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Where We've Been & Where We Will Go

Reviewed what processes control CO, greenhouse
effect over geologic time (l.e., geochem C cycle)

And what negative feedbacks (e.g., T-weathering,
CO,-weathering) might keep climate system from
reaching &/or remaining in extreme states

Applied these concepts to understand the
Neoproterozoic glaciations (SBEs)

But the inferences we’ve made for a strong control of
climate by CO, (e.g., during Faint Young Sun, SBE)
have not been backed by actual data on CO, levels *
Now turn to geologic evidence for CO,-climate link
during last 500 Myr

" Prior to ~550 Ma the lack of animals with hard skeletons & vascular
plants results in little or no fossil evidence of atmospheric CO, levels.




Climate on Geologic Time
Scales & The CO,-

Climate Connection

Climate Controls - Long & Short Timescales

« Solar output (luminosity): 10° yr

« Continental drift (tectonics): 108 yr

« Orogeny (tectonics): 107 yr

« Orbital geometry (Earth -Sun distance): 104-10° yr
« Ocean circulation (geography, climate): 10"-103 yr

» Composition of the atmosphere (biology, tectonics,
volcanoes): 100-105 yr




Chemical Weathering = chemical attack The Geochemical
of rocks by dilute acid

(or non-biological
C O,k H,0 <> H,CO,
ST part of the)

Carbon Cycle

1. Carbonate Weathering:

H,CO, -> Ca®* + 2 HCO,

Carbonate Rocks (e.g., limestone)

2. Silicate Weathering:

Silicate Rocks (most of the
CaSiO;, |+ 2 H,CO; --> Ca® + 2HCO; + SiO, +H,0 mantle & crust. E.g., granite)

* 2x CO, consumption for silicates

¢ Carbonates weather faster than silicates

http://en.wikipedia.org/wiki/Image: Yosemite_20_bg_090404.jpg http://en.wikipedia.org/wiki/Image:Burren_karst.jpg
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Net Reaction of Rock Weathering N et reac tl on o f

+
Carbonate and Silica Precipitation in Ocean geOCh emi Cal

carbon cycle
CaSiO, +/CO,| --> CaCO, + SiO, :
1510:+{00] > CaCO, 5 (Urey Reaction)

* CO, consumed (~ 0.03 Gt C/yr)

* Would deplete atmospheric CO, in 20 kyr .
* On geologic time

¢ Plate tectonics returns CO, via Volcanism scales, rock weatherin g

and Metamorphism
balanced by carbonate
metamorphism
Carbonate Metamorphism - Any imbalance can
CaCO,+Si0, --> CaSiO, cause changes in

atmospheric CO,

* CO, produced from subducted marine
sediments
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* 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

Atmos.CO, )
,
[Sorace. Tl (0] Greenhensse
s ;‘_L} Effect
Reintall @

~>Facts:
* Trace atmospheric gas that efficiently
traps outgoing IR

—>Hypotheses and theories:
* Solution to FYSP
* Through influence on CO,: weathering,
tectonics and organic carbon
burial/oxidation control climate on
geologic timescales
* Negative feedbacks:
1. Temp. — Weathering
2. CO, - Weathering

> Tests:
* Comparisons between "proxies" for CO,
and T

->State of the science:
* Substantial support for close link... with
notable exceptions....

The CO,-Climate
Connection

Earth’s Surface Radiation
Spectrum @ Top of Troposphere

S|

N, 294K (21°C)

Black Tedoy @ 21°C

avelength (uum)
HO co, o,

H,0 CO,
Rotation

Vibration

Adapted from Bigg (1996)




CO,-GLACIATION COMPARISON

ACO2 Radiative Forcing (W/m2)

Ice Extent (°Lat.)

Time (Ma)

00d

Atmospheric CO,
During the Phanerozoic
Eon (542-0 Ma)

* Equivalent amount of CO,
greenhouse effect required to
compensate for lower solar irradiance
* S has increased 1% per 100 Myr

(ung+Z0D) Sud104 1N

Low (CO,+S) = Glaciation?

