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Introduction Methods Planet Earth Earth History

Yesterday’s Summary
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Introduction Methods Planet Earth Earth History

Yesterday’s Summary

* Paleoclimatology is very interdisciplinary
* many different archives and proxies, but data patchy
and often uncertain

* long term climate determined by: ﬂ
Insolation, albedo, and greenhouse gases {e\

* Early Earth climate has changed completely
* Life and Evolution have shaped Earth’s chemistry
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Lecture Progress

Today we finish 15 min early!

Monday Introduction Earth History
Tuesday Proxies | Cenozoic Hot & Warm House
Wednesday pealie Clinels s Pleistocene G-IG climate
components
Thursday Pt :l & C"”T‘ate S Abrupt Climate Change
nteractions
Friday Current Climate Change Future & Synthesis
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modern biomes

lumenlearning.com
Environmental Biology

I Tropical forest [1 Savanna I Desert I Chaparral [] Temperate forest
[ Boreal forest B Tundra I Mountains [ Polar ice [0 Temperate grassland

il
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S Coaling
Day 2 : Overview

* Overview of Cenozoic Climate
— Marine Isotope Records
* Basics of Isotope Geochemistry
— Oxygen Isotopes in Paleoclimatology
— Clumped C-O Isotopes
— Mg/Ca paleothermometer
— TEX86 paleothermometer
* Hothouse “Equable Climate”
— PETM hyperthermal
* Climate Sensitivity
* Mid-Late Cenozoic cooling il
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Cenozoic Climate
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Cenozoic Climate
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Cenozoic Climate
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Cenozoic Climate

Epoch
Stage
Magneto-
chron
-2.0
-1.0
0.0
1.0
2.0
3.0
4.0
5.0

2.5
20
15
1.0
0.5
0.0
-0.5
-1.0
1.5
-2.0
-2.5

benthic 5'°0 (%o)

benthic °C (%)

cet| Paleocene Eocene Oligocene Miocene Plio. [Pleist.
£ 8 3| &8 S 3
o =] [ <3 ['] - o - [=] | [.+] i~ w 2] - [=] %
ﬁ)s|sssss BI85 [ 8 [dl 5 15[eH3]18 |5[5/8|8]5] 8 8 3|8 |8 |5
Early Eocene BT — _ West Antaretica: ey il BT
Climate Optimum . Polar Ice Sheets =
. Middle Eocena . N —
Climate Optimum Wiaisi - 1B ® E)
H Eocene/Oligocene é:llmme 12 5=
Transition x ; ptimum i - = =
- Oligocene/Miocene — Tortonian 22 [ g ©
Transition Thermal Maximum ~ Mid-Pliocene & g 3 2
— WannHPariod l E o
Decean North Atlantic T & . _n-_ 4 42 2
Traps lgnecus Province S
i ice i DS
| Columbia River £ n*1=-?
0 Flood Basalt  middie Miocene £
Palgocene Carbon Glaciation Climate Transition — -4
Isotope Maximum +
— Li: RCP8.5
14
RCP26
today
|4
Meteorite
Impact | ! —
S Late Danian Monterey Event
Event B0 _ carbon cycle b,
~.. early Eocene Late Lutetian ;
hyperthermals Thermal Maximum Late Miocene
Garbon Isotope Shift
~—Paleocens/Eccene Thermal Maximum
I T L | T T T T | T T T T l T T T T | T T T T | T L] T L | T T T T l T T T T | T T T T | Li T T T | T T T T | T T T T | T T T T | L T T T |
65 60 55 50 45 40 35 30 25 20 15 10 5 0
Age (Ma)
FEEEEEEErerr e et rer e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e E PR L] T UNIL | Universite de Lausanne
CENOGRID

Patrick Blaser — Paleoclimatology — Day 2

Westerhold et al. (2020), Science 1



Isotope Geochemistry
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Isotope Geochemistry

|sotope fractionation

10 - 99.76 %
0 -0.04 %

150 -0.2%
. ~ r(ISO/lﬁO)Sm _(ISO/I@O)SMOW] »
0°0 = [ O/0) | x 10
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Isotope Geochemistry

|sotope fractionation

0 " Dissociated Atoms
vibrational energy
431.8
435.2 of hydrogen
© 441.6 452.3
E
2
>
g f
@ | Harmonic
u Oscillator
8
T
3
&
H-H
H —D /’5" ZPE _i
0-D \ / 17.2 Cornell University,
T after O’Neil (1986)

Interatomic Distance M,_
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Isotope Geochemistry

|sotope fractionation

R, — Isotope ratio in reservoir X

a, € — fractionation factor
a,. =R, /R, e.g. 1.0098 for 180 in evap. @ 20°C

e =(a-1)*103
EA—B~6A_68
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Isotope Geochemistry

|sotope fractionation

R, — Isotope ratio in reservoir X

a, € — fractionation factor

a,. =R, /R, e.g. 1.0098 for 180 in evap. @ 20°C
1.14_
1.12

€= (a-1)*103 110l

€rp ~ 04~ O !

o
1.06

1.04.

