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Constant cyclical climate ehange

Known Cycles




Climate change over time
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IS the speed and degree of modern

climate change unprecedented?
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Sea levels

= SL always changing (Neoproterozoic glaciation £1500 m,
Quaternary glaciation £130 m)

= 116,000-128,000 years bp SL +7m

= 6,000 years bp SL in Indian/Pacific Oceans +2m

= Atolls rise as SL rises

= Many reasons for S
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Holocene highstand coral microatolls

Microatolls on dead reef flat
Orpheus Island, central GBR




Great Barrier Reef
Orpheus Island marg i n
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Holocene glacio-isostatic rebound
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Fig. |. Schemes of Holocene {A) and recent (B) crustal movements in Fennoscandia

A. 1, isolines of uplift since Middle Holocene {about 6000 yr), in metres; 2, crystalline rocks of the PreCambrian within the Baltic shield: 3. Caledonides;
4, Paleozoic and Mezozoic strata on the platform
B. 1, isolines of rate of recent movements, in mm/yr; 2, boundary line of the Wiirm (Valdaj) ice sheet; 3, limit of the ice sheet about 10,000 yr BP; 4, ice
sheet remnants about 8000 yr BP




Regional isostasy & local relative sea-level since 6 ka
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Clark, J.A. & Lingle, C.S. 1979 Predicted relative sea-level changes (18,000 Years B.P. to present) caused by
late-glacial retreat of the Antarctic ice sheet. Quaternary Research 11, 279-298.
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Hadley CRUT3v and UAH MSU vs CO2
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Temperature

Location, location, location.....
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Urban heat island effect

Annual Mean
emperature (°F)
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What i1s really measured?
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Reliability of surface measurements

The 28 years of high quality satellite data
Global

Northern Hemisphere

= Southern Hemisphere
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The Southern Hemisphere is the same temperature it was 28 years ago,

The Northern Hemisphere has warmed slightly



Models for atmospheric temperature

NASA/NSIPP




Radiosonde measurements

No ““greenhouse warming’ signature is observed in reality
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Five vears’ global ocean cooling: reality vet again disobeyvs models
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Smoothing of ice core CO, data
- why pre-industrial choice of 280ppm?

1812-2004 Northern Hemisphere, Chemical Measurement

* from 1958 Mauna Loa e CO, 5 year average Ice core Antarctica
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Doubling CO, at 388ppm
has no effect

The warming effect of atmospheric carbon dioxide

Temperature (°C)
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Water: Main greenhouse gas
& driver of CO,

0.001%

Man made
Natural

0.117% 0.066% 0.047% 0.047%
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Greenland ice sheet 54

= 130 Sitelo GISPZ, Boltzman Strobel 1994
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Is global warming melting the ice caps
and reducing sea ice?

Antarctic Sea Ice Trends
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steady state carbon cycle?

output to pelagics
ca. 2x 10" kg a™!

sediments
IC=6x10" kg
r~10%a

mantle input
ca. 4 x 10! kg a™!
(Javoy ¢t al. 1982)

oceans

Figure from
O’Nions (1984)



THE EARTH'S ATMOSPHERE BY MASS

Nitrogen
73.47%




CO, and volcanism

Table 2. Volcanic CO2 Emissions

CO2 Flux Percent from
{tonnes per day) soil degassing

--------------------- If each of the 1511 active land-volcanoes on Earth emits
............................... 5,000 t C-equivalent of CO, each day ot

(Chimistry: :

............................... => 7,5 Mt/day

_______________________________ If 4X more CO, is emitted from submarine volcanoes
stromboli | (30.0 Mt)

Kilauea => 37,5 Mt total

[ This is approximately double the amount of CO, derived
e from human burning of fossil fuels (<20 Mt/day).

s

Yulcano 270 20 413

Data sources for available COZ emissions: Gerlach et al., 1997; Allard et al., 1998;
Varley et al., 1998; Delagdo et al., 1998; Kopenick et al., 1996; Allard et al., 1994;
Wardell and Kyle, 1998; Brantley et al., 1993; and O'Keefe, 1994.




CO, and volcanism

A mantle melt may have up to 8 wt.%
CO, at ~125 km depth. Surface lava can
only hold 0.01-0.001 wt.% CO, dissolved.

The difference is degassed to the atmosphere.

