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Effect of linguistic framing 
and information provision 
on attitudes towards induced 
seismicity and seismicity regulation
Darrick Evensen1*, Adam Varley2, Lorraine Whitmarsh3, Patrick Devine‑Wright4, Jen Dickie2, 
Phil Bartie5, Hazel Napier6, Ilaria Mosca7, Colin Foad8 & Stacia Ryder4

Shale gas is an expanding energy source worldwide, yet ‘fracking’ remains controversial. Amongst 
public concerns is induced seismicity (tremors). The UK had the most stringent induced seismicity 
regulations in the world, prior to instating a moratorium on shale gas development. The Government 
cited induced seismicity as the key rationale for its November 2019 English moratorium. Yet, little is 
known about how the public perceives induced seismicity, whether they support regulatory change, 
or how framing and information provision affect perceptions. Across three waves of a longitudinal 
experimental UK survey (N = 2777; 1858; 1439), we tested whether framing of induced seismicity 
influences support for changing regulations. The surveys compared (1) quantitative versus qualitative 
framings, (2) information provision about regulatory limits in other countries and (3) seismicity 
from other industries, and (4) framing a seismic event as an ‘earthquake’ or something else. We find 
low support for changing current policy, and that framing and information provision made little 
difference to this. The one strong influence on perceptions of seismic events came from the type of 
activity causing the event; shale gas extraction clearly led to the most negative reactions. We discuss 
implications for future UK policy on shale gas and geothermal energy in an evolving energy landscape.

Regulation of induced seismicity—small earth tremors caused by human activity—became a make-or-break 
issue for the shale gas industry in the United Kingdom in 2019. The directors of both INEOS and Cuadrilla—two 
of the companies most involved in shale gas exploration—stated that the then-allowed magnitude for seismic-
ity caused by hydraulic fracturing in 2019 was too low to allow exploration and production to move  forward1. 
Under former Prime Minister Theresa May’s Conservative Government, the UK repeatedly stated it had no 
intentions to review the regulations, which required all fracturing operations to cease for eighteen hours if a 
seismic event at 0.5  ML (Richter local magnitude) or greater occurred. This led to continued industry pressure 
and the resignation of the Shale Gas Commissioner for the UK, Natascha Engel, in April 2019, who claimed that 
‘laws designed to prevent earthquakes and tremors are tantamount to a ban on fracking’2. The CEO of INEOS 
described the seismic regulations as ‘archaic’ and ‘unworkable’3. In an open letter to The Times in February 
2019, several UK geoscientists advocated an increase from 0.5 to 1.5  ML as the level that triggers the cessation 
of hydraulic fracturing  operations4.

The ‘tantamount’ ban on shale gas extraction became an official political moratorium in November 2019 (for 
England that is—political moratoria existed already in Scotland, Wales, and Northern Ireland). Although this 
moratorium arguably was created to diffuse a thorny political issue for the Conservatives in advance of a general 
election, the predominant rationale the Government gave for it was the induced seismicity of August 2019, which 
saw a series of tremors as high as 2.9  ML

5. Since the magnitude scale is logarithmic, each whole number increase 
in magnitude represents a tenfold increase in measured amplitude, and about 32 times the energy released.

A (tectonic or induced) event of 0.5  ML will only be detected by sensitive monitoring equipment near the 
epicentre of an earthquake. Although earthquakes of 2.5  ML or less are usually not felt, but are recorded by a 
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seismograph, they can be rarely felt depending on the local conditions where the epicentres  occur6–8. Thresholds 
for halting hydraulic fracturing operations in other jurisdictions, such as California (USA) and British Columbia 
(Canada), are set at 2.7  ML and 4.0  ML,  respectively9. These magnitudes correspond to an earthquake 158 and 
3,162 times ‘bigger’ (i.e., in terms of earthquake size), and 1,995 and 177,828 times ‘stronger’ (i.e., in terms of 
seismic energy release) than a 0.5  ML  event10. From a public perception standpoint, however, this does not nec-
essarily matter. The UK is not California nor British Columbia in terms of shale gas  perceptions11,12. There are 
many reasons perceptions could differ, not least the ‘anchoring and adjustment heuristic’, which explains that 
once an initial plausible value for something is established, that creates a heavy psychological anchor than can 
only be dragged to a new location in cases of substantial motivation to seek a new  value13. The UK Government 
having in place a seismicity threshold for seven years (2012–2019) conceivably provided a strong rationale for 
this being a valid value, and one can imagine little motivation on behalf of the general public to seek to re-anchor 
their beliefs in this respect.

The 2019 moratorium on shale gas extraction, alongside the UK hosting of the UNFCCC’s COP26 in Novem-
ber 2021 and the associated political rhetoric about ‘net-zero’ and ‘low-carbon’, seemed to suggest that discussion 
on shale gas would not return to mainstream UK  politics14. Nevertheless, Russia’s invasion of Ukraine and the 
economic sanctions resulting from the war have led to renewed conversations about energy security globally, 
including in the UK. Whilst Prime Minister Boris Johnson’s current comments relate primarily to growth in 
renewables and facilitating expansion of North Sea oil and  gas15, Cuadrilla CEO Francis Egan has unsurpris-
ingly branded the conflict as a rationale to urgently ‘lift the shale gas moratorium and use these and additional 
wells to produce domestic shale gas’16. On 5 April 2022, Kwasi Kwarteng MP, Secretary of the UK Department 
for Business, Energy and Industrial Strategy (UK BEIS), commissioned the British Geological Survey to review 
the scientific evidence on shale gas extraction—with a report due in June 2022—to inform whether any change 
in the moratorium or seismicity regulations is  warranted17.

The strong, and continually increasing, opposition to shale gas extraction in the UK cautions against the 
belief that hydraulic fracturing would return even  now14,18; nonetheless, the very conversation about its revival 
did not even seem plausible in February 2022. We must note that throughout this article we use the terms ‘shale 
gas extraction’ and ‘fracking’ interchangeably. This is in line with how the terms are used in public  discourse19–21; 
in colloquial use, these terms typically refer to the full range of processes and outcomes associated with shale 
gas/oil exploration, extraction, processing, transport, and development via hydraulic fracturing. In this article, 
however, we are predominantly concerned with aspects of shale gas extraction that could induce seismicity.

Aside from any implications for shale gas extraction, understanding public perceptions of induced seismic-
ity is important due to the expanding role seen by Government and industry for deep geothermal energy in the 
coming  decades22. In March 2022, a tremor of 1.7  ML

23 was recorded in association with ‘testing operations’ at a 
deep geothermal well in Cornwall,  England24, resulting in an operational pause for 24 hours for monitoring. The 
British Geological Survey estimates subsurface heat resources are sufficient to deliver 100 years of heat supply 
for the entire UK, and to provide 85% of Scotland’s and 9% of England’s electricity, with no  intermittency25,26.

In addition to seismicity from deep geothermal well  drilling27,28, induced seismicity in the UK could arise from 
development of compressed air storage, carbon capture and storage, and subsurface hydrogen storage. Globally, 
additional important causes of induced seismicity include: reservoir impoundment, sub-surface fluid removal, 
wastewater injection, erecting tall buildings, excavation of tunnels, nuclear explosions, coal mining, enhanced 
oil recovery, and carbon  sequestration29–32. In our research, we focused on the causes of induced seismicity most 
relevant to and recognisable by the UK public.

Because political decision making is often concerned with and responds, at least in part, to public sentiment 
on national energy  policy33–35, our research explored what the UK public thinks about induced seismicity from 
hydraulic fracturing and why they think this. We examined whether additional information about the tremors 
would influence their perspectives on the issue. In the third wave of our longitudinal survey, we expanded the 
focus on shale gas to include other causes of seismicity: deep geothermal operations, quarry blasting, and natural 
tectonic movements.

Literature review
Literature on social acceptance of energy production refers to interdependences between socio-political, market, 
and community  acceptance36,37; here, we stress the wider policy significance of societal perceptions on the under-
researched topic of induced seismicity from hydraulic fracturing. The role of induced seismicity in leading to, or 
at least publicly justifying, the English moratorium on shale gas extraction verifies such relevance. These findings 
are highly relevant to government, industry, and environmental non-governmental organisations (including anti-
shale-gas campaigners and groups interested in renewable energy, such as geothermal) as the UK Government 
continues its deliberation on future energy policy.

