stabilization of population health with-
in 1–2 years.1,5,7,8 Disaster health research mostly focused on single
events. The few studies considering repeated exposure to natural and
human-made disasters suggest that the risk of developing mental
health problems across the psychiatric spectrum, including suicidal-
ity, is higher in case of repeat exposure.9,10

Despite the growing understanding of the health impact of dis-
asters and relevant risk factors,1,4,8 little is known about the timing
of symptom onset, especially in a context of slow-onset, creeping,
recurring or chronic crises that can be accompanied by substantial
stressors. Such circumstances are preferably studied with prospective,
longitudinal designs that address the prevalence of a broad range of
physical, psychological and social health problems, while considering
exposure intensity and incorporating control groups. The current
study utilizes such a design and examines the development of

population health over time in an environment with persistent phys-
ical and social risk factors. The objective is to assess the immediate
and long-term health effects of living in a region with gas-mining
induced earthquakes and related stressors.

Earthquakes in the Groningen gas field

The population of the Groningen gas field region in the north of the
Netherlands has been continually exposed to mining induced earth-
quakes for over two decades. Gas extraction started in 1962 and
seismicity was first recorded in December 1991 when the reservoir
reached �28% depletion. Currently, the majority of earthquakes in
the northern Netherlands is related to gas extraction.11 At the end of
2016, a total of 1035 events have been recorded in Groningen, 279
events of ML�1.5.12 Six earthquakes exceeding M3.0 were recorded.
Earthquakes with a magnitude of 4.5–6.4 are considered
possible.12,13

In a worldwide review of human-induced earthquakes, the term
‘nuisance earthquakes’ is used for those that cause societal incon-
venience; this inconvenience may be physical or psychological, and
includes objectionable damage to infrastructure or the environment,
public concern, annoyance or distress about ground shaking, noise
or environmental effects such as hydrological changes. Nuisance
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depends on the proximity of people but is difficult to apprehend and
context-dependent: ‘Clearly no seismological parameter, e.g. magni-
tude or intensity of ground shaking, can quantify nuisance because it
is dependent on the culture of those affected. Nuisance earthquakes
are those that need health-and-safety management.’11 The situation
in Groningen matches this definition. In the municipalities of
Loppersum, Ten Boer and Slochteren, more than 60% of the houses
has been damaged, as has over 50% of the houses in the municipal-
ities of Bedum, Eemsmond and Winsum.14 Population surveys sug-
gest that the quality of life and trust in the future among inhabitants
of the region is negatively affected, and point at an increase in
experienced uncertainties, sense of safety, worries, frustration, stress,
distrust and a lack of social recognition.13,15–17 These experiences
have been attributed to the inability, or even unwillingness, of
authorities and the gas company to end or reduce the mining activ-
ities and compensate for or repair damaged houses and prop-
erty.13,14,18–20

Methods

Study design

A longitudinal study was conducted based on routinely recorded
electronic health record data from general practices in the earth-
quake province and in a control group outside this area, considering
sex and age, seismic exposure and socioeconomic status.

