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Composition of the Atmosphere (Today)



Hypothesized Changes in Atmospheric Composition

Earth’s atmospheric composition
is greatly affected by geological
and biological processes.

Plate tectonics, volcanism, silicate
mineral weathering, photosynthesis,
respiration/decay, ocean circulation

Biogeochemical cycles (carbon)

Many different timescales



Long-term organic carbon burial: draws down atmos. CO2, adds O2

6CO2 + 6H2O → C6H12O6 + 6O2

Bury organic material in sediments:  CO2 falls and O2 rises



Carboniferous



Carboniferous Insects (16 foot wingspan) – 300 million years ago

High O2 levels:  Denser atmosphere and/or higher diffusion gradient?



Atmospheric Structure: Divided into Vertical Zones Based on Temperature Profiles

Troposphere height is lower at high latitudes



Troposphere: Lowest level of the atmosphere.

Temperature decreases with height:
Environmental lapse rate of -6.5oC / km

A dry adiabatic lapse rate is closer to -10oC / km

With water vapor present, as air rises and cools,
water condenses and releases latent heat. So 
atmosphere cools less relative to dry atmosphere.

Troposphere is heated from Earth’s surface: sunlight
passes through and warms surface. Surface warms
air above it.

Troposphere is well-mixed, turbulent (convection)
Warm air tends to rise and cool air sinks.

Clouds form here, rain, what we call “weather”

Top of troposphere = tropopause



Large, energetic cumulonimbus clouds in tropics punching up to tropopause

Note stratified layers above this. So where does that term “Stratosphere” come from?



Stratosphere: Temperature increases with height

~15 km to ~60 km in height.

Stable – coldest air is at the bottom and warmest air 
is at the top. No convection or overturning. Stratified.

No clouds, but strong winds.

Why does the stratosphere warm with increasing height?



Ozone (O3) Layer

Ozone forms when O2 is split by high energy ultraviolet light

O- combines with O2 to form O3

O3 absorbs UV light (photons) – both processes warm the air
(and screens out UV light from surface – helpful!)

Ozone concentration highest at ~60 km  - the Stratopause

Where does O2 ultimately come from? Life! (Photosynthesis)

So in a very real sense, life itself is responsible for the particular
layered structure of Earth’s atmosphere.

And, what would a Precambrian (no oxygen) atmosphere have
looked like?



Atmospheric Structure: Divided into Vertical Zones Based on Temperature Profiles

Troposphere height is lower at high latitudes.

The decline in troposphere height with latitude affects
the position and strength of jet streams.



Venus Earth Mars

460oC 15oC -55oC

Average Surface Temperatures: One is too hot, one is too cold, and one is just right (for life!)
Why? Distance from the Sun? Greenhouse effect? All of the above?





Solar System “Habitable Zone”

A zone around a star that is the right distance
to allow liquid water on the surface of a planet

Note that in this diagram, there is an early HZ (t0)
that is closer to the Sun. Sun was dimmer early on.

The habitable zone expands outwards as Sun goes
through its main sequence evolution over time

Early on, both Mars and Earth had liquid water at
the surface. Both must have had stronger greenhouse
effect – especially Mars.



www.exoplanets.nasa.gov

The concept of a habitable zone is very big in astronomy right now.



Important point: Water phase diagram – temperature and atmospheric pressure matter

Mars is too cold to 
support water, but also
its atmosphere is not dense
enough. So early atmosphere
must have been a lot denser.



Solar LuminosityTop of the Atmosphere

Solar Constant Today = 1370 W/m2



As the sun burns H to He (nuclear reaction), reaction becomes hotter and luminosity increases

The sun today is as bright as it has ever been. Further back in time, it was dimmer

The Solar Constant has not been constant through geologic time.



Fig 4-2

Faint Young Sun “Paradox”

Precambrian sediments show liquid water at surface of Earth – but why was Earth not frozen?



River Channels on Mars – early in Mars history



Using simple energy balance model, Earth should have been frozen for its first 2.5 billion years

Te = Radiating Temp     Ts = Surface Temperature   Difference = size of greenhouse effect

𝑇 = ! 𝑆(1 − 𝐴)/4σ



First recorded glaciation at ~2.8 Ga (Huronian Glaciation)

Mehelizik and Young, 2013

Glacial Diamictite, varved seds



Hypothesized Changes in Atmospheric Composition

Speculate that
Earth’s pressure
much higher in 
Archean – 10X higher?

