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Geological Collections

• Collection of >185,00 mineral specimens – many types
• Systematically collected
• Library of natural materials - variable chemistries and properties
• Actively studied and used as a reference collection

Kunzite LiAl(SiO3)2  

Ga-rich sphalerite ZnS

• Meteorites
• Minerals
• Ore and rock collections

Jadarite
LiNaSiB3O7(OH)
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Advanced Geological Analytical 
Infrastructure
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Minerals-related research projects (ca. £50 million in last 5 years - >£6.5 million to NHM)
• £500k Innovate UK Li4UK – investigating potential UK lithium sources – future positive mining
• £2.5 million NERC FAMOS  porphyry copper systems 
• £2.0 million NERC CuBES sediment-hosted copper resources
• €5 million EU HiTechAlkCarb REE in carbonatite systems 
• €14 million EU  CROCODILE  secondary supply chain for cobalt – including mine wastes
• £4 million NERC SMARTEX challenge of deep ocean mining of Mn nodules – cobalt, nickel, copper
• £2.5 million NERC LiFT alternative sources of lithium for technologies – sustainable sourcing and recovery strategies
• £0.5 million Philanthropy Green Research Fellow in geomicrobiology
• £0.8 million Industry LODE 4 – Dedicated lab externally funded – future positive mining
• €7.4 million Horizon Europe VECTOR– Mineral deposits in sediment systems – future positive mining
• £672k NERC Capex XRD facility upgrade - geonomics
• $600k World Bank MUNIS-2 Green economy of Uzbekistan– future positive mining
• £1.56 million DEFRA GCBC Fastrack Bio+Mine - Biodiversity positive mining– future positive mining 
• £720k DEFRA GCBC Fastrack – DEEPEND - Undiscovered biodiversity in deep sea – future positive mining
• NEW £950k 5Ms - Microbial Manufacturing of Metals from Mineral Mining Waste Innovate UK funded project – 

future positive mining
• NEW $1.9 million IvARiCE – bioremediation - Rio Tinto – future positive mining
• NEW Research Leader in Mineral Sciences – NHM funded post - linked to UCL mineral physics – ‘geonomics’
NHM Mining Consultancy activities
• Averages£300-400,000/year – mining sector

Projects - Mining related project portfolio
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Drivers
• Net zero carbon pledge 
• ‘Green Deal’
• SDG goals
• Energy transition
• Transport revolution
• Sustainable society

• Agri-environments - Food systems - sustainable 
food production systems and land use

Sustainable mining landscapes

• Future positive mining – integrating discovery and 
mining with a net positive biodiversity ambition

• ‘Geonomics’ – fundamental mineral sciences 
applied to materials resourcing

• Geodiscovery – new minerals for the green deal
• Geometallurgy – applied mineral sciences for 

green discovery & recovery strategies – zero waste
• Geomicrobiology – microbiology in mineral 

processes; biomining, bioremediation
• Biodiversity Impacts – developing metrics

Science Theme Resourcing the Green Economy

Balanced usage

Increased 
demand

New needs

Green Deal

SDGs
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Broadening the public conversation around mining
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Exploring for the ‘right’ result?

• Timely, cost-
effective 
successful 
discovery, 

• Company growth, 
successful mining 
project, 

• Profit delivered, 
shareholders 
happy, 

• Long-term 
economic 
delivery…

Visual Capitalist 2019

‘Lassonde Curve’

Herrington - AMIRA Exploration Managers Conference 23-24 August 2023 



Diagram courtesy of Satarla 2021

Traditional workflow follows a ‘cradle to grave’ approach
Analysis 
• Mining projects are divided 

into separate ‘business units’
• Exploration is the critical first 

step but is a loss maker 
(under pressure to reduce 
costs)

• Project stage often focused 
on increasing stock values to 
bring to market (not 
conducive to fully testing the 
potential negatives)

• Operations are what really 
makes the money (efficiency 
and profit key drivers)

• Closure left to pick up the 
pieces of any issues 
generated by the other stages
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• Elkington 1994 – coined the term Triple Bottom Line of economy, 
society and biosphere (alternatively Profit, People, Planet or 
Economy, Equity, Ecology) – by its language this focuses on aligning 
sustainability and the intentions of a business when it comes to 
profit

• McDonough & Braungart 2002 – flipped this into the Triple Top Line 
as they suggested the focus should be to align sustainability and 
business profitability from the inception of a product

However - economic success alone is not enough
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2002

Circular economy concepts
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Not only economic values but ‘Ecosystem 
Service Value’ should be measured

• ESV and economic returns largely out of kilter 
through the linear life of a mine

• Intervention should be used to minimise the 
negative legacy of mine closure whilst 
rebuilding ESV

• What is really needed is some idea of costs 
and values right through to the far right of 
these graphs

