
An introduction to 
the Planetary 
Boundary 
Framework from a 
chemistry point of 
view
Elsje  Alessandra Quadrelli 

@ElsjeQuadrelli

MASTER 1– CHIMIE INORGANIQUE 
Université Lyon1

elsje.quadrelli@cnrs.fr



https://www.tripadvisor.com.au/Attraction_Review-g255060-d3600969-Reviews-The_Rocks_Dreaming_Aboriginal_Heritage_Tour-
Sydney_New_South_Wales.html#/media-atf/3600969/296304011:p/?albumid=-160&type=0&category=-160

https://dreamtimesouthernx.com.au/

Aboriginal midden China Walls archaeological site. Mungo National Park, New South Wales, Australia  © Reg Morrison/AUSCAPE 



Adapted from European Chemical Industry Council CEFIC

1789

Late 19th C.

“any one year, 
no-one should 
cut down more 
trees than they 
have planted”
German Forest 
Code

1972
"The Limits to Growth“ report 

analyses the dynamic interactions 
between industrial production, 
population, environmental damage, 
food consumption and the use of 
natural resources. 

Club of Rome (12Mio copies sold)

1986

1992
World (UN) 
Summit« Then I say the Earth belongs to 

each…generation. During its 
course, fully and in its own right, no 
generation can contract debts 
greater than may be paid during 
the course of its own existence. »  
US President Th. Jefferson

Sustainable 
Development should 
meet the needs of 
the present without 
compromising the 
ability of future 
generations to meet 
their own needs
Brundtland 
Commission

“Together with all nations 
we protect both land and 
life, and hold the world in 
balance.“
Hopi tribe

Corn myth
Atzec and 
mesoamerica

XVIth C 

Abbé Suger, 
bâtisseur de 
cathédrales 

XIth C 

2015

Anthopocene
P. Crutzen, 

“Geology of 
mankind”
Nature 415, 23 
(2002). 

Great 
acceleartion
Will Steffen
Australian

National 
University
Stockholm 
Resilience
Institute

2000

2009

Planetary
boundaries
approach



1900 2100

The Limits to Growth; A Report for the Club of
Rome's Project on the Predicament* of Mankind.
New York: Universe Books. ISBN 0876631650. (1972)

Population

Pollution
Industrial output per capita

Ressources
Food per capita

1900 2100

Sustainable Development
1972 1972

“Should meet the needs of the present without 
compromising the ability of future generations to meet 
their own needs Brundtland Commission  1988

A comparison of The Limits to Growth 
with 30 years of reality

https://doi/10.1016/j.gloenvcha.2008.05.001

Graham M. Turner (CSIRO Sustainable Ecosystems) 
Global Environmental Change 18 (2008) 397– 411 

2002

https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/0876631650


Paul Crutzen

Anthropocene
Ca. 2000

Planetary Boundaries
2009

Rockstrom, J., W. Steffen, ….  P. 
Crutzen, and J. Foley. “Planetary 
boundaries: exploring the safe operating 
space for humanity” Ecology and 
Society 14(2): 32 (2009)

P. Crutzen, “Geology of 
mankind” Nature 415, 23 
(2002). 

Great Acceleration
2015

Steffen, Will; Broadgate, Wendy;
Deutsch, Lisa; Gaffney, Owen; Ludwig,
Cornelia (April 2015). "The trajectory of
the Anthropocene: The Great
Acceleration". The Anthropocene
Review. 2 (1): 81–98



Ca. 2000

P. Crutzen, “Geology of mankind” Nature 415, 23 (2002). 

ἄνθρωπος (anthropos)
Humain

καινός (kainos) meaning
New Geological eraN « Anthropos »

n’existe pas…

Anthropocene

* Holocene: current geological 
period, which covers the last 
12,000 years and which 
followed the last ice age

www.skeptical-science.com/science/holocene-climate-change-mystery-solved/

Paul Crutzen
Athmospheric Chemist
Ozone, stratosphere
(Chemistry NobelPrize 1995)
Nobel Conférence :
« My life with O3, NOx, and  
other YZOx »



The great acceleration
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Earth System Trends (12 entries, 3 examples ↓)

Socio-Economic Trend (12 entries, 3 examples ↓)
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Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., & Ludwig, C. (2015). 
The trajectory of the Anthropocene: The Great Acceleration.  The Anthropocene Review, 2(1), 81–98. https://doi.org/10.1177

Tropical 
Forest
loss

Will Steffen
Chemist
Earth system scientist
e Australian National University
Stockholm Resilience Institute

