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Paleoclimatology and the History of
Earth’s Climate
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Time Scales
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4.6 Billion Years of Earth's History

- Modernman
(28 hr, 59 min, 59 sec)

Homo (23 hr, 59 min) Formation of the earth

(0 hr, 0 min)
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23 (46BYA) |
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Formation of ocean
and continents
(2 hr, 54 min)

First
macroscopic life A
(20 hr, 49 min)




Evolution of early life on earth

Sediment uranium enrichment
Oldest stromatolites, microstructures of debated origin
Stromatolites with diverse morphology
Probable cyanobacterial biomarkers, highly depleted *C
Stromatolites in absence of reduced species
Possible cyanobacterial microfossils
Rise in atmospheric O,
Definite cyanobacterial microfossils

T
Hadean Archean Proterozoic

4.0 3.0 2.0 1.0 0
Time (Ga)

A summary of the geologic evidence pointing to the early emergence of

cyanobacteria. Concept modified after figure 2 in Knoll (2003).
Canfield (2005) Ann.Rev.EarthPlanet.Sci 33:1-38




Two geochemical tools:

1. Stable isotope ratios: (180/160)Samp|e
080 = -1|x 1000
18N /16
( O/ O)standard
mass-dependent isotope fractionation
2. Triple stable isotope ratios: A33S = §33S - 0.515 534S

mass-independent isotope fractionation
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Strong correlation
between the isotopic
composition of snow
and mean annual air

temperature in the

present climate
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Observed 8130 in average annual precipitation as a function
of mean annual air tamperature (Dansgaard, 1964). Mote that
all the Ip«:-ints on this graph are for high latitudes (=45").

The 5180 values are calculated as follows:

180160 sample - 1301150 std.
1800160 gtd.

5180 = x 1000

Eroecker,Ww3S. The Glacial Warld According to wWally,
Copyright @1993 by Eldigio Press.
Feproduced by permizsion.




But Other Factors Influence Isotopic Composition as Well
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5180 (parts per thousand)
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Modern Living
Stromatolites: Shark
Bay, Australia

eHamelin Pool’s stromatolites result from the
interaction between microbes, other biological
influences and the physical and chemical
environment.

eThe cyanobacteria trap fine sediment with a
sticky film of mucus that each cell secretes, then
bind the sediment grains together with calcium
carbonate which is separated from the water in
which they grow. Because the cyanobacteria
need sunlight to grow and they have the ability
to move towards light, their growth keeps pace
with the accumulating sediment.

http://www.sharkbay.org




What are Stromatolites & how do they form?

Mat of cyanobacteria
traps fine-grained
carbonate sediment

Threadlike
cyanobacteria

grow upward
through sediment

as carbonate mud
and sand are trapped

After many layers

Stanley (1999)

-

~2 Ga Stromatolites, Slave Province, Canada




An abiotic origin for stromatolites?

-->Grotzinger, J. and Rothman, D.H., “An abiotic
model for stromatolite morphogenesis,” Nature,
382, 423-425, October 3, 1996.

eStatistically feasible that the morphology of
stromatolites can occur through non-
biological processes.

-->@Grotzinger & Knoll, 1999

eArgue that Archean stromatolites could
be simple inorganic precipitates.



The majority view seems to be that
stromatolites are the first good evidence for
life, placing its origin in the vicinity of 3.5 Ga.

By 3.47 Ga isotopically-depleted sulfur
minerals have been cited as evidence for
microbial life...



Filamentous microfossils in a o
3,235-million-year-old 3.2 Ga Hyperthermophilic

volcanogenic massive .
sulphide deposit Microbes from W.

Birger Rasmussen Australia

Department of Geology and Geophysics, University of Western Australia,

Nedlands, Western Australia 6907, Australia

Figure 3 Photomicrographs of filaments from the Sulphur Springs VMS deposit. Scale g, Filaments parallel to the concentric layering. h, Filaments oriented sub-perpendicular
bar, 10 um. a—f, Straight, sinuous and curved morphologies, some densely intertwined.  to banding.

