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Paleogeography at 56 Ma, 
Paleocene-Eocene Boundary



New York Harbor in an ice-free 
world (= Eocene sea level)

Kenneth Miller, 
Rutgers University



Long-term Sea Level

• Present = 0 m

• Peak sea level +50-100m

• Fell ~100 m from 50-0 Ma

• Long-term δ18O variations co-vary 
with sea level

• 80% long-term δ18O must be 
temperature

• Ocean crust production 
controlled greenhouse gases, 
causing global temperature 
changes long term. Rapid sea 
floor spreading produced volcanic 
CO2 production.

Kenneth Miller, Rutgers University

PETM



Stable Isotope Basics
• δ18O means a change in the amount of 18O 

in the ratio of 18O/16O, relative to a 
standard. Typically measured in CaCO3.  
Background ratio is 1:500.

• δ13C means a change in the amount of 13C 
in the ratio of 13C/12C, relative to a 
standard. Can be measured in any carbon 
compound, including CaCO3. Background 
ratio is 1:99.



Stable Isotope Basics
• δ18O is a paleothermometer.  Increased values 

mean colder temperatures, decreased values 
mean warmer temperatures.

• δ13C tells us about changes in the amount of 
organic carbon released into the atmosphere 
and oceans as CO2.  During photosynthesis, or 
other metabolic processes, organic carbon is 
enriched in 12C and depleted in 13C, relative to 
background levels. Decreased δ13C values 
indicate increased organic carbon released into 
the atmosphere and ocean reservoirs of CO2.



World Without Ice by Robert Kunzig, 2011
• PETM – Paleocene-Eocene Thermal Maximum
• 56 m.y. ago, lasted 150 k.y., the time for CO2 to 

re-equilibrate.
• Massive carbon release (>4 trillion tons) during 

20 ky of early Eocene. Source unknown. 
Documented by carbon isotope patterns known 
as CIE, or Carbon Isotope Excursion.

• Oceans acidified as shown by absence of 
planktonic shells in ocean sediments.

• Oceans warmed by 5oC or 9oF. Air temps were 
even higher.



Carbon Sources and amount needed to be 
released based on isotopic composition of 
the source compared to CIE.

Pg = petagrams 
=billion metric tons

Minimum 
released to 
dissolve CaCO3 in 
oceans

Best estimate of terrestrial CIE, -4.6%o

The amount of 
carbon released 
into the 
atmosphere is 
dependent on 
which source is 
oxidized to 
produce the 
observed CIE.

Next slide



δ13C = ((13C/12C sample 
13C/12C standard) – 1) x 1000

Typical Marine Carbonate δ13C = (((1.002/99)/(1/99)) – 1) x 1000 = 2%o

PETM carb δ13C = (((0.999/99)/(1/99)) – 1) x 1000 = -1%o

Plant δ13C = (((1/102)/(1/99)) – 1) x 1000 = -29%o

Methane δ13C = (((1/103)/(1/99)) – 1) x 1000 = -38%o

Because the background ratio of 13C/12C is approximately 1:99, an 
increase of 0.3% (=3%o) in the 12C reservoir will change δ13C by -3.

δ13C =(((1/99.3)/(1/99))-1) x 1000 = - 3%o, the marine CIE

This is about a 1/5 increase in the total carbon of the biosphere, 
hydrosphere, and atmosphere combined, assuming average 
composition similar to plants. 

Carbon Isotope Calculations



Burning 
methane 
hydrate.  
Methane 
molecules 
trapped in a 
water ice 
cage.

http://ngm.nationalgeographic.com/2012/12/methane/thiessen-photography



Arctic warming 
releases 
methane from 
permafrost

Igniting methane 
trapped under frozen 
arctic lake.

Methane bubbles in 
arctic lake ice 
forming in late fall.



Bulk sediment δ13C and weight % carbonate content plotted versus age for 
ODP sites 1262 - 1267. Age (ky) relative to the P-E boundary is plotted on 
the left axis and absolute age (Ma) along the right. Paleodepths (∼55 Ma) 
are provided for sites 1263 (1500 m), 1266 (2600 m), and 1262 (3600 m). 
PEB, Paleocene-Eocene boundary. 

Zachos et al., 2005

Rapid global 
increase in 12C
relative to13C 
causes a negative
δ13C anomaly.

Extreme 
acidification of 
the ocean during 
the PETM.

Ocean Drilling Project (ODP) Sites with PETM sediments



Ocean Drilling Project (ODP) Sites with PETM sediments 
on Walvis Ridge in the South Atlantic



Digital core photos and weight % CaCO3 content plotted versus 
meters of depth across the P-E boundary interval at ODP sites 1262 
to 1267on Walvis Ridge. Records are plotted from left to right in 
order of increasing water depth. 

Zachos et al., 2005



When the Ocean Sediment Went Dark
Paleoceanographer James Zachos holds a replica of a sediment core that 
shows an abrupt change in the Atlantic Ocean 56 million years ago, at the 
onset of the Paleocene-Eocene Thermal Maximum (PETM). White plankton 
shells vanished from the seafloor mud, shifting its color from white to red. 
As planet-warming CO2 surged into the atmosphere, Zachos says, it also 
seeped into the seas, acidifying the water and dissolving the shells.