Figure 14.1. (a) Comparison of CO, concentrations from a geochemical model
(Berner, 1994) with a compilation (Berner, 1997) of proxy CO, estimates (vertical
bars). CO, (b) and solar radiative (c) forcing effects (W m~2) as discussed in the
text. Glaciological evidence for continental-scale glaciation (d) from Crowley (1998),
which in turn was modified from a compilation from many sources. See text for
further discussion.
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Permo-Carboniferous Glaciations
(~300-275 Ma)
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Fig. 11.11.  Generalized diagram illustrating, for origination of PcrmmCarbomI‘cmns laciation on om: large
la rrows indicate direction of glacial flow. X = Permian pol ullivan, fiice

2 y[pemz::mn  from W. Sullivan, “Continents in Motion: The New Earlh Debale cupyng/n 1974 ML‘Graw }Illl Pub-
ishing Co.
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+ CO, decline likely resulted from spread of rooted
vascular plants in the Devonian, 400-360 Ma.

+ Dissolution of bedrock (weathering) from:
secreted acids, metabolic CO, from C,,
decomposition, & anchoring of clay-rich soil to
rock (which retains water).

Inches

Centimeters

Stanley (2000)

Theory: Berner (1997) Science, Vol. 276: 544-547
http://www.globalwarmingart.com/wiki/lmage:Phanerozoic_Carbon_Dioxide_png.
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Low CO, during
Permo-
Carboniferous
Glaciations
Resulted from
Massive Burial
of C .,

>0.75m

WALKING
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Meganeura in BBC's Walking With Monsters

amphibians.

* Meganeura monyi was a prehistoric insect of the Carboniferous period (300
million years ago), resembling and related to the present-day dragonfly. With a
wingspan of more than 75 cm (2.5 ft) wide, it was the largest known flying insect
species to ever appear on Earth. (The Permian Meganeuropsis permiana is
another contender). It was predatory, feeding on other insects and even small

http://en.wikipedia.org/wiki/Meganeura




Cor, burial rate estimated from 6'°C in
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High COrg Burial
Results in High
BC/12C in Seawater
& CaCO;,

A Burial rate of carbon B Burial rate of carbon

L Isotopically balances weathering rate exceeds weathering rate

2880 22880
/" A \ 0%° 4_li;glrncuz

light organic light CO,
debris

On longer time scales,
higher burial rates of C,
TR relative to weathering
St i e e rates, results in elevated
3BC/12C in atmos/ocean

Decomposition
Little burial

Carbon isotopes are
nearly in balance

¥ i Stanley (2000)
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FIGURE 8-15
Estimated limits on longitudinally averaged surface tempera-
tures during the mid-Cretaceous period, 100 m.y. ago, as com-

pared with today. (After E. J. Barron and W. M. Washington,
“The Carbon Cycle and Atmospheric CO,," Geophysical

Monograph 32, AGU, Washington, D.C., 1985.) Kump et al. (1999)
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356 DL Royer et al. / Earth-Science Reviews 54 (2001) 349-392

i Paleo pCO2
1 Estimates
5 | , from Carbon
Ll S Rt T Isotopic
g‘:f i ) » Cm* Fractionation
£o=0F +a4.3 « Likna chmx by Algae
exiernol
T2F % Llovd Ports
2250 Phytoponiien
2‘# % /A Royer et al. (2001)

Carbon Isotopic Fractionation Indicates
pCO,

18
N A
dutertrei . 0 16
+€_1(T) A
m/d 1 14 g
+ A }
“"_10—‘ 6(1 (Dissolved CO,) 12 %3
& ”pcnm i Was 7 3 9w
- &p = 13.9%o0 Dissolved CO,, (umol/L)
-+-20
N e ‘
+3.8%0 25 180 210 240 270 300 340
C37 J pCO, (natm)
Alkadienonc
y
_ €9 (Q
Fig. 1 K" (T)
Iospet- ¥ Hw\cs (ﬂ"(?b

13



Seafloor Spreading Rates Appear to have
Been High in Latter Half of Mesozoic

s \ * High seafloor

q

spreading rates*

*] Mo pin. provide potential
we e - gource of elevated CO,
Bi0 ° .

504
Cenomanian—Turoniar.
/ Transgressive Pulse
/]
* Determined by

thickness of seafloor
magnetic stripes
between dated
magnetic reversals

;
7A :
/

.....

MEAN SPREADING RATE
WORLD OCEANS (CM/Y)

30+
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Fossil leaf cuticles
provide evidence
for elevated CO,

during Mesozoic

1 3-6x PRL
4,000 dﬁ)f \\'\
2,000 Mﬁbbic

o 30 250 160 ° SI(%)=SD/(SD+ED)*100%

sl

Leod
(otickes

Carbon dioxide (p.p.m.v.)

