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Climate Controls - Long & Short Timescales

e Solar output (luminosity): 10° yr

* Continental drift (tectonics): 10 yr

* Orogeny (tectonics): 107 yr

e Orbital geometry (Earth -Sun distance): 10*-10° yr
e Ocean circulation (geography, climate): 10! -10° yr

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

Outline

e Overview of Earth’s climate history

e 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)
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Total Solar Irradiance Data (referred to SARR via ACRIM-II)
Days (Epoch Jan0, 1980)
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* Contemporary Solar Variability ~0.1%
* Associated with 11-year sunspot cycle

Simple Planetary Energy Balance
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Energy Balance
@ Ereract pesorbecl (cont’d.)

E obsorhek = E;"\\ES&M "EM‘{W S = solar radiation
T received at the radius of
Cross section = T[\p\ l"S =¥ Kl ¥ S A the planet’s orbit
R E E

area of circle around star (so S is a

L =% @: 39 (1-— A) function of the
Al d( luminosity of the star &
5 = E b3 rbe the distance the planet
E m‘k"\ - is from the star)
i N 2
Yt K:‘ « T letf = . % ( P\) A = albedo; the fraction
i S of solar radiation
T Tt (3 l‘\) reflected back to space

from clouds, ice,
deserts, etc.

5 IF VS5, Ten B VTt of VA
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Albedo Change Cannot Keep the Earth from
Freezing w/ 30% lower S
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Reasonable Values of Geothermal Heat Fluxes
Also Cannot Keep the Earth from freezing w/
30% lower S
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Earth’s Incoming & Outgoing Radiation
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Molecules Acquire Energy When They

Absorb Photons
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Earth’s Surface Radiation Spectrum @
Top of Troposphere
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“The Greenhouse Effect”
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Enhanced CO, Greenhouse Effect™ Seems Necessary to

Keep Earth from Freezing > 2 Ga

300
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greenhouse effect from CO,
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How much CO, Required for Tg, .. > 0° C?

CO, partial pressure (bar)

--> About 1,000x PAL of 385 ppmV
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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

Frerremn |, x10' q C
r—”f—::\ | K]
Myt
Organic
#,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

Steady State & Residence Time

Steady State: Inflows = Outflows
Any imbalance in I or O leads to changes in reservoir size

Inflow:
60 Gton Cl/yr

Respiration

Atmospheric CO,

760 Gton C

Outflow:
60 Gton Cl/yr

1 Gton = 10% * 1000 kg = 105 g

Photosynthesis

* The Residence time of a molecule is the average amount of
time it is expected to remain in a given reservoir.

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

13



The Biogeochemical carbon Cycle

Bowla)

1. Organic Carbon Burial and Weathering

(02 + ho== N0+ 0,

2. Tectonics: Seafloor Spreading Rate

e Mantle CO, from Mid-Ocean Ridges

3. Carbonate-Silicate Geochemical Cycle
e Chemical Weathering Consumes CO,

e Carbonate Metamorphism Produces CO,

Chemical Weathering = chemical attack
of rocks by dilute acid

+ H,0 <---> H,CO,

1. Carbonate Weathering:

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

2. Silicate Weathering:

CasSio, }» 2 H,CO; --> Ca** + 2HCO; + SiO, + H,0

* 2x CO, consumption for silicates

¢ Carbonates weather faster than silicates

The Geochemical
(or non-biological
part of the)
Carbon Cycle

http://en.wikipedia.org/wiki/Image: Yosemite_20_bg_090404.jpg http://en.wikipedia.org/wiki/Image:Burren_karst.jpg

Carbonate Rocks (e.g., limestone)

Silicate Rocks (most of the
mantle & crust. E.g., granite)

14



* Rivers
transport
dissolved ions
to ocean

Adapted from Kump et al. (1999)

Carbonate rocks
weather faster
than silicate

o Coccolithophrid
(CaCo,)

Products of
weathering
precipitaed as
CaCO; & SiO, in
ocean

R, Protozoans
(SiOZ) L, Eukaryotic Phytoplankton

Foraminifer
(CaCo,)

15



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

CaSiO; +[CO,| --> CaC0, + $i0,

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

¢ Plate tectonics returns CO, via Volcanism

and Metamorphism

Carbonate Metamorphism

CaCo, +Si0, --> CaSiO,

¢ CO, produced from subducted marine
sediments

Net reaction of
geochemical
carbon cycle

(Urey Reaction)

* On geologic time
scales, rock weathering
balanced by carbonate

metamorphism

* Any imbalance can
cause changes in
atmospheric CO,

Carbonate-Silicate Geochemical Cycle

MetogaotphC
(+monsle) E%z.