Tracking values through the typical mine life cycle 
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Masareia et al. 2020

Data less certainData good
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Robinson 2017

Models for current theoretical practices 

Planet People and PlanetPeopleProfit

Social circular economy
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CRADLE
• Point A – define the ‘natural capital’

• Develop an exploration programme that puts social 
engagement, biodiversity assessment and whole deposit 
knowledge at the core of its activities

• Point B – feasibility and sustainability assessment with 
technical, financial, social and environmental aspects 
incorporating an agreed post-closure plan

• Maximising recovery of useful components and minimising 
waste, logging the stocks of ‘future resource’

• Point C - mining  and nature-based progressive rehabilitation
• Optimised recovery with monitored stocks and flows, 

utilising ‘waste’ for secondary use and rehabilitation
• Point D – closure and ecosystem reconstruction for long term 

viability and transfer to third party use
• Site returns to point A with a net positive long-term 

solution with an ongoing monitoring strategy
CRADLE

• Point A – ‘net positive repurposed site’
Herrington & Tibbett 2022

‘Cradle to Cradle Mining’ embracing a ‘social circular economy’
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Durucan et al. 2006

• The data collected 
during needs to inform 
the design of a mine 
(see diagram left)

• Needs also to also help 
understand the 
characteristics and 
likely behaviour of the 
various wastes and 
stockpiles

Explorationists therefore need to think of the future mine
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Think about the end right from the start…………
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Planned progressive rehabilitation a far better strategy

Masarei et al. 2020

• Integrating engineering with 
ecological restoration is the key 
to delivering a lasting outcome

• Delivery of restoration ss in 
unlikely, however a net-positive 
reconstruction should be the 
target

• Move towards more authentic 
topographic reconstructions 
favourable

• Geological nature of the 
materials for the reconstruction 
fundamental to reconstruction  
success  (or not)
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Paradigm shift

Waste needs to be evaluated in 
the same way as ore

• Short-term planning included a 
detailed program of waste grade 
control 

• Long-term planning scheduled the 
appropriate handling and disposal 
of waste based on its properties 
and the progressive closure 
strategy over the life-of-mine

• In this case (left) pits are 
optimised in terms of mining and 
handling of the waste as well as 
the ore

Total deposit knowledge informs waste handling and rehabilitation

Grohs & Pearce 2019

Multi-pit 
Martabe gold 
mine 
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Grohs & Pearce 2019

Progressive 
reconstruction with 
well-characterised 
mine materials

• Allows assessment of 
the chosen strategy 
during the working life 
of the mine

• Changes through time 
can be monitored and 
interventions adjusted 
in response

Total deposit knowledge informs waste handling and rehabilitation
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DeJong et al 2014

Solutions incorporate engineering, 
geology/geochemistry and biology

• Utilising knowledge and materials 
from pre-mined site

• Soil scientists and restoration 
ecologists need to collaborate on 
project design

• Interdisciplinary perspective needs 
to treat soil as a living ecological 
system rather than an inert 
construction material

• Solution needs a methodology to 
assess  have the system is behaving 
long-term

Engineered solutions integrated with ecosystem reconstruction
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Reconstructed ecosystems must be part of clean up strategies

Iron-rich acid mine drainage
• Plants and their microbiome 

should be part of the 
remediation strategy – even 
for contaminated sites

• Early audit of the 
microbiome will give the 
baseline for the pre-mining 
ecosystem support system 
underground

• Could also yield some useful 
functional microbes for other 
purposes too – bioprocessing 
and bioremediationMishra et al. 2017
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DeJong et al 2014

• Engineered landscapes are integrated geo-
ecological systems

• Soil scientists and restoration ecologists 
need to collaborate on initial project design 
and forecast changes

• Geotechnical engineers must be active in 
long-term management during the facility’s 
service life as the soil system changes

• Interdisciplinary perspective since the soil is 
a living ecological system, not an inert 
construction material

Engineered rehabilitation scenarios will evolve through time
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Geoengineering for a future-proofed intervention

Durucan et al. 2006

Traditional ‘bench and 
platform’ style 
reclamation

Progressive 
geomorphic 
restoration

Martin Duque 
et al. 2020

Hard engineered solution Geomorphic outcome
Herrington - AMIRA Exploration Managers Conference 23-24 August 2023 



Biodiversity metrics – modelling performance of any intervention

• Agreed biodiversity metrics are an essential but missing parameter for 
measuring project impacts

• Climate change is measured in carbon and against a 1.5 degree target - no 
common currency or single metric for biodiversity

• One helpful distinction is between metrics that convey extinction risk and 
those that convey the state and functionality of ecosystems

• Governments and businesses need metrics that are scientifically robust, 
easy to interpret, and applicable at multiple scales