. 2 1.02]
yp /T [

1.00
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Isotope Geochemistry

Equilibrium fractionation:

* slow complete equilibration
(e.g. condensation @ 100% humidity)

* heavier isotopes enriched in colder phase

Kinetic fractionation:

* fast or incomplete reactions
(e.g. condensation @ < 100% humidity or with immediate rain)

* unidirectional
* more complex
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Isotope Geochemistry

Rayleigh fractionation:

* equilibrium fractionation with removal of product
* reservoir decreases in size

* e.g.: raining clouds

R =R, f" (f = fraction remaining)
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Isotope Geochemistry

Rayleigh fractionation during water evaporation

+50 ' ' ' Kendall and Caldwell (1998),
Isotope Tracers in Catchment Hydrology

+40 -

S new vapor
remaining

o =1.01 "

evaporation
-10

accumulated vapor
1 0.75 Ol.5 0.'25 0

Residual water fraction M,_
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Oxygen Isotope Geochemistry
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 Cenozoic Clim. | __Isotopes | Hothouse | Climate Sens. | Cen. Cooling

Oxygen Isotope Geochemistry

Rayleigh fractionation during water evaporation

Snow and ice is enriched with %0

180 is rained out as precipitation because all the 180 has been
before 60 rained out previoulsy
180 evaporates more easily
than'®0 —

X .o
- oo T

b % A
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Oxygen Isotope Geochemistry

Rayleigh fractionation during water evaporation

Snow and ice is enriched with %0

180 is rained out as precipitation because all the 180 has been
before 60 rained out previoulsy
180 evaporates more easily
than'®0 =
)'{i‘f’ e k-~ "J"Fr
o

¢ g B e

‘. . B “5...«&'.“"'

P : T W
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Oxygen Isotopes in Carbonate

foraminifera — protists with CaCO, shells
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Oxygen Isotopes in Carbonate

foramlnlfera protlsts W|th CaCQ, shells
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Oxygen Isotopes in Carbonate

foraminifera — protists with CaCQO, shells

- Terrigenous | Clay |:| Siliceous ooze |:| Carbonate ooze
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Oxygen Isotopes in Carbonate

5 | | 1 1 1 |
a . Zeebe (2007) prediction
at bottom water pH
. 4 - or constant pH
a
o 3-
= A
= -
@ O
o
w17
, H. elegans
) U. peregrina
““ 0 4 C. pachyderma . .
P. anminensis
P. foveolata
'1 I 1 | 1 ] 1 I

4 6 8 10 12 14 16 18 20

temperature (°C)

~0.20 — 0.25 %o
per °C

uncertainty
~ 0.1 %o

Marchitto et al. (2014)
Geochimica et Cosmochimica Acta

il
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Oxygen Isotopes in the ocean

080 in seawater: ~ salinity

3180 (D;DU)
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Oxygen Isotopes in the ocean

080 in seawater: ~ salinity
020 in carbonate: ~ salinity & temperature
- ~ density
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Oxygen Isotopes in the ocean

080 in seawater: ~ salinity
020 in carbonate: ~ salinity & temperature
- ~ density

BUT salinity in paleoceanography depends on
global ice volume!

~ +1 %o per 100m sea level as ice
Today’s continental ice ~ 0.6 %o
Last Glacial Maximum ice ~ + 1 %o
Wil
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Cenozoic Climate
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Cenozoic Climate
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Clumped Isotope Thermometer
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Clumped Isotopes

Clumping in carbon dioxide (CO,)

a Stable isotopes of Cand 0
and tl\e‘lr natural abundances
Carbon dioxide
molecule
containing

carbon (C) and
oxygen (0) atoms o o 0.04%
QO ©-
e 98.94%

1.06%

99.76%

1

b Isotopologues of (0, and their natural
abundances calculated by probability

=
{,@
=

@ Isotopically normal C0,
(99.76%)(98.94%)(99.76%)

=98.47%=0.9847 |
(99.76%)(1.06%)(0.20%)

4@
=0.002% = 0.00002

—

Example of clumped (0,

-

@{’
=

Abundance
10‘3 10"“3 10"‘ 101 100

orzcreo | 11+
0rcroo I <5
s0vcro [ +5
sorcrto N 46+
“0rco I 46
7O - 46
16013C180 _47.
17012C180 _47
17013C170 |47
1sgizcisp B ' 48
7013180 [ 48 : } Mass-48 CO;
180130180 - 49
4X m/z measured by
mass spectrometry