Data sources and participants

Health records

Health record data were obtained from general practices participat-
ing in Nivel Primary Care Database.21 The database consists of
anonymized data from electronic health records of a representative
sample (�10%) of all general practices in the Netherlands. Every
Dutch resident is obliged to be registered at one practice and general
practitioners act as gatekeepers to secondary care. Therefore, elec-
tronic health records are considered to give a complete picture of
population health. The study population included all patients regis-
tered in participating practices in the provinces of Groningen,
Friesland and Drenthe (figure 1). Health records were available
from 16 practices in 2010 (67 629 patients), 27 practices in 2011
(95 716 patients), 52 practices in 2012 (193 685 patients), 56 practi-
ces in 2013 (205 668 patients), 62 practices in 2014 (233 121
patients) and 56 practices in 2015 (210 318 patients). Health prob-
lems were recorded by general practitioners using the International
Classification of Primary Care version 1 (ICPC).22 Prevalence esti-
mates were based on disease episodes; each episode contains all
ICPC-coded patient contacts (Nielen et al. 2019).23 ICPC codes
were categorized into chronic (irreversible) disorders, long-lasting
(reversible) conditions and acute conditions or symptom diagnoses
(Nielen et al. 2019).23 For instance, symptoms such as headache or
nausea are classified as an acute condition, meaning that the episode
has an ‘end’ after a certain ‘symptom-free’ period, while a Diabetes
Mellitus type 2 episode would remain ‘open’ since this concerns a
chronic, irreversible condition. Data quality of routine electronic
health records is not self-evident,24 therefore, only practices that
satisfied quality criteria regarding completeness of ICPC coding
were included in the study. Health outcomes were analysed as indi-
vidual symptoms/conditions as well as clusters of diseases. Anxiety,
depression, stress reactions, suicidality (suicide and attempts), social
problems, non-specific physical and psychological symptoms, and
chronic conditions were considered. Also, changes in symptomatol-
ogy in ICPC-chapters were tested. Supplementary File 1 provides an
overview of included health outcomes.

Exposure

Seismic activity data were obtained from the Royal Netherlands
Meteorological Institute (KNMI), an independent authority that
acts as the Dutch national weather service as well as the national
research and information centre for meteorology, climate, air quality
and seismology. KNMI deploys The Netherlands Seismic and
Acoustic Network to monitor seismic events.25 The network consti-
tutes a real-time, continuous recording and processing system of high
quality seismic and acoustic data from broad band seismometers,
borehole geophone stations, accelerometers and infrasound sensors.
It detects induced and tectonic earthquakes as well as acoustic signals.
When doing statistical analyses on the seismic catalogue, a cut-off
value of ML¼ 1.5 is often used.11,26 This corresponds to the minimum
magnitude of an earthquake which the geophone network is able to
record without failure, independent of its hypocentre or day and day
or night timing (NAM, 2015).27 Although earthquakes with magni-
tudes between 1.0 and 3.0 are generally considered ‘light’ and ‘unprob-
lematic’, Vlek described what makes the situation in Groningen
unique and ‘hazardously shallow’13,28: the limited depth of the earth-
quakes (3000 m), the relatively soft and wet surface soil (clay, peat,
sand), and the long repetitiveness of seismic activity all contribute to
considerable damage and (computed) safety risks over time in this
province with a population of 600 000—‘a tectonically inactive region
which never needed to be earthquake resistant’.13 In this study, the
seismic activity data were used to differentiate between no, single and
repeat exposure to noticeable earthquakes (ML�1.5) in the postal code
area of the population. The recorded earthquakes are here considered
a proxy for the intensity of noticeable seismicity in the vicinity of the
population, including the local impact on livelihood and stress attrib-
uted to nuisance earthquakes, housing damage and the governmental
response. The analysis has assumed that people living in areas with a
higher earthquake frequency and intensity are more likely to be con-
fronted with the impact and uncertainties concerning themselves and
their families, neighbourhood or community, even when they did not
experience particular earthquakes personally.

Socioeconomic status

Neighbourhood socioeconomic status data for the year 2014—
which given its stability is a reliable proxy for the period 2010–
2015—were retrieved from the Netherlands Institute for Social
Research (SCP). The SCP provides ‘status scores’ at a four-digit
postal code level for specific years. Socioeconomic status scores
are calculated using different survey data sources capturing the aver-
age household income, proportion of low family incomes, percent-
age of low-educated residents and unemployment rates among
residents.29,30 These characteristics are combined into a composite
score.