26 reserachers among whom

année année année

annéeannéeannée

Ca. 2015

https://openresearch-repository.anu.edu.au/bitstream/1885/66463/8/01_Steffen_GREAT%20ACCELERATION_2015.pdf


The planetary approach
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Will Steffen
Chemist
Earth system scientist
e Australian National University
Stockholm Resilience Institute

26 reserachers among whom

Ca. 2009

Rockstrom, J., W. Steffen, ….  P. Crutzen, and J. Foley. 
“Planetary boundaries: exploring the safe operating space for 
humanity” Ecology and Society 14(2): 32 (2009)
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Climate
Change

Novel 
Entities Stratospheric Ozone Depletion

Land-system change

Ocean Acidification

N
Nitrogen

Biogeochemical 
Flows

P
Phosphorus

Biosphere Integrity

Fresh water use

Atmospheric Aerosol Loading

Extinction rate
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Planetary Boundaries

Functional 
diversity

J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

Stratospheric O3 concentration

(no control variable 
currently defined)

- Atm. CO2 conc. 
- Energy imbalance  

top of atm.. - Extinction per million species-years (interim)

- Biodiversity Intactness index (interim)

- Global: Area of forested land as % of original forest cover
- Biome: Area of forested land as % of potential forest

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

Stratospheric O3 concentration

(no control variable 
currently defined)

- Atm. CO2 conc. 
- Energy imbalance  

top of atm.. - Extinction per million species-years (interim)

- Biodiversity Intactness index (interim)

- Global: Area of forested land as % of original forest cover
- Biome: Area of forested land as % of potential forest

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

290 Dobson Unit
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

(no control variable 
currently defined)

- Atm. CO2 conc. 
- Energy imbalance  

top of atm.. - Extinction per million species-years (interim)

- Biodiversity Intactness index (interim)

- Global: Area of forested land as % of original forest cover
- Biome: Area of forested land as % of potential forest

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

(recent proposal for 
definition)

- Atm. CO2 conc. 
- Energy imbalance  

top of atm.. - Extinction per million species-years (interim)

- Biodiversity Intactness index (interim)

- Global: Area of forested land as % of original forest cover
- Biome: Area of forested land as % of potential forest

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

« Outside the Safe Operating Space of the 
Planetary Boundary for Novel Entities”
Env. Sci. Tech. 56, 1510 (2022)
Ex. Release plastics 
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Climate
Change

Novel 
Entities Stratospheric Ozone Depletion

Land-system change

Ocean Acidification

N
Nitrogen

Biogeochemical 
Flows

P
Phosphorus

Biosphere Integrity

Fresh water use

Atmospheric Aerosol Loading

Extinction rate

Planetary Boundaries

Functional 
diversity

J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

- Atm. CO2 conc. 
- Energy imbalance  

top of atm.. - Extinction per million species-years (interim)

- Biodiversity Intactness index (interim)

- Global: Area of forested land as % of original forest cover
- Biome: Area of forested land as % of potential forest

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

350 ppm
1.0 Wm-2

412 ppm
2.3 Wm-2
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(recent proposal for 
definition)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

- Biodiversity Intactness index (interim)

- Global: Area of forested land as % of original forest cover
- Biome: Area of forested land as % of potential forest

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

<10 E/MSY10-1000 E/MSY
Not evaluated

Extinction 
rate

- Extinction per million species-years (interim)
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(recent proposal for 
definition)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

- Global: Area of forested land as % of original forest cover
- Biome: Area of forested land as % of potential forest

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

>75%62%

Extinction rate
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(recent proposal for 
definition)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

4000 km3y-12600 km3y-1

Extinction rate
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sk

(recent proposal for 
definition)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

- Basin: Blue water withdrawal as % of mean monthly river flow
- Global: Maximum amount of consumptive blue water use

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

4000 km3y-12600 km3y-1

Extinction rate
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(recent proposal for 
definition)

- :Green water (recent proposal for 
definition)

« A planetary boundary for green water”
Nat Rev Earth Environ (2022).
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

- P Global:     P flow from freshwater systems into oceans
- P Regional : P flow from fertilizers to erodible soils

- N Global:    Industrial and intentional biological fixation

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

11 Tg/yr22 Tg/yr
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(recent proposal for 
definition)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

62 Tg/yr152 Tg/yr
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(recent proposal for 
definition)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

Carbonate ion concentration 

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)

>80% PIA84 % PIA
Pre industrial aragonite 
saturation Extinction rate
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Biogeochemical 
Flows

(recent proposal for 
definition)
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J. Rockström, W. Steffen, K. Noone, et al., Nature, 2009, 461, 472–475,DOI: 10.1038/461472a

https://www.stockholmresilience.org/research
/planetary-boundaries/the-nine-planetary-boundaries.html

- Regional: AOD as a seasonal average over a region
- Global: Aerosol optical depth (AOD)
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(recent proposal for 
definition)



80% P  LOSS mine-to-fork

Global Environmental 
Change 19 (2009)
292–305.