Public perceptions of induced seismicity. Within the last decade, researchers have begun to explore 
the differences in how members of the general public perceive and respond to induced seismic  events38–43. Risk 
research has long established that the public perceives voluntary and involuntary risks differently, accepting, 
for example, much higher risks associated with skiing than similar magnitude health risks from environmental 
exposure to toxic  chemicals44. This understanding was extended further to reveal the notable difference in public 
acceptability of naturally occurring hazards when compared with human-induced  hazards45.

In Oklahoma, for example, the substantial increase in induced seismicity caused by injection of wastewater 
from oil and gas operations has caused mental health  concerns46, increased risk perceptions about shale gas 
 development38, and has appreciably reduced trust in government  regulators39,42. McComas and  colleagues41 
reveal that expert-driven processes around induced seismicity in New York (USA) are less acceptable to the 
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public, compared to processes in which the public is afforded a role in deciding whether and how to implement 
the technology that caused the seismicity.

Evidence has emerged that public opposition to industrial processes leading to the seismic events (e.g., 
enhanced geothermal systems) can stop projects from moving forward, but also that outreach programs have 
been able to reduce  opposition47. McComas and colleagues’41 experimental framing study, from the US, reveals 
not only that induced seismicity is perceived as more negative than the same seismicity from natural earth 
tremors, but also that when private companies benefit from the induced seismicity, this makes the seismicity 
less acceptable. Micro-seismic events can be caused by a large range of industrial processes, from surface and 
sub-surface mining to construction—anything that causes ground shaking.  Vlek48 and Ritchie and  colleagues42 
point to the key role of trust in responsible experts and policy-makers, and perceived procedural fairness, in 
relation to induced seismicity from gas development in Groningen, The Netherlands, and wastewater injection 
in Oklahoma, USA, respectively. Liu and  colleagues49 reveal that two distinct forms of trust are both relevant 
for public acceptability of gas development that may cause induced seismicity; perceived integrity of responsible 
actors is even more important than competence-based trust.

Although research is beginning to scratch the surface of how the public interacts with induced seismicity, risk 
scholars have made a convincing case for the need for more social scientific and risk communication inquiry into 
public understanding and  reactions43. They argue that only after knowing an audience’s knowledge, associations, 
and needs can effective risk communication messages be produced. The way in which information is provided 
(e.g., numerical vs  narrative40), along with the strength and valence of existing views, trust in the information 
source, institutional relationships, and other factors shape how risk information is perceived and  used50. Novel 
approaches to risk communication are seen as  essential48, especially considering that an individual’s own per-
ceived knowledge insufficiency about induced seismicity has been shown to lead to risk information  avoidance51. 
On the other hand, providing information does not always change risk perceptions or lead to policy support—
indeed it may serve only to reinforce existing views and polarise opinion, particularly for contentious  issues52.

Research design
Much previous research on how the public thinks about and responds to earthquakes has sought to identify ways 
of communicating with the public in an effort to make them more risk-aware and to actively encourage them to 
take protective adaptations to reduce risk of  harm53–56. As such, previous studies on earthquake risk perceptions 
have mostly focused on low-probability high-consequence  events40. Our research explicitly takes up the oppo-
site form of induced seismicity, that of high-probability low-consequence events (i.e., unlikely to cause surface 
damage). In particular, we use an experimental design to test for the first time whether giving people a range of 
information about seismicity influences their support for policy changes associated with shale gas extraction.

Our first survey builds on research showing that how technical or numerical risk information is conveyed 
makes a difference for how induced seismicity is understood and responded  to40,57,58. We compared a quantita-
tive description of the difference between 0.5 and 1.5  ML with a narrative description in which we use analogy 
to convey the difference (see “Methods”). We sought to test narrative  framing59 because the public may not 
adequately understand the complexity of logarithmic values, even though Knoblauch and  colleagues40 showed 
in a Swiss sample that quantitative framing of seismicity risks was preferred. Figure 1 depicts our multi-stage 
investigations visually.

Our second wave of the longitudinal survey included experiments comparing support for changes in shale gas 
policy across conditions in which additional information was provided about regulations in other countries, and 
about effects of induced seismicity from other human activities. Rather than being informed based on theoreti-
cal or empirical literature, these wave 2 investigations arose from conversations with geoscience colleagues and 
members of the oil and gas industry we interacted with at professional meetings. When presenting our results 
from the first survey, they were incredulous that support for policy change was low and alleged that if people 
‘only knew’ the additional information, they would naturally perform a volte-face.

In our third wave of the survey, we conducted another framing experiment, giving four different descriptions 
of ground movement—each to 25% of the sample: earthquake, tremor, micro-seismicity, and seismic event. We 
investigated differences in perceived negativity of the event, based on framing condition. For each respondent, 
we also examined their perceived negativity across different activities leading to the seismic event: shale gas 
extraction, deep geothermal operations, quarry blasting, and natural tectonic movements.

Our explicit research questions were:

Figure 1.  Three waves of surveys on perceptions of induced seismicity.
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1. To what extent do various framings (quantitative/qualitative, wording of seismic event) and information 
provision (on regulation in other countries, on relationship to other activities) affect support for policy 
change on shale gas extraction?

2. To what degree does the cause of the seismic event influence perceptions of induced seismicity?
3. What attitudes and beliefs most shape support for policy change (beyond effects of framing and information 

provision)?
4. What are the implications of the responses to the foregoing questions for communication about and policy 

on induced seismicity from energy development?

We initially surveyed a sample of 2,777 UK residents in April 2019—administered by the online panel provider 
YouGov and representative of the UK population based on age, sex, census region, social grade, education, vote 
in the 2017 general election, vote in the 2016 EU referendum, and attention paid to politics. This same sample 
was invited to a follow-up survey in June 2020, attracting 1,858 respondents (67% from wave 1). The respond-
ents to wave 2 were invited to a third wave, run in May 2021, which had 1,439 respondents (52% from wave 1).

Results
Opposition to policy change. In wave 1, we provided explicit information in our survey that none of the 
tremors caused by hydraulic fracturing in the UK in 2018 caused damage, and that only two were strong enough 
to be felt by humans (see “Methods”). By wave 2, larger seismic events had occurred in association with shale 
gas development in the UK, and hydraulic fracturing had been halted. We then stated that ‘tremors, of 2.1 and 
2.9  ML, exceeded the government’s allowed limit of 0.5  ML, and stopped operations temporarily’, and that this 
contributed to the English moratorium.

Our respondents provided a clear indication that they opposed changes to the UK induced seismicity limit. 
After reading the background information, wave 1 respondents, on average, slightly to moderately opposed an 
increase of allowable seismicity from 0.5 to 1.5  ML (Table 1). Respondents also perceived the 0.5  ML limit, on 
average, somewhere between ‘somewhat loose’ and ‘about right’. Thirty-one percent of the sample replied ‘don’t 
know’ to both of these questions. The leading predictor of ‘don’t know’ responses was respondents also indicating 
that they read or heard ‘nothing at all’ about ‘earth tremors linked to shale gas extraction’ (66% for ‘don’t know’ 
respondents, vs 31% for respondents who selected any other answer to the limit change; with 67% vs 31% for 
the stringency question).

We asked about support/opposition towards a policy change of increasing the limit for seismicity from 0.5 
to 1.5  ML in our April 2019 (wave 1) survey, because this had been the explicit recommendation of numerous 
geoscientists in open letters in early  20194,60. However, following the larger seismic events in August 2019 (2.1 
and 2.9  ML), we then asked about support for policy change increasing the limit from 0.5 to 2.7 in our June 
2020 (wave 2) survey. We stated that 2.7 is ‘the limit used in Switzerland and California (USA)’61. The wave 2 
respondents, on average, slightly opposed the limit increase (Table 2). Likewise, they slightly opposed removing 
the moratorium on shale gas extraction that arose, at least in part, due to the seismic events.