• The Natural History Museum’s Biodiversity Intactness Index (BII) conveys 
the percentage of the original number of species that remain, and their 
abundance, in any given area

• Unlike most indicators - including the vast majority currently being considered 
under the UNCBD’s Global Biodiversity Framework, the BII can be used to 
project performance into the future rather than document past change

• The Dasgupta Review used BII to examine the economics of biodiversity
• Being based on models, it can act as a ‘sat nav’ for nature

NHM Andy Purvis 2022
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‘Total Orebody Knowledge’
For both ‘ore’ and ‘waste’

NHM Lode Lab Workflow

Exploration workflow - geology
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Exploration workflow – biology (+ metagenomics)

Illumina high 
throughput 
sequencing 
technology

Sample collection

DNA extraction

PCR amplification of 
marker genes 

Microbial community 
comparison 

Taxonomic profiling 
of microbiology

Functional gene 
comparisonGenomes of soil 

microbiology

Mapping of 
metabolic pathways

NHM Genomics Workflow
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Rehabilitating recognises that the geo meets the bio

Iron-rich acid mine drainage

Brackin et al., 2016

• Need to appreciate that biodiversity built 
from the soil and water systems upwards

• The soil and water ecosystem is essential 
for higher plants and invertebrates 

• Key point: assessing biodiversity needs 
to address aspects of both a) extinction 
risk and b)  functionality of ecosystems

• Ecosystem functionality critical for 
understanding rehabilitation strategy 
and long-term future use of site (e.g. 
agriculture etc.)
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Sudbury, Ontario
São Domingos copper mine, Portugal

Iron-rich acid mine drainage

• Closure with no agreed plan can be problematic in a number of ways
• São Domingos mine, Portugal closed suddenly in 1966 to avoid incoming mine closure legislation
• Has left an environmental disaster and local unemployment

History has delivered some mine closure horrors
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Contributing to many of the social views of mining
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Jürgen Matern

Mine closure successes
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• Eden Project in Cornwall, England 
• Integrated approach turned a open pit clay mine closed 

in 1990s into a profitable new sustainable business 
• Now the largest indoor rain forest in the world with over 1,000 

plant species 
• Cornwall’s first undercover ice rink 
• A popular wedding, entertainment and conference venue

• Opened in 2001, it cost £140 million to create, used local 
mineral waste and compost to make soil for the biomes

• 20 million visitors in the first 20 years and has generated 
an estimated £2.5 billion for the local economy in that 
time, 7% value of the local economy

• Employs 350 people 
• Now up to 2 million visitors annually
• Project undertaken by an innovative 3rd party with local 

support

Consensual informed rehabilitation can work effectively
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Flambeau Cu-sulfide mine Wisconsin
a) Pre-mining 
b) Mining operations
c) Post-mining

Jarrahdale 
bauxite mine
a) Mining 

operations
b) Post-mining

However: These look 
like good outcomes 
visually, but other key 
questions are: 

How can we also judge 
the success of these 
projects in social or 
biodiversity terms?

Other successes?
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Different corporate approaches yield different results

Herrington - AMIRA Exploration Managers Conference 23-24 August 2023 



Embedding the local community should yield better results

• Some examples of success are 
where broader community groups 
are empowered to benefit rather 
than specific localised stakeholders 

Herrington - AMIRA Exploration Managers Conference 23-24 August 2023 



• Mining is only a temporary intervention to recover subsurface resources of value, in a finite timescale, from 
a site where minerals are only one part of the ‘natural capital’

• The site of the mine will need to be returned fit for third party use after mining ceases and rehabilitation is 
completed

• Any mining therefore needs to be net positive for people and the planet whilst yielding value to the miner

• Social licence needs to begin from the start, stakeholders need to be embedded from the first exploration 
efforts so there is a shared, common purpose with shared vision of the outcome

• Exploration needs to collect enough social, geological and ecosystem data to be able monitor stocks, flows 
and residues, plan the mining and rehabilitation and evaluate the nature, behaviour and impacts of any 
wastes

• Design of the post mining landscape needs to begin at the exploration stage (at least in outline form) so 
there can be a shared vision of the post mining landscape for all stakeholders

• The linear model for mining needs to become a virtuous circle (‘cradle to cradle’) with net positivity (and 
effectively zero waste) created at each decision point of the circle

Some take home thoughts
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Mining through the lens of the 
‘Three Horizons’ foresight tool

Now   Transition       Future

Purpose-driven 
mining

Free, prior and informed consent

Stakeholder 
partnerships

Nature-positive 
solutions

Zero 
waste

Fair access to all

Mining as a 
driver of long-
term wellbeing

European Green
 Deal

Global targets 
(SDGs, Paris)

Gloaguen et al. 2022
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r.herrington@nhm.ac.uk

Questions?
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