Analysis

Firstly, to assess the immediate health effects of exposure to ML�1.5
earthquakes, relative risk (RR) ratios were calculated for patients in
the week of an earthquake and the week afterwards, and compared
to the week before the earthquake. The count number of patients in
a postal code area with particular health problems in a week (before,
during, after) was the dependent variable. The multilevel structure
of the data (weeks within postal codes areas) was taken into account.
Exposure was measured at the postal code level. Cases with repeated
exposure, within three weeks of each other, were excluded.

Secondly, to analyse the long-term health effects of exposure to
noticeable earthquakes and to living in the earthquake region, the
RRs of different groups, adjusted for age, sex and socioeconomic
status, were computed per year and compared. Patients in
Groningen were divided in three groups: not, once or repeatedly
exposed. The exposure groups were compared to the surrounding
provinces of Friesland and Drenthe (figure 1). The cross-classified
data (individual patients nested in general practitioners and in
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postal codes) and the count nature of the dependent variable (yearly
count of contacts with a specific health problem per patient) were
addressed in the statistical models.

All analyses were conducted using a multilevel Poisson regression
model using MLwiN (version 2.30). The estimation was done with
Restricted Iterative Generalized Least Squares using Penalized Quasi
Likelihood first order (first analysis) or second order (second ana-
lysis) and allowing for extra-Poisson variation.

Results

Seismicity

Between 2010 and the end of 2015, a total of 562 gas-induced earth-
quakes were recorded in the study area: 531 in Groningen (94.48%),
28 in Drenthe (4.98%) and 3 in Friesland (0.53%). The number of
ML�1.5 earthquakes was 145 (24.80%; 135 in Groningen, 9 in
Drenthe and 1 in Friesland). All six ML�3.0 earthquakes occurred
in Groningen. Figure 2 shows the number and magnitude. The fre-
quency is higher in the period 2013–2015 (330) compared to 2010–
2012 (232). The mean magnitude is similar in both periods: 1.19
compared to 1.26, respectively, (P> 0.05). The number of ML�1.5
earthquakes is 78 and 67, respectively. February 2013 was the month
with the most ML�1.5 earthquakes.

Immediate health effects

Single exposure to a noticeable earthquake was not accompanied by
an increased risk of reported anxiety, depression, stress reactions,
social problems, non-specific symptoms or chronic conditions in the
week of the earthquake and the week afterwards. However, as visible
in table 1 the risk of suicidality was elevated in the week of the
exposure (RR¼ 1.7; CI99 1.04–2.88; P< 0.01). Noticeable single ex-
posure also increased symptomatology in the ICPC-chapters Eye (F;
P< 0.05), Endocrine, Metabolic and Nutritional (T; P< 0.05) and

Urology (U; P< 0.01) in the week of an earthquake. Moreover, the
analysis points at an increase of symptoms like nausea, migraine,
skin problems and chest pain in the week of a noticeable earthquake
(P< 0.05). This also applies to neck and shoulder complaints in an
earthquake week and dyspnoea, and chest pain in the week after
(P< 0.05) as well as nausea, musculoskeletal symptoms (i.e. in the
back) and skin problems (P< 0.01).

Long-term health effects

Figure 3 gives an overview of the prevalence of anxiety, depression,
stress reactions, suicidality, social problems, non-specific symptoms,
and chronic conditions in the earthquake province and the control
regions between 2010 and 2015 (detailed information on differences
between groups and years for these and other health problems can
be found in Supplementary File 2). The exposure groups in
Groningen are visualized in solid lines, the control region in a dotted
line. More frequently exposed groups are shown in darker solid
lines. Unlike the control region, most of the health problems in
Groningen follow a negative slope when the timeline evolves. The
risk of suicidality, however, ‘increases’ gradually in the single expos-
ure group.