Table 1.  Wave 1 survey: policy support across information conditions. a Five-point bipolar scale, with don’t 
know (DK = 31%) (1 = Far too loosely, 2 = Somewhat loosely, 3 = About right, 4 = Somewhat stringently, 5 = Far 
too stringently). b Six-point bipolar scale, with don’t know (DK = 31%) (1 = Strongly oppose, 2 = Moderately 
oppose, 3 = Slightly oppose, 4 = Slightly support, 5 = Moderately support, 6 = Strongly support). c Following 
ANOVA tests/, we ran Tukey post-hoc tests for differences between means of the two policy-relevant attitudes, 
across the four treatment conditions. Results revealed no significant differences. d See methods for text of 
qualitative and quantitative information provision.

Control Qualitatived Quantitatived Both

Traffic light system loose or stringent regulation?a 2.31c 2.29 2.43 2.44

Support/oppose limit change from 0.5 to 1.5  ML?b 2.59 2.68 2.69 2.83

Table 2.  Wave 2 survey: policy support across information conditions. a Six-point bipolar scale, with 
don’t know (DK = 16% for removing the moratorium, 20% for increasing the limit) (1 = Strongly oppose, 
2 = Moderately oppose, 3 = Slightly oppose, 4 = Slightly support, 5 = Moderately support, 6 = Strongly support). 
b See methods for text of information provision on ‘other limits’ and ‘other activities’. c Following ANOVA 
tests, Tukey post-hoc tests for differences between means of the two policy-relevant attitudes, across the three 
treatment conditions, revealed no significant differences.

Control Other  limitsb Other  activitiesb

Support/oppose removing the moratorium on shale gas extraction?a 2.96c 3.06 3.08

Support/oppose limit increase from 0.5 to 2.7  ML?a 3.13 3.30 3.29
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Effects of information provision and framing. The lack of significant differences in any of the ANOVA 
post-hoc tests in Tables 1 and 2 suggests that ‘information deficit’ explanations for opposition to policy changes 
surrounding induced seismicity lack credibility and  nuance62. Providing additional qualitative information, 
quantitative information, or both forms of information, led to no differences from the control group that received 
none of this information in wave 1 (see “Methods”). Likewise in wave 2, additional information on regulatory 
limits that are far higher in jurisdictions other than the UK, and information about other activities that lead to 
similar ground shaking as induced seismicity from shale gas, led to no difference in support for policy change 
from the control group that did not receive any of that information (see “Methods”). This raises the question of 
which factors did influence support for, or opposition to, policy change on induced seismicity.

Why was policy change opposed? Various factors affected support for changing the traffic light limit in 
survey waves 1 and 2 (Table 3). Clearly, the two most important predictors in both models are the response to 
how negative respondents would perceive an earthquake that could be felt but that caused no damage, and beliefs 
about procedural justice (the extent to which the public needs a voice in decisions on energy projects)—higher 
negativity and higher importance of public voice increase opposition. In both models, beliefs about the likeli-
hood of tremors causing damage at the surface were also important predictors of opposition, and self-reported 
knowledge of induced seismicity was irrelevant (non-significant; wave 1) or a very minor influence (wave 2).

Because seismicity measurement is a mathematical concept, we included measures of ‘numeracy’. We opera-
tionalised numeracy—literacy with numbers—according to established scales for objective numeracy (how good 
people are with numbers) and subjective numeracy (how good people think they are with numbers)63–65. In wave 
2, respondents who thought they were good with numbers supported policy change, whereas those who were 
objectively good with numbers were more opposed to policy change.

An additional change from wave 1 to wave 2 is that perceived seriousness of climate change (an average of 
perceived seriousness to: you and your family, the UK as a whole, people in developing nations, and wildlife and 
ecosystems) became significant in wave 2. This may relate to the increased public attention to climate change 
between April 2019 and June 2020. The overall model effect size  (R2—the percentage variance in the dependent 
variable explained by the group of independent variables) doubled from 31% to 63% from wave 1 to wave 2.

Arguably, there is very low probability of any structural damage at the surface from induced seismicity due 
to shale gas  extraction6,8; nevertheless, 59% responded that this is somewhat likely or very likely in wave 1, and 
68% so responded in wave 2. This belief was significant in both regressions (Table 3)—more perceived likelihood 
of damage increases opposition to policy change. Nevertheless, perceived negativity of an earthquake that causes 
no damage was the most predictive variable of opposition to policy change in both models. Therefore, it is not 
merely misconceptions about the effects of induced seismicity that shapes public views—those misconceptions 
do influence the model results, but to a lesser extent, particularly in wave 2 when the importance of perceived 
negativity of non-damaging earth tremors and climate change severity increased in their predictive capacity (see 
beta coefficients in Table 3).

A further factor that might influence support for policy change is geospatial distribution of respondents. 
Although UK census region (12 broad regions covering the UK) was not a significant predictor in the regressions, 
and other means of aggregating spatial areas (e.g., local authority level) did not offer sufficient sample sizes for 
determining statistical significance, a visual representation of survey responses across political constituencies 
(with some aggregated) reveals patterns. Figure 2 (see “Methods” for data aggregation) displays a general pattern 
of stronger support for policy change in the north of England, compared to the south, which is more opposed. 
In April 2019, there were far more prospects for and discussion of shale gas extraction happening in Northern 
England than in Southern England. Nevertheless, no region represented has a maximum value over 3.8 on the 

Table 3.  Factors predicting support for changing the limit of seismicity allowed for shale gas extraction (linear 
regressions). NB: Numbers in the cells are standardised beta coefficients. A positive coefficient indicates the 
variable associates with increased support for the policy change. Bold coefficients are statistically significant 
at p < 0.05. With one asterisk (*), p < 0.01; with two asterisks (**), p < 0.001. Independent variables measuring 
objective numeracy, subjective numeracy, and need for public voice come from wave 1 (April 2019) for both 
regressions; the other six independent variables were measured in both surveys.

0.5 to 1.5  ML (wave 1)
R2 = 0.31

0.5 to 2.7  ML (wave)
R2 = 0.63

‘How negative would you feel about an earthquake in your local area caused by shale gas extraction, which you could feel but that 
caused no damage?’  − 0.31**  − 0.49**

Likelihood that tremors will cause damage at the surface  − 0.08**  − 0.12**

How much read/heard about earth tremors linked to shale gas extraction  − 0.03  − 0.04

Objective numeracy (number correct of three items)  − 0.04  − 0.07**

Subjective numeracy (mean of three items) 0.00 0.06

Trust in industry groups or firms 0.11** 0.12**

‘Extraction is likely to have a big impact on people like me’  − 0.10**  − 0.04

‘The public needs to have a voice in decisions such as approving or refusing an application for a shale gas well.’  − 0.14**  − 0.17**

Perceived seriousness of climate change (mean of 4 items)  − 0.03 –0.11**
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six-point scale; therefore, no values even reach the level of ‘slightly support’. The graphic on the right in Fig. 2 
reveals that areas with generally more support are also more divided/polarised on policy change (higher standard 
deviations).

Differences across activities generating induced seismicity. The wave 1 and wave 2 surveys offer an 
understanding of attitudes and beliefs that shape support/opposition towards policy changes relevant to induced 
seismicity, and convincingly demonstrate very little role for framing or information provision in influencing 
such support/opposition. In our wave 3 survey, we explored one final framing condition—if the way the event 
was described affected perceived negativity to induced seismicity, and if that perceived negativity varied across 
causes of events.

Some small differences emerged for the framing test. For the questions about seismicity from ‘deep geo-
thermal operations’ or ‘quarry blasting’, induced seismicity was viewed as more negative when framed as an 
‘earthquake’, as opposed to ‘micro-seismicity’ or a ‘tremor’ (Table 4). Nevertheless, for ‘shale gas operations’ and 
‘natural movements of the earth’s tectonic plates’, no significant differences existed across any of the four fram-
ing conditions. Furthermore, the significant differences only became manifest when the geothermal and quarry 
blasting events were described as being felt; for unfelt events, framing condition was non-significant across all 
four activities leading to seismicity.

Of all our comparisons, we observed by far the largest differences in the perceived negativity of the event when 
comparing across different types of activities leading to induced seismicity. On average (combining all framing 
conditions), hypothetical events from shale gas operations that one could feel but that did not cause damage were 
rated as 7.55 on a scale of 0 (not at all negative) to 10 (very negative). The exact same description of the event, 
but caused by ‘quarry blasting or similar industrial processes’ was rated 7.05; for deep geothermal operations, 
it was 6.80. All respondents were presented with questions on perceived negativity for the three activities, and 
also natural tectonic movements—mean of 5.08.

