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I

N 1 9 9 8 , the
American politician
and environmentalist
Al Gore gave a speech
entitled The Digital Earth:
Understanding Our Planet
in the 21st Century. In it,
he outlined his vision for a
“multi-resolution, three-dimensional
representation of the planet, into
which we can embed vast quantities
of geo-referenced data”.
Gore described a young girl visiting
a Virtual Earth exhibit at a local
museum, donning a virtual reality
headset and using a glove controller
and voice commands to navigate
her way around a spinning globe,
zooming in to view locations such as
Yellowstone National Park, planning
hiking routes, learning about geysers
and bison, and also travelling
through time to view the planet in
past epochs. By embedding vast
quantities of scientific, economic,

Earth science
is becoming
increasingly digital
social and demographic data in
open access, easily understandable
formats, Gore envisioned a tool that
would not only engage and educate
young audiences, but also help
humanity collaborate to solve the
environmental challenges we face.
To the average person, this was
a quite revolutionary concept – in
1998, I was an undergraduate
studying environmental science,
without a personal computer,
resolute in my view that I would
never own a (pretentious! intrusive!)
mobile phone and struggling to
figure out just what I would use
my newly created personal email
account for. Almost a quarter of a
century on, technical and digital
advances have transformed society
and are embedded in our daily lives.
While we haven’t yet fully realised
Gore’s vision, it is becoming reality.
With virtual globe geo-browsers,
such as Google Earth and NASA’s
WorldWind, we can tour the planet

from the comfort of our
sofas, while initiatives
such as ESA’s Digital Earth
Twin are leading progress
toward the creation of
Earth’s digital twin – a
digital replica that mimics
Earth processes and
interactions with human activities,
and that can be used to monitor,
predict and mitigate climate change
and natural disasters.
Earth science is becoming
increasingly digital – a point that
chimes loud in this focus issue.
Artificial intelligence (AI) is being
adopted by almost every sub-field
of the geosciences and here we
highlight a handful of examples of
its use, from geological mapping
(p. 16) and exploration (p. 40), to the
monitoring of earthquakes (p. 26)
and volcanoes (p. 54). Virtual reality
tools are also increasingly popular,
aiding our approaches to fieldwork
(p. 34) and disaster management
(p. 38). But to truly create Earth’s
digital twin will require drastically
increased monitoring and sampling
of the planet, and particularly the
ocean (p. 30).
These themes continue in
the In Brief section, where our
Contributors Team summarise their
pick of recently published research.
The team now also includes Amelia
Jane Piper, an Earth science student
and founder of the STEM outreach
initiative MajorTim.Space; Dr Colin
Serridge, an engineering geologist
and lecturer at Edge Hill University,
UK; and Dr R Arun Prasath, Project
Scientist at the Ministry of Earth
Sciences, New Delhi, India.
The editorial team has also
grown. Dr Marissa Lo, who has
just completed her PhD in lunar
volcanology at the University
of Manchester, UK, joins us
as an Assistant Editor with a
wealth of experience in science
communication, from in-person
events to blogging and podcasting.
Welcome to the team, Marissa!

AMY WHITCHURCH,
EXECUTIVE EDITOR
GEOSCIENTIST.ONLINE | AUTUMN 2022
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NEWS

S O C I E T Y A N D CO M M U N I T Y U P D AT E S

Schools Geology
Challenge
A feature of the Society calendar for over a decade, the
Schools Geology Challenge has returned post-Covid with
a new look, new prizes and a new mission!

ORIGINALLY CREATED BY MEMBERS
of the South Wales Regional Group, the
challenge was set up as a competition for
A-Level students of geology that offers
the chance to showcase their geological
knowledge, meet geoscientists and student
peers, and travel to Burlington House to
compete for a trophy.
Restructure
The landscape for geology in schools is
rapidly changing and many students don’t
have the opportunity to study the subject.
So, the Society’s Education Department
decided to harness the appeal of the
challenge to young people and use it
as a tool to widen access to geology by
opening the competition to any students
studying geology, geography or science.
Hastened by the pandemic, and with
incredible input from the Education
Committee, the challenge was

TOP TWEET:
The exercise they did as part of this
competition was absolutely amazing!
Only a few hours to integrate maps, rock
samples, and complex socio-economic
constraints to select a site for nuclear
waste storage. Honestly, one of the best
practicals I’ve *ever* seen. Kudus
@GeolSoc
Feedback on the in-person 2022 final
from Professor Chris Jackson

6
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restructured in 2020 from the ground
up, taking it from the Welsh mountains,
to Kulaur Lumpur, and its first ever
international winners.
The switch to online learning and
content creation provides the basis for
students’ entry to the competition. With
55% of Generation Z (those born between
the late 1990s and 2010s) spending five
hours a day or more on a smartphone
(according to Forbes magazine) and the
meteoric rise of social media apps like
TikTok, there are multiple opportunities to
engage younger people with geoscience
using online channels. To enter the
competition therefore, students are asked
to present a geoscience topic for an online
audience. Their submission must fit a
particular brief, and must be referenced (no
fake news allowed!); beyond that, students
are free to be as creative as they like.
Instagram posts, TikToks, infographics and
even whole websites have been created to
secure a place in the coveted final.
Wider audience
The final itself has also had a makeover.
To create a competition that is accessible
to students of geography and science, as
well as geology, we needed to ensure that
those without prior geoscience knowledge
could hold their own in a final. Additionally,
given that polls (taken by The Guardian,
for example) show a huge surge in

The challenge was
restructured in 2020
from the ground up,
taking it from the Welsh
mountains, to Kulaur
Lumpur, and its first ever
international winners

students seeking climate-related careers,
we felt it was essential to showcase the
value of geoscience in relation to global
climate and energy issues, and thereby
try to combat the decline in the study
and availability of geology courses at
universities.
So, we solved this problem... with a
problem-solving challenge! Teams that
make it to the final must use some given
information to solve a posed problem
relating to geology and its real-world

NEWS

BURLINGTON
HOUSE LEASE
A N U PDATE on the situation
regarding the Society’s occupancy
of Burlington House was given at a
webinar on May 19th. All Fellows and
Friends of the Society were invited,
and the event was attended by c. 140
people. Presentations summarised
the Society’s overall financial position,
progress made during the public
relations and political engagement
campaign in 2021, and work undertaken
to investigate alternative options should
the Society need to relocate.
Council considered the points raised
by Fellows at the webinar during its
normal business meeting on June 22nd.
In the meantime communications with
the landlord continue, and Council will
keep the Fellowship informed of related
developments in the coming months.
Richard Hughes, Executive Secretary

The 2022 winners from Wells
Cathedral School, together with the
judges and Education Team

application, such as where to site
a radioactive waste disposal
facility. Assessed by a panel
of judges from industry and
academia, students are
marked on teamworking,
problem solving and scientific
application skills.

To get involved, follow us on social
media @GeolSoc or email
education@geolsoc.org.uk.
FIND OUT
MORE
Find out more at
If you’d like to find out more
www.geolsoc.org.
about supporting our Schools
uk/geochallenge.
Geology Challenge through a
donation or sponsorship, please
contact us at development@
geolsoc.org.uk

Get involved
Shaking up such an established and
popular competition was a risk, but after
only two years the rewards already show:
in 2022 we saw the greatest ever number
of teams entering the competition. But
there is still progress to be made. We’d like
to build on this success and see even more
teams enter the competition next year.
The challenge is on an upward trajectory
and has the potential to inspire students
for many years to come. The 2022/2023
Schools Geology Challenge opens in
September.

Ashley Akingbade, Education Assistant,
The Geological Society of London

PRIZES
Winners of the competition receive
a cash prize of £200 for use in
geoscience teaching and will
develop their roles as ambassadors
for geology.

RESEARCH
GRANTS 2023:
A P P L I C AT I O N S
WELCOME
Applications are now open for the
Society Research Grants 2023
The Geological Society awards a range
of grants for a broad scope of research
activities. The Research Committee
meet annually to review all applications
and can only consider completed
applications and supporting statements
on the appropriate forms. If successful,
applicants must be a Fellow at the point
of receipt of funds.
Applications must be accompanied by
a supporting statement form completed
by someone familiar with the field of
work and research project proposal.
For more information and to
download the forms, please visit
www.geolsoc.org.uk/grants or email
the Awards Secretary:
Awards@geolsoc.org.uk
The closing date for applications is
23:59 on 6 February 2023
GEOSCIENTIST.ONLINE | AUTUMN 2022
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CALL FOR NOMINATIONS
TO COUNCIL 2023

DEAR FELLOWS,
Would you like to contribute to the
Society’s work as a respected voice,
serving science, the geoscience
profession and society? Do you have the
skills, fresh ideas and drive to help the
Society push geoscience to the fore?
The Society is committed to a diverse
and inclusive Council, and has made great
progress in this respect. Nonetheless, it is
important for Council to reflect both the
community it serves and the community
it would like to grow, therefore I warmly
encourage nominations from all areas
of geoscience, and in particular underrepresented groups, to ensure an
inclusive, forward-facing Society.
I look forward to your nominations.
Ruth Allington, President
COUNCIL MEMBERS
Council members play an important role
in the delivery of the Society’s strategy to
support and facilitate the communication

of science through engagement with
policy makers, the media and the public,
and the certification of best practice in
the profession. Council is comprised
of 23 members who serve as the
Society’s trustees and are accountable
to the Fellows, other stakeholders and
regulators, for example the Charity
Commission. Trustees’ principal
responsibility is to oversee the affairs
of the Society and to ensure careful
management of its financial resources.
Council meets five times a year, usually
on a Wednesday afternoon between
14:00 – 17:00. There is also a oneday strategy meeting, usually in late
September, to discuss major strategic
issues. Most meetings are held virtually,
but some will be hybrid.
In addition to Council meetings,
members also serve on one Standing
Committee (External Relations, Finance
& Planning, Professional, Publications
& Information, and Science). Standing
committees ordinarily meet three or four
times a year and generally virtually. The
typical time commitment is eight to ten
days annually for ordinary members.
The nomination form and further
details can be found at: www.geolsoc.
org.uk/councilelections.
Please submit nominations by 23:59
on 11 January 2023 for the Fellowship’s
preliminary ballot. New Council members
are formally approved at the AGM in June.

Trustees of the
Geological Society of
London 2022–2023
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Ms Ruth Allington (President)
Mrs Joanna Alexander
Prof Mark Allen
Prof Mark Anderson
Dr Anna Bird
Dr Natasha Dowey
Ms Hollie Fisher
Dr Neil Frewin
Dr Jennie Gilbert (Secretary,
Science)
Dr Joel Gill (Secretary, Foreign
and External Affairs)
Mr Martin Griffin
Prof James Griffiths (Secretary,
Professional Matters)
Dr Michael Kehinde
Prof Daniel Le Heron
Mr Ben Lepley
Mr Peter Loader
Dr Keith Myers (Treasurer)
Dr Amanda Owen
Dr John Perry
Ms Gemma Sherwood (Vice
President, Regional Groups)
Prof Robin Strachan (Secretary,
Publications)
Miss Lucy Thomas
Mrs Lucy Williams

SOCIET Y’S AWARDS 2022
– N O M I N AT I O N S C L O S E 1 0 O C T O B E R 2 0 2 2
WE WARMLY ENCOURAGE Fellows
to submit nominations for the
Society’s awards for 2023, in particular
nominations for the Wollaston, Lyell,
Murchison and William Smith funds,
which recognise excellent contributions
by early career geoscientists.
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The Society is committed to ensuring
the diversity of our awardees and
widening the demographics of those put
forward for our medals and funds. As
Fellows you can help by putting forward
nominations for those in your sphere of
geoscience who are making outstanding

contributions to Earth science.
• To nominate or to find out more, please
visit www.geolsoc.org.uk/awards
• Please send nominations to the Awards
Secretary: Awards@geolsoc.org.uk
• The closing date for nominations is
12:00 on 10 October 2022.

NEWS

Digital Geoscience
Champions

IN 2021, members of the Atkins (a
member of the SNC Lavalin Group)
geo-digital community formed a
team in response to a volunteer
opportunity offered by
the Geological Society entitled
“Digital Geoscience Champion”.
The remit was extensive and
required a wide range of experience.
To meet this remit, we felt the
position was best tackled as a team,
utilising a collaborative approach.
Our application for the role was
accepted, and we are working
with the Society to embed digital
awareness across their science
programme of lectures, conferences
and publications. The aim is to
embed digital ways of thinking
within the Society’s strategic
themes of:
• Energy Transition
• Geohazards, Geoengineering
and Georesilience
• Climate and Ecology
• Planetary Science

Our initial focus has been on
understanding the current levels of
digital engagement throughout the
Society, focusing on the specialist
groups and commissions. Our aim
is to clarify what digital techniques
are used, the level of digital skills and
the barriers, as well as to gain an
understanding of what the various
groups and stakeholders feel the
Digital Geoscience Champions
should focus on (for example,
data management, programming,
automation etc.).
Over the coming years, we will
work with the scientific theme leaders,
conference convenors and others
to encourage the representation
of digitally driven research in the
Society’s events, activities, and
outreach. We will bring our expertise
and leadership to identify and facilitate
opportunities for science initiatives,
roundtables, and other events within
the broader digital theme.
Additionally, we will look outwards
to bring a wider variety of digitally
minded people into the team, across
the whole spectrum of the Society’s
interests.
The Atkins Digital Geoscience
Champion team includes Richard
O’Brien, Craig Parry, Petra Lincoln,
Shona Brown, Vicky Corcoran and
James Fleming.

PASS ON A PASSION
FOR GEOSCIENCE
Remember A Charity Week, from 5 to 11
September, is the perfect opportunity to consider passing on a passion for
geoscience by leaving a gift in your Will. After taking care of your family and
friends, even a small amount can make a huge impact. A gift in your Will
could help us to inspire geoscientists for generations to come.
If you’d like to find out more about leaving a gift in your Will, please
contact Jenny Boland, Head of Development by calling + 44 (0) 20 7432
0960 or email jenny.boland@geolsoc.org.uk

HONORARY
FELLOWSHIP
COUNCIL would like to
recommend Professor
Maoyan Zhu for election
to Honorary Fellowship
at the September
Ordinary General
Meeting, following a
nomination reviewed and put forward by
the External Relations Committee.
Prof Zhu’s research career began in the
early 1990s with his doctoral study of the
Cambrian fossil deposits of Chengjiang in
Yunnan, SW China. He quickly established
an international reputation and in 1997
he published a landmark study on the
trace fossil records of SW China and their
implications for the Cambrian Explosion.
Today Prof Zhu is based at the Nanjing
Institute of Geology and Palaeontology,
Chinese Academy of Sciences. He is a
renowned expert on the Ediacaran and
Cambrian geology and palaeontology of
China, as well as the Ediacaran-Cambrian
boundary globally. His numerous scientific
achievements include the use of tephra
chronology to constrain the end of the
Cryogenian Snowball Earth globally
and the onset of the Cambrian Period;
demonstration that the famous Weng’an
fossil embryos once filled organic cysts,
extending their record to the base of
the Ediacaran Period; and showing that
carbon isotope anomalies of the EdiacaranCambrian transition represent major
perturbations to the global oxygen budget
that were key factors in early animal
radiations and extinctions.
His discovery of biotic continuity through
the Precambrian-Cambrian boundary in
Siberia and China calls for changes to the
definition of the global Ediacaran-Cambrian
boundary, and transforms understanding
of the explosive nature of the Cambrian
radiations.
Prof Zhu is also highly valued for his
generosity, international collaborations and
geological fieldwork, which have facilitated
several other scientific achievements.