Exotic greenhouse gases,
CO2, water vapor



Paleoclimatology: the study of climate prior
to the period of instrumental measurements

Understand the different types of proxy data 
available and the difficulties / assumptions in 
reconstructing climatic parameters

This is a long-term view of Earth’s climatic 
change (from 1979 – so broad brush view)

• Many warm periods (e.g. Cretaceous, 100 Ma)
• Many glacial periods (e.g. Quaternary, 20 ka)
• Penn-Permian (260 Ma), Snowball Earth (700 Ma)
• Climatic resolution defined by stratigraphic resolution



Snowball Earth (~700 Ma)

Runaway positive feedback?



Source: National Geographic

Modern Crocodilian Distribution

All crocodilians need warm temps year round – ectotherms.
Note Eocene crocodilian fossils found on Ellesmere Island – extreme warmth! 



Zachos et al 2001

Higher resolution
view of Cenozoic
climate change from
deep-sea oxygen isotopes 

Overall cooling trend with
abrupt changes superimposed:

LPTM (Late Paleocene Thermal
Maximum). Called PETM now.

Onset of Antarctic Glaciation at
Oligocene start 



Temperature Trends for the last 65 million years and potential analogues for future climate

Burke et al., 2018 PNAS 

Many possible climatic analogs for future warming with projected future global warming to the right.
Mid-Holocene? Last Interglacial? Mid-Pliocene? Early Eocene? But – note the different timescales!

Current warming is faster than any of these geologic analogs but may be similar to PETM



Changes in Atmospheric Composition

Albedo changes (volcanic eruptions, dust) and Greenhouse gas changes (CO2, CH4)



Dome C
Antarctica

3 km deep ice core collected over several years of drilling
Records 800,000 years of atmospheric CO2

What was past CO2 like?

Fossil Air bubbles Preserved in Antarctic Ice



Luthi et al., 2008

Compilation of CO2 records and EPICA Dome C 
temperature anomaly over the past 800 kyr. 

Natural range between 180 ppmv and 290 ppmv over last 800,000 years. Glacial-interglacial cycles.

Antarctica
Ice Cores





BLAG Hypothesis: 
pCO2 controlled by seafloor spreading rates vs. weathering rates 

BLAG-style modeling: 
Sum of CO2 sources 

(volcanic degassing, metamorphic reactions, organic C oxidation)
vs. 

Sum of CO2 sinks 
(silicate weathering, C burial (organic: peat/coal; inorganic: limestone)



Chemical weathering of silicates removes CO2



Chemical Weathering of Silicates
Silicate rock (simplified as CaSiO3) weathering:

CaSiO3 + 2H2CO3 = Ca2+ + 2HCO3
- + SiO2 + H2O

Carbonate Precipitation:

Ca2+ + 2HCO3
- = CaCO3 + H2CO3

Ocean Atmosphere CO2 Exchange:

CO2 + H2O = H2CO3

Net Reaction:

CaSiO3 + CO2 = CaCO3 + SiO2

Remove CO2 from atmosphere
deposit carbonate rocks



Devonian Marine Carbonates (Dolomite and Limestone)



Atmospheric CO2 and continental glaciation 400 Ma to present. 
• Vertical blue bars, timing and palaeolatitudinal extent of ice sheets (after Crowley, 1998)

• Plotted CO2 records represent five-point running averages from each of four major proxies (see Royer, 2006).

• Plausible ranges of CO2 derived from the geochemical carbon cycle model GEOCARB III (Berner and Kothavala, 
2001).

All data adjusted to the Gradstein et al. (2004) time scale. Continental ice sheets grow extensively when CO2 is low. (after Jansen, 2007)