Carbon isotopes

Boron auiopos SD= stomatal density
" ED=epidermal cell density

(I.e., the proportion of
20 2°‘:wn_ , 1% . epidermal cells that are
illions of years ago
stomata

Mass balance model

Retallack (2001), Nature , Vol. 411, pp. 287-290
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CO, from Leaf Stomatal Indices

Calibrating the

Leaf Stomatal
“Paleo-

e n e barometer”’

Royer et al (2001), Science , Vol. 292, pp. 2310-2313

g
o

Extrapolation to high

E 1,500 y:155,77xé‘7:23?9768x+13773 pCOZ nol. (yet)
8 1
™ supported by data..
§ 5
g 00
04 T T T T ,
6 7 8 9 10 1

Stomatal index

Retallack (2001), Nature , Vol. 411, pp. 287-290

Response of stomata to [CO,] is species-
dependent

Limiting SI-derived paleo-CO, estimates to times and
places when fossilized leaves from extant species exist...

[—— Ginkgo biloba
— - -Metasequoia glyptostroboides
— — Betula pendula

- - Quercus petraca
Salix herbacea

3

=

Stomatal index (%)

5
240 250 260 270 280 290 300 310 320 330 340 350 360 370
PCO, (ppmV)
Fig. 9. Stomatal index response of five species to PCO,. Data compiled from herbarium sheets and altitudinal transects. Sources are as
follows: Ginkgo biloba and Metasequoia glyptostroboides (Royer, unpublished data); Betula pendula (Wagner et al., 1996); Quercus
petraea (Kiirschner et al., 1996); Salix herbacea (Rundgren and Beerling, 1999).

Royer et al. (2001)
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Atmospheric CO, partial presure (Pa)

Atmospheric CO, concentration (ppmV)

D.L. Royer et al. / Earth-Science Reviews 54 (2001) 349-392 375
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Fig. 12. Holocene reconstructed variations in (a) the partial pressure of atmospheric CO, using fossil Salix herbacea leaves (after Rundgren
and Beerling, 1999) and (b) measurements of atmospheric CO, from ice cores (after Indermiihle et al., 1999b)
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CO2 (t)/ CO2(0)

Phanerozoic CO, and Climate
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Boron Isotopes in Seawater Also Indicate
Large Cenozoic CO, Decline

pCO; (ppmv)

o

S 7

i

€ {| o Boron isotope/pH approach
== Alkenone isotope approach

o

o
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L | «NoData |
o
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T 1 I 1 T
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Age (Ma) In Zachos et al. (2001)
*B in seawater: B(OH);, B(OH)," _
*Relative abundance controlled by pH
*B incorporated into calcite: B(OH),
«Strong isotopic fractionation between !B & ''B:
10B = tetrahedral coordination, -19.8%o relative to !'B

18



*+% Ended Here 11-21-08; Quiz
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Cenozoic Cooling 80-0 Ma
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| Declining Seafloor Spreading Rates 80-40 Ma
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Increasing Strontium Isotopic Composition of Seawater During
Cenozoic Implies Increasing Weathering Rates

0.7093

“. DePaolo & Ingram (1985)
° in Edmond (1992)

070735546 60 80 100
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V.26 x10' 7

wol|
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: d
Normal River 87Sr/8¢Sr ~ 0.710 Exchange e
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M«\o (1a38)
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Co-Variation of 8’Sr/8Sr & CO, through the Phanerozoic
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Covariation Between CO, and T in Pleistocene

Vostok Ice Core, Central East Antarctica
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Cuffey and Vimeux (2001), Nature , Vol. 412, pp. 523-527

What caused glacial-interglacial

CO, variations?
(a still-unanswered question!)

Possible Scenario for lower glacial CO2
e[ncreased:

Equator-Pole T gradient, Wind strength, Dust
flux to ocean, Iron flux to ocean

*50% of global 1° production occurs in ocean
*Ocean 1° production is limited by iron

*Higher 1° production draws CO, out of atmosphere
& sequesters it in the deep ocean & sediments
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However, even with well-preserved
foraminifera, Cretaceous warmth may
have commenced after large (inferred)
CO, emission by seafloor spreading...