Volcano

Ocaan cuz C—
bubbles

FRACTIONAL
CRYSTALLIZATION

CAMBRIAN
CORDOVICIAN
SILURIAN
DEVONIAN
CARBOMIFERQUS
JURASSIC
CRETACEQUS
CENOQZOQIC

CO, CONCENTRATION
{parts per million}
(sJ09k uoil|jiw sad swoub 200
1YY NOIVYINEOA
AD0H NNVYITIOA

A strong correlation exists between emissions of CO,

at times of extensive volcanism and deposition of

limestones during the last ~600 million years (Mikhalil
| o asies . , hredisd . Budyko).




Terrestrial felsic explosive
volcanicity

A Pathetic: Mt St Helens (1 km?3)

=2 Weather changing: (Krakatoa 1883, Tambora 1815, Thira
1470 BC)
= Gases: H,0O, CO,, CH,, HCI, HF, SO,, H,S (e.g. White Island
[NZ] 1150-4120 tpd CO,, 320-1200 tpd SO,)

~— Verlaten -~
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Anak Krakatau
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Krakatau
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Kilometers

From Simkin and Fiske, 1983



Terrestrial felsic volcanicity

Structurally-controlled volcanicity,
gas vents and epithermal systems
(Andes,Chile)




Subglacial terrestrial volcanicity

Antarctica (felsic), Iceland (mafic)

Sturge Island  Buckle Island
Young Island




Submarine basaltic volcanicity

reum-Pacific Council
neral Resources, 1981




Submarine basaltic volcanism




Acid oceans: When the planet runs out of

rocks, the oceans become acid

2Ca%" + 2HCO; + KALAISI;0,,(0OH), + 4H,0 = 3AI* + K* + 6510, + 12H,0
2KAISi;0; + 2H* + H,0 = ALSi,04(0H), + 2K, + 4Si0,
2NaAlSi;0; + 2H* + H,0 = AL, Si,O5(0H), + 2K* + 4Si0,
CaAl Si, 0, + 2H* + H,0 = Al Si,0,(OH), + Ca®

KALAISi;0,,(0OH), + 3Si(OH), + 10H* = 3AI** + K* + 6Si0, + 12H.,0

CO, + CaSiO; = CaCO; + Si0,

CO, + FeSi0, = FeCO, + Si0,

CO; + MgSIO; = MgCO; + SIO,

> nitheroceans; | ,_ : -
CO5 eXIStS as dissSolvedrgas ((:%)5 HEO5 (93%)r and CO38(8%)

S lOcean pHEISH A9 o 852

W REHWELEolq K 516
o



Submarine basaltic volcanicity

Extension, continental fragmentation, basalts and degassing

RODINIA
800-700 Ma

Lithosphere
- = 200km thick
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Terrestrial felsic explosive volcanicity

Gas-driven explosions

diatreme vent facies

endogenous
dome

tuff ring with
base surge deposits

collapsed block

MINERALIZATION
milled matrix Hanging wall split
fluidized breccia
exploits structure Bonanza

\ Fissure veins
by Brecciafil
S Stockwork veins

PHREATOMAGMATIC **: Disseminated

BRECCIAS LT high level 5: Fracture/disseminated
+ o+ 4 oa felsic intrusion

Modified from Corbett & Leach 1998, Lorenz 1986, Sillitoe & Bonham 1984 Corbett



Terrestrial felsic explosive volcanicity

CO,-driven explosions (Tahkt-e-Sulieman, Iran)




Terrestrial felsic explosive supervolcanoes

= Toba: 74,000 bp (2,900 km3)




Terrestrial basalt supervolcanoes

2 10°% km3 lava in <1 Ma

= Huge H,S and SO, emissions, temporary
surficial ocean acidity and life loss

= Roza Flow, Columbia River Basalt

>1000 km? lava

>10,000 Mt SO, aerosols I——"



Terrestrial basalt supervolcanoes

= Large provinces, sites of juvenile CO, degassing

.....
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mnd Carmp and Raabal [18285)




Submarine basaltic supervolcanoes

= Not monitored, earthquake
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Submarine basaltic volcanicity

2 Lava, hot springs, gas vents

= 64,000 km mid ocean ridges (10,000 km?3 water for cooling per
annum; buffers seawater)

Seamounts (>3,477,403" million > 0.1 km high), off axis
volcanoes (cf 800 terrestrial felsic volcanoes)

