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The Mineralogical 
Society of America is for 
individuals interested in 
mineralogy, crystallog
raphy, petrology, and 
geochemistry. Founded in 
1919, the society promotes— 

through research, education, and publica
tions— the understanding and application 
of mineralogy by industry, universities, 
government, and the public. Membership 
benefits include Elements magazine, access 
to the electronic version of the American 
Mineralogist, as well as discounts on journals, 
Reviews in Mineralogy & Geochemistry 
series, textbooks, monographs, reduced 
registration fees for meetings and short 
courses, and participation in a society that 
supports the many facets of mineralogy.

Website: www.minsocam.org
Contact: business@minsocam.org
Society News Editor: Ann Benbow 
(abenbow@minsocam.org)

The Mineralogical 
Society of the UK and 
Ireland is an inter national 
society for all those 
working in the mineral 
sciences. The society aims 
to advance the knowledge 

of the science of miner alogy and its applica
tion to other subjects, including crystallog
raphy, geochemistry, petrology, environ
mental science and economic geology. The 
society furthers its aims through scientific 
meetings and the publication of scientific 
journals, books, and mono graphs. The 
society publishes Mineralogical Magazine and 
Clay Minerals. Students receive their first year 
of membership free of charge. All members 
receive Elements.

Website: www.minersoc.org
Contact: info@minersoc.org
Society News Editor: Kevin Murphy 
(kevin@minersoc.org)

The Mineralogical 
 Association of Canada 
was incorpor ated in 1955 to 
promote and advance the 
knowledge of miner alogy 
and the related disciplines 
of crystal lography, 

petrol ogy, geochemistry, and economic 
geology. Any person engaged or inter ested in 
these fields may become a member of the 
association. Membership benefits include a 
subscrip tion to Elements, a reduced subscrip
tion to The Canadian Mineralogist, a 20% 
discount on volumes in the Topics in 
Mineral Sciences series (formerly the Short 
Course series), and a discount on the regis
tration fee for annual meetings.

Website: mineralogicalassociation.ca
Contact: office@mineralogicalassociation.ca
Society News Editor: Johanne Caron 
(johanne.caron@ete.inrs.ca)

The Clay Minerals 
Society (CMS) began in 
1952 as the Clay Minerals 
Committee of the US 
National Academy of 
Sciences – National 
Research Council. In 1962, 

the CMS was incorporated with the primary 
purpose of stimu lating research and dissemi
nating information relating to all aspects of 
clay science and technology. The CMS holds 
annual meetings, workshops, and field trips, 
and publishes Clays and Clay Minerals and 
the CMS Workshop Lectures series. Member
ship benefits include reduced registration fees 
to the annual meeting, discounts on the 
CMS Workshop Lectures, and Elements.

Website: www.clays.org
Contact: cms@clays.org
Society News Editor: Bhabananda Biswas 
(Bhabananda.Biswas@newcastle.edu.au)

The Geochemical Society 
(GS) is an international 
organization founded in 
1955 for students and 
scientists involved in the 
practice, study, and teaching 
of geochemistry. Our 

programs include cohosting the annual 
Goldschmidt Conference®, editorial over
sight of Geochimica et Cosmochimica Acta 
(GCA), supporting geochemical symposia 

through our Meeting Assistance Program, 
and supporting student development 
through our Student Travel Grant Program. 
The GS annually recognizes excellence in 
geochemistry through its medals, lectures, 
and awards. Members receive a subscription 
to Elements, special member rates to GCA 
and to G-cubed, and publication and confer
ence discounts.

Website: www.geochemsoc.org
Contact: gsoffice@geochemsoc.org
Society News Editor: Kevin Johnson 
(kjohnson@geochemsoc.org)

The European Associa-
tion of Geochemistry 
was founded in 1985 and is 
a non profit organization 
dedicated to promoting 
geochemistry internation
ally. The society is a 

dynamic association that organizes the 
Goldschmidt Conference® in Europe, 
publishes Geochemical Perspectives and 
Geochemical Perspectives Letters, recognizes 
scientific excellence through awards; 
supports early career scientists; sponsors 
workshops and conferences in Europe; 
organizes distinguished lecture and 
outreach programs; publishes job opportu
nities, newsletters and blogs; and partners 
with other learned societies to strengthen 
geochemistry internationally.

Website: www.eag.eu.com
Contact: office@eag.eu.com
Society News Editor: Alice Williams 
(awilliams@eag.eu.com)

The International 
 Association of 
Geo Chemistry (IAGC) has 
been a preeminent inter na
tional geo chemical organi
zation since 1967. Its prin
cipal objectives are to foster 

cooperation in the advancement of applied 
geochemistry by sponsoring specialist scien
tific symposia and the activities organized by 
its working groups and by support ing its 
journal, Applied Geochemistry. The adminis tra
tion and activities of IAGC are conducted by 
its council, comprising an executive and ten 
ordinary members. Daytoday administration 
is performed through the IAGC business office.

Website: www.iagc-society.org
Contact: businessoffice@iagc-society.org
Society News Editor: Devin Smith 
(BusinessOffice@IAGCSociety.org)
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The Société Française 
de Minéralogie et de 
Cristallographie 
(French Mineralogy and 
Crystallography Society) 
was founded 21 March 
1878. The purpose of the 

society is to promote mineralogy and 
crystallography. Membership benefits 
include the European Journal of Mineralogy, 
Elements, and reduced registration fees for 
SFMC meetings.

Website: www.sfmc-fr.org
Contact: sfmc@ccr.jussieu.fr
Society News Editor: MaryAlix 
Kaczmarek (maryalix.kaczmarek@get.
omp.eu)

The Association of 
Applied  Geochemists is 
an international organiza
tion founded in 1970 that 
specializes in the field of 
applied geochemistry. It 
aims to advance the science 

of geochem istry as it relates to exploration 
and the environment, further the common 
interests of exploration geochemists, facili
tate the acquisition and distribution of 
scientific knowledge, promote the exchange 
of information, and encourage research and 
development. Membership of the AAG 
includes the AAG journal, Geochemistry: 
Exploration, Environment,  Analysis; the AAG 
newsletter, EXPLORE; and Elements.

Website: www.appliedgeochemists.org
Contact: office@appliedgeochemists.org
Society News Editor: John Carranza 
(ejmcarranza@gmail.com)

The Deutsche 
 Mineralogische 
 Gesellschaft (DMG; 
German Mineralogical 
Society) was founded in 
1908 to “promote miner
alogy and all its subdisci

plines in teaching and research as well as the 
personal relationships among all members.” 
Its great tradition in geoscience is reflected 
in the list of honorary fellows, which 
include M. v. Laue, G. v. Tschermak, P. 
Eskola, C.W. Correns, P. Ramdohr, and 
H. Strunz. Today, the subdisciplines in the 
DMG are also bridging the gap with other 
communities, such as materials science, 
solid state chemistry/physics, and the envi
ronmental sciences. The DMG especially 
tries to support young researchers, e.g., to 
attend conferences and short courses. 
Membership benefits include the European 
Journal of Mineralogy, Elements, and GMit.

Website: www.dmg-home.org
Contact: post@dmg-home.org
Society News Editor: KlausDieter Grevel 
(klausdieter.grevel@rub.de)

The Società Italiana 
di Mineralogia e 
 Petrologia (Italian Society 
of Mineralogy and Petro
logy), established in 1940, 
is the national body repre
senting all researchers 

dealing with mineralogy, petrology, and 
related disciplines. Membership benefits 
include receiving European Journal of Miner-
alogy, Plinius, and Elements, and a reduced 
registration fee for the annual meeting.

Website: www.socminpet.it
Contact: segreteria@socminpet.it
Society News Editor: Costanza 
Bonadiman (bdc@unife.it)

The International Asso-
ciation of Geoanalysts is 
a worldwide organization 
supporting the profes sional 
interests of those involved 
in the analysis of geological 
and environmental mate

rials. Activities include the management of 
proficiencytesting programmes for bulkrock 
and microanalytical methods; the production 
and certification of reference materials; and 
the publication of the association’s journal, 
Geostandards and Geoanalytical Research.

Website: geoanalyst.org
Contact: jmc@bgs.ac.uk
Society News Editor: Alicia CruzUribe 
(alicia.cruzuribe@maine.edu)

The Polskie  Towarzystwo 
Mineralogiczne (Mineral
ogical Society of Poland), 
founded in 1969, draws 
together professionals and 
amateurs interested in 
mineralogy, crystal lography, 

petrology, geochemistry, and economic 
geology. The society promotes links between 
the mineralogical sciences, education, and 
technology through its annual conferences, 
field trips, invited lectures, and publish ing. 
Membership benefits include subscriptions 
to Mineralogia and Elements.
Website: www.ptmin.pl
Contact: ptmin@ptmin.pl
Society News Editor: Anna Pietranik 
(anna.pietranik@uwr.edu.pl)

The Sociedad Española 
de Mineralogía (Spanish 
 Mineralogical   Society) was 
founded in 1975 to promote 
research in mineralogy, 
petrology, and geochemistry. 
The society organizes annual 

conferences and furthers the training of 
young researchers via seminars and special 
publications. The SEM Bulletin published 
scientific papers from 1978 to 2003, the year 
the society joined the European Journal of 
Mineralogy and launched Macla, a new 

journal containing scientific news, abstracts, 
and reviews. Membership benefits include 
receiving the European Journal of Mineralogy, 
Macla, and Elements.
Website: www.ehu.es/sem
Contact: npvsem@lg.ehu.es
Society News Editor: Nuria Sanchez Pastor 
(secretaria@semineral.es)

The Swiss Geological 
Society was founded in 
1882 and comprises 
specialist groups in 
geophysics, mineralogy and 
petrology, sedimentology, 
tectonics, and paleontology. 

The society is part of the Swiss Academy of 
Sciences and promotes the advancement and 
dissemination of Earth sciences in Switzer
land. The society coorganizes the annual 
Swiss  Geoscience Meeting (SGM) and 
publishes the Swiss Journal of Geosciences 
(SJG), which is now fully “open access”. 
Members receive discounts for publishing in 
the SJG and participating at the SGM.
Website: https://geolsoc.ch
Contact: office@geolsoc.ch
Society News editor: Julien Allaz (julien.
allaz@erdw.ethz.ch)

The Meteoritical Society 
is an international organiza
tion founded in 1933 for 
scientists, collectors, and 
educators to advance the 
study of meteorites and 
other extraterrestrial mate

rials and their parent asteroids, comets, and 
planets. Members receive our journal, Mete-
oritics & Planetary Science; reduced rates for 
Geochimica et Cosmochimica Acta, which we 
cosponsor; the Meteoritical Bulletin; and 
Elements. We organize annual meetings, 
workshops, and field trips, and we support 
young planetary scientists worldwide. 
Through our medals and awards, we recognize 
excellence in meteoritics and allied fields.
Website: meteoriticalsociety.org
Contact: meteoritical.org/contact
Society News Editor: Cari Corrigan 
 (corriganc@si.edu)

The Japan Association of 
Mineralogical Sciences 
(JAMS) was established in 
2007 by merging the 
Mineralogical Society of 
Japan, founded in 1955, 
and the Japanese Associa

tion of Mineralogists, Petrologists, and 
Economic Geologists, established in 1928. 
The JAMS covers the wide field of mineral 
sciences, geochemistry, and petrology. 
Membership benefits include receiving the 
Journal of Mineralogical and Petrological 
Sciences (JMPS), the Ganseki-Koubutsu-
Kagaku (GKK), and Elements.
Website: jams.la.coocan.jp
Contact: KYL04223@nifty.ne.jp
Society News Editor: Yusuke Seto  
(seto.y@omu.ac.jp)

The International 
Association on the 
Genesis of Ore Deposits 
(IAGOD) was established 
in 1963 to promote 
international cooperation 
and to increase knowledge 

in the field of the genesis of ore deposits: it 
is affiliated with the International Union of 
Geological Sciences (IUGS). The society 
organizes quadrennial symposiums and 
cosponsors sessions at the International 
Geological Congress and SGA Biennial 
Meetings. The IAGOD working groups and 
commissions promote ore deposit research 
and sponsor an international speaker 
series. Membership includes reduced fees at 
our meetings, discounted subscriptions to 
our flagship journal Ore Geology Reviews 
and other publications, and a subscription 
to Elements.
Website: www.iagod.org
Contact: http://iagod.org/node/87
Society News Editor: Simon Jowitt 
(simon.jowitt@unlv.edu)

Affiliated Societies
The International Mineralogical Association, the 
European Mineralogical Union, and the International 
Association for the Study of Clays are affiliated societies 
of Elements. The affiliated status is reserved for those 

organizations that serve as an “umbrella” for other groups in the fields of min er alogy, 
geochemistry, and petrology but that do not themselves have a membership base.
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IN THE SHADOW OF WAR AND OTHER EXISTENTIAL CHALLENGES 
TO HUMANKIND
DOI: 10.2138/gselements.18.5.287

When I was assigned this 
issue of Elements about a 
year ago to the date of 
writing this editorial, two 
things came to my mind 
straight away. First, the title. 
What a weird title, I 
thought, because concrete 
and cement are just two 
words for the same thing, 
right? Well… no! I found 
this out pretty quickly after 

talking to the Guest Editors and which you will 
learn too (if you did not know so already) by 
reading this issue. For those of you as ignorant as 
I was (but am not anymore!), the difference 
between cement and concrete, simply put, is that 
cement is a powder (the variable compositions of 
which you will learn if you read on) that, once 
mixed with water, sand, and gravel and poured 
into the rotating barrel of a truck, or cement 
mixer, becomes concrete!

Being Danish and having grown up in Denmark, 
the other thing that came to my mind when I 
was confronted with the word “concrete” was its 
place in history, which several of the articles in 
this issue also touch upon. As much as the his
torical aspects of concrete are fascinating reading, 
there is also a more eerie side to it. This is because, 
when I think about concrete, I think about the 
German bunkers from WWII that still survive 
to this day, standing as imposing structures on 
the beaches of the west coast of North Jutland 
and further down towards the German border, 
reminding us of past wartimes by bearing tes
timony to the German occupation of Denmark 
during the last world war in Europe. Little did I 
know at the time, a year ago, that one year later 
this recollection would be frightfully pertinent 
to Europe in 2022, which is now once again at 
war despite all the horrors of WWI, WWII, and 
the cold war; despite the establishment of NATO, 
UN, and EU to avoid exactly this from ever hap
pening again; and despite the twisted guarantee 
(or so we thought) of mutually assured destruc
tion, MAD, which was not yet a concept during 
WWII but became one because of WWII and the 
Manhattan Project. One year ago, war in Europe, 
again, was simply unthinkable. And yet, here 
we are, again, on the brink of WWIII. As I have 
always heard predicted: WWIV will be a war of 
stones…..nuclear weapons having obliterated the 
world during WWIII. Elements editorials strive to 
relate the topic of the thematic issue in question 
to something relevant to our presentday world. I 
am saddened that my first editorial connects the 
topic of this issue, even if only indirectly so, to 
the unprovoked ongoing war in Europe, which 
currently holds the very real threat of becoming 
yet another example that could go down in his
tory as a “small” war that became a “big” war. 
One can only hope that between writing this 
editorial and when it goes to press, the conflict 
will have ended. Whatever that “end” might be! 
A new global isotopic spike to mark the beginning 
of the Anthropocene in concert with all the other 
humaninduced impacts on Earth’s geology and 
ecosystems, including climate change?1

One of the mysteries surrounding the old German 
bunkers in Jutland, today uncovered by the waves 
of the ocean and having withstood the wind and 
the sea for 80 years, is the “recipe” of the German 
concrete. My own institution in Lyon, which is 
a designer architect concrete building from the 
mid80s, started coming apart within 25 years, 
and, hence, over the last 10 years, we have been 
working in the midst of a massive renovation site. 
As discussed in this issue, clearly not all concrete 
is of the same quality! Just like the German bun
kers, the concrete structures built by the Romans 
over 2000 years ago are also still standing. Take 
as example the majestic Colosseum, which is 
composed mostly of concrete (with some blocks 
weighing over a whopping 300 tonnes) beautified 
with travertine or marble coatings. Maybe the ENS 
Lyon architect should have looked more to the 
Romans, who in 43 BC founded Lugdunum (later 
Lyon), capital of the northwestern Roman Empire 
and today a UNESCO’s World Heritage site.

In the shadow of war, the timeline of which is 
always immediate and catastrophic, the formi
dable challenges posed by climate change have 
fallen by the wayside. This seems inevitable as 
the timeline of climate change appears far longer 
than that of war, thereby reducing the sense of 
urgency by way of comparison. But, war or not, 
we cannot lose sight of climate change and, as laid 
out in this issue, daunting challenges lie ahead for 
the cement and concrete industry to lessen the 
environmental burden associated with the pro
duction and consumption of concrete, one goal 
being to reduce anthropogenic CO2 emissions and 
another being to mitigate the draining of primary 
raw materials. Although the biosphere is highly 
efficient at recycling the materials it is made of, 
the technosphere (an offshoot of the biosphere) 
is not, but needs to be, despite discouraging 
financial barriers. Reading this issue’s articles, 
I came across some staggering numbers, not to 
mention the concept of “sand mafias”, that were 
not previously known to me. I wrap up this edi
torial by citing just a few examples of the mind
bending statistics presented in this issue that 
speak for themselves and should shock everyone 
into action: (i) Each year, nearly 40 billion tonnes 
of raw materials extracted from the Earth’s crust feed 
into the construction industry, with about 30 billion 
tonnes of concrete produced annually. (ii) The global 
annual resource footprint for all forms of consump-
tion (minerals, fossil fuels, biomass) is about 100 bil-
lion tonnes of materials. (iii) More than 90% of this 
stock is extracted as virgin materials, with recycled 
resources constituting less than 9 billion tonnes. (iv) 
The construction sector alone is responsible for 13.5 
billion tonnes of greenhouse gas emissions annually. 
(v) The mass of the anthroposphere, or technosphere, 
is 30 trillion tonnes, 10% of which consists of the total 
mass of concrete produced throughout the history 
of mankind.

Janne Blichert-Toft 
École Normale Supérieure de Lyon, CNRS, 

and Université de Lyon
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ABOUT THIS ISSUE
Cement and concrete are essential commodities 
for a steadily growing and urbanizing world popu
lation. Availability, affordability, versatility, and 
durability have made cement and concrete the 
second most used material by mankind, behind 
water. However, their production leaves a large 
environmental footprint in terms of CO2 emis
sions (about 8% of all anthropogenic emissions 
are associated with the production of cement) as 
well as depletion of mineral and water resources. 
Making cement and concrete more sustainable and resilient represents 
a formidable societal challenge that mineralogists and geochemists 
can help resolve. 

This issue looks back into the history of cementi
tious materials from antiquity to the Portland 
cements used today. Alternatives to Portland 
cement are explored and options for sustainable 
sourcing of raw materials are discussed in local 
and even extraterrestrial contexts. Moreover, 
this issue highlights how mineralogy, geochem
istry, and petrography  can be applied to assess 
resources, characterize and develop a new gen
eration of cement and concrete, and understand 

how basic physical and chemical processes occurring at the microscale 
affect macroscopic material properties.

CHANGE IS IN THE EARTH: A NEW ERA OF ELEMENTS

Posner Named Executive Editor

Dr. Esther Posner has been named the new Executive Editor of 
Elements, following brilliant and successful terms by Dr. Jodi Rosso 
(2015–2022) and Dr. Pierrette Tremblay (2004–2014). Please join us 
in welcoming Esther, as well as honoring our past Executive Editors, 
who are largely responsible for the startup and ongoing success of the 
magazine.

Esther hails from the freshwater shores of Leelanau County, Michigan 
(USA), but has been a global traveler for decades, including extended res
idences in Brazil and Germany, the latter of which where she presently 
resides with her husband and two young daughters. She graduated top of 
her class in geology from Grand Valley State University (Michigan, USA) 
in 2010, earned an MS in geosciences from the University of Arizona 
(USA) in 2012 under the supervision of Profs. Jibamitra Ganguly and 
Bob Downs, and then headed off to the Bayerisches Geoinstitut (BGI, 
Universität Bayreuth, Germany) where she completed her PhD in 2017 
under the guidance of Profs. Dave Rubie, Dan Frost, and Gerd Steinle
Neumann. Esther remained at BGI as both a postdoc (2017–2018; 
2020–2023) and manager of its worldfamous multianvil laboratory 
(2017–2018) in between a few maternity leaves. Her research expertise 
involves experimental and computational geochemistry, transport and 
structural properties of minerals and melts, and planetary accretion and 
core formation. She received GSA’s Best Student Presentation Award in 
2008 and AGU’s Rock and Mineral Physics Graduate Research Award 
in 2018.

But geology isn’t Esther’s only interest. She is also an awardwinning 
writer and academic editor, performance poet, and musician with a 
special knack for rhyming and composing lyrics about math and sci
ence. With her high levels of enthusiasm, Esther is passionate about 
effective science communication, outreach, and lifelong learning. 
She began professional academic editing in 2017 and quickly became 
hooked, editing more 1000 scientific manuscripts in the fields of geo
science, materials science, and engineering since that time. Esther also 
has a professional background in print journalism and advertising, and 
has taught a wide variety of courses including Mineralogy Laboratory, 
Introduction to the Language and Culture of Brazil, SCUBA diving, 
downhill skiing, and yoga. She even has her own show, “PhD, The 

Musical.” Esther is certainly a jane of all trades—and has a lot of exciting 
new ideas in store for Elements. She writes, “I am a longtime fan of 
Elements magazine and it is a tremendous honor to serve society and 
the geoscience community in this capacity!” Welcome, Esther!

Evonuk Named Deputy Editor
The Elements editorial staff is expanding to include 
a new role of Deputy Editor, serving as copyeditor, 
webmaster, and database manager. Please join us in 
welcoming Dr. Martha Evonuk to this role. 
Martha has been working in scientific editing, both 
independently and as a freelance editor for larger 
editing companies, since 2012. She conducted post
doctoral research at various institutes, including 
ETH Zürich in Switzerland, the Bayerisches 

Geoinstitut in Germany, and the Institut de Recherche en Planétologie 
and Astrophysique in France, focusing on numerical simulations of the 
interior of Jovian planets and convection in the Earth’s mantle. Under 
the supervision of Prof. Gary Glatzmaier, Martha obtained her PhD in 
2006 in Planetary Science from the University of California, Santa Cruz, 
USA, where she also studied astrophysics and optics. A graduate of 
Boston University in Physics and Earth Sciences, she worked as a lab 
assistant processing marine sediment samples, analyzing satellite 
images, and preparing rock samples for thin section. Welcome aboard, 
Martha!

Chakraborty Named Principal Editor of Mineralogy 
(2023–2025)

We are thrilled to share that Prof. Dr. Sumit 
Chakroborty has accepted our invitation to join 
the editorial board of Elements. Beginning in August 
2023, Sumit will assume the role of Principal Editor 
of Mineralogy. Sumit is a wellknown figure within 
the geosciences and has played an important leader
ship role in several international organizations, 
including the Mineralogical Society of America 
(MSA) and the Goldschmidt Science Committee, 

and is currently serving as the President of the Geochemical Society. 
Sumit is a professor of physical–chemical mineralogy at the Institute 
for Geology, Mineralogy, and Geophysics at Ruhr University Bochum 
(Germany), as well as the director of RUBION, the Central Unit for Ion 
Beams and Radionuclides. Sumit effectively combines experimental, 
theoretical, and field studies to better understand the timescales and 
mechanisms of important geochemical and cosmochemical processes. 
He is particularly well known for his work on diffusion chronometry 
and geospeedometry, and has graciously coordinated and led MSA/DMG 
diffusion workshops numerous times since 2012. Welcome to Elements, 
Sumit!

Richard Harrison, Becky Lange, Janne Blichert-Toft, 
Martha Evonuk, and Esther Posner

Pierrette Tremblay 
2004–2014

Jodi Rosso 
2015–2022

Esther Posner 
2023–
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Mark Bediako is a Senior Research Scientist and 
currently the Head of the Advanced Material Science 
Division at the CSIRBuilding and Road Research 
Institute in Ghana, West Africa. He combines the 
fields of chemical and material science and engi
neering to investigate cementitious and non
cementitious materials for the construction 
industry. His research currently focuses on supple

mentary cementitious materials, concrete durability and sustainability, 
earth materials for buildings, and geopolymers. The goal of his research 
is to provide economic and ecological sustainability in terms of the 
selection of construction materials for the built environment, especially 
in SubSaharan Africa.

Maarten A.T.M Broekmans received his MSc and 
PhD from Utrecht University in The Netherlands. 
From 1992 to 1997, he worked at a Dutch engi
neering consultancy where he introduced fluores
cence microscopy on plane and thin sections of 
alkali–silica reaction (ASR)damaged concrete. 
Since 1997, Maarten has been working at the 
Geological Survey of Norway (NGU), currently as 

the chief responsible for the scanning electron microscope (SEM) lab. 
He initiated Reviews in Mineralogy & Geochemistry volume 74 on the 
applied mineralogy of cement and concrete and contributed to the 
RILEM international guidelines for the assessment of aggregate mate
rials for concrete. His current research interests include the suscepti
bility of quartz in aggregate for deleterious ASR and SEM characteriza
tion of fineparticle fractions from fault gouges for KAr dating on illite, 
among others. He has taught seminars on “concrete petrography s.l.” 
to civil engineers on four continents, as well as his daughter (at 5 years 
old) how to operate a petrographic microscope. To the growing horror 
of his family, he is also an avid rock and book collector.

Angeles G. De la Torre is a chemist that completed 
her PhD at University of Málaga, Spain in 2003. She 
became a professor at the same university in the 
Inorganic Chemistry Department in 2022. Her 
studies focus on understanding the chemistry of 
cements, from their production at kilns to their 
hydration mechanisms. After her postdoctoral posi
tion, she focused her research on reducing the 

carbon dioxide footprint of cement production. She became the prin
cipal investigator on several projects funded by Spanish and regional 
governments with the objective of optimizing the production and per
formances of ecocements based on calcium sulfoaluminate, belite, or 
limestonecalcined clays. The main goal of her studies has been the 
establishment of robust methodologies to characterize cements using 
Xray diffraction in combination with the Rietveld method.

Jan Elsen is a professor of geology in the 
Department of Earth and Environmental Sciences 
at the University of Leuven in Belgium. His 
research focuses on the mineralogical character
ization and use of industrial minerals using quan
titative Xray powder diffraction analysis tech
niques. His current research topics focus mainly 
on building materials, clay and cement minerals, 

and zeolite deposits with pozzolanic properties. He received his mas
ter’s degree in geology in 1983 and his PhD in 1988 from the Katholieke 
Universiteit Leuven, Belgium.

Isabel Fernandes holds an MSc degree in engi
neering geology and a PhD in geology on the alkali–
silica reaction (ASR) and the evaluation of aggre
gates for concrete. Currently, she is an assistant 
professor with habilitation at the University of 
Lisbon, Portugal. In addition to the years that she 
has been working at the university, she has con
ducted activities as an engineering geologist, as well 

as a manager, for large dams and tunnels for 11 years. She also develops 
research and development activities with commercial companies in the 
areas of concrete aggregate characterization and diagnosis of concrete 
deterioration mechanisms using petrographic methods. Her main areas 
of interest are petrography applied to building materials (aggregates 
and concrete) and the durability of building materials (alkali–aggregate 
reaction, sulfate attack, and acid attack).

Ola Fredin is a professor in engineering geology of 
Quaternary deposits in the Department of 
Geoscience and Petroleum, Norwegian University 
of Science and Technology (NTNU), Trondheim, 
Norway. He was previously at the Geological Survey 
of Norway (Trondheim, Norway) and received his 
PhD at Stockholm University, Sweden. He studies 
Quaternary landforms and deposits to elucidate the 

mode and tempo of ice sheet dynamics over Quaternary time scales. 
His work is mostly focused on Northern Hemisphere glaciations, but 
he has also worked in Antarctica. His study methods include insitu 
cosmogenic isotopes and detailed studies of deposits through micros
copy, Xray fluorescence, Xray diffraction analysis, and other analytical 
methods.

Theodore Hanein is a chemist/chemical process 
engineer and a UKRI Future Leaders Fellow working 
on “Green, Circular, and Smart Cement Manufacture” 
in the Materials Department at the University of 
Sheffield, England. He completed his PhD in 2016 
at the University of Aberdeen, Scotland, where he 
specialized in calcium sulfoaluminate cement tech
nology and clinker thermodynamics.

Marie Jackson is a research associate professor in 
the Department of Geology and Geophysics at the 
University of Utah, USA. She investigates the 
material and mineralogical characteristics of 
ancient Roman architectural and marine con
cretes, as well as young basaltic analogs at the 
Surtsey Volcano (Iceland), to understand 
cementing processes in volcanic tephra systems 

in diverse chemical environments. Synchrotron Xray microdiffrac
tion (µXRD) analyses coupled with various spectroscopic analyses can 
describe these processes at the micrometerscale. She also explores 
selfsustaining cementitious systems in experimental reproductions 
of Roman concretes with reactive glass aggregates.

Annina Margreth is a researcher in the Section for 
Social Geology at the Geological Survey of Norway 
located in Trondheim. She studied geosciences at 
ETH Zürich (Switzerland) and worked a couple of 
years as a consultant geologist in Switzerland, where 
she gained experience as a site geologist on a large 
tunnel construction site. During her doctoral 
studies at Dalhousie University in Halifax, Canada, 

she applied cosmogenic nuclide dating to understand the glacial history 
and landscape evolution of the Canadian Arctic. She now combines her 
interest in applied geosciences, working with the Norwegian national 
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database for gravel and hard rock aggregate resources, with her scientific 
curiosity studying the development and change of the Scandinavian 
landscape as a result of glacial and weathering processes.

Kathryn Moore is a geologist who participates in 
and supervises research relating to orehosting geo
logical systems, and wholesystem solutions to 
secure supplies of critical raw materials. At the 
Camborne School of Mines (UK), she has codevel
oped transdisciplinary, lowfootprint solutions for 
extraction using smallscale, modular and mobile 
technologies, for critical raw materials, bulk metals, 

and nonmetal raw materials. Her work crucially considers whether 
current mining paradigms are wellsuited to the geological nature of 
raw materials, the scale of ore deposits, the footprint of supply chains, 
and environmental and social sustainability imperatives.

Herbert Pöllmann was a professor of mineralogy 
and geochemistry at MartinLutherUniversität 
HalleWittenberg, Germany, where he had been 
Dean of the Faculties of Geosciences and Natural 
Sciences and Engineering. He sadly passed away 
before the publication of this issue. He received a 
PhD from the University of Erlangen, Germany, in 
1984, with a thesis on the effects of pollutants and 

the formation of new crystals in hydraulic binders. His research activi
ties focused on applied mineralogy and on the crystal chemistry of 
cement binders, and he edited two books on this subject. He was 
chairman of the section of applied mineralogy of the German 
Mineralogical Society and the section of technical crystallography of 
the German Crystallographic Society.

John L. Provis is a professor of cement materials 
science and engineering at the University of 
Sheffield (UK), where he has led a team working on 
cements for sustainable construction and nuclear 
waste immobilization since 2012. He completed a 
PhD in chemical engineering at the University of 
Melbourne (Australia) in 2006, and works mainly 
on alkaliactivated cements and other lowcarbon 

cementitious binder systems using combinations of experimental and 
modeling approaches. He still classifies himself as a materials chemist, 
despite spending increasing amounts of time working with civil engi
neers figuring out how to make and use concretes more efficiently.

Encarnación Ruiz-Agudo is an assistant professor 
in the Department of Mineralogy and Petrology at 
the University of Granada, Spain. She is a chemical 
engineer who received her doctorate within the 
Earth sciences doctorate program. Her research 
focuses on obtaining a better understanding of the 
processes of dissolution, growth, and mineral 
replacement, as well as the effect of organic com

pounds on these processes, with diverse applications including the 
protection of ornamental materials used in built heritage, cement 
industry, biomineralization processes, and CO2 capture through car
bonate mineralization. She carried out pre and postdoctoral research 
at internationally renowned centers, including The Getty Conservation 
Institute (Los Angeles, USA) and the Institute für Mineralogie at the 
University of Münster (Germany), where she was funded by a Marie 
Curie postdoctoral contract in the group of Professor Andrew Putnis. 
Her research has received several awards, including the Arne Richter 
Award for Outstanding Young Scientists from the European Geosciences 
Union (2012) and the European Mineralogical Union Research 
Excellence Medal (2014).

Karen Scrivener has been a professor and Director 
of the Laboratory of Construction Materials in the 
Department of Materials of École Polytechnique 
Federale de Lausanne (EPFL), Switzerland, for the 
last 20 years. She is a Fellow of the UK Royal 
Academy of Engineering and an author of over 200 
journal papers. Her research focuses on under
standing the chemistry and microstructure of 

cementbased materials and improving their sustainability. In 2008, 
she came up with the idea for LC3 cement; this material has the poten
tial to cut CO2 emissions related to cement by more than 400 million 
tonnes per year. She received her bachelor’s degree in materials science 
from the University of Cambridge, England, in 1979 and her PhD from 
Imperial College London, England, in 1984.

Ruben Snellings recently became an associate pro
fessor of applied mineralogy at the KU Leuven 
(Belgium). Before he worked as senior researcher at 
VITO, the Flemish Institute of Technological 
Research (Belgium), where he was in charge of the 
scientific coordination of a wide range of mineral 
residue upcycling projects. He obtained his PhD in 
sciences (geology) at KU Leuven (Belgium) in 2011, 

and mainly studies sustainable cements and concrete incorporating 
primary and secondary resources (zeolites, slags, fly ashes, and calcined 
clays). After his PhD, he joined the Magnel Laboratory for Concrete 
Research at UGent (Belgium) as a postdoctoral researcher and the 
Laboratory of Construction Materials of EPFL (Switzerland) as a Marie 
Curie IEF Fellow. There, he specialized in Xray diffraction and electron 
microscopy analysis of cementitious materials. In 2016, he was awarded 
the RILEM Gustavo Colonnetti Medal for his contribution to construc
tion materials science as a young researcher.

Luca Valentini is an associate professor at the 
University of Padua, Italy. He holds a PhD in Earth 
sciences awarded by the University of Galway, 
Ireland. His expertise and research interests lie at 
the intersection between applied mineralogy, mate
rials science, and physical chemistry, and he com
bines experimental and numerical methods to 
assess the role of smallscale physical and chemical 

processes in determining the engineering properties of cementbased 
materials. He currently collaborates with several institutions based on 
the African continent concerning the use of calcined clays and other 
local raw materials for sustainable construction.

Zuhua Zhang is a professor of cementitious mate
rials at Hunan University in China. He particularly 
focuses on the research and development of low
carbon cement and concrete, as well as geopolymer
related, alkaliactivated materials. He has developed 
several strategic and patented methods of solving 
the most challenging issues for the application of 
this type of promising materials, such as reactivity 

assessment of raw materials, setting control, shrinkage reduce, and 
durability improvement. His recent projects are to turn industrial wastes 
into highperformance, geopolymerderived products including func
tional aggregate and marine concrete.
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ON THE PATH TO DECARBONISATION

Andrew J. Stewart*

DOI: 10.2138/gselements.18.5.291

Cement and concrete are the fundamental building mate-
rials of the modern built environment. Our cities grow to 
the sky and into the ground, all based on concrete and its 

key ingredient, cement. Concretes are changing, but the role of 
concrete in our world is not. At present, most concrete has signifi-
cant embodied CO2, but there is growing focus on changing that.

In 2006, I ended my academic career as an experimental geochemist 
and transitioned to a role at the global technical centre for one of the 
world’s largest cement companies. I became an expert in the chemistry 
and mineralogy of the clinker and cementmaking processes. I spent 
much time in various places around the world troubleshooting factory 
issues, training teams, and working on novel cements and production 
methods. In 2012, I left the technical centre and started on a journey 
within the business side of the industry, having the opportunity ini
tially to lead a concrete division and now today being responsible for 
a cement business.

Concrete and the cement that goes into it are 
truly fascinating materials. So many disciplines 
come together to make their magic: geologists and 
their kin enjoy the quarries we develop, chemists 
and mineralogists excite in the hightemperature 
process and laboratory work we employ, engi
neers marvel at the machinery able to churn 
out millions of tonnes of material, accountants 
enjoy cost accounting, and even marketeers hap
pily gnaw on the challenge to brand a grey monolith! However, the 
focus of this Perspective piece is narrow and more sinister: CO2. After 
safety, my industry is globally circled around a single critical goal: 
decarbonisation.

The metaphor ‘the elephant in the room’, describing a large, obvious, 
and critical situation that nonetheless no one seems to talk about, would 
accurately describe our industry’s view of CO2 until recent years. At the 
moment, however, all major cementproducing companies are commu
nicating loudly about their ambitions to reach Net Zero by 2050 and to 
take action to immediately reduce their footprints. The elephant is most 
definitely being talked about now. Our heads are no longer in the sand, 
we know we have a problem, and we need help to solve it.

Concrete is a CO2 intense product primarily because the cement going 
into it is CO2 intense. As described in detail in this issue, traditional 
cement is manufactured predominantly by driving CO2 out of limestone 
using heat primarily generated by fossil fuels. In other words, it is the 
perfect recipe for high CO2 emissions per tonne of product.

We tend to chop up our CO2 footprint into Scope 1 (our own direct 
emissions), Scope 2 (emissions for creating the energy we use, mostly 
electricity), and Scope 3 (emissions up and down the supply chain). 
While these different scopes help identify more directly to what extent 
we execute control over certain pieces of the CO2 footprint, they also 
remind us that, although we are predominantly focused on the CO2 
emitted from our factories, there is a wider system in place and emis
sions within the supply chain that we cannot ignore.

We also tend to look at specific emissions per unit, such as how much 
CO2 is released per tonne of cement, rather than total absolute CO2 
emissions. This view is debated, as increased overall production of 

a lowerCO2 cement may show an opposite trend depending on the 
metric. Both can be useful contingent on the context. Fortunately, when 
both numbers are zero, the debate becomes irrelevant.

Today, we are on the path to zero CO2. It is clear that this journey will not 
end overnight, but rather will require the ongoing quiet grind of both 
incremental improvements and local novel solutions that will spread 
over time. Innovations will occur across the value chain, including 
those directly within the manufacturers’ traditional control (pro
duction efficiency, binder/cement types) as well as those more often 
external (electricity generation, construction and design efficiency, 
national standards, carbon capture and utilisation/storage). The pieces 
of the puzzle are quite well known, but their sizes and shapes are under 
development. Countless small startups are moving fast and trying new 
things, many with direct support from my own team.

Over many years, the evolution of cement has shown improvements 
driven by efficiency. While CO2 has been reduced, this was previ
ously always of secondary importance and driven especially through 

plant modernisations, growth of alternative fuel 
sources, and development of alternative cementi
tious materials—all from a costimprovement 
perspective. In concrete, the same situation of 
efficiencyled improvements is the key to suc
cess, particularly concrete mix designs favouring 
cement reduction (as cement is a costly compo
nent). These developments will continue since 
efficiencyrelated cost savings will always be 

advantageous in a competitive market. The recent shift is that CO2 has 
rapidly grown to such a level of importance that it now rivals financial 
performance. This shift has been significantly driven both by the new 
environmental, social, and governance focus of stakeholders (including 
investors) as well as the implementation of CO2 cost schemes in var
ious jurisdictions. Simply put, a business previously reliant on nocost 
CO2 externalities can no longer assume this to continue to be the case 
in perpetuity and strong improvements are needed to maintain our 
informal, but powerful, ‘licence to operate’—the general acceptance 
of society that we offer more benefits than costs and should continue 
to provide these benefits.

Sustainability requires profitability. For the cement and concrete 
industry to continue to develop on a path to zero CO2 requires signifi
cant investment and, therefore, demands the outlook of a viable and 
profitable business. While we develop technical solutions to carbon, 
we must also develop commercially viable solutions for customers. 
Concrete is used so widely today because it provides quality and use
fulness unmatched at its cost. At present, many customers are interested 
in lowerCO2 options, but only so long as cost is not increased rela
tive to traditional materials. This paradigm is actively being resolved 
from two directions: first, CO2 credit schemes are increasing the cost of 
higherCO2 products and, second, lowerCO2 technology is improving 
and making these products more viable. Additionally, there is a small 
but growing pull effect from the final users of construction for more 
sustainable options. When home buyers, for example, demand (and are 
willing to pay for) lowerCO2 housing, home builders will be willing to 
build with more sustainable materials at potentially higher cost. It is 
clear that there is a value to reducedCO2 offerings, but at the moment, 
that value does not yet translate into dollars and cents. Hopefully, this 
will change in the nearterm.

I am a strong believer in economics driving behaviour, and one of the 
fascinating developments in the modern industrial era is the initia
tion of these various CO2 credit schemes around the world. While com
plicated in detail, the ambition to attach a cost to CO2 emission has 

* Lafarge Canada

Our heads are no longer in 
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wonderful consequences. Cement has always operated within classic 
industrial economics, which means there are high fixed costs for large 
production facilities (e.g., salaries) and variable costs per tonne (e.g., raw 
materials) for incremental production. Typically, once enough volume is 
sold to cover the fixed costs, profitability escalates substantially, hence 
maximisation of productive assets is highly incentivised. However, with 
CO2 credits required to be purchased above a certain threshold, these 
economics can be reversed and the final tonne produced can become the 
most expensive, not the cheapest, to produce. This turns the dynamic 
upside down, forcing incremental sale volumes to be more costly, thus 
incentivising lower CO2. This changes fundamentally which products 
should be produced and at what price they should be sold, especially as 
free CO2 allocations decrease and credits increase in cost.