Moae Derwed
Co,

Mid-ocean
ridge (A
1 CO,

|re|ease "

D3 + Siba

v
.

i, Deep-sea trenc

Carbonate
metamorphism

(W03 *§i02 2 (o810 ¥ (Oa

Kump et al. (1999)
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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

* 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.)

Adapted from Kump et al. (1999)

How are CO,
levels kept in
balance?

Feedbacks

Atmes.CO,

{Surface ‘T.,*! ) svcém#\\?ae

(&)

v

&
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Climate
History of
i - Earth:

Case Studies
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Proterozoic
Glaciations

(‘Snowball
Earth’)

The hig freeze: did rapid growth of
the ice caps envelop the entire planet?

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




;750] Mé'l 720 Ma- v
[ /

U VvV | W/

f organic-C burie

-1 00
" sturtian 'mw '::f\lllaring‘énNai'%’nger
glacial(s) ' glacial(s)

e
L sl 8| [emm = Earth’s
g MEsozoic | 186 Nl * 651 .
4 -‘*—“ Cretaceous 78 Cllmate
| ) History
) | s 900 i A\ 4 - =7
z W 286—{
% 2500— 2 | Pennsylvanian Sl 39 H
g_liié%iiiil - L = 1. Late Proterozoic
z o) Ll e gees . 360— GlaCiationS
é MIDDLE 400 § : g “
) g':? EARLY 400 g I 0 13 )
: o e * .. (‘Snowball Earth’)
g p . J — 505 —
Cambr § + 39
Agw, W@
»oo T ™0 660 &00 S50
0'3C limestones N 1
oA T Carbon Igotoplc
s A~ I\ Excursions
»l 1 ."I/ #
10 i 800-500Ma
D‘“"-"""" e ——— . A a8
s [ 813C marine- II \ (1 ;:
in organic matteru |J {20 ° What Caused
B E u‘ \ I 1 these massive
.J_ ” ) i I "l \ 4R .
g@E/V s "N
B | fmadionaton | | perturbations to
2| Vo eroc Vol the carbon cycle

during the late
Proterozoic?
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Late Proterozoic Glaciations: Evidence

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

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

Snowball Events:

Stage 3 . .
Snowball Earth °Brea:k1%p of equatorial supercontinent
as It Thaws (Rodinia) 770 Ma
*Enhanced weathering from increased
rainfall (more land close to sea)
& eDrawdown atmospheric CO, < Global

cooling

*Runaway albedo effect when sea ice <
30° latitude

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

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

GLACIERS

20



**% Ended Here - 11/12/08 ***

21



Evidence for Glaciers on All Continents: 0.9-0.6 Ga

1(?) 1(?)
11(?)

Fig. 12.3. Global distribution of major late Precambrian glacial centers on a map showing the present dispersal of
continents. [, II, III refer to glaciations identified by Williams (1975) as centered on ~610 Ma, 750 Ma, and 950 Ma,
respectively. A subsequent y of late P brian 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.

Frakes (1979) in Crowley & North (1991)

Geologic Evidence for
Glaciers

Tillites

« Tillites: Packed pebbles,
sand & mud. Remnants of
moraines

Glacial *_Glacial Striations:
Striations | Scratches from rocks
dragged by moving ice

» Dropstones: Rocks
transported by icebergs and
dropped into finely
laminated sediment (IRD).

Dropstones

Adapted from Kump et al. (1999)
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Glacial sediments — poorly sorted, angular clasts
including dropstones — Namibia c. 750 Ma

Tmage: Daniel P.Scdmag

Neo-
proterozoic
Glacial
Deposits
From Norway,

Mauritania, NW
Canada, Namibia.

