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Earth’s Climate
History:
Mostly sunny
with a 10%

chance of snow

The big freeze! did rapid growth of

the ice caps envelop the entire planet?



Climate Controls - Long & Short
Timescales

Solar output (luminosity): 10° yr

*Continental drift (tectonics): 108 yr
*Orogeny (tectonics): 107 yr
*Orbital geometry (Earth -Sun distance): 10*-10° yr

*Ocean circulation (geography, climate): 10! -103 yr

ecomposition of the atmosphere (biology, tectonics,
volcanoes): 10°-10° yr



Outline

*Overview of Earth’s climate history

*Climate feedbacks: what keeps climate away from extremes?
Planetary Energy Balance
Greenhouse Effect
Geochemical Carbon Cycle, CO,
Temperature, Precipitation-Weathering Feedback

*Case studies: Neoproterozoic glaciations (750-580 Ma)
Permo-carboniferous Glaciations (300-275 Ma)
Mesozoic Warmth (245-65 Ma)
Cenozoic Cooling (100-0 Ma)
Pleistocene Glaciations (0.5-0 Ma)




The ‘Faint Young

Sun Paradox’




Solar luminosity
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Solar Iradiance (Wm™)
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Total Solar Irradiance Data (referred to SARR via ACRIM-II)
Days (Epoch Jan 0, 1980)
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Simple Planetary Energy Balance
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Energy Balance
(cont’d.)

S = solar radiation
received at the radius of
the planet’s orbit
around star (so S is a
function of the
luminosity of the star
and the distance the
planet is from the star)

A = albedo; the fraction
of solar radiation
reflected back to space
from clouds, ice,
deserts, etc.

Adapted from Kump et al. (1999)
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Earth’s Incoming & Outgoing Radiation
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Absorb Photons
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Absorption (%)

Radiation Absorbed by Atmosphere
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Earth’s Surface Radiation Spectrum @
Top of Troposphere
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“The Greenhouse Effect”
Adapted from Bigg (1996)



Global Average E Balance
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Enhanced CO, Greenhouse Effect Seems Necessary to
Keep Earth from Freezing > 2 Ga
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Kump et al. (1999)
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Earth’s
Climate
History:
Mostly sunny
with a 10%

1 chance of snow

* What caused
these major
global climate
perturbations?




1. CO, Feedbacks: Geochemical Carbon Cycle

e Transfer of C between rocks and ocean/atmosphere
(>10°-yr) can perturb CO, greenhouse effect

e Ocean/atmosphere C reservoir small w.r.t. rock
reservoir and the transfer rates between them

1e| 3o =[=
a-ul so _ Myr
Corborole _ Organit
oo T 1,000

2. Evidence for Long-Term CO,-Climate Link

3.

Case studies:
Neoproterozoic glaciations (750-580 Ma)
Permo-carboniferous Glaciations (300-275 Ma)
Mesozoic Warmth (245-65 Ma)
Cenozoic Cooling (100-0 Ma)
Pleistocene Glaciations (0.5-0 Ma)

The Carbon
Cycle:
Strong driver
of climate on
geologic
timescales




Inflow: . Outflow:
60 Gton C/yr Atmospheric COZ 60 Gton C/yr
= >
Respiration 760 Gton C Photosynthesis

1 Gton = 10° * 1000 kg = 101> ¢

Example: t; of atmospheric CO,="760/60 = 13 yr




The Geochemical Carbon Cycle

. Organic Carbon Burial and Weathering

Buma.)