With the CO2 intensity of traditional cement, one would expect other 
materials to readily substitute; however, building materials globally are 
constrained by mass balance: what is voluminous enough to be used to 
create the built environment? Calcium oxide and silica are fortunately 
very common in Earth’s crust and have the rare ability, at relatively low 
cost, to be transformed into a hydraulic binder. Concrete based on this 
binder has impressive working properties and incredible durability, 
along with a huge existing infrastructure put in place for its production, 
delivery, and use. At the moment, alternatives to cement and concrete 
are a combination of being very localised, difficult to work with, expen
sive, and lacking either strength or longevity.

Here, I should elaborate that concrete is not only a material but also 
an ecosystem enabling construction. There is a large logistics net
work behind the supply of the physical quantities of material, a vast 
established network of engineers and architects able to use concrete 
creatively and safely, and every city has thousands of trained people 
familiar with and competent to place concrete. There are complaints 
that our industry moves too slowly, and to some extent this is true 
because there is a risk aversion as the cost of risk can be quite high—ask 
yourself: ‘Am I comfortable building my home with a material that the 
engineer has not used before and constructed by a contractor unfamiliar 
with it?’ In the majority of our applications, tolerance for failure is zero, 
but need for innovation is vast; a paradigm we must balance.

Alternative binders, the socalled supplementary cementitious mate
rials (SCM), are already supporting the decarbonisation of concretes. 
Unfortunately, it seems unlikely that a complete solution with SCM 
is possible. The main materials in use today globally are fly ash (a by
product of coalfired electricity generation) and iron slag (a byproduct 
of iron production). Both of these materials are typically much less 
effective in generating early strength in concrete, a critical parameter, 
and both are dependent on industries that are actively reducing these 
byproducts in the name of climate change. While other SCM, including 
natural materials, offer significant local opportunities, in a global con
text, high transportation effort would be required, and these come with 
CO2 concerns as well. Nevertheless, SCM will continue to play a strong 
role in reducing the need for traditional cement, with availability and 
quality continuing to put a ceiling on global conversion.

Notwithstanding the improvements in cement and concrete that we 
make, the future is a world of quality and circularity. We need to build 
our environment robustly so that it lasts and can be refurbished instead 
of replaced. When we do replace our constructed areas, they need to be 
ready to be deconvoluted in such a way that the pieces can be reused 
in valueadded ways and not discarded. For example, we may pour a 
concrete foundation for a home that will last 100 years. When the home 

eventually is to be replaced, the concrete in the foundation can be recov
ered to create fresh materials, for example, by crushing and reuse in 
fresh concrete to make a new 100yearlasting home. In this context, 
we must also, as a society, become more hesitant to replace things that 
still have usable life; fashion and style can have a hefty CO2 footprint! 
We must do more with the total life cycle concept. Here again, a balance 
must be achieved as we are at a critical moment in time and CO2 savings 
many years away will not help us reach our goal in a timely manner. 
At the same time, installations with much longer functional lives can 
have a dramatic positive impact overall, for example, compare a bridge 
needing replacement after 100 as opposed to 50 years.

I work in a terribly exciting industry with hardworking people pas
sionate about making, moving, and selling things that we can reach 
out and touch. I think about a project to build a bridge that might link 
my town to the city my daughter may live in one day or the apartment 
building where my son will one day fall in love. Cement and concrete 
quietly support our lives in a literally foundational way. We have an 
enormous challenge to meet with CO2 reduction, but with a worldwide 
focus and intelligent people making fantastic innovations, I believe we 
will reach zero CO2.

The future will be a combination of innovations to maintain and 
enhance our living conditions through both better building materials 
and better building with no CO2 footprint. A large place remains for 
cementitious binders and the concretes based on these binders for many 
years into the future. Concrete will continue to be a key construction 
material as we progress to lower CO2 levels in the nearyears, as well as 
on the midterm when we reach Net Zero, and in the longterm when 
we pass that goal.

One of the beautiful things about the number zero is its indivisibility. 
Once we are at zero, there are no incremental reductions, one cannot 
double or halve it. It does not matter if one discusses specific emissions 
per tonne or total emissions; it really is a special number. A number 
we will reach.
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How to form blocks into a durable structure was a dilemma that 
confronted our ancestors almost as soon as they decided to settle in 
one place. Getting the blocks was laborious but simple; if there were 
no stones around to quarry and dress, a sundried or baked mix of mud 
and straw could make a decent brick. But putting these blocks together 
into a wall that could withstand time and the elements? That took one 
of two things: money, or lime.

From Mexico to Mycenae, the wealthiest could afford to have teams of 
masons cut and dress stones and fit them together like a jigsaw puzzle. 
Not even a knife blade could slide between the cracks of this Cyclopean 
or megalithic (sometimes called drystone) construction.

What remains of most ancient civilizations consists disproportionately 
of such majestic stonework. But these massive structures represent 
average ancient living about as well as the Lincoln Memorial represents 
the modern way of life. All around the ancient world, anyone without 
the means to hire laborers by dozens and masons by batches had to use 
some kind of mortar to hold brickwork or stones together. The peasantry 
of Babylon and Assyria would gather bitumen from nearby oil seeps and 
use it as mortar between bricks. The Indus Valley civilizations, lacking 
natural asphalt, stuck bricks together with a “Vajralepa mortar” tenta
tively identified as a plaster made with turpentine and various herbs. 
Later, the settlers of Iceland would put patches of living moss between 
stones, letting it grow into a tough binder for the wall. Most civilizations 
did not have such options, though, and for them, mud was the easiest, 
cheapest, and first mortar. The huts of ancient Egypt were made of bricks 
held together with Nile mud, slopped on when wet and dried in place. 
Such mud mortars between stone or brick were also common in much 
of the rest of Africa and probably in most of the rest of the prehistoric 
world as well (Carran et al. 2003).

But mud has never been a good substitute for money, especially in 
construction and most especially in any climate where it rains. That 
was why standards of living around the world took a big step up when 
people began using mortars based on lime. A calcium oxide produced 
by burning or calcining limestone in a kiln, lime is white, alkaline, 
caustic, incredibly sticky when wet, and hardens into a tough, long
lasting cement.

Lime predates letters by millennia, so nobody is quite sure exactly how 
it originated. Neolithic people of the ancient Middle East were burning 
lime by 12,000 BC, long before they ever began firing pottery (Kingery 
et al. 1988). They gathered limestone and gypsum and heated them, 
leaving behind white powders. Mixed with water and left to dry, such 
powders would set into a hard white mass that made a fine plaster to 
coat floors and walls with (Fig. 1) and, in the case of lime, a pretty 
good adhesive too (the gypsum version was much less sticky, more like 
modern wallboard).

Where fuel was scarce, most people preferred to make their plasters and 
whitewashes from gypsum. Unlike limestone, it only had to be burned 
to about 200–400 °C, a temperature range easily reached over an open 
fire. Even when limestone littered an area and was the building stone of 
choice, gypsum was what the inhabitants of a fuelpoor region would 
calcine into a plaster. The ancient Egyptians lived on limestone but went 
on making plaster out of gypsum right up until the Romans arrived.

Limestone was much harder to calcine. It took three or four days of 
heating at close to 900 °C to burn off carbon and form pure anhydrous 
calcium oxide or quicklime (CaO). Such temperatures are reachable in 
an open fire, but hard to maintain for remotely that long. Producing 
lime with any kind of scale and efficiency required a furnace, and the 
kilns developed for calcination were probably the direct  ancestors of 

those that would later fire ceramics around the Middle East (Frierman 
1971). Even in a kiln, limeburning was a difficult and fuelinten
sive process, requiring two tons of hardwood fuel and 1.8 tons of 
limestone to produce a single ton of quicklime (Kingery et al. 1988). 
Once produced, this would be mixed with water to form a paste of 
slaked lime (Ca(OH)2). This was stored in tight containers until it was 
needed, then taken out and applied to the target surface. As slaked lime 
dried and cured, it absorbed CO2 from the atmosphere, returning to 
its original calcium carbonate form and coating whatever it stood on 
with the equivalent of a limestone cement. As a plaster, it was only a 
marginal improvement on gypsum, but when mixed with sand, ground 
limestone, or other aggregate, it made a hard, strong, moistureresis
tant, and tough cement (Kingery et al. 1988).

Making and slaking lime was a mature industry by the time Methuselah 
was in diapers. Archaeologists at Hayonim Cave in Israel have excavated 
the remains of a lime kiln almost eight feet in diameter, dated to before 
10,000 BC (Kingery et al. 1988). The Cementerio de Nanchoc in Peru 
housed a major multihearth limeburning operation dated between 
5300 and 4800 BC (Dillehay et al. 1997). In India, the early Proto
Harappans made lime plasters between 3500 and 2500 BC, but only 
on an occasional basis. In China, the first firm evidence dates from the 
Shang dynasty in the second millennium BC (Carran et al. 2003). This 
may have been about the same time that limeburning developed into 
a largescale industry in ancient Mesoamerica, where the Mayas were 
burning lime by 1100 BC in pitkilns more than 13 feet in diameter, 
and the Oaxacans may have started even earlier (Seligson et al. 2019).

In northern Africa and Eurasia, almost all ancient societies first used lime 
for stuccos and particularly for plasters (Carran et al. 2003). Dishware 
was another use; ancient Mesopotamians had bowls and jars made of 
lime plaster centuries before they fired their first clay pots (Frierman 
1971). In contrast, the prehispanic civilizations of the Americas burned 
lime mostly for ingestion. For the Mayas, lime was an additive to maize 
and perhaps to tobacco, whereas for preceramic Peruvians, the main 
purpose of limeburning was producing cal to mix with coca leaves 
(Dillehay et al. 1997; Seligson et al. 2019).

Perhaps because most people there were more accustomed to chewing 
than troweling it, use of lime as mortar was late and sparse in the 
Americas. Peruvian masons in the Andes continued carving and jigsaw
fitting megalithic stones into place for millennia right alongside of 
what was apparently a largescale limeburning industry. Only during 
the Inca period, and in the cheaper types of construction, was lime 
used for mortar. To the north, the opposite trend prevailed among the 
Aztecs, whose elites enjoyed houses built with dressed stone and lime 
mortar while the commoners lived amid adobe (Carran et al. 2003). The 
only ancient American civilization that routinely built with lime on a 
large scale was the Mayas, whose capital lay on the extensive limestone 
layers of the Yucatan Peninsula. While plasters and food additives also 
remained the principal use of lime among the Mayas, many of their 
large monuments from the midfirst millennium BC and later are held 
together partly by lime mortars (Fig. 2). Over time, Mayan plasters and 
mortars became thicker, stronger, and more durable as limeburning 
and associated technology grew more sophisticated. A particularly 
notable Mayan development was the mixture of local volcanic ash with * Department of Mining and Geological Engineering   

University of Arizona, USA

Figure 1 Remains of a 
probably 

Roman-era mud-brick wall 
partially covered with plaster 
at the archaeological site of 
Kellis, Egypt. Image from the 
Institute for the Study of the 
Ancient World.
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the lime to create a pozzolanic cement, an exceptionally strong binder 
otherwise found only in ancient Roman and modern Portland cements 
(Carran et al. 2003).

Eurasian and North African civilizations, lacking coca and maize, 
used lime primarily in plasters and began applying it in mortars at 
a relatively early date. Possibly this was due to the observation that a 
good lime plaster could outlast some of the walls and floors it covered, 
which might have suggested that it could hold the walls together better 
than mud. In the first millennium BC, the Chinese began using lime 
mortars in the tombs of departed dukes, and a few centuries later, every 
major construction project had a set of lime kilns on site. Mixed with 
sand, various fruit and vegetable juices, and loess, the resulting cement 
called tabia proved widely popular for numerous centuries (Carran et 
al. 2003). The addition of sticky rice vastly improved the compres
sive strength and toughness of the mortar; some archaeologists credit 
this with the survival of multiple medieval Chinese towers through 
several large earthquakes and the Cultural Revolution’s bulldozers. Such 
organic admixtures were common for various purposes. In Mauryan 
India, hemp was mixed with lime mortar to hold floors together and 
improve water absorption. Ordinary mixtures of lime with sand and 
other aggregates were common around the Eurasian and North African 
sphere during classical times (Carran et al. 2003).

By far the most prolific ancient users of lime were the Romans. Mortars 
made of lime were common during the early Republican period, and 
by the second century BC, Roman mortars and cements had developed 
into the famous Roman concrete. This, like mortar, was a mix of lime 
with aggregate. But instead of being troweled onto bricks, it was poured 
into a mold and allowed to harden into its final shape. When the lime 
was mixed with a volcanic ash, as well as with aggregate, the result 
was even better. Ordinary or nonhydraulic lime mortars and cements 
could harden only if the air and surrounding brick or block absorbed 
the water from them and supplied carbon dioxide. In contrast, volcanic 
ash could make a hydraulic cement that hardened by chemical reactions 
between the calcium in the lime and the highly reactive aluminum 
and silica in the ash. These reactions would take place dry or under
water and keep going for millennia, producing a tough binder that grew 
tougher over time (Jackson et al. 2017). The best volcanic ash for such 
purposes was found near Puteoli, and the cement bore a mildly mangled 
version of its name, pozzolana. “Impregnable to the waves and every 
day stronger” as Pliny the Elder described it, the concrete made with 
this ancient version of Portland pozzolanic cement was the mainstay of 
Rome’s more monumental constructions. Everything from runofthe
mill harbor walls to the Pantheon’s 43meterwide dome (Fig. 3) relied 
on volcanic ash and lime. According to mineralogists, the surviving 
pozzolanic concretes the Romans built continue to grow stronger and 
harder even today (Jackson et al. 2017).

Lime was late to appear in some regions of the globe, probably for 
reasons related to global trade routes and geology. As one example, 
SubSaharan Africa was virtually isolated from Eurasian and North 

African trade until about the ninth century AD, when Muslim traders 
began routine trade around the Horn of Africa and down the Swahili 
coast. Around that time, lime plaster appeared in Tanzania, made in 
large kilns set up near ancient coral outcrops (Ichumbaki and Pollard 
2015). Otherwise, the use of lime was rare in SubSaharan Africa until 
relatively recent times. It was not for lack of technology: by the time 
lime kilns appeared, the southern African ironsmelting tradition was 
centuries old and similar furnaces could easily have calcined lime. It is 
possible that they simply lacked the obvious and widespread limestone 
resources of other regions. The places with early and extensive lime use 
tended to coincide with large outcrops of limestone or chalk. Scarcity 
of suitable carbonate did not necessarily condemn an area’s residents 
to a limeless life, as ancient Peruvians demonstrated. But, as with most 
other natural resources, geology did give an advantage to civilizations 
that lived around shelf carbonates.

Lime, of course, had many more uses and a much broader history than 
this article has space to cover. As Portland cement, it continues to hold 
the building blocks of modern civilization together. But I hope this 
short discussion has helped introduce how lime, as plaster and then 
mortar and finally concrete, evolved from floor to more.
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Cement and Concrete—Past, 
Present, and Future

INTRODUCTION
Concrete is omnipresent in our day-to-day lives. Often 
without even noticing it, we rely on concrete all day long. 
Whether it is the shelter of our houses, schools, workplaces, 
or hospitals, the water we drink, the energy we use, the 
bridges or roads we drive on, or sanitation keeping us 
healthy, concrete structures and products play a key role 
in delivering these services. Concrete is, literally, the 
foundation of present-day urbanized societies and closely 
follows the footsteps of mankind on Earth and one day, 
likely, beyond.

Our dependence on concrete is probably best illustrated 
by a few astonishing statistics. Today, concrete is the 
second-most used substance by mankind, after water. 
About 30 billion tonnes of concrete are produced every 
year. If all that concrete were to be poured into a prism 
with a 1-km2 base at sea level, the prism would reach 
almost twice the height of Mount Everest. A recent study 
estimated that concrete today represents about 60% of all 
human-made mass ever produced (Elhacham et al. 2020) 
(Fig. 1). Sometime between 2030 and 2035, the total mass 
of concrete will surpass the total living biomass, on a dry 
weight basis.

Concrete is commonly perceived 
as a bulky, grey, somewhat dull 
material that appears whenever 
cities develop and sprawl. In 
urbanized areas, its presence can 
be so overwhelming that concrete 
is endowed with negative connota-
tions such as the “concrete jungle” 
that, in fact, are more related 
to poor urban planning than to 
the material itself. The success 
of concrete as a construction 
material is grounded in three main 
assets; its price: no other structural 
material is as affordable; its versa-
tility: it can be cast into almost any 

shape; and its accessibility: it is made from abundant raw 
materials and is easy to produce and apply.

The downside of this success is the massive environ-
mental impact of concrete production, and in particular 
of Portland cement, the binder that holds the aggregates 
(sand and gravel) together. Portland cement is produced 
by heating a raw meal (a mixture of clay and limestone) 
to 1450 °C. The limestone (mainly CaCO3) loses its CO2 
and the remaining CaO reacts with the silicates and alumi-
nates of the clay to form Portland clinker (millimeter- to 
centimeter-sized nodules consisting of mineral phases 
that form upon thermal treatment of the raw meal defined 
above), which is the main constituent of Portland cement. 
The production of 1 tonne of clinker emits about 875 kg 
of CO2, 60% of which originates from the limestone and 
the remaining 40% originates from the energy required 
for the process. Although the amount of emitted CO2 (and 
the embodied energy) per unit mass is small in  comparison 

T he need to meet the globally increasing demand for construction 
materials, while reducing the environmental impact of cement and 
concrete production, poses a technological and societal dilemma. Detailed 

knowledge concerning the mineralogical, geochemical, and microstructural 
features of ancient and modern binders is fundamental for novel, sustainable, 
cement-based materials to be designed, manufactured, and deployed. This 
introduction provides several basic concepts related to cement and concrete, 
as well as a general overview of the role played by these construction materials 
in ancient civilizations and in today’s society, and of how they are expected to 
evolve to ensure a sustainable, inclusive, and resilient urban future.
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with other manufactured materials (Fig. 2), the huge 
volume produced (4.2 billion tonnes per year) makes the 
cement sector responsible for 8%–10% of all anthropogenic 
CO2 emissions (Scrivener et al. 2018).

ROMAN CONCRETE AND ITS LEGACY
The story of concrete is rooted in ancient times. Elsen et 
al. (2022 this issue) describe how historical technological 
progress leveraged the introduction of ever more perfor-
mant binders, mortars, and concretes. The most ancient 
civilizations developed masonry techniques where stones 
or bricks are laid in and bound together by mortar. Initially, 
these mortars were a mixture of sand and an inorganic 
binder (e.g., clay, plaster, lime) that harden by drying or 
exposure to air. These binders were generally not resistant 
to water. Roman engineers were the first to adopt an opus 
caementicium, or Roman concrete, which was a blend of 
lime, volcanic earth (pozzolan), and aggregates, for the 
construction of buildings and infrastructure. Such concrete 
could be made water-resistant and enabled the construc-

tion of marine harbors for trade and military purposes, 
aqueducts for water supply, and even sanitation systems 
such as Rome’s Cloaca Maxima to sustain urban growth. 
Famous examples of Roman construction prowess, such as 
the Pantheon in Rome, still stand today (Fig. 3A). Much of 
the Roman knowhow of concrete, however, was lost during 
the Middle Ages. Eventually, the rediscovery of Vitruvius’ 
opus during the European Renaissance led to a revival of 
concrete-making based on antique recipes involving lime 
and pozzolans.

Today’s concrete hardens much more rapidly and reaches 
higher strengths than Roman concretes. This is because 
Portland cement is used as the binder. As Scrivener and 
Snellings (2022 this issue) explain, temperatures of 1450 °C 
are required to form the rapidly hydrating calcium silicate 
and calcium aluminate minerals in Portland clinker. It is 
therefore no coincidence that both Portland cement and 
steel were developed during the 19th-century Industrial 
Revolution simultaneously with the technology that 
enabled the control of high kiln temperatures for large 
kiln loads. In the decades that followed, experiments 
with steel rebars (short for reinforcing bars) embedded in 
hardened concrete led to the important development of 
reinforced concrete, a superior material that combines the 
assets of concrete with the high tensile strength of steel. 
Reinforced concrete revolutionized construction practices 
and is nowadays widely used as slabs, beams, and columns 
in buildings, transportation infrastructure, and dams 
(Fig. 3B–3D).

CURRENT CHALLENGES
The 2030 Sustainable Development Goals (SDGs) include, 
among others, actions oriented toward building resilient 
infrastructure (SDG 9), planning sustainable and inclusive 
cities and settlements (SDG 11), ensuring the sustainable 
consumption of raw materials and production processes 
(SDG 12), and mitigating climate change (SDG 13). Given 
this global background, the evolution of the cement and 
concrete industry both in the near future and in the long 
term is constrained by demographic dynamics, urban-
ization (Fig. 4), and the rise of “megacities” triggering 
an increasing demand for building materials. At present, 
about 50%–60% of all concrete worldwide is made and 
used in China and, in a little over two years, China will 
annually produce as much concrete as the USA produced 

over the entire 20th century (Smil 2013). While 
concrete production in China is projected 
to gradually decline over the next decades, 
demand for concrete will surge in the Global 
South spurred by population growth, urbaniza-
tion, and economic development. The rate of 
urbanization is increasing at a particularly fast 
pace, especially in emerging economies where 
migration from rural areas is exerting a strong 
pressure on urban settlements (UN Department 
of Economic and Social Affairs 2019). To meet 
urbanization demands on a global scale, the 
equivalent of New York City will need to be 
built every month. Current projections predict 
that the three biggest cities in the world by 2100 
will be in Africa, with an estimated popula-
tion of nearly 90 million inhabitants for the 
largest city, Lagos, in Nigeria (Hoornweg and 
Pope 2017). Rapid urbanization and poor urban 
planning have generated a dramatic housing 

deficit in Sub-Saharan Africa (Bah et al. 2018), which needs 
to be urgently addressed. An  important constraint in the 
development of affordable housing in these countries is the 
current cost of building materials that are often imported 

Figure 2 Range of values of embodied CO2 and energy (per 
unit mass) for commonly manufactured construction 

materials. Although the plot shows that cement and concrete have 
a relatively small CO2 footprint, the enormous amounts produced 
result in huge CO2 emission levels. Modified after Barcelo et al. 
(2013).

Figure 3 Examples of ancient and modern concrete structures. 
(A) The dome of the Pantheon in Rome, Italy is the 

most famous example of an ancient lightweight concrete structure 
in which common coarse gravel aggregates were substituted with 
pumice to make the structure lighter. (B) A high-rise building in 
Berlin, Germany. (C) The Millau Viaduct, France. (D) The Verzasca 
arch dam, Switzerland.
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and need to be transported over long distances. For example, 
the World Bank estimates that in countries such as Ghana, 
where the scarcity of limestone of appropriate quality poses 
a hindrance to the development of local production plants, 
the import of Portland cement clinker is worth about 0.3% 
of the national gross domestic product. Therefore, research 
into cement materials will have to identify new pathways 
to a sustainable supply of construction materials. These 
pathways should foster the use of local raw materials and 
minimize the overall cost of cement binders, as well as 
reduce the environmental footprint associated with the 
production processes. Some of the aspects related to the 
current and future scenarios in Sub-Saharan countries are 
illustrated and discussed in more detail in Valentini et al. 
(2022 this issue).

Whereas the supply of affordable and sustainable building 
materials for housing and new infrastructure will be the 
main challenge in the Global South, OECD (Organization 
for Economic Cooperation and Development) countries 
will have to tackle the issue of ageing buildings and infra-
structure. The current COVID-19 pandemic and ongoing 
Ukraine crisis have induced a global contraction in the 
construction and building materials sector, which is 
associated with, among other factors, the disruption of 
supply chains, volatility of energy costs, and steep price 
inflation. Recovery measures can support the transition 
toward an innovative and sustainable construction sector, 
which will, in turn, stimulate economic growth and job 
creation. In a scenario in which climate change dramati-
cally increases the occurrence of extreme weather events, 
efficient, reliable, and low-CO2 cement and concrete will 
be massively needed for restoring and rebuilding disaster-
resilient infrastructure, in accordance with larger political 
frameworks such as the United Nations’ Paris Agreement, 
the European Union’s Green Deal, or the United States’ 
Build Back Better plans (Fernandez and Ahmed 2019). 
This will require widespread adoption of retrofitting and 
renovation interventions to improve the structural and 
thermal performance of existing buildings, by the designed 
materials having better thermal insulation properties and 
longer service life, fire resistance, and optimal adhesion to 
substrates such as masonry units.

Given the present world of fast demographic and urban 
expansion, and unprecedented technological development, 
the composition of cement, surprisingly, has not changed 

much over the 200 years since Portland cement was first 
invented. The current global societal and technological 
challenges, therefore, represent a significant opportu-
nity to stimulate innovation in the cement and concrete 
industry. The cement of the future will have to be compat-
ible with the sustainable development agenda, by ensuring 
and enabling climate neutrality, resource efficiency, and 
waste minimization, as well as economic viability.

BUILDING A SUSTAINABLE URBAN FUTURE
The global pressure to mitigate climate change has resulted 
in an increasing focus on cement production–related 
CO2 emissions. Given that 60% of the CO2 embodied 
in Portland cement derives from the decarbonation of 
limestone during the thermal treatment of raw meal to 
produce clinker, the most obvious strategy to reduce CO2 
emissions is to minimize the use of Portland clinker along 
the entire value chain, from cement to concrete to the 
actual structures built from them. One straightforward 
step is to produce blended cements where the Portland 
clinker is partially replaced by so-called “supplementary 
cementitious materials” (SCM; see definition in Table 1). 
Supplementary cementitious materials can be primary 
resources such as calcined clay, volcanic ash, or milled 
limestone, as well as secondary resources such as fly ash 
from coal combustion and ground granulated blast furnace 
slag from the production of pig iron, the first step in the 
steelmaking process. Reducing the amount of Portland 

Figure 4 Distribution of the world population in urban and 
rural areas starting in the year 1800 with predictions 

up to the year 2050. Retrieved from Our World in Data 
(ourworldindata.org/world-population-growth) on 
26 October 2021.

Table 1 GLOSSARY OF COMMON TERMS IN CEMENT 
AND CONCRETE SCIENCE.

Aggregate Fine (sand) and coarse (gravel, crushed rock) 
inert particles held together by a binder in 
cement-based materials such as mortars and 
concrete.

Binder Commonly powdered material that reacts with 
water (and atmospheric CO2), forming new 
mineral phases and developing cohesive 
properties.

Cement Inorganic, non-metallic mineral binder.

Clinker Sintered granular material, obtained by burning 
raw materials, that becomes reactive in aqueous 
media upon grinding.

Concrete Construction material, similar to natural 
conglomerates, produced by mixing a hydrated 
cement binder with fine and coarse aggregates.

Durability A property expressing the capacity of building 
materials to resist weathering by external agents 
(e.g., carbonation, sulfate, chloride attack).

Hydraulic Relative to a binder that is capable of setting and 
hardening in the presence of water.

Mortar Mixture of fine aggregates (sand), cement, and 
water, commonly used to fix masonry units 
together.

Paste Viscous material with cohesive properties, for 
instance, obtained by mixing cement with water.

Pozzolan Natural or artificial fine-grained, usually mostly 
glassy, material that is commonly enriched in Si 
and Al and reacts with lime and water to form 
insoluble hydration products.

SCM Acronym for “supplementary cementitious (or 
cementing) material” defining a series of 
powdered materials that can partially substitute 
Portland cement and, by chemical reaction, 
contribute to the performance of the cement.

Set Loss of plastic behavior of fresh cement paste, 
mortar, or concrete.

Workability Generic term expressing the capacity of a 
cement-based material, in the fresh state, to 
flow, such that it can be easily mixed and 
poured.



ElEmEnts OctOber 2022298

clinker in cement and concrete by substitution with SCM is 
the most direct and fastest route to mitigate CO2 emissions 
from clinker production and requires only limited finan-
cial investment, given that the overall production process 
is not significantly modified. Nonetheless, the partial 
replacement of Portland cement by less rapidly reacting 
SCM may lead to slower strength development, which could 
counteract the production capacities in precast concrete 
factories or increase the duration of construction work. The 
continuing trend to ever higher Portland cement substitu-
tion rates is accompanied by intense research efforts into 
raw material pre-treatment, cement formulation, and use 
of chemical admixtures to optimize the performance of 
the cement and meet end-user expectations.

Alternative production processes for the manufacture of 
Portland-free cements are also being intensively explored, 
as reviewed by Hanein et al. (2022 this issue). Partial 
cement replacement by SCM and alternative cements are 
of increasing interest in current research because they can 
help gradually reduce CO2 emissions. However, given the 
increasing demand for cement and concrete, additional 
end-of-pipe solutions are likely needed to completely stop 
residual CO2 from reaching the atmosphere. Geological 
sequestration will play a major role in this scenario (Oelkers 
and Cole 2008). From this perspective, the design of special 
cements with enhanced properties in terms of resistance to 
degradation and failure in contact with supercritical CO2 
represents a relevant point of interest for the sealing of 
depleted hydrocarbon reservoirs to be used for CO2 seques-
tration (Nasvi et al. 2014; Tiong et al. 2019).

A PRIMER ON CEMENT MINERALOGY 
AND CHEMISTRY
When reading scientific literature on cement and concrete, 
a non-specialist may be somewhat puzzled by the nomen-
clature adopted to describe mineral phases and chemical 
compounds. A specific simplified convention for the 
naming of cement mineralogical phases has been used for 
nearly a century (Rankin and Wright 1915). This nomen-
clature adopts a single capital letter to define a given 
oxide (Table 2) such that long chemical formulas can be 
written in an abridged form. A special convention is used 
for the so-called C-S-H phase, which is the main hydration 
product of Portland cement. This calcium-silicate-hydrate 
has a defective nanocrystalline structure (Fig. 5), with 

affinity to that of the mineral tobermorite, and a variable 
 stoichiometry, which varies during the different stages of 
the hydration process as a function of the aqueous solution 
composition. Here, the hyphens denote the non-fixed 
chemical composition of this phase.

The main mineralogical phases occurring in cement 
systems, along with their cement chemistry notation, are 
summarized in Table 2. Some phases that form during 
clinker production or cement hydration also occur as 
natural minerals, mainly in metamorphosed and metaso-
matized xenoliths in basalts or in contact metamorphosed 
limestone or skarn. Famous localities where such natural 
occurrences have been observed are Crestmore, California, 
USA (Pemberton 1983) and the Hartrurim formation in the 
Maquarin area in Jordan (Vapnik et al. 2007). Anhydrous 
cement minerals and their hydration products have also 
been observed in basaltic vugs in the Eifel Mountains in 
Germany (Engelhaupt and Schüller 2015).

A shortlist of commonly used terms in cement science is 
given in Table 1. Readers are invited to refer to this glossary 
during the reading of this and other papers in this issue.

Figure 5 Tobermorite-like structure of C-S-H. Silicate 
tetrahedra are represented in dark blue, with Ca in 

seven-fold coordination in light blue; individual atoms of oxygen 
and hydrogen are colored in red and white, respectively. Image 
courtesy of Gregorio Dal Sasso, Italian National Research 
Council.

Table 2 SUMMARY OF THE MAIN PHASES OCCURRING IN PORTLAND CEMENT SYSTEMS AND THEIR “CEMENT CHEMISTRY 
NOTATION.” In the last column, C = CaO; S = SiO2; A = Al2O3; F = Fe2O3; H = H2O; $ = SO3; c = CO3; and M = MgO. The first 

four minerals in the list are anhydrous phases present in ordinary Portland cement prior to the onset of hydration. The remaining mineral 
phases are hydration products. For simplicity, C-S-H is here likened to tobermorite, though the former has a defective structure and a 
higher Ca/Si ratio.

Mineral name Technical name Formula Cement notation

Hatrurite Alite Ca3SiO5 C3S

Larnite Belite β-Ca2SiO4 C2S

– Aluminate (Celite) Ca3Al2O6 C3A

Brownmillerite Ferrite Ca4Al2Fe2O10 C4AF

Tobermorite C-S-H Ca5Si6O16(OH)2·4H2O C-S-H

Portlandite – Ca(OH)2 CH

Ettringite – Ca6Al2(SO4)3(OH)12·26(H2O) C3A·3C$·H32

Kuzelite Monosulfoaluminate Ca4Al2(SO4)(OH)12·6H2O C3A·C$·H12

– Hemicarboaluminate Ca4Al2(CO3)0.5(OH)13·5.5H2O C3A·0.5Cc·H12

– Monocarboaluminate Ca4Al2(CO3)(OH)12·5H2O C3A·Cc·H11

Hydrotalcite – Mg6Al2(CO3)(OH)16·4H2O M6AcH12

Katoite Hydrogarnet Ca3Al2O6·6H2O C3AH6
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THE ROLE OF THE GEOSCIENTIST
Given that concrete is akin to artificial rock, it is easy 
to imagine how scientists and professionals trained in 
geological disciplines can play a relevant role in cement 
and concrete science and manufacture. In fact, a significant 
number of geologists are employed by cement, aggregate, 
and even concrete producers. A detailed knowledge of the 
mineralogy, geochemistry, and microstructure of ancient 
and modern binders is fundamental to engineer novel, 
sustainable binders. Additionally, geological exploration 
is key to the extraction and supply of the raw materials 
used for cement and concrete production. These mineral 
resources also require accurate mineralogical and chemical 
characterization to ensure they meet specific quality 
criteria. Issues related to the supply of raw materials for 
cement and concrete production, and its environmental 
impact, are discussed by Valentini et al. (2022 this issue).

The complex small-scale processes occurring at the solid–
liquid interface (Putnis and Ruiz-Agudo 2013) during 
cement hydration bear resemblance to those occurring 
in supersaturated solutions in sedimentary and magmatic 
systems, encompassing a series of mechanisms such as 
dissolution, diffusion, nucleation, and growth, leading to 
the formation of microstructures consisting of randomly 
oriented polycrystalline aggregates. Such microstruc-
tures are commonly investigated by means of analytical 
techniques, such as electron microscopy (Fig. 6), which are 
well established in the fields of mineralogy and petrology. 
Apart from the processes that occur during cement hydra-
tion, mineralogical, petrographic, and geochemical inves-
tigations are relevant to the study of concrete degradation 
processes, which are analogous to weathering mechanisms 
occurring in natural rocks. Specific advanced microscopy 
techniques, by which this task can be carried out, are 
described by Broekmans et al. (2022 this issue). The study 
of concrete degradation is fundamental for establishing the 
service life of buildings and infrastructure and for sched-
uling prompt and effective maintenance.

We trust that this issue of Elements will demonstrate that 
mineralogy and geochemistry can play a key role in the 
transition toward a greener cement and concrete industry 
and stimulate the interest of geoscientists toward sustain-
ably built environments.
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Figure 6 (A) Scanning electron microscopy cryo-image of a 
hydrating cement system (24-h reaction time). Frozen 

water is represented with false color in blue. (B) Scanning electron 
microscopy image of a typical Portland clinker mineral assemblage 
comprising pseudohexagonal alite, elongated belite, and intersti-
tial crystallized melt phases (aluminate and ferrite).
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TRIBUTE TO HERBERT PÖLLMANN (1956–2022)

When planning the contents of this issue of 
Elements, we, the Guest Editors, had discussed 
suitable candidates to write an introductory 
chapter to provide context and framework for 
the topic. The decision to invite our colleague 
and friend Prof. Dr. Herbert Pöllmann was 
quick and unanimous, recognizing his 
pioneering research on the mineralogy of 
cement and concrete. Sadly, Herbert left us 
unexpectedly on 05 May 2022, shortly before 
his retirement scheduled in late June. When 
Herbert passed away, he was still working on 
a revision of his contribution (Pöllmann et 
al. this issue).

Herbert was born in Waldsassen, Germany, in 1956. 
He studied mineralogy at the University of Erlangen-
Nürnberg, earning his PhD in 1984 (Pöllmann 1984), 
and was a professor of mineralogy and geochemistry at 
Martin Luther University Halle-Wittenberg from 1994 to 
2022. Particularly notable is his research on the crystal 
structure of kuzelite (Pöllmann et al. 1997), a hydration 

product of Portland cement (commonly 
referred to as monosulfoaluminate in cement 
science; see Table 1 in Pöllmann et al. this 
issue) that rarely occurs in natural rocks, and 
that of carboaluminate phases (Runčevski et 
al. 2012) that form in hydrated cements in 
the presence of dissolved CO2. In addition 
to kuzelite, he worked on four other new 
minerals: serrabrancaite (Witzke et al. 2000); 
fluoronatromicrolite (Witzke et al. 2011); 
lagalyite (Witzke et al. 2017); and freitalite 
(Witzke et al. 2020).

Herbert had a wide research network, also collaborating 
on the applied mineralogy of industrial wastes and mining 
tailings (Pöllmann 2010). He published over 150 articles 
on mineralogical, crystallographic, and geochemical 
research; served as the editor of books on the mineralogy 
and chemistry of cement (Broekmans and Pöllmann 2012; 
Pöllmann 2017); and organized and/or participated in 
many conferences, excursions, meetings, and international 
research committees on these topics.

Apart from these professional achievements, Herbert was a 
friendly person, very approachable, inclusive and gregar-
ious, and beloved by colleagues, students, and many, many 
others. Herbert is survived by his wife and son. We honor 
his service and contribution to this issue of Elements, to 
science, and to society.

Luca Valentini, Maarten Broekmans, Jan Elsen, 
and Ruben Snellings
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Historic Concrete Science: 
Opus Caementicium to 
“Natural Cements”

ANCIENT AND HISTORIC CEMENTITIOUS 
MATERIALS
A variety of geologic binding materials have been used 
in ancient and historic plasters, mortars, and concretes 
(Fig. 1). The oldest types, clays and bitumen, were readily 
available in some geologic environments. Others required 
heating and subsequent mixing with water before appli-
cation. The use of gypsum-based binders (hemihydrate: 
CaSO4·0.5H2O) has some advantages over lime-based 
plaster in that they are much cheaper to process because of 
the lower calcining temperature and the much shorter burn 
time. Both gypsum and lime binders and mortars harden in 
air. A next step was the manufacture of “hydraulic binders” 
through the mixing of hydrated lime with pozzolans. In 
modern concrete terminology, a pozzolan is a material that 
reacts with lime in the presence of moisture to produce 
durable cementing hydrates (Massazza 1998). “Hydraulic” 
refers to the ability of the cementitious material to harden 
in water, but not all lime-pozzolan mortars were used in 
hydrologic settings. The hydrated lime–volcanic pozzolan 
mortars of Roman concrete were commonly known as opus 
caementicium or “aggregate work” (Brandon et al. 2014). 
More recent hydraulic binders are produced through the 
burning of impure limestone, or through the mixing of 
Si- and Al-bearing materials with pure, high-calcium 
limestone that are then burnt together. Here,  mineralogical 

and chemical processes in the 
lime cycle are reviewed and an 
overview is given of the methods 
used to identify and measure the 
“hydraulicity” of ancient and 
historic mortars.

Historical Development of 
(Hydraulic) Lime Mortars
Mortars with geologic binder 
materials have been used since 
ancient times in diverse applica-
tions. These have surprisingly 
large compositional variations 
with great differences arising 
geographically and over time 
(Fig.  1). The deliberate incor-
poration of reactive volcanic 

tephra (and tuff) with hydrated lime (composed mainly 
of portlandite, Ca(OH)2) produced pozzolanic binding 
phases and resilient cementitious materials, often with 
hydraulic properties. Greeks used tephra and tuff from the 
island of Thera, also known as Santorini (Moropoulou et 
al. 2005). Romans used reactive tephra from the central 
Italian volcanic districts in the mortars of late Republican 
and Imperial era conglomeratic concretes. Some of these 
materials were designed to have hydraulic properties, as 
marine harbor structures (Brandon et al. 2014) and water-
proofing coatings of cisterns and aqueducts (Secco et al. 
2020); others were designed for mechanical resilience in 
the supporting walls and vaulted ceilings of architectural 
monuments (Jackson et al. 2014).

If impure limestone (e.g., containing SiO2, Al2O3, Fe2O3, 
MgO) is calcined without any additions, the resulting 
product is called a natural hydraulic binder. If the 
limestone is blended with other components before 
firing, the product is called an artificial binder. Romans 
advised using pure limestone for the production of lime 
(de Architectura 2.6.3) to further activate reactions with 
pozzolanic aggregates that produce calcium-aluminum-
silicate-hydrate (C-A-S-H) binding phases. Investigations 
of geologic binding materials by John Smeaton in 1756 led 
to the discovery that lime calcined from impure limestone 
produced the best results in cement-based mortars. By 
dissolving limestone in nitric acid, he obtained an insol-
uble residue of quartz and clay-rich material to which he 
attributed hydraulicity, the property of limes and cements 
to set and harden underwater. The French engineer Collet 
Descotils in 1813 related these properties to the presence of 
silica. He stated that an intimate combination of silica with 
lime is produced when these limes are slaked, or hydrated. 
The first attempt to classify hydraulic binders was made 
by Louis Vicat in 1818, who introduced the hydraulicity 
index (HI).

T he history of mineral components in cementitious materials begins with 
clays and bitumen in the most ancient mortars, followed by gypsum- 
and lime-based plasters, mortars, and concretes. Romans perfected the 

fabrication of extremely durable mortars that form the basis of audacious 
architectural monuments in Rome, massive harbor constructions, and water-
proofed cisterns in the Mediterranean region. During the industrial revolution, 
“natural cements” were developed through the burning of impure limestone 
or Si- and Al-bearing materials blended with pure limestone. Delving into 
the past of concrete science and the composition, durability, and resilience 
of historic binders, mortars, and concretes can inspire the development of 
modern environmentally friendly cementitious materials.

Keywords: ancient Roman concrete; lime mortars; hydraulic binders; 
carbonation; pozzolans
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HI =
SiO2 + Al2O3 (1)

CaO

In this formula, Vicat directly related hydraulicity to the 
SiO2 and Al2O3 contents. However, equal importance was 
incorrectly attributed to these two constituents; Fe2O3 and 
MgO were later found to also influence hydraulicity. An 
adapted formula for the cementation index (CI) was there-
fore developed about a century later by Edwin Eckel (2005).