GEOSCIENTIST.ONLINE | AUTUMN 2022
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S EN D YO U R L E T T ER S TO G EO S C I E N T I S T@ G EO L S O C .O RG .U K A N D T W EE T U S AT @ G EO S C I E N T I S TM AG
F O R G U I DA N CE O N S U B M I T T I N G A CO LU M N , S EE G EO S C I E N T I S T.O N L I N E

COLUMN

Sellafield Nuclear Reprocessing
Plant in Cumbria, UK, before
removal of the pile chimneys

Borehole disposal
It is important and responsible to consider all options for radioactive waste
disposal, argue John Beswick and Fergus Gibb

I

n the summer 2022
issue, Mike Bowman and
colleagues state that the
safe and secure disposal of
radioactive waste is a pressing
global issue and discuss
the role for geoscience in
this endeavour, while Max
Dobson and Dennis O’Leary
reflect on the history of the
US programme at Yucca
Mountain and emphasise
that public opinion is a

10
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significant barrier to a longterm solution for spent fuel.
The focus on a solution for
disposal is more acute than
ever, especially in the UK with
a recent government policy
announcement to build eight
new nuclear power stations.
While a Geological Disposal
Facility (GDF), a mined
repository at 200 to 1,000 m
below ground, is the preferred
option of Nuclear Waste

Services (NWS), we argue
that Deep Borehole Disposal
(DBD) could prove more
socially acceptable and thus
may represent a more rapid
solution.
For a GDF, the identification
of potential sites, detailed
investigations, selection
process and eventual
construction will take many
years. Given that a GDF
would almost certainly be

expected to take new spent
fuel that requires 50 years
plus for pre-disposal cooling,
the placement of waste,
sealing and abandonment will
probably take another 150
years or so. Additionally, such
a major national infrastructure
project could be prone
to huge delays, technical
problems, overruns and cost
escalation. In contrast, as
discussed by Matthew Cotton
(Cotton, 2021), DBD could
be more socially acceptable
and, because of the smaller
footprint of a DBD facility,
would facilitate local decision
making, thereby offering
societal stability during the
relatively short timescale of
disposal and sealing.
DBD is becoming
increasingly accepted as
an alternative to a GDF for
the geological disposal of
high-level waste (including
spent fuel) because it has the
potential to outperform a
GDF in terms of safety, cost,
environmental impact, speed
of implementation and land
take. For example, DBD of
the existing vitrified waste at
Sellafield is estimated to cost
only 10% of that for disposal in
a GDF, and could be disposed
of and sealed in just ten years,
with the right investment
(Gibb and Beswick, 2022). DBD
provides the required isolation
and relies predominantly
on geological rather than
engineered barriers.

VIEWPOINT

DBD could
be more socially
acceptable and,
because of the
smaller footprint
of a DBD facility,
would facilitate
local decision
making, thereby
offering societal
stability during
the relatively
short timescale
of disposal and
sealing
The concept of DBD was
first considered in 1957 by
the US National Academy of
Sciences, but was rejected
because, at the time, the
technology for drilling
sufficiently large holes to
depths of a few kilometres did
not exist. Since then, there
have been major advances
in drilling technology. First
pioneered in the underground
nuclear bomb tests from the
1960s to 1990s, the blind
shaft drilling method now
has the capability to drill
very deep, large-diameter
boreholes and is widely used
in the mining industry for
mine access and ventilation
shafts. Coupled with the major
advances in very deep drilling

•
•
•
•

•

for geoscience research,
oil, gas and geothermal
projects worldwide (including
in basement rocks), these
technologies mean that
DBD now offers a serious
alternative to a GDF, and
several countries are already
considering the DBD option
for their waste inventories.
Development of the
concept of DBD has
progressed substantially
over the last 35 years,
based mainly on studies in
Sweden, the US and the UK.
In the US, following the Blue
Ribbon Commission Report
(2012), the DBD concept was
re-investigated by Sandia
National Laboratories on
behalf of the US Department
of Energy. Sandia had
reached the stage of drilling
a deep, large-diameter
demonstration borehole when
the project was abandoned
for purely political reasons.
The safety case for DBD
was also investigated by
Sandia and showed that DBD
could comfortably meet
the necessary international
‘standards’ in terms of
received dosage at the
surface (Freeze et al., 2019).
In the UK, recent papers have
discussed the challenges and
the solution for the highlevel vitrified waste stored at
Sellafield (Beswick et al., 2014;

FURTHER READING
A full list of further reading is available at geoscientist.online.
Bowman, M. et al. (2022)
• Freeze, G.A. et al. (2019)
Geoscientist 32(2), 42-44
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25(5), 632-647
Nirex Limited, Ref APP/
Beswick, A.J. et al. (2014). Proc.
H0900/A/94/247019
Inst. Civ. Eng.: Energy 167(2),
• Smyth, D.K. (2011) Why a
47-66
deep nuclear waste repository
Gibb, F.G.F. & Beswick, A.J.
should not be sited in
(2022). Proc. Inst. Civ. Eng.:
Cumbria: a geological review.
Energy 175(1), 11-29
ResearchGate

Gibb and Beswick, 2022).
Dobson and O’Leary
reiterate that safe disposal
of hazardous wastes is not
just a matter of engineering
and geoscience, but public
acceptability. Considering
the long-term ambitions in
the UK to develop a GDF, it
is relevant to reflect also on
the political influences, both
locally and nationally, as these
may affect the implementation
of such a project at any time
in the future. The other key
matter to consider is whether
or not a sufficiently sound
safety case can be made
for a GDF in the UK where
the geology is complex.
Investigations at Sellafield
and Dounreay during the
1990s illustrated the difficulty
of reaching a consensus
about the soundness of the
case for geological isolation
(e.g. McDonald et al., 1996;
Smyth, 2011). This means
the focus must be on the
engineered barriers, which
are complex in a GDF facility
(and the associated access
infrastructure). It could even
be argued that in such a
case the geology in terms of
isolation is only cosmetic.
To develop the concept of
DBD requires a research-anddevelopment programme
involving a 5-km-deep slim
hole for testing the host
rock at a suitable location, as
well as a full-scale, largediameter borehole to 4 or 5
km depth to demonstrate the
engineering. The programme
would also include placement
of non-active waste packages
and sealing of the borehole.
Additionally, preliminary
investigations of the deep
geology at the current UK
nuclear sites would allow

evaluation of their potential
suitability for DBD of both
legacy and new waste. On
the scale of a comprehensive
geological investigation of
the onshore and inshore areas
currently being considered by
NWS for a GDF, the extra cost
of this combined programme
would be modest.
Given the debate and
concern about the safe
disposal of high-level
radioactive waste, it is both
important and responsible
to consider all options,
including DBD. This solution
to the disposal of high-level
waste could be more socially
acceptable than a mined
repository on the grounds of
cost, implementation within
a generation (rather than
at some time in the distant
future), the short period before
sealing of each borehole
and a more local solution,
particularity if most of the
waste can be disposed of at
or near the source. Moreover,
as we argue here, DBD offers
an inherently better safety
argument and a greater
likelihood of more geologically
suitable sites being available.
JOHN BESWICK
Director, Marriott Drilling Group,
has researched the concept of deep
borehole disposal for 35 years,
including studies for SKB, Sweden, the
UK Nuclear Decommissioning Agency
and the US Department of Energy.
FERGUS GIBB
Emeritus Professor of Petrology &
Geochemistry at the University of
Sheffield, has researched radioactive
waste disposal for over 30 years,
pioneered the renaissance of deep
borehole disposal, and was a member
of the UK Committee on Radioactive
Waste Management (2007 – 2012).
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Outstanding issues

Manageable
waste
DEAR EDITORS,
I agree with Beswick and Gibb; for the
manageable volumes of waste generated in
the UK, deep borehole disposal (DBD) is the
only viable long-term solution – assuming
the UK continues to limit generation to
six nuclear power stations. That said,
there could be national opposition if drill
locations are extended beyond the site of
present nuclear power stations (in search
of tight granite, for example), and the cost
of any DBD solution will probably force
the government to adopt the Geological
Disposal Facility (GDF) option in the
short term.
DBD cannot be the sole solution for
the United States, however, because
such a large number of boreholes would
be required to accommodate the waste
generated by the nation’s 99 nuclear power
stations.
MAX DOBSON
Now retired, Professor Maxwell Dobson was
Head of Geology at Aberystwyth University,
UK and Head of Geology at Sultan Qaboos
University, Oman.
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the UK’s waste in 2006,
but these concepts
have been under
consideration in the UK
and elsewhere.
However, there are
outstanding issues
with DBD that must
be resolved before the
claimed benefits could
be considered reliably
achievable in a nuclearregulated environment
with intense sociopolitical scrutiny.
In particular, DBD
technologies may well
be of benefit in national
programmes with

FURTHER READING
A full list of further reading is available at
geoscientist.online.
• Committee on Radioactive Waste Management (2019)
Policy paper: Deep borehole disposal.
The UK Government; www.gov.uk

small inventories of
waste for disposal, but
they would be unlikely
to entirely remove
the need for a mined
GDF in programmes
with large and diverse
inventories – and here
I must disagree with
Dobson because the UK
inventory is large and
diverse. Nonetheless,
DBD concepts are
still being considered
because they may
deliver a beneficial
solution for some
materials in future.
MIKE BOWMAN
The Yorkshire
Geological Society and
Honorary Professor
at the University of
Manchester, UK

Follow us @geoscientistmag
YOUR TWEETS

LET TER

DEAR EDITORS,
Proposals for Deep
Borehole Disposal
(DBD) have been the
subject of their own
dedicated discussion
meetings, such as the
first open international
conference on DBD
held in Sheffield
in 2016. These
proposals were not
recommended by the
original Committee
on Radioactive Waste
Management during
their review of the
options for the longterm management of

Emma Wotherspoon
@EmmaEarth: Replying to @ESTA_UK and @GeolSoc I hadn’t come
across the textbook and read this @geoscientistmag article at lunch today. I
was then able to use parts of it to help me putting together Geology course
Thanks also to the others involved alongside Chris in
this long-lasting work. @GeolSoc
Hijack Geography
@hijackgeography: @geoscientistmag
arriving is always a joy. Loads of great
material for anyone in #teaching. Makes
me wonder how many #geographyteacher
colleagues have access? @GeolSoc
#geology #geography
Edge Hill University
– Geography and Geology
@EHU_Geo: Intrepid trespass
@geoscientistmag On the 90th anniversary of the Kinder Mass Trespass,
Colin Serridge, Principal #Engineering #Geologist & #Lecturer in Earth
Sciences @EHU_Geo reflects on how it helped open countryside access.
#geoscience #choosegeology #Geology #PeakDistrict
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Image: Public Domain via Wikimedia Commons

Yucca Mountain proposed
nuclear waste depository

Political opposition
DEAR EDITORS,
I agree with the views
presented by Dobson and
O’Leary (Geoscientist 32(2),
2022); Yucca Mountain is as
good a nuclear repository
site as can be found in the
US and in the world, perhaps.
Where else can you find
easily excavatable host rock
(zeolitized, semi-welded
ignimbrite) that is 300 m above
the present water table and
100 m above the water table
based on models for the
next glacial period, as well as
extremely slow groundwater
transport (100,000s years
per kilometre) due to the arid
climate, and a radionuclideabsorbing host ignimbrite?
However, I would like to add
that the failure of the Yucca
Mountain Program was largely
political. In the early days of

the Nuclear Waste Policy Act
(1982), when several sites
were being evaluated, many
in Nevada were in favour
of a potential repository. In
particular, Nye County, Nevada
(where Yucca Mountain
is located) was extremely
supportive of the project (and
remains supportive). It is the
third largest county in the USA,
but has only a tiny population
of 45,000, so the community
welcomed the income the
project would bring to their
area. In 1987, the Nuclear Waste
Policy Act was amended so
that one site – Yucca Mountain
– would be developed, but
the licence application was
extremely delayed. By the time
the application was submitted
in 2008, Nevadan senators
working in Senate under
the Obama Administration

opposed development of the
site. Funding to the Nuclear
Regulatory Commission was
cut and work on the Yucca
Mountain Project was stopped
by Senate action in 2011. This
action was ruled by a judge
as counter to the Nuclear
Waste Policy Act, so work
resumed and evaluation of
the proposal was completed
in 2015 with publication of
the Safety Evaluation Report
for Yucca Mountain (NRCNUREG 1949 volumes 2 & 3).
At the same time, the Nuclear
Regulatory Commission sought
alternative disposal sites and

Yucca Mountain was ultimately
dismissed. With no funds, the
project has gone nowhere.
STEVE SELF
Adjunct Professor in the
Department of Earth and
Planetary Science, University
of California, Berkeley,
USA. Prof. Self worked for
the US Nuclear Regulatory
Commission from 2008 until
2017 and was initially part
of the team evaluating the
US Department of Energy’s
licence application to build a
nuclear waste repository at
Yucca Mountain.

FURTHER READING
A full list of further reading is available at geoscientist.online.
• United States Nuclear Regulatory Commission (2015) Safety Evaluation
Report Related to Disposal of High-Level Radioactive Wastes in a
Geologic Repository at Yucca Mountain, Nevada (NUREG-1949) Volume
2: Repository Safety Before Permanent Closure & Volume 3: Repository
Safety After Permanent Closure
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reducing and mitigating its
impacts through thoughtful
geoscience.

Oil and gas will be an important part of
the energy mix as we move through
the energy transition

MIKE SIMMONS
Halliburton Technology
Fellow for Geosciences
& Energy Transition

LET TER

Energy transition
DEAR EDITORS,
I recently attended the
Society’s Energy Transition
Discussion Meeting. There
was much to enjoy, but
there was also something I
found disturbing. There was
almost no representation in
the speakers/panellists of
scientists from the oil-andgas industry, and a lack
of discussion of the role
hydrocarbons will play in the
energy transition. It seemed
that – to use a modern
phrase – the industry was
“non-platformed” by the
Society, perhaps seen as the
unfortunate relative that
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no one talks about at family
gatherings. Given that a
significant number of Fellows
are petroleum/energy
geoscientists, this seems
regrettable.
Whilst I appreciate that
many Fellows will wish that
it were not so, oil and gas
will remain a significant
part of the energy mix for
several decades to come.
An analysis of an ensemble
of reputable rapid energy
transition scenarios (not
‘business as usual’ scenarios)
shows that oil demand will
still be c. 50 million barrels
per day in 2050 (half of

today’s demand), whilst gas
will be around current levels
(c. 4,000 billion cubic metres
per year).
It therefore would seem
sensible to have an open
discussion around how oil
and gas can be part of the
transition (e.g. low-carbon
intensity portfolios linked
to carbon storage), whilst
supporting emerging lowcarbon energy sources. The
energy transition is just that,
a transition, and will require
talented geoscientists to
ensure it occurs as smoothly
and rapidly as possible.
But that does not mean
that we should abandon
discussion of the role the
current primary source
of global energy plays in
the transition, not least

Dr Nick Gardiner,
Energy Transition Theme Lead,
Prof Rob Knipe, Convenor &
Dr Alicia Newton, Director of
Science and Communications
write in response:
Oil and gas will continue
to be an important part of
the energy mix. This was
explored in a number of
presentations during the
discussion meeting, not least
the keynote by Dr Myles Allen
on achieving “geological net
zero”. However, with the brief
of exploring new challenges,
it is perhaps unsurprising
that speakers, including
those from the oil industry,
chose to focus on emerging
technologies, most of which
lack the established research
ecosystem, and financial and
regulatory frameworks found
in the oil-and-gas sector.
The efficient use, recovery
and decarbonisation of
hydrocarbons will continue to
be a subject of the Society’s
scientific programme. For
example, a two-day technical
meeting on carbon capture
and storage followed the
discussion meeting last
April and abstracts are being
solicited for the Energy
Geoscience Conference in
Aberdeen 16–18 May 2023;
this meeting is the first of a
new conference series, and
is organised in conjunction
with PESGB. For more
details, please see www.
energygeoscienceconf.org.
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GEOLOGICAL
MAPPING IN
THE AGE OF
ARTIFICIAL
INTELLIGENCE
Two centuries on from the publication of Britain’s first geological maps, developments
in artificial intelligence are presenting new opportunities in mapping practice. Charlie
Kirkwood discusses what’s new and why, as geologists, we should be interested

I

N 1 8 1 5 , during a time of industrial
revolution, William Smith published
the first geological map of Britain.
This was followed in 1820 by the
map by George Bellas Greenough,
President of the Geological Society of
London. These two pioneers disagreed
on the best mapping approach: Smith
used fossils to recognise and map
different strata, while Greenough is said
to have favoured ‘mineralogical views’.
Such is the nature of science.
Despite their considerable age,
the maps of both Smith (Fig. 1) and
Greenough still look entirely familiar to
us – bodies of similar rock are classified
as distinct units and mapped as coloured
polygons (or as three-dimensional
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volumes using cross sections). Smith’s
map emphasises biostratigraphy, while
Greenough’s map highlights mineralogy
– which map to prefer depends on the
particular purposes of the user.
Over two centuries later, the traditional
hand-drawn mapping approach
remains widely used. However, with
this approach it is difficult to quantify
and communicate uncertainty, and
the classification process, by which
geology is represented using discrete
units, means that some information is
inevitably lost. Today, we can address
these limitations by developing
geological Artificial Intelligence (AI),
which has the potential to revolutionise
geological mapping.