A repeated-measures ANOVA test, comparing views on the four different causes of seismicity by the same 
respondent, had a very large  eta2 (effect size) value of 0.26. If removing the outlier of the natural tectonic move-
ments, the  eta2 was still moderately strong at 0.07—showing that the exact same seismic event is viewed sig-
nificantly more negatively when arising from shale gas operations as opposed to being from other causes, both 
anthropogenic and natural. Geothermal-induced events were notably less negative than shale gas operations and 
quarry blasting (all four items differed significantly at p < 0.001), but their mean perceived negativity was also 
clearly closer to the other induced events than to the natural tectonic movements (Table 4).

Figure 2.  Spatial distribution of support or opposition for changing the traffic light limit from 0.5 to 1.5  ML 
(wave 1).
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Discussion
Implications for policy and communication. The core messages from our data are clear: the cause of a 
seismic event is a strong influence on perceived negativity of the event, and perceived negativity is then a lead-
ing predictor of support/opposition towards policy change. The explanatory power of this predictor notably 
increased over time from our wave 1 survey to wave 2. Furthermore, there is little support for any policy change 
in relation to regulation of induced seismicity for shale gas extraction in the UK.

Perhaps the most interesting question arising from the research reported herein is what our findings presage 
for activities such as deep geothermal operations. Although perceived negativity of geothermal-induced seismic-
ity was significantly lower than for shale gas-induced seismicity, and with moderate effect size, geothermal seis-
micity was still seen as substantially more negative than natural tectonic movements leading to the same event. 
Although we are not aware of any research on perceptions of induced seismicity in relation to compressed air 
storage, sub-surface hydrogen storage, or carbon capture and storage, one might speculate at best similar negativ-
ity to geothermal, especially considering likely less perceived benefit from less ‘green’ technologies. Research in 
Switzerland revealed induced seismicity risk perceptions as the leading variable predicting (lack of) acceptance 
of deep geothermal  energy66.

Policy change, nevertheless, may not be necessary for deep geothermal operations to advance in the UK. 
Regulation of geothermal seismicity occurs at the local authority level in the UK (as opposed to the national 
level) and uses peak ground velocity (PGV) during an earthquake as the measure for the ground shaking. PGV 
correlates well with seismic  intensity67 and damage from the small, shallow earthquakes caused by geothermal 
 operations68–70. In Cornwall, where the March 2022 geothermal-induced 1.7  ML event occurred, the maximum 
PGV permitted is 8.5 mm per  second71. In contrast, the 2.9  ML event in August 2019, the highest ever UK tremor 
during the shale gas operations, recorded a PGV of about 8.2 mm/s72,73—below the limit set for geothermal 
operations in Cornwall. This suggests legitimate potential for deep geothermal to move forward. Less hydraulic 
fracturing is needed for enhanced deep geothermal than for shale gas, and no policy change seems required.

For people interested in the future of geothermal as a renewable energy industry in the UK, the lack of a need 
for policy change is quite advantageous—considering that our repeated efforts at finding any framing condi-
tions or information provision that could influence support for policy change came up mostly empty-handed. 
Across the framing conditions and information presented in the three surveys, the only (minor) effect was seen 
in the language of ‘earthquake’ leading to slightly more negative evaluations, compared to ‘micro-seismicity’ and 
‘tremor’ (but ‘seismic event’ did not differ from any of the other three).

As demonstrated by McComas and  colleagues41, tolerance for any induced seismicity (i.e., a change in natural 
processes) can be quite low if few perceived benefits to society are seen as accruing from the practice, and it is 
being conducted by a corporate actor with little trust. Twelve percent in our survey (wave 1) reported trusting the 
shale gas industry ‘a fair amount’ or ‘a great deal’, whilst 40% ‘do not trust at all’ industry actors (9% trust and 46% 
no trust for wave 2). No clear data exist on trust in the UK geothermal industry, but we would hypothesise that 
public trust is considerably higher than in the shale gas industry, and that perceived benefits from, and general 
positivity towards, geothermal development are also  higher74–76. Future research could explore in greater detail 
what the public know about deep geothermal, their associations with seismicity, their trust in key actors, and 
how these affect acceptance of this form of energy development.

Future of shale gas in the UK. Despite the aforementioned industry calls for reconsideration of shale gas 
extraction, we do not foresee a role for shale gas in the UK’s energy future.  Bradshaw14 convincingly explains that 
the timeline to commercial production is too long for shale gas to help with supply issues in the short term; in the 
long term, expanded gas production conflicts too notably with net-zero targets. Furthermore, initial indications 
suggest that even with Russian supply concerns, MPs (including Conservatives) in areas with shale gas potential 
are not coming out in favour of renewed  exploration77. Any attempts to change the policy landscape to make 

Table 4.  Wave 3 survey: perceived negativity of seismicity of events, based on framing and cause of the event. 
1 All items in this table were measured on an eleven-point scale, 0 = not at all negative, 10 = very negative. 
2 Within a given row, superscript letters denote values that differ from each other significantly, based on Tukey 
post-hoc tests for differences between means, following an ANOVA. If the letter is the same, those mean values 
do not differ. If a row has no superscript letters, there are no significant differences amongst the four means for 
that item.

How negative would you feel ______ is, caused by… ‘An earthquake’ ‘A seismic event’ ‘A tremor’ ‘Micro-seismicity’

Shale gas extraction (can feel ground movement, no damage)1 7.82 7.55 7.56 7.36

Deep geothermal operations (can feel, no damage) 7.21a 2 6.74a,b 6.63b 6.54b

Quarry blasting or similar industrial processes (can feel, no 
damage) 7.41a 7.04a,b 6.84b 6.79b

Natural movements (can feel, no damage) 5.15 5.13 5.02 4.80

Shale gas extraction (cannot feel ground movement, no damage) 6.34 6.09 5.93 5.98

Deep geothermal operations (cannot feel, no damage) 5.76 5.15 5.10 5.10

Quarry blasting or similar industrial processes (cannot feel, no 
damage) 6.08 5.67 5.45 5.51

Natural movements (cannot feel, no damage) 4.19 3.99 3.94 3.72
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hydraulic fracturing viable by increasing the seismicity limit would likely be met with stark resistance. Protests 
in relation to shale gas extraction are common in the UK, and discourse about UK decision making on shale gas 
suffering from democratic deficits has been increasingly  common11,78–81. Furthermore, climate change protests 
and demonstrations have substantially expanded in the UK since 2019, and shale gas is tied increasingly to its 
implications for global carbon emissions. The role of climate change beliefs in influencing policy support became 
important in our wave 2 survey.

One might argue that communication efforts to influence public opinion could be undertaken in advance of 
any policy change. Leaving aside that such communication seeking to change attitudes is extremely  difficult82 
and that attitudes towards shale gas extraction have only shifted slightly over ten  years18,83, our data reveal fur-
ther reasons to question the success of such efforts. Framing and information provision had little to no effect 
on support for policy change or perceived negativity of induced seismicity. One explanation for lack of effect 
of communication on attitudes could be that attitudes are well-established already, not only from exposure to 
news on shale gas extraction, but in some areas of the UK perhaps due to exposure to induced seismicity from 
historical processes such as coal mining (last seismic event in 2014) and quarry blasting.

Perceived negativity of hypothetical non-damaging seismic events was the lead predictor of support/opposi-
tion towards policy change. People in the UK are opposed to the existence of the seismic events, not primarily to 
their effects. This is consonant with McComas and  colleagues41, showing lack of support for ‘unnatural’ events 
especially if there is little perceived social benefit, and Ritchie and  colleagues42, showing the connections between 
withdrawn trust and opposition to industrial operations. Research further shows that factual beliefs about shale 
gas development may stem from negative attitudes towards shale gas, rather than the beliefs fostering such 
 attitudes84. Even if factual beliefs about prospects for damage from induced seismic events could be  changed85, 
it would not likely translate to meaningful shifts in support for new policies.