CI =
2.8SiO2 + 1.1Al2O3 + 0.7Fe2O3 (2)

CaO + 1.4 × MgO 

The cementation index was conceived to be a direct expres-
sion of the quantity of CaO that combines with the other 
constituents to form hydraulic minerals. Eckel emphasized 
that the properties of hydraulic binders depend not only 
on their composition (CI) but also on the conditions of 
their manufacture. These are indirectly related to burning 
temperature and time, which influence the mineral assem-
blage of the resulting product (Mertens et al. 2009).

Natural cement. In the late 18th-century, James Parker 
discovered that the calcination of clay deposits with 
septaria (nodules or concretions containing both clay and 
carbonate minerals) on the Isle of Sheppey, UK, produces an 
effective hydraulic binder. He called this “Roman cement” 
and obtained a patent in 1796. The name Roman cement is 
misleading, however, and was erroneously used to claim the 
rediscovery of ancient Roman “secrets” of lime production 
(Artioli et al. 2019 and references therein). In 1802, septaria 
were also found in clay deposits near Boulogne-sur-Mer in 
France. Elsewhere in France, analogous hydraulic binders 
were produced in Pouilly-en-Auxois and Vassy-les-Avallon 
beginning in 1827 and in the Bourgogne region beginning 
in 1835. Soon after, a natural cement production site arose 
near Grenoble in 1842 using a homogeneous layer of argil-
laceous limestone called the Filon de Porte de France.

In the 19th century, chemical analyses revealed the 
composition of cements in terms of their major element 
components; however, there were no means to identify the 
constituent minerals. Knowledge of cement mineralogy 
was gradually refined through studies with petrographic 
microscopy. In the beginning of the 20th century, it was 
observed that at lower temperatures, alumina combines 
with decarbonated lime to form C3A, while at higher 

temperatures, alumino-ferrites of lime (C4AF) and C2S 
form. In current quick-setting cements, the main silicate 
is C2S and the main aluminates are C3A and C4AF. Other 
components are C3S, calcite, and spurrite (Ca5(SiO4)2CO3), 
as well as C12A7 and C2AS. Slow-setting natural cement 
binders are produced by calcining naturally occurring 
argillaceous/siliceous limestone that is subsequently 
ground to a fine powder.

Hydraulic lime. Hydraulic limes contain enough free CaO to 
be slaked with water; they can set underwater. By contrast, 
“air lime” is the general term for calcium oxide (CaO), 
or quicklime, that is slaked with water but sets through 
re-absorption of CO2 from the atmosphere. The combi-
nation of free lime with water induces an expansion that 
leads to the disintegration of the freshly burnt limestone. 
A minimum amount of free lime must be present in the 
calcined product to reduce the entire mass to a powder when 
slaked (Eckel 2005). A large range of products complies with 
this definition. These products are most commonly classi-
fied according to their chemical composition and more 
specifically their CI (Eq. 2) or HI values (Eq. 1). Nowadays, 
the mechanical strength of the hardened product is also 
used for classification. The advantage of hydraulic lime as 
compared with Portland cement is its low cost. However, 
the slow hardening and lower tensile strength of the 
resulting mortars and concretes have reduced production 
at the expense of Portland cement.

ROMAN ARCHITECTURAL AND MARINE 
CONCRETES PREPARED WITH HYDRATED 
LIME AND VOLCANIC POZZOLANS
Ancient Roman concretes (opus caementicium) are composed 
of conglomeratic rock (caementa) bound by a complex 
binding material (materia) fabricated with hydrated lime 
and reactive aggregate, as described by the Roman architect, 
Vitruvius, in 27–30 BCE (de Architectura 2.4.1). The binding 
material is commonly known as a “pozzolanic mortar,” 
referring to the Bay of Pozzuoli source region for pumiceous 
tephra aggregate (pulvis puteolanus) quarried for marine 
concrete structures (de Architectura 2.6.6). The mortars for 
architectural concrete structures used excavated sands 
(harenae fossicae) as scoriaceous tephra aggregate, quarried 
from volcanic districts near Rome (de Architectura 2.4.1). 
Vitruvius described the intensive activating potential 
of quicklime using analogies with pyroclastic volcanic 
eruptions: “through violent fire, moisture is snatched from 
the tuff and the earth in the same way in which in the 
furnace liquid is snatched from the lime” (de Architectura 
2.6.3). When the lime, tephra, and caementa “come into 

Figure 1 Evolution since prehistorical times of the different 
types of binders and their relative importance. 

modified from Furlan and Bisseger (1975).
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one mixture, they suddenly cohere into one [substance] 
by accepting liquid and quickly solidify” (de Architectura 
2.6.1).

A recent replica of the mortar of the wall concrete of the 
Markets of Trajan (110 CE) uses reactive tephra aggre-
gate from the mid-Pleistocene Pozzolane Rosse (and Tufo 
Lionato) pyroclastic flows (Jackson et al. 2014) and high-
calcium quicklime similar to that of the Monte Soratte 
region northeast of Rome (de Architectura 2.5.1; Fichera 
et al. 2015). A pozzolanic, poorly crystalline C-A-S-H 
binding phase and hydrotalcite mineral cements formed 
at 28 days of hydration. By 90 days of hydration, however, 
the hydrated lime (portlandite) was fully consumed. The 
cementing system had transitioned to post-pozzolanic 
processes that produced hydrogarnet (katoite) and strätlin-
gite (Ca2Al2(SiO2)(OH)10·2.25(H2O)), a durable, layered 
crystal with acicular and platy morphologies. The strätlin-
gite crystals toughen interfacial zones and create obstacles 
to the propagation of microcracks (Fig. 2), increasing the 
energy required to fracture the mortar (Jackson et al. 2014).

Roman marine concretes, fabricated with reactive 
pumiceous aggregate from the Bay of Pozzuoli and hydrated 
lime (Brandon et al. 2014), also began with pozzolanic 
activation, which produced a C-A-S-H binding phase and 
an unusual layered crystal, Al-tobermorite, of similar 
composition (Ca/(Si + Al) = 0.79) in relict lime clasts 
(Jackson et al. 2013). Post-pozzolanic interactions of the 
tephra with alkaline fluids in the massive harbor struc-
tures then produced zeolite (phillipsite) and Al-tobermorite 

crystals that refine pore space in the cementing matrix of 
the concrete (Jackson et al. 2017) (Fig. 3). The post-pozzo-
lanic Al-tobermorite has more siliceous compositions (Ca/
(Si + Al) = 0.45–0.69), similar to crystals in young basalt 
at Surtsey Volcano, Iceland. Romans mainly selected 
high-calcium lime for the pozzolanic activation of the 
marine concretes (Brandon et al. 2014). They relied on 
the beneficial reactivity of tephri-phonolitic pumiceous 
aggregate with zeolite surface coatings from the Gulf 
of Naples (de’Gennaro et al. 2000) and transported this 
throughout the eastern Mediterranean region (Brandon 
et al. 2014) to produce long-term beneficial reactivity and 
post- pozzolanic mineral cements.

Recent investigations of the renders, or waterproofing 
coatings, of cisterns at the archaeological site of Nora, 
Sardinia (3rd–1st centuries BCE) (Secco et al. 2020), and at 
Amaiur Castle, Navarre (13th–17th centuries CE) (Ponce-
Antón et al. 2020), provide new insights into the role of 
magnesium in ancient pozzolanic systems. The renders 
of the Nora cisterns contain organic matter combustion 
residues as charcoal frustules of the cell walls of wood and 
as bone residues with hydroxyapatite. X-ray diffraction 
analyses of renders containing magnesium-rich ground 
ceramic (cocciopesto) and combustion residues show 
broad reflections indicative of a nanocrystalline disordered 
magnesium-silicate-hydrate (M-S-H) and/or magnesium-
aluminum-silicate-hydrate (M-A-S-H) binding phase that 
accompanies calcium-rich pozzolanic reaction products 
(Secco et al. 2020). The mortar and plaster coatings of the 

Figure 2 Scanning electron microscopy images of the mortar 
of a concrete substructure of the Markets of Trajan 

(~110 CE). (A) Strätlingite crystals and microscoriae in the 
cementing matrix of the mortar. (B) Partially dissolved calcium-
aluminum-silicate-hydrate (C-A-S-H) binding phase and strätlingite 
crystals in the reactive interfacial zones of the scoria aggregate.

Figure 3 Scanning electron microscopy images of a Roman 
marine mortar, Baianus Sinus breakwater (late 1st 

century BCE). (A) Pozzolanic Al-tobermorite in a relict lime clast. 
(B) Post-pozzolanic Al-tobermorite and phillipsite in the cementing 
matrix along with poorly crystalline pozzolanic C-A-S-H binder.

A

A

B
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Amaiur Castle cistern contain hydrotalcite, a magnesium–
aluminum carbonate (Mg6Al2(CO3)(OH)16·4(H2O)), which 
formed during pozzolanic reactions with lime produced 
from impure or partially dolomitized limestone. Amesite, 
a magnesium aluminosilicate (Mg2Al2SiO5(OH)4), formed 
during alkali–silica reactions in mortars containing 
siliceous aggregates, schists, and volcanic rocks (Ponce-
Antón et al. 2020). The magnesium-rich binding phases 
presumably decrease the porosity and increase the 
chemical resilience in the waterproofing systems of the 
ancient cisterns.

MINERALOGICAL UNDERSTANDING 
OF THE LIME CYCLE
The mineralogical and chemical processes of lime hydra-
tion and carbonation that take place over time are described 
by the lime cycle (Fig. 4), which illustrates the intriguing 
concept of starting and ending with carbonate minerals 
(CaCO3), or limestone. Two distinct types of reaction 
processes occur in the more complex hydraulic lime cycle.

Limestone Calcination and Hydraulicity
The first step of the lime cycle involves the thermal decom-
position of carbonates into oxide(s) with the release of CO2 
(Rodriguez-Navarro et al. 2009, 2012). Thermal decomposi-
tion of calcite is known to be homogeneous and topotactic 
(a chemical solid-state reaction within a crystal lattice in 
which the structure of the products is related to that of 
the reactants by crystallographic relationship(s)) (Fig. 5A), 
producing a transformation within the crystal lattice that 
involves the displacement or exchange of atoms (Rodriguez-
Navarro et al. 2009). The decomposition of dolomite is 
also a topotactic reaction. The reaction occurs with the 
initial formation of a face-centered cubic, mixed oxide 
(Ca0.5Mg0.5O), which undergoes demixing into oriented, 
Mg-poor CaO and Ca-poor MgO crystals. Subsequently, 
pure CaO and MgO crystals form during coarsening via 
oriented aggregation and sintering. CaO nanocrystals react 
with CO2 present in the air and/or released upon further 

dolomite decomposition, resulting in the formation of 
Mg-calcite (Rodriguez-Navarro et al. 2012).

In the case of hydraulic lime binders, a second set of 
processes occurs simultaneously. Clay minerals contained 
in the limestone first lose interlayer or adsorbed water 
at 100–250 °C and then dehydroxylate at temperatures 
>300–400 °C. Above about 900 °C, they transform into new 
crystalline phases, typically Al–Si spinel, cristobalite, or 
mullite. Quartz experiences a polymorphic transition to 
beta-quartz at 573 °C, which is unstable relative to tridy-
mite at 867–1470 °C, and to cristobalite above 1470 °C 
(Taylor 1997). The Si and Al oxides that form upon heating 
react with calcium (and magnesium) oxides, leading to the 
formation of silicates and aluminates that confer hydrau-
licity to the cementitious binding phases. Beta-dicalcium 
silicate (β-C2S) is the main hydraulic phase component. 
Tricalcium silicate (C3S) occurs as a minor phase because 
its formation requires higher temperatures (Taylor 1997). 
The first aluminate phase that forms is monocalcium 
aluminate (CA). The aluminate, C12A7, begins to appear 
at 800–1000 °C and then transforms into C3A. Such C3A 

may form at >850 °C but 
appears more frequently 
at 1000–1200 °C. Some 
authors have reported the 
formation of gehlenite 
(C2AS) as an intermediate 
phase at 800–1200 °C. 
Provided enough iron is 
present in the raw materials, 
ferrite (C4AF) phases form 
at 950–1000 °C, initially 
with low Al/Fe ratios (Taylor 
1997). Large differences in 
the temperature of occur-
rence of the individual 
phases are reported, mainly 
related to the numerous 
factors that may influ-
ence these heterogeneous 
reactions, including grain 
si ze,  homogen i z at ion 
degree of the raw material, 
or the presence of other 
impurities.

Lime Hydration and Formation of Portlandite
The next step of the lime cycle involves a slaking process 
in which water is added to the lime, whose hydration leads 
to the formation of portlandite. Two different mechanisms 
have been proposed for this reaction. One involves direct 
precipitation of portlandite from the solution formed 
during slaking of the lime (Ruiz-Agudo and Rodriguez-
Navarro 2010). A second hydration pathway occurs as a 
solid-state reaction between solid CaO and water, which 
vaporizes under heat released during reaction and 
subsequently reacts with solid CaO. Beruto et al. (1981) 
hypothesized that vapor-phase hydration of lime is a 
pseudomorphic reaction that leads to the topotactic forma-
tion of portlandite. This was experimentally demonstrated 
by Kudlacz and Rodriguez-Navarro (2014), who showed that 
this reaction progresses via an intermediate disordered 
phase prior to the final formation of oriented portlandite 
nanocrystals (Fig. 5B).

If the stoichiometric amount of water is mixed with lime 
oxide, the product is a dry powder (a dry hydrate). If an excess 
of water is added, an aqueous dispersion of hydroxide parti-
cles (a lime paste or lime putty) is formed. Lime prepared by 
this last process is traditionally called “slaked lime” (Fig. 4). 

Figure 4 Conceptual drawing of the lime cycle showing slaking 
and aerial carbonation of lime from pure limestone 

(white), slaking and hydration of impure limestone to form a 
natural hydraulic binder (gray), and slaking and hydration of lime 
mixed with pozzolans to produce pozzolanic and post-pozzolanic 
binding phases (blue).
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Rodriguez-Navarro et al. (2005) 
showed that in the case of a dry 
hydrate, oriented  aggregation is 
responsible for the significant 
reduction of surface area and 
reactivity, which also results in 
degradation of the rheological 
properties (Ruiz-Agudo and 
Rodriguez-Navarro 2010). By 
contrast, an excess of water 
present during traditional lime 
slaking hinders the irrevers-
ible aggregation of particles 
in lime putties. This explains 
why lime putties tend to show 
better rheological properties 
and are the preferred choice 
for conservation purposes. The 
properties of slaked lime can 
be improved when lime putties 
are kept underwater. This 
process of aging has been in 
practice since Roman times (de 
Architectura 7.2.1-2), although 
the mechanisms at play were 
not demonstrated until recently. 
Rodriguez-Navarro et al. (1998) 
reported higher amounts of smaller plate-like portlandite 
particles in lime putties aged several months compared 
with freshly slaked pastes. This results in an increase 
in the surface area, reactivity, viscosity, and plasticity 
of the putty. The microstructural characteristics of the 
lime oxide precursor also have a significant effect on the 
rheological evolution of slaked lime putties (Ruiz-Agudo 
and Rodriguez-Navarro 2010).

For hydraulic lime, the addition of water results in hydra-
tion to produce calcium silicate and aluminate phases. 
This represents the first hardening phase of hydraulic lime 
binders driven by β-C2S. Similar to the hydration of C3S, 
it produces portlandite and a poorly crystalline calcium-
silicate-hydrate (C-S-H) phase that has a layered structure 
(Fig. 5C) with pores from nanometer to macroscopic dimen-
sions (Taylor 1997). Although the rate of β-C2S hydration 
is substantially lower than that of C3S, there is consensus 
that both reactions share a common mechanism.

Carbonation of (Hydraulic) Lime Mortars
The final stage of the lime cycle is carbonation, which 
involves the reaction of hydroxide(s) with CO2 from 
the atmosphere in the presence of an aqueous phase. 
Carbonation is an exothermic process that proceeds from 
the surface into the pore system at a rate controlled by 
drying, CO2 diffusion, CO2 and calcium hydroxide dissolu-
tion in the pore water, and nucleation and growth of calcium 
carbonate, thus completing the cycle. The setting and 
hardening of lime mortars start with drying and shrinkage, 
followed by the precipitation of calcium carbonate, which 
acts as a binding mineral phase. Calcium-silicate-hydrate 
(C-S-H) binding phases may also eventually react with 
CO2 or CO3

2− ions, producing CaCO3 and hydrous silica 
(Taylor 1997). The CaCO3 mineral phase, morphology, and 
microstructural features, and its evolution as carbonation 
progresses, are all key parameters influencing the physico-
mechanical properties and performance of lime mortars 
(Cizer et al. 2012a and references therein).

Carbonation of lime mortars begins with the formation 
of amorphous calcium carbonate on portlandite crystals, 
followed by its dissolution and re-precipitation as scaleno-
hedral calcite (Fig. 5D). With longer exposure time, calcite 

at the exposed surface evolves to scalenohedra with cracks 
and dissolution features along the carbonation profile 
and to scalenohedra with smooth faces farther from the 
surface. Scalenohedra transform to rhombohedra via disso-
lution–precipitation reactions resulting from the pH drop 
occurring upon Ca(OH)2 consumption and further CO2 
dissolution into the pore water (Cizer et al. 2012a).

The CaCO3 polymorphs (calcite, aragonite, or vaterite) 
formed during carbonation, as well as their morphology, 
size, and phase evolution, are governed by the properties 
of the portlandite crystals and the carbonation conditions. 
These include the relative humidity, which controls the 
pore water content and drying rate, and pCO2, which deter-
mines the pH and solution speciation. In this sense, lime 
putties carbonate faster than dry hydrates because of the 
differences in the morphology of the portlandite crystals. 
High relative humidity and pCO2 conditions favor carbon-
ation and the scalenohedral-to-rhombohedral transforma-
tion (Cizer et al. 2012b).

Hydration of Pozzolan–Lime Mortars
Mortars and concretes fabricated from lime and sand- 
to gravel-sized reactive aggregates—such as volcanic 
rocks, waste ceramics, artificial tephra with tailored glass 
compositions, and/or diverse supplemental admixtures 
and organic materials—hydrate through the pozzolanic 
reactions among lime, silica, alumina, and alkali cations 
that produce durable binding hydrates (Massazza 1998); 
magnesium may also participate in these reactions (Ponce-

Figure 5 Scanning electron microscopy images of mineral 
changes during the lime cycle. (A) Porous CaO 

crystals formed after calcite (see pseudomorph in inset); preferred 
orientations indicated with arrows. Reproduced from Rodriguez-
Navarro et al. (2009) with permission from American 
Mineralogist. (B) Partially hydrated calcite pseudomorph 
(calcined at 900 °C) showing the lime and portlandite interface 
(dashed black line). Reproduced from Kudlacz and Rodriguez-
Navarro (2014) with permission from the American Chemical 
Society. (C) Calcium-silicate-hydrate (C-S-H) matrix formed 
through hydration of hydraulic lime binder. Reproduced from 
Cizer et al. (2006) with permission from RILEM. (D) Lime paste 
after carbonation in air showing amorphous calcium carbonate 
(ACC) precipitated on the basal face of the portlandite crystals. 
Reproduced from Cizer et al. (2012a) with permission from 
Springer Nature.
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Antón et al. 2020; Secco et al. 2020) (Fig. 4). After calcium 
hydroxide is fully consumed, the pH of the system decreases. 
Alkali-activated dissolution–precipitation reactions may 
ensue, which produce post-pozzolanic mineral cements. 
These are zeolites, strätlingite, and siliceous Al-tobermorite 
in ancient Roman concretes (Jackson et al. 2014, 2017) and 
amesite, for example, in historic waterproofing mortars 
(Ponce-Antón et al. 2020). The reactive aggregate becomes a 
reservoir for the long-term beneficial production of silicate 
mineral cements, rather than the damaging alkali–silica 
gel of Portland cement concretes (Taylor 1997).

CHARACTERIZING HISTORIC BINDERS
There are conflicting ideas and perceptions about the 
technological knowledge and practices in the Middle Ages 
concerning the deliberate use of natural hydraulic lime. 
Studies of a 16th-century dockyard in Venice (Italy) indicate 
the deliberate use of a hydraulic lime binder for founda-
tions but not for indoor masonry (Biscontin et al. 2002). 
Mortars were apparently deliberately made with natural 
hydraulic lime in Ottoman baths in Budapest (Hungary) 
during the same period (Pinter et al. 2009). During the 
Renaissance, ancient techniques of mortar manufacture 
and raw material choice were reassessed (Moropoulou et 
al. 2005), indicating an intentional selection of hydraulic 
limes prepared from impure limestones.

Research challenges involve the characterization of the 
hydraulicity of ancient and historic mortars and the prove-
nance identification of the source limestone. Chemical 
analysis of the mortar is useful to determine the hydrau-
licity, which can be deduced from microscopic observa-
tions only in rare cases. However, the main difficulty 
resides in separating the binding phase(s) from the other 
mortar constituents (Arizzi and Cultrone 2021). Generally, 
this is achieved by dissolving a part of the mortar, or a 
previously disaggregated fraction of the mortar, in dilute 
acid. Middendorf et al. (2004) introduced a standard-
ized methodology in an attempt to establish uniformity 
in the procedure for the chemical analysis of binders. 
The HI (Eq. 1) and CI (Eq. 2) values are calculated from 
the abundances of major elements in the bulk mortar 
composition. This method should correctly assess the 
bulk chemistry of the binding phase(s), while microprobe 
analyses provide fine-scale information about points or 
areas in the binding phase or cementing matrix, including 
information about cementing mineral phases. The main 
limitation is that volatile components, such as CO2 and 
H2O, cannot be measured. Additional information can 
be obtained through powder X-ray diffraction analyses 
of specific mortar fractions, data that complement the 
results of petrographic studies and chemical analyses. 
The presence of hydrated calcium silicates or aluminates 
point toward the use of hydraulic lime. Thermogravimetric 
analyses appear to be useful for calcareous binders (Arizzi 
and Cultrone 2021) to distinguish between hygroscopic 
water, water from hydrated salts, loss of water bound to 
hydraulic compounds, and loss of CO2 (>600 °C). Samples 
with high amounts of water bound to hydraulic compounds 
and proportionally low amounts of CO2 are considered to 
have hydraulic properties. It is difficult, however, to deter-
mine whether the hydraulicity of a cementitious material 
is induced by the addition of supplementary materials and/
or reactive aggregates or by the use of natural hydraulic 
lime. Finally, analyses of relicts of lime particles—under-
burned or overburned lime fragments and lime lumps 
sensu stricto—have proved to be a powerful method to 
determine the hydraulicity and provenance of limestone 
(Elsen 2006) because the chemistry of these particles is 
expected to be identical to that of the limestone used to 

prepare the lime (Fichera et al. 2015). Other binder-related 
particles are considered to be partly sintered particles 
formed in  traditional kilns where temperatures in hot 
zones were sufficient to initiate fusing or sintering of the 
lime. Mineralogical analyses of overburnt fragments can 
provide information about maximum burning tempera-
tures. The most commonly observed binder-related 
particles, the lime lumps sensu stricto, are often distinct, 
rounded, porous structures in the matrix of the cementi-
tious material, indicating that the lime was dry-slaked with 
the minimum amount of water needed to convert all of the 
CaO into Ca(OH)2.

CONCLUSIONS
Ancient and historic mortars and concretes used a wide 
range of geologic binding materials, giving rise to broad 
compositional variations over diverse geographical and 
chronological domains. Binders derived from burning 
limestone show many variations in the lime cycle. These 
are the processes through which quicklime is hydrated and 
reacts with impurities in the lime, with pozzolans, inter-
stitial fluids in the cementitious materials, and carbon 
dioxide in the atmosphere, to produce a range of silicate 
and aluminate phases, as well as the calcium carbonate 
phases of limestone rocks. Calcination of limestone is a 
solid-state reaction that follows a topotactic mechanism, 
or structural change in the calcium carbonate mineral 
lattice, to produce crystallographically equivalent, orienta-
tional relationships in the resulting lime (CaO). Hardening 
and setting involve hydration in the case of hydraulic 
“impure” limes and/or carbonation in the case of aerial 
“pure” limes. Mechanistically, this may involve the precipi-
tation of silicate or carbonate minerals from solution, a 
solid-state reaction, or pseudomorphic coupled dissolu-
tion–precipitation processes. By contrast, the interactions 
of hydrated pure (or impure lime) with reactive aggregates 
produces pozzolanic calcium-(aluminum)-silicate-hydrate 
phases and post-pozzolanic mineral cements, as in ancient 
Roman concretes. The properties of the original geologic 
binding materials determine the properties of the reaction 
products and, thus, influence the performance of ancient, 
historic, and conservation lime mortars; each step of the 
lime cycle influences the properties of the final material. 
The chemical and mineralogical characterization of lime 
particles in ancient and historic mortars provides informa-
tion on the hydraulic character, nature, and provenance of 
geologic binding materials, as well as the technologies used 
in lime production and mortar preparation. A plethora of 
recent research projects are bringing new insight into the 
composition and durability of historic binders, mortars, 
and concretes, showing how delving into the past of 
concrete science can inspire the development of modern 
environmentally friendly cementitious materials.
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The Rise of Portland Cements

INTRODUCTION

Portland cement—usually simply referred to as cement—is 
one of the great inventions of mankind and has experi-
enced stunning success since its first introduction in 
the early 19th century. Today, Portland cements are used 
in concrete, mortar, and many other applications. It is a 
“mineral” or inorganic powder that hardens when mixed 
with water and binds aggregates such as sand, gravel, or 
crushed rock together in a solid rock-like material. The use 
of Portland cements outstrips that of other mineral binders 
manifold. At present, the 4.2 billion tonnes of Portland 
cements produced worldwide every year cover more than 
99% of the global cement market (U.S. Geological Survey 
(USGS) 2021). As an intermediate product, Portland cement 
is considered to be strategic a commodity essential to 
economic development and prosperity. Why and how a 
single mineral product has been able to assume such a 
dominant market position is the story of this chapter.

The stage of the story of Portland 
cements is our own planet Earth, 
in fact only the very top of it, 
namely, the uppermost part of the 
continental crust. For a construc-
tion material to be widely available 
and affordable, it must reflect the 
makeup of the Earth’s crust and, 
as such, be made of abundant and, 

thus, inexpensive raw materials. 
When comparing the average 
composition of the Earth’s crust 
with a typical composition of 
Portland cement in Figure 1, 
the much higher Ca content of 
Portland cement immediately 
catches the eye (Taylor 1997). 
Fortunately for Portland cement 
producers, Ca is concentrated 
through biological and chemical 
actions as CaCO3 in limestone. 
Limestone is the quintessential 
raw material of Portland cement. 
It is a very common resource in 
areas where many humans live 
and thrive, close to the continental 

shelf or margin where most limestones form. Exceptions 
are the deep interiors of continents such as Africa or South 
America, which are often devoid of suitable limestone and, 
in the absence of alternatives, rely on costly cement imports 
to develop their housing and infrastructure (Schmidt et 
al. 2020).

In the production of Portland cement, limestone is mixed 
with one or more sources of Si, Al, and Fe to reach a well-
defined raw meal composition. The limestone used is often 
impure and, therefore, already contributes part of the 
required Si, Al, and Fe. Clays or shale are conventionally 
added to fine-tune the raw meal composition, which is then 
fired at a temperature of 1450 °C to obtain the so-called 
clinker. The clinker is subsequently finely milled together 
with a small amount of Ca-sulfates (gypsum or anhydrite) 
to obtain the neat Portland cement product as a hydraulic 
binder (Bye 1999).

T his chapter tells the story of Portland cement, from its invention in the 
19th century until its present-day hegemony as the number one manufac-
tured mineral product. The success story of Portland cement is rooted in 

the unique combination of the abundance of its raw materials, the reactivity 
of the high-temperature clinker product toward water, and the properties 
of the calcium silicate and aluminate hydration products. Further develop-
ment of Portland cements today mainly addresses the formidable challenge 
of reducing process CO2 emissions. Options include partial replacement of 
clinker by low-carbon resources, material-efficient use of cement and concrete 
products, and end-of-pipe carbon capture and storage or use.

Keywords: Portland cement; clinker; production; hydration products; CO2
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Before diving into the historical development and miner-
alogy of present-day Portland cements, it is of interest to 
describe what a hydraulic binder is and how it works. A 
hydraulic binder hardens via a reaction that requires water. 
It can also harden underwater, i.e., the water is a reagent 
and not a solvent that must be removed, as is often the 
case with organic glues. It is a common misconception that 
concrete needs to “dry” in order to harden. As a matter of 
fact, Portland cement as a hydraulic binder can be used for 
underwater concreting. The reaction of Portland cement 
with water produces stable solid hydrates. The hydration 
of Portland cement is a solution-mediated process, as illus-
trated in Figure 2 (Scrivener et al. 2019). The unstable 
high-temperature clinker minerals dissolve rapidly into 
the aqueous phase, and (meta-)stable cement hydrates 
readily start to precipitate from the supersaturated solution. 
These solid hydrates have a lower density than the clinker 
minerals and fill the space previously occupied by water. 
In doing so, large areas of solid–solid interfaces are created. 
The cohesion, or strength, of the binder is mainly under-
stood to result from the weak surface adhesive forces, e.g., 
Van der Waals forces, acting across the solid–solid inter-
faces. In hydraulic binders, these attractive forces should be 
strong enough to resist redispersion by contact with water, 
as happens with clay particles in adobe, which are bricks 
made of compacted, dried earth with high clay contents 
and straw (Gartner and Macphee 2011).

THE “INVENTION” OF PORTLAND CEMENT
As with many other important ideas, the invention of 
Portland cement came not as an out-of-the-blue “Eureka” 
moment, but sprouted from a long-standing tradition 
of the production of lime binders rooted in the antique 
world. Elsen et al. (2022 this issue) describe these binders 
in more detail. By the late 18th century, it was well known 
that limes produced in different locations had different 
properties. In some locations, so-called hydraulic limes 
were produced that were far more suitable for applications 
that required water resistance, such as marine infrastruc-
ture. In the United Kingdom, John Smeaton pioneered, or 
rather rediscovered, concrete as a mixture of hydraulic 
lime and aggregates to build the Eddystone lighthouse 
in 1759. Fifty years later, research by the French engineer 
Louis Vicat showed that the silica and alumina levels in the 
lime determined its hydraulic behavior. The underlying 
chemistry was, however, not well understood (Elsen et 
al. 2012). Neither Smeaton nor Vicat attempted to protect 
their findings, leaving the opportunity to Joseph Aspdin 
to claim his patent on what he branded “Portland cement” 
in 1824 (Fig. 3).

Early or proto-Portland cements were quite different from 
the product we know today. At the time, the production 
was batch-wise using lime shaft or bottle kilns (furnaces 
or ovens for firing; see below). These kilns did not reach 
temperatures much above 1100–1200 °C, which is not 
sufficient to form Ca3SiO5 or alite, the main reactive phase 
of present-day Portland clinker. Moreover, the type and 
proportions of raw materials varied significantly between 
competitors and were treated as trade secrets. This resulted 
in a wide variety of compositions and properties of early 
Portland cements. From 1840 onward, as new kiln types 
(the Hoffmann kiln and, eventually, the rotary kiln) were 
gradually introduced, a higher clinkering temperature 
of 1450 °C was used more consistently. This enabled the 
formation of alite and resulted in the product presently 
known as Portland cement (Trout 2019).

Box 3.1 JOSEPH ASPDIN AND HIS PATENT ON PORTLAND 
CEMENT.

Joseph Aspdin was a resourceful bricklayer from Leeds (United 
Kingdom) that experimented with slaked lime and clay that were 
mixed in specific proportions and calcined to produce a hydraulic 
binder. In 1824, Aspdin obtained a patent on his method (Fig. 3) 
that, in hindsight, is remarkably vague on crucial parameters such 
as mixture proportions and calcination temperature. He astutely 
branded his invention as “Portland cement” after Portland stone, 
a high-quality, white-grey limestone from the Portland penin-
sula (United Kingdom) and very popular at that time as building 
stone for major public buildings such as St. Paul’s Cathedral and 
Buckingham Palace in London.

Figure 3 Excerpt of patent BP 5022, disclosing Joseph 
Aspdin’s method of making “Portland cement.”

PORTLAND CEMENT MINERALOGY

Clinker Minerals
Portland clinker is made up of four major hydraulic phases. 
Alite (Ca3SiO5 or C3S) constitutes about 65 wt.% of a conven-
tional Portland cement; belite (Ca2SiO4 or C2S) is present 
at around 15 wt.%; and aluminate (Ca3Al2O6 or C3A) and 
ferrite (Ca2AlFeO5 or C4AF) each represent about 10 wt.%. 
Calcium sulfates are added to the clinker to make Portland 
cement. The consecutive reactions occurring in the kiln are 
illustrated by the clinker microstructure in Figure 4. Alite 
is recognized as large, blue-brownish, angular grains that 
have grown at the expense of belite (rounded grains) and 
free lime (consumed) at the highest temperature section 
of the kiln (above 1350 °C) (Stutzman 2012). Both calcium 

Figure 2 Schematic illustration of the microstructure of a 
hydraulic cement with water.
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silicates are embedded in a light-colored phase. This inter-
stitial phase represents the melt that formed at tempera-
tures above 1338 °C. This melt phase plays an important 
role in expediating the high-temperature formation of alite 
by facilitating contact between solids and enabling element 
diffusion through the melt phase. Upon cooling, the melt 
phase crystallizes into the C3A and ferrite phases (Glasser 
et al. 2004).

The somewhat peculiar names for the main phases are not 
only used for convenience, but also intend to distinguish 
the impure phases present in Portland cement from the 
pure end-member stoichiometries. Impurities and solid 
solutions are important as they stabilize the crystal lattices 
of high-temperature polymorphs and prevent conversion 
into less-reactive polymorphs or phases when cooling to 
ambient conditions. The preservation of “metastable” high-
temperature phases is key to the production of reactive 
cements that develop strength rapidly, within the course of 
a few hours after mixing. Understanding the crystal struc-
tures of the main clinker phases provides insight into the 
differences in their reactivity. The high reactivity of C3S is 
explained by the presence of O2− ions in its structure. This 
is a rather unique feature among silicates and explains why 
C3S is much more reactive than C2S. In addition, the open 
structure and distorted coordination of the calcium atoms 
by oxygens contribute to the instability of C3S (Taylor 
1997), which is also polymorphic. At the high tempera-
tures in the kiln, C3S exhibits rhombohedral symmetry that 
converts into several monoclinic and eventually triclinic 
symmetries upon cooling. Rapidly cooled alite in Portland 

cement is usually monoclinic. Small amounts of Al and Mg 
substituted in the C3S crystal lattice stabilize the higher-
temperature monoclinic polymorphs (Maki et al. 1992). 
As the lowering of the symmetry during cooling involves 
only minor movements of atoms from the rhombohe-
dral structure, the differences in reactivity between the 
polymorphs is not very significant (Bazzoni et al. 2014). 
This is in stark contrast to C2S, where the polymorphs 
have very distinct atomic arrangements and reactivities. 
At room temperature, γ-C2S, or calcium olivine, is the 
stable polymorph and has very low reactivity in Portland 
cement. High-temperature polymorphs (α, α’H, α’L, and β) 
have less ideal close packing and lower density. The lower 
monoclinic symmetry and more distorted coordination of 
the calcium atoms correlate with higher reactivity (Wang 
et al. 2015). Solid solutions with impurity ions (e.g., Al3+, 
K+, SO4

2−, PO4
3−) are common and stabilize the higher-

temperature polymorphs. Therefore, belite in Portland 
cement is usually the β-C2S type but, in some cases, the 
more reactive α’-polymorph is also present. Nevertheless, 
even the most reactive belites will develop early strength 
more slowly than alite.

The high reactivity of alite comes at the expense of a higher 
CaO content and, consequently, a higher stoichiometric 
emission of CO2 during its production from limestone 
and silica. Table 1 summarizes these characteristics for 
the main clinker phases in Portland cement and other 
types of cements that are used mainly in niche applications 
(Scrivener and Nonat 2011). It is clear that reducing the CaO 
content of cement is one of the main levers to reduce CO2 
emissions. Switching from mainly alitic to belitic cements 
would save about 10% in CO2 emissions at the expense of a 
significantly slower strength gain. More effective would be 
the production of calcium (sulfo)aluminate cements that 
present significantly lower CO2 emissions on a cement 
mass base, but also with respect to the volume of hydrates 
generated by the cement. As explained in more detail by 
Hanein et al. (2022 this issue), raw material cost (bauxite 
is the main concentrated source of alumina), dimensional 
stability, and durability are important challenges to tackle 
for these cements.

Portland Cement Hydration Products
The hydration of Portland cement is a complex process 
that involves the simultaneous reactions of the four main 
clinker phases together with minor phases and calcium 
sulfates added during grinding. The hydration products 
are hydrates that all have much lower densities than the 
anhydrous clinker phases. Therefore, as Figure 5 shows, 
the total volume of solids is almost doubled as a result of 
hydration. However, it is interesting to note that there is a 
small decrease in the total volume (liquid + solid) because 
the initially free water has a higher effective density in the 
solid hydration products.

Initially, the hydration reactions of alite and C3A contribute 
most to the hardening of Portland cement, with belite and 

Figure 4 Portland clinker microstructure visualized by an 
optical micrograph of a nital-etched specimen (nital is 

a solution of nitric acid and alcohol). Alite grains are blue-brownish 
and generally angular showing growth zones, while belite grains 
are rounded and have a fine lamellar appearance. The light-colored 
interstitial phase represents an intergrowth of C3A (darker zones) 
and ferrite (white elongated crystals). Photo courtesy of 
P. Stutzman.

taBle 1 CHARACTERISTICS OF MAIN CLINKER PHASES IN PORTLAND CEMENTS, CALCIUM ALUMINATE CEMENTS, AND CALCIUM 
SULFO-ALUMINATE CEMENTS—CAO CONTENT, FIRING TEMPERATURE, CO2 EMITTED PER CEMENT MASS, AND CO2 

EMITTED PER VOLUME OF HYDRATE. Data from Scrivener and Nonat (2011).

Phase Raw materials CaO 
(wt.%)

Temperature (°C) CO2 emitted on mass base 
(g CO2/g binder)

CO2 emitted per volume 
of hydrate 

(g CO2/cm3 hydrate)

C3S Limestone + silica 74 1450 0.58 0.86

C2S Limestone + silica 65 1300 0.51 0.77

CA Limestone + alumina 35 1500 0.28 0.48

C4A3$ Limestone + alumina + 
anhydrite

37 1300 0.22 0.39
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ferrite contributing more slowly. As shown in Eqs. (1) and 
(2), the hydration products of alite and belite are C-S-H 
(calcium silicate hydrate, with the hyphens denoting the 
variable stoichiometry) and CH (Ca(OH)2 or portlandite).

 C3S + 5.3H → C1.7SH4 + 1.3CH  (1)

 C2S + 4.3H → C1.7SH4 + 0.3CH  (2)

Calcium silicate hydrate is the most important hydrate 
in Portland cement and has an average composition of 
C1.7SH4. It lacks the long-range order of a well-crystallized 
phase, yet is best described as a nanocrystalline material. 
Nowadays, there is consensus that C-S-H has a defect 
tobermorite structure. Tobermorite has a layered struc-
ture consisting of a distorted octahedral Ca-O sheet with, 
on either side, infinite chains of silicate tetrahedra that 
follow a dreierkette pattern, with a bridging tetrahedron 
protruding into the interlayer. The interlayer is populated 
with additional H2O and Ca2+ ions to balance the negative 
charge of the layers (Bonaccorsi et al. 2005). The Ca/Si ratio 
of tobermorite is 0.83. The introduction of defects, such as 
the omission of silicate tetrahedra or chains and substitu-
tion of protons in the layer by Ca ions, enables a Ca/Si ratio 
of 1.7 to be reached (Richardson 2008).

The hydration of the C3A and ferrite phases produces 
a series of crystalline calcium aluminate hydrates. The 
early hydration of C3A in the presence of gypsum results 
in the formation of ettringite (C3A·3C$·H32) (Eq. 3), a 
low-density hydrate that exhibits a needle-like habit 
(symmetry) reflecting its underlying columnar structure. 
Upon depletion of gypsum and the continued supply of 
aluminate, monosulfoaluminate (C3A·C$·H12) is formed 
at the expense of ettringite (Eq. 4).

 C3A + 3C$H2 + 26H → C3A·3C$·H32  (3)

 2C3A + C3A·3C$·H32 + 4H → 3(C3A·C$·H12) (4)

When small amounts of carbonate are present, hemicar-
boaluminate (C3A·0·5Cc·H12) and monocarboalumi-
nate (C3A·Cc·H11) precipitate and ettringite is preserved 
(De  Weerdt et al. 2011). These phases are collectively 
called AFm phases. They are all “anionic clays,” or layered 
double hydroxide phases, and share a common structure 
of positively charged Ca2Al(OH)6

+ layers. Anion groups 
between the layers balance the charge. The number of 
additional water molecules in the layer and the crystal 
symmetry vary depending on the counteranion. The 
layered crystal structure is reflected in hexagonal sheet-
like crystal habits (Matschei et al. 2007). Iron from ferrite 

is partially incorporated into the above-mentioned 
phases by solid solutions, but is also present as iron 
hydroxides and Fe-rich hydrogarnet (Dilnesa et al. 
2011).

Recent progress in the determination of consistent 
hydrate solubility data has enabled thermodynamic 
models to make accurate predictions of the hydra-
tion product assemblage of Portland cement and a 
suite of other hydraulic cements (Lothenbach and 
Zajac 2019).

