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What is a mineral?

A naturally occurring solid with:

A well-defined composition A well-defined crystal structure
(Mg,Si0,) (Pbnm)




A Mineralogical Framework
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Questions:

at did Earth’s earliest environments look like?
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are human activities affecting Earth’s mineralogy?






Mineral Evolution




Mineral Evolution

chemical, physical, and biological processes
that are different in each stage of planetary
evolution.




Mineral Evolution

Plate tectonics

Solar Nebula ~1500 minerals

Basalt Formation Granite Formation

12 minerals ~500 minerals ~1000 minerals




Mineral Evolution
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What caused the explosion of mineral diversity
after 2.5 Ga?
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What caused the explosion of mineral diversity
after 2.5 Ga?




Earth’s Oxidation Through Time
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Age Distribution of Transition Element Minerals

First Row mineral-locality occurrences by max age (minerals listed once with highest ox from any 1st row transistion elements in formula)
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Age Distribution of Transition Element Minerals

First Row mineral-locality occurrences by max age (minerals listed once with highest ox from any 1st row transistion elements in formula 21000
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First Row mineral-locality occurrences by max age (minerals listed once with highest ox from any 1st row transistion elements in formul3

Age Distribution of Transition Element Minerals
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Mineral Evolution: The Anthropocene

Three mineralogical consequences of human activities:
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1. New minerals
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Mineral Evolution: The Anthropocene

Three mineralogical consequences of human activities:

New minerals




Mineral Evolution: The Anthropocene

Three mineralogical consequences of human activities:

1. New minerals

3. Changes in Earth’s mineral distribution



Mineral Evolution: The Anthropocene

1. New minerals

* Ore dump minerals

Scheutteite—Hg;0,(S0,)

gl

WheatIGYite—N82CU(C204)2'2H20

WldglemOOthallte—N|5(CO3)4(OH)24'5H20



Mineral Evolution: The Anthropocene

1. New minerals

* Ore dump minerals
e Mine tunnel mineralization

Vysokyite— U4+[A502(OH)2]4 4H20

Calciodelroite—Ca(V0O3),-4H,0




Mineral Evolution: The Anthropocene

1. New minerals

* Ore dump minerals
* Mine tunnel mineralization
 Slag and smelter minerals

Cetineite—NaKsSb1,5:045:6H,0 Fledlerlte Pb3CI4F(OH) HZO | Thorikosite—Pb3;05;Sb3*(OH)Cl,



Mineral Evolution: The Anthropocene

1. New minerals

* Ore dump minerals

* Mine tunnel mineralization
 Slag and smelter minerals
e Mine fire minerals

Cuprospinel—Cu?*Fe3*,0, Lausenite—Fe3+*,(S0,)3.5H,0 Hoelite—Cy4H30;



Mineral Evolution: The Anthropocene

New minerals

Ore dump minerals

Mine tunnel mineralization i
' Postitite " fuia

Slag and smelter minerals Posfie p. A

Mine fire minerals '

Mine water precipitate minerals

o | Ferrarisite
- “ﬁa Cas(AsO;0H),(AsO,),-9H,0



Mineral Evolution: The Anthropocene

New minerals

Ore dump minerals

Mine tunnel mineralization
NEERN U EEUIREES

Mine fire minerals

Mine water precipitate minerals
Mine timber minerals

Hoganite—Cu(CH5C00),.H,0



Mineral Evolution: The Anthropocene

New minerals

Ore dump minerals

Mine tunnel mineralization
Slag and smelter minerals
Mine fire minerals

Mine water precipitate minerals
Mine timber minerals
Geothermal piping minerals

Nasinite—Na,Bs03(0OH).2H,0



Mineral Evolution: The Anthropocene

New minerals

Ore dump minerals

Mine tunnel mineralization
Slag and smelter minerals
Mine fire minerals T
Mine water precipitate mlnerals s
Mine timber minerals SAC
Geothermal piping minerals
Weathering of waste




Mineral Evolution: The Anthropocene
2. New mineral-like synthetics
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2. New mineral-like synthetics

 Two broad categories:



Mineral Evolution: The Anthropocene
2. New mineral-like synthetics

 Two broad categories:

* Construction, agricultural, and other bulk products
with mineral-like composition and structure



Mineral Evolution: The Anthropocene
2. New mineral-like synthetics

 Two broad categories:

* Construction, agricultural, and other bulk products
made up of minerals

* Synthetic crystalline materials for specialized
applications
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Mineral Evolution: The Anthropocene
2. New mineral-like synthetics

* Bricks, cement, lime, plaster
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Mineral Evolution: The Anthropocene
2. New mineral-like synthetics

* Bricks, cement, lime, plaster
 Earthenware and porcelain



Mineral Evolution: The Anthropocene
2. New mineral-like synthetics

 Abrasives: alumina, diamond, carbides

Black Sllicon Carbide 12 and 30 Grits White Fused Aluminum Oxides

Grades 16, 46, 320

Copyright ® 2009 SandblastingAbrasives.com - All Rights Reserved D | amon d g r| n d | n g W h ee |