00, + \.\Ioc___._; t.0+0,

. Tectonics: Seafloor Spreading Rate

e Mantle CO, from Mid-Ocean Ridges

. Carbonate-Silicate Geochemical Cycle

e Chemical Weathering Consumes CO,

e Carbonate Metamorphism Produces CO,




Chemical Weathering = chemical attack

of rocks by dilute acid
C O,}+ H,0 <--->H,CO, Geochemical
"""""""""""""""""""""""""" Carbon Cycle
1. Carbonate Weathering: # 2

CaCO;+H,CO, --> Ca* + 2 HCO;

2. Silicate Weathering:

CaSiO0; +2 H,CO, --> Ca?* + 2HCO; + SiO, + H,0

* 2x CO, consumption for silicates

e Carbonates weather faster than silicates
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FIGURE 7-8
Typical phytoplankton: (a) diatom and (b) coccol-
ithophorid. Tvpical zooplankton: (¢) foraminifer
and (d) radiolarian. (Courtesy of

R. Bernstein, University of South Florida,)

v Liolarion Kump et al. (1999)

(@



Net Reaction of Rock Weathering
+
Carbonate and Silica Precipitation in Ocean

CaSiO, +‘C02 > CaCO, + SiO,

* CO, consumed (~ 0.03 Gt C/yr)
* Would deplete atmospheric CO, in 20 kyr

* Plate tectonics returns CQO, via Volcanism
and Metamorphism

Carbonate Metamorphism

CaCO, +Si0, > CaSiO, +CO,

* CO, produced from subducted marine
sediments

Net reaction of
geochemical
carbon cycle

(Urey
Reaction)
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Stanley (1999)

Carbonate-
Silicate
Geochemical
Cycle

* CO, released from
volcanism dissolves in H,O,
forming carbonic acid H,CO,
* CA dissolves rocks

e Weathering products
transported to ocean by rivers
* CaCO, precipitation in
shallow & deep water

* Cycle closed when CaCO,
metamorphosed in subduction
zone or during orogeny.




* Geologic record indicates climate has
rarely reached or maintained extreme
Greenhouse or Icehouse conditions....

* Negative feedbacks between climate and
Geochemical Carbon Cycle must exist

* Thus far, only identified for Carbonate-
Silicate Geochemical Cycle:

Temp., rainfall enhance weathering rates
(Walker et al, 1981)

(I.e., no obvious climate dependence of tectonics
or organic carbon geochemical cycle.)

\
S O Atmes.CO, | =
3R e Wﬁgf
L Pote | L/
— (¢)| Greenhenss€
’[‘_) o T"*’:‘—j Effect

How are
CO, levels
kept in
balance?

Feedbacks
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- |
— -,

Adapted from Kump
et al. (1999)
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Climate
History of
Earth:
Case Studies

Neoproterozoic
Glaciations

Permo-
Carboniferous
Glaciations

Mesozoic Warmth

Cenozoic Cooling



The
Proterozoic
Glaciations

(‘Snowball
Earth’)

The big freesr: did rapid growth of
the ice caps envelop the entire planet?

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




g
o
«
w
Q
g
o
w
=
Q
«
a
z
<
=
@
=
<
(&)
w
o«
a
g
5
O
T
<
>
<
9
=

CENOZOIC 65 e
MESOZOIC 186 :
251
——
LATE 330
900
MIDDLE 700
g 1600
<
=
EARLY 900
2500—
LATE 500
3000 —
MIDDLE 400
€ 3400 —
:?
[:4
E
. EARLY 400
"""""" 3800 —
800
4600 —

|Quaternary ;'Plastqce:e : 18 —T— 2131:
| Pligcene | T gt - 35 aa—
Q Miocene 18.5
2 g TN M e ———238—
S 8 Oligocene |  f 9. il
-4 &
8 = Eocene 211
""""" 54.8 —
Paleocene | ___ § __ __ 10.2 65 —
Cretaceous 79
E . 144
..... E. - ]
=
w
= Jurassic 62
"""""" 206 —
Triassic 45
""""" 251—
Permian
— 286 —
2 | Pennsylvanian
-‘g 325 —
8
Mississippian
3
""" g o 360—
4
Q <
9 Devonian = 50
(o]
o
z o G 410—
g
Silurian 30
— 440 —
— Late
Ordovician Ordovician 65
glaciations
"""""" 505 —
=
Cambrian z , 39
i
544 —
PRECAMBRIAN |

Earth’s
Climate

History




Acw, Ma
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Excursions

300-500Ma

*What caused
these massive
perturbations to
the carbon cycle
during the late
Proterozoic?