WHY IS PORTLAND CEMENT SO 
POPULAR?
The dominant position of Portland cement in the 
market is rooted in several causes. First of all, as 
discussed earlier, it is made of abundant and easily 
accessible raw materials that are readily available 
almost everywhere on Earth. Next, it can be produced 
at a large scale; one single production line can easily 

produce up to 1 million tonnes of clinker per year at surpris-
ingly low cost (e.g., $40–60 per ton). Portland cement, 
therefore, is very inexpensive—and concrete even more 
so—compared with many other construction materials 
(e.g., brick, steel, wood).

As a building material, Portland cement is also a robust 
product that is easy to use. As most people have experienced 
in their own backyard, it suffices to mix Portland cement 
with aggregates and water to make mortar, concrete, or 
any other cementitious product. The fresh liquid mix can 
be cast in flexible forms, opening up options for creative 
architects. When hardened, it is watertight, and will not 
rot or corrode in continuous contact with water. Moreover, 
Portland cement protects steel from corrosion owing to 
its high internal pH (>13). This is crucial because steel 
reinforcement is used to improve the tensile and bending 
strength of concrete. The concrete covering the steel 
protects it from corrosion, but also enables the use of less 
steel for the same structure. At the same time, Portland 
cement concrete is a durable product that, when properly 
made, can have a service life of 100 years or more, even 
in chemically aggressive environments such as in contact 
with seawater.

Cement and concrete production is intimately linked to 
the development of a country’s infrastructure and dwell-
ings (Fig. 6). The rapid economic development of China 
in the last decades was paralleled by a massive surge in 
Chinese cement production. In 2020, about 54% of the 
world’s cement was made in China, and between 2019 
and 2020, China produced as much cement as the USA did 
over the entire 20th century (USGS 2021). It would be very 
difficult to fulfill this global hunger for infrastructure with 
alternative materials such as steel, timber, or brick that are 
produced in much smaller amounts and often have very 
different properties, costs, and functionalities.

Figure 5 Hydration of Portland cement. Adapted from 
Lothenbach and Zajac (2019).

Figure 6 Critical infrastructure and buildings made of concrete 
(leFt to right): the Øresund Bridge connecting 

Denmark and Sweden; the Rio Madeira hydropower dam in Brazil 
under construction; and the Burj Khalifa skyscraper in Dubai.
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EVOLUTION IN TECHNOLOGY SINCE 1824
The heterogeneity of early-day Portland cements was 
gradually solved by the progressive introduction of rotary 
kilns (from the 1880s onward) that enabled continuous 
production and better process control compared with the 
batch-by-batch firing in older lime kilns. A rotary kiln is 
a long cylindrical steel tube lined internally with refrac-
tory bricks. The kiln is inclined by a few degrees toward its 
exit and slowly rotates to move the kiln charge toward the 
burner at its end. In older kilns, the raw material was mixed 
with water and fed as a slurry into a 150-m-long kiln. This 
so-called wet process requires large amounts of energy just 
to evaporate the water in the slurry, and has been gradu-
ally replaced by more energy-efficient dry-processing 
since the 1970s oil crisis (Bye 1999). Modern production 
lines (Fig. 7) use preheaters and precalciners to dry, heat, 
and calcine the raw feed before it enters the rotary kiln. 
The suspension preheater intensifies the contact between 
the feed and the hot gases exiting the kiln, reducing the 
overall heat consumption. The precalciner increases the 
throughput of the kiln and allows the use of lower calorific 
fuels, for example, refuse-derived fuel (fuel from various 
types of waste). Today, the co-processing of waste as fuel 
for a kiln is common practice. In countries with advanced 
waste management systems, such as Germany or Belgium, 
waste or biomass-derived fuels can cover 80%–90% of the 
heat requirements of a kiln (Schneider 2015). State-of-
the-art production lines today need 2.8–3.0 GJ per tonne 
of produced clinker, which is close to thermodynamic 
efficiency limits, and about half of that required by an old 
wet-process clinker kiln (Gartner 2004).

WHERE NEXT?
Today, climate change mitigation is the main driver of 
change in the manufacture and use of Portland cement and 
concrete. It is estimated that Portland cement production 
is responsible for about 8%–10% of global CO2 emissions 
(Scrivener et al. 2018). This large share mainly reflects 
the popularity and massive use of cement-based products 
(30 billion tonnes per year of concrete, mortar, etc.). As 

 calcination of limestone is responsible for about 60% of the 
CO2 emissions of the process, the production of Portland 
cement is one of the most difficult energy-intensive indus-
trial processes to decarbonize. Switching to carbon-neutral 
fuels or energy will not help reduce these emissions. As 
modern kilns are near their thermodynamic energy-
efficiency limits, cutting further back on CO2 emissions 
will need to be achieved in other ways. Obviously, reducing 
the CaO content of the final product is key. A range of 
other cements, such as alkali-activated cements, calcium 
sulfo-aluminate cements, magnesia-based cements, and 
carbonation-hardening cements, is discussed by Hanein et 
al. (2022 this issue). However, none of these cements have 
presently reached significant market shares. One approach 
that is widely practiced today is the partial replacement of 
Portland clinker by so-called supplementary cementitious 
materials (SCM), which can be mineral resources such as 
volcanic pumice or, more often, industrial by-products 
such as slags derived from the production of pig iron and 
fly ashes from coal-fired energy generation (Snellings et 
al. 2012). Without the use of SCM, CO2 emissions would 
be 20%–25% higher. A major challenge for the near future 
will be shortages of tested and tried by-product SCM as 
a result of the gradual decarbonization of the steel and 
energy industries. Increasing or even sustaining the current 
use of SCM will require new resources. While other indus-
trial residues may step in, abundant natural resources such 
as clays, limestone, pumice, or tuff have raised the most 
interest. For example, a combination of calcined kaolinitic 
clays and ground limestone can replace 50% of Portland 
clinker without compromising the strength or durability 
of the concrete end-product (Scrivener et al. 2018).

CONCLUSIONS
First introduced in the early 19th century, Portland cement 
has become a commodity produced at massive scale that 
satisfies the needs for construction of a rapidly growing 
urban population. Abundant raw materials, low cost, 
flexible and easy use, and good performance and durability 
are the main levers to its success. Unfortunately, there is no 
such thing as a free lunch. The release of fossil CO2 from 
limestone during its production burdens Portland clinker 
with a significant and hard-to-abate carbon footprint. A 
broad range of measures, including resource and product 
efficiency and electrification along the entire value chain 
from clinker, cement, and concrete production over 
construction to use and end-of-life stages, may reduce 
carbon footprints significantly, yet not fully. The balance, 
reportedly about 36%, will need to be captured and stored 
or used to reach carbon neutrality (Global Cement and 
Concrete Association 2021). Climate change mitigation 
presents a formidable challenge to cement and concrete 
producers and will, by necessity, incentivize rapid evolu-
tion in an otherwise conservative industry in the years 
to come. Here too, the energy transition materializes as 
a resource shift providing ample opportunity for Earth 
scientists to contribute.
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Alternative Non-Portland Binders

BACKGROUND ON NON-PORTLAND 
BINDERS
The 4.2 billion tonnes per annum global cement industry 
is carbon and energy intensive with most of the CO2 evolu-
tion (raw-material and fuel-derived) originating from 
the calcination of limestone. While Portland cement 
(PC) dominates the cement sector at present (Scrivener 
and Snellings 2022 this issue), the focus of this paper is 
specifically on materials of different chemistries, requiring 
less net calcined limestone, that may be able to act as 
eco-efficient alternatives to PC for certain applications. 
The development of cement binders (used to transform 
materials into a cohesive whole as a means of providing 
structural stability; hardening chemically or mechani-
cally by bonding fibres, filler powder, and other substances 
together) began several thousand years ago and was driven 
by infrastructure and shelter requirements and local raw 
material availability, rather than, as now, planetary health 
indicators. However, binders including alkali-activated and 
carbonation-hardening systems are not particularly new 
cement technologies and are at the heart of the human-
built environment (Elsen et al. 2022 this issue).

CLASSIFICATION OF 
ALTERNATIVE BINDERS 
AND CHEMISTRY OF 
THE REACTANTS
The alternative non-Portland 
cementitious binders addressed 
in this paper, with the poten-
tial to play a significant role in 
the future of the cement and 
concrete industry, include calcium 
sulfoaluminate–based cements, 
calcium aluminate cements, belite 

cements, alkali-activated materials, and magnesia-based 
cements. The mineralogy of these cements is described, 
along with the phases present in the reacted/hardened 
materials. Finally, a brief sketch of carbonation-hardening 
cements, which are those cured with CO2, is also included.

Calcium Sulfoaluminate–based Cements
Calcium sulfoaluminate (CSA)-based cements have been 
commercialised for over 60 years, most notably in China 
and the USA where they have been used in both structural 
and non-structural applications. The production process of 
CSA-based clinkers is similar to that of PC but at a lower 
temperature, usually 1250–1300 °C. Calcium sulfoalumi-
nate–based cement is potentially a lower-carbon alterna-
tive to PC (Hanein et al. 2018), and its manufacture requires 
less energy than that of PC (Ben Haha et al. 2019). Global 
production of CSA-based cements is three orders of magni-
tude lower than that of PC and is limited by the availability 
and economics of the alumina source (normally bauxite).

In traditional CSA-based cements, ye’elimite (Ca4Al6O12SO4) 
is the main phase, ranging between 40 wt.% and 80 wt.%. 
Calcium sulfoaluminate–based cements also contain 
other phases such as belite, gehlenite, or other calcium 
aluminates and, depending on the desired application, 
gypsum/anhydrite in higher quantities than PC (Bescher 
et al. 2019). The performance of these cements is influ-
enced by many factors, such as the clinker mineralogy 
(major and minor phases), fineness, and water-to-cement 
ratio. Calcium sulfoaluminate–based cements (high 
ye’elimite) are commonly used as active components for 
blended cements with niche applications, e.g., shrinkage 
compensation. Calcium sulfoaluminate–based cements 
in which the main (>40 wt.%) phase is belite (Ca2SiO4), 
but which also contain 25–35 wt.% ye’elimite, are referred 
to as BCSA cements, some of which are described by the 
European Technical Assessment (ETA-19/0458) as stand-
alone rapid set binders, achieving compressive strengths 
of >30 MPa within a few hours. Figure 1 shows where 
these cements plot in a ternary diagram of CaO, Al2O3, 
and SiO2. High-alumina clay (or industrial by-products) 
can be used to produce BCSA with a diminished need for 
bauxite (Hanein et al. 2018).

A background on non-Portland cementitious binders is presented, 
followed by a review of the key alternative binders that are currently 
of interest. The mineralogy of these cements is described, along with 

phases present in the reacted/hardened materials. The similarities and differ-
ences between the setting processes, as controlled by reactions at the solid–
liquid interface, provide insight into the ways in which different classes of 
binders develop their performance and thus offer value to society.

Keywords: alternative cements; low-carbon binders; cement toolkit; hardening 
mechanisms; performance
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The main hydration products of CSA and BCSA are crystal-
line ettringite and a disordered aluminium hydroxide 
gel, with stoichiometry close to that of hydrated gibbsite, 
originating from the reaction of ye’elimite, calcium 
sulfate, and water. If not enough calcium sulfate is avail-
able for full ettringite formation, AFm-type phases with 
compositions close to Ca4Al2(OH)12(SO4)·6H2O may 
precipitate. In BCSA pastes, the hydration of belite in the 
presence of high amounts of AH3-gel yields strätlingite, 
Ca2Al(Si,Al)2(OH)10·2.25H2O. In BCSA cements, calcium-
silicate-hydrate/calcium-aluminium-silicate-hydrate 
(C-S-H/C-A-S-H) gel is formed at later ages (i.e., beyond 28 
days) from the hydration of the remaining belite; however, 
there is some debate over the extent of belite hydration.

Calcium Aluminate Cements
Calcium aluminate cements (CACs) have been produced 
commercially since the early 20th century and are used 
in niche applications today. They were initially devel-
oped as “Ciment Fondu,” a high-sulfate resistance material 
(Pöllmann 2012). The term fondu (“molten” in French) 
was derived from the molten state of the material that is 
manufactured at ~1550 °C by firing a mix of bauxite or 
other aluminium-bearing rocks with low SiO2 contents 
and limestone. Calcium aluminate cements were histori-
cally used when rapid setting and hardening were needed 
and because of their high resistance to chemical attack. 
Nowadays, their main application is for castable refracto-
ries (non-metallic materials with chemical and physical 
properties utilised for creating heat-resistant structures 
that retain and insulate; because of their high resistance 
to heat and thermal shock, castable refractory cements can 
be used to build kilns and furnaces) and in blends with PC 
for special applications.

Calcium aluminate cements are classified into three main 
groups according to their aluminium content (Fig. 1): (i) 
standard CAC with 35–45 wt.% Al2O3 and 12–20 wt.% 
Fe2O3, for which limestone and ferruginous bauxites are 
used as raw materials; (ii) standard low-iron (medium) 

CAC with 45–60 wt.% Al2O3 and <3 wt.% Fe2O3, made 
with limestone and low-iron bauxite; and (iii) high-Al2O3 
CAC with >70 wt.% Al2O3, made from limestone and metal-
lurgical-grade alumina. All CACs contain monocalcium 
aluminate, CaAl2O4, as the main phase. High-Al2O3 CAC 
may also contain CA2, C12A7, and/or Al2O3, while medium/
standard CAC may contain gehlenite and calcium titanate 
(perovskite) because bauxites sometimes contain TiO2. The 
hydration mechanism of CaAl2O4 is complex and temper-
ature-dependent but well known, and can be represented 
as follows.

CaAl2O4 + 10H2O → CaAl2O4·10H2O T < 15 °C (1)

3CaAl2O4 + (21 + 2n)H2O → CaAl2O4·10H2O + 
Ca2Al2O5·8H2O + 2[Al(OH)3·nH2O] 15 °C < T < 30 °C (2)

2CaAl2O4 + (11 + 2n)H2O → Ca2Al2O5·8H2O + 
2[Al(OH)3·nH2O] 15 °C < T < 30 °C (3)

3CaAl2O4 + (12 + 4n)H2O → Ca3Al2O6·6H2O + 
4[Al(OH)3·nH2O] T > 30 °C (4)

The hexagonal calcium aluminate hydrates, Ca2Al2O5·8H2O 
and CaAl2O4·10H2O, are thermodynamically metastable 
with respect to hydrogarnet, Ca3Al2O6·6H2O, and 
amorphous Al(OH)3·nH2O. Transformation from less 
dense metastable hydrates to more stable denser hydrates 
occurs on a timescale of days to years when the material is 
held above 20 °C. This “conversion” process can increase 
the porosity by more than 25%, thereby reducing the 
mechanical strength (sometimes dramatically) and making 
the concrete vulnerable to chemical attack. In the 1970s, 
some buildings made with CAC concrete in the UK and 
Spain collapsed as a result of this chemical process, which 
is complex and dependent on the water/cement ratio, 
temperature, presence of supplementary cementitious 
materials, and nature of the aggregates. The main method 
of mitigating conversion is to ensure that the CAC is formu-
lated at a low water/cement ratio, so that water released by 
conversion processes triggers further hydration of residual 
anhydrous CAC clinker grains to fill the generated pore 
space. Note that CAC can also be used in combination, 
blended with calcium sulfates, to produce ettringite and 
aluminium hydroxide gel, for example, as binders in self-
levelling mortars.

Belite Cement
Belite cements (BC) are based on the total or partial substi-
tution of alite by belite in a PC clinker (Chatterjee 1996), 
while the remaining (ferro)aluminates are in the same 
proportion as in PC. Belite cements resemble historical 
(19th- and early 20th-century) PC, which had a much 
lower alite content than modern PC, and can yield a CO2 
reduction of >30%, mainly as a result of the lower calcium 
demand of belite than alite and the lower clinkering 
temperature, i.e., 100 °C less than PC (Cuesta et al. 2021); 
however, BC is slightly more difficult to grind. The main 
hydration products of BC are, like PC, portlandite and 
C-S-H gel (reaction (5), where the amount of water may 
vary with time and experimental conditions; 4 mol of 
H2O represents a C-S-H gel with a density of 2.0 g·cm−3), 
as well as ettringite from the aluminate–sulfate reaction 
as in conventional PC (Shirani et al. 2021). The reaction 
of belite yields a relatively larger fraction of C-S-H gel per 
unit volume of binder and a lower fraction of crystalline 
portlandite (compared with alite), which can lead to more 
durable mortars/concretes (Cuesta et al. 2021).

Ca2SiO5 + (6 – x)H2O → (CaO)xSiO2(H2O)4.0 + (2 – x) 
Ca(OH)2 1.6 < x < 2.0 (5)

Figure 1 Pseudo-ternary CaO–SiO2–Al2O3 diagram showing the 
composition of some alternative non-Portland 

cements, including precursors used in the production of alkali-
activated materials. Compositions are normalised to the sum of the 
SiO2, Al2O3, and CaO contents. Here, BC indicates belite cement, 
PC indicates Portland cement, CAC indicates calcium aluminate 
cements, CSA indicates calcium sulfoaluminate, and BCSA indicates 
CSA cements in which the main phase is belite.
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Belite cements have a major drawback: the slow reactivity of 
belite, which yields poor mechanical strengths at early ages 
(<7 days). Consequently, the enhancement (“activation”) of 
the early-age strengths of BC has been a research challenge 
(Cuesta et al. 2021). The strategies for activation are (i) 
chemical activation, which involves adding extra minor 
elements, such as boron, sodium, phosphorus, or sulfur, to 
the raw materials in the clinkering kilns with the objective 
of stabilising the high (more rapidly reactive) polymorphs 
of belite; and (ii) physical activation by reducing the 
particle size and enhancing the particle defects by control-
ling the cooling rate. Increasing the hydration temperature 
has recently been reported as an activation strategy; an 
increased curing temperature enhances the BC (Shirani et 
al. 2021) and BCSA (ETA-19/0458) mechanical strengths, 
contrary to the well-known behaviour of PC, because of the 
increased belite reactivity and almost negligible effect on 
the pore coarsening (where pores, on average, get larger). 
Hydration activation by admixtures, such as C-S-H seeding 
or different alkaline salts, may also be considered.

Alkali-activated Materials
The first use of alkali-activated material (AAM) as a compo-
nent of cementing material dates back to 1895, when 
Whiting patented cements based on ground slag powder 
and caustic additives. Work on the topic was sporadic and 
scattered after that, until industrial-scale production began 
in the 1950s in Belgium and the former Soviet Union. Since 
then, AAM, sometimes also called “geopolymers,” has been 
commercially produced and used for different purposes 
in construction and hazardous/radioactive waste manage-
ment applications (Shi et al. 2006). Today, AAM represents a 
wide category of binders that use alkalis (usually in aqueous 
form) mixed with powdered aluminosilicate reactants/
precursors. Alkali-earth oxides are sometimes used as a 
component of an activator in conjunction with an alkali 
metal–based component, or used alone in Roman-type 
“lime–pozzolan cements.” In addition to the most widely 
used precursors such as blast furnace slag, calcined clays, 
and coal combustion ashes, a range of other materials that 
contain reactive aluminosilicate components can be used. 
Table 1 lists the main reactants for AAM.

The solid precursors listed in Table 1 are mostly industrial 
by-products or wastes resulting from thermal processes—
which yield glassy or otherwise reactive silicate constitu-
ents—rich in SiO2 and Al2O3 and with varying amounts of 
CaO. The aluminosilicates dissolve under alkaline condi-
tions, and then precipitate new aluminosilicate gels as 

the binding products. Curing at elevated temperature is 
sometimes beneficial to enhance reactivity (Zhang et al. 
2016). Note that some waste materials containing Fe-rich 
glass can also be used in AAM, but usually lead to slower 
strength development because of their lower reactivity.

Because alkali activators account for most of the energy 
consumption, CO2 emissions, and cost of an AAM, their 
doses should generally be kept as low as possible. In 
practice, to obtain a desirable strength, an alkali dose of 
3–7 g Na2Oeq/100 g precursor is usually sufficient for slag-
based AAM, whereas this is doubled or tripled for AAM 
based on fly ashes or other low-calcium materials.

Magnesia Silicate Cements
A magnesia-based cement uses magnesium compounds as 
the main building blocks of the binding phases, generally 
via precipitation of low-solubility hydrous Mg-rich mineral 
phases (Walling and Provis 2016). The Mg is typically 
supplied as MgO or Mg(OH)2, although there is increasing 
interest in Mg recovery from industrial by-products or mine 
tailings as a result of restrictions in the supply of MgCO3 
from which MgO is usually produced. By analogy with 
the calcium silicates comprising PC, the concept of devel-
oping a magnesium–silicate bond to form a cement has 
existed for over 100 years, but the use of this material as a 
cement-forming system remained relatively unresearched 
for more than 50 years and is still not fully understood. 
Modern magnesia silicate cements are generally formed 
by mixing the magnesia source with a highly reactive 
silica powder (e.g., silica fume or microsilica) and water to 
form a magnesium-silicate-hydrate (M-S-H) binder. The 
reaction between MgO and reactive silica can be slow at 
ambient temperature, leading to a lower rate of strength 
development than for PC; however, recent developments 
have enabled the acceleration of M-S-H formation through 
the control of particle reactivity via chemical activation 
(Zhao et al. 2019).

Magnesia Phosphate Cements
Magnesia phosphate cements/ceramics (MPC) are formed 
through an acid–base reaction between MgO and soluble 
acid phosphate. Because of the nature of this reaction, 
when a highly reactive MgO and acid phosphate solution 
are used, the mixture usually has a high reaction rate and 
rapid strength development. These properties have led to 
their extensive commercial use as concrete repair materials 
and have further triggered growing interest as wasteform 
cements for the nuclear industry (Walling and Provis 2016).

Table 1 CONSTITUENTS USED IN ALKALI-ACTIVATED MATERIALS (Shi et al. 2006;  
Provis and van Deventer 2014; Provis et al. 2015). Here, M denotes an alkali metal.

Examples of alkali activators Precursors in approximate order of calcium content

caustic alkalis MOH high calcium

low calcium

blast furnace slag

granulated phosphorus slag

steel slags

non-ferrous slags

coal combustion ashes

mineral processing tailings

incineration products of sludges

volcanic glasses

zeolites

red mud/bauxite residue

waste ceramics

waste glass

rice husk ash

metakaolin

silica fume

non-silicate weak acid 
salts 

M2CO3

alkali silicates M2O·nSiO2

alkali aluminates MAlO2

non-silicate strong 
acid salts

M2SO4

alkali-earth oxides CaO, MgO
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Unlike many of the cements described in this paper, one 
of the main challenges in the use of MPC is to prevent an 
overly rapid reaction. Therefore, hard- and dead-burned 
MgO, calcined at 1000–1500 °C and 1500–2000 °C, respec-
tively, are used in preference to the more reactive light-
burned magnesia because the reactivity of MgO decreases 
with increasing burning temperature. The common acid 
phosphates used in MPC are NH4H2PO4 and KH2PO4, 
forming NH4-MPC and MKPC. A mixture of phosphoric 
acid and Al(H2PO4)3 or NaH2PO4 can also be used.

To further control the reaction rate of MPC, chemical 
additives (retarders) can be used, such as borax 
(Na2B4O7·10H2O) and boric acid (H3BO3), which have 
been widely applied because of their effectiveness and the 
relatively low doses required (Wagh 2016). To save cost and/
or reduce exothermic output, diluents/fillers are added, 
either sand as a diluent to produce a mortar for repair 
applications, or finer materials such as coal fly ash, blast-
furnace slag, or wollastonite, which are slightly reactive 
and contribute to the binder performance (Gardner et al. 
2021).

Sorel Cements
Magnesium oxychloride cements (MOC), also called 
Sorel cements for their inventor (Sorel 1867; Walling and 
Provis, 2016), are formed via reaction between MgO and 
MgCl2. In this MgO–MgCl2–H2O ternary system, the 
reactivity of MgO is very important because it affects the 
total reaction heat, setting time, and strength develop-
ment. Therefore, usually higher-reactivity (light-burned) 
magnesia and small particle size are essential, in combi-
nation with a MgCl2 solution of suitable concentration, 
to produce a cement that can generate excellent early-
age strength (Zhang 2011). Careful control of the ratios 
between MgO, MgCl2, and water is necessary for a stable 
cement with high strength, but without too much residual 
MgO, which can potentially cause expansion in the longer 
term via its slow hydration to brucite (Mg(OH)2). The most 
challenging issue for Sorel cement in practical application 
is probably its limited water resistance, which means that 
it is best suited for use indoors or under otherwise dry 
conditions. When it becomes moist, the main oxychlo-
ride binding phase 5Mg(OH)2·MgCl2·8H2O transforms to 
3Mg(OH)2·MgCl2·8H2O, which finally dissolves to form 
a Mg(OH)2 and MgCl2 solution. Chemical additives with 
hydrophobic properties can be used to improve the water 
resistance and stability. These cements are not suitable for 
making mild-steel reinforced concrete, as the steel will be 
susceptible to corrosion in the presence of chloride, but 
are valuable in unreinforced applications under condi-
tions where they can be protected from moisture. It is 
worth noting that there is an analogue to MOC, which is 
magnesium oxysulfate (MOS) cement. Magnesium oxysul-
fate cement is produced by the combination of MgO with 
MgSO4 solution and can have attractive engineering 
properties in many applications, but is considered inferior 
to MOC; nonetheless, there is room for improvement as 
MOS is still in its early stages of development.

Carbonation-hardening Cement
Carbonation-hardening cement refers to the hardening of 
poorly hydraulic minerals such as MgO and Mg silicates 
(Unluer and Al-Tabbaa 2013), γ-C2S (Guan et al. 2016), 
rankinite (Smigelskyte et al. 2020), and wollastonite (Daval 
et al. 2009)—which can either be produced directly or 
sourced from industrial wastes—in the presence of water. 
Such systems can offer lower CO2 footprints than conven-
tional cements; much of the emitted raw-material CO2 
can be re-absorbed during hardening, and the production 
temperatures of the precursors, even if not derived from 

wastes, are lower than those of PC clinker. Carbonation-
hardening cement can also be useful in regions where water 
is scarce because the water is not chemically bound and is 
potentially recyclable.

HARDENING MECHANISMS 
AND REACTION PRODUCTS
Despite the diverse chemistries of the non-PCs that have 
been described in the preceding sections, there are some 
important commonalities in the mechanisms and binder 
structures between the different classes of cements, which 
will be explored in this section. Fundamentally, the 
hardening of each cement class described in this paper—
and similarly that of PC—is a fluid–particle reaction process 
that leads to the dissolution of a (partially) soluble particu-
late solid oxide, evolution of an interstitial fluid toward 
saturation with respect to one or more new mineral phases, 
and precipitation of those phases to form a space-filling, 
mechanically strong binder. In some cases, the fluid is 
water (e.g., in the hydration of CSA, CAC, BC, and Sorel 
cements); in other cases, it is an aqueous solution that may 
be alkaline (AAM) or acidic (MPC); and in yet other cases, 
the key agent that causes the chemical reactions that lead 
to hardening is CO2, which dissolves into the interstitial 
fluid from the surrounding atmosphere. However, in all 
of these scenarios, a sequence of dissolution–reprecipita-
tion reactions results in the formation of a binding phase 
that, in turn, enables the cement to perform as intended, 
giving strength and impermeability through the forma-
tion of solid phases with lower solubility than that of the 
original particulate precursor.

Hydrolysis, Dispersion, and Role of the Solid–
Liquid Interface
When a solid oxide particle, with sufficient solubility to be 
useful in cement formation, reacts with an aqueous fluid—
which is the first step in the setting process of each of the 
cements described in this paper—its surface is partially 
hydrolysed and its constituent ions are released into the 
aqueous environment. These constituent ions then react 
with each other and potentially with species supplied in 
aqueous form, including the “activators” in AAM and the 
dissolved CO2 in carbonation-hardening cements, through 
chemical reaction processes that are mediated by the 
aqueous environment.

The fact that the successful formation of a hardened cement 
depends so strongly on the hydrolysis of surface species 
from solid oxides also means that the control of the reactive 
surface area of the precursor oxide is essential. The main 
reactive phase in PC is tricalcium silicate, Ca3SiO5, and 
the reasons for its very high reactivity with water become 
more evident when it is formulated as an oxysilicate 
Ca3O(SiO4) (Plank 2020), where the highly reactive oxide 
anions, only bound to calcium atoms, within this struc-
ture are highlighted. However, moderately reactive oxides 
can be made more amenable for use in cements when they 
are present in extremely fine particles. A key example of 
this is silica fume, which is a nanoscopic (<50 nm) form 
of amorphous SiO2 that is a key precursor for magnesium 
silicate cements. Conversely, larger glassy silicate particles 
(for example coal fly ash, with particles mainly in the 1–50 
μm range) require a very elevated pH to react at a compa-
rable rate to form a cementing binder; alkali-activated fly 
ash cements use a pH in excess of 14 to accelerate the disso-
lution of the silicate glass from the fly ash grains (Duxson 
and Provis 2008).

Additionally, for this set of chemical processes to proceed 
effectively, the particles need to be dispersed so that their 
surface area is fully available for reaction. In cements, this 
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is often achieved through the addition of a surface-active 
admixture, known in the context of concrete technology 
as a “(super-) plasticiser” or “(high-range) water reducer.” 
These molecules act at the solid–liquid interface to provide 
control of the surface chemistry and, consequently, of the 
flow characteristics of the concrete. The ability to effec-
tively disperse cementitious powders when a concrete is in 
the fluid state has been central to many important advances 
in concrete formulation and processing technology over 
the past decades. Concretes based on PC—for which these 
admixtures have been primarily developed—have improved 
in flowability, and in strength and durability, through the 
ability to reduce their water content via effective cementi-
tious particle dispersion. However, comparatively less 
financial and intellectual investments have been dedicated 
to the development of corresponding admixtures tailored 
to the interfacial chemistry of alternative cements. Hence, 
admixtures that would enable lower-carbon concretes to 
compete on an equal footing with conventional PC-based 
materials do not yet exist. Important steps have been made 
toward this development for some types of cements, most 
notably AAM, but this remains a critical area requiring 
further development in the future.

Precipitation Pathways
Once dissolution of a cementitious precursor particle 
has progressed to a sufficient extent, the interstitial fluid 
reaches saturation (or supersaturation) with respect to one 
or more hydrous minerals. These will then start to precipi-
tate, in general via a nucleation-growth pathway, and fill 
in the interstitial space to initiate the hardening process. 
The newly formed mineral phases may be crystalline (e.g., 
struvite-group minerals in MPC, ettringite in sulfoalumi-
nate cements, or the various hydrated calcium aluminates 
in CAC) or crystallographically disordered (e.g., C-(A)-S-H, 
M-S-H, N-A-S-H (alkali-aluminium-silicate-hydrate)). The 
newly formed phases, particularly when they are disor-
dered, are often loosely described as “gel” phases, and the 
result of their hardening as a “hardened gel.” The process 
of precipitation in most cements can usually be described 
relatively accurately by geochemical-style models that 
assume instantaneous equilibrium between the interstitial 
fluid and the newly formed hydrate phases (Lothenbach 
2010). Even though the overall reaction process is clearly 
under kinetic control because of the supply of hydrolysed 
species via precursor dissolution, the precipitation process 
in the majority of cements discussed in this paper tends 
to yield stable (rather than metastable) phases. A clear 
exception to this trend toward the direct formation of 
stable phases is CAC, as discussed above, and this brings 
important implications for the longer-term performance 
of the materials.

Nanostructure and Microstructure
As the chemistry of the interstitial fluid within a cement 
evolves over time, and as it eventually becomes the pore 
fluid of the hardened cement, the nature of the phases in 
equilibrium with the fluid will naturally also change. This 
means that some of the initially formed solids end up being 
transient in the hardening process, and thus redissolve or 
otherwise convert to the final stable phase assemblage of 
the cement. The fact that both the initial precipitation 
and later redissolution–reprecipitation processes take 
place non-homogeneously in space leads to the formation 
of complex microstructures of binding hydrate phases 
containing embedded remnant precursor particles.

MECHANICAL PERFORMANCE
Arguably, the most important engineering characteristic of 
concrete is its compressive strength, which is the ability of 
a mortar/concrete specimen to resist failure under compres-
sive load. The alternative non-Portland binders described 
here have quite different applications, and the development 
of their mechanical properties are directly related to these. 
For example, many applications of CSA- and CAC-based 
mortars require high mechanical strengths at early ages 
(i.e., 1 day of hydration). This improvement over the PC 
performance justifies their production, and even their 
higher cost, in isolation from any environmental consid-
erations. The silicate-based alternative low-CO2 binders, 
such as BC, usually develop lower mechanical strengths 
than PC at early ages, but are comparable after 28 days (Fig. 
2). There are ongoing debates about whether construction 
methodologies could be adapted to work with lower early 
strength materials in the drive for lower emissions across 
the industry, but pragmatically, this does not appear to be 
a preferred option for the construction sector, and hence 
alternative cements probably need to be designed to match 
or exceed the strength development profile of PC in most 
engineering applications.

The mechanical strength development profiles of AAM 
cements depend on the fineness and type of precursor 
material, curing conditions, type, amount, and ratio of 
binder to alkali activator (Fig. 2). Moreover, the setting 
of AAM can be designed to vary between rather rapid 
and quite slow, thereby opening up a range of produc-
tion routes including precasting and on-site concreting. 
Sorel cements are used in panels for good fire resistance, 
but are also distinguished by their high compressive and 
flexural strengths after 28 days (Fig. 2), which particularly 
contribute to good resistance to abrasion for industrial 
floors as an important application for these materials.

Figure 2 Compressive strengths of mortars made using 
different alternative non-Portland cements. The error 

bars indicate the range of mechanical properties reported in the 
literature depending on the experimental conditions. An indicative 
result for standard Portland cement (PC) mortars is included for 
comparison.  BC indicates belite cement, CAC indicates calcium 
aluminate cements, CSA indicates calcium sulfoaluminate, BCSA 
indicates CSA-based cements in which the main phase is belite, and 
AAM is alkali-activated material.



ElEmEnts OctOber 2022319

SUMMARY AND RECOMMENDATIONS
This chapter provides a discussion of alternative 
non-Portland cements, with a view toward their increased 
global usage and potential attractive techno-economic 
and environmental profiles depending on situation and 
location. Innovation in cements is a slow and incremental 
process because of the very high levels of confidence that 
are required in the final material; namely, the perfor-
mance must be proven and tested to obtain agreement 
between all participants in the value chain. The materials 
discussed can be application-specific and the calculations 
of the relative environmental and economic benefits 
compared to Portland cement vary between regions and 
applications. The pathway to sustainability in the cement 
industry requires a validated toolkit of options, assessed 
locally for material availability, technical performance, 
and economic and environmental viability. This level 
of detailed assessment is more laborious than the use of 
prescriptive standards, but is necessary to achieve climate 
goals. A non-exhaustive summary of this toolkit is provided 
in Table 2.
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Table 2 TOOLKIT OF ALTERNATIVE NON-PORTLAND CEMENTS THAT CAN OFFER TECHNICAL  
AND/OR ENVIRONMENTAL IMPROVEMENTS IN THE CEMENT SECTOR.

Major oxide constituents of 
hardened material

Typical raw 
materials Primary applications Main factors inhibiting 

wider usage

Calcium sulfoaluminate–
based cements CaO; Al2O3; SO3; SiO2; Fe2O3

Limestone
Bauxite
Gypsum
Clay/shale

Rapid set
Self-levelling grouts
Expansive/shrinkage-
compensating agents

Availability of alumina source

Calcium aluminate 
cements CaO; Al2O3; minor Fe2O3 and SiO2

Bauxite
Limestone

Refractories
Specialty concrete
Rapid set
Acid resistance
Sulfate resistant

Availability of alumina source
Conversion resulting in 
strength regression

Belite cement CaO; SiO2; minor Al2O3 and SO3

Limestone
Clay/shale
Sand

Oil well cement
Low-heat construction for 
large pours

Setting time
Low early strengths

Alkali-activated 
materials

Al2O3; SiO2; Na2O; K2O; sometimes 
CaO, MgO, and Fe2O3

Varied; see Table 1

In situ/general applications
High-temperature resistant 
concretes
Precast applications
Nuclear waste immobilisa-
tion (as “geopolymer” 
cements in particular)

Availability and sustainability 
of activators
Consistency/variability of 
precursors

Lime–pozzolan cements 
(Elsen et al. 2022 this 
issue)

CaO; Al2O3; SiO2; minor Fe2O3
Lime
Pozzolana

Conservation work
Potentially general concrete 
applications

Slow strength development
Carbon footprint and energy 
requirements for lime 
production

Mg phosphates MgO; P2O5; K2O

Magnesite/
magnesia
Potassium 
phosphate

Concrete repair materials
Nuclear waste 
immobilisation

Availability of raw materials
Very rapid setting

Mg silicates MgO; SiO2

Magnesite/
magnesia
Silica fume
Microsilica

Precast elements and blocks
Potential use in nuclear 
waste immobilisation

Availability of raw materials
Strength development
Research gaps

Sorel cements MgCl2; MgO

Magnesite/
magnesia
Magnesium 
chloride

Indoor concreting (e.g., 
floors)
Wall panels
Fire resistance
Binder for wood composites

Dissolution of the binding 
phase in humid environment

Carbonation-hardening 
cements CaO; MgO; SiO2; CO2

Limestone
Clay/shale
Sand
Magnesite/
magnesia or 
magnesium 
silicates
High-calcium 
metallurgical slags

Precast blocks and elements Limited to factory production
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Polarization-fluorescence 
Microscopy in the Study of 
Aggregates and Concrete

INTRODUCTION
Concrete structures exist by virtue of their combined 
material (coarse aggregate, fine aggregate, and binder) 
and structural (beams, arches, girders, reinforcement, and 
prestressing) properties (Gordon 1978). The default ‘tradi-
tional engineering method’ for assessment of ‘concrete 
quality’ during the construction of structures above a 
certain size is based on compressive strength testing. This 
is traditionally performed on cubes produced from the 
actual job mix cured at room temperature immersed in 
water for 28 days, yielding the so-called ‘norm-strength’ 
in megapascals (MPa). Common additional test methods 
include tensile strength, density, water ingress depth from 
the surface (splitting a cube after one-sided exposure, in 
mm), total porosity (gravimetric, water-saturated cube 
minus dry cube weight, in vol%), but many more are avail-
able (e.g., ASTM 2022).

With some modifications, the 
above tests may also be applied to 
core samples drilled from existing 
structures if the concrete is 
suspected to be underperforming 
or is visibly degrading, leading to a 
reduction of the projected service 
life, intended functionality, and/
or user safety. Testing of bulk 
concrete is highly relevant to the 
practical aspects of a structure 
in service, such as load-bearing 
capacity and infiltration of 
de-icing salts or seawater (poten-
tially causing reinforcement corro-
sion). However, any local property 
variations at the sub-cube (core) 
scale remain undetected and 
are further smoothed out in a 
calculated average. Just as a field 
geologist must consider the repre-
sentativity of a backpack full of 

rock samples for an entire granite aggregate quarry (and 
the tiny fraction that actually lands under the microscope 
in a thin section), a concrete petrographer must consider 
how observations on thin sections scale to the structure as 
a whole (Broekmans and Fernandes 2015).

Concrete decay processes include dissolution and precipita-
tion of phases, chemical reactions between solid and fluid 
phases (e.g., water, carbon dioxide, aggressive media), as 
well as physical processes such as abrasion, stress defor-
mation under load, thermal expansion, and freeze/thaw 
cycling (i.e., expansion of water freezing in micropores), 
etc. Some of these processes are known from the weath-
ering, alteration, reactive transport, and erosion of natural 
rocks, while some are unique to concrete (e.g., Poole and 
Sims 2016). Most often, chemical and physical decay 
processes work in concert, making it a challenge to distin-
guish cause from consequence.

By far, the majority of decay cases are fluid-mediated 
whether via infiltration, dissolution, transport, leaching, or 
escape (during fire). In sound concrete, fluid housekeeping 
is dominated by diffusion through the intrinsic porosity 
of the hydraulic binder (typically ~15 vol%). The presence 
of ‘imperfections’ in concrete, whether construction flaws 
from poor workmanship or design, or the introduction of 
fissures, dramatically enhances local fluid flow and access, 
converting an initially ‘closed concrete system’ into an 
open system. Therefore, porosity, permeability, and their 
spatial distribution are crucial parameters in the assess-
ment of concrete decay mechanisms. Correct identifica-
tion of the cause(s) is essential to determine a diagnosis 
and/or effective repair strategy, or to justify demolition, or 
alternatively, warranty claims and legal liability in newer 
structures.

Concrete structures may develop deleterious damage, which significantly 
reduces service life, structural integrity, and safety, posing serious issues 
in large or otherwise critical infrastructure. Routine petrographic assess-

ments, including microstructure, texture, and fabric, of concrete and its (gravel 
and sand) aggregate and binder constituents in thin section using polariza-
tion-fluorescence microscopy (PFM) enables the unequivocal identification of 
features that would otherwise remain hidden in conventional petrography. 
Rigorous preparation procedures preserve original microstructural details, 
make preparation artefacts recognizable, and ensure that the fluorescent 
emission can be quantified. This contribution outlines the preparation of 
fluorescence-impregnated thin sections and elaborates on the application of 
PFM to damaged concrete, with further examples from selected rock types 
commonly used for concrete aggregate.
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Petrographic assessment starts with planning a sampling 
campaign well ahead of time, concrete being no different 
from natural rock samples in this respect. Rigorous 
application of cautious sample extraction and handling 
procedures from field to laboratory minimizes the attribu-
tion of (micro)structural and/or compositional artefacts 
(Broekmans 2012).