Mineral Evolution: The Anthropocene

2. New mineral-like synthetics

Bricks, cement, lime, plaster
Earthenware and porcelain
Abrasives: alumina, diamond, ¢
Laser crystals: ruby, YAG




Mineral Evolution: The Anthropocene
2. New mineral-like synthetics

* Synthetic gemstones




2. New mineral-like synthetics

Mineral Evolution: The Anthropocene

Bricks, cement, lime, plaster
Earthenware and porcelain |
Abrasives: alumina, diamond, car |
Laser crystals: ruby, YAG "
Synthetic gemstones

Semiconductors: silicon, gallium arsenide

2220 T
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2. New mineral-like synthetic

Mineral Evolution: The Anthropocene

Bricks, cement, lime, plast
Earthenware and porcelai
Abrasives: alumina, diamc
Laser crystals: ruby, YAG
Synthetic gemstones
Semiconductors: silicon, gallium arj§

Magnets: ferrite, REE, cobalt alloy |



2. New mineral-like synthetics

Mineral Evolution: The Anthropocene

Bricks, cement, lime, plaster
Earthenware and porcelain 1
Abrasives: alumina, diamond, carbigNEIsEN
Laser crystals: ruby, YAG
Synthetic gemstones
Semiconductors: silicon, gallium ¢
Magnets: ferrite, REE, cobalt allo
Metal alloys




Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals



Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals

Mining and quarrying

o < N




Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals

* Mining and quarrying
 Underground cables, sewers, and conduits




Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals
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* Mining and quarrying wale. SRETY
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* Stone monuments




Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals

* Mining and quarrying
* Underground cables, sewers, and
* Stone monuments
* Stone buildings



Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals

e (Carved and faceted minerals




Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals

* Mining and quarrying

* Underground cables, se
* Stone monuments

* Stone buildings _
» Carved and faceted mine S G
* Breakwaters, revetments, piers ¥

—
-



Mineral Evolution: The Anthropocene
3. Changes in Earth’s distribution of minerals

* Mining and quarrying
 Underground cables, sewers, 3
* Stone monuments

* Stone buildings .
»  Carved and faceted min gl

»  Breakwaters, revetment EREEE
* Mineral collections |



Mineral Evolution: The Anthropocene

Humans are having a dramatic, global effect on the
mineralogy and sedimentology of our planet.

We are creating a robust, distinct stratigraphic horizon
&
A new stage of mineral evolution



Mineral Evolution: The Anthropocene

Therefore, this new stratigraphic horizon corresponds to a
new geologic time interval:



Mineral Evolution: The Anthropocene

Therefore, this new stratigraphic horizon corresponds to a
new geologic time interval:

The Anthropocene Epoch




Data-driven projects and discoveries



Data-driven projects and discoveries:
Mineral Ecology

(i

Mineral Ecology focuses on the diversity and , .
. . . . Grethe Hystad

sobrazen  distribution of minerals on Earth’s surface.




Data-driven projects and discoveries:
Mineral Ecology

f
Mineral Ecology focuses on the diversity and ‘»’
sobHazen  distribution of minerals on Earth’s surface.

-
Grethe Hystad

LNRE = Most minerals are rare, only a few are very common
Hystad et al. 2015
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All Carbon Minerals Predicted: 548

O Observed
B Expected (GIGP)

I 403 known species
(Jan. 2015)

ﬂﬂ“ﬂﬂ&ﬂﬂua&

123 456172829

Cumulative number of mineral species
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m (number of localities) N (number of mineral counts)

American Mineralogist, Volume 101, pages 889-906, 2016

145 “"missi nNg " Carbon mineral ecology: Predicting the undiscovered minerals of carbon

carbon minerals ROBERT M. HAZEN"*, DANIEL R. HUMMER!, GRETHE HYSTAD?, ROBERT T. DOWNS?, AND
JOSHUA J. GOLDEN?




A worldwide hunt for new carbon minerals
mineralchallenge.net

Places known to have
the greatest diversity
of carbon minerals

406

already known

carbon minerals
1 Québec, Canada

% © Kukisvumchorr Mt, Khibiny Massif,
2 Kola Peninsula, Russia
predicted undiscovered

carbon minerals

15

(-]
4
carbon minerals
described since 2000 [ Tsumeb Mine,
8 Tsumeb, Namibia

© Clara Mine, Wolfach,
3 Baden-Wurttemberg, Germany

Jachymov, Karlovy Vary Region,
Bohemia, Czech Republic

2 0 1 9 Surveys of localities with the greatest.
o 5 = diversity of carbon minerals point to
the year the Deep Carbon Observatory will ct its acc 1ts, promising locations for the discovery
of as yet undescribed minerals

including the minerals discovered during the Carbon Mineral Challenge

4

Carbon minerals discovered over time** &

# Cumulative number of known carbon minerals 4

400
Karchevskyite
(2005) 350
Fukalite 300
Latiumite ~ (1976) )
o Armangite (1953) o
Diamond Dolomite zig:;i)le x:(-)sss)anne (1920) & C
(1772) (1792) ®
: oy
B e20 [iseiliono Lissolioso

* Based on model and statistical analyses, by Hazen, Hummer, Hystad, Downs, and Golden, American Minerologist (in press).
** Year first reported in scientific literature.