*Tillites (a)
eGlacial striations (b)
*Dropstones (d,e.f)

Hoffman & Schrag (2002)
Terra Nova, Vol.
14(3):129-155.
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Equatorial Continents 600 Ma following Breakup of Rodinia

SOUTH CHINA  AUSTRALIA

SIBERIA. v a7 AKHSTAN
NORTH AMERICA
AFRICA
INDIA

WEST

AFRICA .
g EASTERN
3 SOUTHAMERICA  » NORTHERN | SOUTH AMERICA Hoffman
[ EUROPE ANTARCTICA & Schras
B t=}
: (2000)

EARTH'S LANDNMASSES were most likely clustered near the equator during the global
glacations 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).
*Harland & 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

N N ¢ Paleomagnetism:
latitude of rock formation
¢ Natural Remnant
Magnetism (NRM):

inclination varies with

GORE “magnetic” latitude

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

* Magn polar drift avgs

S out on T~10 ky
THE EARTH'S DIPOLAR MAGNETIC FIELD

S

Image from P. hoffman

24



a . Paleolatitude of
3 Neoproterozoic

— f "4} Glacial Deposits

¥\ 7 )
| W 77 -

N N N o W R A a4 Determined f.rom

e Paleomagnetism

@ 00-10° 0 10-20" ©020-30" 230-40" »40-50" #50-80° 0 no data
O “wwry riabis” O "moceruely relable” O "somenhat relleble®

b I “wry relivbie’ Fig. 1 Global distribution (3) of N i ghiciogenic deposits with estimated
palazolatitudes based on palieomagnetic data (mod:t»d from Evans, 2000).

[ "moderetely relinbis® “Reliability’ takes into account not only paleomagnetic reiability but also the

confidence that the deposits represent regionally significant, low-elevation e sheets

:I “somewhat rellable’ (Evans, 2000). Hitogram (b) of the same glaciogenic deposits according to

- Erm debibution palazolatitude. The dscontinuous steps show the expected density function of a

uniform distribution over the sphere. Note the preponderance of bow-latitude deposits
and absence of high-latitude deposits. This finding would not be invalidated by
phlusible non-diplok components of the field, which would ﬁ.\.uv ely raise the
pah.ohmnda of only the mid-latitude results (vai 2000). The mmmum m lh-.
distribution in the subtropics may reflect the variation in p

minus evaporation due to the Hadley cells.

o* 10" 20° 30" 40" 50° &0* W 80° o0

e Many glacial deposits appear to
Palascolatitude Ve P bp

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 — High Obliquity
(23'5@”_@\\ Hypothesis

.SUN Williams (1975)
soIince\ _/solstice *Earth’s tilt (obliquity)
controls seasonality
. *At high tilt angles (>
equinox

HIGH OBLIQUITY 54°) the poles receive
(>54 degrees) @ more mean annual solar
/ \ >" radiation than the tropics
@sun
in summer)!

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

form at low latitudes

(sun constantly overhead

equinox 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. hoffiman

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

~4 global glaciations followed by extreme greenhouses 750-580 Ma
* Harland (1964); Kirschvink (1992)

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

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

26



Stage 1

Prologue

Snowball Earth Prologue to

Snowball

CARBON DIOXIDE

HOT

SPRING VOLCANO

Hoffman & Schrag (2000)

* Breakup of equatorial
supercontinent

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

Stage 2

at Its Coldest

Snowball Earth | 1D€ep Freeze

SAND
DUNES

Hoffman & Schrag (2000)

* Global cooling
causes sea ice margin
to move equatorward
* Runaway albedo
effect when sea ice
<30° latitude

* Entire ocean
possibly covered with

1C€

27



S;able icel-free br:anch
)

— 1 Unstable —
Stable

90°

atitude

© present meridional
— BQ°| heattransport

(O]

5 70% present meridional

= L heat transport 4) -

© 4

3 Stabl

— table
30° -

N \.(3.). Unstable

b M)

) L e ;i

8 Ill.......

0° Stable ice-covered branch %"\ _

| | | 1 1 1
10° 104 10° 102 10! 10°
pCO> (bar)

Steady-state ice lines as a function of atmospheric pCOo,
see Caldeira and Kasting (Nature 359: 226, 1992), and
lkeda and Tajika (Geophys. Res. Lett. 26: 349, 1999).