In field geology, optical thin section petrography is the 
go-to method to determine further analytical strate-
gies for newly collected samples. In civil and concrete 
engineering, however, petrography is too commonly seen 
as the last-resort method when results from traditional 
testing remain inconclusive (Broekmans 2009; Fernandes 
et al. 2009), despite the wide availability of (inter)national 
standards and guidelines elaborating the procedures to 
follow (Poole and Sims 2016; Sims and Poole 2017 and 
references therein). This lack of popularity may at least in 
part be due to petrographic observations not being reported 
as simple numbers, but as written text requiring relevant 
competence.

Polarization-fluorescence microscopy (PFM) is a powerful 
and cost-effective method for ‘quality assessment and 
control’ (QA/QC) throughout the life of structural concrete, 
from verifying the content of potentially deleterious (silica) 
minerals in virgin aggregate prior to actual use (Fernandes 
et al. 2016) and QA/QC of the ‘as delivered’ concrete in 
a structure (e.g., homogeneity, degree of compaction) to 
the assessment of concrete degradation when observed in 
a structure and suitability of recycled concrete for reuse 
as aggregate.

This paper outlines the procedures for preparing thin 
sections to assess damaged concrete using PFM, and its 
application to damaged concrete and selected rock types of 
natural origin. Existing routines for ordinary thin section 
preparation are modified to visualize internal micropo-
rosity and/or cracks, requiring minimal investment in 
supplementary equipment and instrumentation, and to 
avoid preparation artifacts. The same preparation routines 
can be used to visualize microstructural and textural 
features in deformed, weathered, unconsolidated rocks, 
sediments, or other rock types, that otherwise remain 
hidden with default routines (Camuti and McGuire 1999). 
This method presents a dramatic contrast improvement 
compared to the use of blue epoxy (cf. Yanguas and Dravis 
1985), as we will show with examples.

MATERIALS AND METHODS

Preparation of Fluorescence-impregnated 
Thin Sections
The pore network in hydrated cement paste is formed 
during construction when water is added to the concrete 
mix, and growing prisms and platelets of clinker hydrates 
touch to form an intricate three-dimensional nanoscale 
network, its density being affected by the amount of 
excess water present (i.e., not bonded in hydrates). The 
overall pore volume in cement paste may be as large as 
15–20 vol%, initially reflecting the water–cement ratio 
used, but evolving further upon aging. In contrast, the 
internal porosity of an aggregate particle mainly consists 
of the interstitial space along mineral grain boundaries 
in supracrustal rock types, and cracks in deformed rocks, 
and is generally 2–3 orders of magnitude lower than in the 
paste (exceptions being chert/flint and opaline limestone).

Furthermore, the clinker hydrates composing the bulk 
cement paste in ordinary Portland cement (OPC) concrete 
form foils, platelets, and fibers only a few tens of nanome-
ters thick (Odler 1998). They are also mechanically soft, 
with Mohs scratch hardnesses of ~3 and below. Without 
a sturdy ‘scaffolding’, the fragile paste crystallites break 

or bend rather than being cut off by the abrasive during 
cutting to size, lapping to thickness, and polishing to 
finish. Moreover, fine and mechanically rigid particles 
(e.g., aggregate quartz, unhydrated clinker relics) may 
get dislodged from their bedding (aka ‘plucking’), acting 
as additional ‘stray abrasive’ milling down softer parts 
in an uncontrollable manner. Both debris and abrasive 
particles get relocated and deposited in pores, a contami-
nation artefact in some thin sections. To petrographically 
identify very fine-grained constituents (e.g., relic clinker, 
blast furnace slag, fly ash particles), concrete sections must 
be thinned to ~15–20 μm, rather than the default 30 μm in 
typical geological practice, to minimize overlaying grains. 
Therefore, default thin section preparation procedures 
must be extended with a few additional steps to ensure 
that delicate sample materials, such as damaged concrete 
(or any other fragile/porous sample material), survive the 
abrasive process.

Figure 1 (A) Two impregnated full cores (leFt Ø100 mm, 
right Ø110 mm). The flat structure surfaces are at the 

bottom so the cores stand upright unsupported during 
impregnation. (B) A fully impregnated Ø100 × 400 mm drill core 
from an alkali–silica reaction (ASR)-damaged structure reveals no 
cracking in plain light (orientation as in the structure). (C) The 
same core in fluorescence reveals pervasive local cracking that 
crosses coarse aggregate particles. (D) In reality, the horizontal 
‘crack’ is the contact between two concrete batches poured on 
different days. A vertical reinforcement bar (orientation as in the 
structure) is visible at left. (E) The ‘Kubiëna box’ core from the fault 
gouge in Figure 3A, with part of the plastic hose for impregnation 
still visible to the left. (F) The same core sliced lengthwise and 
flipped, thin section billet extracted from the approximate center. 
(G) The right core half in fluorescent light from a ‘bargain 
basement’–priced 21 LED ‘UV-torch’, photographed with a 
cell phone.
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A preparation protocol was first outlined by Wilk et al. 
(1974) with an elaboration on its application and use by 
Romer and Dobrolubov (1974). A practical step-by-step 
laboratory protocol with a list of materials is outlined in 
the Dutch national guideline, CUR-Recommendation 102 
(2008), and a generic background is given in Ingham (2011) 
and Poole and Sims (2016).

Under ambient conditions in a moderate climate at 75% 
relative humidity, pores finer than ~1.0  μm are filled 
with molecular water from surface absorption combined 
with capillary condensation (Hens 2012). Occupied pores 
obstruct access to connected larger pores (‘bottlenecking’), 
which effectively inhibits the penetration of fluid epoxy. 
Therefore, sample portions for thin sectioning are dried 
prior to impregnation. Temperatures must not exceed 
~50 °C as some hydrated phases in concrete (e.g., ettringite) 
decompose and/or decrepitate, causing shrinkage cracking 
as an artefact at higher temperatures. The pre-dried sample 
portions are then transferred to a (low) vacuum chamber 
while hot and pumped down to ~1 mPa. This removes most 
remaining water, making the pore network accessible for 
epoxy impregnation (pressurized impregnation does not 
have this drying effect).

A vacuum impregnation apparatus (modified after Ashley 
(1973)) consists of a suitably thick polycarbonate tube 
chamber Ø300 mm/12″ on an aluminum base and covered 
by an aluminum lid with a valved connector for a vacuum 
hose, and additional transits for disposable plastic tubing 
Ø6 mm/0.25″ with a simple clamp valve to admit freshly 
mixed epoxy from the outside. Grooved slots with O-rings 
in the metal base and lid ensure air tightness. The chamber 
is vented when all samples are fully immersed in the liquid 
epoxy; the atmospheric pressure then further pushes in 
the still-liquid epoxy. Depending on the overall height of 
the polycarbonate chamber, (pre-dried) drill cores can also 
be impregnated by tightly wrapping them in polyethylene 
bags with the plastic tubing reaching down to the bottom 
of the sample (Fig. 1). Immediately after venting, the bags 
with fully epoxy-immersed cores must be transferred to 
pails with cold water to prevent the strongly exothermic 
epoxy-setting reaction from creating vapor bubbles.

Epoxy and Fluorescent Dye
‘Epoxy’ is a generic term for a class of two-component (i.e., 
resin, hardener) thermosetting organic polymers, avail-
able with a broad range of physical properties in the liquid 
state, as well as when fully cured. A particular combination 
of properties is required for the effective impregnation of 
porous aggregates and concrete for thin sectioning. Low 
viscosity and good surface-wetting capability ensure that 
the liquid epoxy readily enters the finest pores and inter-
stices by capillary suction (as opposed to, for example, 
liquid mercury used in microporosity testing), whereas a 
low volatile content prevents the freshly mixed liquid from 
boiling up excessively under vacuum.

Further requirements include low curing shrinkage, good 
adhesion and rigidity (Shore hardness and bulk modulus) 
to offer mechanical support during lapping and resistance 
against the implantation of debris during preparation, and 
a suitable refractive index near that of quartz, as well as 
no discoloration, shrinkage, crystallization, or debonding 
upon normal use and aging (e.g., Jägers et al. 2000).

For in situ analysis (e.g., scanning electron microscope/
energy dispersive X-ray spectrometry (SEM/EDS), electron 
probe microanalysis, laser ablation inductively coupled 
plasma mass spectrometry, secondary ion mass spectrom-
etry), it is important to know that epoxy contains elements 
in detectable amounts other than the nominal organic 
species, and various additional species have been identified 
in different products (The University of Edinburgh 2022).

Many thin section laboratories use a dye known as 
Fluorescent Brilliant Yellow  R (CAS Common Chemistry 
2022), which is readily available at low cost from many 
suppliers under many different names. A tried and tested 
recipe for preparing fluorescent epoxy is given in the Dutch 
national guideline CUR-Recommendation 102 (2008). The 
dye must be completely dissolved in the resin without 
bottom residue (using a magnetic stirrer) before adding the 
curing compound. If the dyed epoxy is similar to the color 
of the mineral constituents in ordinary plane-polarized 
light (e.g., thaumasite, palagonite), then an alternative dye 
with a more contrasting color can be chosen.

The Brilliant Yellow dye uses blue light from standard 
halogen or LED microscope illumination for excitation 
(optimum at 485 nm, i.e., blue light) to luminesce in a 
bright greenish yellow (emission at 545 nm). Contrary to 
popular belief and even some published sources, special-
ized high-intensity ultraviolet (UV)-light sources are not 
necessary, which saves on instrumentation cost, reduces 
photo-bleaching of the dye upon exposure to ‘hard UV’, 
and is safer for the petrographer’s occupational health.

The optical microscope is (retro)fitted with an excita-
tion filter to admit only blue light to the specimen, and 
an emission filter to permit only the fluorescence to 
reach the petrographer’s eye. Optimum luminescence is 
achieved in incident illumination where each objective is 
its own condenser, but fluorescence in transmitted light 
is fully functional. Quantification of the luminescence is 
accomplished using a photocell (as for the reflectance of 
ore minerals), which integrates over the viewing area, or in 
a more sophisticated manner, using a digital camera and 
image processing (e.g., Elsen et al. 1995; Wong et al. 2020). 
The color variation in the thin section micrographs further 
down in this paper is due to the use of different digital 
cameras or (negative or slide) films.

In structural concrete, the crack fabric is crucial to help 
distinguish the primary cause of deterioration (notably, 
internal expansive reactions and frost damage, but also 
sampling artefacts from core drilling) by fluorescence-
assessment of impregnated full cores, as mentioned above. 
After the epoxy is fully set, the cores are cut lengthwise 
to reveal the internal crack pattern using a simple purple 
(often wrongly dubbed ‘UV’) LED torch (Fig. 1C and 1D). 
Filters are not necessary, neither for direct observation of 
the impregnated full cores nor for photography (Fig. 1G). 
Detailed assessment of the impregnated core using a stereo 
microscope in plain and fluorescent illumination is helpful 
to select areas for subsequent thin sectioning after reiter-
ated impregnation of cut portions (Broekmans 2012).

EXAMPLES AND DISCUSSION
Characterization of Aggregates for Concrete
While PFM was originally introduced for detailed quality 
assurance/control of (damaged) concrete, it can/should also 
be applied to assess the microstructure and microtexture of 
virtually any geological material regardless of origin. Some 
illustrative examples are elaborated below.

Petrography of soils (aka ‘micropedology’) was pioneered 
by Kubiëna (1938) and involves the in situ assessment of 
mineral content, particle morphology, porosity, permea-
bility, and sedimentary microstructure and microtexture 
(e.g., Camuti and MacGuire 1999). In current practice, the 
assessment of unconsolidated sediments, glacial deposits, 
soils, and deeply weathered bedrock typically includes 
on-site field descriptions and grain-size distribution 
analysis of bulk material in the laboratory. The RILEM 
AAR-1.1 test method (RILEM 2016) specifies minimum sizes 
for representative samples of coarse (gravel) and fine (sand) 
aggregate for use in concrete. Polarization-fluorescence 
microscopy reveals the internal microstructure of aggregate 
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materials in much greater detail than conventional plane- 
or cross-polarized light, enabling precise in situ identifica-
tion of precursor minerals to the weathered product, and 
the effects of mineral alteration on the microstructure and 
microtexture (Fig. 2).

According to applicable standards (e.g., ASTM D75M-19 
(ASTM 2022); RILEM AAR-1.1 (RILEM 2016)), modal 
contents in volume percent of all lithologies present in 
virgin aggregate >4 mm (gravel) are determined by visual 
assessment and separated by handpicking. The fractions 
are then weighed to determine the relative proportions 
of all particles from a sample mass considered represen-
tative of the standard. However, the mineral (modal) 
content, microstructure, microtexture/microfabric, and 
internal porosity that affect the aggregate performance 
with respect to the deleterious alkali–silica reaction (ASR) 
remain essentially unassessed, even more so for fine size 
fractions <4 mm (sand). Therefore, to prevent deleterious 
ASR, all size fractions are nowadays assessed by PFM prior 
to use in a concrete mix (see Broekmans 2012; Fernandes 
et al. 2016).

Intra-deposit variation is a well-known phenomenon in 
metals mining, and the extraction industry makes a lot 
of effort to ‘avoid the bad parts’. There is no reason why 
construction aggregate deposits would be exempt to such 
natural variation, notably regarding the ASR potential. 
Rocks with a tectonically deformed microstructure (e.g., 
mylonite with undulatory quartz, cataclasite, fault gouges) 
are typically more prone to deleterious ASR than their 
non-deformed counterparts.

Polarization-fluorescence microscopy has proven instru-
mental in revealing additional microtextural detail of the 
rock precursor and the identification of primary, proto-
lithic minerals transforming into secondary, authigenic 
minerals arranged in a neogenic fabric. For example, quartz 
grain boundaries in sandstones subject to compaction and 
cementation by diagenetic dissolution/precipitation are 
difficult to identify using conventional petrography but 
are readily distinguished by PFM.

Another example of the relevance of PFM for geological 
applications is found in the Goddo Fault (Norway). This 
fault zone is characterized by a large, smooth, gently 
undulating, principal slip surface, which is overlain by an 
approximately 0.5–1 m thick layer of immature, indurated 
cataclasite (Fig. 3A). The cataclastic fault core can be further 
subdivided into two distinct and spatially separated struc-
tural domains: a ~0.3 m thick greenish layer of fine-grained 
gouge immediately overlaying the principal slip surface; 
and a grey-reddish, gently undulating phyllonite with a 
clearly visible fish-scale fabric. The gouge was sampled 
by hammering a Ø45  mm plastic tube into the outcrop 
(Fig. 3A) as a type of Kubiëna box. After controlled drying, 
the tube was impregnated with fluorescent epoxy (as in 

Fig. 1G), sliced lengthwise when fully set, and a polished 
section was prepared from the core interior (see Fig.  1F) 
to exclude potentially deformed sample edges (Viola et al. 
2016).

The polished section prepared from the fault gouge provides 
essential details for the interpretation of the complex defor-
mation history. Observation in ordinary plane (Fig.  3C) 
and cross (Fig.  3D) polarized light reveals coarse clasts 
floating in a fine-grained ground mass of sericite and clay 
minerals with embedded clasts of individual quartz or 
feldspar grains. Coarse clasts may consist of mylonite with 
sub-graining, undulous extinction, and shear banding as 
visible along the upper edge of the main particle (Fig. 3D), 
or cataclasite, deformed K-feldspar grains, or quartzite 
containing minor carbonate.

Fluorescent illumination (Fig.  3B) reveals the presence 
of a dense fracture network detaching the clast from the 
surrounding matrix, but also locally cross-cutting clasts 
and partly filled with detritus toward the clast interior.

In Norway, the alkali-reactivity potential of cataclasite has 
been tested using laboratory expansion tests over the last 
decades (Lindgård et al. 2010). More recently, cataclastic 
material was tested to determine the release of alkalis in 
concrete (Menéndez et al. 2022). Petrographic assessment 
of this rock is quite challenging because of its intense 
deformation and fine mineral grain size, and element 
mapping by SEM/EDS has proven useful to determine 
mineral (modal) contents. Detailed petrographic analysis 
of ASR-damaged concretes containing cataclasite particles 
classified the rock type as potentially alkali-reactive (Class 
II in RILEM AAR-1.1 (RILEM 2016)), confirming experience 
from field structures and expansion testing.

A
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Figure 2 Internal porosity and partial dissolution from 
deleterious ASR in Dutch chert particle in (A) plane-

polarized light and (B) polarization-fluorescence microscopy 
(PFM). The results in (B) reveal the presence of many more fine 
cracks that, in plane-polarized light, remain inconspicuous, even 
when the epoxy is dyed yellow. Moreover, lithic fragments and 
altered K-feldspars in the sandstone particle light up in (B).

Figure 3 (A) Kubiëna-type sampling of greenish clay-rich 
gouge lying between the principal slip surface (the 

reddish surface on which the hammer is resting) and the grayish 
red phyllonite, using 40-mm-wide PVC (polyvinyl chloride) 
drainage tubing (also see Fig. 1E–1G). Micrograph of a mylonite 
clast floating in a fine-grained clastic ground mass in 
(B) fluorescence, (C) plane-polarized, and (D) cross-polarized 
light. (E) Blastomylonite with characteristic ribbon quartz running 
north-northeast–south-southwest, (F) appearing near-black in 
cross-polarized light, and patchy K-feldspar, the latter of which 
shows internal cracking in (G) fluorescence.
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Application to the Study of Concrete
Petrography of hardened concrete has a long history 
(e.g., Mather 1953 and references therein), mainly for the 
diagnosis of deterioration but also to obtain the composi-
tion of concrete mix designs in cases where this informa-
tion is missing.

Polarization-fluorescence microscopy is gradually being 
recognized as one of the better methods for the deter-
mination of the water/cement (w/c) ratio in hardened 
concrete. Recently, Wong et al. (2020) published results 
from the largest Round-Robin test yet held to determine the 
method’s accuracy. Polarization-fluorescence microscopy 
was convincingly shown to provide accurate estimates of 
the w/c ratio in concrete mixes, even better than the default 
physico-chemical method. Figure 4 presents examples of 
a set of thin sections used in the study.

In addition to determining the w/c ratio, PFM is arguably 
most commonly applied to diagnose concrete deteriora-
tion. The potential causes for cracks in structural concrete 
are many, but among the most feared is deleterious ASR, 
in which silica in the aggregate (i.e., opal, chalcedony, 
quartz, silica polymorphs) enters into a reaction with 
alkalis (i.e., Na, K) dissolved in the pore water, forming a 
reaction product that attracts and reacts with water (i.e., 
both hygroscopic and hydraulic), thereby expanding and 
fracturing the surrounding concrete (Broekmans 2012; 

Sims and Poole 2017 and references therein) (Figs. 5, 6A, 
and 6B). The initially amorphous and glassy ASR reaction 
product (‘gel’) often crystallizes upon aging, which is then 
referred to as ‘ASR reaction product’ (Leemann et al. 2016).

In addition to ASR, and in some cases occurring concur-
rently, delayed ettringite formation (DEF) is an internal 
reaction that is easily detected under optical microscope 
because of the characteristic texture/fabric of ettringite 
deposits. Delayed ettringite formation occurs if the internal 
temperature of the concrete mix rises above 65 °C immedi-
ately after pouring (e.g., Odler 1998), above which delete-
rious clinker-hydration reactions become predominant. 
The resulting crack pattern is distinct from ASR, and PFM 
constitutes the most reliable method to distinguish these 
deterioration mechanisms, ahead of considerably more 
expensive SEM/EDS analyses of crack-filling deposits. 

In sewer systems, concrete deterioration may appear 
dramatic with strong delamination of the concrete, usually 
at very low pH and resulting in new products (Fig. 6C and 
6D). Again, in this case, PFM is the preferred method to 
visualize the disturbed microtexture of the concrete and 
the porosity increment of the aggregate particles.

In addition to internal expansive reactions, the study 
of rocks and concrete affected by fire can benefit from 
the use of PFM. Fire effects on concrete are observed in 
hand samples by regions of reddish discoloration that 
crumble readily and must be handled with extra care, but 

Figure 4 Increasing intensity of fluorescence, reflecting that the 
internal porosity in cement paste is related to 

increasing water/binder ratio, from 0.35 (leFt) to 0.50 (right), as 
used in the RoundRobin test (Wong et al. 2020). Thin sections 
courtesy of RSK Environment Ltd, United Kingdom.

Figure 5 (A) Alkali-reactive aggregate particle of compacted 
sandstone in plane-polarized light with geliform ASR 

product squirting out into the embedding paste at left, and (B) the 
same view in fluorescent light. (C) Alkali-reactive particle of very 
fine-grained rhyolite and nearby air void–filled with desiccation-
cracked ASR product, and (D) the same view in fluorescence. 
(E) Alkali-reactive cataclasite particle in plane-polarized light, and 
the same view in (F) cross-polarized light and (G) fluorescent light. 
Note that, in B, D, and G, the exuding gel completely plugs the 
crack it formed, implying active alkali reactivity.

Figure 6 (A) Mosaic image of cracked alkali-reactive siltstone 
impregnated with pink epoxy, showing a typical crack 

that starts at the interior of the aggregate particles and then 
propagates into the cement paste, and (B) the same view in 
unfiltered fluorescence. (C) Deteriorated and partly corroded 
asbestos-reinforced concrete sewer pipe wall in plane-polarized 
light, and (D) the same view in fluorescence, revealing parts with 
enhanced porosity not identifiable in plain light, as well as surface-
parallel delamination cracks. Note the unimpregnated fiber strands 
in the lower half, compared with the upper half. (E) Concrete 
affected by fire in which a blue epoxy (cf. Yanguas and Dravis 1985) 
highlights the open cracks in the porous limestone aggregate 
particle close to the contact with the cement paste. Note the 
unimpregnated air void on the left edge right under the panel 
marker, and (F) the same field of view in cross-polarized light.
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 microscopic crack patterns are not discernible without 
PFM on fluorescence-impregnated thin sections (Ingham 
2011). Figures 6E and 6F present examples of concrete with 
fire damage. The limestone particle boundaries near the 
contact with the cement paste are open, made visible by 
the blue fluorescent dye, with no infilling products.

CONCLUSIONS AND OUTLOOK
Traditional thin section petrography is poorly suited for 
reliable assessment of quality and properties of (damaged) 
concrete because, without proper precautions, the soft and 
fragile material is easily destroyed during preparation. 
Vacuum impregnation with an epoxy of suitable quality 
improves the mechanical strength so much that prepara-
tion artefacts are minimized, provided the rigorous appli-
cation of appropriate preparation procedures. Furthermore, 
addition of a blue-light fluorescent dye to the epoxy resin 
prior to impregnation provides visualization of the finest 
details of the internal porosity, crack patterns, mineral 
grain boundaries, and microtextures of the aggregates, as 
well as their spatial distributions. Polarization-fluorescence 
microscopy has become a routine method for concrete 
(damage) assessment in laboratories worldwide and is today 
an indispensable complementary analytical method when 
traditional engineering test methods are inconclusive.

Compared with standard petrography, fluorescence-impreg-
nation is far superior for visualizing the finest internal 
microstructural and textural/fabric features that remain 
hidden in plain light, with dramatically more contrast than 
blue epoxy (cf. Yanguas and Dravis 1985). Existing recent 
petrographic microscopes can almost always be retrofitted 
with standard filter kits. While a petrographic microscope 
with reflected light is recommended, satisfactory PFM can 
be achieved even with only transmitted light; expensive 
UV-illumination units are not needed. In summary, PFM 
represents a valuable extension of traditional petrography, 
requiring only minimal financial investment.
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Sustainable Sourcing of Raw 
Materials for Construction: 
From the Earth to the Moon 
and Beyond

INTRODUCTION
Reconciling the need of meeting the demand for reliable, 
durable, and cost-effective building materials, while 
minimizing the impact on the environment, poses a 
societal conundrum and an extraordinary technological 
challenge. To help provide a picture of the environmental 
burden associated with construction materials, it is useful 
to report some figures from the Circularity Gap Report 
(Circle Economy 2020). The report’s authors estimate 
that the global annual resource footprint for all forms 
of consumption is about 100 billion tonnes of material, 
comprising minerals (in the broadest sense), fossil fuels, 
and biomass. More than 90% of this stock is extracted as 
virgin materials, with the weight of recycled resources 
being less than nine billion tonnes. About one third of the 
overall resource (virgin + recycled) stream is collected as 
waste, the majority of which is unrecoverable after disper-
sion in the environment by landfilling, incineration, or 
other practices. More than 40% of the total resource (virgin 
+ recycled) stream feeds into the construction sector, which 
is also responsible for 13.5 billion tonnes of greenhouse 
gas emissions (Circle Economy 2020) and about 30% 
of the total energy consumption (International Energy 
Agency 2020). These figures demonstrate an urgent need 
to drive the construction industry toward more sustain-
able practices by deploying innovative solutions capable of 
mitigating (a) negative impacts on landscapes by large-scale 
quarrying and mining operations; (b) overall volumes of 

virgin raw materials and unrecov-
erable waste; and (c) CO2 emissions 
associated with extraction and 
processing of raw materials.

Apart from the intrinsic impact on 
the environment, the progressive 
depletion of raw materials related 
to construction may also trigger 
societal issues. An example is sand, 
gravel, and crushed rocks that are 
used as inert aggregates in concrete 
and constitute the most extracted 
category of material, amounting to 
nearly 30 billion tonnes in 2017, 
with annual demand projected to 

double by 2060 (Organisation for Economic Co-operation 
and Development 2019). The huge demand has triggered 
illegal extraction activities, particularly in developing 
countries, controlled by criminal groups (“sand mafias”) 
that sell on the black market. The rise of illegal sand mining 
also exposes local communities to environmental hazards 
where extractive industries adversely affect coastline 
morphodynamics and accelerate coastal erosion (Fig.  1). 
The case study illustrated in Figure 1 exemplifies the 
need for coping with landform modifications set off by 
quarrying and mining activities.

The progressive increase of environmental impacts 
induced by human activities has led a group of geolo-
gists and other scientists to propose the introduction of 
a new unit within the geological time scale, named the 
Anthropocene. According to the proposers, the begin-
ning of this new epoch should correspond to the mid-20th 
century, when a sharp rise in population growth (the Great 
Acceleration) induced a tremendous increase in the alter-
ation of ecosystems as a result of intensive farming and 
industrial activity (Zalasiewicz et al. 2019). Strictly related 
to the Anthropocene is the concept of the “technosphere” 
(or “anthroposphere”), which comprises all humans and 
their artifacts, including buildings, infrastructure, and 
associated waste. The mass of the technosphere has been 
estimated to be 30 trillion tonnes, 10% of which consists of 
the total mass of concrete produced throughout the history 
of mankind (Waters et al. 2016).

SUSTAINABLE RAW MATERIAL SOURCING 
AND SUPPLY CHAINS
As stated in the introduction, the construction and 
building industry consumes a significant share of the 
resources extracted globally, in addition to contributing 
to a fair amount of the overall CO2 emissions and energy 
consumption. Current strategies for mitigating the cumula-
tive environmental footprint associated with cement and 
concrete production include (a) partial replacement of 
Portland cement clinker with blends containing variable 

Each year, nearly 40 billion tonnes of raw materials extracted from the 
Earth’s crust feed into the construction industry. The associated material 
flows dramatically contribute to anthropogenic CO2 emissions. Therefore, 

more sustainable supply chains must be envisaged based on the use of locally 
available resources and the principles of circular economy. Drawing inspira-
tion from vernacular architecture, innovative solutions for green construc-
tion based on sustainable exploitation of local resources can be posited. This 
strategy has also inspired the proposed practice of in situ resource utilization on 
planetary bodies such as the Moon and Mars.
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amounts of supplementary cementing materials (SCM), 
such as natural pozzolans (including calcined clays), 
carbonaceous fillers, and Si-rich biomasses consisting 
of agricultural waste and Si-Al-Ca-rich industrial waste 
or byproducts (Scrivener and Snellings 2022 this issue); 
(b) production of non-Portland binders based on the 
reaction of the above SCM in alkaline solutions or on the 
processing of raw materials other than limestone (Hanein 
et al. 2022 this issue); and (c) use of recycled aggregates in 
place of primary sand and gravel. These may be obtained, 
for example, by processing and sorting construction and 
demolition waste, which is estimated to be generated at a 
rate of over three billion tonnes per year globally (Akhtar 
and Sarmah 2018). Returned concrete represents another 
possible source of recycled aggregates. It is estimated that, 
annually, over 125 million tonnes of unused concrete are 
returned from construction sites to production plants. 
Aggregates with properties comparable to natural aggre-
gates can be obtained by processing returned concrete 
(Ferrari et al. 2014).

The use of waste and by-products in cement and concrete has 
the double advantage of both mitigating the CO2 footprint 
embodied in these commodities and recovering materials 
at the end of their life cycle. This, in turn, can relieve the 
pressure exerted on primary deposits of raw materials 
and disposal facilities such as landfills and incinerators. 
Although the available volumes of such waste materials 
will not be able to meet the entire demand for building 
materials everywhere, a virtuous approach could be envis-
aged by which tailor-made recipes for cement and concrete 
are conceived based on the local availability of recycled 
resources and specific needs in terms of engineering 
properties and architectural style. This requires a paradigm 
shift from the current one-size-fits-all approach based on 
the adaptation of a universal material, such as Portland 
cement, to different geographical, climatic, and cultural 
contexts.

As an example of how waste materials can be recycled 
into construction products, metallurgical slags from the 
steel industry have perhaps been the most studied and 
implemented secondary raw material in cement. The 
slag obtained in the smelting of ore to pig iron has a 
chemical composition similar to that of Portland cement. 
Quenching, granulation, and subsequent grinding of 
this slag results in a powder (ground-granulated blast-
furnace slag, GGBFS) mostly composed of alumino-
silicate glass, with minor amounts of crystalline phases 
such as merwinite (Ca3MgSi2O8) and phases within the 
åkermanite–gehlenite (Ca2MgSi2O7–Ca2Al2SiO7) solid 
solution. Ground-granulated blast-furnace slags can be 
used in blended or alkali-activated, low-carbon cements 
(Hanein et al. 2022 this issue; Scrivener and Snellings 2022 
this issue). The global availability of GGBFS, as estimated 
by the U.S. Geological Survey, is 300–360 million tonnes. 
This can vary widely in different geographical locations. 
For example, the extent of the steel industry in all African 
countries except South Africa is very limited (the World 
Bank estimated 300 thousand tonnes of slag exported from 
South Africa in 2019, whereas the amount exported from 
all other African countries was 500 tonnes; data retrieved 
from wits.worldbank.org on 30 September 2021). Slags 
other than GGBFS generated in the conversion of pig iron 
to steel and those obtained by processing non-ferrous metal 
ores, such as in the production of copper, can potentially be 
used, especially in the absence of locally available GGBFS 
(Gabasiane et al. 2021). However, their application potential 
is much lower than that of GGBFS, mostly because of their 
highly variable chemical compositions (including heavy 
metals), high crystallinity, and poor reactivity in aqueous 
media. These metallurgical slags can also replace primary 
fine and coarse aggregates in concrete, although they may 
be prone to volume expansion, leading to undesired effects.

Fly ashes produced during coal combustion have also 
received much attention as secondary raw materials for 
the cement industry because pledges to phase out coal in 
favor of less impacting fuels have not yet translated into 
actions that drastically reduce global coal consumption. 
Coal combustion fly ashes have variable compositions, 
with contents of SiO2 and Al2O3 that may vary in the 
ranges of 35%–70% and 15%–35%, respectively. These 
ashes mostly consist of amorphous spherical, sometimes 
hollow, particles (cenospheres) of micrometer size, with 
minor crystalline phases such as mullite and magnetite. 
In the short term, coal fly ashes may represent a valuable 
waste material to be used in the production of alternative 
cement. However, coal fly ash cannot be deemed a suitable 
resource over the long term because the above-mentioned 
phasing out of coal as a source of energy is accompanied 
by an increase in the share of alternative fuels for coal 
combustion, which results in ashes that are less suitable 
for use in cements (Millward-Hopkins et al. 2018).

The dimension stone industry also produces large 
amounts of waste that can be incorporated into cementi-
tious binders. The gross dimension stone production has 
doubled in the last two decades, reaching a value of over 
300 million tonnes in 2019. The amount of waste derived 
from quarrying and processing has remained stable over 
this period, constituting up to 70% of the gross production 
(Fig. 2). The >200 million tonnes produced in 2019 repre-
sent a tremendous amount of waste, which simultaneously 
poses serious issues and challenges in terms of disposal, 
but also an opportunity in terms of waste recovery and 
reuse. A portion of this waste can be used as coarse and 
fine aggregates in concrete or as filler in cement. More than 
50% of global stone production is represented by calcar-
eous stones such as limestone and marble. Waste, in the 
form of slurry, is produced during quarrying, cutting, and 

A

B

Figure 1 Coastal erosion induced by sand mining at John Obey 
beach, Sierra Leone. (A) Satellite view of the beach 

and surroundings in 2005. The yellow rectangle highlights the area 
displayed in the lower panel. (B) Satellite view of the beach in 
2019. Coastal erosion, formation of channels, and partial 
deforestation are visible. Eight trucks collecting sand are also 
visible on the beach. Image elaboration courtesy of Federico 
Monica – Placemarks Africa (original images © Google – Maxar).
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polishing of such calcium carbonate rocks. The disposal 
of this slurry constitutes a severe environmental issue 
because it can contaminate water (leading to variations 
in pH and turbidity) and affect the properties of riverbeds 
and soils (the physical action of the slurry can consoli-
date and induce impermeabilization). By drying marble 
slurries, a powder consisting of variable amounts of calcite 
(depending on the purity of the source deposit) can be 
obtained and used in significant amounts in various types 
of alternative cements.

In general, industrial residues may contain variable 
amounts of potentially hazardous substances, such as 
heavy metals, radioactive elements, respirable crystalline 
silica, or harmful organic compounds. Limit values are 
usually set by local legislation on either the total content 
or emissions to the air, groundwater, etc. The ability of 
cement and concrete to immobilize hazardous substances 
must therefore be demonstrated, e.g., through standard-
ized leaching tests.

PRODUCTION SCENARIOS FOR 
SUSTAINABLE CONSTRUCTION MATERIALS
The primary and recycled raw materials for construction 
are processed and transported in bulk using economies 
of scale, which has known environmental impacts. The 
one-size-fits-all approach has lower legal and financial 
risk relative to solutions using locally available recycled 
resources. Tailor-made solutions do not always have proven 
long-term feasibility or documented environmental 
consequences for particular applications. The potential 
for unintended environmental impacts, issues with the 
scale-up of operations, and whether a given alternative 
solution will match local demand for bulk materials, 
all constitute risks. The ultimate issue for the adopter of 
innovative construction materials is the risk to business 
sustainability, particularly in a market of open competition 
where the price of raw materials relates to a large propor-
tion of the overall micro-economic model. This is a similar 
issue for raw material producers operating at all scales and 
in all commodities, where high efficiency is a mechanism 
to keep unit costs and, thereby, material costs low for the 
rest of the supply chain (Moore et al. 2020). The reasons 
why virgin materials are more attractive propositions than 

recycled materials for construction are there-
fore dominantly economic, and they connect 
raw material producers and raw material users.

The UK National Engineering Policy Centre 
(National Engineering Policy Centre 2021) 
tied the embodied and operational carbon 
performances of the built environment to the 
use of raw materials via procurement practices, 
but stated that, “Current profit margins in the 
construction sector are not suitable for achieving 
the net zero transformation, failing to encourage 
both innovation and decarbonization. Future 
business models need to take a different approach 
to productivity performance and risk to stimu-
late greater innovation in the sector which can 
in turn stimulate decarbonization.” The authors 
recommend a change in the behavior of the 
construction industry, emphasizing reuse 
over recycling of construction materials, 
which maintains the quality of materials as 
well as reducing the carbon footprint, and the 
use of low-carbon design using low-carbon 
and nature-based materials. Where recycled 

and alternative resources are locally sourced, they may 
be present in far smaller volumes than traditional near-
surface reservoirs of construction materials. A reduction 
in the efficiencies of scale for bulk construction materials 
challenges the financial viability of tailor-made solutions 
for environmentally sustainable construction. The reality is 
that a sustainable resource is usually a more costly resource, 
relative to conventional construction materials. Solutions 
proposed to address the issues of scale in the mining sector 
include low capital expenditure, low carbon, and low 
impact platform technologies to try to reduce competitive 
disadvantages (Moore et al. 2021).

The proof of viability for different types of raw materials, 
and therefore business risk, lies with the platform devel-
oper, who needs to be able to respond to user demands. 
Recent trends in materials research and small-scale 
processing solutions support small and medium enterprises 
that take the risks associated with development. Market 
entry and expansion depend upon a culture of adoption of 
new materials at a potentially higher cost, but the cost is not 
simply a function of commodity price. If waste also has a 
high cost, then a movement from a linear take-make-waste 
supply chain to a circular economy may serve to reduce 
the waste and carbon footprint. In 2012, the landfill tax 
in the UK increased from £2.50 per tonne of inert material 
that did not count toward the EU biodegradable landfill 
targets to the same full rate of £64 per tonne that applied 
to active wastes. As well as incentivizing material reuse and 
recycling, the change led to fears about the sustainability 
of the construction sector and illegal tipping. Governments 
incentivize construction companies to engage in respon-
sible practices via interventions such as compensation at a 
higher rate than the cost of disposal (Chinese government 
intervention; Liu et al. 2019). This approach effectively 
removes waste disposal costs from construction material 
providers and companies that are considering the financial 
viability of alternative construction materials produced by 
relatively small-scale bespoke solutions.

Market entry is challenging where the production cost 
for alternative construction materials is greater than that 
for conventional construction materials. In a circular 
economy where wastes are converted into alterna-
tive construction materials, the higher cost of bespoke 
solutions can be lower than the total cost of conventional 
raw materials plus waste disposal charges. Market entry 
is also challenging in scenarios where (a) different stake-
holders bear the costs of construction materials and waste 

Figure 2 Time series (2003–2019) for the global gross 
production of the dimension stone industry and 

associated quarrying/processing waste. Data from Montani 
(2020).
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disposal so that  conventional materials remain very low 
cost to the construction sector; (b) the reduction of waste 
volume is inadequate to offset higher material costs; and 
(c) no culture exists for the adoption of environmentally 
beneficial practices that reduce profit margins. However, 
the increasing demands of society to adopt more sustain-
able practices drive whole-system approaches toward stake-
holder connectivity in circular economy models. Critical 
analysis of vertical integration in the supply chain shows 
that advantages related to quality standards, credibility for 
new products, supply assurance, and market power tend 
to outweigh higher production costs and risks of concen-
trating on non-core operations (Kaiser and Obermaier 
2020). Research into the circular economy creates an 
understanding of where policy interventions may best 
be placed to change the nature of incentives toward new 
models of best practices and new behaviors in raw material 
production.

CASE STUDIES FROM EMERGING 
ECONOMIES: THE AFRICAN SCENARIO
The African continent represents an exemplary scenario 
because Africa has the largest urbanization rate in the world 
and, currently, is a net importer of cement. Alternative 
approaches to local raw material sourcing and cement 
production will generate a massive impact on this continent, 
likely inspiring the rest of the world. Schmidt et al. (2020) 
posited that future African urban concrete demand will 
significantly increase the already-high climate impact. To 
limit carbon emissions from the consumption of concrete, 
researchers and engineers on the African continent have 
been encouraged to place much attention on alternative 
materials. Marginalized resources that have the potential 
to provide sustainable remedies include agro-based waste, 
locally available mining waste, and other secondary raw 
materials, as well as natural pozzolans and clay soils that 
could be used for earthen construction (the practice of 
construction using unfired, untreated, raw earth). In 
general, the implementation of tailor-made solutions in 
specific geographical contexts, such as the African conti-
nent, may impact the environment less negatively than the 
adoption of standards and solutions conceived for one-size-
fits-all scenarios from the Global North.

Use of Alternative Raw Materials
Agro-based waste can be used to deploy bespoke solutions 
in construction in different ways. In concrete, agro-based 
waste could be used as coarse aggregates or fibers to reduce 
the weight and cost of concrete with a significant enhance-
ment in mechanical properties (Savastano et al. 2000). In 
binders, some ashes of agro-based waste materials could be 
used as a partial replacement for Portland cement without 
compromising the overall performance. Examples of ashes 
successfully used as SCM (Charitha et al. 2021) are those 
obtained by burning sugarcane bagasse, rice husks, cassava 
peels, palm kernels, coconut shells, wheat straw, corncobs, 
groundnut husks, bamboo leaves, and others. In particular, 
rice husk ash (Fig. 3) has been demonstrated to represent a 
valuable waste material with excellent binding potential, 
both in blends with Portland cement and when activated by 
alkaline solutions (Thomas 2018). It is estimated that 20% 
of the overall rice production is represented by husks, 20% 
of which consists of an inorganic residue of soluble silicate 
glass (Battegazzore et al. 2014) formed upon husk incinera-
tion and by minor amounts of crystalline silica (mostly 
cristobalite). Moreover, extracts from plants are used as 
novel and cost-effective water-reducing bio-admixtures 
to enhance the fresh properties of concrete and mortar. 
Examples of bio-admixtures include starch from potatoes 
and cassava, a water extract from cactus, palm liquor from 

palm trees, and aqueous extract from okra (Hazarika et 
al. 2018). Although such agro-based secondary resources 
have been shown to be an efficient replacement for other 
primary resources, there may be concerns about the 
viability of large-scale production and competition with 
other productive sectors (e.g., the fertilizer industry).

Clam shells represent another example of local materials 
that can be sourced in substitution of calcium carbonate 
quarried from limestone deposits. They are classified as 
industrial mineral resources by some local mining and 
mineral authorities (Afeku and Asamoah Debrah 2020) 
and, considering the scarcity of high-purity limestone 
deposits in many Sub-Saharan countries, can potentially be 
used in blended cements that incorporate ground calcium 
carbonate (Scrivener and Snellings 2022 this issue).