= Slow spreading (Gakkel Ridge basalts: >18.5% CO,; explosive
[19991)

(1

No monitoring; gas measurements from 20 basaltic volcanoes,
total emissions calculated at 0.08% of annual human
emissions

)
]

= Upwelling thousands of

<

l

vVears later

(=)
10}
()
@

*Hiller & Watts (2007



Terrestrial CO,-rich springs, sinters, vents




Terrestrial CO,-rich springs, sinters, vents

Milos (Greece): CO, exhalations (2.5 x 10° tpa, 013C = -1.0 to
+1.0)




Terrestrial warm springs and travertine




Submarine basaltic volcanoes

Vent CO, (gas and liquid) exhalation




Hydrothermal fluids

L
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Epithermal

Philippines)

seal carbonate veins (Acupan




Continental evaporites?




Degassing

MOLTEN ROCKS (liquid, solid, gas): Degassing of molten rocks

(2-15% gases In solution)




Carbonate lava
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Basalt CO, degassing

MOLTEN ROCKS (liquid, solid, gas):

Extension settings such as rifts (basalts, twice temperature of
felsic melts, higher gas solubility, main gas CO,), mainly
unseen)

Newp sea floor explosive acivity

F-HOIRR L aloall
Eablt magma

Bubble accumidation
B~ TTormation of a5 pockeis)

AFRICAN
PLATE

Cenozoic Volcanic
Provinces
Divergent plate
beundary
Direction of

plate moton

Sirmplified Trorm Thormbar (159907




Volcanicity, CO, and carbonate precipitation

Fig.24. Changes incarbon dioxide concentration (M, M2} und the rate of formation ol volcunic rocks
(¥} during the Phanerozoic
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Fig. 14. Time changesin voleanogenic rock valumes (1), CO; baried in synchronous carbonats rocks
2) and the ratio (%) of the contingntal sea area w the total arca of the continents (J)



Warm CO,-bearing earthquake fluids

EARTHQUAKES
Warm water and gas CO,, CH,, He etc emissions)

FRACTURES ASSOCIATED WITH AN EARTHQUAKE
AT DASHT-E BAYAZ, IRAN
August 31 1968

Modified from Tchalenko & Ambraseys 1970 Carbett
)




CO,-bearing springs

MOUNTAIN BUILDING: Thermal springs (bicarbonate), gas

vents (CO,)




Decarbonation from mountain building
MOUNTAIN BUILDING: Dewatering, degassing,

precipitation of carbonate, CO,- and bicarbonate-
bearing springs




Atmospheric CO, residence time

Authors [publication year] Residence time (years)

Based on natural carbon-14

Craig [1957] 743

Revelle & Suess [1957] 7

Amold & Anderson [1957] 10 Based an bomb carbon-14
including living and dead biosphera Bien & Suess [1967)

{Slegentialer, 1549) &9 Minnich & Roether [19567]

Bolin & Eriksson [1959] _

Broecker [1963], recalc. by Broecker & Peng [1974] Yourg & Farhall (1965]

Craig 1963] Rafter & O'Brian [1970]

Keeling [1973b)] Machta (1972)

Broecker [1974] 9.2 Broacker et al. [1980a]

Oeschger et al, [1975] 69 Stuiver [1980]

Keeling [1979] 7.53 Quay & Stuiver [1980]

Peng etal. [1979] 76(5.594) i

A Delibrias [1980]
egenthaler et al. [1980] 75 Owial & Susss (19

Lal & Suess [1983] 3.25 ess [1983]

Siegenthaler [1983] 78106 Siegenthaler [1883]

Kratz et al, [1383] 6.7

Based on radon-222
Based on Suess Effect Broacker & Peng [1874]
Ferguson [1958] 2(18) Peng etal. [1979]
Bacastow & Keeling [1973)] 6.3-7.0 Peng et al. [1983]

Based on solubility dala
Murray (1892)

Based on carbon-13/carbon-12 mass balance
Segalstad (1992)




Carbonaceous rocks

CARBONACEOUS SEDIMENTS: Natural sequestration




Carbonate sediments 2,750 Ma







Corella Formation 1750 Ma




Esperanza Formation 1640 Ma




Iitus

detr

lan

Cryogen




Flinders Ranges 800-600 Ma

If [CO,] high, then dolomite CaMg(CO;),




Great Barrier Reef, 400 Ma Napier Range




Guilin 360 Ma




Southern Victoria 50Ma




Late Tertiary: Oxygen ISotopes: ocean
proxy for ocean surface temperature

PAT003 LISIECKI AND RAYMO: PLIOCENE-PLEISTOCENE BENTHIC STACK

Marine isotope Stages 1-11
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Shark Bay, WA

Coral reefs




Where does CO, go to?