While the prevalence of anxiety increased in the control regions,
the slopes in the mining province are all negative. In 2010, the
relative risk of the non-exposed and once exposed group is slightly
higher (RR¼ 1.24; CI95 0.99–1.55; P¼NS, respectively, RR¼ 1.28;
CI95 0.97–1.68; P¼NS). Six years later the relative risks of anxiety
in Groningen are lower than in the control regions. The relative risk
decreased when the exposure to noticeable earthquakes increased,
from no exposure (RR¼ 0.76; CI95 0.60–0.96; P< 0.02), to single
exposure (RR¼ 0.61; CI95 0.45–0.82; P< 0.01), to repeat exposure
(RR¼ 0.47; CI95 0.35–0.63; P< 0.01).

The pattern in depression is similar to anxiety. In 2010, the rela-
tive risk in the non-exposed group in Groningen is slightly higher
than in the control regions (RR¼ 1.11; CI95 0.91–1.35; P¼ 0.29).

Figure 1 Location of study group (province of Groningen) and control group (provinces of Friesland and Drenthe) in the Netherlands
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The relative risk in the single exposure group is higher (RR¼ 1.42;
CI95 1.13–1.78; P< 0.01). Six years later the relative risks in the
earthquake populations that were not exposed (RR¼ 0.55; CI95
0.44–0.67; P< 0.01), once exposed (RR¼ 0.54; CI95 0.40–0.73;
P< 0.01) and repeatedly exposed (RR¼ 0.44; CI95 0.34–0.56;
P< 0.01) were lower than in control regions.

In 2010, the relative risk of stress reactions was not larger in the
non-exposed (RR¼ 0.89; CI95 0.59–1.36; P¼NS) and exposed
groups (RR¼ 0.96; CI95 0.58–1.59; P¼NS) compared to the con-
trol regions. In 2015, relative risks for non-exposed (RR¼ 0.79; CI95
0.53–1.18; P¼NS), once exposed (RR¼ 0.54; CI95 0.27–1.09;
P¼NS) and repeatedly exposed (RR¼ 0.48; CI95 0.28–0.82;
P< 0.01) were lower than in the control region.

Although the general pattern in suicidality looks the same, what is
different from the other health problems is that the relative risk of
the single exposure group is lower compared to the control regions
from 2010 till 2014 (P< 0.05 in 2011 and 2013). In 2015, the relative
risk of the single exposure group is higher than the control regions.
The relative risk of repeatedly exposed patients living in the earth-
quake region is lower than the single exposure group (RR¼ 0.18;
CI95 0.05–0.67; P< 0.05).

More social problems were presented to general practitioners in
Groningen compared to the control regions in 2010. This applies to
the relative risk of the non-exposed (RR¼ 2.40; CI95 1.50–3.84;
P< 0.01) and single exposure (RR¼ 2.24; CI95 1.28–3.91;
P< 0.01) groups. Over 6 years the relative risks steadily develop
towards the control regions. Eventually, relative risks in none of
the exposure groups in Groningen differ from the surrounding
regions.

In 2010, the prevalence of non-specific symptoms in the non-
exposed (RR¼ 1.19; CI95 1.10–1.28; P< 0.01) and single exposure
(RR¼ 1.21; CI95 1.10–1.32; P< 0.01) population is higher than in
the control regions. In 2015, the relative risk of all three exposure
groups has dropped below the control regions, again with a reversed
association between exposure levels and relative risks: no exposure
(RR¼ 0.86; CI95 0.80–0.94; P< 0.01), single exposure (RR¼ 0.80;
CI95 0.72–0.88; P< 0.01) and repeat exposure (RR¼ 0.72; CI95
0.66–0.79; P< 0.01). The relative risks vary between the exposure
groups (P< 0.05).

A comparable development is observed in the prevalence of
chronic conditions. In 2010, the relative risk is initially higher in
Groningen for the non-exposed (RR¼ 1.26; CI95 1.16–1.37;
P< 0.01) and once exposed (RR¼ 1.22; CI95 1.13–1.33; P< 0.01).
Again, after 6 years the relative risk is lower in the three groups with
different exposure levels compared to the control regions (P< 0.01),
with the highest risks in the non-exposed and the single exposure
groups (RR¼ 0.80; CI95 0.74–0.87, respectively, RR¼ 0.78; CI95
0.71–0.85; P< 0.01). In 2015, the repeat exposure group risk is lower
than in the control regions (RR¼ 0.63; CI95 0.57–0.68; P< 0.01)
and lower than in the non-exposed and once exposed population
(P< 0.01).