Earthen Constructions
Earthen construction materials have a long history of use 
in Africa. Many buildings in rural parts of Sub-Saharan 
African countries are made from earth materials, with 
relatively good durability and few indications of deteri-
oration. Earthen materials are arguably one of the most 
eco-friendly and cheap raw materials for low-rise housing 
and represent a viable option to tackle the housing demand 
in many African countries where the higher costs for 
conventional construction materials based on Portland 
cement pose problems. In addition to low costs and 
environmental benefits, earthen constructions are charac-
terized by excellent thermal comfort, thus representing a 
suitable option in hot climates.

Figure 3 (A) Scanning electron microscopy image of rice husks 
sourced in Uganda. (B) X-ray diffraction pattern of 

rice husk ash demonstrates that incineration at uncontrolled 
temperatures may lead to the formation of crystalline phases. 
Courtesy of Alastair Marsh, University of Leeds.
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Typical earthen materials for construction (Fig. 4) include 
adobe (building material made from earth and organic 
materials), rammed earth (a technique using compacted 
natural raw materials such as earth, chalk, lime, or gravel), 
and compressed earth blocks, which can also be stabilized by 
the addition of relatively small amounts of cement binders 
(commonly 5%–8%). The stabilization of earthen materials 
with cement binders enhances their mechanical proper-
ties and durability, especially when the surfaces of earthen 
constructions are exposed to moisture or rain. However, 
the increased environmental impact associated with the 
addition of Portland cement is comparatively higher than 
the gain in strength, hence the need for adopting more 
sustainable solutions to the stabilization of these materials. 
While earthen construction materials provide economic 
and environmental sustainability in comparison with 
cement-based construction materials, there is still a limited 
scope for earthen materials in buildings owing to limita-
tions that include (a) the absence of national standards 
for earthen construction; (b) negative perceptions and an 
association with poverty, with subsequent poor societal 
acceptance; and (c) low levels of awareness of the properties 
and performances of such materials. To change the percep-
tion and attitude toward earthen materials, research efforts 
should be directed toward technological solutions aimed at 
improving their strength and workability, without compro-
mising the environmental performance and compatibility 
with specific cultural and geographical contexts. The use of 
alternative stabilizers with a reduced ecological footprint, 
which could be based on alkali-activated clays (Marsh et 
al. 2019) and rice husk ash, might pave the way toward a 
new generation of earthen constructions.

IN SITU RESOURCE UTILIZATION ON 
THE MOON AND EXTERNAL PLANETS
Sourcing of raw materials for construction based on sustain-
able supply chains and a circular economy are also relevant 
for extraterrestrial construction, given the renewed interest 
in planetary and space exploration. Transportation of 
construction materials from the Earth to the Moon to build 

habitable lunar bases would require an enormous invest-
ment. Therefore, it is mandatory to examine opportuni-
ties for the implementation of manufacturing approaches 
based on in situ resource utilization (ISRU). From this 
perspective, one possible solution to satisfy the need for 
building materials on the Moon is using lunar regolith 
to produce cement and concrete in situ. The average bulk 
chemical composition of lunar regolith is similar to that 
of coal combustion fly ash, which is commonly used 
in blended and alkali-activated cement (Pilehvar et al. 
2020). Its mineralogical composition consists of plagio-
clase and pyroxene as major crystalline phases, olivine, 
and up to 40% aluminosilicate glass (Papike et al. 1982). 
The crystalline fraction is larger than that of common 
SCM, such as fly ash, used in blended and alkali-activated 
cement, implying a reduced intrinsic reactivity in aqueous 
solution. Nonetheless, it has been observed that alkaline 
activation can be effective in triggering the development 
of appropriate engineering properties, including in starting 
materials containing less than 50% reactive amorphous 
fraction (Mascarin et al. 2022).

As proof of concept, dedicated studies have been carried 
out to assess the feasibility of 3D printing using binders 
produced by alkali activation of regolith simulants 
(Pilehvar et al. 2020). Such “lunar cement” displayed 
promising mechanical properties, as well as good extrud-
ability, especially when combined with small quantities of 
urea (Fig. 5), an ingredient that could also be obtained in 
situ. Although ISRU of lunar regolith has the potential to 
drastically reduce the volume of materials transported from 
the Earth, high additional costs (e.g., for facilities needed to 
source water and alkali from lunar soil via microwaves and 
electrolysis) should be accounted for. Moreover, criticali-
ties and possible disruptions of supply chains may occur 
despite the extensive availability of regolith on the Moon, 
because the robust maintenance of technological equip-
ment is problematic in remote and inhospitable locations.

In situ resource utilization approaches for infrastructure 
construction on Mars likewise have been posited. Such a 
prospective implementation is based on the possible use 
of Martian soil and local volcanic ashes for the produc-
tion of cement binders, whereas crushed basalt could be 
used to produce aggregates for concrete. The use of sulfur, 
extracted from sulfides and sulfates present at the Martian 
surface (King and McLennan 2010), as a binding agent to 
produce concrete has also been investigated. Concrete was 
obtained by mixing sulfur heated at 120 °C with a Martian 
soil simulant in proportions of approximately 1:1. After 
cooling, a hardened material with a compressive strength 
larger than 50 MPa was obtained (Wan et al. 2016).

Studies on construction materials for ISRU are more than 
intriguing scientific curiosity about the future of mankind, 
because they may inspire novel construction technologies 
back on planet Earth and potentially pave the way to a more 
sustainable management of raw materials. Such virtuous 
approaches should be aimed at maximizing the use of 

Figure 4 Stabilized earth community library built in the 
municipality of Abetenim, Ghana. Photo: Luca 

Valentini.

Figure 5 (A) Drill core 
of mortar 

(diameter = 1 cm) obtained 
by alkali activation of lunar 
regolith simulant admixed 
with 3% urea. 
(B) Microstructure of the same 
sample obtained by X-ray 
microtomography. (C) Three-
dimensional rendering 
displaying the distribution of 
air voids within the sample 
(color intensity proportional 
to the size of air voids).
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locally available primary and secondary resources and 
minimizing transport and its associated environmental 
footprint, as well as the environmental impact associated 
with large-scale quarrying.

CONCLUDING REMARKS
Building materials have played a fundamental role in 
society throughout the history of mankind. Cement and 
concrete, in particular, will continue to be key commodities 
that sustain demographic, urban, and economic growth. 
The ongoing discussion on cement and concrete sustain-
ability is mostly focused on CO2 emissions. However, as 
argued in this contribution, there is also a strong need 
to mitigate the consumption of primary raw materials. 
Estimations based on the current rates of raw material 
sourcing predict that, by 2050, the consumption of raw 
materials will double from the current 90 billion tonnes 
per year (Circle Economy 2020). Therefore, it is crucial to 
deploy strategies aimed at enhancing the circularity of the 
construction industry, and possibly maximizing the use 
of locally available resources. One key action will be the 

revision and adaptation of existing standards to include 
secondary resources that prove adequate for the formula-
tion of alternative cements. This will require joint effort 
and coordination between fundamental and applied 
research on one side, and standard authorities on the other.

From a more general point of view, the transition toward 
sustainability in the construction sector will require a 
multidisciplinary approach and collaboration of academic 
research with all involved stakeholders, including industry, 
policy makers, and local communities. This partnership 
should foster a paradigm change, from a one-size-fits-all 
approach to the strategic development of solutions that 
account for the local availability of resources, as well as 
for the local social and cultural contexts.
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27th MEETING OF THE PETROLOGY GROUP OF 
THE MINERALOGICAL SOCIETY OF POLAND
The 27th Meeting of the Petrology Group of the Mineralogical Society of 
Poland was organized by the Institute of Earth Sciences at the University 
of Silesia in Katowice. The session was held from 20 to 23 October 2022 
at the Cistercian Monastery and Palace Complex in Rudy. 

The meeting was attended by 85 participants from 7 countries. Papers 
ranged across a broad field of petrology, mineralogy, and geochemistry 
themes under the topic title Gangue rocks: insights from nature, anthro-
pogene, laboratory and Solar System. During the meeting, 29 posters and 
44 lectures were presented, including talks by invited speakers: Joana 
Ribeiro (University of Coimbra, Portugal), Eva Geršlová (Masaryk 
University, Czech Republic), Zlatka Milakovska (Bulgarian Academy 
of Sciences, Bulgaria), Urs Klötzli (University of Vienna, Austria), and 
Bojan Otoničar (Slovenian Academy of Sciences and Arts, Slovenia). 

As is tradition, the best oral and poster presentations were awarded. 
The Ryszard Kryza Young Researcher Award went to Małgorzata Nowak 
(University of Wrocław) for the best oral presentation and Dorota 
Staneczek (University of Silesia in Katowice) for the best poster. 

The organizers’ prizes were awarded to Tomasz Bajda (AGH) for the best 
oral presentation and Anna Potysz (University of Wrocław) for the best 

poster. The meeting was accompanied 
by a field trip to the burning coal-
waste dump Anna-Wrzosy in Pszów 
and GEOsfera in Jaworzno.

Participants of the 27th Meeting of the Petrology Group of the Mineralogical 
Society of Poland.

Thermal infrared group photo of the participants of the field trip to the 
Anna-Wrzosy dump in Pszów.

Field trip to the burning Anna-Wrzosy dump in Pszów.

The holders of the awards for the best oral presentations: Małgorzata Nowak 
(first from the left) and Tomasz Bajda (first from the right), and the best posters: 
Dorota Staneczek (second from the right) and Anna Potysz (second from the left), 
with the head of the Organizing Committee, Justyna Ciesielczuk (middle).
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WHAT OPEN ACCESS PUBLICATION IS CERTAINLY 
NOT…

A very short editorial this time. I attended a 
debate at EGU 2022, “Towards an academic 
evaluation system that celebrates diversity 
of talent,” where the question of the evalu-
ation of researchers’ careers and perfor-
mance was addressed. To my surprise, 
several of the participants (including those 
developing evaluation software), seemed to 
converge on the idea that having published 
in open sources is an assessment criterion 
for researchers.

Open Sciences is an institutional-driven 
policy (e.g., government, funding bodies) 
or community. The goal is to generalize it 

broadly; to achieve this goal, more or less coercive actions may be used 
to ensure it or encourage it. Despite all the virtues of open access, which 
I personally strongly support, its implementation has nothing to do with 
a researcher’s scientific performance or quality of scientific output. We 
should not mix the two. Researchers must be firm on this. Publishing 
in open-access journals or having publications on a freely accessible 
repository does not demand the development of specific qualities. In the 
past, not that long ago, for someone of my generation, all publications 
were published in paper form only. The change to fully online publica-
tions was a long and challenging process. It took many years before all 
journals were accessible online. During that process, it crossed nobody’s 
mind that such a “technological” step could become a criterion to assess 
researchers. Why is there this misunderstanding on the fundamental 
question of the assessment of researchers? We should raise the question 
and try to understand what has changed in the minds of people to 
create such confusion. As researchers, it is our duty to raise questions 
and correct inconsistencies that affect us directly. Every opportunity to 
discuss these matters counts (e.g., conferences, meetings).

J. Ingrin
Managing Editor of EJM

European Journal of Mineralogy (EJM) is supported 
by Société Française de Minéralogie et de 
Cristallographie (SFMC); Deutsche Mineralogische 
Gesellschaft (DMG), Sociedad Española de 
Mineralogía (SEM). Società Italiana di Mineralogia e 
petrologia (SIMP), and the European Mineralogical 
Union (EMU).

Scheduled special issues: 

(Ultra)high-pressure metamorphism, from 
crystal to orogenic scale (Feb 2023)
Christian Chopin, Samuel Angiboust, and Gaston Godard 

Probing the Earth: spectroscopic methods applied to miner-
alogy (Jul 2023)
Etienne Balan, Giovanni B. Andreozzi, Boriana Mihailova, Francesco 
Di Benedetto, Yan Yang, and Michael Jollands

Probing the Earth: melt and solid inclusions as probes to 
understand nature (Aug 2023)
Elisabetta Rampone, Silvio Ferrero, Matteo Alvaro, and Ross Angel 

Probing the Earth: magma and fluids, a tribute to the career 
of Michel Pichavant (Sep 2023) 
Elisabetta Rampone, Fabrice Gaillard, Monika Rusiecka, Francois Holtz, 
and Olivier Bachmann 

Minerals and Waste, an 
Anthropocene Tale, Bardonecchia 
(Torino, Italy) 20–24 June 2022

The Minerals and Waste school, sponsored 
by EMU and SIMP, was held from 20 to 24 
June 2022, in Bardonecchia, in the magnifi-
cent mountainside at the end of the Susa 
Valley, in the Olympic Village, house of 
the alpine skiers in the 2006 Turin Winter 
Olympics. The goal of the school was to 

bridge geo and environmental scientists with economical and manage-
ment issues involved in the presently crucial field of waste management. 
Lectures were presented on the basics of thermodynamics (Pavese), 
low-temperature geochemistry, (Onnis), and biogeochemistry (De 
Giudici), alongside more technical lectures on management (Zanetti) 
and geological deposits (Dijkstra) of wastes, as well as on incinerator 
ashes (Vinai), mineral tailings (Dino), metal and demolition wastes 
(Artioli and Bellotto), slags (Vollprecht), and ceramics (Zanelli). Waste 
management at a global scale (Allesh), and the sanitary implications 
(Turci) and potential solutions viewed from an architectural point of 
view (Campbell) were also examined.

Conclusions? The geoscience community has a lot to say in waste 
management. We know the materials, we know the reactions, we under-
stand the microscale. We can propose better ways to recycle and better 
ways to address environmental issues. But also, there is no chance to 
investigate waste management without a global outlook, which means 
an approach from the point of view of the economists, engineers, and 
architects.

Just beginning this school and being able 
to gather experts from all over Europe to 
meet in person was already a success. It was 
the conclusion of a long dating project, 
begun in 2019 and scheduled in 2020, but 
delayed until 2022 owing to the COVID 
pandemics. The school was attended by 
25 involved students, making every talk 
the beginning for a discussion. They got a 
lot of science, but also the chance to take a 
wet walk through the magnificence of the 
Valle Stretta, on one of the few rainy days 
in a dry period, and to gain the most in a 
devilish ping-pong challenge.

We thank EMU and SIMP for supporting 
this school, whose contributions are 
foreseen in an upcoming book to be 
published.

School participants in the Olympic Village of Bardonecchia (Turin). 

Maciej Sobczyk, Renata 
Jarosz, Mario Tribaudino, and 
Giovanni De Giudici after 
the washup in Valle Stretta  
Bardonecchia, Turin.

ElEmEnts OctOber 2022334



UNDERSTANDING OXYGEN FUGACITY (UOF) IN 
GEOSCIENCE INTERNATIONAL SCHOOL IN TRIESTE 
(ITALY)
The first UOF school took place at the University of Trieste (Italy) on 
5–9 September 2022. The school brought together 200 scientists, among 
which 80 joined remotely. There were 115 PhD students, 45 postdocs, 
and 40 faculties from 16 countries and more than 60 different institu-
tions for a week of lectures, oral/poster sessions, and practicals.

The participants benefited from lectures aimed to provide funda-
mental knowledge of oxygen fugacity as a thermodynamic variable 
and its application to diverse geological contexts such as the Earth’s 
interior, where redox-driven process have led to core–mantle differen-
tiation from an early magma ocean scenario, diamond formation from 
subducted fluids, volatile speciation that nowadays are fluxed out from 
volcanoes and have contributed to set the chemical composition of the 
atmosphere. Lectures were delivered by renowned scientists, the list of 
which can be found on the school website (https://fo2school.units.it/). 

The school also provided four intensive practicals aimed to provide the 
basic tools and knowledge to operate with techniques like Mössbauer 
and XANES spectroscopic techniques applied to the quantification of 
ferric and ferrous Fe, a marker of redox processes both in melts (glasses), 
mantle rocks, and inclusions in natural (sub)lithospheric diamonds. 
The practicals offered the participants the opportunity to learn how 
to determine the O2 chemical potential in natural crustal and mantle 
rocks by thermodynamics methods and calibrated oxybarometers, as 
well as knowledge of current numerical models for volatile speciation 
linked to volcanic activity. 

The school offered important opportunities for the participants to build 
collaborations or broaden their existing network of research teams 
during the poster session followed by an open-space buffet facing the 
town of Trieste during the sunset. 

Some of the participants also shared a short “lightning” talk about their 
work across scientific community boundaries in between geomicrobi-
ology, petrology, volcanology, and mineral physics. 

Lead organizers Luca Ziberna (University of Trieste, Italy), Vincenzo 
Stagno (Sapienza University of Rome, Italy), Catherine McCammon 
(Bayerisches Geoinstitut, Germany), Valerio Cerantola (Bicocca 
University of Milan, Italy), Greg Yaxley (ANU, Australia), Simon 
Schorn (University of Graz, Austria), and Eleanor Green (University 
of Melbourne, Australia) were supported by local PhD, postdocs and 
faculty members who generously shared their time and expertise to 
assist the participants. 

The organizers are grateful to the Italian Society of Mineralogy and 
Petrology for having provided economic support to the young Italian 
participants. Because of the positive feedback, the UOF school in Trieste 
will not remain a mere memory for the participants, but the beginning 
of a series of international meetings and conference sessions in the 
years to come.

EMPG 2023 – www.empg2023.it

We are delighted to announce that the XVIII International 
Symposium on Experimental Mineralogy, Petrology, 

and Geochemistry

will be held on 12–15 June 2023 at the University of Milano (Italy).

Abstract submission deadline is 1 March 2023

SAVE THE DATE AND STAY TUNED!
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Mineralogical Association of Canada

THE CANADIAN MINERALOGIST NEWS

Highlights 
In the July issue of TCM, we feature the charac-
terization of three new minerals: bortola-
nite, Ca2(Ca1.5Zr0.5)Na(NaCa)Ti(Si2O7)2(FO)
F2, from the Bortolan Quarry, Poços de Caldas 
Massif, Minas Gerais, Brazil; håleniusite-(Ce), 
CeOF, the Ce analogue of håleniusite-(La) 
from Água de Pau Volcano, Sãn Miguel Island, 
Azores District, Portugal; and thorasphite, 
Th2H(AsO4)2(PO4)·6H2O, from Elsmore, New 
South Wales, Australia. In addition, we feature 
Argentinian tourmalines of the Tusaquillas 
composite granitic batholith and the magnetic petrology (not a typo, 
this is a textural analysis based on magnetic susceptibility) of Brazilian 
granitoids, as well as how sodium and water complement one another 
crystallographically in beryls. 

Our recently most-read publications according to GeoScienceWorld 
include the following:

PGE distribution in Merensky wide-reef facies of the Bushveld 
Complex, South Africa: Evidence for localized hydromagmatic 
control, by Stephen Prevec, Savvas Largatzis, William Brownscombe, 
and Tobias Salge (Vol. 59, 2021)

A proposed new mineralogical classification system for granitic 
pegmatites, by Michael Wise, Axel Müller, and William Simmons (Vol. 
60, 2022)

Zeolite Minerals from Wat Ocheng, Ta Ang, Ratanakiri Province, 
Cambodia – Occurrence, Composition, and Paragenesis by Paula 
C. Piilonen, Glenn Poirier, William Lechner, Ralph Rowe, and R. Peter 
Richards (Vol. 60, 2022)

Our Associate Editors
As a means of both gratefully acknowledging and promoting the efforts 
of researchers in the mineralogical and geoscience community who 
donate their time to the necessary task of facilitating effective peer 
review, we would like to use this space to feature our Associate Editors. In 
this issue, we feature two of our longer-standing contributors from our 
crystallographic expertise base. Both have provided editorial services 
to TCM since 2013 and have even collaborated in research with one 
another.

R. James “Jim” Evans
Dr. Evans is a research associate of the Department 
of Earth, Ocean and Atmospheric Sciences at the 
University of British Columbia, in Vancouver 
(Canada). He teaches introductory courses on 
gems and precious metals, as well as lecturing on 
symmetry in both mineralogy and other parts of 
science, and has research interests in mineralogy, 
Mössbauer spectroscopy, and quantum chemistry. 
He is part of our core group of associate editors 

(since 2013) with expertise in mineral crystallography, and has partic-
ular expertise in the crystallography of hydrated minerals, as well as 
tourmalines and other pegmatoidal minerals. His most recent first-
authored papers deal with the crystal chemistry of sakhaite–harkerite 
solid solution found in skarns and other calcareous rocks formed at 
low pressure and high temperature. He has studied and helped define 
the current grouping of the dumortierite group of minerals. He also 
coauthored “the book” on Gem Deposits (Elsevier) in 2014.

Henrik Friis
Dr. Friis is an associate professor at the Norwegian 
Center for Mineralogy (NORMIN) at the Natural 
History Museum in Oslo (Norway). He has also 
been serving as an associate editor for TCM since 
2013 as part of the crystallography core (or unit 
cell, if you prefer) of the journal. He has particular 
interest in the mineralogy of alkaline complexes 
both as potential REE ores and as crystallochem-
ical curiousities. His most cited coauthored paper 

is on zirconosilicates of the Ilímaussaq Complex in South Greenland, 
a fertile study area of his, published in 2016, and his most-cited first 
authored paper is on niobium mobility during weathering, published 
in The Canadian Mineralogist. His expertise also extends to ichthyosaurs, 
on which he published earlier in 2022.

Featured Mineral/Texture
Our featured mineral texture for this article is a granulite facies assem-
blage in metapelitic rocks in which, elsewhere, sapphirine and relicts 
after osumilite suggest temperatures in excess of 900 °C and pressures 
between 6 and 10 kbar. In this example, chosen for its aesthetics, a 
grain of zircon is insulated from a complex metamorphic assemblage.

SUDBURY 2023 GAC-MAC-SGA JOINT ANNUAL 
MEETING
May 24–27, 2023
Laurentian University, in Sudbury, 
Ontario, Canada
Discovering Ancient to Modern Earth – Découvrir 
la Terre Ancienne à Moderne

The geoscience community is invited to attend the Joint Annual Meeting 
of the Geological Association of Canada (GAC), Mineralogical 
Association of Canada (MAC), and Society for Geology Applied 
to Ore Deposits (SGA), which will be held at Laurentian University 
in Sudbury, Ontario, Canada, on 24–27 May 2023, with pre- and post-
meeting workshops and field trips.

The meeting is being hosted by the Harquail School of Earth 
Sciences and Mineral Exploration Research Centre at 
Laurentian University (Canada).

Sudbury is one of the world’s oldest (~1.8 Ga), largest, and best-exposed 
meteorite impact sites on Earth, hosts one of the world’s premiere 
Ni-Cu-PGE mining districts, and is surrounded by a wide range of 
superbly exposed Archean, Proterozoic, Paleozoic, and Quaternary 
rocks. 

The city of Greater Sudbury, the largest city in northeastern Ontario, lies 
amidst glacially shaped ridges, and green boreal forests and contains 
330 lakes (>10 hectares) and 110 lakes (>100 hectares). The success of 
more than 40 continuous years of environmental reclamation efforts 
has led to numerous national and international awards, including a 

A nearly euhedral grain of zircon, 
surrounded by iron oxides, which 
are reacting with an assemblage 
of feldspars, cordierite, and quartz 
to form thick rims of strongly 
pleochroic orthopyroxene in 
granulite-facies charnockitic 
paragneisses from the Grenville 
Province in eastern Labrador. Field 
of view is around 1.5 mm wide, with 
crossed nicols. Image courtesy of 
S. Prevec.
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Government of Canada Environmental Achievement Award, a United 
States Chevron Conservation Award, and a United Nations Local 
Government Honours Award.

Meeting Theme
The theme of the meeting is Discovering Ancient to Modern 
Earth, reflecting the location of Sudbury at the intersection of the 
Archean Superior Province, Proterozoic Southern and Grenville 
provinces, and Paleozoic–Quaternary cover sequences. The confer-
ence will include an exceptionally diverse program of Symposia, 
Special Sessions, General Sessions, Field trips, Workshops, 
and Short Courses covering the complete spectrum of geoscience 
disciplines. Preliminary information is available at https://event.
fourwaves.com/Sudbury2023.

Meeting Format
The meeting will be delivered in hybrid format with both in-person 
and virtual components.

There will be three days of technical sessions, including plenary, 
invited, and volunteer oral presentations, dedicated times for posters, 
pre- and post-meeting field trips, and workshops. 

21–24 May 2023 | Pre-meeting field trips, workshops, and short 
courses 
24 May 2023 | Late afternoon registration, evening Icebreaker
25–27 May 2023 | Morning and early afternoon oral sessions, late 
afternoon poster sessions
28 May–1 June 2023 | Post-meeting field trips, workshops, and short 
courses

Sponsors and Exhibitors
Promote your organization and advance the earth sciences by 
supporting the effort as a sponsor or by participating in the confer-
ence as an exhibitor.

Six levels are available, with sponsorship benefits commensurate 
with the amount of support to maximize sponsor recognition and 
visibility throughout the conference. Note: Sponsorship funding 
supports the overall conference budget but, depending on level 
sponsors, may select to be recognized at specific events and on 
promotional items. Sponsors/Exhibitors flyer available at: https://
event.fourwaves.com/Sudbury2023/pages.

Registration
Registration deadline for early bird, field trip, workshops, and short 
course: 31 March 2023.

Request for Abstracts
Abstract Submissions will be open from December 2022 through 
1 February 2023, with late abstracts accepted at a higher fee between 
2  February and 1 March 2023. Get more info at https://event. 
fourwaves.com/Sudbury2023/pages.

MAC Sponsored Short Course
Fundamentals and Applications of Hydrogeochemistry
Leaders: Matt Leybourne (Queen’s U), Rob Bowell (SRK), and James 
Kidder (GSC)

Hydrogeochemistry encompasses the evaluation of natural water 
chemistry in ground and surface waters as well as anthropogenic 
impacts. It particularly focuses on the relationship between the 
chemical characteristics and quality of waters and the areal and regional 
geology. As it relies on the fundamental laws of chemistry, these can 

be used to quantify and predict changes that may occur between water 
mixing and interaction with solids and gases.

Central to any hydrogeochemical evaluation is the precise analysis 
of water chemistry, quality assessment of the data, characterization 
of water characteristics and assessment of potential anomalies and 
changes. Identification of anomalies and particle tracking to determine 
their source can be used as a guide in mineral, oil, and geothermal 
exploration or in environmental assessment of potential impacts. 
Utilizing the characterization data alongside hydrology and hydroge-
ology data, predictions can be made of future changes that could occur 
and the consequence of modifying or controlling chemical input in a 
water body.

This two-day workshop will provide a comprehensive introduction to 
this topic and will cover fundamental characteristics of water and the 
main chemical mechanisms, sampling and analysis, interpretation, and 
development of numerical predictions through the use of published 
software packages.

MAC Sponsored Session
Cratons, Kimberlites, and Diamonds

Chairs: Thomas Stachel (U Alberta), Yana Fedortchouk (Dalhousie 
U), Maya Kopylova (UBC), and Graham Pearson (U Alberta)

This session invites presentations covering advances in the fields of: 
1. Origin and evolution of cratonic lithosphere (e.g., mantle xenolith/

xenocryst studies; geophysical research on cratonic mantle roots)
2. Processes of diamond formation (trace elements and stable isotopes 

in diamond; diamond-forming fluids/melts and reactions involving 
them; inclusions in diamond; diamond surface textures)

3. Kimberlite research (from petrogenesis to emplacement)
4. Advances in diamond exploration techniques (e.g., indicator mineral 

chemistry; geothermobarometry)

Sponsor: APEX Geoscience Ltd. 

Hoping to see you in Sudbury!

HALIFAX 2022 GAC-MAC-IAH-CNC-CSPG 
JOINT MEETING A SUCCESS
May 15–18, 2022
Halifax Convention Centre in Halifax, Nova Scotia, Canada
Riding the waves of change – Surfer sur la vague du changement

Thank you for your participation in the Halifax 2022 GAC-MAC-IAH-
CNC-CSPG Joint Meeting. It was a huge success thanks to your presence 
and enthusiasm. A brief look at the numbers: we had 687 in-person 
participants (239 students), 127 virtual participants (34 students), 102 
field trip participants, and 129 workshop participants, several well-
attended social events and a very successful teacher’s workshop. Our 
program encompassed all areas of geoscience with 380 live presenta-
tions, 90 posters, and 105 virtual presentations.

This event posed several unique challenges, and the Local Organizing 
Committee (LOC) did an amazing job with this event. They had to 
be extraordinarily flexible during constantly changing circumstances. 
Thank you to every member of the LOC and all the volunteers who 
made this conference a reality.

Our sponsors and exhibitors were a vital part of the event’s success, 
and we would like to thank every one of them for their support of this 
event and our Canadian geoscience community.

Thank you for being a part of Halifax 2022! This event would not have 
been a success without your participation!
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German Mineralogical Society

FROM THE PRESIDENT
Dear members and friends of the DMG,

After two years as the president of DMG, I am 
writing the society news one last time. Here, 
I wish to reflect on these two years. 

Being a DMG president is a rewarding task. The 
DMG is not just an “association.” The DMG 
comprises of many enthusiastic members that 
do science to high standards, a board that is 
highly committed to their tasks and for which 

it has never been difficult to recruit new members. A motivated group of 
undergraduates and doctorate students is making us aware of justified 
concerns. A lot has been going on.

The nasty virus never managed to silence us. Our board has spent many 
evenings looking at “tiles,” and even these meetings have been lively.

What were the highlights? The introduction of a medal bearing the 
name of Germany’s first female mineralogy professor. The workshop 
“Future of Mineralogy” in April 2022, where 60 members, including 
many young participants, passionately debated the contents, opportuni-
ties, wishes, and potential risks to the society in any future set-up. Our 
100th annual conference in Cologne in September 2022 was a highlight, 
with a festive symposium and “four generations talk” over how science 
has been done now and then.

At the same time, I was a vice president of the DVGeo, the umbrella 
organisation of the German geo-societies. With a vision for the future 
and an eye for the big picture, we completed an intensive program. 
Public symposia, panel discussions, the re-establishment of the 
“Conference of Geoscience Departments,” and a group to support large 
collaborative projects in the geosciences have been initiated by DVGeo 
over the past two years. 

In this group, we embarked on a big issue: how do we align the many 
geoscientific societies that exist in Germany into a form that they can 
meet today’s challenges? Most of the challenges facing humanity today 
require analyses and solutions from the geosciences. Yet, with the field 
being spread over numerous small geoscience societies, our ability to 
provide this service to society is strongly impaired. We will need to 
develop means to make the public aware of our contributions: here 
we are, we are those who can help shape the future of a planet under 
stress, and of humans whose livelihoods are under threat in many parts 
of the world.

The DMG can play a decisive role in this development. A true asset is our 
diversity of subjects, from the regulation of the Earth system to the new 
materials we will need for a zero–greenhouse gas future. Regardless of 
whether the organizational structure of the geo-societies will change, 
and how, I would like to appeal to all members to get actively involved 
in the scientific public discourse. Sessions at our conferences, DVGeo 
symposia, the GMit, and most importantly, Elements Magazine, in which 
we are the fourth largest sponsoring society, are established outlets with 
substantial reach. They are all waiting for our contributions!

As of 1 January, Horst Marschall from Frankfurt will take over as DMG 
president. With Horst, we have an excellent new chairman who, I am 
sure, will move the DMG forward into new frontiers. I wish him all 
the best. I will continue to support the DMG Board as vice president 
for another year.

Yours,

Friedhelm von Blanckenburg
President of the DMG

DORIS SCHACHNER MEDAL 
TO KERSTIN LEHNERT
Kerstin Lehnert is the preeminent 
figure getting the geochemical 
community engaged in making our 
data “FAIR” (Findable, Accessible, 
Interoperable, Reusable). Her efforts 
began 25 years ago with the collection 
of MORB compositional data in the PetDB database, in parallel with the 
GEOROC database, which focused on ocean island basalts. Based on this 
early start, she founded the EarthChem data platform, which today links 
several curated databases (GEOROC, PetDB, NAVDAT, GANSEKI, USGS) 
on an international basis. These initiatives formed the basis for “digital 
geochemistry,” paving the way for new scientific questions and insights.

Kerstin Lehnert also designed and established the International 
Geosample Number IGSN (recently renamed the International Generic 
Sample Number). This turned out to be an extremely important initia-
tive that now extends far beyond geochemistry and is in the process 
of becoming a reliable, international system for registering physical 
samples and materials in all sciences. Her efforts included the tireless 
promotion of these initiatives (and a lot of air miles) to present her vision 
at national and international conferences, to scientific societies, funding 
agencies, and publishers. To support her group at the Lamont-Doherty 
Earth Observatory (USA), she secured funding from NSF and NASA over 
many years. More recently, she has developed the Astromaterials Data 
System for cosmochemical data, funded by NASA, and has been a leader 
in the creation of the “One Geochemistry” initiative, an international 
group that aims to unite and network various initiatives worldwide to 
provide an ever-growing number of curated and interoperable geochem-
ical databases of consistent and optimal quality. She is one of the driving 
forces behind COPDESS, a platform that connects the requirements for 
FAIR geochemical data with international publishing bodies and editors 
in our science. Since the beginning of her work with geochemical data, 
collaboration with geoscience data systems and initiatives in Germany 
has played an important role, especially with GEOROC, DIGIS, GFZ data 
services, MetBase, and NFDI4Earth.

In addition to her earlier research in igneous geochemistry, she has now 
also published extensively on the topic of FAIR data in geochemistry 
and cosmochemistry.

Dr. Lehnert received her PhD in mineralogy from the University of 
Freiburg (Germany) in 1989 under Prof. Dr. J. Keller, and worked for 11 
years at the MPI for Chemistry in Mainz (Germany) in the group of Al 
Hofman in the field of geochemistry. She moved to Lamont (USA) in 
1996, where she began developing the PetDB database and building the 
EarthChem platform. She was honored with the Geochemical Society’s 
Distinguished Service Award in 2013, by the Geological Society of 
America in 2017 for her Outstanding Contribution to Geoinformatics, 
and received EGU’s Ian McHarg Medal in 2018 for her outstanding 
contributions to geoinformatics and pioneering efforts for open, trans-
parent, and reproducible science.

The German Mineralogical Society (DMG) recognizes her enormous 
contribution and service to our science for FAIR geochemical data with 
the award of the Doris Schachner Medal. Doris Schachner was the 
first female professor in Germany in the field of mineralogy (at RWTH 
Aachen from 1949 to 1972) and the medal named after Doris Schachner 
is awarded by the DMG for “services to the advancement of mineral-
ogical sciences.” Kerstin Lehnert is recognized for her determined work 
and vision and appropriately honored as the first recipient of the Doris 
Schachner Medal of the German Mineralogical Society in 2022.

Gerhard Wörner (Göttingen)

DMG president Friedhelm von 
Blanckenburg honors Kerstin 
Lehnert. Photo: L. Müller-Ruhe.
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DMG YOUNG SCIENTIST AWARDS

Call for Applications 2023
At the annual meeting of the German Mineralogical Society (DMG), the 
Paul Ramdohr Award is given for the best oral and poster presenta-
tions by a student. Student DMG members may apply when submit-
ting an abstract for the 101st annual DMG meeting in 2023 (https://
minwien2023.univie.ac.at/). The application form can be downloaded 
from https://www.dmg-home.org/fileadmin/user_upload/Form-Paul-
Ramdohr-Preis_v2023.pdf.

To support mineralogical research by young female scientists, in partic-
ular in the fields of petrology and geochemistry, the DMG awards the 
Beate Mocek Prize. Female undergraduate or PhD students who are 
also a member of the DMG are eligible to apply. This prize was created 
in memory of the geochemist and petrologist Beate Mocek by her 
family to encourage young women to study mineralogical sciences. 
Please submit your application no later than 31 January 2023 to Horst 
Marschall (marschall@em.uni-frankfurt.de).

Awardees 2022
In 2022, the Beate Mocek Prize was awarded 
to Catharina Heckel (Goethe University 
Frankfurt, Germany). As part of her PhD project, 
this prize should enable her to carry out highly 
spatially resolved Fe3+ analyses with EPMA using 
the “flank method” to determine the oxygen 
fugacity. This would provide a more accurate 
picture of the nature of deformation-related 
metasomatism in so-called “cold” sheared 
peridotites. In addition to her scientific work, 

Catharina, as deputy equal opportunities councilor in her department, 
is committed to equal opportunities for women in science and thus gets 
to the heart of the Beate Mocek Prize.

Eric Alexander Runge (University of Tübingen, 
Germany) received the Paul Ramdohr Award 
for his presentation at GeoMinKöln 2022, which 
took place from September 11 to 15 in Cologne, 
Germany. In his lecture on “The taphonomic 
fate of biominerals in hydrothermal sulfide 
systems – implications for the reconstruction of 
microbial life in deep time,” Eric reported how 
he used SEM-EDS, µXRD, Raman spectroscopy, 
and sequential Fe extraction to determine the 

characteristics of synthetic and biogenic Fe minerals compared with 
minerals in modern and ancient hydrothermal sulfide deposits. This 
helps us to better understand the formation and even the preservation 
of microbial biosignatures in hydrothermal environments and thus 
makes an essential contribution to the reconstruction of (early) micro-
bial life.

Furthermore, Marie C. Gentzmann (BAM, 
BGR, MfN, Berlin, Germany) won the Paul 
Ramdohr Award for her poster, which was also 
presented at GeoMinKöln 2022. In this poster 
about “The story of Sc in bauxite residues and 
its journey from ore to waste to value,” Marie 
presents her results of combined experimental 
wet chemical, microtextural, and structural 
analyses. These detailed mineralogical investi-
gations of bauxite residues of different geological 

backgrounds and the behavior of Sc during the extraction process by 

leaching give insights into the changes in Sc associations from ore to 
tailings depending on the primary bauxites and the chosen leaching 
conditions.

Andreas Wittke, Mannheim

Victor Moritz Goldschmidt Prize to Sarah Incel
Sarah Incel is a young experimental mineralogist 
with the potential for a great future in science. 
She has already impressively demonstrated in 
her early career that she knows how to establish 
herself on the international research stage. 
Sarah’s research combines mineralogy with 
geophysics to understand the influences of 
mineral reactions and transformations on earth-
quakes and the interplay of fluid flow and rock 
failure in the Earth’s crust. Sarah uses a combi-

nation of experiments, microanalyses, thermodynamic calculations, 
and geophysical measurement methods to do this. In this way, Sarah 
has already been able to show how the processes involved in the eclogi-
tization of blueschists in subduction zones can lead to earthquakes. 
This is something that has been suspected based on natural observa-
tions for more than 30 years, but has never been shown experimentally. 
Sarah was also able to show how and under what conditions feldspar 
and serpentine transformations can lead to earthquakes, and based on 
these experimental observations, built state-of-the-art microphysical 
models that provide direct “input” for the interpretation of geophysical 
observations. Of course, Sarah’s international mobility comes with 
multiple new beginnings in a new scientific and cultural environment: 
new labs and new research mindsets. Therefore, it is even more impres-
sive that Sarah has understood that quality in her research trumps 
quantity in her “research output.” Sarah Incel is a worthy recipient of 
the 2022 Victor Moritz Goldschmidt Prize of the German Mineralogical 
Society.

Oliver Plümper, Utrecht (The Netherlands)

DMG SHORT COURSES 2023
(1) High-Pressure Experimental Techniques and Applications 
to the Earth’s Interior, Bayerisches Geoinstitut/University Bayreuth, 
Florian Heidelbach, 20–24 February 2023 (florian.heidelbach@
uni-bayreuth.de)

(2) Application of Diffusion Studies to the Determination of 
Timescales in Geochemistry and Petrology, Institute for Geology, 
Mineralogy and Geophysics, Ruhr University Bochum, Prof. Dr. Sumit 
Chakraborty, Dr. Ralf Dohmen, 27–31 March 2023 (sumit.chakraborty@
rub.de)

(3) Solid-state NMR Spectroscopy, Institute for Geology, Mineralogy 
and Geophysics, Ruhr University Bochum, Dr. Michael Fechtelkord, 
30 May–2 June 2023 (michael.fechtelkord@rub.de)

(4) In situ Analysis of Isotopes and Trace Elements by 
Femtosecond Laser Ablation ICP-MS, Institute for Mineralogy, 
Leibniz University Hannover, Ingo Horn, Marina Lazarov, Martin 
Oeser, Stefan Weyer, 25–29 September 2023 (s.weyer@mineralogie.
uni-hannover.de)
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Mineralogical Society of the UK and Ireland

NEWS FROM LONDON

Apply for a travel/conference grant from the 
Mineralogical Society
The Mineralogical Society offers a range of bursaries, centrally, as well 
as through most of its eight SIGs (special interest groups). There is a 
good rate of success (up to 50% in some cases), so you are encouraged 
to apply now. To help, we are running an online workshop on 9 January 
2023 (at 14.00 UK time) where we will offer advice about improving your 
chances of success. Register here: https://zoom.us/meeting/register/
tJUkc-urpj4qGNDdlenkJz-8Jt6dhDHjGVGS.

 � £6000 is available from the Senior and Student Bursary funds at 
https://www.minersoc.org/bursaries.html.  
Deadline: Senior Bursary – 15 January 2023 
Deadline: Student Bursary – 7 May 2023

 � Up to £3000 is available annually for the Hazel Prichard Student 
Bursary, and the next deadline is 15 February 2023.

 � Multiple awards per year are available from the Applied Mineralogy 
Group and the next deadline is 15 April 2023 (https://www.
minersoc.org/amg-bursaries.html).

 � The Clay Minerals Group distributes Ordinary CMG Bursaries up to 
£3000 per year available), the prestigious Mackenzie-MacEwan 
Award, Workshop Bursaries and, new in 2022, ‘Research Grants’. The 
amount of money available in any given year is variable and will be 
determined by the Treasurer of the CMG in consultation with its 
Officers (https://www.minersoc.org/clay-minerals-group-bursary.
html). Deadline: 1 May 2023.