Differing approaches
Hypothetically, the ‘ultimate’ geological
map would be able to correctly tell us the
exact values of any geological properties
at any location, thereby serving perfect
information to every end user. We would
know the exact position and grade of all
Earth’s resources and could optimise how
we use them. Of course, we can never
observe all the geological properties
we are interested in at every point, so
we must use some form of modelling –
mental or computational – to fill in the
gaps between our observations. There
are multiple ways to interpret what the
geology might be doing in between our
observations, so there will always be
uncertainty about the true form of the
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geology that we are attempting to map. It
is important to quantify and communicate
this uncertainty so that end users can
factor it into their decision making.
Traditionally, geological maps have
been produced using a ‘classification
first’ approach (Fig. 2, right-hand side).
With this approach, bodies of similar rock
are manually delineated and classified
into discrete units that are described as
possessing their own distinct geological
properties. However, many geological
properties, such as age, composition and
texture (on which traditional classifications
are often based), are fundamentally
continuous variables, and attempting to
model them as discrete classes introduces
quantisation error (Fig. 3, top panel).
This means that less information can be
recovered from the map than goes into
making it, with fidelity being limited by
the number of unique classes used. At the
same time, with no clear way to convey
the uncertainty about the position of class
boundaries, these traditional maps are
inherently overconfident in their linework.
The traditional mapping approach can
also introduce spatial inconsistencies,
with mismatches at map-tile boundaries
due to disagreements between individual
geologists. In addition, the production
process itself – decades of sparsely
documented mental modelling that can
easily be lost to history – is far from
transparent. Overall, these limitations make
it difficult to directly compare traditional
‘classification first’ geological maps to
reality, which in turn makes it difficult to
know what constitutes their improvement.
By adopting a ‘properties first’ approach
on the other hand, we can aim to
model geological properties directly
as continuous variables (Fig. 3, bottom
panel). This change in mapping philosophy
brings the crucial benefit of enabling
direct comparison between our maps and
reality. That is, predictions of measurable
geological properties (the output of
the ‘properties first’ map, for example
chemical composition as in figure 2) can
simply be compared to observations
of those properties across the map.
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1

Figure 1: William Smith’s geological map. First imprint, issued c. September 1815. (Credit: The Geological Society
of London, UK. Archive ref: LDGSL/22).

This makes ‘properties first’ maps much
more straightforward to evaluate than
‘classification first’ maps, and therefore
provides a clearer path towards their
improvement. If desired, we can still derive
classified maps from maps of continuous
geological properties simply by applying

appropriate classification schemes
afterwards – so in principle no capability
is lost by adopting the ‘properties first’
approach.
The challenge of the ‘properties first’
approach is that it cannot reasonably be
implemented by hand, but this is where AI
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comes in (see boxes 1 & 2). By developing
suitable AI methods, we can aim to map
any (or all) geological properties of interest
as continuous-valued predictions through
continuous space, free from the limits on
fidelity that traditional ‘classification first’
mapping approaches impose (e.g., see
figure 2). At the same time, uncertainties
can be quantified via Bayesian inference: a
statistical method that allows us to model
a distribution of plausible explanations for
the generation of observed data, rather
than to over-confidently commit to a
single explanation. In mapping terms, this
means we can model a distribution of
possible maps, rather than just one. Doing
so allows uncertainty to be conveyed
as predictive probability distributions of
geological properties for any point in
space (Fig. 3, bottom panel), which allows
map users to account for the different
geological conditions they may encounter.
Having maps produced by a unified AI
system, rather than by separate geologists,
also means that the output is spatially
consistent, with no map-tile mismatches,

and the production process is transparent
– the data are kept separate from the
model, and both are well documented and
shareable as digital objects.
While the ‘ultimate’ perfectly informative
(zero error and uncertainty) geological
map will never actually be attainable, by
developing AI for geological mapping
we can specifically aim to minimise the
discrepancy between our maps and
reality while remaining honest about
our uncertainty. By doing so, we can
maximise our knowledge of the state of
the lithosphere given our observations,
in an approach that is more analogous
to ensemble weather forecasting than to
traditional hand-drawn geological maps.

Traditional geostatistics
The ‘properties first’ approach is not a new
idea in itself. For example, the mineral
exploration industry has been using
geostatistical interpolation techniques
(i.e., kriging) to map ‘properties first’ for
decades. This is because it is much easier
to find metal deposits by observing and

mapping the concentrations of those
metals directly, rather than only attempting
to infer their distributions from traditional
classified geological maps, which may
contain very little information alluding to
mineralisation (or other phenomena that
are of interest to end users).
In simple terms, kriging can be thought
of as fitting a smooth function (or surface)
through our observations in two or three
spatial dimensions. Kriging traditionally
relies on an assumption that the effect
that the distance between observations
has on their similarity will be consistent
everywhere. It also often assumes that this
spatial autocorrelation will be the same
in all directions. While these assumptions
may be reasonable at the scale of
individual mines, when mapping at regional
or national scales the maps produced by
kriging can seem unconvincing because
they fail to capture geological structure,
such as that of differing terranes and
faulting, which geologists know to be
important.
Widespread adoption of the ‘properties

BOX 1: CREATING AN AI MAP
Using AI allows us to directly map the
individual geological properties that underlie
our traditional classifications (as well as any
properties that our classifications may not
consider), and to quantify uncertainty in the
process. To achieve this, our AI systems must
learn to provide a predictive distribution
for the values of geological properties as
a function of some inputs that define the
‘feature space’ of the problem.
Thinking in terms of position in 3D space is
the bare minimum when it comes to geological
mapping. In AI terms, this is a 3D feature space:
we would be learning to predict geological
properties based purely on where we are
(figure 3, bottom panel provides an example
of what this can look like for a 1D feature
space). However, geologists consider many
more factors (or features) than just position in
space; they scan the landscape for geologically
informative clues as part of the mapping
process. These features may include the general
topography, breaks of slope, and changes in
vegetation. In order to produce convincing
outputs our AI mapping systems should also be
capable of identifying and using such features.

The breakthrough of deep learning is
that it can ingest unstructured data, such
as images, and learn to extract any features
that are useful for improving performance
on the task at hand – in this case mapping
geological properties. To harness these
capabilities, we can supplement our
observations of geological properties with
images of the surrounding terrain centred on
each observation, and provide these as an
additional input (along with position in space)
to our deep learning architecture (Fig. 4).
In the case of the AI map in figure 2,
our deep learning system learns to predict
relative concentrations of potassium, iron,
and calcium (as centred log-ratios) based
on chemical assay measurements from
over 100,000 stream sediment samples
collected across the British Isles by the
British Geological Survey, Geological Survey
Ireland, and Geological Survey of Northern
Ireland (see methodology of Johnson et
al., 2005). Our AI system learns how these
element concentrations relate not just to
position in space, as provided by the easting,
northing, and elevation of the geochemical

observations (INPUT B, Fig. 4), but also how
they relate to more complex features of the
landscape, which are learned automatically
from images of elevation data (from the EU’s
Copernicus land monitor service) centred
on each geochemical observation (INPUT A,
Fig. 4).
This setup allows our AI mapping system to
predict geological properties by interpolating
between their observations in a much richer
self-learned feature space than simply
geographic space itself, in a procedure that is
closer to the thought processes of a human
geologist. In addition, by adopting a Bayesian
approach, our AI system models a distribution
of possible maps, rather than just a single
best map, in order to quantify uncertainties
and provide well-calibrated probabilistic
predictions. Figure 2 simply displays the mean
of this distribution of possible maps.
Details of the full methodology, including
simulation of different possible maps, are
available in Kirkwood et al., 2022, Math
Geosci 54, 507–531; https://doi.org/10.1007/
s11004-021-09988-0
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Figure 2: (Left of diagonal) An
example AI-generated ‘properties
first’ geological map, which
provides probabilistic predictions
of geological properties through
space. The properties mapped here
are centred log-ratios of potassium
(K; red), iron (Fe; green), and
calcium (Ca; blue) concentrations
as observed in stream sediments.
This map displays the mean
of a distribution of possible
maps (the Bayesian posterior
predictive distribution), from
which distributions of possible
values can be obtained for any
point in space. The AI system was
trained using G-BASE and Tellus
geochemical survey data provided
by the BGS, GSI, and GSNI, with
auxiliary information provided
by Copernicus terrain elevation
grid; see Box 1. (Right of diagonal)
A traditional ‘classification first’
geological map whereby rock
units are manually delineated and
coloured according to convention,
based on rock types and ages.
Source: The British Geological
Survey’s Geology of Britain Viewer
(http://mapapps.bgs.ac.uk/
geologyofbritain3d/) Contains
British Geological Survey materials
© UKRI 2022
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BOX 2: DIFFERENT
APPLICATIONS
Potassium, iron, and calcium are chosen
to illustrate the AI mapping approach in
this article because much of the familiar
geology of the British Isles is revealed
in the relative contrasts of these major
elements, as can be seen by comparison
with the traditional geological
map (which is not a surprise, since
composition is a key part of traditional
classification schemes). The relative
concentrations of these elements can
tell us a lot. For example, while calcium
is abundant in limestones and chalk
(e.g. the Chiltern hills, coloured blue),
it can be almost completely absent
from deep marine sediments deposited
below the calcite compensation depth
(e.g. much of Wales, coloured yellow).
Meanwhile, among other things, iron is
abundant in mafic intrusions, such as
the Antrim basalts of Northern Ireland
(turquoise), while potassium is relatively
concentrated in felsic intrusions, such as
the granites of the Cornubian batholith
in the south west of England (red). In
order to produce such a detailed map,
our AI mapping system has had to learn
the unique ways in which each element
relates to the landscape itself; different
chemical compositions allude to
different weathering properties, which in
turn have different surface expressions
in the terrain’s topography, which our
neural network learns to ‘read’.
Different end-use applications
require different geological properties
to be mapped. For example, for mineral
exploration we may want maps of
commodity element concentrations;
for engineering projects we may want
maps of mechanical properties such as
shear strengths and joint kinematics.
More generally, structural geologists
may want maps of the orientations
of bedding planes and foliation, and
stratigraphers may want maps of ages
of formation. Increasingly we are
collecting quantitative observations
of all these properties and more;
the challenge is to design suitable
AI systems that can model and
map them in geologically sensible
ways, so that our maps can become
increasingly accurate and precise
as more observations are collected,
while remaining honest about their
uncertainty.

3

Figure 3: Conceptual comparison of ‘classification first’ mapping (top) and ‘properties first’ mapping using
Bayesian AI (bottom). The black line shows the true value of some geological property, y, through space, x. Black
crosses are our observations of this property, with some error, which the two mapping approaches utilise. Note
that regardless of their number, or the exact position of their boundaries, a single set of discrete classes provides
a poor representation of continuous geological properties and cannot convey uncertainty. These issues are
exacerbated in the real world mapping case of attempting to summarise multiple properties at once using the
same class boundaries. Conversely, mapping ‘properties first’ using Bayesian AI methods brings the potential to
directly obtain skilful probabilistic maps of as many geological properties as are of interest.

first’ approach to geological mapping
therefore requires the development of a
new generation of geostatistical modelling
methods which do away with the need
to make geologically unconvincing
assumptions – this is where AI comes in.
The process of developing AI mapping
systems presents a fresh opportunity
for geologists and geostatisticians to
collectively agree on what we should
consider to be reasonable assumptions
behind the maps we produce. This is an
exciting time for geological mapping.

Deep learning and Bayesian AI
The mathematical foundations of how to
learn from data can be traced back to at
least Pierre Simon Laplace and Thomas
Bayes in the 1700s, but it is only now that
our computers are becoming sufficiently
powerful to realise the wider potential
of what can be achieved. A significant
breakthrough came ten years ago in 2012,
when Alex Krizhevsky and colleagues

demonstrated that deep neural networks
(neural networks with multiple stacked
layers; e.g. Fig. 4) trained using powerful
graphics processing units (GPUs) were able
to outperform all previous computational
approaches in the task of classifying
images. What was revolutionary was that
this ‘deep learning’ approach could simply
be provided with the raw images as input,
with no need to manually apply things like
edge-detection filters in advance to make
the classification problem easier to solve
(e.g., the right kind of filter can highlight
the presence of cat ears in an image, thus
making it easier to identify a cat). Instead,
deep learning can automatically learn
relevant features for itself.
Deep learning has emerged as an
effective way to utilise recent advances
in computing power because it allows us
to pose complex modelling problems as
optimisation problems that can be solved
relatively efficiently. A neural network is a
system of interconnected parameters,
GEOSCIENTIST.ONLINE | AUTUMN 2022
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Figure 4: Architecture of the deep neural network that produced the AI map of figure 2. The neural network learns by optimising its output – predictive distributions of
geological properties – in relation to field observations (points on the map on the left, shown coloured by calcium concentration) and to our prior beliefs. Our architecture
combines parallel information processing pathways in order to learn both local contextual features from gridded terrain elevation data (Input A) and global position features
(Input B), as well as the interactions between these two feature types. The ‘thought processes’ involved are not unlike those of a field geologist. (Modified from Kirkwood, et
al., 2022, Math Geosci 54, 507–531; https://doi.org/10.1007/s11004-021-09988-0, published under a Creative Commons CC BY license.)

whose values define a function that
dictates what the neural network’s output
will be for a given input. By optimising the
parameter values we can learn functions
to perform specific tasks. In the context of
geological mapping, we can design neural
networks that learn to output accurate
predictions of geological properties,
informed not just by position in space,
but also by the same kinds of features we
look for in the field as geologists, such
as breaks of slope and differences in
terrain textures. In concept, this process
is comparable to that of training a human
geologist with the necessary skills to
produce good geological maps. The more
prior knowledge a geologist has, the better
job they are likely to do when mapping
a new area. The same applies to AI – we
can incorporate our geological wisdom
into the design of AI mapping systems so
that they are equipped to recognise the
types of relationships that we believe are
important (as in figure 4). Therefore, a
transition to AI mapping does not mean
a move away from the importance of
geological expertise. Instead, it is an
opportunity for us to collate our expertise
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together inside the digital domain.
When comparing geological maps to
reality, it makes sense to use the statistical
concept of likelihood – the probability that
the scenario depicted by the map would
produce the observations we see. In deep
learning we can directly maximise the
likelihood using optimisation, which would
result in a single map with the maximum
likelihood of having produced our field
observations. It seems we instinctively
aim to do the same thing as mapping
geologists, albeit in a more organic way.
However, without infinite geological
observations there will always be room for
multiple possible geological interpretations
because of the uncertainty about what
is going on in the gaps between our
observations. Therefore, the act of
producing only a single best-fit geological
map (the maximum likelihood approach) is
inherently overconfident – we are putting
all our eggs into one basket despite logic
dictating that this basket is just one of
many possibilities. Using a single ‘best’
map for important decision making could
therefore lead to unwanted outcomes,
because by doing so we are blind to the

unavoidable uncertainties involved in the
production of the map, which may be
large enough to derail our projects in the
real world.
To deal with uncertainty, we need to
shift our goal away from producing a
single best geological map and instead
aim to model all of the maps that are
possible given our observations. This is the
Bayesian approach (named after Thomas
Bayes, 1702 – 1761). We can think of this as
creating a digital flipbook – infinitely long
– where each page shows a realisation
of a different possible geological map.
As a collective, the book describes all the
geological scenarios that could plausibly
result in the observations we see. By
collecting more observations, we can
increase our knowledge and reduce the
spread (uncertainty) between the possible
geological scenarios. We can achieve this
in AI mapping by modelling a distribution
over parameter values according to Bayes’
rule, rather than simply optimising to
achieve a single best map.
By planning our activities and
policies around probabilities rather
than potentially incorrect absolutes,
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Figure 5: AI map quality checks are
made against test observations (n =
11,700) excluded from the modelling
process so that they are akin to
unobserved locations. Far left: scatter
plot of observed and predicted element
concentrations (taking the mean of the
AI’s predictive distribution as a point
prediction). High R2 values show good
fit between the map and unobserved
locations. Left: quantile-quantile plot
assessing probabilistic calibration of
the AI’s predictive distribution against
reality. Calibration is near-perfect,
suggesting that element concentrations
at unseen locations will be observed
with the frequencies implied by the
AI map. Continuous rank probability
score (CRPS) approaches zero as the
AI’s predictive distribution matches the
distribution of observations.