Atmospheric Carbon Dioxide Variations over Geologic Timescales



395

Information from Paleoclimate Archives Chapter 5
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Figure 5.2 |  (Top) Orbital-scale Earth system responses to radiative forcings and perturbations from 3.5 Ma to present. Reconstructed dust mass accumulation rate is from the 
Atlantic sector of the Southern Ocean (red) (Martinez-Garcia et al., 2011). Sea level curve (blue) is the stacked b18O proxy for ice volume and ocean temperature (Lisiecki and Raymo, 
2005) calibrated to global average eustatic sea level (Naish and Wilson, 2009; Miller et al., 2012a). Also shown are global eustatic sea level reconstructions for the last 500 kyr 
based on sea level calibration of the b18O curve using dated coral shorelines (green line; Waelbroeck et al., 2002) and the Red Sea isotopic reconstruction (red line; Rohling et al., 
2009). Weighted mean estimates (2 standard deviation uncertainty) for far-field reconstructions of eustatic peaks are shown for mid-Pliocene interglacials (red dots; Miller et al., 
2012a). The dashed horizontal line represents present-day sea level. Tropical sea surface temperature (black line) based on a stack of four alkenone-based sea surface temperature 
reconstructions (Herbert et al., 2010). Atmospheric carbon dioxide (CO2) measured from Antarctic ice cores (green line, Petit et al., 1999; Siegenthaler et al., 2005; Lüthi et al., 2008), 
and estimates of CO2 from boron isotopes (b11B) in foraminifera in marine sediments (blue triangles; Hönisch et al., 2009; Seki et al., 2010; Bartoli et al., 2011), and phytoplankton 
alkenone-derived carbon isotope proxies (red diamonds; Pagani et al., 2010; Seki et al., 2010), plotted with 2 standard deviation uncertainty. Present (2012) and pre-industrial CO2 
concentrations are indicated with long-dashed and short-dashed grey lines, respectively. (Bottom) Concentration of atmospheric CO2 for the last 65 Ma is reconstructed from marine 
and terrestrial proxies (Cerling, 1992; Freeman and Hayes, 1992; Koch et al., 1992; Stott, 1992; van der Burgh et al., 1993; Sinha and Stott, 1994; Kürschner, 1996; McElwain, 1998; 
Ekart et al., 1999; Pagani et al., 1999a, 1999b, 2005a, 2005b, 2010, 2011; Kürschner et al., 2001, 2008; Royer et al., 2001a, 2001b; Beerling et al., 2002, 2009; Beerling and Royer, 
2002; Nordt et al., 2002; Greenwood et al., 2003; Royer, 2003; Lowenstein and Demicco, 2006; Fletcher et al., 2008; Pearson et al., 2009; Retallack, 2009b, 2009a; Tripati et al., 
2009;Seki et al., 2010; Smith et al., 2010; Bartoli et al., 2011; Doria et al., 2011; Foster et al., 2012). Individual proxy methods are colour-coded (see also Table A5.1). The light blue 
shading is a 1-standard deviation uncertainty band constructed using block bootstrap resampling (Mudelsee et al., 2012) for a kernel regression through all the data points with a 
bandwidth of 8 Myr prior to 30 Ma, and 1 Myr from 30 Ma to present. Most of the data points for CO2 proxies are based on duplicate and multiple analyses. The red box labelled 
MPWP represents the mid-Pliocene Warm Period (3.3 to 3.0 Ma; Table 5.1).

Atmospheric CO2 over the last 70 million yearsPlate spreading rates slowed
over Cenozoic.

Chemical weathering increased
as continent-continent collision
occurred. (Alps, Himalayas)
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Müller et al. (2008b) for times prior to 100 Ma ago due to our switch to a 
TPW-corrected reference frame. In addition, we test two alternative time 
scales—CK95G94 (Cande and Kent, 1995, between present and 83 Ma 
ago; Gradstein et al., 1994, for older times) and GTS2004 (Gradstein et 
al., 2004)—which are substantially different in terms of the duration of 
the Cretaceous Normal Superchron (CNS) and, therefore, in terms of the 
amplitude of any mid-Cretaceous seafl oor spreading pulse.

Global gridded data of oceanic crustal age, crustal production, and 
lengths of the paleo-mid-ocean ridge system have been used to extract 
information on active oceanic seafl oor spreading since the Cretaceous in 
fi ve-million-year intervals (Fig. 1). Mid-ocean ridge lengths were com-
puted (Fig. 1C) by separating the fracture zone and ridge segments. In 
order to analyze the evolution of oceanic area due to the Pangea breakup, 
we have computed separate values for all parameters in the Pacifi c and 
the rest of the world (Fig. DR1 in the GSA Data Repository1). Global 
spreading rate gridded data for the past 140 m.y. were also computed 
using our global set of fi nite reconstruction rotations (Fig. DR2). How-
ever, as described in Conrad and Lithgow-Bertelloni (2007), extracting 
mean spreading rate values along the active ridge using an age/area-based 
cutoff is biased toward faster-spreading ridges. We fi nd this bias is a factor 
of two. Consequently, we calculated spreading rate values from crustal 
production and ridge lengths. All spreading rate values quoted are full 
spreading rates.