 � The Environmental Mineralogy Group offers grants of up to £500 
each for Early Career Researchers. Details at https://www.minersoc.
org/emg-bursary.html. The deadlines are 1 March and 1 November 
each year.

 � The Geochemistry Group offers funding opportunities that aim to 
promote and support geochemistry-related research within the UK 
and Ireland. These awards are the Student Travel Bursary and Scientific 
Meeting Support. These funding opportunities have three application 
rounds each year which deadlines are 15  January, 15 May, and 
15 October each year.

 � The Metamorphic Studies Group offers ‘student conference bursaries’.  
Details at https://www.minersoc.org/msg-bursaries.html (no formal 
deadline).

 � The Mineral Physics Group offers bursaries to help with attendance 
at conferences, meetings, and workshops, although the MPG particu-
larly encourages applications to support visits to overseas laboratories 
and national/international research facilities, including synchrotron 
and neutron radiation facilities, which do not support travel. Details 
at https://www.minersoc.org/mpg-bursaries.html. The deadlines are 
15 January and 15 June each year.

 � The Volcanic and Magmatic Studies Group offers conference and 
workshop travel bursaries. Details at https://www.minersoc.org/
vmsg-funding.html. Deadlines are 1 June and 1 December each 
year. 

Two of the Society’s special interest groups have launched newsletters 
this year.

The Clay Minerals Group Newsletter, Phyllosophical News (edited by Nia 
Gray-Wannell, Maggie White and Meg Baker), has been published twice 
during 2022 (https://www.minersoc.org/phyllosophical-news.html). 

In addition, the Environmental Mineralogy Explorer (edited by Luke 
Townsend) also appeared for the first time this summer.

These are in addition to newsletters offered by the Applied Mineralogy 
Group (Applied Mineralogist – https://www.minersoc.org/amg-applied-
mineralogist.html) and the VMSG Newsletter (https://vmsg.org.uk/
publications/online-newsletters/). 

These are excellent ways to keep up to date with the work of these SIGs. 

In addition, a dozen interviews of clay mineralogists of all kinds have 
been published on the Society’s YouTube channel (again, part of the 
group’s CMG’s 75th Anniversary celebrations). See these interviews at 
https://www.minersoc.org/jubilee-year-2022.html. 

 � January 2022 – Adi Radian, interviewed by Anke Neumann

 � February 2022 – Warren Huff, interviewed by Kevin Murphy

 � March 2022 interview – Kirill Shafran, interviewed by Francis Clegg

 � April 2022 – Lynda Williams, interviewed by Neal Skipper 

 � May 2022 – Nathalie Fagel, interviewed by Megan Baker 

 � June 2022 – Christopher Jeans, interviewed by Kevin Murphy and 
David Wray 

 � July 2022 – Yael Mishael, 23rd George Brown Lecturer, interviewed 
by Anke Neumann 

 � August 2022 – Ruhaida Rumsin, interviewed by Binoy Sarkar 

 � September 2022 – Sabine Petit, 21st George Brown Lecturer, inter-
viewed by Steve Hillier 

 � October 2022 – Derek Bain, David Morgan and George Christidis 
(with input from Chun Hui Zhou, interviewed by Kevin Murphy)
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OUTREACH
The Environmental Mineralogy Group video competition is nearing 
completion at the time of writing.

An offering entitled ‘Kyanos’ 
by Stacy Phillips (along with 
a number of other excellent 
videos) is available on the 
Society’s YouTube channel.

Visit all of the videos from 
this year’s and last year’s 
competitions at https://www.
minersoc.org/emg-video.
html.

GEOCHEMISTRY GROUP ACTIVITY
The Geochemistry Group went through significant changes in the 
2021–2022 academic year, with all officer positions being re-attributed. 
In the summer of 2021, a new action plan was devised and agreed with 
the overall aim to diversify the group’s range of activities and stimu-
late engagement with Early Career Researchers (ECRs). This has led 
to the development of two new online panel series which currently 
run alternatively every month (aside during the summer time). These 
panels are recorded and uploaded to YouTube for free access through 
the Geochemistry Group website (https://geochemistry.group/).  

The first panel is called ‘Out of Academia – Into Science’, which aims 
to promote alternative science careers to ECRs. Each panel will discuss 
a specific career and typically attracts 30–50 attendees. So far, these 
panels have covered careers in the public sector, working with instru-
ment designers and manufacturers, charities, and research funders. 

The second panel is an ECR skills programme where specific skills or 
aspects of academia are discussed. Panels have so far discussed paper 
writing and preparing/writing a fellowship application. We would be 
delighted to work with other SIGs in the future to expand the reach of 
these panels.

MINERAL PHYSICS GROUP NEWS
The committee for this SIG has been refreshed, and a meeting has been 
organised (for 16 November 2022) at which the major agenda item will 
be the organisation of a Research in Progress (RiP) meeting, to be held 
in the summer of 2023. Thereafter, the group plans to organise similar 
RiP meetings on a yearly basis. The group now also has a social media 
presence, with a Twitter account that we will continue to promote and 
expand, and use to help advertise SIG related events, including our RiP 
meetings and student bursaries. 

The full committee is as follows: 

Chair: Oliver Lord (University of Bristol) 

Treasurer: Stephen Stackhouse (Leeds) 

Secretary: Eleanor Jennings (Birkbeck) 

Ordinary Members: Ana Ferreira (UCL), Auriol Rae (Cambridge), Emilie 
Ringe (Cambridge), Tetsuya Komabayashi (Edinburgh), Claire Nichols 
(Oxford), John Wheeler (Liverpool), and Andy Thomson (UCL)

MEETINGS IN 2023

Metamorphic Studies Group: Research in Progress 2023
University of Oxford
4–5 April 2023
https://www.minersoc.org/msg-rip-2023.html   

Clay Minerals Group: Clays and Construction
University of Leeds
18 May 2023

This meeting will explore recent advances in understanding the role 
of clay minerals in construction, and how they can be used to shape 
and improve the built environment. This topic area spans everything 
from clay-based renders to improve air quality, the role of clay minerals 
in geotechnics, calcined clays in low-carbon cements, natural earth 
building, and much more.

Abstracts on any topic in clay mineral science in general, including 
research-in-progress are invited. We particularly encourage those with 
interest in the theme of clays and construction, early career researchers, 
and those working in industry.

https://www.minersoc.org/cmg-rip.html 

Applied Mineralogy Group: 60th Anniversary Meeting
Details of a meeting of the AMG to be held in St. Andrews in May 2023 
will be published on the Society website shortly. A busy meeting is 
expected in celebration of one of the most active of our SIGs over the 
past six decades.

https://www.minersoc.org/amg.html 

Geochemistry Group: GGRiP 2023
The 2023 GGRiP meeting will be held at the University of Cambridge. 
Details will be announced shortly.

https://www.minersoc.org/gg.html

MINERALOGICAL SOCIETY BURSARY WINNER 2022 
– CASSIA JOHNSON
Cassia Johnson (University of Exeter, UK) received funding to help her 
visit the Klondike goldfields to resolve the following questions: 

 � how is it that the Yukon is mercury-free 
(if it is consistently mercury-free), when 
other SSGM is not?

 � and how typical is this of SSGM in the 
Global North, which is little studied rela-
tive to SSGM in the Global South? 

Her fieldwork consisted of visiting mines, 
interviewing miners and other knowledge-
able stakeholders, and conducting partici-
patory and archival research to understand 
what defines the industry, the development 
trajectory of the industry, and the motiva-
tions behind the miners’ livelihood choices. A full report of Cassia’s 
field visit is available at https://www.minersoc.org/bursary-report.html. 
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www.eag.eu.com

European Association of Geochemistry

Q & A WITH EAG PRESIDENT DEREK 
VANCE
Derek Vance started his two-year term as President 
of the European Association of Geochemistry in 
January 2021. As his term now comes to end, we 
asked him to reflect on the experience and to offer 
some thoughts for the future.

Was your experience as EAG President what you expected it to be?
Not entirely… It has been a strange time in the world, particularly with 
Covid during my presidency. One of the highlights of being president 
of EAG is hosting the Goldschmidt conference—I think this is the 
most important thing that EAG and GS do. Acting as co-chair, with 
Helen Williams, for the Barcelona conference in 2019 was a rewarding 
experience. But, of course, in 2021 we had to go online. Everyone at 
EAG, including people in the office, the co-chairs, science committee 
members, theme chairs, conveners, and participants turned this, I 
think, into an amazing conference. But it was also great to get back 
to an in-person meeting in 2022, and I am really looking forward to 
Lyon next year!

What did you find to be the biggest challenge(s) during your term?
Well, see above I guess… It has also been a time when there have been 
conflicting demands on EAG. We have been trying for some time to 
make geochemistry more diverse, inclusive, and equable. The DEI 
committees of EAG and GS, which formed just before I became presi-
dent, have been doing an excellent job—but there is also so much more 
to do. One is sometimes frustrated by the limitations of what one can 
do, of what relatively small societies like EAG can do. For example, it 
seems obvious to me that it is the inequality, globally, of access to educa-
tion that holds diversity back in academia in general, geochemistry 
and Earth science generally included. This is a big problem to address, 
though.

What did you enjoy most in the role, and what were your favourite 
moments?
Being part of successful Goldschmidt conferences. Being president is 
also a fantastic way of meeting talented and interesting new people. You 
get opportunities to build new relationships. The past year, in particular, 
has seen moments of real pleasure in coming back together after the 
pandemic.

Do you think there have been any silver-linings to the Covid-19 
pandemic for geochemists?
For sure all scientists have learnt—have had to learn something—about 
new ways of interacting with others. We are all experts now in the 
technology required to successfully manage remote relationships. There 
are some silver linings as a result. A hybrid Goldschmidt conference 
IS more accessible. EAG and GS are now providing free registration to 
the online component of Goldschmidt for anyone from low and lower-
middle–income economy countries who can’t afford to, or simply can’t, 
travel. Don’t get me wrong, remote attendance is not the same as face-
to-face interactions, and in-person conferences. But this has to be a step 
forward—let alone the consequences for CO2 emissions.

How do you think the geochemistry community will develop over 
the next 10–20 years?
Hopefully it WILL become more diverse. Geochemistry in the past 20 
years has brought a lot of fields in—the Goldschmidt conference, for 
example, has become a lot broader scientifically. I suspect that will 
continue. I suspect science generally will become more inter disci-
plinary—and geochemistry will, I am sure, be part of that.

FROM THE BLOGOSPHERE: THE EAG FORUM 
AS A VEHICLE FOR COMMUNITY CHANGE AND 
IMPROVED EQUITY
As an international community and as an association, we have recently 
begun talking more openly about how to combat inequities in our disci-
pline (EAG DEI Committee et al. 2022; EAG DEI Committee 2021; Riches 
et al. 2021; Pourret et al. 2021 and references therein). Our community 
as a whole benefits when talented individuals have access to opportuni-
ties, infrastructure, and scientific networks regardless of their profes-
sional privileges, access to certain networks, or personal identity.

How do we go about making this change? 
It might be helpful to think of a concrete example of how opportunities 
in our field often come about. Let’s say you’re a doctoral student at a 
university without a particular analytical instrument, or a particular 
computational tool, that would provide some key additional informa-
tion for your project. How would you initiate a collaboration that would 
let you move forward? Most likely through a person in your supervisor’s 
scientific network.

Or if you’re an early-career scientist looking to broaden your research 
and set up a research project together with someone with comple-
mentary skills, how likely do you think it would be to get a positive 
response if you just e-mailed other scientists without someone with 
name-recognition introducing you first?

To some extent, this may simply reflect the fact that science is a human 
endeavour, and that scientists are people too: we like to work with people 
we know, and with whom we already know we work well. But let’s be 
aware, first, of the cultural biases that may unconsciously influence 
our choice of scientific networks; and second, that such a process also 
propagates inequalities in accessing opportunities, and the concentra-
tion of privilege among the better-connected.

But isn’t it silly to use the term ‘better-connected’ in 2022, when all 
geochemists can—in theory—very easily be in contact with each other?

Since 2020, the EAG Membership platform has 
included the EAG Forum, a discussion forum for all 
things geochemistry. It’s easy to get started (here’s 
how! https://blog.eag.eu.com/news/forum-how-
to). Topics include teaching (online and in person), 
resources for geochemists, and careers and educa-
tion, to name just a few. Every EAG member has 
access to this forum—and we as a community can make this a lively 
space for the exchange of information, ideas, and opportunities that 
will improve our science and promote equity within our discipline. 

Sign in today at https://members.eag.eu.com/forums and make your 
contribution to this effort!

By the EAG Communications Committee,  
with thanks to the EAG DEI Committee

REFERENCES
EAG DEI Committee ± E-DIAL Collaborators (2022). Where do geochemistry teams 

start and end? Professional and technical support is vital to us all! https://blog.
eag.eu.com/news/where-do-geochemistry-teams-start-and-end-professional-and-
technical-support-is-vital-to-us-all/

EAG DEI Committee (2021). Professional Culture: Let’s Talk Tackling of Inequity, 
Injustice, and Absent Talent. Feature, EAG Blog. https://blog.eag.eu.com/news/
professional-culture-lets-talk-tackling-of-inequity-injustice-and-absent-talent/

Riches AJV, Pourret O, Little SH (2021). Uniting to Advance Diversity, Equity, and 
Inclusion in a Pandemic and Post-Pandemic World. Feature, EAG Blog. https://
blog.eag.eu.com/news/uniting-to-advance-diversity-equity-and-inclusion-in-a-
pandemic-and-post-pandemic-world/

Pourret O and 9 coauthors (2021). Diversity, Equity and Inclusion: Tackling Under-
Representation and Recognition of Talents in Geochemistry and Cosmochemistry. 
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Abstract submission deadline:  
1 March 2023

Grant application deadline:  
15 February 2023
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Join EAG for only €30
Students for €15

M E M B E R S H I P  B E N E F I T S
CONFERENCE 
REGISTRATIONS

 � Member rates at Goldschmidt 
Conferences

 � Member rates at EAGE, IAGC, 
IAVCEI, ISEB, MSGBI (MinSoc) 
and SGA conferences

PUBLICATIONS

 � Print and online issues of 
Elements (including all back 
issues online)

 � Print issues of Geochemical 
Perspectives

 � Member rates to publish 
open access articles in 
Mineralogical Magazine, Clay 
Minerals and the European 
Journal of Mineralogy

 � Member rates to purchase 
print publications of the 
MSGBI (MinSoc), SGI, SIMP 
and AFEQ 

EARLY CAREER SUPPORT

 � Sponsorship of students 
attending workshops and 
conferences in Europe

 � Ambassador Program 
providing support for early 
career scientists based in 
Europe to attend conferences 
outside Europe

 � Sponsorship of member-led  
short courses and 
conferences

COMMUNITY, NEWS 
AND NETWORKING

 � Members-only platform, 
newsfeed and forum

 � Job postings, event calendar, 
newsletters, blog and social 
media

More information at eag.eu.com/membership

Professionals
1 year 30 Euros

5 years 120 Euros

10 years 240 Euros

Students
1 year 15 Euros

3 years 35 Euros

Rates also available for low- and  
lower-middle income economy countries
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www.geochemsoc.org

Geochemical Society

RENEW YOUR MEMBERSHIP FOR 2023
Geochemical Society members can quickly and securely renew 
their membership on the GS website: www.geochemsoc.org. Renew 
by  December 31, 2022 to enjoy uninterrupted access to Elements, 
Geochemical News, and registration discounts to Goldschmidt2023 and 
other conferences. Members have access to the online member direc-
tory (available by signing into your profile on the website). You can also 
choose a two-year membership option to save time and money. Visit 
www.geochemsoc.org/join.

NOMINATE A COLLEAGUE FOR A NAMED LECTURE 
AT GOLDSCHMIDT2023

Three named lectures at the Goldschmidt Conference recognize innova-
tive research across several disciplines. Lecture nomination packages 
are relatively short, requiring only information about the nominee and 
one support letter. A single nominator can easily assemble a package. 
The lectures are a great way to share a colleague’s exciting work with 
over 3,000 geochemists. The nomination deadline is January 10, 2023. 
Visit www.geochemsoc.org/honors/special-lectures.

The Robert Berner Lecture, a joint program of the Geochemical 
Society and the European Association of Geochemistry, is given 
annually by a mid-career scientist. The lecture is on a “Berner” subject, 
which includes a wide range of topics associated with elemental cycling 
at the Earth’s surface (e.g., molecular to planetary scale, modern to 
ancient oceanic and terrestrial systems, evolution of the biosphere).

The Endowed Biogeochemistry Lecture recognizes a prominent 
scientist who is making cutting-edge field-based measurements or 
laboratory measurements on field samples in the area of biogeochemistry.

The F. Earl Ingerson Lecture honors the Geochemical Society’s first 
president. Nominations are accepted for any topic within geochemistry 
with broad appeal to Goldschmidt attendees.

SHARE YOUR STORY
The GS uses our communications platforms to share the research and 
inspirational stories of geochemists around the world. While we actively 
search for news to highlight, we also depend on contributions from our 
members. Here are ways that you can share your exciting developments 
with the community.

Geochemical News
This weekly email newsletter of geochemistry features the latest scien-
tific discoveries. To share a press release or media coverage of your 
research, contact the editorial team at gn@geochemsoc.org. If you are 
not currently receiving the newsletter, which is sent on Tuesdays, you 
can subscribe for free at geochemsoc.org/publications.

Social Media
We feature stories on our Facebook, Instagram, and Twitter accounts. 
These include scientist spotlights, which highlight members’ research 
interests; “Fieldwork Friday” posts; historical moments in geochem-
istry; and interesting rocks and minerals. One focus of these accounts is 
giving a voice to scientists from diverse backgrounds, so we particularly 
welcome contributions that highlight people of color, scientists from 
developing countries, members of the LGBTQ+ community, and people 
with different physical abilities. Posts are just a few sentences long and 
feature attention-grabbing images. This is a great opportunity to share 
the photos you’ve taken during field work or that instrument that you 
spend so much time with in the lab!

Go to geochemsoc.org/publications/social-media to contribute a post 
or just to read some of the interesting things submitted by others.

A Fieldwork Friday post submitted 
by Pradip K. Singh.

Isabel Montañez, University 
of California, Davis, USA, 
delivers the 2022 Endowed 
Biogeochemistry Lecture on 
July 12.

A recent post at twitter.com/
geochemsoc commemorating the 
birthday of a pioneering scientist. 
Submitted by Kayla Lacovino.

A highlighted mineral, submitted 
by Ravindra Nandigam.
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www.clays.org

The Clay Minerals Society

THE PRESIDENT’S CORNER
Our journal, Clays and Clay Minerals, is a corner-
stone of our society. If you peruse any back issue, 
you will quickly conclude that the ‘quality’ of 
the papers published is consistent with the 
highest level. My recent experiences and obser-
vations of commercial offerings, which compete 
for our papers, is that the same is not true. What 
I see instead is a clear trend towards publishing 
everything with apparently little regard to 
content and the process of diligent peer review; 

‘the good the bad and the ugly’ all get through and sit side by side. There 
is quality amongst the publications in these outlets for sure, (your 
papers for a start), but frustratingly not consistently so, by any means 
of measurement. So, I would urge you all to make a stand, set an 
example, and show by your actions that you disprove of this approach 
to scientific publication. Make Clays and Clay Minerals or similar society-
led journals, which place a focus on consistent quality, not quantity, 
your vehicle of choice to publish your work. Supporting our journal by 
your direct actions will go a long way toward ensuring that it has a 
bright future as an integral part of what we, as a society, do.

Stephen Hillier, CMS President

CMS PROFESSIONAL AWARD 2023 SPOTLIGHT
Randall Cygan is the recipient of the 2023 
Marilyn and Sturges W. Bailey Award. He earned 
his PhD in geochemistry and mineralogy in 
1983 from Pennsylvania State University, USA. 
He recently retired as a Senior Scientist from 
Sandia National Laboratories, USA where he 
worked for over 30 years. He currently holds an 
adjunct position at Texas A&M University, and 
lives in Albuquerque, New Mexico, USA.

In 1977, he received his BS degree in chemistry with a minor in geology 
from the University of Illinois at Chicago, USA. While attending under-
graduate school, he taught elementary chemistry and assisted with 
research in an experimental petrology laboratory. In 1980, he spent 
the summer with the United States Geological Survey in Denver inves-
tigating the chemistry and kinetics of rock–water interactions. He also 
spent two years as an assistant professor in the Geology Department at 
the University of Illinois in Urbana, USA.

His research interests are varied, including investigations of mineral 
equilibria, chemical kinetics, surface chemistry of minerals, adsorp-
tion and dissolution of minerals, shock metamorphism, structure and 
transport properties of battery materials, and molecular simulation 
and spectroscopy of minerals and interfacial processes. Dr. Cygan has 
published extensively in various chemical, geological, and materials 
science journals, and has received numerous honors. He is a Centennial 
Fellow of the College of Earth and Mineral Science at Pennsylvania State 
University and a Fellow of the Mineralogical Society of America. In 2010, 
he received the Brindley Lecture Award from the Clay Minerals Society. 
He is married to Donna Skeels Cygan and they have two adult daughters.

Christophe Tournassat is the recipient of the 
2023 Marion L. and Chrystie M. Jackson 
Mid-Career Clay Scientist Award. He is currently 
a professor at the Institut des Sciences de la Terre 
d’Orléans (ISTO) laboratory at the University of 
Orléans, France, and a visiting faculty scientist 
in the Energy Geosciences Division at Lawrence 
Berkeley National Laboratory, USA. He is an 
expert in geochemical and reactive transport 
modeling whose work has spanned a range of 

topics from pore-water chemistry in claystones and the fate of iodine 
in clay barriers to sorption processes on clay minerals and anomalous 
transport properties of clayey materials. Improving what is known about 
these topics is essential to various energy-related applications such as 
the underground storage of radioactive waste, which involves engineered 
and natural clay barriers, and geological carbon storage. Contributing 
to these important topics has required Professor Tournassat to develop 
and apply expertise in the chemical and physical behavior of clays 
through experimentation, characterization, and modeling over a wide 
range of scales from the molecular to that of an underground research 
laboratory. Professor Tournassat is an associate editor of Geochimica et 
Cosmochimica Acta and a member of the editorial board of Applied Clay 
Science.

IMPORTANT REMINDERS

CMS Membership Renewal
Don’t forget to renew your membership! Please visit www.clays.org 
or contact the Business Office at cms@clays.org.

Student Research Grant 2023
Apply for student travel and research grants and nominations for the 
CMS awards. Information can be found at www.clays.org.

Save the Date!
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Japan Association of Mineralogical Sciences

http://jams.la.coocan.jp/e_index.html

The Japan Association of Mineralogical Sciences (JAMS) is proud 
to announce the recipients of its 2021 society awards. The Japan 
Association of Mineralogical Sciences Award is presented to a 
maximum of two scientists in any one year for exceptional contribu-
tions to mineralogical and related sciences. The Manjiro Watanabe 
Award—named in honor of Professor Manjiro Watanabe, a famous 
Japanese mineralogist, and founded by his bequest—is awarded every 
year to one scientist who has significantly contributed to mineralogical 
and related sciences over his or her career.

JAPAN ASSOCIATION OF MINERALOGICAL SCIENCES 
AWARD TO TOMOAKI MORISHITA

Tomoaki Morishita is a professor at the School 
of Geosciences and Civil Engineering, Kanazawa 
University, Japan. He has studied mantle-derived 
and related rocks and contributed to studies of 
the mantle evolution of oceanic plates from 
mid-ocean ridge to subduction and the subarc 
mantle. He studied at the Horoman Peridotite 
Complex in Samani, Japan, from his undergrad-
uate to PhD under the supervision of Prof. Shoji 
Arai. The discovery of corundum-bearing mafic 

rocks by him and his collaborators suggested the possibility of the 
recycling of subducted lower oceanic crustal materials in the mantle. 
Since then, he has been investigating ultramafic rocks around the world 
from ophiolites, orogenic belts, xenoliths, and the ocean floor to better 
understand partial melting, melt–rock interactions, and metasomatism 
in the mantle. Dr. Morishita had the opportunity to learn laser ablation 
ICM-MS analysis for trace element analysis of minerals during his post-
doctoral research, and was involved in setting up the laser ablation 
ICP-MS system installed at Kanazawa University. Dr. Morishita is also 
actively involved in the Integrated Ocean Drilling Project (IODP) and 
International Continental Scientific Drilling Program (ICDP). He played 
an important role as a member of the international scientific evaluation 
committee on drilling proposals and proposed scientific drilling 
projects to investigate areas such as oceanic plates subjected to plate 
bending prior to subduction, as well as intact mantle drilling of the 
oceanic plate. He currently serves on the editorial board of Scientifc 
Drilling, which is a interdisciplinary journal that reports the latest scien-
tific results, scientific drilling proposals, and related programs to the 
geoscience community.

MANJIRO WATANABE AWARD 
TO TAKAMITSU YAMANAKA

Takamitsu Yamanaka received a Master of 
Science from State University of New York, USA, 
and a Doctor of Science from the Graduate 
School of Science, Tokyo University, Japan, in 
1972. He was a professor in the Department of 
Earth and Space Science at Osaka University 
(1994–2006) and is currently a professor 
emeritus at Osaka University (Japan). After his 
retirement, he was invited to be a senior visiting 
investigator at the Geophysical Laboratory, 

Carnegie Institute of Washington (USA) (2006–2013). Subsequently, 
he moved to be a visiting researcher at the Center for High Pressure 
Science & Technology Advance Research in Shanghai, China (2015–), 
and continues his research there to this day.

His major scientific interest is mineral physics and crystal chemistry 
under extreme conditions. He studied magnetic and structural changes 
induced by lattice–electron interactions under high pressure using 

synchrotron X-ray, neutron diffraction, Mössbauer resonance. magnetic 
measurements, and electrical resistivity measurements. He has devel-
oped extensive equipment and facilities at PF (KEK), SPring-8, and NSLS 
(Brookhaven, USA) for crystal structure studies at high pressure and 
high temperature.

His domestic academic activity is as President of the Mineralogical 
Society of Japan, Chairman of National Committee for Mineral Science 
in Japan, Member of the National Committee for Crystallographic 
Science, and finally he holds the position of Japanese Science Councilor 
(JSC). He is also vigorously working to promote the international scien-
tific activities. He was the Chairman of the Committee of Mineral 
Physics of the International Mineralogical Association (IMA) and a 
Committee Member of the Powder Diffraction of International Union 
of Crystallography (IUCr). He took the position of Vice President and 
accepted the designation as President of the IMA (2006–2008). He 
was on the advisory boards of Zeitschrift für Kristallographie and of the 
ICDD journal Powder Diffraction. He was awarded as a Fellow of the 
Mineralogical Society of America (MSA) and a Medal of Contribution 
to ICDD-JCPDS.

Dr. Yamanaka has dedicated almost his whole career to mineral physics 
and crystal chemistry and has devoted himself to Earth sciences. 

17th CONGRESS OF WATER–ROCK INTERACTION 
(WRI-17) AND 14th APPLIED ISOTOPE 
GEOCHEMISTRY (AIG-14) IN SENDAI, JAPAN

The Joint International Conference of the 
17th Congress of Water–Rock Interaction 
(WRI-17) and the 14th Applied Isotope 
Geochemistry (AIG-14) (called the 2nd 
International Applied GeoChemistry 
Conference, IAGC-2) focus on an exten-
sive range of interactions between fluids 
(water, petroleum, and gases) and solid 
materials, especially rocks including 
extraterrestrial matter. The symposium 
will be held in Sendai, Japan, on August 
18–22, 2023. Registration is open to all scientists and students who 
want to share their research and learn about the latest developments 
in the broad fields of water–petroleum–gas–rock interactions at low to 
high temperatures and pressures, using the latest isotopic, chemical, 
and simulation tools and methods. The symposium will bring together 
scientists from academia, government, and business engaged in water–
petroleum–gas–rock research. We will have plenary and keynote 
presentations by world-renown scientists. Selected presentations will 
be published in the Geochemical Journal and Applied Geochemistry as 
special issues with peer-review editing. 

The Organizing Committee particularly emphasizes in-person confer-
ences, which provide the most important human interactions among the 
young, elderly, and people from different countries and diverse research 
fields. World-leading researchers from all over the world are invited 
to give a presentation. The WRI-17 and AIG-14 conferences feature all 
aspects of water–petroleum–rock interactions, with an emphasis on 
such growing fields as deep WRI or the deep carbon cycle, the roles of 
fluids with respect to reaction kinetics and timescales, sub- and super-
critical geothermal energy, WRI fronts to climate change, AI and big 
data analysis for geoscience, environmental and isotope forensics, and 
new tools for geochemical analysis and nanoscience, as well as sessions 
on classical aspects of isotopes and water–rock interactions.

Cont’d on page 347 

ElEmEnts OctOber 2022346



We will conduct oral and poster sessions entitled “Cosmo- & 
Geochemistry,” “Solid and Fluid Earth,” “Geosphere-Biosphere 
Interaction & Environment,” “Geoengineering & Carbon Neutral,” 
and “Applied Isotope Geochemistry.”

We will keep the spirit of the symposium defined as “water–rock–human 
interactions” by providing meeting opportunities during lunch, poster 
sessions, and coffee breaks. We will also organize one-day mid-session 
field trips for all participants and optional post-symposium field trips. 
We will also organize cultural activities for the accompanying members. 
During the symposium, we will visit the crater lake in Zao Volcano, 
natural hot springs, one of the three most beautiful landscapes in Japan, 
Matsushima Island, and more. After the conference, participants will 
have a chance to climb Fuji Mountain, go to Nikko, and explore the 
hidden treasures of Japan.

Our goal is to organize a meeting with a friendly atmosphere allowing 
participants from different countries to cooperate and find new oppor-
tunities to collaborate. We are looking forward to seeing all of you in 
Sendai, Japan, to revive and rediscover human–human interactions 
after the pandemic.

For more information, please visit https://www.wri17.com/index.html. 

Cont’d from page 346 
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Sociedad Española de Mineralogía

1st AWARD CEREMONY FOR THE BEST BACHELOR’S 
THESIS (2022)
The 1st award ceremony for the Best Bachelor’s Thesis was held on 
21 November as an on-line event. The SEM is aware of the importance of 
promoting the training of young students in mineralogy, geochemistry, 
petrology, and deposits. These awards have been created to encourage 
these disciplines in undergraduate students.

Fourteen undergraduate students from different universities in Spain 
(Oviedo, Basque Country Zaragoza, Barcelona, Madrid, Alicante, Murcia, 
Granada, and Huelva) participated. Contributions included topics on 
experimental mineralogy, synthesis and crystal growth, descriptive 
petrology, interpretation of geochemical data, hydrogeochemistry, 
geoarcheology, mineral deposits, and water contamination and remedi-
ation. The applicants defended their work in five-minute oral presenta-
tions. A delegated committee of the SEM executive council evaluated 
the bachelor’s thesis and oral presentations. Additionally, the ceremony 
included an invited lecture: “My experience on research: from curiosity 
to scientific contribution” given by Nuria Pujol (University of Granada). 

Three awards were given for the best bachelor’s thesis and oral presenta-
tions of the ceremony (Fig. 1). The winners were as follows: 

figure 1 left to right: Carlos Espinoza Enriquez de Luna, Alejandro Andrés 
Escorihuela, and Sara Romero Cruz.

 � Carlos Espinoza Enriquez de Luna (University of Granada) for the 
contribution “Experimental study of arsenic and selenium 
co-precipitation with barite”

 � Alejandro Andrés Escorihuela (University of Zaragoza) for the contri-
bution “Mineralogical characterization of the Candelaria ore 
deposit (Gallinero de Cameros, La Rioja)”

 � Sara Romero Cruz (University of Huelva) for the contribution 
“Alkaline treatment of highly polluted acid effluents sourced 
from mining and industrial activities”

The rest of the submitted contributions were as follows

 � “Experimental mineralogy: calcic phosphates” by Mª Cristina 
García Gil, University of Oviedo)

 � “The Huércal-Overa Co-Cu mineralization (Almeria): 
approach to the forming model” by Robert Rodrígues Oterino 
(University of Barcelona)

 � “Report of the iron, kaolin, and alunite exploitation from 
Madriguera surroundings (Segovia)” by Juan Rodríguez Gómez 
(Complutense University of Madrid)

 � “Characterization of Fe oxy-hydroxides and carbonates under 
VNIR-SWIR and XRD spectroscopy: the Aizpea deposit, Zerain 
(Gipuzkoa)” by Ana Yepes Goitia (Basque Country University)

 � “Petrological study of the Upper Jurassic of the Chinchilla 
mountains (Albacete)” by Ricardo Francisco Mañanós Zaragoza 
(University of Alicante)

 � “Mineralogical study of the Quibas deposit” by Elia del Castillo 
Sobrinos (University of Murcia)

 � “Petrology and geochemistry of rocks from La Palma erup-
tion in October 2021” by Irene de los Reyes Méndez (University of 
Huelva)

 � “Volcanic ash geochemistry from La Palma eruption” by 
Sandra Burgada Pacheco (University of Huelva)

 � “ADI application for rock porosity quantification and anal-
ysis of its potential as CO2 storage” by Sara Roces Heres (University 
of Oviedo)

 � “Water extraction from martial regolith materials” by Miquel 
Grande Tena (University of Barcelona)

 � “Sulfate and carbonate source in marine waters of the 
Greenland ice-cap front at Kangerlussuaq” by Sara Carreras 
Gómez (University of Zaragoza)

Dídac Navarro Ciurana and Núria Sánchez-Pastor
SEM council members
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Meteoritical Society

http://meteoriticalsociety.org

2023 ANNUAL METSOC MEETING INVITATION
You are cordially invited to attend the 86th annual meeting of The 
Meteoritical Society, which will take place from August 13 through 
August 18, 2023, at the Luskin Conference Center on the campus of 
the University of California – Los Angeles (UCLA), USA. The meeting 
is hosted by UCLA’s Department of Earth, Planetary, and Space 
Sciences, and all METSOC23 events will be held on the UCLA campus 
in Westwood, California.

On-site conference registration will begin at 2 pm on Sunday, August 13, 
with a welcome reception commencing at 5pm. Oral and poster sessions 
will take place at the Luskin Center. The Barringer Invitational Lecture 
will be held at the Fowler Museum on campus. The annual banquet will 
be held outdoors on campus on Wednesday evening; we have arranged 
for it to not rain. There will be a special session on asteroid sample 
return; proposals for additional special sessions are encouraged. Further 
details regarding the scientific program will be provided at a future date. 
Details can be found at https://metsoc2023-la.com.

The Luskin Conference Center hosts a full-service hotel in which 200 
rooms have been reserved at a reduced rate. All events will be within 
easy walking distance of Luskin, so there is no need to have a rental car 
for the week. Of course, there are many other lodging options in LA, 
with several near the UCLA campus (suggestions will be provided on 
the website). We are also seeking the possibility of dormitory accom-
modations for students or those on a tighter budget.

Currently, there are no public health restrictions on gatherings in Los 
Angeles. We are planning for a mostly in-person meeting, with the 
possibility of remote participation via live on-line and in-schedule talks. 
Poster presentations will be in-person only.

Transportation to UCLA from LA’s main international airport (LAX) 
is straightforward. Los Angeles is a dynamic, multi-cultural city with 
myriad entertainment possibilities. Although hot spells are possible, 
the weather in mid-August is likely better than what you’ll be leaving 
at home. The mountains, beaches, and wineries of southern and central 
California are readily accessed with a rental car for pre- or post-confer-
ence fun. We encourage you to reserve the dates of August 13–18 on your 
calendar today, and we look forward to welcoming you to Los Angeles 
in the summer of 2023!

Kevin McKeegan (mckeegan@epss.ucla.edu), 
Ming-Chang Liu, and Ed Young

2022 ANNUAL MEETING TRAVEL AWARD WINNERS
The Meteoritical Society would like to congratulate the winners of 
awards for travel to the 85th Annual Meeting in Glasgow, Scotland, 
UK. We would also like to thank the sponsors of these awards who 
every year enable students, early career researchers, and researchers 
from low-income nations to travel to annual meetings in order to facili-
tate career-enhancing interactions with a wide array of international 
society members.

Barringer Crater Company Award
Nicola Allen, Kana Amano, Soukaina Arif, Tarryn Aucamp, Christopher 
Hamann, Miranda Holt, Grant Hughes, Imene Kerraouch, Mizuha 
Kikuiri, Jane MacArthur, Josefin Martell, Andrea Miedtank, Juulia-
Gabrielle Moreau, Chad Peel, Anders Plan, Raiza Quintero, Radhika 
Saini, Alex Sheen, Amanda Stadermann, Martin Suttle, and Libby 
Tunney

2022 Brian Mason Award
Yaozhu Li, and Noemi Mészárosová

Darryl Pitt/Macovic Collection Travel Award
Simon Anghel, Catherine Harrison, and Sara Motaghian

David B. Gheesling Trust Award
Allison McGraw, and Kalpana Singh Verma

Elsevier Travel Award
Ioana-Lucia Boaca, Tomoya Obase, Ratiba Sahoui, and Zachary Torrano

Meteoritical Society Travel Awards for Early-Career 
Scientists
Anna Barbaro, David Bekaert, Lisa Krämer Ruggiu, Daniela Krietsch, 
Clara Maurel, Jennifer Mitchell, Julia Neukampf, Soumya Ray, and 
Lionel Vacher

Meteoritical Society Travel for International Members 
Award
Adriana Victoria Araujo Salcedo, Ioannis Baziotis, Hasnaa Chennaoui 
Aoudjehane, and Shreeya Natrajan

MMGM Student Travel Award
Leonardo Baeza

NASA Planetary Sciences Division Travel Grant
Elana Alevy, Amanda Alexander, Maizey Benner, Laura Chaves, 
Andrea Distel, Marina Gemma, Jennika Greer, Kana Ishimaru, Mara 
Karageozian, Ioannis Kouvatsis, Kaitlyn McCain, James McFadden, 
Amanda Ostwald, Ishita Pal, Daniel Sheikh, and Zoe Wilbur

Planetary Studies Foundation Student Travel Award
Evan O’Neal, and Hope Tornabene

O. Richard Norton Award
Mark Boyd, Melissa Cashion, Victoria Cousins, Lisa Eckart, Juliette 
Faucher, Cameron Floyd, Arthur Goodwin, Laura Jenkins, Alexander 
Kling, Nathan Limbaugh, Katarzyna Liszewska, Ryoga Maeda, Virgile 
Malarewicz, Peter McArdle, Lara Meyer, Moshammat Mijjum, Sierra 
Ramsey, Liza Riches, Randolph Röhlen, Lucas Smith, and Francesca 
Willcocks
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Association of Applied Geochemists

AAG COUNCILLORS FOR 2022–2023

Thomas Bissig
Thomas graduated in 1997 from the Swiss Federal 
Institute of Technology (ETH) with a diploma in 
Earth Sciences. He carried out his PhD research at 
Queen’s University, Kingston (Canada), on the 
metallogeny of the El Indio belt, Chile/Argentina. 
He graduated in 2001, after which he took a position 
as a post-doctoral fellow at the Mineral Deposit 
Research Unit (MDRU) at the University of British 
Columbia, Canada, where he worked on Central 

Peru and in the Guerrero Terrane of Mexico. Thomas was a professor 
at the Universidad Católica del Norte in Antofagasta, Chile, from 2004 
to the end of 2007, after which he returned to MDRU as a research 
associate. In March 2017, he joined Goldcorp Inc., now Newmont 
Goldcorp as Director of Geochemistry. He left Newmont in 2020, and 
in October 2021, joined Copperbank Resources Corp as VP of 
Exploration.

Thomas has been involved in research topics ranging from regional 
metallogeny and magma fertility to landscape evolution and explo-
ration geochemistry. He is an author on more than 30 peer-reviewed 
publications and numerous published reports and conference abstracts. 
His main interest in being part of the AAG council is to support the 
mentoring of young professionals and to keep communication between 
industry and academia open.

Jamil Sader
Dr. Jamil Sader obtained his BSc from the University 
of Saskatchewan (Canada), his MSc from the 
University of Texas at Dallas (USA), and his PhD 
from the University of Ottawa (Canada). He has over 
20 years of experience in academic, technical, and 
senior management roles with government and 
small to large cap exploration/mining companies, 
including MMG Resources, Anglo American, and 
Bureau Veritas Minerals. His extensive experience, 

from field geologist to senior management, has provided him with a 
deep technical understanding across many facets of base, precious, and 
critical metals, and an extensive global network of geoscience profes-
sionals. Dr. Sader became an Association of Applied Geochemists Fellow 
in November 2021 and is currently President of the MineScience 
Advisors.

Alexander Seyfarth
Alexander Seyfarth is an X-ray spectroscopist with 
over 20 years of experience with XRF and XRD. 
Alexander holds a diploma in mineralogy from the 
University Giessen, Germany (1996). Thesis work 
for his graduate studies was done on chemical and 
phase investigations of kiln deposits using XRF, 
EPMA, and XRD, as well as Rietveld structure refine-
ment on isolated phases. Starting out as an applica-
tion Scientist in Germany with Siemens, he was 

transferred to the U.S. where he is now a proud citizen, still living in 
the Midwest (Wisconsin). As the resident “Geo Scientist,” he got to travel 
within the Americas to mine sites, cement plants, and quarries and 
present application and theory-based talks at trade shows and confer-
ences for Bruker and Thermo Fisher Scientific in various functions. 
With a group of other XRF trainers, he continued the XRF course from 
the University of Western Ontario (Canada) and moved it to Hamilton 
College (USA), expanding it back to its roots in South Africa. He has 

been an associated Volunteer Researcher with the Colorado School of 
Mines since 2021 for Direct XRF core scanning.