1

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
102 yr. High T, from
enhanced H,0-T
feedback.

Slow CO, drawdown
from weathering

Image from P. hoffman

Stage 3
Snowball Earth

Snowball

as It Thaws

GLACIERS

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

28
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Evidence for Snowball

* Stratigraphy: globally-dispersed glacial deposits.

* Carbon isotopes: negative 6!°C,; excursions through
glacial sections (3'°C 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 may have
resulted from long periods of isolation and extreme
environments (genetic "bottleneck and flush").
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Carbon Isotopic Evidence for Snowball

¢ §13C values of -3%o (mantle value) consistent with “dead” ice-
covered ocean

10 Mesoproterozoic | Neoproterozoic| Phanerozoic 10

[ (more organic burial)

8Cearb (%/es VPDB)

¢ Snowball events *k kk?

_1 0 [ I 1 1 1 n L fn 1 L 1 1 1 L 1 Il ] _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:

COy + CaSiO3 =— CaCO3 + SiO» Carbon
organic carbon burial:
COp + Ha0 <—» CH;0 + Oy Isotope

o | Fractionation

PDB

10
0
-10

(O/OO)

volcanic

carbon
input
(‘6 0/ oo) -Zq

-30

e As fraction of

carbon buried
org approaches zero, 8

i / 13C of CaCO,

— approaches mantle
0.0 0.2 0.4 0.6 0.8 1.0

Corg/[Corg + Ccarbl

(input) value

"*Cppa(sample) = [(Rsampie - Repe) / Reps] X107
(where R = 13C / 2C) Image from P. hoffman
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Carbon Isotopic
Excursions

800-500Ma

 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
ice-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.

(xPAL)
1

" | atmospheric oxygen b:jl:’/---.a_,

w02 b s
o //

Abundance of sedimentary
iron-formation through time

3.0 20 1.0 0
Age (billions of years before present)

Snowball earth: anoxic ocean

Sealice ——
Fa2+ s Fe+ v
Fe?t
mid-cosan ndge 1
hycrethermal” , O ) Fe+ )
em ~
- L- Fef: (——"' dropstones
» cu

Deglaciation: ocean ventilation

The Return of
Banded Iron
Formations

 After a ~1 Gyr absence,
BIFs return to the
geologic record

* Implies anoxic ocean

¢ Consistent with ice-
covered ocean

Image from P. hoffman
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BIF + Dropstone: Likely formed during deglaciation following
an ice-covered, anoxic ocean associated with a SBE episode

. 4 - -~

A ]

McKenzie Mtns., Western Canada Image from P. hoffman

Cambrian Explosion (or Radiation):

e A genetic (or

Response to genetic bottleneck? sopulation) bottleneck
is an evolutionary event
185 DNA FOSSILS in which a significant
Sﬁqluence m=— stem grups R‘-::gly percentage of a
phylogeny m— Crow/N groups

population or species is
killed or otherwise
prevented from

Nematoda

80 Arthropode
1
Priaputa

Mollusca :
Anmeida reprodu.cmg., and the
|:. ordere Playyheiminthes population is reduced
[ classes 40 Brachiopods by >50%.
Chordata .
0 Echinodormsta ]3 * Population bottlenecks
o Cridaria increase genetic drift, as
) the rate of drift is
mnm 0 Porifera N .
LATE NEOPROTEROZOIC CAMBRIAN inversely proporﬁgnal
Potome. | 600 550 500 |1 Ecdwozca to the population size.

2 Lophotrochozoa

3 Deuterostoma e Increased genetic drift

can result in rapid
speciation, such as that
observed during
Cambrian Explosion.

deuterostome - AGE (millions of years before present)
divergence

Rate of evolution (=extinction & origination rate of
species) accelerated by an order of magnitude

Image from P. hoffiman; http://en.wikipedia.org/wiki/Genetic_bottleneck
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Breaking out of the Snowball

* Volcanic outgassing
of CO, over ~106 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?