Methods
UK context. From mid-October 2018 through January 2019, hydraulic fracturing at a single shale gas well 
in Lancashire, England, led to detection of over 60 micro-seismic events, registering from -0.8 to 1.5  ML, with 
two of these reported as being felt by a few members of the local public (1.1 and 1.5  ML)6,8,72. The UK Oil and Gas 
Authority (OGA; now called the North Sea Transition Authority) was established in 2015 as the regulator for 
the UK oil and gas industry. It adopted a ‘traffic light system’, which requires that if a seismic event of 0.5  ML or 
higher occurs in the vicinity of a gas well during hydraulic  fracturing86, the operator ‘must immediately suspend 
injection, reduce pressure and monitor seismicity for further events’87. This threshold has been exceeded multi-
ple times, leading to suspension of operations for at least 18 hours in each instance.

Controversy arose in the UK in 2018–2019 over whether the low threshold for suspension of operations under 
the traffic light system should be raised or not. Leading seismologists from the British Geological Survey also 
entered the debate, noting that 0.5  ML is a ‘really quite conservative’ threshold and lower than required to prevent 
harm to humans or built  structures60. They contended that 1.5  ML would still be conservative. Repeated articles 
in major national news media outlets covered the debate over the traffic light system as well as occurrences 
of several individual micro-seismic events. It was in this context of societal attention to hydraulic-fracturing-
induced seismicity that we began our research.

Survey design, implementation, and analysis. We expected few survey respondents to have any back-
ground on induced seismicity in association with shale gas extraction. In the wave 1 survey, after three initial 
questions about perceptions of the likelihood of tremors due to shale gas extraction, self-assessed knowledge on 
the topic, and level of negativity towards hypothetical tremors, we provided all respondents with the following 
two paragraphs of information:

Recent observations by the British Geological Survey (BGS) have linked ‘induced micro-seismicity’ 
(small earth tremors that are mostly not felt by humans) to shale gas extraction. About sixty such tremors 
occurred at a shale gas extraction site in Lancashire between October and December 2018. Only two 
tremors were strong enough to be felt by humans; none caused damage at the surface.
The UK’s Oil and Gas Authority has a ‘traffic light system’ in place that requires hydraulic fracturing to 
be paused for 18 hours if a tremor of 0.5 magnitude or higher is recorded. This happened several times at 
the well site. Some scientists have recently written an open letter stating their view that the magnitude at 
which fracturing is paused can safely be raised from 0.5 to 1.5.

In addition to information provided to all respondents, sub-samples received further information about 
induced seismicity. We provided different messages to random samples of the respondents taking our survey 
(25% of the sample in each condition). In the first condition, we provided only the general background above. 
In the second condition, we used the same language, save adding a quantitative explanation of  ML:

Because seismic magnitude is measured logarithmically, the largest tremor in 2018 (1.5 magnitude) is 
316 times smaller than the level at which a tremor would cause structural damage at the surface (4.0 
magnitude).

In the third condition, we added to the background qualitative descriptions of events to which a 1.5  ML event 
is similar (generated through conversation with seismologists at the BGS):

A 1.5 magnitude tremor occurring 1 km underground is similar to the vibrations felt in a home with a 
concrete floor when a heavy goods vehicle (HGV) travels down a road 200 feet from the house.
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In the fourth condition, we included the additional wording of both the second and third conditions.
In the wave 2 survey (June 2020), after responding again to the initial questions about perceived likelihood 

of damage from tremors, self-reported knowledge of earth tremors due to shale gas development, and negativity 
of induced seismicity, we provided all respondents with the following text:

In August 2019, two seismic tremors occurred at a shale gas well in Lancashire, due to use of hydraulic 
fracturing. These tremors, of 2.1 and 2.9 magnitude, exceeded the government’s allowed limit of 0.5 mag-
nitude, and stopped operations temporarily. In November 2019, the UK Government placed a moratorium 
(temporary ban) on use of hydraulic fracturing in England due in part to questions over whether seismic 
tremors can be appropriately managed.

Our message testing experiment then examined whether provision of additional further information would 
affect support for policy changes. The first condition included the following further text:

Prior to the moratorium, the English threshold of limiting allowed seismicity from hydraulic fracturing to 
0.5 magnitude was more stringent than in other regions. For example, the limit is set at 2.7 in both Cali-
fornia (USA) and Switzerland, and 4.0 in Alberta and British Columbia (Canada) and in Illinois (USA).

The second condition added the following text to the wave 2 background:

The largest seismic tremors from the August 2019 hydraulic fracturing were felt by a few individuals local 
to the well site. The ground vibrations associated with these tremors are similar to those experienced on 
average a few times annually in the UK from other types of industrial activity, such as coal mining and 
quarry blasting.

The third condition, the control, included only the initial text.
The third survey wave (May 2021) asked a series of eight questions to each respondent about perceived nega-

tivity of induced seismicity. The first four questions asked about events ‘in your local areas’ that ‘you could feel’, 
but that ‘caused no damage’. The four questions were identical, except that the cause of the event changed in each:

• Shale gas extraction
• Deep geothermal operations (drawing renewable heat from rocks far underground)
• Quarry blasting or similar industrial processes that occur above ground
• Natural movements of the earth’s tectonic plates

Additionally, the event was described differently for different respondents. Twenty-five percent of the sample 
was randomly assigned to each condition: ‘an earthquake’, ‘a tremor’, ‘micro-seismicity’, and ‘a seismic event’. The 
second four questions were the same as the first, with the framing of the event consistent for each respondent. 
The only difference was that the event was explicitly described as ‘minor’, and still did not cause damage, but 
now could not be felt.

For data analysis of the survey results, we employed analysis of variance (ANOVA) tests with post-hoc com-
parisons to compare means on support for policy changes in wave 1 and wave 2. The policy support variables 
were treated as linear, which meant excluding ‘don’t know’ responses as missing data. The factor variables in the 
ANOVAs were the aforementioned information provision categories. We then conducted linear regressions to 
assess relative influence of various attitudes and beliefs on support/opposition towards changing the induced 
seismicity limit. For the wave 3 survey data, ANOVAs were used to examine for differences in mean perceived 
negativity across the framing conditions within each of the eight negativity questions. Then a repeated measures 
ANOVA was used for examining within-subjects differences across each given individual’s responses to the four 
different causes of seismic events.

Human subjects approval for the survey research was granted by the Ethics Committees of the School of Social 
and Political Sciences at the University of Edinburgh and the Geography department at the University of Exeter. 
Informed consent was obtained from all research participants. All methods were performed in accordance with 
the relevant guidelines and regulations.

Spatial analysis. For the vast majority of respondents, YouGov provided the first four digits of their 
postcode, allowing individual responses to be georeferenced to approximately a kilometre accuracy using UK 
 postcodes88. The distribution of respondents across the UK alongside shale-associated sites is displayed in Fig. 3.

Raw data were too sparse to map by themselves, or for spatial interpolation algorithms, therefore respond-
ents were aggregated using polygon boundaries defining political constituencies. Within the UK, there are 
650 constituencies that are for the most part conveniently defined around population density. Nonetheless, for 
some parts of the survey area constituency boundaries were too small to provide enough statistical accuracy to 
present a clear spatial pattern across the UK. Higher statistical certainty was achieved by dissolving some of the 
constituencies, notably those in rural areas in Scotland and Wales into larger regions using a nearest neighbour 
algorithm to obtain a minimum of 15 respondents within each polygon. Naturally, this process lead to a degree 
of spatial resolution loss in these areas, but we deemed it necessary to gain a more robust insight into spatial 
patterns. After applying the algorithm, 151 polygons were used to calculate the mean and standard deviation for 
all respondents contained within bounding polygons.
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Data availability
The datasets used and analysed during the current study are available from the corresponding author upon 
reasonable request.

Received: 1 April 2022; Accepted: 23 June 2022

Figure 3.  Spatial distribution of survey respondents plotted alongside sites that have been associated with shale 
extraction.



11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11239  | https://doi.org/10.1038/s41598-022-15448-4

www.nature.com/scientificreports/

References
 1. Vaughan, A. Fracking firms denied permission to relax earthquake rules. The Guardian (2019). Retrieved from: https:// www. 

thegu ardian. com/ envir onment/ 2019/ feb/ 07/ frack ing- firm- cuadr illa- denied- permi ssion- to- relax- earth quake- rules. Accessed on 
15 March 2022.

 2. Harrabin, R. Fracking tsar resigns after six months over ‘ridiculous’ rules. BBC (2019). Retrieved from: https:// www. bbc. co. uk/ 
news/ scien ce- envir onment- 48081 314. Accessed on 6 May 2022.