Hayes et al. (1999) Chem Geol. Vol. 161: 37.



[ .ate Proterozoic Glaciations: Evidence

~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.

Stage 3
Snowball Earth
as It Thaws

"y

GLACIERS

Snowball Events:
*Breakup 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
*Global glaciation for ~10 Myr (avg T ~ -
50°C)
eSea ice ~1000 m thick, geothermal heat
flux (0.07 W/m?) keeps ocean liquid




Tuidence Lor Clocters on Al Condiment s

11(?)

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.
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Geologic

Evidence
for Glaciers

eTillites: Packed pebbles,
sand & mud. Remnants of
moraines

*Glacial Striations:
Scratches from rocks
dragged by moving ice
*Dropstones: Rocks
transported by icebergs
and dropped into finely
laminated sediment (IRD).

Kump et al. (1999)



Glacial sediments — poorly sorted, angular clasts
including dropstones — Namibia c. 750 Ma

mage: Dardel P.Schg



Neo-
proterozoic
Glacial
Deposits

p % SR Lo "_' AT [ St From Norway,
mns:EZmucm:‘-& Bt g e Mauritania, NW
i Canada, Namibia.

*Tillites (a)
e(Glacial striations (b)

*Dropstones (d,e,f)

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




Equatorial Continents 600 Ma ?

SOUTHCHINA  AUSTRALIA

SIBERIA a7 AKHSTAN
NOﬂYH AMERICA S
N INDIA
ey
3 SOUTH o Hoffman
; — ANTARCTCA. & Schrag
* (2000)

EARTH'S LANDNASSES were most likely clustered near the equator during the global

glaciations that took place around 600 million z;cars 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, mcluding what is now Namibia (red dot).
eHarland & Rudwick (1964) identified glacial sediments at what looked like equatorial
latitudes by paleomagnetism.
*George Williams (1975) identified a low latitude glacial sequence in S. Australia &
attributed to episode of extreme obliquity (tilt).



Determining Paleo-latitude from
Remnant Magnetism

THE EARTH'S DIPOLAR MAGNETIC FIELD

e Paleomagnetism:
latitude of rock formation
e Natural Remnant
Magnetism (NRM):
inclination varies with
“magnetic” latitude

- vertical @ magn poles
- horz. @ magn equator
(many Neoprot. glacial
deposits)

e Magn polar drift avgs
out on T~10 ky

Image from P. hoffman



Paleolatitude of
Neoproterozoic

Glacial Deposits
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Determined from
Paleomagnetism

Fig. 1 Global distribution (a) of Neoproterozoic glaciogenic deposits with estimated
palacolatitudes basad on palweomagnetic data (modified from Evans, 2000).
‘Relability’ takes into account not only palweomagnetic reliability but also the
confidence that the deposits represent regionally significant, Jow-elevation e sheets
(Evans, 2000). Hstogram (b) of the same glaciogenic deposits according 1o
palazolatitude. The dscontinuous steps show the expected density function of a
uniform distribution over the sphere. Note the prepond erance of ow-latitude deposits
and absence of high-latitude deposits. This finding would not be invalidated by
plausible non-diplok components of the field, which would effectively raise the
palazolatitudes of only the mid-latitude results (Evans, 2000). The minimum in the
dstnbution in the subtropics may reflect the meridional variation in procipitation
minus evaporation due 1o the Hadley cells.

e Many glacial deposits appear to
have been formed near the equator

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?