Stage 4
Hothouse Aftermath

CARBONATE
SEDIMENT

Hothouse Events
* Slow CO, buildup to ~350
PAL from volcanoes
* Tropical ice melts: albedo
feedback decreases, water
vapor feedback increases
* Global T reaches ~ +50°C in
102 yr
* High T & rainfall enhance
weathering
* Weathering products + CO, =
carbonate precipitation in
warm water
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SNOWBALL FREEZE-FRY SCENARIO

One
Complete
Snowball-

Hothouse

’ albedo ~ 0.6
2, T

dacial de ”"

sea ice
~0.4 km

deep troposphare ==

"cap’ carbonate

albedo ~ 0.4 (with clouds)

-

Cartoon of one complete 'snowball' episode, showing variations in planetary albado,
atmospheric carbon dioxide, surface temperature, tropospheric depth, precipitation,
glacial extent, and sea ice thickness. Stage 1. incipient glaciation; 2. unaway ica-
albedo (onsat of 'snowball’); 3. end of 'snowball’; 4. transient 'hothouse' aftermath.

Episode

clastic MIMA

Image from P. hoffman

High Atmospheric CO, Increases Weathering Rate
of Rocks & Drives Reaction to the Right

Volcances Rain washes (weathering)
it ut . .
co, C0; ou CaSiO; +/CO, e=* CaCOj, + SO,
; (metamorphism)
7 //‘/ fi

{ Bivers wash cations

and bicarbonate to ocean
CaCOg and S10;, deposits
as sediment on seafloor

oceanic crust continental

7/
/ / crust
/

Sediment subducts to/ mantle
source of volcanogs’

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

Image from P. hoffman




CARBONATE WEATHERING

weathering:
CaCO3+ COs + HoO —»

transport:
Ca2* + 2HCOy™ —»

sedimentation:
CaCO3 + COs + H2O

SILICATE WEATHERING

weathering:
CaSiO3 + 2H,0 + 2C0O5, —*

transport:
Ca?* + 2HCOg3™ + 2H* + Si032* —»

deposition: & Authigenic
CaCO3 + SiO2H20 + Ho0 + COs

NS————

Enhanced
Weathering of
Rocks Results

in Precipitation
of Minerals in
Ocean

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

* Products of weathering
carried to ocean by rivers
* Precipitated as CaCO,
& SiO, minerals in ocean

Geologic Evidence for
Hothouse Aftermath:
“Cap Carbonates”

Thick sequences of inorganically
precipitated CaCO; cover
Neoproterozoic glacial deposits

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

* Consistent with
massive flux of
weathering products to

SB

SB == SB] —- sa
f
E shale [ - ] sandsione
E cap limestone camanishone
MF MF [T cap gowstons

n glackal diamicita

E micrtiz Dj calcidolarenite

ocean in snowball
aftermath.

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

$4202468

8%

Glacial
Deposit
Overlain by

\ Cap

Carbonate in

Namibia
(~700 Ma)

Hoffman & Schrag (2000)
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Aragonite (CaCO;) Fan in Namibia

* Carbonate fans form when CaCOj, rapidly precipitates from water
Image from P. hoffman

; E:Iandshoek GeOIO g]C &
i . platform .
A T y Isotopic
’} || Change
i 5 | Associated
| } =8 with
> 1~ .50 «5'C g
b4 2 } Snowball
f=— E 3 Event
- ¢ | (Namibia)
) 4 =
ok {\J I
g cap dolostone }
52"“ €
Elph
(+r subaerial exposure surface ) , 0/ 5 0 5 \ Hoffman & Schrag
85180 %o VPDB S13C (2002) Terra Nova,

Vol. 14(3):129-155.
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Summary of
Snowball-

global mean surlace kmperature (ucj

] Hothouse
cot Sequence
z
i Effective solar flux (wrt presant)
g [ 0.9 1.0 11 12 1.8
i ! " [ co-fioe banch 5 !
s SE I e
& 2 unstable range
= L - B | 0.7 meriional
g ] i heat fransport
g I ;™= Present
g0r | @
E |
L | < with Es=1.0
| \..,..: unstable mnge
I.{:..“""!-
o
I3 ul'acm'nmldblzmd: . 4 ,
10% 10* 10%° 102 10!
pCO; (bar)
Note: T estimated from
E balance model Hoffman & Schrag (2002) Terra Nova, Vol. 14(3):129-155.