Paleogene core from Wilson Lake, NJ, and planktonic forams recovered. 
Note the excellent preservation. Zachos et al., 2006



Changes in carbon and oxygen isotopes across the Paleoecene-
Eocene boundary at Wilson Lake, NJ, documenting a massive carbon 
release to the atmosphere associated with warming.

Zachos et al., 2006

warming



Sea surface temperatures as 
computed from (1) 
planktonic foraminifera 18O 
and (2) the TEX86 (marine 
plankton lipid content). The 
errors bars on the 
planktonic foraminifera 
curves reflect the range of 
estimated temperatures 
associated with just a ±0.5 
uncertainty in 18Osw.

95oF59oF



Inuit Johnny Issaluk holds a recent photo of a South Carolina swamp. 
That’s what his home, near the Arctic Circle on Baffin Island, would have 
looked like 56 million years ago, when summer water temperatures at the 
North Pole hit 74°F.



World Without Ice by Robert Kunzig, 2011

• Mammals moved to higher latitudes to escape 
tropical heat. This allowed migration between 
continents at high latitudes around the 
northern hemisphere. Migrations recorded by 
sudden appearances in the fossil record of the 
Big Horn Basin.

• Mammalian evolution was accelerated by 
rapid environmental change, leading to the 
radiation of several modern groups, including 
primates.



PETM outcrop in the Big Horn Basin F.A. Smith et al. / Earth and 
Planetary Science Letters 262 
(2007) 50–65



Bulk Carbon Plant Alkanes

Carbon Isotope Record in 
the Big Horn Basin

F.A. Smith et al. / Earth and 
Planetary Science Letters 262 
(2007) 50–65



CIE, Carbon 
Isotope 
Excursion is 
recognized in 
many types of 
organisms and 
sediment types.



CIE, Carbon 
Isotope 
Excursion is 
recognized in 
many types of 
organisms and 
sediment types.



Vegetation migrated, as well as mammals 
with the climate change.



Holes in fossil leaves like this one indicate that insects in the Bighorn 
Basin got more abundant and voracious as CO2 and temperatures rose 
during the PETM. 



During the PETM, some mammals adapted by temporarily shrinking. Horses 
had shinbones the size of chicken drumsticks. The lesson, says Philip 
Gingerich: When it needs to be, "evolution is fast." One of the earliest 
complete horse skeletons (above) from a few million years later in the 
Eocene, is similar but 50 percent larger.



Today in the arid Bighorn, rust red bands of oxidized soil mark the sudden 
warming that occurred there 56 million years ago—which dried up the 
swamps that had been home to reptiles similar to the Okefenokee 
alligator pictured here.



The source of the carbon surge 56 million years ago is uncertain, but it 
was natural. Today’s surge, which may prove much faster, is human 
made. Oceans and forests absorb atmospheric CO2 but can’t keep up 
with emissions from stacks like this one (at center) at a coal-fired power 
plant in England—the country where the industrial revolution began.



Using a technology that might forestall a warmer epoch, test 
tanks at an American Electric Power plant in West Virginia 
captured a fraction of the plant’s CO2. But until the 
government sets limits on emissions, the company has 
shelved the costly project.



Summary Points (McInerney and Wing, 2011)

• The Paleocene-Eocene Thermal Maximum, which took place 56 Mya and 
lasted for 200 ka, stands as the most dramatic geological confirmation of 
greenhouse theory—increased CO2 in the atmosphere warmed Earth's 
surface.

• The large release of organic, 13C-depleted carbon caused a global carbon 
isotopic excursion, widespread deep-ocean acidification, and carbonate 
dissolution.

• Carbon was later removed from the abiotic pool on a timescale of 100 ky, 
primarily through silicate weathering and eventual precipitation of 
carbonate in the ocean and/or uptake by the biosphere and subsequent 
burial as organic carbon.  CO2 + H20 = H2CO3 weathers silicates, releases                                              

Ca+2 + HCO3
- = CaCO3 + H+      forms carbonate

• Warming associated with the carbon release implies approximately two 
doublings of atmospheric pCO2 unless climate sensitivity was significantly 
different during the Paleogene.



Summary Points (McInerney and Wing, 2011)

• Although there was a major extinction of benthic foraminifera, 
most groups of organisms did not suffer mass extinction

• Geographic distributions of most kinds of organisms were radically 
rearranged by 5–8°C of warming, with tropical forms moving 
poleward in both marine and terrestrial realms.

• Rapid morphological change occurred in both marine and terrestrial 
lineages, suggesting that organisms adjusted to climate change 
through evolution as well as dispersal and local extirpation. Where 
best understood, these evolutionary changes appear to be 
responses to nutrient and/or food limitation.

• Research on the PETM and other intervals of rapid global change 
has been driven by the idea that they provide geological parallels to 
future anthropogenic warming, but much remains to be done to 
gain information that can be acted on.
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