LOW OBLIQUITY " ngh Obll(]lllty
RS @\ Hypothesis

‘9 @sun Williams (1975)
eEarth’s tilt (obliquity)

solstice\ _/solstice
controls seasonality

' *At high tilt angles (>
equinox .
HIGH OBLIQUITY 54°) the poles receive
(>54 dﬁs’)/_ @ \ more mean annual solar
" radiation than the tropics

(sun constantly overhead

in summer)!

solstice\ —_//solstice
*Glaciers may be able to

, form at low latitudes
S anhne Problems:
*Even the tropics get quite warm at the equinoxes
*Moon stabilizes obliquity

*Would need v. large impact to destabilize; moon orbit doesn’t support this
Image from P. hoffman



Snowball Earth Hypothesis: Geochemical C Cycle,
Water Vapor-T & Ice-Albedo Feedbacks

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

e Harland (1964); Kirschvink (1992)
e Hoffman et al. (1998) Science, v. 281: 1342-6; Hoffman & Schrag (2000) Sci. Am., Jan: 68-735.

Snowball Events:
* Breakup of equatorial supercontinent
770 Ma
e Enhanced weathering from increased
rainfall (more land close to sea)
e Drawdown atmospheric CO, = Global
cooling
e Runaway albedo effect when sea ice <
30° latitude
* Global glaciation for ~1-10 Myr (avg T
~-50°C)
e Sea ice ~1000 m thick, geothermal heat
The big fFeeze: i rapil growthct flux (0.07 W/m?) keeps ocean liquid

the ice caps envelop the entire planet?

Lubick (2002)



Stage 1

HOT
SPRING

Hoffman & Schrag (2000)

Prologue

Snowball Earth Prologue to

Snowball

CARBON DIOXIDE

VOLCANO

e Breakup of equatorial
supercontinent

e Enhanced weathering
from increased rainfall
(more land close to sea)
e Drawdown
atmospheric CO, =2
Global cooling



Stage 2
Snowball Earth
at Its Coldest

SAND
DUNES

Hoffman & Schrag (2000)



S;ab/e icel-free brénch

90° (e e

S)

Unsétab/e
Stable

present meridional
60° |- heat transport

70% present meridionél
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see Caldeira and Kasting (Nature 359: 226, 1992), and
lkeda and Tajika (Geophys. Res. Lett. 26: 349, 1999).

Steady-state ice lines as a function of atmospheric pCO,,

el

Runaway

Albedo
Feedback

Eq continents, incr
weathering, lowers
CO,, slow cooling,
equatorward
movement of ice.
Runaway albedo
Slow buildup of CO,
from volcanoes
Rapid decay of ice in
10% yr. High T, from
enhanced H,0-T
feedback.

Slow CO, drawdown
from weathering

Image from P. hoffman



GLACIERS

Stage 3
Snowball Earth
as It Thaws

Hoffman & Schrag (2000)

* Global glaciation
for ~1-10 Myr
(avg T ~-50°C)

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



Glaciated Terrain

_/

The Vallee Blanche, Monf Blane, French Alps




Evidence for Snowball
e Stratigraphy: globally-dispersed glacial deposits.

» Carbon isotopes: negative 8'°C,o; excursions through
glacial sections (8'3C reaches ~ -5 to -7%o). Little or no
biological productivity (no light).

* Banded iron formations w/IRD: only BIFs after 1.7 Ga.
Anoxic seawater covered by ice.

e Cambrian explosion (circumstantial): Rapid
diversification of multicellular life 575-525 Ma expected
to result from long periods of 1solation and extreme
environments (genetic "bottleneck and flush").