Figure 3. Comparison of Temperature (“C)
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tonic CO, production in- 96
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cycling (Larson, 1991).
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E Maximum
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vs. bulk carbonate (solid 5 4 3 2 1 0 1

symbols) from high-Ilati-
tude Southern Indian

5180 (%.VPDB)

Ocean (Clarke and Jenkyns, 1999; Erbacher et al., 2001; Wilson and Norris, 2001; Pearson
et al., 2001; Norris et al., 2002). All temperatures calculated in same way as conservative
temperatures in Figure 2 and would be 3-6 °C higher if modern latitudinal trends in éw

(global mean Cretaceous seawater) were applied (see text). Wilson et al Geo logy (2002)
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The Asteroid Belt

*A relic of the accretion process. A failed planet.
*Gravitational influence of Jupiter accelerates material in that
location to high velocity.

*High-velocity collisions between chunks of rock shatter them.
*The sizes of the largest asteroids are decreasing with time.

Total mass (Earth = 1) 0.001
Number of objects > 1 km ~100,000
Number of objects > 250 km ~12
Distance from Sun 2-4 AU
Width of asteroid belt (million km) 180

Earth Accretion Rate Through Time

19

18 4
17 A
16 4
15 4

14 4

131 lunar cataclysm

Log accretion rate ( g/a )

12 4

114

10

Schmitz et al.. (1997) Science, Vol. 278: 88-90, and references therein.
http://www.whoi.edu/science/MCG/pge/project4.html
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Chicxulub Crater, Gulf of Mexico
*200 km crater

*10-km impactor

*65 Myr BP

*Extinction of 75% of all species! &
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Chicxulub Crater
Gulf of Mexico

200 km crater

*10-km impactor

*65 Myr BP

eExtinction of 75% of all species!
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The fossil record of extinction rate, shown as the percentage of existing
genera that went extinct in a particular interval (stage) of geologic time.

(After SeBkoskii 1.J. Jr,, Geotimes, March, 1994, 15-17.)
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FIGURE 10-12

Three astronomical hypotheses explaining the 26-million-year periodicity in the fossil record of extinction. Figures not
drawn to scale. (After Raup, D.M., 1986. See Further Reading.)
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FIGURE 10-11
The fossil record of extinction rate, shown as the percentage of existing

genera that went extinct in a particular interval (stage) of geologic time.
(After Sepkoski, 1.J. Jr,, Geolisngs March, 1994, 15-17.)

Kump et al. (1999)
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Fig. 1. Variation of low-altitude cloud cover, cosmic rays, and total solar
irradiance between 1984 and 1994. The cosmic ray intensity is from
Huancayo observatory, Hawaii. [Adapted from (4)]

Carslaw et al. (2002) Science Vol. 298:
1732-1737.

and land temperatures (dash-dotted line) compared with (a)
unfiltered solar cycle length; (b) 11 year average of cosmic
ray flux (from ion chambers 1937-1994, normalized to 1965),
thick solid line; the thin solid line is cosmic ray flux from
Climax, Colorado neutron monitor (arbitrarily scale): (c) 11
year average of relative sunspot number; (d) decade variation
i reconstructed solar irradiance (zero level corresponds to
1367 W/m?, adapted from Lean ef al. [6]). Note the 11 year
average has removed the solar cycle in (b) and (c).

Svensmark (1998) Phys. Rev. Lett. Vol.
81(22): 5027-5030.
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Correlation Is Not Causation
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MilankOVitCh Hypothesis: James Croll, 1896
Historical Perspective

What: Astronomical theory of Pleistocene ice ages.

How: Varying orbital geometry influences climate by
changing seasonal & latitudinal distribution of solar
radiation incident at top of atmosphere (insolation).

Milestones: Hypothesis

* Croll (1864, 1875): Proposed that variations in seasonal
influx of energy--the cumulative affect of eccentricity,
obliquity & precession--could trigger large climate
response.

- Milankovitch (1920, 1941): Combined laws of radiation
with planetary mechanics to derive insolation curves as
function of time (600 kyr) and latitude. Concluded
summer insolation at high N. lat. (65°N) critical to
growth/decay of ice sheets. "The Milankovitch
Hypothesis".