OCEANS: Especially polar and deep water

Co, (@) <=>
C02 (aq) + Hzo

HCO, (aq) <=> m@@wc@@)
%(@@)v@@*(&ql) <—> CaCoO; (s)

Net reaction:
CO, (Cl) + H,0 + Ca?t (aq) <== CaCO; (s) + 2 H* (aq)



CONTEXT: CO, - levels through time

— 280 ppm (or even 390
- COAIPERIOD g = . = or 560 ppm) indicates
4 ' ' ' CO,, starvation
compared with the

geological past

N W
& m D

N
o

—
o

‘1-\..

‘“mm
\ ST S 4

ﬂllil-ﬂ--li g

[\
o
o
o

Carbon Dioxide (ppmv)

o

Times Quaternary Average
o

500 400 300 200
Millions of Years Ago



Temperature °C
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Is the magnitude of late 20th C temperature change unusual?

The last 6 million years — ODP Site 677, North Atlantic Ocean

ICEHOUSE

. lce mam.’y in Anrarcfma Warmer

Q
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Time (millions of years)




Is the speed and degree of modern climate

Change Unprecedented (Vostok ice core; Salamatin et al.
1998; Petit et al. 2001)

350000 300000 250000 200000 150000 100000

Temp anomaly (ded.C)

400000 350000 300000 220000 200000 150000 100000 20000 0
Years BP



Temperature proxy

H,0 apy PUTfEr to maximum and minimum
temperature

~1.5
£
@-1.0

30.5
a
0

0 S0 100 150 200 250 300 350 400
Thousands of Years Ago o
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DOES CO, LEAD OR LAG
TEMPERATURE CHANGE?

CO, (ppmv)

360 4
i
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1 1

5 D (per mil)
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| i q% | 1/ i
240 i e P | -440
i | [-] I I |
b . %'%: | 450
220 + | I I | [
10 ] | I | (1] | -
l A : "m ! Dome C \[_
200 : : i ‘ % : Carbon dioxide /|
4 ; % e -
m1l  DOMEC || %008 cfmags, |
wl| ICECORE |, | [
ANTARCTICA | ' | -
! |
Holocene ! ! l - | Last Glacial g
T{Jl(]JDD 12!;00 . 14500 ' 15600 ' 18600 ' ZOIEIJOO ' 22000
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Monnin et al.,
SCIENCE VOL 291 5 JANUARY 2001

In ice cores, changes in
T precede changes in
CO, by ~800-2000 yrs.

CO, does NOT force
temperature at the G/l scale




Is the 20th Century temperature outside
natural variability?
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Cold snaps, rates of climate change

The Younger Dryas in central Greenland

Younger
Dryas

temperature ("C)
{12ah Jad sasjaw) uoneENWNI2E 31

",

0.05

3 10 15
age (thousands of years ago)

source : Larmnont-Doherty Earth Observatory at the Earth Institute of Colurnbia
Univer=sity and Ahrupt Clirmate Change: thevitable Serprizes, Mational Acadenny
of Sciences, Committee on Abrupt Clirnate Change, 2002




Is the magnitude of late 20t C temperature change unusual?

The last 5,000 years - Greenland Ice Core
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What does the history of the planet tell us?

= Earth always changes
= Climate change is normal

= Climate change occurred well before humans were on Earth

present

Ice is rare
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The gas of life

= CO, gas of life, increase beneficial

= Part of massive natural cycle (mantle-atmosphere-
oceans-organisms-sediments)

Atmospheric CO, short temporary stock, marine
reservoir 50x larger governs atmospheric CO,

Heat stored in oceans and thermostat effect of clouds
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Carbon isotopes show <4% atmospheric CO,
anthropogenic, small @W@@i O@)”]:)@f@d to total
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argue that human emissions of CO, drive climate
ange is non-scientific political activism akin to
creationism
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