Carbon Isotopic Evidence for Snowball

e 313C values of -5%0 (mantle value) consistent with “dead” ice-
covered ocean

Mesoproterozoic | Neoproterozoic| Phanerozoic
10—r—7"7"—"1 — 110
g L (more organic burial)
T N e -
> L
£ g A\
_e L
S L
(3’ L (less organic burial)
™ Sl G I """"""""""""""
Snowball events > %k *%? 1
_10 [ ] 1 1 1 L 1 ] 1 ] 1 ] 1 1 1 ] | _10
1400 1200 1000 800 600 400 200 0

Age (millions of years before present)

Secular variation in carbon isotopic composition of shallow marine
carbonates over the last 1600 million years (adapted from Kaufman,

1997, Kah et al., 1999). Image from P. hoffman



inorganic carbon burial:
CO, + CaSiO3 =—» CaCO; + SiO»

organic carbon burial:
CO> + HoO =— CH2O + Oy

volcanic

carbon -10
input

(-6 %) 20

-30

%— modern ocean

0.0 0.2 0.4 0.6 0.8 1.0
Corg/[Corg + Ccarbl

"*Crpg(sample) = [(Rsample - Reoe) / Reog] x10°
(where R = 13C / 12C)

Carbon
Isotope

Fractionation

e As fraction of
carbon buried
approaches zero, 0
I3C of CaCO,
approaches mantle
(input) value

Image from P. hoffman
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Carbon Isotopic
Excursions

300-500Ma

e Carbon isotopes in
organic and inorganic
carbon from the
Neoproterozoic indicate 4
periods when 10% or less
of the carbon buried in the
rock record was organic.

» Consistent with very low
primary productivity in an
iIce-covered ocean

Hayes et al, Chem Geol. 161, 37, 1999



If O, is absent, iron is soluble as ferrous (Fe®*) ion.
If O, is present, iron is insoluble as ferric (Fe**) ion.

The Return of
(XPAL)' atmospheric axygen keveals “""'_I
| flammer o] Banded Iron

102 F 1
10" ..w——'/ ' Formations

Abundance of sedimentary
iron-formation through time

e After a ~1 Gyr
1 absence, BIFs return to

3.0 20 10 0 the geologic record
Age (billions of years before present)

Snowball earth: anoxic ocean

Sealce
Py ) /
,/L. [ F92 S . . .
Fe2? e Consistent with 1ce-
covered ocean

e Implies anoxic ocean

ron-formation

Deglaciation: ocean ventilation Image from P. hoffman



, anoxic ocean?

covered

= Ice-

BIF + Dropstone

Image from P. hoffman

McKenzie Mtns., Western Canada



Metazoan Explosion: Response to genetic
bottlenecks & flushes?

18s rDNA FOSSILS
sequence mmm stem groups Faunal
phylogeny s crown groups| —— diversity
i 80 Arthropoda
_E Nematoda 1
Priapula |
1 Mollusca i
[l — Annelida 2
Payhelminthes
orders .
1 =classes 40 Brachiopoda
i ] Chordata i 3
Echinodermata |
? 20
nunn v : Cm&n&
III?IIII 0 anfe,a
LATE NEOPROTEROZOIC CAMBRIAN
(v} | — | B — T | — | — T | —
Protostome- 600 550 500 l Ecd:sct)zo;
deuterostome Th ophotrochozoa
divergence AGE (millions of years before present) 3 Deuterostoma

THE METAZOAN EXPLOSION

Image from P. hoffman



Breaking out of the Snowball

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

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




Bring on the Heat: Hothouse follows
Snowball?

Hothouse Events
Stage 4 e Slow CO, buildup to ~350

Hothouse Aftermath PAL from volcanoes
* Tropical ice melts: albedo

feedback decreases, water
vapor feedback increases
S5’ e Global T reaches ~ +50°C in
] 10% yr
e High T & rainfall enhance
weathering
e Weathering products + CO, =
carbonate precipitation in

CARBONATE
SEDIMENT

warm water



SNOWBALL FREEZE-FRY SCENARIO

albado ~ 0.3

albedo ~ 0.6 ) .. m

2 T
Y

deep trepasphare == km

albedo ~ 0.4 (with clouds) 10
C02'< 1m

4. 50PC
c "cap’ carbonate
-5

Cartoon of one complete 'snowball' episode, showing varations in planetary albedo,
atmospheric carbon dioxide, surface temperature, troposphearic depth, precipitation,
glacial extent, and 2ea ice thickness. Stage 1. incipient glaciation; 2. runaway ica-
albedo (onset of 'snowball'); 3. end of 'snowball’; 4. transient 'hothouse' aftermath.