 3. Ambrose, J. Ineos looks to US fracking sites as UK options wane. The Guardian (2019). Retrieved from: https:// www. thegu ardian. 
com/ busin ess/ 2019/ aug/ 28/ ineos- looks- to- us- for- frack ing- sites- as- uk- optio ns- wane. Accessed on 6 May 2022.

 4. Webster, B. Relax the rules on earthquakes to let fracking expand, say scientists. The Times (2019). Retrieved from: https:// www. 
theti mes. co. uk/ artic le/ relax- the- rules- on- earth quakes- to- let- frack ing- expand- say- scien tists- zzzj5 mr7v. Accessed on 6 May 2022.

 5. Devine-Wright, P. et al. Induced seismicity or political ploy?: Using a novel mix of methods to identify multiple publics and track 
responses over time to shale gas policy change. Energy Res. Soc. Sci. 81, 102247 (2021).

 6. Clarke, H., Verdon, J. P., Kettlety, T., Baird, A. F. & Kendall, J. M. Real-time imaging, forecasting, and management of human-
induced seismicity at Preston New Road, Lancashire, England. Seismol. Res. Lett. 90(5), 1902–1915 (2019).

 7. Mancini, S., Segou, M., Werner, M. J., & Baptie, B. J. Statistical modelling of the Preston New Road seismicity: Towards probabilistic 
forecasting tools. British Geological Survey Commissioned Report (2019).

 8. Mancini, S., Werner, M. J., Segou, M. & Baptie, B. Probabilistic forecasting of hydraulic fracturing-induced seismicity using an 
injection-rate driven ETAS model. Seismol. Soc. Am. 92(6), 3471–3481 (2021).

 9. Withers, N. Should fracking quake limits be reviewed? Fircroft. (2019). https:// www. fircr oft. com/ blogs/ should- frack ing- quake- 
limits- be- revie wed- 92323 163157.

 10. US Geological Survey (USGS) (no date). “How much bigger…?” Calculator. Retrieved from: https:// earth quake. usgs. gov/ educa 
tion/ calcu lator. php. Accessed on 9 May 2022.

 11. Evensen, D. Review of shale gas social science in the United Kingdom, 2013–2018. Extract. Ind. Soc. 5, 691–698 (2018).
 12. Evensen, D., Stedman, R., O’Hara, S., Humphrey, M. & Andersson-Hudson, J. Variation in beliefs about ‘fracking’ between the UK 

and US. Environ. Res. Lett. 12(12), 124004 (2017).
 13. Epley, N. & Gilovich, T. The anchoring-and-adjustment heuristic: Why the adjustments are insufficient. Psychol. Sci. 17(4), 311–318 

(2006).
 14. Bradshaw, M. Why fracking is not the answer to soaring UK energy prices. The Conversation (2022). Retrieved from: https:// theco 

nvers ation. com/ why- frack ing- is- not- the- answer- to- soari ng- uk- gas- prices- 177957. Accessed on: 15 March 2022.
 15. Woodcock, A. Green concerns over PM plan for more North Sea gas to wean UK off Russian energy (2022). Retrieved from: https:// 

www. indep endent. co. uk/ news/ uk/ polit ics/ energy- oil- gas- ukrai ne- boris- johns on- b2035 408. html. Accessed on: 15 March 2022.
 16. BBC. Fracking: Cuadrilla energy boss urges revival after Russian invasion (2022). Retrieved from: https:// www. bbc. co. uk/ news/ 

uk- engla nd- lanca shire- 60741 400. Accessed on 15 March 2022.
 17. UK Department of Business, Energy and Industrial Strategy (BEIS). Press release: Scientific review of shale gas launched (2022). 

Retrieved from: https:// www. gov. uk/ gover nment/ news/ scien tific- review- of- shale- gas- launc hed. Accessed on 6 May 2022.
 18. Ryder, S., Devine-Wright, P., & Evensen, D. Briefing: Public perceptions of shale gas exploration in the UK: A summary of research 

(2012–2020). UKUH: Unconventional Hydrocarbons in the UK Energy System (2021). Retrieved from: http:// www. ukuh. org/ publi 
catio ns/ bench markr eports/. Accessed on: 15 March 2022.

 19. Evensen, D., Jacquet, J. B., Clarke, C. E. & Stedman, R. C. What’s the ‘fracking’ problem? One word can’t say it all. Extract. Ind. Soc. 
1(2), 130–136 (2014).

 20. Zalucka, A., Goodenough, A. & Smythe, D. Acid stimulation: Fracking by stealth continues despite the moratorium in England. 
Energy Policy 153, 112244 (2021).

 21. Duffy, R. Synecdoche and Battles Over the Meaning of “Fracking”. Environ. Commun. 1–13 (2021).
 22. British Geological Survey (BGS). Geothermal Energy (2022). Retrieved from: https:// www. bgs. ac. uk/ geolo gy- proje cts/ geoth ermal- 

energy/. Accessed on 15 March 2022.
 23. British Geological Survey (BGS). Induced seismicity around the British Isles in the last 50 days (2022). Retrieved from: https:// 

earth quakes. bgs. ac. uk/ induc ed/ recent_ uk_ events. html. Accessed on 15 March 2022.
 24. BBC. Seismic activity stops geothermal drilling at Eden project (2022). Retrieved from: https:// www. bbc. co. uk/ news/ uk- engla 

nd- cornw all- 60689 204. Accessed on 15 March 2022.
 25. Holmgren, J. M. & Werner, M. J. Raspberry shake instruments provide initial ground-motion assessment of the induced seismicity 

at the united downs deep geothermal power project in cornwall, United Kingdom. Seismic Rec. 1(1), 27–34 (2021).
 26. Reinecker, J. et al. Geothermal exploration and reservoir modelling of the United Downs deep geothermal project, Cornwall (UK). 

Geothermics 97, 102226 (2021).
 27. Department of Energy and Climate Change (DECC). Deep Geothermal Review Study: Final Report (2013). Retrieved from: https:// 

assets. publi shing. servi ce. gov. uk/ gover nment/ uploa ds/ system/ uploa ds/ attac hment_ data/ file/ 251943/ Deep_ Geoth ermal_ Review_ 
Study_ Final_ Report_ Final. pdf

 28. Braun, T., Cesca, S., Kühn, D., Martirosian-Janssen, A. & Dahm, T. Anthropogenic seismicity in Italy and its relation to tectonics: 
State of the art and perspectives. Anthropocene 21, 80–94 (2018).

 29. Doglioni, C. A classification of induced seismicity. Geosci. Front. 9(6), 1903–1909 (2018).
 30. Dong, L., & Luo, Q. Investigations and new insights on earthquake mechanics from fault slip experiments. Earth-Sci. Rev. 104019 

(2022).
 31. Ellsworth, W. L. Injection-induced earthquakes. Science 341(6142), 1225942 (2013).
 32. Foulger, G. R., Wilson, M. P., Gluyas, J. G., Julian, B. R. & Davies, R. J. Global review of human-induced earthquakes. Earth Sci. 

Rev. 178, 438–514 (2018).
 33. Anderson, B., Böhmelt, T. & Ward, H. Public opinion and environmental policy output: A cross-national analysis of energy policies 

in Europe. Environ. Res. Lett. 12, 114011 (2017).
 34. Boudet, H. S. Public perceptions of and responses to new energy technologies. Nat. Energy 4, 446–455 (2019).
 35. Klenert, D. et al. Making carbon pricing work for citizens. Nat. Clim. Change 8, 669–677 (2018).
 36. Wolsink, M. Social acceptance revisited: Gaps, questionable trends, and an auspicious perspective. Energy Res. Soc. Sci. 46, 287–295 

(2018).
 37. Wüstenhagen, R., Wolsink, M. & Bürer, M. J. Social acceptance of renewable energy innovation: An introduction to the concept. 