Tilt Precession
Vega North Star
(13,000 years f (today)
Maximum tilt }—24.5° —/
Todays tilt :.&3\5“/
Minimun it :AQQ/

Eccentricity

Earth's orbit

/ 3

Period: 100,000 years Period: 41,000 years Period: 26,000 years

FIGURE 11-5

Aspects of Earth’s orbit around the Sun that have implications for climate change. (a) The elliptical nature of the orbit (ec-
centricity) changes on 100,000-year time scales. (b) The tilt of the spin axis with respect to the plane of Earth’s orbit around
the Sun (obliquity) changes on a 41,000-year time scale. (¢) The orientation of the spin axis in space wobbles (precesses)
with periodicities of 19.000 and 23,000 years. (From J.P. Davidson, W.E. Reed, and P.M. Davis: Exploring Earth: An Intro-
duction to Physical Geology, 1997. Reprinted by permission of Prentice Hall. Upper Saddle River, N.J)
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(a) At low obliquity, Earth has less contrast in insolation between
the seasons. (b) At high obliquity, the seasonal contrast is greater.

Kump et al. (1999)

Fig. 2.12. Obliquity.

Muller & MacDonald (2000)
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Tuseday, Seplamber 18, 2001 QIF image 689x722 pixels Page: 1
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Fig. 4.38. Insolation, July 65N. Note similarity to Fig. 4.37.
Muller & MacDonald (2000)




Tuasdey, Soparber 18,2001 O image 6881887 piels

Visualization of Milankovitch Climate Change Theory

000 yr ) 24000 yr 000 yr

17000 yr

Milankovitch Hypothesis:
Milestones & Support

* Kullenberg (1947): Invented deep-sea piston coring.
->Recovery of long, continuous climate records
possible.

* Emiliani (1955): Pioneered use '*0/'°0 ratio of fossil
foraminifera in sediment cores as climate (temp.) proxy.

* Olausson (1965): Shackleton (1967): Interpret foram
§'30 changes as whole-ocean isotopic shifts caused by
ice sheet growth/decay.

* 1960's: Recognition of magnetic stripes on ocean floor
(geomagnetic field reversals) as global stratigraphic
markers.

* Johnson (1982): Shackleton et al (1990): Use
astronomically-driven insolation variations (E, T, P) to
derive timescales for deep-sea cores.

->Accurately predict age of Brunhes-Matuyama
(B/M) magnetic reversal, 780-790 kyr BP. (K/Ar
dates for B/M incorrectly placed it at 730 kyr BP.)

* Baksi et al (1992): “Ar/*Ar date for B/M = 783 kyr BP.

* Raymo (1997): Multiple 8O records on 'simple'
timescale supports link between N. Hemisphere summer
insolation and glacial terminations.

->Strong support for astronomical influence on climate.
(The magnitude of which remains debated...)
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Numerical mean 3 values of annual precipitation, covering periods of 2 to 10 years, and
approximate iso-a-lines; 3 values are relative per mille deviations of 0'8/0'6 ratios from
Standard Mean Ocean Water 1. The influence of the present Gulf Stream is seen very cleariy
in the course of the isoline for @ = -10 per mille. The dashed line indicates the maximum
extension of continental ice and permanent pack ice during the last glacial maximum

according to Flint 2.

ICraig, H. (1961) Srience 133, 1833,
2Flint, R.F. {1957) Glacial and Pleistocene Geology. New York: Wiley, plate 3.

Adapted from: Dansgaard, . ( 1969) Glacier Oxygen- 18 Content and Pleistocene Ocean Temperatures, Science

166n, 3904, pp. 499-502.

Note: All values should be negative.
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Figure 5. The 180-160 record for benthic foraminifera from deep sea
sedlﬁn:s. lz‘he oxygen isotope results are given as percent difference in
the "°0 to "70 ratio frop that in an internationa) reference standard.
The more positive the & "0 value the larger the , 0 content of sea water.
As the growth of ice caps enriches sea water in 18Cl, these high values
correspond to times of large continental ice cover. The time scale was
obtained from radioisotope measurements on the deep sea sediments. Al—
though not a regular progression, the times of large ice cover follow one
another at roughly 100,000 year intervals. Note also the rapidity with
which the largest of these ice masses disappeared!
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FIGURE 5-8 Magnetization of ocean crust Successive bands
of ocean crust form as molten lava erupts at the seafloor,
cools, and solidifies. The new crust is magnetized in the
normal or reversed polarity prevailing at the time. As the
plates move apart, equal amounts of magnetized crust are
arried away from the ridge axis in both directions and can
be used to date the seafloor. (Modified from F. Press and
R. Siever, Understanding Earth, 2nd ed., © 1998 by W. H. Freeman
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Figure 2 Variations in eccentricity, obliquity, and the preces-
sion index (A e sinw ) over the past 800 000 years. Left:
The three upper time series are from the work of Berger (1).
These have been normalized and added to form the curve
labeled ETP. The scale for obliquity is in degrees; for
ETP, in standard deviation units. Right: Variance spectra
calculated from these time series, with the dominant periods
(KY) of conspicuous peaks indicated.
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smoothed with a 9-point Gaussian filter (bottom panel).