One
Complete
Snowball-
Hothouse

Episode

Image from P. hoffman



The Geochemical Carbon Cycle

Volcanoes F?a.n washes (weathering)

CO, J of air g e e ~ ™ ’
| , (metamorphism)
| (/i

"F?. vers wash cations
and bicarbonate to ocean

(_ al (.73 Jﬂd qn’(_jz dC-‘DG’Ql
as sedwnent on seafloor

e

oceanic crust continental

V4 / crust
/

Sediment subducts to/” mantie
source of volcanoes’

[Processes lettered in blue are absent in a snowball Earth]

Image from P. hoffman



CARBONATE WEATHERING

weathering:
CaCOz + COs + Ho,O —»

transport:
Ca2* + 2HCO3~ —»

sedimentation:
CaC03 + C02 + HQO

SILICATE WEATHERING

weathering:
CaSiOg + 2H,0 + 2C0Oo —*

transport:
Ca?t + 2HCOg3™ + 2H* + Si0O32* —»

«— Authigenic

deposition:
CaCOaq + Si0sH20 + HoO + CO»

Enhanced
Weathering of
Rocks Results

in Precipitation
of Minerals 1n
Ocean

* High T & CO, cause
increase in weathering
rate of continents

e Products of weathering
carried to ocean by rivers
* Precipitated as CaCOj,
& Si10, minerals 1n ocean



Geologic Evidence for
Hothouse Aftermath:
“Cap Carbonates”

Thick sequences of inorganically
precipitated CaCO; cover
Neoproterozoic glacial deposits
globally.
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Cap Carbonates

e Thick sequences of
inorganically precipitated
carbonate minerals cover
Late Proterozoic glacial
deposits.

e Consistent with
massive flux of
weathering products to
ocean in snowball
aftermath.

Hoffman & Schrag (2002) Terra
Nova, Vol. 14(3):129-155.
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Aragonite (CaCO;) Fan in Namibia

* Carbonate fans form when CaCOj; rapidly precipitates from water
Image from P. hoffman
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elapsed ime (10 years) since Ice-abedo unaway
o

Summary of
Snowball-
Hothouse
Sequence

giotal mean surlace lmperature (°C)

Effective solar flux (wrt presant)
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How Long Did it Last?

e Big open question! Recent work by Sam Bowring (MIT)
suggests glacial episode lasted < 1 Myr

Carbon isotopic excursion associated with snowball glaciation

Estimated time before
snowball glaciation
(millions of years)

Estimated time after
snowball glaciation

(thousands of years)

2.0 1.0 0 L 0 5 10
sof = - 80
6.0 jummmmmmnnyg | SNOWBALL — {60
sof % | GLACIATION A:L B, I
Of . 1 4
13c 20F % | ~10 million years 4 20
0.0 [ (modern ocean) .‘_ 1 0.0
(%.PDB) [ : No ‘.03 |
20F & 1-20
of 50m/myr ! carbonate a ”0 1
i | record . .0’ §| 40
6.0 | tann® < -6.0
1 1 1 f’ fl 1 1 1
-100 -50 0 0 200 400
Stratigraphic thickress Stratigraphic thickness
below glacial surface above glacial deposits
(meters) (meters)
| BT IMEP»™ |

 Glacial episodes
probably lasted < 1
Myr
e Cap carbonates
likely deposited
within 103-10% yr