Energy Policy 35(5), 2683–2691 (2007).
 38. Campbell, N. M., Leon-Corwin, M., Ritchie, L. A. & Vickery, J. Human-induced seismicity: Risk perceptions in the state of Okla-

homa. Extract. Ind. Soc. 7(1), 119–126 (2020).
 39. Drummond, V. & Grubert, E. Fault lines: Seismicity and the fracturing of energy narratives in Oklahoma. Energy Res. Soc. Sci. 31, 

128–136 (2017).
 40. Knoblauch, T., Stauffacher, M. & Trutnevyte, E. Communicating low-probability high-consequence risk, uncertainty and expert 

confidence: Induced seismicity of deep geothermal energy and shale gas. Risk Anal. 38(4), 694–709 (2018).
 41. McComas, K., Lu, H., Keranen, K., Furtney, M. & Song, H. Public perceptions and acceptance of induced earthquakes related to 

energy development. Energy Policy 99, 27–32 (2016).

https://www.theguardian.com/environment/2019/feb/07/fracking-firm-cuadrilla-denied-permission-to-relax-earthquake-rules
https://www.theguardian.com/environment/2019/feb/07/fracking-firm-cuadrilla-denied-permission-to-relax-earthquake-rules
https://www.bbc.co.uk/news/science-environment-48081314
https://www.bbc.co.uk/news/science-environment-48081314
https://www.theguardian.com/business/2019/aug/28/ineos-looks-to-us-for-fracking-sites-as-uk-options-wane
https://www.theguardian.com/business/2019/aug/28/ineos-looks-to-us-for-fracking-sites-as-uk-options-wane
https://www.thetimes.co.uk/article/relax-the-rules-on-earthquakes-to-let-fracking-expand-say-scientists-zzzj5mr7v
https://www.thetimes.co.uk/article/relax-the-rules-on-earthquakes-to-let-fracking-expand-say-scientists-zzzj5mr7v
https://www.fircroft.com/blogs/should-fracking-quake-limits-be-reviewed-92323163157
https://www.fircroft.com/blogs/should-fracking-quake-limits-be-reviewed-92323163157
https://earthquake.usgs.gov/education/calculator.php
https://earthquake.usgs.gov/education/calculator.php
https://theconversation.com/why-fracking-is-not-the-answer-to-soaring-uk-gas-prices-177957
https://theconversation.com/why-fracking-is-not-the-answer-to-soaring-uk-gas-prices-177957
https://www.independent.co.uk/news/uk/politics/energy-oil-gas-ukraine-boris-johnson-b2035408.html
https://www.independent.co.uk/news/uk/politics/energy-oil-gas-ukraine-boris-johnson-b2035408.html
https://www.bbc.co.uk/news/uk-england-lancashire-60741400
https://www.bbc.co.uk/news/uk-england-lancashire-60741400
https://www.gov.uk/government/news/scientific-review-of-shale-gas-launched
http://www.ukuh.org/publications/benchmarkreports/
http://www.ukuh.org/publications/benchmarkreports/
https://www.bgs.ac.uk/geology-projects/geothermal-energy/
https://www.bgs.ac.uk/geology-projects/geothermal-energy/
https://earthquakes.bgs.ac.uk/induced/recent_uk_events.html
https://earthquakes.bgs.ac.uk/induced/recent_uk_events.html
https://www.bbc.co.uk/news/uk-england-cornwall-60689204
https://www.bbc.co.uk/news/uk-england-cornwall-60689204
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/251943/Deep_Geothermal_Review_Study_Final_Report_Final.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/251943/Deep_Geothermal_Review_Study_Final_Report_Final.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/251943/Deep_Geothermal_Review_Study_Final_Report_Final.pdf


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11239  | https://doi.org/10.1038/s41598-022-15448-4

www.nature.com/scientificreports/

 42. Ritchie, L. A., Long, M. A., Leon-Corwin, M. & Gill, D. A. Citizen perceptions of fracking-related earthquakes: Exploring the roles 
of institutional failures and resource loss in Oklahoma, United States. Energy Res. Soc. Sci. 80, 102235 (2021).

 43. Trutnevyte, E. & Ejderyan, O. Managing geoenergy-induced seismicity with society. J. Risk Res. 21(10), 1287–1294 (2018).
 44. Starr, C. & Whipple, C. Risks of risk decisions. Science 208(4448), 1114–1119 (1980).
 45. Siegrist, M. & Sutterlin, B. Human and nature-caused hazards: The affect heuristic causes biased decisions. Risk Anal. 34, 1482–1494 

(2014).
 46. Casey, J., Goldman-Mellor, S. & Catalano, R. Association between Oklahoma earthquakes and anxiety-related Google search 

episodes. Environ. Epidemiol. 2(2), e016 (2018).
 47. Majer, E., Nelson, J., Robertson-Tait, A., Savy, J., & Wong, I. Protocol for addressing induced seismicity associated with enhanced 

geothermal systems. US Department of Energy, 52 (2012). Retrieved from: http:// www1. eere. energy. gov/ libra ry/ asset_ handl er. 
aspx? src= https:// www1. eere. energy. gov/ geoth ermal/ pdfs/ geoth ermal_ seism icity_ proto col_ 012012. pdf& id= 5504. Accessed on 6 
May 2022.

 48. Vlek, C. Induced earthquakes from long-term gas extraction in groningen, The Netherlands: Statistical analysis and prognosis for 
acceptable-risk regulation. Risk Anal. 38, 1455–1473 (2018).

 49. Liu, L., Vrieling, L., Perlaviciute, G., Bouman, T. & Steg, L. The role of trust in public acceptability of energy projects: Integrity 
versus competence. Environ. Res. Commun. 4(3), 035003 (2022).

 50. Clayton, S. et al. Psychological research and global climate change. Nat. Clim. Change 5(7), 640–646 (2015).
 51. Kahlor, L., Olson, H., Markman, A., & Wang, W. (2018). Avoiding trouble: Exploring environmental risk information avoidance 

intentions. Environ. Behav. 0013916518799149.
 52. Corner, A., Whitmarsh, L. & Xenias, D. Uncertainty, scepticism and attitudes towards climate change: Biased assimilation and 

attitude polarisation. Clim. Change 114(3), 463–478 (2012).
 53. Armaş, I. Social vulnerability and seismic risk perception. Case study: The historic center of the Bucharest Municipality/Romania. 

Nat. Hazards 47(3), 397–410 (2008).
 54. Kates, R. W. Human adjustment to earthquake hazard. The Great Alaska Earthquake of 1964: Human Ecology, 7–31 (1964).
 55. Kunreuther, H. & Slovic, P. Economics, psychology, and protective behavior. Am. Econ. Rev. 68(2), 64–69 (1978).
 56. Paul, B. & Bhuiyan, R. Urban earthquake hazard: perceived seismic risk and preparedness in Dhaka City, Bangladesh. Disasters 

34(2), 337–359 (2010).
 57. Hart, A. et al. Guidance on communication of uncertainty in scientific assessments. EFSA J. 17(1), e05520 (2019).
 58. Keller, C. & Siegrist, M. Effect of risk communication formats on risk perception depending on numeracy. Med. Decis. Making 

29(4), 483–490 (2009).
 59. Covello, V. T., Winterfeldt, D. V., & Slovic, P. (1988). Risk communication. In Carcinogen Risk Assessment 193–207. Springer.
 60. McGrath, M. Experts call for review of quake limits on UK fracking. BBC. 22 January. Retrieved from: https:// www. bbc. co. uk/ 

news/ scien ce- envir onment- 46962 472. Accessed on 28 January 2019 (2019).
 61. Grigoli, F. et al. Current challenges in monitoring, discrimination, and management of induced seismicity related to underground 

industrial activities: A European perspective. Rev. Geophys. 55(2), 310–340 (2017).
 62. Williams, L., Macnaghten, P., Turnhout, E., Tuinstra, W., & Halffman, W. Whose deficit anyway? Institutional misunderstanding 

of fracking-sceptical publics. In Environmental Expertise 90–103. Cambridge University Press (2019).
 63. Dolan, J. G., Cherkasky, O. A., Li, Q., Chin, N. & Veazie, P. J. Should health numeracy be assessed objectively or subjectively?. Med. 