We observe a steady increase in the age of oceanic lithosphere from 
the Late Cretaceous (42 m.y.) to the present day (64 m.y.), represent-
ing a 22 m.y. increase in mean crustal age (Fig. 1A). This change from 
substantially younger ages in the Cretaceous to older ocean fl oor at pres-
ent correlates with the transition from high sea level in the Cretaceous 
to progressively lower sea level throughout the Cenozoic (Fig. 1E). We 
fi nd that the mean paleo-age of oceanic lithosphere is only very weakly 
dependent on the choice of time scale, with a maximum difference of 
only 2 m.y. (Fig. 1A).

As the mean age of the global oceanic crust increased through time 
(Fig. 1A), a general decrease in crustal production is observed from Late 
Cretaceous to present, from 4 ! 106 km2/Ma at 80 Ma ago to <3 ! 106 
km2/Ma in the late Tertiary (Fig. 1B). In the Early to mid-Cretaceous, the 
choice of time scale produces differing results: CK95G94 shows higher 
crustal production rates of 5 ! 106 km2/Ma, whereas GTS2004 has a maxi-
mum of 3.9 ! 106 km2/Ma in the mid-Cretaceous. A sudden decrease in 
global oceanic crustal production occurred between 120 and 115 Ma ago 
and between 75 and 50 Ma ago due to the subduction of the Meso-Tethys 
ridge system and the Izanagi-Pacifi c ridge, respectively.

Cumulative global mid-ocean ridge lengths show peaks at 120–110, 
100, and 70 Ma ago (Fig. 1C). A continuous mid-ocean ridge developed 
between West Africa and South America between 100 and 95 Ma ago (Tors-
vik et al., 2009); new ridges were created at ca. 83 Ma ago in the Mascarene 
Basin (Storey, 1995), Tasman Sea (Hayes and Ringis, 1973), and between 
West Antarctica and the Pacifi c (Larter et al., 2002); and a plate tectonic 
reorganization in the Pacifi c (after 78 Ma ago) resulted in the formation of 
the Kula plate, leading to an increase in the global seafl oor spreading sys-
tem. Although the long-term trend of mid-ocean ridge lengths has remained 
relatively constant, there is an increase in the Early Cretaceous from 53,000 
km to 64,000 km (Fig. 1C) primarily driven by the development of ridge 
systems in the Tethys and Atlantic Oceans (Fig. DR1).

The mean global spreading rate displays a pronounced change from 
higher seafl oor spreading rates in the Late Cretaceous (~70 mm/a) to much 

lower rates at present (~40 mm/a) (Fig. 1D), mirroring the change from a 
sea-level highstand in the Late Cretaceous to lower sea level in the Tertiary 
(Fig. 1E). However, spreading rates in the Early to mid-Cretaceous differ 
signifi cantly depending on time scale: the mid-Cretaceous seafl oor spread-
ing pulse is diminished using GTS2004. The fastest  seafl oor spreading 

1GSA Data Repository item 2009166, Figure DR1 (separate values for all 
parameters in the Pacifi c area and the rest of the oceanic area) and Figure DR2 
(global seafl oor spreading rate gridded data), is available online at www.geoso-
ciety.org/pubs/ft2009.htm, or on request from editing@geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 1. Cretaceous to present changes in global oceanic fl oor ge-
ometry and correlations with global eustasy. A: Mean crustal age us-
ing CK95G94 (red) and GTS2004 (orange). Histogram inserts show 
percentage of crustal age (20-million-year bins) at 80 Ma ago (upper 
left) and present (lower right). B: Mean oceanic crustal production us-
ing CK95G94 (red) and GTS2004 (orange). C: Mid-ocean ridge lengths 
using CK95G94. D: Mean global seafl oor spreading rates using 
CK95G94 (red) and GTS2004 (orange). Purple line taken from Conrad 
and Lithgow-Bertelloni (2007) for comparison. E: Selected published 
sea-level curves and estimated mean sea-level rise due to LIP emplace-
ment (black). Dark green—Haq and Al-Qahtani (2005); blue—Haq et al. 
(1987); brown—Müller et al. (2008b) with associated error envelope. 
Gray bands highlight the two major Cretaceous sea-level highstands.
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Plate Spreading Rates (140 Ma-0 Ma)

Seton et al., 2009 (Geology) IPCC 2013



Temperature Trends for the last 65 million years and potential analogues for future climate

Burke et al., 2018 PNAS 

Many possible climatic analogs for future warming with projected future global warming to the right.
Mid-Holocene? Last Interglacial? Mid-Pliocene? Early Eocene? But – note the different timescales!

Current warming is faster than any of these geologic analogs but may be similar to PETM