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 (?)
> Caveat: John Edmond, a highly regarded geochemist at
MIT (now deceased) found that weathering rates were
limited by abundance of fresh rock, not temperature. Based
on analyses of dissolved major & minor elements in Siberian
and tropical rivers.
e Increased bioturbation (eukaryote diversity following re-
oxygenation of ocean) = higher rates of remineralization: Less C
accumulation in sediments offsets lower weathering rates, so
atmospheric CO, may be kept from reaching extremes
e Lower iron & phosphorous concentrations in better-oxygenated
Phanerozoic ocean [Fe(Il) is soluble; Fe(IIl) 1s less so]: Decreased 1°
production = Decreased CO, drawdown.

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




news feature
I

Snowball
fights

Did the world fre
» half a billion

Harvard scientists think
S0, but convincing
other climatologists is
proving difficult. Naomi
Lubick tracks the latest
twists and turns in the
snowball Earth debate.

aul Holfrman and Daniel Schrag have
P had o basy few years. In 1998, the two
Harvard University geologists ekin
dled a radical idea: that onat kst one oco
sion between 580 million and 750 million
years ago, the Farth Ly entirdy encrusted in
ice for tens of milliors of years. This snow
ball Farth’ hypothesis seemed to explain
some puzzling geological dhata, But it was
then, and the debate shows no
sign of letting up
Sceptics first ssked how the Farth could
freeze and thew in such a shoet geologioal
time. Climate modellers have sinee ques
ticned whether ice sheets could have reached
l't'Iqul;llnl.}\ll“;lsl yearcame anassault on
Hoffiman and Schrag’s central line of geolog
ical evidence, The proponents of snowkall
Farth, itseems arcon theddersiveonce more.
The idea of a global glaciation was firs
propesed in the 196805 by Mikhail Budyko of
the Main Geophysical Observatoey in St
Petersburg, Russia. Bucvko looked at what
would happen if the Farth's climate were to

cool dightly, prampting an incresse in the
size of the polar ice-caps. lee reflects heat
from the Sun, so this growth woukd cause
further cooling, Rurenwary growth of the ice
caps could result, Bucyko angued, eventually
leaving the Earth entirely sheathedinice!,
Budyko's idess explained puzzling evi

dence, including signs of scouring of rocks
by ice, that semed to imply that glaciers
reached the l‘:qlumv onat least twooccasions
between 580 million and 750 million years
ago, towards the end of the Nl()pmlutxn i
periocl. This was baflling. because ice sheets
reached only as far as northern Europe dur

12

The big freezw: did rapid growth of
tha i caps ernvelop the entire planet?

ingmore recent ice ages. But Hn(f_\'kn'sﬂn)l)'
had some hales in it. What, for example,
eventually caused theice to the?

Iron out

In 1992, Joseph Kischvink. a geologist at
the California Iistitute of Technology in
Pasadena, provided an explanation of how
the ice could have meeded’. Kirschvink,

who coined the term snowball Earth! real
wed that noemal cycles of min and erosion,
which play an important ole in emoving
carbon dinxide from the atmosphere, would
have shut down il ice had conered the
ocears. Carbon dioxide meleased by volea
noes woukd then build up in the atmos

Volcnic C0, m‘:ly have caused a gm:nhu;m
effect that freed snowball Earth from itsicoage.

W\ = 2002 Macmillan Magazines Ltd

phere, eventinlly creating enough green
house warming to melt the ice sheets

Kirschvink also pointed out that a siow
ball Farth could exphin another strange
geological deposit iron-rich rocks that
formed near the end of the Neoproteromic.,
Iron isadded to the ccean at geothermal vents
in the sea Mloor and precipitates cut of sea
waterwhen itcomes intocontact with cocygen.
But if the oceans had been capped with ice,
axygen levels in water woukd benve falken and
dissohed iron would bene built up. Ohygen
levels would hane incressed when the e
melted, cusing buge amounts of ion o
precipitate outand fall to the sealoor.