Decis. Making 36(7), 868–875 (2016).
 64. McNaughton, C. D., Cavanaugh, K. L., Kripalani, S., Rothman, R. L. & Wallston, K. A. Validation of a short, 3-item version of the 

Subjective Numeracy Scale. Med. Decis. Making 35(8), 932–936 (2015).
 65. Waters, E. A. et al. Examining the interrelations among objective and subjective health literacy and numeracy and their associa-

tions with health knowledge. J. Gen. Intern. Med. 33(11), 1945–1953 (2018).
 66. Knoblauch, T. A., Trutnevyte, E. & Stauffacher, M. Siting deep geothermal energy: Acceptance of various risk and benefit scenarios 

in a Swiss-German cross-national study. Energy Policy 128, 807–816 (2019).
 67. Van Eck, T., Goutbeek, F., Haak, H. & Dost, B. Seismic hazard due to small-magnitude, shallow-source, induced earthquakes in 

The Netherlands. Eng. Geol. 87(1–2), 105–121 (2006).
 68. Bommer, J. J. & Alarcon, J. E. The prediction and use of peak ground velocity. J. Earthq. Eng. 10(01), 1–31 (2006).
 69. Crowley, H., Pinho, R., van Elk, J. & Uilenreef, J. Probabilistic damage assessment of buildings due to induced seismicity. Bull. 

Earthq. Eng. 17(8), 4495–4516 (2019).
 70. Cremen, G. & Werner, M. J. A novel approach to assessing nuisance risk from seismicity induced by UK shale gas development, 

with implications for future policy design. Nat. Hazard. 20(10), 2701–2719 (2020).
 71. Geothermal Engineering Ltd (GEL). Induced seismicity explained (2022). Retrieved from: https:// geoth ermal engin eering. co. uk/ 

seism icity-2/. Accessed on: 15 March 2022.
 72. Edwards, B., Crowley, H., Pinho, R. & Bommer, J. J. Seismic hazard and risk due to induced earthquakes at a shale gas site. Bull. 

Seismol. Soc. Am. 111(2), 875–897 (2021).
 73. UK Onshore Oil and Gas (UKOOG). Seismicity (2022). Retrieved from: https:// www. ukoog. org. uk/ regul ation/ seism icity. Accessed 

on 15 March 2022.
 74. Gibson, H., Stewart, I., Langdon, N., Pahl, S., & Anderson, A. The language of induced seismicity: understanding the associated 

perceptions of seismic terminology. In Geophysical Research Abstracts (Vol. 21) (2019).
 75. Tirotto, F., Pahl, S., Gibson, H., & Stewart, I. Exploring attitudes toward social acceptance of the first deep geothermal technology 

in the UK: A qualitative study. In Geophysical Research Abstracts (Vol. 21) (2019).
 76. Dickie, J., Watson, E., & Napier, H. Evaluating the relationship between public perception, engagement and attitudes towards under-

ground energy technologies. NERC Open Research Archive (2020). Retrieved from: https:// nora. nerc. ac. uk/ id/ eprint/ 529041/. 
Accessed on 6 May 2022.

 77. Horton, H., & Carrington, D. Blow to fracking in England as only five of 138 MPs in target areas voice support. The Guardian 
(2022). Retrieved from: https:// www. thegu ardian. com/ envir onment/ 2022/ mar/ 15/ blow- to- frack ing- in- engla nd- as- only- five- of- 
138- mps- in- target- areas- voice- suppo rt. Accessed on 15 March 2022.

 78. Bomberg, E. Shale we drill? Discourse dynamics in UK fracking debates. J. Environ. Plann. Policy Manag. 19(1), 72–88 (2017).
 79. Cotton, M. Fair fracking? Ethics and environmental justice in United Kingdom shale gas policy and planning. Local Environ. 22, 

185–202 (2017).
 80. Cotton, M., Barkemeyer, R., Renzi, B., & Napolitano, G. Fracking and metaphor: Analysing newspaper discourse in the USA, 

Australia, and the United Kingdom. Ecol. Econ. (2019).
 81. Evensen, D. Yet more ‘fracking’ social science: An overview of unconventional hydrocarbon development globally. Extract. Ind. 

Soc. 5(4), 417–421 (2018).
 82. Heberlein, T. Navigating Environmental Attitudes (Oxford University Press, 2012).
 83. UK BEIS (Department of Business, Energy and Industrial Strategy). BEIS Public Attitude Tracker (2021). Retrieved from: https:// 

www. gov. uk/ gover nment/ colle ctions/ public- attit udes- track ing- survey. Accessed on 15 March 2022.
 84. Evensen, D. & Stedman, R. Beliefs about impacts matter little for attitudes on shale gas development. Energy Policy 109, 10–21 

(2017).

http://www1.eere.energy.gov/library/asset_handler.aspx?src=https://www1.eere.energy.gov/geothermal/pdfs/geothermal_seismicity_protocol_012012.pdf&id=5504
http://www1.eere.energy.gov/library/asset_handler.aspx?src=https://www1.eere.energy.gov/geothermal/pdfs/geothermal_seismicity_protocol_012012.pdf&id=5504
https://www.bbc.co.uk/news/science-environment-46962472
https://www.bbc.co.uk/news/science-environment-46962472
https://geothermalengineering.co.uk/seismicity-2/
https://geothermalengineering.co.uk/seismicity-2/
https://www.ukoog.org.uk/regulation/seismicity
https://nora.nerc.ac.uk/id/eprint/529041/
https://www.theguardian.com/environment/2022/mar/15/blow-to-fracking-in-england-as-only-five-of-138-mps-in-target-areas-voice-support
https://www.theguardian.com/environment/2022/mar/15/blow-to-fracking-in-england-as-only-five-of-138-mps-in-target-areas-voice-support
https://www.gov.uk/government/collections/public-attitudes-tracking-survey
https://www.gov.uk/government/collections/public-attitudes-tracking-survey


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11239  | https://doi.org/10.1038/s41598-022-15448-4

www.nature.com/scientificreports/

 85. Whitney, D., Lindell, M. & Nguyen, H. Earthquake beliefs and adoption of seismic hazard adjustments. Risk Anal. 24(1), 87–102 
(2004).

 86. Verdon, J. P. & Bommer, J. J. Green, yellow, red, or out of the blue? An assessment of Traffic Light Schemes to mitigate the impact 
of hydraulic fracturing-induced seismicity. J. Seismolog. 25, 301–326 (2021).

 87. Oil and Gas Authority (no date). OGA Traffic Light Monitoring Scheme to mitigate induced seismicity. Retrieved from: https:// 
www. ogaut hority. co. uk/ media/ 3860/ traffi c- light- system- doc- for- websi te_ final. pdf. Accessed on: 28 January 2019.

 88. OS Code-Point with Polygons [Shapefile geospatial data], Coverage: Aberdeen District, Updated May 2018, Ordnance Survey, GB. 
Using: EDINA Digimap Ordnance Survey Service, Downloaded: January 2009. Retrieved from: https:// www. ordna ncesu rvey. co. 
uk/ busin ess- gover nment/ produ cts/ code- point- polyg ons

Acknowledgements
This research received funding from two grants under UKRI’s Unconventional Hydrocarbons in the UK Energy 
System research programme (funded through the Natural Environment Research Council and the Economic 
and Social Research Council); Grant Reference Numbers: NE/R017727/1 and BH174225-LP09.

Author contributions
D.E., L.W., P.D.W., J.D., P.B., and A.V. designed the surveys for data collection; D.E., L.W., and P.D.W. conducted 
the data analysis; all authors (D.E., A.V., L.W., P.D.W., J.D., P.B., H.N., I.M., C.F., and S.R.) contributed to writing 
the article and interpreting the results and implications of the findings; all authors collaborated on the applica-
tion for the funding secured for this research.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://www.ogauthority.co.uk/media/3860/traffic-light-system-doc-for-website_final.pdf
https://www.ogauthority.co.uk/media/3860/traffic-light-system-doc-for-website_final.pdf
https://www.ordnancesurvey.co.uk/business-government/products/code-point-polygons
https://www.ordnancesurvey.co.uk/business-government/products/code-point-polygons
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of linguistic framing and information provision on attitudes towards induced seismicity and seismicity regulation
	Literature review
	Public perceptions of induced seismicity. 

	Research design
	Results
	Opposition to policy change. 
	Effects of information provision and framing. 
	Why was policy change opposed? 
	Differences across activities generating induced seismicity. 

	Discussion
	Implications for policy and communication. 
	Future of shale gas in the UK. 

	Methods
	UK context. 
	Survey design, implementation, and analysis. 
	Spatial analysis. 

	References
	Acknowledgements