In Supplementary File 3, the quarterly prevalence of health prob-
lems in postal codes areas with a ML� 3.0 earthquake is visualized.
In each postal code, the prevalence decreases over time (like in fig-
ure 3), whether the population was confronted with noticeable
earthquakes or not. The prevalence of stress reactions, social prob-
lems and suicidality was too small to plot.

Discussion

The analyses shed some light on the immediate and long-term pub-
lic health effects of living in an environment with noticeable earth-
quakes and related stressors. When it comes to immediate health
impacts linked to noticeable earthquakes, apart from an increase in
suicidality, few changes were found in the week of a noticeable
earthquake or week afterwards. If a long-term effect was to be
expected, as described in the introduction, an increase of healthFi
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problems in the earthquake population seemed probable, also given
the results from earlier surveys and enquiries in the region that were,
however, primarily based on self-reported information from a selec-
tion of participants, and lacked continuous measurements and a
control group. The prevalence of psychological, somatic and social
problems (including symptoms) in Groningen was indeed higher
from 2010 to 2012, yet since 2013 the prevalence dropped towards
(even below) the trend of the control group, with lower risks in
more frequently exposed patients.

The study points at public health implications of social and phys-
ical environmental circumstances that, despite similarities to disaster
settings, do differ from trajectories of post-disaster mental health
problems as described in existing epidemiological work which mostly
deals with severe, natural and human-made sudden-onset events.
With regard to earthquakes in high-income countries, a recent review
and meta-analysis of the international literature pointed at, for in-
stance, increased mortality rates from heart attacks and stroke, and
increased diabetes in people exposed to earthquakes compared with
unexposed people.6 This review also found an increase in gastric
ulcers and antidepressant and antipsychotic medication use, as well
as infectious diseases.6 An important difference is that the population
in Groningen was not exposed to a heavy earthquake (or other im-
mediate disaster like a flood, hurricane, explosion or severe fire). Thus
far, fortunately, no people were killed by collapsing buildings or dam-
age to infrastructure. The study did indicate that exposure to notice-
able earthquakes can be accompanied by, mostly transient, stress-
related health complaints such as nausea, chest pain and musculo-
skeletal complaints. The increase in suicidality after single exposure to
noticeable earthquakes is not simple to explain. Suicidal behaviour is
a very complex, multifactorial problem.

Recent cross-national comparison studies suggest that wealthy
and safe countries like the Netherlands are characterized by a higher
prevalence of mental health problems like post-traumatic stress dis-
order, mood, anxiety and substance disorders, and suicide compared
to more vulnerable, less affluent countries.31,32 Moreover, the num-
ber of psychological and social problems reported to general practi-
tioners in the Netherlands has increased between 2010 and 2014.33

This development was also seen in the control regions in this study
between 2010 and 2015. However, this trend is abandoned in the
earthquake province and moves towards a lower average prevalence
of health problems. Perhaps the exposed population is getting used
to the changed circumstances of ongoing uncertainty, housing dam-
age and stress, and is adjusting its health profile to a level with less
problems. Inhabitants of the mining region might report less health
problems to general practitioners over time for several reasons: they
experience fewer health problems, believe their problems are not
serious enough, expect little benefit from their general practitioner,
rely on services from other health care providers, or a combination.