5

we can optimise the outcomes of
our geology-related endeavours (as
well as optimise the collection of new
data). Of course, probabilities need to
be calibrated against reality in order
to be useful, but this is all part of the
workflow of developing AI systems
(Fig. 5). Interestingly, much of the work
in assessing the skill of probabilistic
predictions has been developed in the
context of weather forecasting, which is
in many ways the spatio-temporal cousin
of geological mapping, and also had its
early roots in hand drawn maps.
The closest thing we have to a
Bayesian approach in the world
of traditional (non computational)
geological mapping practice is ‘the
undergraduate mapping trip’, on which
a cohort of student geologists are each
tasked with producing their own map
of the same study area. The result is
a collection, or ensemble, of possible
geological maps. This ensemble conveys

•
•
•

•
•

uncertainty (“it could be this, or it could
be that”) better than any single map
could, which is the same reason that
weather forecasters have been using
ensemble models for about the last
30 years. However, in the case of the
undergraduate mapping trip we may
question the overall skill of the resultant
ensemble on the grounds that it has been
produced by inexperienced geologists
whose individual interpretations may not
always be sensible. Imagine if instead
the ensemble of maps was produced by
infinitely many world-leading geological
mapping experts – in essence this is
what AI has the potential to provide us
with, if we design it well.

Where the future leads
Bayesian geological mapping can only
be achieved in a rigorous way using
powerful computers. So, we must port
our mapping procedures into the digital
domain – and that doesn’t mean drawing
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maps by hand on a computer, it means
designing AI systems that can themselves
conduct the task of geological mapping.
Not only will this allow us to produce
geological models and maps at new
levels of fidelity, and with quantified
uncertainties, but in the process we
would be ‘laying out on the table’ the
necessary intellectual machinery required
to produce geological maps, so that this
knowledge can be communally improved
upon over the years.
It is difficult to predict just how drastic
the progress could be if we – the
geoscience community – adopt AI as
an integral part of geological mapping.
Improving our ability to distil and convey
geological information can only bring
benefits, particularly as we face the
pressing challenges of the climate crisis.
Now more than ever we need to be in
tune with our planet, and that means
going beyond the opaque polygons of
our traditional mapping practices.
This article is dedicated to Hazel Pritchard (1954–2017)
and Barry Rawlins (1970-2017) for the ideas they
inspired in others.
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Members of the Weddell Sea Party, Imperial Trans-Antarctic
Expedition 1914–1917, on board the Endurance. James Wordie,
first row, second from left. Ernest Shackleton, second row, fifth
from left. (Image: Frank Hurley, Public domain,
via Wikimedia Commons).

HISTORY

Geolocation
Nina Morgan recounts how geology came to the rescue

R

I D I N G T O W A R D S London

on a very dark night, William
Buckland [1784–1856], Reader
in Geology at the University of
Oxford, and his friend, realised
they had lost their way. But Buckland didn’t
panic. He simply dismounted, took up a
handful of soil and smelt it. “Uxbridge”, he
proclaimed, his geological nose telling him
the precise locality.
This level of ‘precision’ navigation based
on a knowledge of the local geology is
much more difficult where the geology
is unknown. Nevertheless, James Wordie
[1889–1962] the geologist on Shackleton’s
1914–1917 ill-fated British Imperial TransAntarctic Expedition, proved it can be done.
Having graduated with a degree in
geology from the University of Glasgow
in 1910, Wordie, known as Jock, went on
to study geology at St John’s College,
Cambridge. There he met scientists who
had recently returned from Robert Falcon
Scott’s British Antarctic Expedition. Thus
inspired, he joined Sir Ernest Shackleton’s
expedition to cross the Antarctic continent.
In November 1914, when the expedition
ship, Endurance, reached South Georgia,
Wordie began mapping the geology –
noting the folded structure of the rocks.
After Endurance became locked in
pack ice in the Weddell Sea and sank in

November 1915, the group spent months
dragging their lifeboats over the ice and,
in April 1916, managed to reach Elephant
Island. From there Shackleton and five
members of the party took to sea again to
seek help from whalers on South Georgia.
When they landed on the ‘wrong’ side
of the island, they then had to cross an
unmapped mountain range on foot to
reach the whaling station at Stromness.

Vital clues
Exhausted and unsure of their location,
the situation looked grim. But Wordie’s
geological work on South Georgia provided
them with some vital clues. As Shackleton
recalled in his book South:
“We went through the gap at 6am with
anxious hearts as well as weary bodies. If
the farther slope had proved impassable
our situation would have been almost
desperate; but the worst was turning to
the best for us. The twisted, wave-like rock
formations of Husvik Harbour appeared
right ahead in the opening of dawn. Without
a word we shook hands with one another.
To our minds the journey was over… ”
Once at the whaling station, Shackleton
was able to arrange for the rescue of the 22
men left behind on Elephant Island – and all
members of his ill-fated expedition returned
alive. Rock samples collected by Wordie on

Elephant Island, along with his notes, were
also saved and are now preserved in the
Hunterian Museum in Glasgow.

What happened next
On his return to Britain, Wordie went on to
serve on a further eight polar expeditions
and became one of the most influential
figures in polar exploration of the twentieth
century. He was a founder member and
chair of the Scott Polar Research Institute,
and served terms as President of the
Royal Geographical Society and the British
Mountaineering Council. He was
knighted in 1957.
But perhaps the greatest accolade came
from the crew of the Endurance who
valued his dry humour and willingness to
trade his tobacco ration for rock specimens.
Clearly a man who got his priorities right!
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Illuminating e
Artificial intelligence
is helping to
identify previously
undetected
seismicity. Greg
Beroza discusses
how this approach
can aid earthquake
monitoring and why
it is essential to the
field of seismology

E

ARTHQUAKES OCCUR

almost continuously, but most
are too small to notice. For
decades, geoscientists have
used computers to analyse
digital seismic signals, but many of the
smallest earthquakes are undetected.
While these tiny seismic events themselves
pose little threat of damage, their
waveforms hold information that can aid
monitoring of larger, more destructive
earthquakes. By locating and analysing
microseismicity, we can illuminate the
three-dimensional structure of fault
systems and thereby better understand
and anticipate larger fault movements.

Expanding catalogues
Greg Beroza, Professor of Geophysics at
Stanford University, USA, explains that
because earthquakes can occur at any
time, we must continuously scan seismic
data for wave arrivals that might be from
earthquakes – a job that was initially done
by seismic analysts.
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“Once seismic data became digital, the
work of seismic analysts was augmented
by simple computer algorithms that search
for sudden increases in the strength of
ground shaking. The measurements still
required expert analysts to review.”
Now seismologists are turning to
artificial intelligence (AI) and machine
learning (ML) to identify vastly greater
numbers of earthquakes in the waveform
data. “We have replaced the simple
algorithms with more complex ones that
do a much better job of discriminating
earthquake signals from the background
noise. How much better? Well enough
that we often find ten times as many small
earthquakes as we did previously.”
Seismology is particularly well suited
to AI and ML applications because of the
enormous volumes of seismic data and our
existing relatively good understanding of
the science that underpins these data.
“Seismology deals with rich signals
whose properties are governed by wellunderstood physical principles. Machine
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g earthquakes
learning, and particularly deep learning, is
‘data hungry’, which means that it needs to
be exposed to many, many, many examples
of the things it is trying to understand and
classify. Computer vision, a form of AI that
enables computers to recognize objects
from images and videos, for example,
only took off when standardized sets of
accurately labelled data sets were created
for ML models to be trained on. We have
a tremendous advantage in seismology
in that expert analysts have compiled and
vetted tens of millions of ‘labels’ for our
data. Labels in this context refer to known
examples of phenomena that we would
like to quantify, such as the arrival times of
seismic waves based on the wiggles in a
seismogram. Having these data sets makes
it much easier to train effective AI models.”
Greg estimates that ML techniques
are uncovering a factor of five to ten or
even more earthquakes than are typically
recorded in standard catalogues. For
example, his team have uncovered
hundreds of thousands of earthquakes

thought to be induced by fluid injection
in the US State of Oklahoma. Such greatly
expanded data catalogues offer the
potential to transform our understanding
of faults and earthquake processes.
“These small earthquakes illuminate
the faults that they occur on to an
unprecedented level of detail. The
complex geometry, and the sequencing
and interaction of earthquakes that occur
on them, is an area that will see rapid
progress in the coming years, and it is sure
to teach us new things about earthquakes.”

Varied applications
Greg and his team are currently working
on a variety of projects that use artificial
intelligence applications for seismic data.
For example, they are using graph neural
networks, a ML approach that is designed
to work with heterogenous data, to aid
earthquake phase association – the
fundamental task of assigning arrival times
to seismic phases, such as P- and S-waves,
measured at different seismic stations so

that they can be traced back to a common
earthquake source.
“It’s sort of like connecting the dots. It
sounds simple, but with all the challenges
of real data, it’s surprisingly complex.”
In another project, the team are trying
to extend approaches for measuring
the arrival times of seismic phases to
distances beyond 100 km from the
earthquake source. “The shapes of the
wiggles at those distances are strongly
distorted by interaction of the waves with
Earth’s heterogeneous upper mantle, so
they’re more difficult to interpret – for
seismologists and algorithms alike, which
makes for a nice challenge.”
And Greg collaborates with teams
around the world to apply these methods
to a variety of complex problems. “French
volcanologists, for example, led by Dr
Lise Retailleau at the Institut de Physique
du Globe de Paris, France and others,
are using our methods for monitoring
dangerous volcanoes in Mayotte, in the
Horn of Africa, and in the Lesser Antilles.
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DAS allows measurements
of wavefields in challenging
environments, such as under cities
and on the ocean floor, and provides
very dense measurements of the
seismic wavefield in all environments,
which will enable new approaches
Their goal is to find tell-tale signs of seismic
arrest or cessation before future eruptions.”

Forecasting
Understandably, current analyses of
seismic data are retrospective. The
key question is whether AI applications
will ever be able to help us forecast
earthquakes. “There are many facets
to it. There are some indications that AI
will be useful for improving probabilistic
forecasting. For example, in Oklahoma
we’ve shown (retrospectively) that the
improved monitoring and additional
data that our improved catalogues
provide could have substantially
increased the relative forecast probability
of magnitude four and larger induced
earthquakes by about a factor of ten
relative to the background rate. The
absolute probabilities are still low,
however, so it represents modest progress.
“Forecasting of simulated earthquakes
in the laboratory seems to be quite
successful; however, the Earth is a
tougher challenge because it’s a more
complex, heterogenous, and interactive
system than idealized laboratory
experiments. The gains in forecasting
skill that I have heard about to date
based on ML are marginal. We’re just
getting started in attempts to do this,
however, and I think it’s an exciting
research direction that will be pursued
aggressively. Even so, there are good
reasons to believe that earthquakes are
intrinsically difficult to forecast – no
matter what methods are applied to
the task.”
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A data science future
Greg suggests that data
science methods, which
include AI and ML, are
critical to the future of the
geosciences because these
Los Angeles and the surrounding region viewed by the Landsat
methods are ideally suited
7 satellite in May 2001. The San Andreas Fault forms the straight
to developing new insights
diagonal mountain front that borders the Mojave Desert at the top of
the image. More than ten million people live in this area. By applying
into the types of complex
AI methods to seismic data, we can expand our seismic catalogues
systems that are common
and thereby illuminate the complex geometry of faults in the
in nature. And as our ability
subsurface, aiding hazard mitigation. Credit: NASA/JPL
to monitor Earth processes
rapidly grows, so too do
our data sets.
“With advances in technology, we are
“DAS allows measurements of wavefields
reaching a point where we can’t directly
in challenging environments, such as under
‘look’ at all the data that we gather. It’s even
cities and on the ocean floor, and provides
getting difficult to move the data around.
very dense measurements of the seismic
Seismology needs the methods of data
wavefield in all environments, which will
science to extract information reliably from
enable new approaches.”
these important new data sources. Without
These inexpensive devices can act as
it, we’d be overwhelmed. Other fields
densely spaced seismic arrays. They enable
within the geosciences are sure to follow
the collection of massively greater volumes
suit. In some cases, such as the analysis
of data that will require AI approaches
of surface topography and images from
to decipher. For that reason, Greg is
space, they are there already.”
very excited by the application of AI to
Greg specifically mentions fibre-optic
seismology. “Despite the fact that it might
seismology, or Distributed Acoustic
seem faddish now, it’s having a real impact
Sensing (DAS), as an emerging technology
on the field and I am convinced that we’re
that is having a huge impact in seismology.
still in the early days of its development.”
Here, new or existing fibre-optic cables,
such as those used for the internet,
GREG BEROZA
television and telephone services, are
Professor Gregory Beroza is
Professor of Geophysics at
repurposed to measure ground motions.
Stanford University, California
Seismologists can monitor changes in the
and Co-Director of the
way that pulses of laser light travel within
Southern California Earthquake
the cables as the fibre experiences tension
Center, USA.
and compression induced by ground
Interview by Amy Whitchurch
motions.
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Into the deep
The subsea is drastically under sampled. Margaret Leinen discusses
the potential for the Ocean Internet of Things to revolutionise our
understanding of the ocean

I

T I S O F T E N said that we know

more about the surface of the
Moon or Mars than we know about
Earth’s seafloor. Technological
advances are set to transform
our understanding of the ocean and its
seafloor as we work towards building an
Ocean Internet of Things (OIT) – a subsea
network of devices, including sensors
and remote and autonomous underwater
vehicles, that are dispersed throughout
the ocean globally and can communicate
with each other and with us.
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As Margaret Leinen, Director of
Scripps Institution of Oceanography,
USA, explains, this idea of a ‘smart
ocean’ “extends the concept that we’ve
come to know for internet-enabled
communication between devices in our
homes (‘smart homes’) or cities (‘smart
cities’) to the ocean.”

Grand challenges
To address many of the grand challenges
we face, including climate change, ocean
acidification, declining biodiversity and

escalating resource demands, as well as
geohazards and georesilience, we must
drastically increase our measurements
and sampling of the ocean globally.
“Many of the ocean processes that
are involved with climate change, like
ocean circulation, evolve slowly over
years. Others, like acidification are patchy
and difficult to characterize from a few
scattered measurements. Plate tectonic
processes are often a combination of
slow, small changes and much larger
rapid changes. The slow changes require
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“One of the most important
characteristics of an OIT is that it would
allow us to make measurements without
having to be at the site. We could make
measurements more cheaply without
use of ships and could occupy locations
longer – or even continuously. We could
make many more measurements.
“We could also have one system
of sensors or samplers controlled by
measurements from another system.
The ‘smart ocean’ will allow sensing
and measurement devices to talk with
each other and exchange information,
or control actions like sampling. For
example, an OIT that activates sampling
when measurements detect a certain
magnitude of change in some variables
would capture samples from large events.”
To cite a more specific example, the
OIT could transform our understanding
of the biological evolution of the ocean.
In particular, Margaret is excited about the
application of technology developed for
genomic analysis to marine environments.
“Metagenomics and environmental
DNA (eDNA) hold promise of being
able to rapidly assess the presence and
abundance of taxa in the ocean from
analysis of water samples rather than
having to collect organisms. We can
now sample for biomolecules from
autonomous vehicles and oceanographers
are working to develop instruments that
can analyse samples onboard. I imagine a
network of platforms having instruments
that analyse the biology of the ocean
at scale and can begin to understand in
detail how it is changing with time.”
substantial time to observe, while the
rapid changes require luck to measure
unless you have persistent measurement
devices in place. Taking samples
frequently (as opposed to measurements)
requires storage and might result in
analysing samples that record little
variation for a long time.”
In theory, continuously operating
sensors would generate vast datasets
and could beam back data in real-time
allowing us to monitor the ocean in a
similar way to a national weather service.