Six years later, Holfman and Schrag,
together with colleagues at Harvard, pub
lished the paper that thrust the hypothesis
back into the limdight’. They had studied
ratios of carbon isctopes in rocks fonmed
when carbon-containing compouncks pre
cipitated] cut of sea water. Phatosynthetic
marine microorganisms take up carbon,
preferring the lighter carbon- 12 isotope to
the heavier carbon-13 — so photosynthesis
causes carbon- 12 levek in water to fall,
lesving less of that sotope to precipitate out.

But when HolTman and Schiag looked at
‘cap carbonates’ sediments that were
depesited tovwards the end of the Neoprotero
znic ghciations — they found surprisingly
high levels of carbon-12. In fact, the ratio of
carbon sotopes suggested that almest no
photosynthesis had ccoumed in the waters
from which the rodes precipitated. This, they
reascaed, was exact ly what woukd occur if e
had covered the oceanand starved itof light.

Jourmals' correspondence columns were
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Potential Problems
with the ‘Snowball
Earth hypothesis’

e Ocean/atmosphere climate
models cannot seem to keep
entire ocean covered with ice
* Weak evidence for lower
sea level

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

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



Alternate Cause for Cap Carbonate Deposition &
I3C Depletions:
Gas Hydrate Destabilization

» CaCOj precipitation does not require

increased weathering flux of minerals

e Can be caused by increased seawater

alkalinity resulting from CH, consumption

by sulphate-reducing bacteria

Kennedy et al. (2001) Geology Vol. 29(5): 443-446.



Figure 1. Cap carbonate lithofacies: A: Typical laminated dolomicrite. B: Facies with domal
and tepee-shaped structures and abundant cement, overlain by laminated dolomite. C: Detail
of B showing growth of tepee-shaped structure and sheet cracks lined by isopachous cement.
D: Brecciation in core of structure, related to repeated bedding disruption and cementation.
E: Tubestone facies, attributed to outgassing of methane. F: Roll-up structure, interpreted to
represent microbial binding by chemosynthetic and/or rotrophic organisms in deep water.
All examples are from northern Namibia, except D (Kimberley region, Australia).

Structures in Cap
Carbonates May
Result from Gas

Release

* Gas Hydrate = [H,O +
hydrocarbon (CH,)] ice
* CH, from biogenic +
thermogenic
decomposition of
deeply buried C_,

* Biogenic CH, has very
low 613C (-60 t0-90%0)
» Sequestered as hydrate
in permafrost (> 150 m)
& along continental
margins (> 300 m)

* Destabilized by
increased temperature

* CH, released from
flooded permafrost
during deglaciation

Kennedy et al. (2001) Geology
Vol. 29(5): 443-446.



Gas Hydrate Stability Influenced by T & P

Last Glacial Maximum Early Holocene

- CH, released to atmosphere
500m {p€ s
\2:\ ‘: Shelf no longer stable here
. - ' with respect to gas hydrates
om | Z A BEA kove
. =
Elev. ||-Taa0eR T g
""-h._,_\\hh
-500m 4 stable P, T450 A?m\
1100 ATM /
Stability zone of gas
4100 ATM
-1000m- hydrates deepens when
ice sheet is removed
owing to decreased
pressure
okm " 4d0km S
Distance

[.°~'] Gas hydrate (CH4)

Smith, Sachs, et al. (2001) Geophys. Res. Lett., Vol.28(11): 2217-2220.
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Consortia of
sulphate
reducers &
methane-
ox1idizing
microbes
from modern
CH, seep
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Santa Barbara
Basin: Recent
methane
hydrate
releases?

o Large 3C-depletions
in seawater &
biogenic carbonates

e Likely resulted from
massive releases of
CH, when gas
hydrates were
destabilized by
changing T & P (L.e.,
sea level)

Kennett et al. (2000) Science,
Vol. 288: 128-133.