Rasmussen (2000) Nature, Vol. 405:676-679



The ‘Faint Young Sun Paradox’



Why didn’t the Earth Freeze?
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Contemporary Solar Variability

Solar Cycle Variations
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eContemporary Solar Variability ~0.1%
eAssociated with 11-year sunspot cycle



Candidate Explanation: High Levels
of Greenhouse Gases CO, and/or
Methane) in Early Atmosphere



Radiation Transmitted by the Atmosphere
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Precambrian pCO, Needed to Prevent Freezing

107
104 Ocean-covered Earth =——
Huronian glaciation <106
1034+ (5 to 20 °C)
Neoproterozoic
glaciation 105
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Kaufman & Xiao (2003), Nature Vol. 425: 279-282
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Evidence for Glaciers on All Continents

%,

11(?)

e

Fig. 12.3. Global distribution of major late Precambrian glacial centers on a map showing the present dispersal of
continents. I, II, III refer to glaciations identified by Williams (1975) as centered on ~610 Ma, 750 Ma, and 950 Ma,
respectively. A subsequent summary of late Precambrian glaciations (Hambrey and Harland, 1981a) suggests that
these glaciations may not be as episodic as inferred by Williams. The letter A signifies that all three time intervals may
be represented. [Modified from Frakes, 1979] Reprinted by permission from L. Frakes, “Climates Throughout Geo-
logic Time,” copyright, 1979, Elsevier Scientific Publishers.

Glaciations 610 — 950 Ma



Equatorial Continents?

SOUTHCHINA  AUSTRALIA

SIBERIA (a7 AKHSTAN

NORTH AMERICA
AFRICA
INDIA
WEST
AFRICA =
e Hoffman, PF
SOUTH AMERICA  NORTHERN ' SOUTH AMERICA & DP Schrag
EUROPE ANTARCTICA Scientific
American,
2000

EARTH’S LANDMASSES were most likely clustered near the equator during the global glaciations that took
place around 600 million years ago. Although the continents have since shifted position, relics of the debris
left behind when the ice melted are exposed at dozens of points on the present land surface, including what

is now Namibia (red dot).

eHarland & Rudwick (1964) identified glacial sediments at what looked like equatorial

latitudes by paleomagnetism.
eGeorge Williams (1975) identified low latitude glacial sequence in S. Australia & attributed

to episode of extreme obliquity (tilt).



Determining Paleolatitude from
Remnant Magnhetism
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Image from P. Hoffman
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Hoffman & Schrag (2002) Terra
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(a)

Kump et al. (1999)




Neo-
proterozoic
Glacial
Deposits

From Norway,
Mauritania, NW Canada,
Namibia.

eGlacial striations
eDropstones

Hoffman & Schrag (2002)
Terra Nova, Vol.
14(3):129-155.




How to explain glaciers on all
continents when those
continents appear to have
been close to the equator?



Snowball Earth Hypothesis

~4 global glaciations followed by extreme greenhouses 750-580 Ma

eHarland (1964); Kirschvink (1992)
eHoffman et al. (1998) Science, v. 281: 1342-6; Hoffman & Schrag (2000) Sci. Am., Jan: 68-75.

Snowball Events:
eBreakup of equatorial supercontinent
770 Ma
eEnhanced weathering from increased
rainfall (more land close to sea)
eDrawdown atmospheric CO, = Global
cooling
eRunaway albedo effect when sea ice <
30° latitude
eGlobal glaciation for ~10 Myr (avg T ~ -
50°C)
eSea ice ~1000 m thick, geothermal heat
The big reeze: di rapic growtsof flux (0.07 W/m?) keeps ocean liquid

the ice caps envelop the entire planet?

Lubick (2002)




Prologue
to
Snowball

Stage 1
Snowball Earth Prologue

CARBON DIOXIDE

HOT
SPRING VOLCAND

Hoffman & Schrag (2000)
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e Runaway
Albedo
Feedback

Eq. continents, incr.
weathering, lowers CO,,
slow cooling,
equatorward movement
of ice.

Runaway albedo
Weathering shuts down
Slow buildup of CO,
from volcanoes

Rapid decay of ice in 10?
yr. High T, from
enhanced H,O-T
feedback.