Hurdles
While with the right investment we
can quite rapidly build the vehicles and
sensors needed to create an Ocean
Internet of Things (the ‘Things’), the
communication or ‘Internet’ element is
harder to achieve.
“To activate ‘smart ocean’ interactions,
we need an underwater internet. This
is no small challenge. On land, in the
atmosphere, or in space, communication
is easy using the electromagnetic

Many are hard
at work on solving
this problem.
Most solutions use
fibreoptic cables,
which can carry
large volumes of
information at high
speeds, but require
physical cables and a
means of connecting
sensors or samplers
to the cables
spectrum. Waves, often light, carry
electronic signals and allow devices
to interact. But light is scattered in the
ocean and does not travel far. As a result,
an ocean internet has to be based on
some other transmission. Sound carries
exceptionally well in the ocean, but takes
a lot of power to generate, is slow, and
can’t carry much information. So, there
are major challenges to an underwater
internet system.
“Many are hard at work on solving this
problem. Most solutions use fibreoptic
cables, which can carry large volumes
of information at high speeds, but
require physical cables and a means of
connecting sensors or samplers to the
cables. Connected instruments can only
communicate with other devices attached
to cables. Other ideas are based on
networks of devices that communicate
with sound, but which send information to
a receiver that is then linked by fibreoptic
cable. Still others are based on use of
autonomous vehicles that could make
measurements and then go to a cable
connection to send their information.”
Still, significant investment of resources
is required if we are ever to create and
realise the full potential of an OIT. “The
GEOSCIENTIST.ONLINE | SPRING 2022
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biggest near-term challenge to achieving
a smart ocean is the resources needed to
develop and demonstrate the potential
of various ocean internet technologies,
to determine which are most useful,
and for which conditions and types of
measurement/sampling. We are currently
spending comparatively little on the
development of the OIT and identification
of the most effective systems will take
years at the rate that we are investing.
“The longer-term challenge will be
funding the OIT. Some components of the
OIT, especially those that contribute to
natural hazard response, may be funded
sooner and more robustly than those that
contribute to our understanding of other
grand challenges.”
There is some concern about the
potential for subsea communication
systems such as sonar to disturb ocean
wildlife that relies on sound for their own
communication, and impacts on ocean
ecosystems will need to be assessed
at every stage as we develop the OIT.
However, Margaret suggests that currently
there isn’t so much resistance to creating
the ocean internet itself, rather there is
concern over the kinds of ‘things’ that
might be connected to the internet. “For
example, whereas a system that could
track an incipient harmful algal bloom and
relay warnings while the bloom was barely
detectable might be welcomed, one that
could identify and then guide the harvest
of valuable organisms (e.g., precious coral)
would be vociferously opposed.”

Future revolutions
Margaret emphasises that technical and
digital advances are key to developing
the OIT – both the various instruments
and the infrastructure needed to
create platforms and systems for
that instrumentation – noting that “A
previous Director of Scripps Institution of
Oceanography, Roger Revelle, once said
that great periods of oceanography are
defined by new kinds of instrumentation
that allow new insights.”
One such great period was initiated
in the early 2000s with the launch of
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the autonomous network, Argo. This
international programme uses a fleet of
about 4,000 drifting floats deployed across
the global ocean to observe temperature,
salinity and currents. Margaret explains
that Argo drastically extended our
observations of temperature and salinity
in time and space. Now, biogeochemical
sensors are being deployed on Argo
floats thereby building a more detailed
understanding of the links between
nutrient cycling and ocean physics.
“Much as Argo revolutionized physical
oceanography, the realization of an OIT
would mark a step change in our capability
to extend observations and sampling of a
host of ocean environments to scale.”
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Marine Sciences at the Scripps
Institution of Oceanography, University of California
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UNESCO’s Intergovernmental Oceanographic
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A 3D image of ‘The Ledge’
outcrop on Rhoscolyn,
Anglesey. Virtual landscapes
allow students to hone their
field skills before putting them
to test in the real world

Image: Virtual Landscapes © University of Leeds 2017

Training in
the virtual realm
Jacqueline Houghton explains how a collision
between the worlds of gaming and geoscience has
heightened the learning experiences of students

F

I E L D W O R K is an essential

component of a geoscientist’s
training. However, for those
who are new to the subject,
attempting to bridge the gap
between a two-dimensional map and the
three-dimensional world of geological
structures and processes, can feel
alien and challenging. To build student
confi dence and aid fi eld-based
training, geoscientists are turning to
the virtual realm.
Jacqueline Houghton, an Associate
Professor of Geoscience Education
at the University of Leeds UK, leads
the Virtual Landscapes Project – a UK
collaboration between the School of
Earth and Environment, University of
Leeds, and the Leeds Art University,
to build virtual environments in which
to learn and practice basic geological
mapping skills.
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Fundamental field skills
Virtual landscapes are created by a
small team of geologists, none of whom
are game-design specialists, using the
Unity game engine – software that
was originally launched to create video
games, but is now also used to create
simulations in a wide variety of industries,
including film, engineering, and the
armed forces. The screen-based virtual
reality landscapes are populated by
rock outcrops, and each outcrop has an
associated notebook entry that describes
the rock, gives data readings and often a
labelled field sketch.
This in-class tool, which appears like a
video game, allows students to develop
their 3D visualisation skills and hone their
basic field data-gathering techniques
from the comfort of a desk, before
putting them to the test in the more
unpredictable, mixed weather and terrain

environments encountered during real-life
field mapping.
The landscapes are completely freeform and open ended. The sounds of
gently breaking waves, trickling streams,
baa-ing sheep, and gulls and planes
flying overhead contribute to a more
immersive experience. Students, tasked
with producing a geological map and/or
cross section, stratigraphic column and
field report, can roam at will, making their
own decisions without being guided by
the software. Jacqueline explains that the
virtual environments mimic the decisionmaking and time-management skills
required when doing fieldwork because,
for example, the speed of movement is
limited to a fast walk and rivers can only
be crossed at bridges. During the exercise,
students learn skills, such as how to use
co-ordinate systems and plot outcrops on
maps, as well as more general concepts,
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Fieldwork is
expensive and
the use of digital
technologies could
be seen as a cheap
alternative.
However, there are
aspects of the field
experience they
cannot emulate
such as how to use data collected
from one outcrop to inform where
to go next and how to read the
landscape and vegetation to infer the
underlying geology.
Jacqueline explains that both staff and
students report finding it easier to focus
on teaching and learning field skills in
a classroom first, with the upshot that
students are more confident and efficient
when they put their new-learnt skills to
the test in real environments.
“Interestingly, in the virtual landscape
students make many of the same mistakes
they make when learning in the field,
most notably, ‘outcrop capture’. They
hurry round the landscape, marking the
outcrops on the field slip and noting
the rock type, but not considering the
other information in the notebooks
and the landscape or using it to inform
their routes. They then find it difficult to
construct cross sections or accurately
map boundaries.
“Staff feedback shows the training
has saved time in the field as the basic
skills are already embedded, students
are more confident in their abilities and
there has been an improvement in the
quality of field slips. The use of the 3D
models has resulted in improvements
in student’s reading of topographic
maps and understanding how
geological boundaries interact with
the topography.”

An example notebook
from Lighthouse Bay

Inclusivity
Much of Jacqueline’s current work
focuses on inclusive geoscience teaching,
with a particular emphasis on fieldwork,
and in advocating for equality, diversity
and inclusion across the geosciences.
Many people assume that digital
technology will make activities such as
fieldwork more accessible and inclusive.
However, Jacqueline warns against
using these terms interchangeably,
without much thought as to what they
actually mean.
“The fact that a digital facsimile may
make an area or outcrop accessible for
study doesn’t mean using it provides
an inclusive experience. For a student,
being unable to participate in field classes
with their peers results not just in a
loss of learning opportunities, but also
the sense of missing out on the group
bonding experience with its myriad social
interactions. This in turn can reinforce a
sense of isolation with its corresponding
impact on sense of belonging.”
Jacqueline is clear that virtual fieldwork
should not replace real-world fieldwork.
Rather we must continue our efforts to
make the field more accessible to all. “The
danger comes when digital technology
is seen as a quick and easy alternative to
fieldwork for those with disabilities and

so prevents more appropriate provisions
being put in place that would otherwise
allow active field participation.
“It is important to recognise that whilst
not everyone may be able to visit every
outcrop, everyone should have the
opportunity to be actively involved in the
field experience. For example, the use
of a four-wheel drive vehicle to enhance
access to outcrops; and, technology itself
can be part of the solution with the use of
drones or go-pro cameras.
“Hybrid fieldwork, where a student
attends the field class but completes
alternative exercises for some of the
more inaccessible localities is another
possibility. These are a valuable tool
when they allow a student to collect data
from sources (such as satellite images
or thin sections) unavailable to their
peers, allowing them to exchange data
and make unique contributions to group
discussions.”
It is not always in a student’s best
interest to participate in a field class, and
Jacqueline notes that an existing disability,
such as poor mental health or an unstable
medical condition, as well as unexpected
events, such as illness or bereavement,
may prevent participation. In such cases,
digital environments can be a good
alternative experience.
GEOSCIENTIST.ONLINE | AUTUMN 2022
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Ultimately, Jacqueline recommends
listening to the student and making the
decision jointly, suggesting that clear
guidance and open discussions can
effectively reduce anxiety and allow a
student to make an informed decision
about whether they are able to attend.

No substitute
Given the large number of digital
resources and technologies now
available to enhance and support the
field experience, some educators may
be tempted to cut back on the field
components of their courses. But
fieldwork offers an experience that is
impossible to mimic.
“Fieldwork is expensive and the use
of digital technologies could be seen
as a cheap alternative. However, there
are aspects of the field experience they
cannot emulate. Physically being in an
area and looking around at the subtle
variations of the natural world; feeling the
textures of a rock outcrop; having to look
where you are going as you walk over
rough ground. Fieldwork provides an allencompassing experience that cannot be
replicated within a digital environment.”
Of course, digital technologies do
provide a useful substitute for fieldwork
when no other alternative is available.
“This was most clearly demonstrated

VIRTUAL LANDSCAPES:
GEOSCIENCE
EDUCATION
IN DIGITAL
ENVIRONMENTS
The Virtual Landscapes Project currently
offers three mapping landscapes: Three
River Hills; Lighthouse Bay (and Bahía del
Faro, the Spanish version of Lighthouse
Bay, created by request during the
pandemic); and Rhoscolyn, Anglesey.
A topographic map and two interactive
geological maps are also available.
These resources are freely available
to all at www.see.leeds.ac.uk/virtuallandscapes/
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A 3D image of folded
cleavage on Rhoscolyn,
Anglesey

during the pandemic, but even before
then, the virtual landscapes were used in
places where running field classes was
difficult for reasons of safety, the lack
of suitable (or any) rock outcrops in the
region or in education settings where the
cost of fieldwork was prohibitive.”

Barriers to uptake
One obstacle to more widespread uptake
of resources such as virtual landscapes is
the difficulty for instructors of learning
the software.
“Games engine software is very
specialised and time intensive to learn
and use. Finding, understanding and
incorporating new digital resources into
classroom activities is a serious investment
of time. Working out how scrambling over
beautifully detailed three-dimensional
images or using interactive models of
geological maps can be incorporated
into a structured lesson that addresses
already determined learning outcomes is a
challenge.”
Technology isn’t always entirely reliable
either. “Websites can go down or disappear
and software stops working. You have to
have confidence that a resource will be
usable for a significant period of time.”
Despite these pitfalls, Jacqueline is a
strong advocate of digital technologies
as engaging and accessible tools for

geoscience outreach because they allow
demonstration of geoscientific techniques
in an appealing and hands-on manner.
“It is important that we take advantage
of the many digital resources and
technologies now available to enhance and
support the field experience, and it’s even
more important that we use all methods
possible, including technology, to open up
these field experiences to as many people
as possible.”
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Visualising
disasters

The visualisation of complex data can aid
management of natural disasters ranging
from forest fires, to flooding and landslides

Shayna Solis and colleagues
have teamed up with NASA
to use immersive technologies
to visualise geoscientific data
in near-real time

W

H E N A N AT U R A L
D I S A S T E R strikes,

rapid access to
reliable, relevant
and real-time
geoscientific data is essential. But the
datasets involved with natural disasters
and their management can be vast and
complex, and the people working together
to interpret the data and manage the
disaster-response efforts frequently come
from disparate fields and may not share
the same technical languages. Virtual and
augmented reality (VR and AR) offer a way
to rapidly visualise and simplify complex
datasets, and thus have the potential to
revolutionise disaster-response efforts.
Shayna Solis, co-founder and CEO of
Navteca (a company focused on emerging
technologies and innovation), was working
with NASA on cloud computing, whereby
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data storage and computing power
are managed by remote data centres,
thus enabling storage volumes and
performance capabilities that significantly
exceed those that could be achieved using
any one computer alone. When a friend
first showed Shayna an early version of a
VR headset, they started thinking about the
possibilities of VR for the visualisation of
the scientific, geospatial and observational
data produced by Earth scientists.
“When you view Earth inside a
VR headset, you see the spherical
environment and a more realistic
representation of the continents, the
ocean, the polar regions, and their related
data sets.”
Now Shayna and her team are
collaborating with NASA to explore the
potential of immersive technologies for
disaster response – a project that Shayna

says has “grown tremendously into a multiyear effort to push the envelope of realtime data rendering and the use of game
engines for science data visualization.”

Connecting stakeholders
Immersive technologies can be used to
visualise complex, multiscale data, such as
air quality, sea level or seismic data. Shayna
suggests this approach to data visualisation
is especially intriguing when the geospatial
context and other information, such as
topography, population centres, utilities
and infrastructure are also layered into
the virtual environment because you
can then visualise the impacts on people
– an approach that could transform
communications between various
stakeholders and improve decision
making.
“The decisions made by city planners,
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engineers, politicians, and emergency
managers shape the fates of millions.
Immersive technologies can help them
understand different scenarios and
visualize the outcomes of their decisions.
By making data more understandable,
we will create more open, inclusive, and
accessible ways for people to obtain
scientific information.
“VR/AR is one way we can translate
complex information into a visual format
that is more accessible. For example, when
we talk about data numerically, such as
a two-meter storm surge, it is difficult to
know what the impacts will be. If we can
see a two-meter storm surge as a water
layer on top of the specific streets and
buildings in a coastal town, then we can
better understand the potential impacts.
This type of scenario could be used
for disaster preparedness and to build
resilience in communities.
“Another example is in understanding
risks and creating a visual framework where
people from different backgrounds, like
civil engineers, city planners, emergency
managers, and the city mayor, could
view data in an interactive, immersive
environment. They could run scenarios and
models and see what the potential impacts
from a flood, fire, or earthquake might be.
This could lead to enhanced, data-driven
decision making.”
While VR and AR are now used more
routinely in a number of geoscientific
disciplines, and particularly the applied
geosciences, one major advance offered
by the collaboration between Navteca and
NASA is the ability to ingest and visualise
geoscientific data in near-real time, during
or shortly after a natural disaster unfolds.
NASA’s Disasters Program collects data
and tracks a variety of natural disasters,
including earthquakes, volcanoes, floods,
landslides and oil spills, as they happen,
and their Disaster Mapping Portal provides
a Geographic Information Systems (GIS)based interface that allows anyone to
view, analyse and download data. Shayna
and her team were able to connect to
the portal using an API (Application
Programming Interface, a way for two or

more computer programs to interact) and
visualise near-real-time data products
such as the Global Landslide Nowcast –
a machine-learning-based model that
factors in variables such as slope and
morphology, rock composition, rainfall and
soil moisture, as well as distance to faults,
to accurately estimate the likelihood of
a landslide within a 1-km-square area, in
near-real time.