Imbrie et al. (1984)

T T r T T 7 ™ 1
0.0 100. 200. 300. 400. §00. 600. 700. 800.
TIME (K yrs ago)
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1. Why is climate response in 100-kyr band so strong?
Observation: High correlation of 'O cycles with
astronomically-driven radiation cycles at E, T & P
frequencies suggests causal link in all 3 bands.

Problem: Amplitude of insolation change (~0.2%) is
~10x smaller than in T,P bands.

Possible Solution: E modulates climatic effect of P.
High E favors NH glaciation when P causes NH
summer to occur at maximum Earth-Sun distance (i.e.,
Imbrie et al, 1993).

2. Why do glacial cycles switch from 41-kyr to 100-kyr
period ~700 kyr BP?

Possible solution: L/T cooling trend, perhaps from
tectonically-driven decrease in atmospheric CO,,
facilitates NH ice sheet growth beyond a critical
threshold during insolation minima. These large ice
sheets drive climate through feedbacks internal to the
climate system (geo-, cryo-, atmo-, hydro-sphere).

3. Why do full glacial Terminations, and ensuing
interglacial periods, occur ~430 and ~15 kyr BP when E is
very low?
-Possible solution: 100-kyr cycle of orbital
inclination (Muller and MacDonald, 1995).

-Caveat: no obvious mechanism linking climate to
inclination.

Milankovitch
Hypothesis
Challenges:

100-kyr Cycle
Problems
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Summer insolation changes at 65°N occur only at the
orbital rhythms of tilt (41,000 years) and precession
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Myr ago, the 8% signal (northern hemisphere ice volume
and deep-ocean temperature) contains the same rhythms
as orbital insolation (middle). The \.u.\gu 100,000-year cycle
evident in the 8"0 (ice volume) signal since 0.9 Myr ago is

not present in the insolation signal (bottom).

8180553 (%0)

8180677 (%00)

R, > 1= Kyt \e

0.0 0.5
. 1.5

3.0 L—1 I I I 1 I I I I I I L | 1 I I I 210 I I ! L 2i5

7 hﬂ/\h\/\/\/ MNW W

5.0 3.0
4.0

3.0
5.0

4.0
5.0 )

O L L s R e e e It e BA Tl T

0.0 0.5 1.0 zo e il

S Raymo e

t al. (1990)

%) L¥0s1°

58



S 00 -Kyv Tee”

RAYMO ET AL.: MID-PLEISTOCENE CLIMATE TRANSITION 551
¥ 4 ,
g A
o Tow o
= T
w [
£ 4 {2 A
2 o
) 5 Site 677 = dashed line d
o ) - oo T
Age (ka)
Rugo chal (07)
RAYMO: TIMING OF MAJOR CLIMATE TERMINATIONS 583
Wisconsin Illinoian Kansan Nebraskan
Wi Riss Mindel Ginz
3 1 Nl Iv Vv Vil
1 e Vit
3 1
) i o]
L 4
= !
| 1 y
: Q‘ Denn L,! 14 imit of *100K" 4 g
6
12
4
i L l
pypetesitad ittt 2 s
. s \
gl « Bl
'beU'S : g Jow NSO\
3 400 % .
(m\ousl\ E : o ook lce
-200 0 200 400 600 800 1000 1200

Age (kyr)

Figure 5. Benthic 8180 data from Pacific Site 849 plotted to the GSS97 timescale. Insolation received on July 21 at 65°N is
shown on lower half of figure [after Laskar et al., 1993]. This site is representative of the pattern of ice volume change over the
Jast 800 kyr and can be compared with other records plotted in Figure 1. The horizontal dashed line on the 8'80 record indicates
the level below which 100-kyr ice is observed. Terminations and selected isotope stages are labeled, as well as the historical
names of the glacial stages. On the insolation record, the fiducial level below which 100-kyr ice can nucleate and be stable
(shaded regions) is indicated by the slanted horizontal line. The vertical dashed lines indicate the midpoint of terminations using
the GSS97 timescale.
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