Since 2017, he has returned fulltime to the geochemistry world as 
the Global Technical Manager for XRF with the SGS Natural Resource 
Division and is active in SGS internal technical formation, as well as 
externally with a focus on new and smaller devices such as PXRF and 
Micro Libs.

His professional interest lies within research, promoting and expanding 
XRF (and LIBS on solids) within the community, as well as modern 
gamma activation analysis for gold assaying. Data fusion of chemical 
and mineralogical assays and advancing chemometric-based methods 
are part of his current research with vendors. A focus on AAG work 
should be included in the training and education of future geochemists, 
as well as promoting and establishing best practices for new types of 
instrumentation leveraging his extensive contacts with various instru-
ment vendors. Having spent over 25 years at trade shows and confer-
ences, he can sell and qualify leads as well.

Cliff Stanley
Professor Cliff Stanley, P.Geo. is a professor of 
applied geochemistry in the Department of Earth 
& Environmental Science, Acadia University, Nova 
Scotia, Canada. Cliff received his BSc in Earth 
Science from Dartmouth College, USA (1980), 
worked for three years for Anaconda Minerals 
Company as a geochemist, and then returned to 
academia to complete his masters and doctorate at 
the University of British Columbia (UBC), Canada 

(1984 and 1988, respectively) under the supervision of Dr. Alastair 
Sinclair. Prior to Acadia University, Cliff worked for two years as a 
research associate at Queen’s University (Canada) with Dr. Ian Nichol 
in lithogeochemistry, and for seven years as an adjunct professor in the 
MDRU at UBC, leading research in alkalic porphyry Cu-Au deposits, 
lithogeochemistry, and Broken Hill-type mineral deposits. Cliff has 
been a member of the Association since 1981 and previously served as 
councilor for the Association for 12 years. In addition, Cliff has been a 
distinguished lecturer for the AAG (2004) in lithogeochemistry, and 
for the CIM (2008) and AusIMM (2009) in geochemical quality control. 
Cliff has published extensively on sampling and quality control, partial 
digestion pedogeochemistry, lithogeochemistry and geochemical data 
analysis. In 2017, Cliff was awarded the Chayes Prize for contributions 
to research in numerical petrology by the IAMG.

Renguang Zuo
Professor Renguang Zuo obtained his PhD in 
mineral resources prospecting in 2009 from the 
China University of Geosciences. He became a 
Fellow of AAG in 2016. Since 2021, he has been a 
professor and the Founding Director of the Research 
Center for Solid Earth Big Data, China University 
of Geosciences (Wuhan), China. Since 2012, he has 
also been a professor at the State Key Laboratory of 
Geological Processes and Mineral Resources, China 

University of Geosciences (Wuhan), China. In 2014, he was a senior 
visiting fellow at James Cook University, Australia. From 2010 to 2012, 
Dr. Zuo was an associate professor, at the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of 
Geosciences (Wuhan), China. Prior to this, he was an instructor there 
from 2009 to 2010. Professor Renguang Zuo has held several positions 
within the AAG Council including Councilor of the Association in 
2017–2018 and 2019–2020, associate editor for Geochemistry: Exploration,
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Mineralogical Society of America

LETTER FROM THE PRESIDENT
So, why become a member of the 
Mineralogical Society of America?

This question is especially relevant as 
we continue to hear from all types of 
organizations that those in the current 
generation are not joiners. Most years 
my membership renewal has been 
automatic. I joined MSA as a graduate 
student in 1977 (part of a “joiner” 
generation), and ever since, it has been 
my primary scientific society, a sort of 
comfortable mineralogical home base. 
As a student, it seemed an obvious 
choice; most of my fellow students 
were fledgling MSA members, and my 
advisor and other faculty encouraged 

the move. I still recall the day when my first unapologetically yellow 
“American Mineralogist” was among those decorating the department 
mailboxes. It was a well-practiced ritual on “Am Min” day to scan the 
contents and quickly skim papers of interest, and I was pleased to finally 
look the part. Admittedly, much of this attention, I learned, was for 
reassurance that someone else was not encroaching too closely on your 
my? own research. These were pre-internet days, so scientific infor-
mation arrived in journals, or at conferences with announcements of 
new discoveries, and there was always the potential to be surprised. It 
was all rather exciting. As a member of MSA I felt pride to be part of 
the broad continuum of past and present mineral scientists, so many I 
had heard about – and admired. I felt a little more like a real scientist. 
Of course, I also appreciated the reduced cost for RIM volumes, each 
bright white volume prominently displayed on the shelf by my desk, 
subtly messaging that here works a mineralogist. And, I am sure my 
advisor appreciated the reduced registration cost at conferences for 
MSA members.

Ok, that was then – ancient history to some – but what about now? Many 
MSA members are not familiar with paper copies of our flagship journal, 
except perhaps packed onto shelves in offices of more senior colleagues, 
and only know its unique yellow hue from the color scheme of the MSA 
booth at conferences. Most of us receive “Am Min” online, and with the 
frenetic sharing of research results through social media, the likelihood 
of surprise is greatly diminished. I think it fair to say that for many 
generations of MSA members, an obvious reason for membership was 
to receive American Mineralogist. It was and is still the premier journal 
for the mineral sciences, and in all member surveys, its publication is 
ranked as the most important mission of MSA. In recent years, however, 
I have heard comments, such as, “I can get any article I need for free on 
the internet, so why do I need a subscription to American Mineralogist? 
For that matter, why do I need to be a member of MSA?”

It is a fair point; I am sure most of us use the internet as a primary 
source of “reprints” (anyone remember reprint-request cards, or paper 
reprints?). Of course, internet sourced or otherwise, scientific articles 
depend upon journals such as American Mineralogist to ensure scientific 
integrity (and in many cases, basic readability) and a permanent place 
in the ever-expending scientific archive. For science to be validated and 
preserved, it has to be peer-reviewed and published. Hence, the need 
for American Mineralogist – and the society that publishes it. Without 
MSA, there is no American Mineralogist (or RIMG volumes, Elements, 
etc.) Nothing comes for free, and as members of MSA, we are critical 
partners who support, protect, and improve our flagship journal. 

Oliver Wendell Holmes said that “taxes are what we pay for a civilized 
society.” Analogously, MSA dues are what we pay for professionalism 
in our science.

Of course, there are still the substantial discounts to members on a huge 
range of publications, short courses and workshops, and for certain 
conference registrations. Student and early-career memberships are still 
a bargain, and members receive a subscription to the acclaimed journal 
Elements. So, if financial considerations are your primary motivation, 
then joining MSA can be a very good deal. But perhaps more impor-
tant, if you are looking for creative ways to highlight your work, have 
a passion to educate, or just want to help share our fascination for 
minerals and their importance with the world, MSA has resources and 
programs that can amplify and assist with those goals. Although many 
of the reasons I first joined MSA are still operative, my 45 years of experi-
ence as a member have shown me that there is so much more that can 
be accomplished working together with the creative and passionate 
members of MSA than I could ever hope to do on my own.

Please join us as we work together on our exciting mission forward.

Jeffrey Post
2023 President, Mineralogical Society of America

NOTES FROM CHANTILLY

Renewals
The membership renewal process is well underway at MSA, so please 
visit the website and renew for 2023 at your earliest convenience. 
Regular membership is $85; Early Career is $45; and student member-
ship is $20. There is also a Sustaining Member category of $235 ($85 
for membership and $150 as a contribution toward MSA’s programs).

Subscriptions
This is also the time of year for institutions and individuals to subscribe 
to MSA’s publications for 2023. Subscription renewal notices have been 
sent out. If you or your institution have not received yours, please 
contact the MSA Business Office at business@minsocam.org.

Annual Fund – MSA Forward
MSA is launching its MSA Forward Annual Fund to support our efforts to 
communicate most effectively to our membership and the wider public. 
These efforts include our new website, e-commerce system, mentor-
ship platform, and much more. To make a tax-deductible gift to the 
Fund, members can contact Ann Benbow, MSA Executive Director, at 
abenbow@minsocam.org

DID YOU KNOW?
You can follow MSA on social media via FaceBook, Twitter, Instagram, 
and YouTube. MSA’s YouTube Channel has presentations on a variety 
of mineralogical topics for the science community, students and 
teachers, collectors, and the general public. Some of these are from 
MSA’s Centennial Symposium in 2019 and others are part of the annual 
Minerals Day celebration. Examples are the mineralogy of Mars, mineral 
photography, mineral collecting, mineralogy careers, minerals and 
archaeology, gems and gemology, and much more. If there is a miner-
alogy topic that you would like to see covered, please email Ann Benbow 
at abenbow@minsocam.org.
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2023 MSA AWARDEES
MSA would like to congratulate its newest awardees who will be honored 
at the 2023 Geological Society of America annual meeting in Pittsburgh, 
PA, USA. That meeting will take place October 15–18, 2023. There will 
be a luncheon to celebrate the awardees in Pittsburgh, as well as special 
lectures by the awardees.

Roebling Medal: Georges Calas, Sorbonne Université
The Roebling Medal is the highest award of the 
Mineralogical Society of America (MSA) for scien-
tific eminence as represented primarily by scientific 
publication of outstanding original research in 
mineralogy.

Dana Medal: Razvan Caracas, Université de Lyon
The Dana Medal is intended to recognize sustained 
outstanding scientific contributions through 
original research in the mineralogical sciences by 
an individual in mid-career.

Distinguished Public Service Medal: Sharon Tahrikheli, 
American Geosciences Institute

The Distinguished Public Service (DPS) Medal is 
awarded by the MSA Council to individuals or 
organizations who have made important contribu-
tions to furthering the vitality of the geological 
sciences, especially but not necessarily in the fields 
of mineralogy, geochemistry, petrology, and 
crystallography.

MSA Award: Shaunna Morrison, Carnegie Institution 
for Science

The Mineralogical Society of America Award is 
intended to recognize outstanding published 
contributions to the science of mineralogy by 
individuals near the beginning of their professional 
careers.

CALL FOR AWARD NOMINATIONS
Please consider nominating a colleague for one of the 
Society’s awards. Nominations should be sent to the secretary 
(metsocsec@gmail.com) by January 15 (January 31 for the 
Service Award and the Pellas-Ryder Award). For more informa-
tion and details on how to submit a nomination for any of these 
awards, please see the latest newsletter at the Society website 
or email the secretary.

The Society gives a number awards each year. The Leonard Medal 
honors outstanding contributions to the science of meteoritics and 
closely allied fields. The Barringer Medal and Award recognize 
outstanding work in the field of impact cratering and/or work that has 
led to a better understanding of impact phenomena. The Nier Prize 
recognizes outstanding research in meteoritics and closely allied fields 
by young scientists. The Service Award honors members who have 
advanced the goals of the Meteoritical Society to promote research 
and education in meteoritics and planetary science in ways other than 
by conducting scientific research. The Paul Pellas–Graham Ryder 
Award is given for the best student paper in planetary science and is 
awarded jointly by the Meteoritical Society and the Planetary Geology 
Division of the Geological Society of America. The newest society award, 
the Elmar Jessberger Award, will be given to a mid-career female 
scientist in the field of isotope cosmochemistry.

UPDATED ANNUAL MEETING CALENDAR

2023 86th Annual Meeting 14–18 August,  
Los Angeles, California, USA

2024 87th Annual Meeting 28 July–2 August,  
Brussels, Belgium (EU)

2025 88th Annual Meeting July TBD, Perth, Australia

2026 89th Annual Meeting July/August TBD,  
Frankfurt, Germany (EU)

Environment, Analysis (2017–2018) and was on the Editorial Board of 
Geochemistry: Exploration, Environment, Analysis (2019–present).

The focus of Professor Renguang Zuo’s research is on developing 
novel methods for processing geochemical survey data and identi-
fying geochemical anomalies associated with mineralization. He 
has published more than 120 SCI-indexed papers in various interna-
tional peer-reviewed journals. He is an associate editor for Journal of 
Geochemical Exploration, Natural Resources Research, Ore Geology Reviews, 
and Computers & Geosciences. He is also a Councilor for the International 
Association for Mathematical Geosciences and a Fellow of the Society 
of Economic Geologists.

Dennis Arne (ex officio)
Dennis Arne has 40 years of experience in 
geology and applied geochemistry. He has 
overseen regional geochemical exploration 
programs in the Yukon, British Columbia, 
Nunavut, and northern Quebec in Canada, the 
USA, eastern Australia, Suriname, Sudan, and 
Laos. He was Managing Director and Principal 
Consultant – Geochemistry of CSA Global 
Canada until late 2017, General Manager and 

Principal Consultant – Geochemistry for Revelation Geoscience 
(purchased by CSA Global in 2012), Principal Consulting Geochemist 
with ioGlobal (now Reflex Geochemistry), and formerly Senior 
Geochemist with Geoscience Victoria (now Geological Survey of 
Victoria, Australia). Dennis is currently director and principal consulting 
geochemist at Telemark Geosciences and was, until recently, the 
Director of Exploration for E79 Resources. He is a Fellow and past 
President of the Association of Applied Geochemists, a member and  
registered Professional Geoscientist (Geochemistry) of the Australian 
Institute of Geoscientists, and a registered Professional Geoscientist in 
British Columbia, Canada.
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SFMC MERIT AWARD 2022 – AWARD LECTURE AND 
PRIZE-GIVING CEREMONY AT IMA – LYON
Christian Chopin received the SFMC Merit Award for the 
excellence of his research and his remarkable contributions 
to the mineralogical community. Congratulations!

During the 23rd general meeting of the International Mineralogical 
Association in Lyon, 18–22 July, Christian Chopin received the SFMC 
Merit award. For the celebration, he presented the lecture “From high-
pressure rocks to weird minerals.”

Christian Chopin discovered metamorphic coesite in crustal rocks of 
the Western Alps and was a pioneer in the mineralogy of ultra-high-
pressure (UHP) rocks, establishing a whole new area of research on this 
topic. As a by-product of his petrological studies, he discovered a dozen 
new minerals; he was involved in establishing nomenclature schemes 
for the epidote supergroup and for arrojadites, a group of “infernally 
complex” phosphates. He also served the national and international 
geoscience communities as a board member of the SFMC and the Eu-
ropean Mineralogical Union, and as a dedicated editor of the European 
Journal of Mineralogy for 30 years. He has published almost 100 papers 
in leading international journals and is a member of several academies, 
among other distinctions he has received.

SFMC HAUY-LACROIX 2022 PRIZE 
Congratulations to Pierre Lefebvre and Ségolène Rabin who 
received jointly the SFMC Haüy-Lacroix 2022 prize at IMA 
in Lyon.

Pierre LEFEBVRE’s PhD 
thesis entitled “Long-term 
evolution of uranium specia-
tion and mobility in sediments 
and soils – Natural uranium 
enrichment processes in the 
Lac Nègre watershed” was 
carried out at the Institut de 
Minéralogie, de Physique des 
Matériaux et de Cosmochimie 
(Sorbonne University, France) 
under the supervision of 
Guillaume Morin, Arnaud 
Mangeret, and Alkiviadis 
Gourgiotis. His thesis work 
was aimed at better under-
standing the geochemical 
behaviour of uranium (U) in 
the environment.

Ségolène RABIN completed her thesis in 2021 at the Géosciences 
Environnement Toulouse Laboratory (Toulouse III – Paul Sabatier 
University, France) under the supervision of Michel Grégoire and Franck 
Poitrasson. Her PhD thesis entitled “Study of iron and silicon isotopic 
fractionation processes between minerals and silicate liquids during 
magmatic differentiation” aimed at studying the mechanisms involved 
in isotopic fractionation. During the IMA meeting, she presented her 
work “Iron isotope fractionation between silicate minerals and melts: 
a first- principles approach”.

WORKSHOP “MAGMA AND FLUIDS IN CELEBRATION 
OF THE CAREER OF MICHEL PICHAVANT”

4–6 July 2022 at l’Observatoire des Sciences de l’Univers in 
Orléans, France. 
An international workshop “Magma and Fluids in celebration of the 
career of Michel Pichavant” took place on 4–6 July at L’Observatoire des 
Sciences de l’Univers en région Centre-Val de Loire (OSUC) in Orléans, 
France. The aim of this workshop was to gather a community of scien-
tists working on magmas and fluids in order to celebrate the career of 
Michel Pichavant, a long-time researcher, presently holding emeritus 
status at the Institut des Sciences de la Terre d’Orléans (ISTO), France. 
The workshop was organized by Monika Rusiecka, Austin Gion, and 
Fabrice Gaillard with support from the ISTO and OSUC departments, 
the VOLTAIRE (ANR LABX-100-01) project, and the Société Française 
de Minéralogie et de Cristallographie (SFMC). Approximately 70 
researchers attended the workshop, including many former collabora-
tors of M. Pichavant (photo 1). Thirty-one scientific talks were given 
yielding vibrant discussions, and three speeches containing historical 
and funny photos, as well as anecdotes of M. Pichavant’s career, were 
given by T. Hammouda, J-M. Montel, and D. Manning. 

Thirteen posters of exceptional quality were also presented over the 
course of two sessions, and Federica Faranda was awarded the prize 
for best poster. 

In order to mark this occasion, 
a special issue entitled “Magma 
and Fluids” will be published 
in the European Journal of 
Mineralogy.

Christian Chopin during his lecture, showing pictures of coesite. right, with the 
SFMC Merit Award.

Participants of the Magma and Fluids workshop.

Pierre Lefebvre and Ségolène Rabin with 
their prizes at the IMA.

Federica Faranda receiving the best-poster 
prize from M. Pichavant sponsored by 
the SFMC.
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MEETING REPORT

SEM 2022 ANNUAL MEETING IN BAEZA

The 39th Annual Meeting of the Spanish Mineralogical Society (SEM) 
was held on 28 June–1 July 2022, in Baeza (Jaén, Spain) (Fig. 1). The 
meeting was organized by the University of Jaén and coordinated by 
Isabel Abad and África Yebra. This year, we had a special meeting as it 
was also the Annual Meeting of the Spanish Clays Society (SEA) with 
which there is a long and close relationship (Fig. 2).

The program for the SEM-SEA 2022 meeting included a two-day 
workshop, a field trip to the Linares mining district, plenary confer-
ences, posters, and oral presentations.

Workshop Seminar
A two-day workshop seminar entitled Continental sediment metal 
contamination by agricultural, industrial and mining activities: mineral 
processes and bioavailability took place on 28–29 June. The aim of the 
seminar was to present and discuss new perspectives and ideas about 
metal contamination in sediments mediated by anthropic activities, 
mainly for young scientists. Scientists and professionals of international 
prestige in this field gave the following lectures:

 � Industrial trace element contamination in wetlands: the 
effect of the precipitation of biogenic sulfides (Beata Smieja-
Król, University of Silesia, Poland)

 � Reactivity of clays and metal nanomaterials in waters and 
sediments from saline wetlands: the role of the bacterial 
communities (Rosario Jiménez-Espinosa and Juan Jiménez-Millán, 
University of Jaén, Spain)

 � Metal mobility in acid mine drainage-impacted waters: from 
rivers to oceans (Rafael Pérez López, University of Huelva, Spain)

 � The impact of nanomaterials on the Earth systems (Michael 
F. Hochella Jr. Virginia Tech University, USA)

 � Metal sorption processes by clay minerals in soil and sedi-
ments (Tibor Nemeth, Eötvös Loránd University, Hungary)

On the second day, a scientific excursion (metal pollution in hydro-
graphic networks of abandoned mining basins) to the Linares Mining 
District was programmed (Fig.  3). The lectures have been published 
in volume 15 of the journal Seminarios de la Sociedad Española de 
Mineralogía, which can be downloaded from the SEM website (https://
www.semineral.es/websem/).

Posters and Oral Presentations
The scientific sessions took place on 30 June–1 July and, in addition 
to the 100 contributions (52 oral communications and 48 posters) 
about mineralogy, petrology, geochemistry, mineral deposits, and 
clay minerals, three plenary lectures were included: La contaminación 
del suelo por la minería metálica de la Faja Pirítica Ibérica (Juan Carlos 
Fernández Caliani), Designed structure and functions of the hybrids 
between smectites and water-soluble polymer (Makoto Ogawa), and Desde 
el manto terrestre hasta Cumbre Vieja (La Palma): La erupción volcánica 
de 2021 (José Mangas Viñuela). The main objective was to hold high-
quality scientific sessions that could become a platform for debate, the 
exchange of ideas, and the establishment of new scientific collabora-
tions. A program of grants and awards encouraged the participation of 
young researchers. The scientific contributions have been published in 
volume 29 of Macla, the journal of the SEM, which is available at the 
SEM website (http://www.semineral.es).

Awards for Young Researchers
Three awards for young researchers were given to the best presentations 
at the conference by the two scientific societies, SEM and SEA. The 
winners were Diego Domínguez-Carretero (Universitat de Barcelona, 
Spain) for the oral presentation (Nano)-partículas de Au-Ag en sulfuros 
masivos volcanogénicos de la ofiolita de Habana-Matanzas, Cuba; Alex 
Tiewin Abu (Universitat de Barcelona, Spain) for the poster The role of 
siderite on abiotic nitrite reduction by dissolved Fe(II); and Mar Morales-
Hidalgo (Universidad de Granada, Spain) for the oral presentation 
Influencia de la comunidad microbiana de la bentonita en la biotransfor-
mación del Se(IV) y la corrosión del cobre a altas temperaturas (Fig. 4).

Isabel Abad and África Yebra,  
coordinators of the SEM-SEA 2022 (Universidad de Jaén)

Figure 1 Opening ceremony of the SEM-SEA conference during the interven-
tion of the coordinators (Isabel Abad, leFt, África Yebra, right).

Figure 3 Participants on the field trip (Linares mining district).

Figure 4 Winners of the young researcher awards Diego Domínguez-
Carretero, Alex Tiewin Abu, and Mar Morales-Hidalgo with 

Fernando Nieto (SEA president, leFt) and Blanca Bauluz (SEM president, right).

Figure 2 Attendees 
of the 

SEM-SEA meeting.

https://www.semineral.es/websem/
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BURKE’S LAW: TOWARD A REASONED DISCUSSION OF DEEP TIME

T. Mark Harrison1 and Adrian Lenardic2

DOI: 10.2138/gselements.18.5.293

Physical scientists generally believe we can never prove something to 
be true, but only falsify hypothetical propositions. In a data-rich envi-
ronment, we would ideally specify null and alternative hypotheses and 
test the statistical significance of both. But those studying deep geologic 
time are limited by a profoundly incomplete rock record that itself may 
reflect significant preservation biases. Popper (1945) argued that “while 
the theoretical sciences are mainly interested in finding and testing 
universal laws, the historical sciences take all kinds of universal laws 
for granted and are mainly interested in finding and testing singular 
statements.” This is hardly a condemnation of historical geology; one 
does not study the Archean to prove quantum mechanics, but rather 
to constrain conceptual models based on physical laws assumed to be 
constant through time. Thus, testing concepts regarding ancient Earth 
requires different rules adapted to the paucity and type of evidence 
available. In the course of these authors’ careers, recognition dawned 
that there is little or no agreement on what those 
rules should be. In its absence, an ad hoc set 
of assumptions was adopted, many of which 
have a poor foundation in reasoning and tend 
to inhibit actual model testing. Loosely phrased, 
one such custom is: if we do not see preserved 
evidence of a process in the rock record, it did 
not occur (e.g., Taylor and McLennan 1995, 
2009; Brown 2006), and its corollary, if you 
do not see explicit evidence of past mobile lid 
activity, plate tectonics was not operating (e.g., 
Condie 2015). Reflecting our opposition to this 
view, we refer to the latter as the self-affirming, 
non-mobile lid misconception (or, awkwardly, 
SANMLM).

Where can we seek advice for such rule making? In our view, the phi-
losophy of science literature offers little guidance to historical geology 
as it is largely a retrospective linearization of the history of physics. 
While one could argue that reductionism implies that all sciences even-
tually condense to a form of physics, this immediately leads to the onto-
logical conundrum described by Baker (1999). Of the enabling sciences, 
biology would seem a better source of instruction, given its similar 
grounding in an evolutionary context, but actions on its behalf appear 
to us more cautionary than helpful. For example, the International Code 
of Nomenclature of Bacteria (Lapage et al. 1992) presents seven gen-
eral considerations, nine principles, and 65 rules to establish a “precise 
system of nomenclature accepted by the majority of bacteriologists of all 
nations.” However, it also includes the proviso that “Definitions of the 
taxonomic categories will inevitably vary with individual opinion…” 
(Rule 5a). Can we do better?

Plate tectonics erases much of the primary evidence of its past existence 
(i.e., subducted oceanic lithosphere) and works to erase secondary evi-
dence (e.g., paired metamorphic belts). The question then becomes: 
does it leave any evidence of its past operation? In response to this 
uncertainty, the late geologist Kevin Burke’s (see Şengör, 2018) oral 
rejoinder to SANMLM was a uniformitarian statement we informally 
refer to as Burke’s Law: If there’s unambiguous evidence that global geo-
dynamics is today dominated by plate tectonics, then we should assume it 
was operating since global silicate differentiation until we have evidence 
that it was not. While this statement fuses two longstanding scientific 
truisms—“absence of evidence is not evidence of absence” (https://
quoteinvestigator.com/2019/09/17/absence/) and Occam’s razor (i.e., 
simpler is better) —neither necessarily apply to all scientific problems.

While it is not universally true that “you can’t prove a negative” 
(e.g., Hales 2005), the “absence of evidence is not evidence of absence” 
aphorism seems on solid semantic ground in our context given the 
universally agreed role that plate tectonics plays in consuming most 
evidence of its action. Despite its aesthetic appeal, Occam’s razor can 
be an imperfect guide in the life and historical sciences (e.g., Crick 
1988) and requires further justification. There is no basis to assume that 
Earth, a collection of non-linear systems at all scales, should always be 
parsimonious with its evolutionary trajectory. It is important, however, 
to keep in mind that the practical value of Occam’s razor is not about 
getting at some absolute truth, i.e., the true manner in which the Earth 
evolved. It is, instead, about determining which hypothesis, given that 
many may be able to fit data (especially incomplete data with uncer-
tainty), is more likely correct given the observations at hand at any given 
time. This connects Occam’s razor to Bayesian methods of hypothesis 

discrimination and/or model selection. Bayesian 
analysis will favor the less complex hypoth-
esis/model (MacKay 1992). This is because as 
models—be they conceptual or quantitative—
become more complex, with more free param-
eters and/or imperfectly understood processes, 
they also become more difficult to refute, and 
Bayesian analysis gives weight to models that are 
more refutable. Plate tectonics as a hypothesis/
model is not simple in an absolute sense, but it is 
simpler than any hypothesis/model that invokes 
tectonic transitions over Earth history (“The 
onus of proof is always on the advocate of the 
more complicated  hypothesis”; Jeffreys 1961). 

Recall that an essential aspect of Occam’s razor is to not complicate 
beyond necessity the particular question/issue being addressed. It is not 
a criterion of absolute simplicity but of relative simplicity (the simplest 
model for one field may be complex relative to that for another field). 
This is our essential rational for arguing that the base-level tectonic 
evolution model, the null to be disproved before more complex models 
are invoked, is continuous plate tectonics.

Our purpose is not to insist that mobile lid tectonics was operating in 
the distant past, but instead to ask our community to hold itself to a 
higher standard when claiming that it was not. Thus, our support of 
Burke’s Law is only part of the necessary analysis. We need to examine 
the epistemic basis for any claim of knowledge of Earth behavior in 
deep time. If classical hypothesis tests regarding ancient Earth require 
different rules adapted to the paucity and type of evidence available, 
then it is incumbent on our community to create and promulgate them.

While, as reasoned above, Burke’s Law has a discernable intellectual 
foundation (albeit as a modern reformulation of the 19th-century con-
cept of Uniformitarianism), SANMLM violates Hume’s Law (Şengör 
2001) and is less an identifiable philosophic position than it is a socio-
logic one. In the extreme, some authors have characterized notions of 
early continental crust or plate-tectonic-like activity in imaginary or 
fictitious terms. Taylor and McLennan (1995) went as far as to write 
“No good evidence exists for that enduring geological myth of a pri-
mordial world-encircling crust of sial or granite,” later referring to “The 
early continental crustal myth” (Taylor and MacLennan 2009). Given 
that “myth” is generally understood to be a widely held but false belief 
or idea, the standard of evidence for invoking such a claim should be 
extremely high and yet no smoking gun evidence in support of their 
view exists (or possibly could, given the lack of a >4 Ga macroscopic rock 
record). Alternatively, others simply aver knowledge of ancient geody-
namic transitions, even in the face of conflicting evidence (e.g., “No one 

1 Earth, Planetary and Space Sciences, UCLA (tmark.harrison@gmail.com)
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method should be used to identify ancient tectonic settings, and this is 
especially true for rocks older than 2.5 Ga, when Earth was changing 
from stagnant lid to plate tectonics”; Condie 2015).

Perhaps the most remarkable aspect of these practices is that, as widely 
as they have been practiced over several decades, they appear to not 
have heretofore attracted significant criticism or complaint. That said, 
we are aware of some prior constructive arguments (e.g., large-scale, 
direct evidence should take precedence over small-scale, circumstan-
tial evidence; Stern 2016) that could seed community action toward a 
framework in which discussions free of arbitrary judgements of deep 
time can take place. To that, we add 10 of our own suggestions that 
could provide a common basis for addressing geodynamic questions 
of deep time. These are:

1) Explicitly acknowledge where proposed multi-stage evolutionary 
scenarios are functionally untestable;

2) Ensure that alternate published explanations and evidence are docu-
mented in a scholarly manner;

3) Distinguish hypothesis/model consistency from uniqueness; limit 
use of “hypothesis” to realistically testable models (suggest using “heu-
ristic” otherwise);

4) When testing quantitative models against observations, perform 
global uncertainty analyses accounting for observational and model 
uncertainties;

5) Qualify limits on global interpretations from a single region or 
outcrop;

6) Avoid characterizing viable alternate hypotheses as fictitious or 
mythologic;

7) Avoid claims of fact regarding timing of geologic transitions that 
remain ambiguous;

8) Acknowledge that major changes in global tectonics may have 
required extended transitions;

9) Test proposed tectonic transitions by exploring expected conse-
quences (to true polar wander, climate, life, etc.); and

10) Avoid terminology in public outreach implying final resolution of 
deep time issues under ongoing debate.

While the above checklist is proposed with early Earth debates in mind, 
we note that most would be expected to also apply to current discussions 
of long-term climate change. We of course welcome constructive criti-
cism of our own ideas, both those expressed in this article and beyond, 
as well as proposals for a venue in which to gather community feedback 
and continue this discussion.
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relates to understanding interactions between the Earth’s interior 
and surface environment, model development and uncertainty 
assessment, and multiple tangent meanderings. He is part of a first-
prize-winning art-car team and the recipient of the mayor’s award, 
from the Jamail skate park, for the most improved skateboarder 
over 30.
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CALENDAR

2023
January 9–11 1st Workshop on Ices 
in the Solar System: A Volatile Excur-
sion from Mercury and the Moon to 
the Kuiper Belt and Beyond, Montreal, 
Canada. Web page: http://www.hou.
usra.edu/meetings/ices2023/.

January 22–27 47th Interna-
tional Conference and Expo on 
Advanced Ceramics and Compos-
ites (ICACC2023), Daytona Beach, 
FL, USA. Web page: ceramics.org/
event/47th-international-conference-
and-expo-on-advanced-ceramics-and-
composites-icacc2023.

January 30–February 3 IAVCEI 
Meeting, Rotorua, New Zealand. Web 
page: confer.eventsair.com/iavcei2023/.

February 6–8 ESRF User’s Meeting, 
Grenoble, France. Web page: www.
esrf.fr/UM2023.

February 9–12 SILICA – Agates and 
Opals and Quartz, Oh My! presented 
by the Tuscon Gem and Mineral 
Society, Tucson, AZ, USA. Web page: 
https://www.tgms.org/show.

February 20–24 DMG-Short 
Course, High-Pressure Experimental 
Techniques and Applications to the 
Earth's Interior, Bayreuth, Germany. 
Web page: http://www.bgi.uni-
bayreuth.de/ShortCourse2023.

February 23 41st Tucson Mineral 
Symposium, Tucson, AZ, USA. Web 
page: www.friendsofmineralogy.org/
call-for-papers/.

February 26–March 2 Microscopy 
Conference, Darmstadt, Germany. 
Web page: https://www.microscopy-
conference.de/.

March 13–17 54th Lunar and Plan-
etary Science Conference, Houston, 
TX, USA. Web page: www.hou.usra.
edu/meetings/lpsc2023/.

March 26–30 American Chemical 
Society Spring Meeting, Indianapolis, 
IN, USA. Web page: www.acs.org/
content/acs/en/meetings/acs-meet-
ings/about/future-meetings.html.

March 27–30 4th Virtual Workshop 
on EPMA Developments and Applica-
tions, Virtual. Web page: sites.google.
com/view/epmaathens2023.

March 27–31 DMG-Short Course, 
Application of Diffusion Studies to 
the Determination of Timescales in 
Geochemistry and Petrology, Bochum, 
Germany. Contact: Ralf.Dohmen@
rub.de.

April 4–5 Metamorphic Studies 
Group Research in Progress 2023, 
Oxford, UK. Web page: https://
min2022.org/msg-rip-2023-register/.

April 10–14 MRS Spring Meeting, 
San Francisco, CA, USA. Web page: 
www.mrs.org/meetings-events/spring-
meetings-exhibits/2023-mrs-spring-
meeting.

April 23–28 EGU General Assembly 
2023, Vienna, Austria. Web page: 
https://www.egu23.eu.

May 4–7 4th International Planetary 
Caves Conference, Lanzarote, Spain. 
Web page: https://www.hou.usra.edu/
meetings/4thcaves2023/.

May 18 Clays and Construction: 
2023 Clay Minerals Group Research-
in-Progress Meeting, Leeds, England. 
Web page: forthcoming.

May 15–18 Brines Across the Solar 
System: Ancient and Future Brines, 
Reno, NV, USA. Web page: https://
www.hou.usra.edu/meetings/ancient-
futurebrines2023/.

May 15–19 Chapman Confer-
ence: Hydrothermal Circulation and 
Seawater Chemistry, Agros, Cyprus. 
Web page: https://www.agu.org/
Events/Meetings/Chapman-Hydro-
thermal-circulation-seawater-chem-
istry-2023.

May 20–25 The Clay Minerals 
Society Annual Meeting, Austin, TX, 
USA. Web page: www.clays.org/2023-
meeting/.

May 24–27 Geological Association 
of Canada – Mineralogical Association 
of Canada Annual Meeting, Sudbury, 
Ontario, Canada. Web page: event.
fourwaves.com/Sudbury2023/pages.

May 30–June 2 DMG-Short Course, 
Solid-state NMR Spectroscopy, 
Bochum, Germany. Web page: https://
www.ruhr-uni-bochum.de/dgk-ak12/
workshops/dmgshortcourse/index.
html.de.

June 5–8 84th EAGE Annual Confer-
ence & Exhibition, Vienna, Austria. 
Web page: https://eageannual.org.

June 5–9 North American Work-
shop on Laser Ablation, University 
of Notre Dame, IN, USA. Web page: 
nawla2023.nd.edu/.

June 5–9 International Dyke 
Conference (IDC 8)-Large Igneous 
Provinces (LIPs 8)-Rodinia 2023 
Conference, Marrakech, Morocco. Web 
site: forthcoming. 

June 11–16 Gordon Research 
Conference: Chemical and Dynamical 
Constraints on Planet Formation, 
Mt. Holyoke, MA, USA. Web page: 
www.grc.org/origins-of-solar-systems-
conference/2023/.

June 12–15 XVIII International 
Symposium on Experimental Miner-
alogy, Petrology and Geochemistry, 
University of Milano, Italy. Web page: 
www.empg2023.it.

June 18–23 Asteroids, Comets, 
Meteors Conference, Flagstaff, AZ, 
USA. Web page: www.hou.usra.edu/
meetings/acm2023/.

June 26–27 International Work-
shop on the Characterisation and 
Quantification of Lithium, from 
the Micro- to the Nano-Scale, from 
Mining to Energy, Paris, France. Web 
page: cqlmns.sciencesconf.org/.

June 30–July 2 Fourth Wager & 
Brown Field Workshop on Layered 
Igneous Rocks, Cardiff, Wales. Web 
page: forthcoming.

July 2–6 9th Conference of the 
Federation of European Zeolite 
Associations (FEZA 2023), Portorose, 
Slovenia. Web page: feza2023.org/en/.

July 3–7 14th International Platinum 
Symposium, Cardiff, Wales, UK. Web 
page: forthcoming.

July 7–11 73rd American Crystallo-
graphic Association Annual Meeting, 
Baltimore, MD USA. Web page: www.
amercrystalassn.org/future-meetings.

July 9–12 Goldschmidt Confer-
ence, Lyon, France. Web page: conf.
goldschmidt.info/goldschmidt/2023/
meetingapp.cgi/.

July 23–27 Microscopy & Micro-
analysis 2023, Minneapolis, MN, USA. 
Web page forthcoming.

July 24–27 EuroClay 2023, Bari, Italy. 
Web page: euroclay.aipea.org/.

August 13–17 American Chemical 
Society Fall Meeting, San Francisco, CA 
USA. Web page: www.acs.org/content/
acs/en/meetings/acs-meetings/about/
future-meetings.html.

August 13–18 86th Annual Meeting 
of the Meteoritical Society, Los 
Angeles, CA, USA. Website forth-
coming.

August 13–18 Gordon Research 
Conference on Geochronology 
(GRC): Timing, Tempos, and Drivers 
of Lithospheric Evolution, Mt. Snow, 
Vermont. Web page: www.grc.org/
geochronology-conference/2023/.

August 18–22 WRI-17 & AIG-14 
(Water-Rock Interaction & Applied 
Isotope Geochemistry), Sendai, Japan. 
Web page: www.wri17.com/index.
html.

August 22–29 26th Congress and 
General Assembly of the International 
Union of Crystallography, Melbourne, 
Australia. Web page: iucr2023.org/.

September 3–9 18th International 
Conference on Thermochronology, 
Lake Garda, Italy. Web page: www.
thermo2023.it/.

September 10–15 IMOG 2023: 
31st International Meeting on Organic 
Geochemistry, Montpellier, France. 
Web page: https://eaog.org/https-
imog-eaog-org/.

September 17–21 DMG-ÖMG-
SMS meeting MinWien2023, Vienna, 
Austria. Web page: minwien2023.
univie.ac.at. 

September 25–29 DMG-Short 
Course, In situ Analysis of Isotopes 
and Trace Elements by Femtosecond 
Laser Ablation ICP-MS, Hannover, 
Germany. Web page: forthcoming.

October 15–18 Geological Society 
of America National Meeting, 
 Pittsburgh, PA, USA. Web page: 
forthcoming.

November 10–12 New Mexico 
Mineral Symposium, Socorro, NM, 
USA. Web page: https://geoinfo.nmt.
edu/museum/minsymp/home.cfml#.

November 26–December 1 MRS 
Fall Meeting, Boston, MA, USA. Web 
page: https://www.mrs.org/meetings-
events/fall-meetings-exhibits/2023-
mrs-fall-meeting.

December 11–15 AGU Fall Meeting, 
San Francisco, CA, USA. Web page: 
forthcoming.

2024
July 28–August 1 Microscopy & 
Microanalysis 2024, Cleveland, OH 
USA. Web page forthcoming.

August 18–23 European Mineral-
ogical Conference, Dublin, Ireland. 
Web page: forthcoming.

August 18–25 2024 Goldschmidt 
Conference, Chicago, IL, USA. Web 
page: forthcoming.

August 20–24 European Crystal-
lographic Meeting (ECM-24), Padova, 
Italy. Web page: forthcoming.

September 22–25 Geological 
Society of America National Meeting, 
Anaheim, CA, USA. Web page: forth-
coming.

November 9–11 New Mexico 
Mineral Symposium, Socorro, NM, 
USA. Web page: geoinfo.nmt.edu/
museum/minsymp/home.cfml#.

The meetings convened by the 
societies partici pating in Elements 

are highlighted in yellow. This 
meetings calendar was compiled by 

Andrea Koziol. 

To obtain the listed meeting 
information, please contact her at 

akoziol1@udayton.edu
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From an Idea 
to a Published Issue

Call for Thematic Proposals
Would you like to read about a certain topic in Elements?  
Do you think your research area would make a great thematic issue?
Submit a thematic proposal!
The next submission deadline is February 24, 2023.

For more information, visit: 
http://elementsmagazine.org/publish-in-elements/

We look forward to receiving your proposal!

Elements is jointly published by:

Every year, Elements publishes six thematic issues on 
subjects related to the general disciplines of miner-
alogy, geochemistry, and petrology. The editorial 
team looks for topics that 

• are broadly related to mineralogy, geochemistry, 
and petrology 

• are interdisciplinary 

• represent established but progressing fields 

• would be of interest to a broad cross-section 
of readers 

• have not been adequately represented by  Elements 
before or have advanced considerably since the 
topic was previously covered

Each proposal is carefully evaluated by our editorial 
team for thematic scope, content, and authorship. 
Feedback is then provided to the proposers.

Once a proposal is accepted and included in 
the Elements lineup, the fun really begins! Over the 
subsequent 15–20 months, timelines and deadlines 

are set, authors are invited by the guest editors to 
write articles, and articles go through several stages 
of review (by external reviewers, by the guest and 
principal editors, and by the Elements editorial 
team). At the end of this process, the issue goes to 
press and is shipped to our over 16,000 readers.

The journey from an idea to a published magazine 
involves many steps. The goal? A lineup of well-writ-
ten thematic issues that readily conveys the exciting 
aspects of mineralogy, petrology, and geochemistry.
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Now available

This beautiful 16-month calendar can be purchased for $12 on the MSA website.  
Visit http://www.minsocam.org/msa/calendar/.

The 2023 Mineral Calendar by Lithographie