Prospects
Shayna envisions a world where immersive
technologies form a standard and
integral part of disaster response, “I think
AR technologies will be very useful, for
example, in head-up displays on helmets
for first responders so they can visualize
information overlaid onto the scene of
a disaster.” However, she emphasises
that these technologies are still in their
infancy. For example, there has been
a lot of buzz about the metaverse, an
interactive and interoperable network
of three-dimensional virtual worlds that
are accessed through a VR headset and
navigated using things like eye movements
and voice commands, but this doesn’t
exist – yet. “What we are creating are the
building blocks needed for a metaverse.”
Before we can achieve this, hardware
improvements are required. In particular,
the headsets need to be lighter and nontethered, and must be able to handle
large volumes of data. Headsets are
evolving quickly and Shayna suggests that
the adoption of these innovative tools
will become increasingly widespread as
more experiences and objects become
interconnected and interoperable (and
when people feel secure about their data
privacy), but she emphasises that the
innovative applications are not limited
to headsets.
“There are a lot of exciting advances
in technology that will impact the
geosciences. The creation of digital twins
is one example of how many different
types of information can be combined
into a virtual replica that can be used for
monitoring and modelling everything
from buildings to satellites to Earth

The decisions
made by city
planners, engineers,
politicians, and
emergency managers
shape the fates of
millions. Immersive
technologies can help
them understand
different scenarios
and visualize the
outcomes of their
decisions
systems. Other companies are working on
incorporating data and information into
devices that will seamlessly integrate into
our lives, such as vehicle windshields.
“At Navteca we are very interested in
human-computer interfaces. We have
developed Voice Atlas, a conversational
artificial intelligence (AI) search system that
allows interaction with unique and specific
knowledge sets using natural language.
Voice Atlas can connect information
across multiple locations and repositories
making it easier to find answers via a
centralized natural language interface. We
are experimenting with combining our
conversational AI with the game engine
visualization to create a whole new layer
of interactivity, and are very excited to
see how these enhanced interfaces can
improve the way that humans access and
interpret science data.”

S H AY N A S O L I S
Shayna Solis is CEO and
co-founder of Navteca,
based in Washington DC, USA.
(Image: Marco Librero, NASA/
Ames)
Interview by Amy Whitchurch
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Innovative exploration
and production
Alex Reid discusses the
future for digitalisation within
the oil-and-gas industry
as we move through the
energy transition

T

H E O I L- A N D - G A S industry
has been at the forefront
of technical and digital
innovation for decades.
The introduction of 3D
seismic during the 1960s, for example,
was ground-breaking and ensured that
those involved in hydrocarbon exploration
and production were at the cutting edge
of technological advancements. More
recently, advances made by sectors
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such as finance and technology have
overshadowed those of the oil-and-gas
industry. However, the use of artificial
intelligence (AI) is accelerating, leading
to more efficient production, increased
recovery rates, and improved
operational safety.

Current status
“It’s still early days for digital
transformation in the industry”, suggests
Alex Reid, Principal Exploration Geologist
at Equinor. “Like all step changes in
technology, there is a sudden jump as
everyone takes an interest, but then a
drop as it takes time for projects to be
implemented and there is the realisation
of what is required to achieve the
desired step change. Saying that, we are

seeing new tools, apps, and workflows
coming into our daily routines, which are
improving efficiency and allowing for
new insights.”
While still in its infancy, the oil-andgas industry has witnessed some great
applications of AI so far, including more
detailed structural interpretations through
the use of machine learning. However,
there are further advances to be made,
especially in the realm of data preparation.
“There is a huge amount of work being
done to prepare databases so that they
are suitable for AI and machine learning.
The data are out there, the industry has
collected vast amounts, but they are not
necessarily in easy-to-access, readable
formats suitable for new digital processes.
Therefore, what we see is a huge effort by
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governments, academia, and companies
to clean, categorise and make available
the digital datasets.”
Existing initiatives, such as the Open
Surface Data Universe, provide platforms
for the energy industry to bring data
together into one location. Alex suggests
that such developments will “help the
industry standardise its data and prepare
it for future AI technologies in a similar
way to how data on modern consumer
habits have transformed our shopping
experience.”

Role for the geoscientist
A common misconception is that AI
will replace the need for human input.
Alex disagrees with this sentiment,
emphasising that while “AI can be hugely
valuable in helping humans trawl though
vast volumes of data and find hidden
trends or missed opportunities, ultimately
you still require the critical thinking of the
operator. The AI is only as good as the
training/coding it is built on”.
In that regard, Alex notes that the
limited numbers of digitally trained staff
working on the subsurface will influence
the extent to which AI can positively
impact the industry. But will individuals
with strong data science capabilities
replace the role of more traditional
geoscientists or is there potential to
train geoscientists to be more data and
technology focused in this progressively
digital industry?
“Training new geoscientists with
modern digital skills is vital. As someone
who studied what the internet was as
part of my university training, I think that
new graduates should learn about
modern digital methods and coding. By
being able to screen more data more
quickly, it will help them to easily sort
through previous work and to find the
remaining hydrocarbons that are required
for society to progress whilst meeting
future climate goals.”

Pioneers in tech?
If the oil-and-gas industry has lost its
pioneering role in tech, what does this

Digital innovations, such as artificial intelligence, will play
an increasingly important role in the oil-and-gas industry

mean for the industry? Alex explains that
while “digital has become mainstream and
so the oil-and-gas industry is no longer
a forerunner in the digital world in the
way it maybe once was, it doesn’t need to
be as the demands are different to other
industries now.”
AI can still contribute significantly with
respect to increased recovery. “With
cleaned up databases, and improved
tools to analyse these datasets, the
identification of exploration and
production targets should become
easier as we identify areas of missed pay
or sweep in field, undrilled structures,
or find subtle stratigraphic plays that
were overlooked during conventional
exploration work previously.”
To measure that success in the coming
years, Alex explains that “new exploration
discoveries and increased recovery
factors from producing assets, along with
improved safety statistics, are the best
way to see if AI has had a step-change
influence on the industry in the same way
that 3D seismic had previously.”

Demand versus digital
AI will play an increasingly important role
in the oil-and-gas industry going forwards
and it will be interesting to observe how
future exploration reaps the benefits.
However, resource demand will ultimately
determine the success of the industry

in the coming years. As Alex highlights,
“AI can help to increase discoveries and
production, but if there is no demand for
the product then there is no need for AI in
the oil-and-gas industry.”
Given the climate crisis, the oil-and-gas
industry has faced considerable backlash,
particularly from activists, resulting in
exploration being drastically reduced or
even stopped in some instances. However,
to achieve net zero and meet the UN’s
Sustainable Development Goals by 2050,
the demand for hydrocarbons will continue
through the energy transition, facilitating
the deployment of new, clean energy
solutions. So, there is plenty of opportunity
for the industry to reap the rewards that
are an offer by adopting AI, as well as other
technical and digital advancements, over
the coming decades.
ALEX REID
Alex Reid is a Principal
Exploration Geologist at
Equinor, UK. Alex is currently
working on North Sea
infrastructure lead exploration
and preparation for the
upcoming UK 33rd Licencing Round, and he is a
Committee Member of the Energy Group of the
Geological Society of London.
alre@equinor.com
Interview by Kyle Watts, ASPIRE Associate (Sales
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of the Geoscientist Contributors Team
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THE CONTRIBUTORS TEAM HIGHLIGHT RECENT DISCOVERIES

Drone-based surveying of headwaters
could bridge the gap between sparse
field observations and model simulations
to improve understanding of watershed
runoff processes

Drones for
headwaters
Water Resour. Res. 58, 2
e2021WR031168 (2022);
doi.org/10.1029/2021WR031168

are vital
for maintaining hydrological,
biogeochemical and ecosystem
integrity at regional scales. Comprising
about 90% of stream length, headwater
networks are sensitive to changes in
climate and land use. Therefore, an

RIVER HEADWATERS
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understanding of headwater dynamics,
particularly with regards to how and
when areas connect and contribute
hydrologically to streamflow, is
paramount in an uncertain future
climate. Yet, after decades of
experimental and modelling research,
scientific knowledge of the processes
driving streamflow in headwaters
across multiple time-space scales has
important gaps.
Conventional technologies for
monitoring stream networks include
satellite-based remote sensing, which

enables larger-scale observation but
lacks the ability to map fine-scale
headwater dynamics. Additionally,
while ground-based thermal infrared
imagery (TIR) can be used to quantify
hydrological properties at a high spatial
and temporal resolution, it has only
a narrow spatial extent, and airborne
TIR techniques are costly, mostly
limited to the main river stem and
cannot detect rapid changes. Now, two
complementary technologies – drones
and TIR – offer a way to gain greater
understanding of headwater networks.
The research team from the UK
(Stephen Dugdale and David Hannah)
and Germany (Julian Klaus) discuss how
drone-based TIR can leverage the full
potential of existing technologies by
providing high-resolution observations
of headwater hydrological processes
across multiple spatial and temporal
scales. They go on to suggest that
the combination of drone-based TIR
with standard (red-green-blue, RGB)
visible drone imagery could enable the
extraction of hydrological networks at
resolutions several orders of magnitude
greater than existing LiDAR datasets,
and note that drone-based TIR has the
potential to bridge the gap between
sparse field observations and model
simulations.
The drone-based TIR approach has
yet to be deployed widely, largely due
to logistical considerations, such as the
need to investigate its performance in
different meteorological conditions,
the impact of land cover on image
performance, and the optimal spatiotemporal scales of data acquisition.
Intensive field inspections are required
to validate drone-based surveying – an
essential step towards the technology
gaining acceptance in the hydrology
community.
SADE AGARD

Image: NASA/GSFC/Arizona State University, Public domain, via Wikimedia Commons
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Digital geoscience
applications

Robotic technology
will explore skylights
and lava tubes on the
Moon and Mars

Q. J. Eng. Geol. Hydrogeol. thematic
collection (open)
55, qjegh2021-039;
doi.org/10.1144/qjegh2021-039
55, qjegh2020-183;
doi.org/10.1144/qjegh2020-183
54, qjegh2020-177;
doi.org/10.1144/qjegh2020-177
54, qjegh2019-138;
doi.org/10.1144/qjegh2019-138

have the
potential to revolutionise the applied
geosciences. A recent thematic
collection entitled Digitization and
digitalization in engineering geology
and hydrogeology touches on various
elements of this transformation,
including the potential for ‘big data’
and the use of tools such as artificial
intelligence and machine learning.
This open collection currently
contains four papers. A study by
Alexander Hall and colleagues at the
British Geological Survey, Edinburgh,
presents a ‘proof of concept’ method
for automating sample comparison
based on thin section analysis and
comparison with existing sample
images in an image library. They train a
neural network to analyse the porespace geometry in sandstones and
assist in the evaluation of grain-scale
similarity, with a potential application
being to source a suitable match for
stone required for repairs to heritage
buildings. While the trained model
identified the correct source for
samples with an accuracy of only
48%, this prototype method forms a
benchmark for further development
and refinement of such models.
A second paper highlights the barriers
to digitisation in rock engineering due
in part to a lack of standardisation in
rock classification systems. Beverly
Yang at the University of British
Columbia, Canada, and co-authors
review the definitions of and limitations
to these systems and discuss how we
can pave a way towards greater use of

DIGITAL INNOVATIONS

Exploring
Planetary Caves
J. Geophys. Res. Planets (2022);
doi.org/10.1029/2022JE007194

Exploration Roadmap,
NASA laid out ambitious plans for
sustained human missions to Mars
by the 2030s. The Moon is seen as a
potential springboard for missions to
Mars, offering a base where resources
could be produced or stored to facilitate
extended space missions. The Moon
became an even more attractive pit stop
when lava tubes – cave- or tunnel-like
structures formed within solidified lava
flows – were identified. These lunar
caves could provide protection from
meteorite bombardment, radiation,
and extreme temperature fluctuations,
allowing humans to survive within them
for substantial periods of time. Skylights
– collapsed sections of the roof of a lava
tube that have been imaged by the
Lunar Reconnaissance Orbiter – could
be used as entry points to the cave or
tunnel within.
Before human habitation of
planetary caves becomes reality, many
interdisciplinary questions must be
tackled – and these are categorised in
a review by Judson Wynne at Northern

IN THEIR MARS

Arizona University, USA, and colleagues
from over 15 other institutions. Almost
200 questions covering topics including
astrobiology, the cave environment,
geology, robotics, instrumentation, and
human exploration, were condensed
into a high-priority list of just 53, based
on surveys with 144 scientists and
engineers. The questions ranged from
“What lines of evidence are required
to conclusively prove life existed in
planetary caves?” to “How will robots
sense, navigate, map, and select optimal
sampling sites in complete darkness?”.
The topics consistently deemed to be
the highest priority were those related
to robotics and instrumentation.
Importantly, the team suggests that the
technical developments required to
support robotic missions to planetary
caves, and ultimately human habitation
of such caves, are achievable in the
next decade – with the right financial
investment and support.
The review provides a useful game
plan for how to achieve human
habitation in planetary caves. By
involving researchers from multiple
institutions and disciplines, the challenge
of getting humans to Mars can be tackled
in a more efficient and achievable way.
MARISSA LO
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applications such as machine learning
and digital acquisition systems in rock
engineering problems in the future,
including the challenge of capturing
failure mechanisms in automated forms
of rock mass characterisation.
In a similar vein, Charlotte Gilder
at the University of Bristol, UK, and
colleagues highlight the increasing
importance of data sharing and use of
digital tools in the effective delivery and
management of large civil engineering
projects. They use the results from a
survey and various interviews to better
understand current opinions, working
practises and potential barriers to data
sharing for ground investigations and
geotechnical engineering in the UK.
Currently, ground investigation data
are only shared for large infrastructure
projects and the researchers suggest
that current data sharing practises are
directly linked to drivers of risk relating
to geotechnical aspects of a project.
The final paper, which comes from
Matthew Crawford at the Kentucky
Geological Survey, USA, and co-

authors, uses high-resolution LiDAR
(Light Detection and Ranging)-derived
datasets from a digital elevation
model and detailed landslide records
for Magoffin County, Kentucky to
investigate connections between
landslide occurrence and slope
morphology. They present a combined
machine-learning and statistical
method that can identify important
geomorphic variables (further evaluated
using a logistic regression to determine
landslide probability occurrence) and
thereby provide a useful approach
to geomorphic-based landslide
susceptibility mapping.
Together these four papers convey
the message that digital innovation in
the fields of engineering geology and
hydrogeology is rapidly developing.
The novel and interesting applications
discussed will stimulate further
research and be key drivers for
development and innovation in this
exciting field.
COLIN SERRIDGE
Digital innovations are on course
to revolutionise engineering
geological and hydrogeology
projects at scales ranging from
microscope thin sections to major
infrastructure schemes
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Deep-learning
possibilities
Interpretation 10(1) (2022);
doi.org/10.1190/INT-2020-0205.1
THE SUBSURFACE SEQUESTRATION

of CO2 is recognised as a promising
mechanism to reduce anthropogenic
CO2 emissions in the atmosphere.
The movement and fate of the
injected plume of CO2 must be
closely monitored to identify potential
leakage zones and ensure the safe,
long-term storage of CO2 in the
subsurface. Harpreet Kaur, together
with colleagues at the University of
Texas, USA, and the China University
of Geosciences, designed a deeplearning framework to aid effective
subsurface monitoring using timelapse seismic data.
Using a range of porosities and
permeabilities for a selected reservoir,
the team generated models of
dynamic reservoir properties, such
as saturation and velocity. They then
trained the deep-learning model using
several time-lapse seismic images and
their corresponding CO2 saturation
values at an injection site. During the
training phase, the model successfully
learnt to map changes in CO2
saturation from the time-lapse seismic
response. The trained model could
then be applied to datasets consisting
of different time-lapse seismic
image slices (which correspond to
different time intervals and that were
generated using different porosity and
permeability distributions) to estimate
both the CO2 saturation values and the
extent of the CO2 plume. The authors
test different cases to verify the
effectiveness of their method.
The algorithm provides a deeplearning assisted framework for
4D seismic inversion that can
directly estimate CO2 saturation and
plume migration in heterogeneous
formations. This method bypasses
numerous intermediary steps that
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must otherwise be completed when
using the conventional time-lapse
inversion workflow. Additionally, this
approach incorporates the geological
uncertainty associated with a selected
reservoir by accounting for the
statistical distribution of reservoir
properties, such as porosity and
permeability, throughout the training
phase – all without requiring any
theoretical knowledge about the error
distribution, which is typically difficult
to establish.
K Y L E WAT T S