Fig. 3. Key phosphorus flows through the global food production and consumption system, indicating phosphorus usage, 
losses and recovery at each key stage of the process. Units are in Million Tonnes per year (Only significant flows are shown 
here, relevant to modern food production and consumption systems.). Calculations based on data in IFA
(2006) and Smil (2000a,b).

“The story of 
phosphorus: Global 
food security and food 
for thought”
Dana Cordell,* Jan-Olof 
Drangert , Stuart White
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Global availability
on Earth

Supply from
main 
current
sources

What  quality? lower P 
concentration, Cd, U, Th, clay)
Access? more difficult (deeper, 
remote mines – no rail, below 
seabed)
Energy demand? increasing (to 
mine, process, transport)
Cost?  Wastes ? 

APRIL 22nd, 2021

• The concentration 
of P is 0.09% of the 
solid earth crust

• P is the 10-12 most 
abundant element 
on the planet
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Revisited
Because of 
Major role in 
Energy transition 

Lithium Ion Battery  

Phosphate!

DEC 1sr, 2021
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Global availability

Environmental
impacts 

Water ?
Phosphate Utilzation efficiencies
Other extrenalities?

Air: N2O ( 3-5% 298 
GHG!), NH3 (PM2.5)
Water: 
anoxia
Abysmal Nitrogen Utilizatin
Efficiency (NUE) – 4-14%

?
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FERTILIZERS 80% P  LOSS mine-to-fork



80% P  LOSS mine-to-fork
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Algae BloomMining (current) issues?

Mining (future) issues?

Food security?
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How much is there? Is it enough? Is it 
sustainable?
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Phosphorus - P

• The concentration of P is 0.09% of the solid earth crust
• P is the 10-12 most abundant element on the planet

• More than 300 phosphate minerals is known in the nature
• Apatite is the most common phosphate mineral on earth

• 87% of bone substance is consisting of Ca3(PO4)2

• 4% of the bone substance is P

Phosphates
Arne Åsheim



Human-
made 
mass

Living
Biomass

Paul Krutzen

Chimie de l’atmosphère
Ozone, stratosphère  

Steffen, Will; Broadgate, Wendy;
Deutsch, Lisa; Gaffney, Owen; Ludwig,
Cornelia (April 2015). "The trajectory of
the Anthropocene: The Great
Acceleration". The Anthropocene
Review. 2 (1): 81–98

Anthropocene
Ca. 2000

P. Crutzen, “Geology of 
mankind” Nature 415, 23 
(2002). 

Emily Elhacham, Liad Ben-Uri, Jonathan
Grozovski, Yinon M Bar-On, Ron Milo
«Global human-made mass exceeds all
living biomass » Nature 588, 442–444
(2020).

940 000 000 000 T

1�108 000 000 000 T

Figure from Nature 588, 442–444 (2020). 

Planetary Boundaries
2009

Rockstrom, J., W. Steffen, ….  P. 
Crutzen, and J. Foley. “Planetary 
boundaries: exploring the safe operating 
space for humanity” Ecology and 
Society 14(2): 32 (2009)

Great Acceleration
2015

2022

Crossover Point



Data: IFA

Future demand?

• Population growth
• Changing diets
• P deficient/surplus soils
• Changing crops? 
• Food price spikes?
• Biofuels?
• EV batteries?

FUTURE PHOSPHORUS DEMAND?



• Long-term availability of phosphate rock? Depends on demand assumptions! Demand is increasing…

• Global demand for phosphorus fertilisers may surpass supply of phosphorus this century, estimated 
between 2035-2075

• Timing of peak uncertain, but widely recognised that phosphate rock: 

Øquality is declining (lower P concentration, Cadmium, Uranium, Thorium,, clay)
Øaccess is more difficult (digging deeper, more remote mines – no rail, below seabed)
Øenergy increasing (to mine, process, transport)
Øcosts increasing 
Øwastes increasing 

Production
(Mt P/a)

Year

C

F

2011 2070 2311-2411

E

2102

B

LEGEND:  
A=Mohr & Evans (2013); B=Cordell et al (2009a); C=GPRI, 2010; Cordell et al, 2011b; D=Walan (2013); E =Fixen (2009); F=IFDC (2010) 

A

2025 2033

D

2084

FUTURE PHOSPHORUS SUPPLY?