Poudrette Quarry Mont Saint-Hilaire,

4
Middlebackite

9
Roymillerite

%
_

~=

17 18
Phoxite Fiemmeite

Meyrowitzite



Data-driven projects and discoveries:
Mineral Networks




Data-driven projects and discoveries:
Mineral Networks
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Data-driven projects and discoveries:
Mineral Networks

* Node =—p Mineral

Network




Data-driven projects and discoveries:
Mineral Networks

* Node =—p Mineral

e Link —p Co-OcCcurrence

Node

Network




Data-driven projects and discoveries:
Mineral Networks

* Node =—p Mineral

@ —0O

Node Link

e Link —p Co-OcCcurrence

* Network =—— ¢ Element
* Deposit

 Rock type
P Network

* Planet



Cu mineral network

* Force-directed layout

e Nodes
* Color: chemistry
e Size: no. of localities

e Links:
* Length: co-occurrence

* High density

* High centralization

Ahmed Eleish

Morrison et al. 2017
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Cu mineral network

* Force-directed layout

e Nodes
* Color: chemistry
e Size: no. of localities

e Links:
* Length: co-occurrence

* High density

* High centralization

Morrison et al. 2017



Carbon mineral-locality Vel

Al 3001195
network o F X L o
NG o= g ° ° I, 2000-2999
. . . . ® YT " 3000-3999
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Hazen et al. 2019; Morrison et al. 2019



Carbon mineral-locality et
network N7 .
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1. Biosignature

Hazen et al. 2019; Morrison et al. 2019
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Carbon mineral-locality 0
network
SN W
o .0 i .; ~ “. ..: .::o.

1. Biosignhature — o plenE
g e &

2. Embedded timeline R

Hazen et al. 2019; Morrison et al. 2019



<350

1. BIOSlgnatU '€ [Hazen et al. (2016)] SN L miss
Mineral diversity and distribution RN Iy N\ | o0
: o l. 1 ’. _ ... |
e Large Number of Rare Events . e
(LNRE) distribution R oS e O Ol
| ° o. .; ® “ ...:::’o

Hazen et al. 2019; Morrison et al. 2019



<350 B
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Hazen et al. 2019; Morrison et al. 2019



1. Biosignature
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Hazen et al. 2019; Morrison et al. 2019



Paleobiology networks

A. Prabhu

“Paleozoic Fauna”

Coexisting Animal Families



Paleobiology networks
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Paleobiology networks
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Previously
unrecognized
mass extinction

Trilobites
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Trilobites
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Data-driven projects and discoveries:
Minerals vs Microbes

How did proteins co-evolve with their geologic
environments?



Data-driven projects and discoveries:
Minerals vs Microbes

Questions

 Are microbial populations

constrained by their geochemical
environments?

* Did metal availability through deep-
time effect protein evolution?

Hazen et al. 2019; Buongiorno et al. In Prep



Data-driven projects and discoveries:
Integrating with GPlates

What are the tectonic drivers and constraints on
mineralization through deep time?

And what can this tell us about Earth’s environments
throughout history?
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Dietmar Miller Sabin Zahirovic

Data-driven projects and discoveries:
Integrating with GPlates

Gplates: open-source paleotectonic
reconstruction software that allows the
user to interactively visualize tectonic and
geodynamic models through deep time.

Yellow = Copper mineral
Black = Uranium mineral

THE UNIVERSITY OF
SYDNEY

earthbyte.org/gplates Morrison et al. 2019



Conclusions

Humans and other organisms are dramatically changing the

mineralogical makeup of our planet.

Answering questions about complex, evolving systems and the
materials within them requires multivariate, multidimensional
approaches to integrating, visualizing, and analyzing cross-
disciplinary data resources
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Backup slides



Cu mineral network

Structural Complexity

A PR & gl
Sergey Krivovichev

Kola Science Center & SPbSU

Structural and chemical complexity of minerals: correlations
and time evolution

SErGEY V. KRIVOVICHEV "**, ViapiMir G. KRIVOVICHEV? and Rosertr M. HAZEN*

Very simple: 0 to 20 bits [

Simple: 21 to 100 bits [}
Intermediate: 101 to 500 bits
Complex: 501 to 1000 bits

Very complex: >1001 bits [}
No information