Earthquakes and
gravity signals
Nature 606, 319-324 (2022);
doi.org/10.1038/s41586-022-04672-7

take a heavy toll on
human life and property every year.
Earthquake early warning systems
are therefore essential for high
seismic risk zones. However, the
existing systems, which are based
on seismic and geodetic data have
high uncertainty and cannot rapidly
estimate the size of an earthquake
owing to the slowness of the
seismic waves.
To improve earthquake early
warning systems, Andrea Licciardi at
Université Côte d’Azur, France, and
colleagues applied a deep learning
method (a subset of machine learning
based on artificial neural networks) to
prompt elastogravity signals (PEGS).
PEGS, which can be detected using
seismometers and gravimeters,
are transient perturbations to
Earth’s gravity field caused by large
earthquake ruptures. The signals
propagate at the speed of light, much
faster than the fastest seismic wave
(P-wave), hence solving the problem
of delay. The research team trained an
algorithm using a database of 350,000
artificial seismograms augmented with

EARTHQUAKES

empirical noise. Using seismic data
from Japan, and specifically the preP-wave portion of the seismogram
(usually considered as noise) and
early portions of the seismogram, the
researchers showed that they could
rapidly estimate the location and
size of earthquakes, both during the
rupture (while the earthquake evolves
and before the arrival of the complete
seismogram) and at the end (the final
magnitude, after arrival of most of the
seismogram). That is, they were able
to track the growth of earthquake
rupture, instantaneously and in realtime, as it unfolds. The results show an
accuracy of 90% (within 40 seconds
from origin time) for earthquakes with
magnitudes of MW≥8.6 and 60–70%
(within 150 seconds from origin time)
for earthquakes with magnitudes of
MW 8.2 to 8.6.
The team test the model with a
retrospective analysis of real data from
the 2011 Tohoku, Japan earthquake.
They show that this approach does
not suffer from magnitude saturation
and can distinguish between large
earthquakes (e.g., distinguishing MW
8.0 from MW 9.0). The model outperforms other early warning systems
and could be critical for tsunami early
warning.
R . A R U N P R A S AT H

The internal truth
Front. Earth Sci., 27, 2022;
doi.org/10.3389/feart.2021.805271
WHEN STUDYING FOSSILS , we rely
on morphology, unpinning its
geological past using methods that
can sometimes damage specimens.
How else can we open doors to new
discoveries in palaeontology without
using our conventional modus
operandi?
Computed tomography (CT) is a
leading technique to observe fossil
interior structures – paving ways for
pioneering breakthroughs without

damaging specimens. 3D graphics of
fossils are produced from thousands
of X-ray images taken at various
angles. These graphics are useful
for research and education, and
can be reconstructed into physical
models using 3D printing. CT scans
can uncover previously concealed
structures, providing insights into
various unknowns, including a
specimen’s inner ears, brain cavity
and body mass. Although now an
established fixture in vertebrate
palaeontology labs, using this
ingenious method is not as plain
sailing as may appear – much time is
needed to analyse the data and many
regard it as taxing.
Congyu Yu, from the American
Museum of Natural History, New York,
USA, and colleagues use CT scanning
to harness greater understanding of
Protoceratops embryonic skull fossils
from the Gobi Desert, Mongolia. The
team trained a deep neural network
(an artificial intelligence, AI, method)
using over 10,000 scans of these
embryonic skulls. Their results show
that the AI model can differentiate
between the fossils and surrounding
rock matrix within the CT images. The
results don’t boast the same accuracy
as those conducted by humancontrolled methods – the benefit of
the AI approach is the remarkable
speed of comparison, reducing
the time needed for analyses from
days/weeks to minutes. But should
we compromise on accuracy to
accommodate quicker processes?
CT scanning combined with AI
provides a promising approach to
this new era of research. When
partnered with proficient excavation
and an aptitude for anatomical
description, one can only imagine the
profound advances that lie ahead for
palaeontology.
AMELIA JANE PIPER
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GEOLOGY
BITES
DETAILS

GEOLOGY BITES (Podcast)
BY: Oliver Strimpel
www.geologybites.com

P

odcasting as a method for
communicating science provides
a fantastic way to improve access to
geoscientific research, especially during
the pandemic and various lockdowns.
Rather than physically attending lectures
at universities or other institutions, keen
geoscientists can now access hours of
interesting content at any time and from
anywhere in the world. A great example
of the effectiveness of podcasting for
disseminating geoscientific research
is Geology Bites, a podcast hosted by
former astrophysicist and self-described
“keen amateur geologist”, Oliver Strimpel.
Geology Bites has accrued an impressive
catalogue of over 60 episodes since its
inception in 2020, with new ones released
every couple of weeks. Episodes have
featured researchers from a wide range
of geoscientific disciplines, such as plate
tectonics, geophysics, planetary science,
palaeontology, petrology, and volcanology,
with a handful of instalments focusing on
geochemistry, the social and industrial
aspects of geology, and early Earth history.
Episodes are roughly 30 minutes long
and begin with a brief introduction to the

topic. Strimpel then introduces the guest,
who is an active researcher in that field, and
the podcast continues in a conversational
question-and-answer style. The approach is
not a rigid interview, which allows the guest
to speak freely about their area of research,
but also lets Strimpel backtrack when
additional explanation of jargon or complex
concepts is needed. Accompanying figures
are available online for each episode,
which helps the listener to visualise and
consolidate the information covered.
In a recent episode entitled Seeing
the Ancient World in Colour, Strimpel
spoke to Maria McNamara, Professor of
Palaeontology at University College Cork,
Ireland. McNamara researches how soft
tissues, such as skin, muscle, and organs,
are preserved in the fossil record. By
examining exceptionally well-preserved
fossils, McNamara has been focusing on
how the colour of soft tissues can be
deduced from colour-producing pigments
within the fossils. Biological and chemical
concepts are weaved together clearly,
making the episode accessible to the nonspecialist and an interesting listen.
Geology Bites is a fantastic resource
for students wishing to dive deeper into
different geoscientific topics, or for those
who have been out of study and academia
for many years but would like to stay
up-to-date with the latest developments.
It would be interesting to see more early
career researchers featured as guests, to
get their perspective on how research can
be done and what questions they would
like to tackle over their careers. Additionally,
it would be great to see Strimpel build on
previous episodes discussing the social
aspects of geoscience by touching on the
links between geology and environmental
science, as well as the ethics of geological
fieldwork, for example. No matter what
direction or topic is next explored in
Geology Bites, it will be well presented and
propelled forward by Strimpel’s experience
and enthusiasm.
MARISSA LO
Dr Marissa Lo is Assistant Editor
at Geoscientist Magazine
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Books available
for review
To supply a review, contact
geoscientist@geolsoc.org.uk.
The full list of books is available at
www.geoscientist.online/section/
books-and-arts/
• Advances in Subsurface
Data Analytics: Traditional and
Physics-Based Approaches, by S.
Bhattacharya and H. Di (Eds., 2022),
Elsevier, 376 pp. (ebook)
• The Great Ordovician
Biodiversification Event: Insights
from the Tafilalt Biota, Morocco,
by A.W. Hunter et al. (Eds., 2022),
Geological Society of London
SP485, 615 pp. (hbk)
• Geoethics: Status and Future
Perspectives, by G. Di Capua
et al. (Eds., 2021), Geological
Society of London SP508,
312 pp. (hbk)
• ‘The First National Museum’:
Dublin’s Natural History Museum
in the mid-nineteenth century,
by Sherra Murphy (2021), Cork
University Press, 256 pp. (hbk)
• Applied Multidimensional
Geological Modeling: Informing
Sustainable Human Interactions
with the Shallow Subsurface,
by Alan Keith Turner et al. (Eds.,
2021), Wiley and Sons Ltd,
672 pp. (hbk)
• The Isle of Wight: Landscape
and Geology, by John Downes
(2021), The Crowood Press, 112 pp.
(ebook)
• Application of Analytical
Techniques to Petroleum Systems,
by P. Dowey et al. (Eds., 2020),
Geological Society of London
SP484, 346 pp. (hbk)
• Global Heritage Stone: Worldwide
Examples of Heritage Stones, by
J.T. Hannibal et al., (Eds., 2020),
Geological Society of London
SP486, 354 pp. (hbk)
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STRATA: WILLIAM SMITH’S
GEOLOGICAL MAPS
DETAILS

BY: Peter Wigley et al. (2020)
Thames & Hudson, 256 pp. (hbk)
ISBN: 978-0-500-25247-5 PRICE: £50.00
thamesandhudson.com
REVIEWED BY
BRENT WILSON

I was informed as a
student of how William
Smith had made history
by publishing the first
ever geological map
of an entire nation.
Little historical background was provided,
however, other than that Smith had
worked as an engineering surveyor for
canal building. Mention of his using fossils
to correlate his formations was similarly
brief, the lecturer moving swiftly on to
describing the formations underlying the
United Kingdom.
Regarding Smith’s accomplishment, this
gloriously colourful, large-format book
reproduces not only Smith’s countrywide map of 1815, but also the many
county-wide maps that preceded it. It also
reproduces the engraved illustrations of
his fossil collection, published in a book to
accompany the 1815 map, and provides
photographs of those fossils that show just
how accurate his illustrations were.
But this book provides much
historical information also, with copious
reproductions of illustrations to support
it. The excitement for me was in the way
it describes how Smith’s work was not
produced in a geological vacuum (the
impression I received from my lecturer).
Born in Churchill, Oxfordshire, in 1769,
Smith showed an aptitude for drawing and
mathematics. His skills led to employment
as an assistant land surveyor in 1787,
and he was sent to survey a Somerset
estate in 1791. There he encountered
the work of John Strachey [1671–1743],
an Oxford educated country squire who
had used geology to prospect for coal.
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Smith obtained a copy of Strachey’s
geological cross-section of the Somerset
coalfield, which opened Smith’s eyes to
the sedimentary rock succession and its
contained fossils.
Employed by the Somersetshire Coal
Canal Company in 1793, Smith confirmed
Strachey’s observations in both mines
and canal cuttings. He expanded on
these geological ideas while working
as a peripatetic surveyor and engineer,
gathering the geological information that
would culminate in his 1815 map. His
map, and his county maps, differed from
earlier maps in that Smith extended his
knowledge into the subsurface, predicting
which formations were to be encountered
at depth. Prior maps, such Guettard’s 1746
map, merely showed what minerals were
encountered at the surface. Among the
many historical notes, we are told that
Strachey thought that the Earth began
to rotate on the fourth day of biblical
creation, resulting in a flexing of newly
deposited strata eastwards, towards the
Earth’s centre. Smith apparently believed
this for his entire life.
This book is sure to fascinate geologists,
palaeontologists and historians of geology
alike.

THE NEW FOREST:
GEOLOGY AND FOSSILS
DETAILS

BY: James Barnet (2021)
The Crowood Press Ltd., 176pp. (pbk)
ISBN: 9781785008160 PRICE: £16.99
crowood.com
REVIEWED BY
CAROLINE JONES

Before visiting a new
area, I always like to
check out the geology
(doesn’t everyone?) and
will definitely be taking
this book with me when
I go to the New Forest. The aim of being a
complete guide to the geology and fossils
of the area is achieved in an engaging and
accessible way. The glossary of geological

terms will be especially useful to those
beginning their geological education.
The author’s fondness for the New
Forest is obvious from his beautiful
description of the varied landscape
of ancient woodland, purple heath,
valley mires and chalk downlands.
The geological history of the National
Park and surrounds is illustrated with
colourful stratigraphic logs (that include
key extinction events to provide a wider
context) and extremely helpful maps
showing the depositional environments of
the main rock units. Most of the geology
described is not exposed at surface within
the Park; however, locations of coastal
exposures are indicated on a series of
maps accompanied by photographs.
The rocks (and marine fossils) exposed
within a few stream banks in the Park are
predominantly unlithified Eocene clays.
Clear instructions help the intrepid explorer
find these precious rock exposures. If you
are lucky, the author says careful inspection
of the stream-bed gravels below exposures
might yield fossils washed out of stream
banks. A comprehensive photo gallery of
the author’s own collection presents the
treasures that can be discovered, including
gastropods, bivalves, nummulites (which
I learnt are foraminifera visible without a
microscope!), corals and shark teeth. If
your explorations are in vain, then the book
mitigates disappointment by describing
locations where fossils are often
exposed along the nearby coast, just
outside the Park.
An overview of the area’s natural
resources includes ancient and modern
practises, from the concept of ‘common
of turbary’ which gave ‘commoners’ of
the New Forest the right to dig peat for
heating, to the use of geothermal energy
to heat a hospital. An account of oil-andgas exploration in the surrounding area
includes excellent diagrams of source,
reservoir and cap rock petroleum systems.
There are not many places in the UK where
you can see natural oil seeping out of cliffs
and nodding donkeys!
The beautiful images of fossils and
dramatic cliffs in this book will inspire
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the proto-geologist in the same way as
discovering sea shells in a forest did to the
author as a child. It is a must have for the
geologically curious living or holidaying in
the New Forest.

THE WESTERN HIGHLANDS
OF SCOTLAND: CLASSIC
GEOLOGY IN EUROPE
VOLUME 9
DETAILS

BY: Con Gillen (2019) Dunedin Academic
Press, 284 pp. (pbk)
ISBN: 9781780460406 PRICE: £19.99
dunedinacademicpress.co.uk
REVIEWED BY
MARK GRIFFIN

As part of the
established series of
field guides to areas
of Classic Geology
in Europe from the
academic press
Dunedin, this volume is
presented as ten chapters covering eight
key suggested geological field itineraries in
the iconic Western Highlands of Scotland,
written by a distinguished authority on the
geology of the region.
The introductory chapter summarises
the general geological background to the
region, with sections concisely outlining
key appropriate geological concepts,
definitions and time. Chapter 2 provides a
more detailed overview of the geological
evolution of the Western Highlands to
provide the context to the suggested field
itineraries in the main body of the volume.
Chapters 3 to 10 cover itineraries in the
following areas: Tongue to Lochinver;
Lochinver to Assynt; Ullapool to Gairloch
and Loch Maree; Gairloch to Kyle of
Lochalsh; Kyle of Lochalsh, Glenelg and
Glen Roy; Fort William, Glenfinnan,
Lochailfort, Ardnamurchan, Strontian; Fort
William to Easdale, Kilmartin, Tayvallich
and Kilmory; and, Ben Nevis, Glen Nevis,
Ballachulish, Glencoe to Loch Lomond.
Each main chapter is presented within
its geological context, before detailing

particular field itineraries and the significant
features that can be seen at each locality,
generously supported throughout by
numerous colour photographs, maps,
tables and figures to illustrate the textual
details. The volume contains extensive
supporting references for further reading,
an appendix, glossary and guide to local
Gaelic terms and place names.
This is more than a ‘standard’ geological
field guide. All sections are well written
and edited, and concisely laid out with
clear and appropriate figures, photographs
and data tables – all features that one has
come to expect from this Dunedin series.
The inclusion of numerous annotated
colour figures and photographs enhance
the understanding of the textual details.
The volume is particularly recommended
to all interested in crustal evolution,
notably in metamorphic petrology,
geochronology, orogenic tectonics and
geodynamics, and is anticipated to be an
essential reference source, useable field
guide and ‘motivational tool’ for current
and future geoscience researchers. In
summary, the volume is a comprehensive
contemporary addition to this field,
and the author and publisher are to
be congratulated on this outstanding
guide. An authoritative, affordable and
recommended read.