How Long Did it Last?

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

I Carbon isotopic excursion associated with snowball glaciation I

Estimated time before Estimated time after
snowball glaciation snowball glaciation
(millions of years) (thousands of years)
.0 1.0 0 5 10 . .
802 — 7/ — * Glacial episodes
OF 1 80
6.0 jammmnnmEnyg SNOWBALL 4 6.0 probably lasted < 1
aof % | GLACIATION ' 140
of . 14 Myr
13C 20F '.‘ ~10 million years 4 20
ookl Y d 0o ° Cap carbonates
(%- PDB) L .. No ’.'0! )
20F » 120 likely deposited
[ -som/'myr carbonate & y dep
ot oot B @ 140 hin 1054104 yr
60F o ma® {60 y
400 -50 0 o 0 200 400
Stratigraphic thickness Stratigraphic thickness
below glacial surface above glacial deposits
(meters) T / M E (meters)

Image from P. hoffman




What kept this from happening after ~580 Ma?

e Higher solar luminosity (~5% increase)
¢ 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 & tropical rivers.

¢ Increased bioturbation (eukaryote diversity following re-oxygenation of
ocean) = higher rates of C,,, remineralization. Less C accumulation in
sediments leaves more CO, in atmos., offsetting less CO, consumption from
lower weathering rates. Atmospheric CO, may be kept from reaching
extremes.

* Lower iron & phosphorous concentrations in better-oxygenated
Phanerozoic ocean [Fe(II) is soluble; Fe(IIl) is less so]: Decreased 1°
production = Decreased CO, drawdown.

* CO, fertilization of land plants (after ~400 Ma)=Negative feedback on
CO,. Higher CO, leads to increased plant growth through both T and CO,
response. Draws down CO,. Less plant growth from lower CO, & T.

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

news feature

Snowball
fights

Didthe freeze

bilion

S think
S0, but convincing
other climatologists is
proving difficult. Naomi
Lubick tracks the latest
ind turns in the
whball Earth debate

Potential Problems
with the ‘Snowball
Earth hypothesis’

* 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.
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Stopped Here 11/17/08 ***
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Alternate Cause for Cap Carbonate Deposition &
3C Depletions:
Gas Hydrate Destabilization

» CaCO; precipitation does not require

increased weathering flux of minerals

 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.
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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 chemosynthefic and/or heterotrophic 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,0 +
hydrocarbon (CH,)] ice
* CH, from biogenic +
thermogenic
decomposition of
deeply buried C,,,

* Biogenic CH, has very
low §'3C (-60 t0-90%o0)
* 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

CH, released to atmosphere

Last Glacial Maximum Early Holocene
500m J]0 4, :
N\ ‘: Shelf no longer stable here
2l ATM ! with respect to gas hydrates
i
om ) ': AT sea level
3
!
Elev.
—
-500m 4 stable B, T]50 A
l100 ATM /
Stabilit f
1000 ability zone of gas 1100 arm

hydrates deepens when
ice sheet is removed
owing to decreased
pressure

T T

T
Distance

Gas hydrate (CH4)

okm 400 km

Smith, Sachs, et al. (2001) Geophys. Res. Lett., Vol.28(11): 2217-2220.
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< archaea methane seeps
é) -80 in modern
o ocean, &
-90 | CaCo,
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-100+——r—r—r——r there as a
0 5 w 15 result

Time of ion beam exposure (min)
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Orphanet al. (2001) Scianye. \ol. 243

* SO,2 reducers
produce highly 13C
depleted HCO;
which goes into

h} ‘Iﬂ"(ﬁ ocean/atmosphere
(AL .
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5 13C -89%.

Consortia of
sulphate
reducers &
methane-
oxidizing
microbes
from modern

CH, seep

B -17%0
=19%.
9% 4

Orphan et al. (2001) Science Vol. 293: 484-487
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