Strengths and limitations

A major strength of the study is that it utilizes a longitudinal design,
combines data on exposure frequency and magnitude with a broad
spectrum of health issues, and compares particular risk groups with
a control group. Across psychological, physical and social health
categories consistent trends were found. At the same time, despite
the hazard type being earthquakes, the magnitude of recorded
occurrences is substantially lower than in typical disaster research.
The results might be indicative for the health impact of exposure to
chronic stressors and slow-onset events in the human social and
physical environment, and not to ‘real’ disasters. Although some
factors could be included or controlled for, a noteworthy limitation
is that well-known individual risk factors linked to exposure, dam-
age, social support and lifestyle could not be incorporated; people
who experience damage, loss and limited social support are more
likely to report poor health.1,4,7,8,16,17 For these and other reasons, it
is important to be careful with assuming causality, especially in re-
lation to suicidality given its low prevalence, complex nature, and
the impossibility to differentiate between suicide and attempts in the
general practice data.

Conclusions

Contrary to our expectation, health problems presented in general
practice in the earthquake province decreased during the study
period. Although it is unclear how the trend will evolve, the patterns
across health categories are reassuring because they can be inter-
preted as health adaptation to chronic exposure to stress. On the
other hand, they are disturbing given the increase in suicidality or,
alternatively, the potentially decreased tendency to report health
issues to general practitioners. The findings might be applicable to
other populations confronted with nuisance earthquakes or different
types of mild, moderate or even severe stressors attributed to the
human physical or social environment. Also, they might give an
indication of the long-term health impact of slowly progressing
health emergencies like the COVID-19 pandemic in communities
across the world.

Supplementary data

Supplementary data are available at EURPUB online.
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Table 1 Relative risk of immediate health effects of exposure to noticeable earthquakes (ML�1.5)

Week of earthquake compared to week before Week after earthquake compared to week before

RR CI99-LO CI99-HI RR CI99-LO CI99-HI

Anxiety 1.01 0.87 1.16 0.99 0.86 1.15

Depression 1.02 0.90 1.17 0.96 0.84 1.09

Stress reactions 1.01 0.80 1.28 1.00 0.79 1.27

Suicidality 1.73* 1.04 2.88 1.46 0.86 2.46

Social problems 0.78 0.51 1.20 1.05 0.71 1.56

Non-specific

symptoms

1.03 0.93 1.15 1.01 0.91 1.13

Chronic conditions 1.02 0.92 1.14 0.99 0.89 1.11

Note. Relative Risk (RR) ratios were adjusted for age and sex. The number of patients in a postal code area with particular health problems
was the dependent variable. The multilevel structure of the data (patients nested in practices) was taken into account. Exposure was
measured at the postal code level. Cases with repeat exposure were excluded from the analysis.
*: P<0.01.
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Figure 3 Prevalence of health problems in the earthquake and control regions: 2010–2015 (per 1000 patients)

Note. Shown here is the prevalence of anxiety, stress reactions, depression, suicidality, social problems, non-specific symptoms and chronic
conditions in the study regions between 2010 and 2015. The prevalence in the earthquake (EQ) region is shown in solid lines with darker
colours for the more frequently EQ exposed groups and a dotted line for the trend in the control region. Contrary to the control region,
most of the trend lines in the earthquake region follow a negative slope. A notable exception is suicidality.
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Availability of data and materials

The health record data are available from Nivel Primary Care
Database (https://www.nivel.nl/en/nivel-primary-care-database)
and the work files with computing code are available from the
authors upon request.
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Key points

• Few immediate health effects were found in a population
exposed to noticeable earthquakes induced by gas-mining
activities in the Netherlands.

• Public health risks were higher in the mining province in the
first years but dropped to levels equal to or even below the
control group in subsequent years.

• The finding that, over time, lower relative risks were observed
in more frequently exposed patients, might point at health
adaptation to chronic exposure.

• The findings might be applicable to other populations chron-
ically exposed to mild, moderate or even severe stressors
attributed to the physical or social environment of people.

• It is important to continue monitoring the health and well-
being of the population in the Groningen earthquake region in
order to support public health policy.
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