Slow CO, drawdown
from weathering

Image from P. Hoffman



Stage 2 Deep
Snowball Earth
Freeze

at Its Coldest

eGlobal cooling
causes sea ice
margin to move
equatorward

eRunaway albedo
effect when sea ice
<30° latitude

eEntire ocean
possibly covered
with ice

SAND
DUNES

Hoffman & Schrag (2000)
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Stage 3
Snowball Earth Snowball?

as It Thaws «Global glaciation for ~10 Myr
(avg T~ -50°C)

- eSea ice ~1000 m thick,
geothermal heat flux (0.07
W/m?) keeps ocean liquid

GLACIERS

Hoffman & Schrag (2000)

The Fallee Blanche, Monf Elane, French Alps



Breaking out of the Snowball

« Volcanic outgassing of
CO, over ~10° yr may
have increased
greenhouse effect
sufficiently to melt back
the ice

Lubick (2002) Nature, Vol. 417:
12-13.




Bring on the Heat: Hothouse follows Snowball?

Hothouse Events
eSlow CO, buildup to ~350 PAL from
volcanoes
eTropical ice melts: albedo feedback
decreases, water vapor feedback

Stage 4
Hothouse Aftermath

increases
*Global T reaches ~ +50°C in 102 yr
s _ eHigh T & rainfall enhance weathering

eWeathering products + CO, = carbonate
precipitation in warm water

CARBOMNATE
SEDIMENT




Aragonite Fan in Namibia

eCarbonate fans form when CaCO, is rapidly precipitated from water.

Image from P. Hoffman



What kept this from happening after ~580 Ma?

e Higher solar luminosity (~¥5% increase)

e Less landmass near equator = lower weathering rates (?)
— John Edmond: weathering rates limited by
abundance of fresh rock, not temperature.

e Increased bioturbation (eukaryote diversity following re-
oxygenation of ocean): Less C accumulation in sediments
sequesters less atmospheric CO,, offsetting lower weathering
rates (from higher-latitude continents).

e lower iron and phosphorus concentrations in better-oxygenated
Phanerozoic ocean [Fe(ll) is soluble; Fe(lll) is less so]: Decreased
primary production = Decreased CO, drawdown.

- What we would like to know:
CO, concentrations through snowball/hothouse cycle.




news feature

Snownball
fights

Did the world freeze
over some half a bilion
years ago? Two
Harvard scientists think
so, but convincing
other climatologists is
proving difficult. Naomi
Lubick tracks the latest
twists and turnsin the
snowball Earth debate.

aul Hoffman and Daniel Schrag have

had a busy few vears. In 1998, the two

Harvard University geologists rekin-
dled a radical idea: that on at least one occa-
sion between 580 million and 750 million
vears ago, the Earth lay entirely encrusted in
ice for tens of millions of years, This “snow-
ball Earth’ hypothesis seemed to explain
some puzzling geological data. Bun it was
controversial then, and the debate shows no
sign of letting up.

Sceptics first asked how the Earth could
freeze and thaw in such a short geological
time. Climate modellers have since ques-
tioned whetherice sheets could have reached
the Equator, And last year came an assault on
Hoffman and Schrag’s central line of geolog-
ical evidence. The proponents of snowball
Earth.itseems, are on the defensive once more,

The idea of a global glaciation was first
proposed in the 1960s by Mikhail Budyko of
the Main Geophysical Observatory in St
Petersburg, Russia. Budyko looked at what
would happen if the Earth's climate were to
cool slightly, prompting an increase in the
size of the polar ice-caps. Tee reflects heat
from the Sun, so this growth would cause
further cooling. Runaway growth of the ice-
caps could result, Budyko argued, eventually
leaving the Earth entirely sheathed in ice',

Budyko's ideas explained puzzling evi-
dence, including signs of scouring of rocks
by ice. that seemed to imply that glaciers
reached the Equator on at least two occasions
between 580 million and 750 million vears
ago, towards the end of the Neoproterozoic
period. This was baffling, because ice sheets
reached only as far as northern Europe dur-

12

ing more recent ice ages. But Budyko's theory
had some holes in it. What, for example,
eventually caused the ice to thaw?