THE GEOTRAVELLER:
GEOLOGY OF FAMOUS
GEOSITES AND AREAS OF
HISTORICAL INTEREST
DETAILS

BY: Roger N. Scoon (2021) Springer.
398 pp. (hbk) ISBN: 9783030546922
PRICE: £27.99 springer.com
REVIEWED BY
RICHARD VILJOEN

A memorable trip
to Tanzania in 1995
spearheaded Roger
Scoon’s abiding passion
for geoheritage and
geotourism. The trip, which was organised
and led by Roger together with the late
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Professor Morris Viljoen on behalf of
the Geological Society of South Africa,
displayed the iconic volcanoes, craters,
rift-valley escarpments, volcanic plateau,
rivers and lakes of East Africa, as well
as the remarkable story of early human
development that is recorded in the rock
formations at Oldupai gorge and Laetoli.
The teaming herds of wildlife feeding
on the grassy plains of the nutrient-rich
volcanic soils of the Serengeti, Masai Mara
and Ngorongoro crater floor were also
part of the bigger picture, making the area
a veritable tourist paradise.
Over the years, Roger’s interest in
geotourism has led him to explore many
other geoheritage hotspots. Over eight
chapters, Roger chronicles in a most
compelling way the remarkable influence
that geology has had on the development
of human civilisation in the Mediterranean
area. The importance of both active and
extinct volcanoes, earthquakes, floods and
droughts, including many of the major
geological events that shaped our history,
are vividly portrayed.
Similarly, the importance of the
underlying geology, the influence of
climate, glaciers and the weathering
of rock formations that created the
landscapes and landforms of the Western
United States and Canada are described in
a very readable way.
Two chapters deal with another subject:
igneous complexes. The layered igneous
intrusions of Skaergaard in Greenland
and the Bushveld igneous complex of
South Africa, with its iconic layers of some
of the most important minerals in the
modern world, are discussed. A chapter
on the Lake District of north west England
completes the wide scope of the book.
Besides the lucid descriptions and the
integration of various disciplines with
geology, a hallmark of the book is the
wonderful photographs, many taken by
the author, as well as numerous diagrams
and maps, which assist in making the
subject come alive. The book is a most
informative documentation of some of
the most outstanding and much visited
geosites of the world.
GEOSCIENTIST.ONLINE | AUTUMN 2022
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DAVI D C HAR LE S M U DG E , who died on 2 October
2020 at the age of 71, was a geologist’s geologist.
While he will be long remembered in international
geological circles for his contributions to
Paleogene stratigraphy and the geology of
the North Sea and West of Shetlands, to us he
was most of all a kind, thoughtful family man
characterised by a deep love of his science.

decision that he never regretted. His office was
atop his house in Glasgow, looking out to the
Highlands. It goes without saying that Dave was
ahead of his time in this mode of working, and
his success is a ray of hope for those of us who,
at time of writing, find ourselves in the same
position out of necessity. His first home-grown
company was Nevis Associates, together with
his ex-Britoil colleague Mike Fisher. In 1991, Dave
began one of his most productive collaborations,
with biostratigrapher Jonathan Bujak. Together
they published a succession of Paleogene studies,
ranging from the NE Atlantic to the North Sea
to the Hampshire Basin, before moving on to
the northwest Atlantic region, publishing on
areas such as the Labrador Sea and NorwegianGreenland Sea. In 2003, Dave joined forces with
Katrine Holdoway and several others from the
company Production Geoscience Limited (PGL) to
found Ternan, a consultancy specifically designed
to provide regional expertise to new entrants
to the North Sea who wished to increase their
portfolios through licensing round applications.

Education and early career
Dave was brought up in Aldershot, Hampshire and
attended Swansea University, obtaining a First in
geology in 1970. He went on to obtain his PhD
on the Lower Inferior Oolite of the Cotswolds
under the mentorship of the great stratigrapher
Derek Ager. This fruitful association resulted in the
publication of several GA guides on the Cotswolds
that are still used today. While at Swansea, Dave
met and married his lifelong soulmate Sally. Despite
a leaning towards the petroleum industry, Dave’s
first job was with English China Clay – taking the
family to St Austell, but also launching Dave into
a series of adventures around the world, from the
Amazon jungle to Egypt. The international travel
was exciting, but perhaps not ideal for a young
family, and a change in career direction followed.

Legacy
Dave was always generous with his time and ideas,
filled with energy and enthusiasm for his work.
But above all, he was a family man. The hub of
his house was the kitchen, with Sally talking in her
sweet Welsh lilt, Dave in his rich Hampshire tones,
and the boys – James, Jonathan and Robert –
with their Scottish accents, a vibrant, happy place
that was always welcoming. Dave is survived
by his wife Sally, his three sons and the four
grandchildren he indulged and adored. He leaves
a geological legacy and lifestyle model for the rest
of us to remember and treasure.

Oil industry
Dave joined the oil industry in 1977, taking up a
post with the British National Oil Corporation
(BNOC) in Glasgow. BNOC later rebranded itself
as Britoil, and was eventually absorbed into BP
in the 1980s. Early in his oil industry career, Dave
started writing the series of stratigraphic papers on
the North Sea Paleogene on which his reputation
would be founded. Dave eventually left BP in
1989 to work from home as an independent, a
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DAVID CHARLES
MUDGE
1949 – 2020

Stratigrapher,
petroleum
geoscientist
and eminent
North Sea
geologist

BY JONAT H A N BU JA K ,
TONY DO R É ,
KATRINE H O LD OWAY
AND HE N K KO M BR I NK
This obituary is a shortened
version of one that first
appeared in the magazine of
the Geologists’ Association.

IN MEMORY OF…
The Society notes with sadness the passing of:
• Aylward, Gordon*
• Carr, Andrew
• Chinner, Graham Alan*
• Falvey, David A
• Gribble, Colin*
• Harrison, Chris
• Hasan, Syed Manzurul
• Hide, Robert Timothy*
• Johnstone, Alan
• King, Christopher John Henry
• Marinos, Paul (Pavlos)
• Nicholas, Clive
• Olver, Paul*

•
•
•
•
•
•
•
•
•
•
•

Raybould, John Garth*
Smallwood, John*
Smith, Alexander Gordon*
Standring, Anthony*
Taylor, Christopher*
Temple, John
Thomas, Godfrey E*
Walters, Steven*
Warden, Arthur*
Whittaker, Alfred
Worsley, David*

(Bold, recent additions to the list; * Fellows
for whom no obituarist has been commissioned)

Pictured, above: Kind and
thoughtful family man
Dave had a deep love of his
science
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GRAHAM
EVANS
1934 – 2021

A highly regarded
teacher, inspiring
sedimentologist
and devoted
family man

BY TO N Y K I R K H AM
A N D C A R L A M OS
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IN 1956, Graham combined an Honours degree
in geology at the University of Bristol with the
captaincy of the university rugby club. Then,
upon receiving a V.C. Illing Bursary for a PhD
at the Royal School of Mines, Imperial College
London, he moved to London to study the
sedimentology and evolution of the intertidal
flats of the Wash. This work resulted in a
classical paper on the recent sedimentation of
tidal flats that remains highly cited to this day.
In 1960, Graham won the prestigious Royal
Society John Murray Travel Scholarship, which
took him to Scripps Oceanographic Institution,
California, to study modern sedimentary
environments. He turned down a tempting
offer of a full-time position at Scripps for one
as a Lecturer at Imperial College London, but
most importantly to marry Rosemary, whom he
had met in London before leaving for America.
They spent their 1962 honeymoon camping
on Sadiyat Island, Abu Dhabi, undertaking
fieldwork.
Graham was one of the first Europeans to
work in Abu Dhabi, leading to the discovery of
an evaporite equivalent of the tidal flats of the
Wash. His work with D.J. Shearman famously
showed that anhydrites can form in sabkha
sediments. Graham was lead author of a
classical paper describing sabkha progradation
along the ‘Evans Line’.

Teaching
Graham taught at Imperial College
London, until retiring in 1991, as Reader of
Sedimentology and became an Honorary
Professor at the National Oceanography
Centre, University of Southampton.
His teaching was prolific and highly regarded,
not least in his supervision and inspiration
of 30 PhD students. Graham assisted as a
visiting lecturer at Kingston, Bristol, Oxford,
Cairo, Nanjing, Ankara and Sana, amongst
many other places; and spent academic
sabbaticals in Turkey and Greece. He developed
his expertise in coastal sedimentology and
Holocene stratigraphy that is evident in his 122
publications.
Pictured, above: Graham
inspired students and
fellow geologists across
the globe
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In demand
Since the early 1960s, Graham was in much
demand as a consultant by international
academic institutions, The British Council, and

His teaching was
prolific and highly
regarded, not least in
his supervision and
inspiration of 30 PhD
students. Graham
assisted as a visiting
lecturer at Kingston,
Bristol, Oxford, Cairo,
Nanjing, Ankara and
Sana, amongst many
other places
oil companies worldwide. From 1991 to 1992,
Graham was a visiting Professor at Madrid and
Vigo universities. He was a loyal and longterm member of the Geologists’ Association
(GA) and a Fellow of the Geological Society of
London. He was awarded the Richardson Prize
from the GA in 2006 for the best paper
of 2005.
Graham led many field excursions to the
Arabian Gulf for both the oil industry and
for international symposia; he chaired many
influential scientific committees; was a popular
keynote speaker at international conferences;
and was advisor to UNESCO on coastal erosion
in West Africa.

Family
The centre of Graham’s world was his family,
Europe, London and Welsh rugby. After
Graham’s retirement, he and his family moved
to Jersey where he continued to supervise and
examine PhD students in the UK and Spain,
and to publish influential articles on the
Arabian Gulf.
Graham and Rosemary have two children
(Flora and Bartholomew) and five grandchildren
(Caspar, Felix, Mabel, Reuben and Clara) to
whom he was devoted. Graham died at home
in Jersey on 5 February 2021, surrounded by
his loving family.
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Head of the Department of Geology at Queen
Mary College, London in 1977. Then, after
major reorganisations of university geology
departments in London and the UK, Mike
became Yates-Goldsmid Professor of Geology,
and Head of the Department of Geological
Sciences (1982–93), at University College
London. After retirement, he was appointed
Emeritus Professor and Honorary Fellow.

Image credit: Henry Audley-Charles

MI K E AU D LE Y-C HAR L ES was born in 1935 in
Worthing and spent many of his early years in
an orphanage after his father was killed in the
Second World War. After leaving the orphanage,
Mike obtained A levels in chemistry, botany,
biology and geology, and then an external
London University degree in geology at Chelsea
Polytechnic.
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Professional life
After graduation, Mike worked from 1957 as
a geologist in Canada, when he acquired his
distinctive beard as protection against the cold.
He then moved to Australia, where he was
employed by various oil companies, before
moving on to Timor in Southeast Asia, to work
for Timor Oil. Mike lived there for more than two
years and mapped what was then Portuguese
Timor, now Timor Leste, an area almost half the
size of Switzerland, where he is remembered
with respect and affection.
Mike returned to the UK in 1962. His work on
Timor was the basis of his 1965 PhD thesis at
Imperial College London and a 1968 Memoir of
the Geological Society of London, which remains
a seminal work on the geology of the island.
After post-doctoral work on the British Triassic,
Mike was appointed Lecturer, and later Reader,
at Imperial College London. He continued work
with colleagues from London University in Timor
and Seram, and later on Crete.
Mike was a secretary of the Geological
Society and recipient of the Wollaston Fund
in 1969. He was appointed Professor and

His work on Timor
was the basis of his
1965 PhD thesis at
Imperial College
London and a 1968
Memoir of the
Geological Society of
London, which remains
a seminal work on the
geology of the island

Research
Mike’s research in the 1960s and 1970s was
carried out during years of major changes,
as plate tectonic concepts took hold, and he
offered new interpretations of the Banda Arc
and Gondwana evolution. Mike’s work was at
the centre of numerous controversies about
the region, for example, the significance of
melanges, the nature of the arc islands, and
the origin of the Timor Trough. His experiences
in the Banda Arc were not only the basis
for new geological interpretations and
speculations, but were also the source of
many stories about his life.

A generous host
Mike was a great friend, raconteur and excellent
company. He was a convivial and generous host
and, with his wife Brenda, welcomed students and
visitors to their home in Sussex and later France,
where he shared his scientific knowledge, love
of poetry and Shakespeare, and delight in Italian
opera and the music of Mozart and Schubert.
Mike and Brenda celebrated Shakespeare’s
birthday annually at their home in France and
Mike’s final published work was a review of the 37
plays. Mike died on 12 January 2021 in Kent and
is survived by his wife Brenda, his children Henry
and Helen, and grandchildren.

MICHAEL
GEOFFREY
AUDLEYCHARLES
1935 – 2021

Known
internationally
for his work in
Southeast Asia,
and particularly
his contributions
to the geology
of the Banda Arc

BY ROB E R T H A LL

Contact
If you would like to contribute an
obituary, please email the editor
geoscientist@geolsoc.org.uk
Roll of Honour
Deceased Fellows for whom no obituary
is forthcoming have their names and dates
recorded in a Roll of Honour at
www.geolsoc.org.uk/obituaries

Pictured, above: Mike was
known for sharing his
scientific knowledge and
love of poetry and music
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FIVE MINUTES
WITH…

“My advice
is to follow
your passion”
P R O F E S S O R A N D Y H O O P E R is a
geophysicist at the University of Leeds, UK
who uses satellite data and machine
learning to monitor volcanoes and
earthquakes. Andy is also a Director of
SatSense, a start-up that aims to make
high-resolution ground-deformation data
more accessible

Tell us about your work
My research focuses on detecting small
movements of Earth’s surface and interpreting
them to better understand volcanic plumbing
systems and earthquake processes. These
measurements can be made from radar satellites
that, despite being hundreds of kilometres above
us, are able to sense movements of just a few
millimetres, which still amazes me. I first became
fascinated by volcanoes when climbing a number
of them in Indonesia and South America. Being
able to now contribute to mitigating the risks
posed by volcanoes, is very motivating.

What’s a typical day for you?
A typical day usually includes discussing research
with PhD students and colleagues, but beyond that
it is very varied, and might also include advising
the European Space Agency on new satellite
missions, teaching students, or making field
measurements on volcanoes.

What’s your
favourite thing
about your work?
Travelling to scenic
places like Iceland
and witnessing
volcanic eruptions
is, of course,
fantastic and an
incredible privilege.
But I also love
interrogating and
modelling data
with students and
collaborators –
plotting results
to create a figure
on the screen and
seeing something
new for the first time
is a real buzz.

Tell us more about your work
Forecasting volcanic eruptions largely relies on
human interpretation of the activity measured at
individual volcanoes. However, volcanoes can
behave in unexpected ways not previously seen
at a specific location and most volcanoes are not
instrumented, meaning we have few on-ground
measurements. A key indicator of volcanic activity
is deformation of the surface of a volcano, due to
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magma migrating beneath it. Thanks to satellite
monitoring, and in particular the European satellite
mission Sentinel-1, we can now measure surface
movements as small as a few millimetres and
are generating an incredible global dataset of
deformation at volcanoes worldwide. In a project
that I am leading called DEEPVOLC, my team and
I aim to take advantage of this global dataset to
enhance forecasts of volcanic activity. In a new
approach, we are applying the latest deep learning
algorithms to satellite data to combine knowledge
from all volcanoes that have been active in the
satellite-monitoring era – and the algorithms will
continue to improve as they ingest data from new
volcanic activity. This will enable us to use our
knowledge of how volcanoes behave globally
to forecast how unrest at a volcano may evolve
locally. Importantly, we will be working closely
with different volcano observatories to deliver
tools that can be used operationally to monitor
and forecast volcanic activity.

What advice would you give to someone
hoping to work in your field?

Pictured, above:
Professor Andy Hooper

My path to researching volcanoes was convoluted:
I started a degree in geology in my late twenties.
After that it took me a few years to decide that
geophysics was where my interests lay, and I
started a PhD in crustal deformation. My advice
is to follow your passion and don’t be afraid to
switch direction as your interests crystallise.