Iron out

In 1992, Juseph Kirschvink, a geologist at
the California Institute of Technology in
Pasadena, provided an explanation of how
the ice could have receded’. Kirschvink,
who coined the term ‘snowball Earth’, real-
ized that normal cycles of rain and erosion,
which play an important role in removing
carbon dioxide from the atmosphere, would
have shut down if fce had covered the
oceans. Carbon dioxide released by volea-
noes would then build up in the atmos-

B

Volcanic CO, may have caused a greenhouse
cffect that freed snowball Earth from its ice age,

& © 2002 Macmillan Maaazines Ltd

phere, eventually creating enough green-
house warming to melt the ice sheets.
Kirschvink also poinied out that a snow-
ball Earth could explain another strange
ogical deposit — iron-rich rocks that
formed near the end of the Neoproterozoic.
Iron is added 1o the ocean at geothermal vents
in the sea floor and precipitates out of sea
water when itcomes intocontact with oxygen.
But if the oceans had been capped with ice,
oxygen levels in water would have fallen and
dissolved iron would have built up, Oxygen
levels would have increased when the ice
melted, causing la amounts of iron o
e out and fall to the sea floor.
s later, Hoffman and Schrag,
together with colleagues at Harvard, pub-
lished the paper that thrust the hypothesis
back into the limelight”. They had studied
ratios of carbon isotopes in rocks formed
when carbon-containing compounds pre-
cipitated out of sea water. Photosynthetic
maring microorganisms take up carbon,
preferring the lighter carbon-12 isotope to
the heavier carbon-13 — so photosynithesis
causes carbon-12 levels in water to fall,
leaving less of that isotope to precipitate out.
But when Hoffman and Schrag looked at
‘cap carbonates’ — sediments that were
deposited towards the end of the Neoprotero-
zoic glaciations — they found surprisingly
high levels of carbon- 12, In fact, the ratio of
carbon isotopes suggested that almost no
photosynthesis had occurred in the waters
from which the rocks precipitated. This, they
reasoned, was exactly what would occur if ice
hadeovered the ocean and starved it of light.
Journals’ correspondence columns were

NATURE|VOLA41T| 2 MAY 2002 | www.nature com

B CARTTRIA NI TR

MORGUNELADET/AP

Potential Problems
with the ‘Snowball
Earth hypothesis’

e Ocean/atmosphere climate
models cannot seem to keep
entire ocean covered with ice.
e No evidence for lower sea
level.

e Weathering reactions are
slow..... Maybe too slow to be
the source of cap carbonates.

Lubick (2002) Nature, Vol. 417: 12-13.



eFerns & alligators in Siberia
eDinosaur bones in AK (N of

Jurassic 220-140 Ma Arctic Circle)

C_rt_aeus 165 Ma

Stanley (2000)
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Warm Climates:
The Eocene

65 -34 Ma



Paleocene-Eocene Thermal Maximum
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Deep Ocean Atmospheric CO2 (ppm)
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Early and Middle Eocene latitudinal SST gradients.

~—— 55-48 Myr ago
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— Modern
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Bivalve-shell 80 (triangles), TEXg (squares) and (diamonds) SST reconstructions for the Early (orange) and mid-Middle (blue) Eocene. Data are
from Seymour Island8 (a), the East Tasman Plateau (b), Deep Sea Drilling Project (DSDP) Site 2772 (c), New Zealand!2-1¢ (d), DSDP Site 5112 (e),
ODP Site 10902 (f), Tanzanial (g), ODP Site 9252 (h), New Jersey2 (j, k; circle represents peak PETM SSTs2), ODP Site 3362 (m), ODP Site 9132 (n)
and the Arctic Ocean%28:22 (p) (Supplementary Fig. 1). Error bars indicate the range of variation. Gradients represent second-order polynomials,
excluding bivalve-shell data. Black and dashed lines represent the present-day zonally averaged latitudinal temperature gradient3? and age-
specific deep-sea temperatures, respectively

PK Bijl et al. Nature 461, 776-779 (2009) doi:10.1038/nature08399



A detailed record of the earth’s climate has emerged
over the last few decades, from analyses of ice cores
and deep sea sediments
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Ice Cover, Last Glacial Maximum (~18,000 years
ago)




Paleo reconstructions of temperature change
over the last 2000 years
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Diflerence (") from 1961-1930
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