Mass-47 CO,

4X® |sotopologues measured
by laser spectroscopy

il
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Clumped Isotopes

(0)
A, (%o)
1000 500 300 100 0 o smn zon =
30 - | I | J A f:-U]:,C-dD
' AV7Q'3CT8Q Abundance anomalies
AI7Q13C170 (A; values) of clumped
20k High Tdrives R ,ATEQ13C180# — molecules containing
toward the rantiiarn Al 'JD: 3C0 multiple heavy isotopes
- A8 2C 18 : .
distribution (A, = 0) ~ _ E’:ngfémg increase with decreasing T
A7Q12C770
/ Al6pliciene|  Isotopologues with zero
Al6012C170e — or one heavy isotope

—1_;-.' O 1ACTED t

do not exhibit clumping

1000/T (K)
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Clumped Isotopes

T (°C)
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Clumped Isotopes

* very accurate
* few secondary effects

BUT
* low precision - many replicates
* large samples (few mq)

— costly sample analysis
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Clumped isotope temperatures
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Cenozoic Climate

Epoch
Stage

Magneto-
chron

-2.0
-1.0
0.0
1.0
20
3.0
4.0
5.0
25
20
1.5
1.0
0.5
0.0
-0.5
-1.0
15
-2.0
-2.5

benthic 5'°0 (%)

benthic 3'°C (%)

cet| Paleocene Eocene Oligocene Miocene Plio. [Pleist.
gl & |8 & g 3
o | ea] B = [Ts] - [] - =] = w0 - D ] - = 13
ﬁ)s|sasss BI85 | 8 [Bl 55535 [515(8[8]5 8 8 3|8 |8 |5
Climate Optmym . Polar ice Sheets [~ 20
plais i Middle Eacena : g .
Climate Optimum Nistamns — ‘Fﬁw b
H Eocene/Oligocene g"mﬂm 125 =
Traanmcn Oligocena/Miocene ,_|mfmum Tortanian i’ @3
Transition Thermal Maximum ~ Mid-Pliocene o g8 & O
> 12°C warmer — Warm Period | Eo
Decean Narth Atiantic deep ocean? 429
Traps lgneous Province D o % e
- - _Q_ 0 g @
H Columbia River @
T & iIce Oi-1 Flood Basalt  middle Miocens £
Palgocene Carbon Glaciation Climate Transition — -4
Isotope Maximum +
— e RCP8.5
1CHFS
RCP2.6
today
w
Meteorite
Impact ! J azdiy
e Late Danian Monterey Event |
Bvent . _ carbon cycle i
. &2rly Eocene Late Lutetian
hyperthermals Thermal Maximum Late Miocene
Carbon Isotopa Shift
~—Paleocene/Eacene Thenmal Maximum
I T T | T T T T | T T T T l T T T T | T T T T | T T T T | T T T T l T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T |
65 60 55 50 45 40 35 30 25 20 15 10 5 0
Age (Ma)

/(7Y

CEEEeerrer et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T EE TP EEEELEL T UNIL | Universite de Lausanne

Patrick Blaser — Paleoclimatology — Day 2

CENOGRID 38
Westerhold et al. (2020), Science



Mg/Ca paleothermometer
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Mg/Ca paleothermometer

Mg/Ca in foraminifera
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Mg/Ca paleothermometer
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Mg/Ca paleothermometer

Mg/Ca in foraminifera
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Mg/Ca paleothermometer

Mg/Ca in foraminifera

* records past water temperature
* species-specific calibrations

* Mg/Ca in seawater — dependent
* Q — dependent

* precision typically ~ 1°C
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TEX86 paleothermometer

CEEEEEECEE TP E U ELEEEEEEEEEEEEE LT T L] UNIL | Université de Lausanne
Patrick Blaser — Paleoclimatology — Day 2 44



TEX86 paleothermometer

TEX86 proxy for SST

* based on specific organic molecules from
sediments formed by archaea (similar to bacteria)

* the abundance ratio of certain molecules depends
on ambient seawater temperatures

* mainly records near-sea surface T

CECCEEEE R P T E PR EE PP EEE P T EEEEEE T | | UNIL | Université de Lausanne
Patrick Blaser — Paleoclimatology — Day 2 45



TEX86 paleothermometer

TEX86 proxy for SST
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TEX86 paleothermometer

TEX86 proxy for SST
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Hothouse Climate
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Hothouse Climate

Eocene low latitude sea surface T
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Equable Climate

Eocene latitudinal sea surface T
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Eocene latitudinal sea surface T
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Equable Climate

Eocene East Antarctic climate from pollen
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Equable Climate

Eocene East Antarctic climate from pollen
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Equable Climate

Cenozoic West Antarctic climate from pollen
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Equable Climate

Evolution of latitudinal temperature gradient
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Equable Climate
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| Cenozoic Clim. | __Isotopes | Hothouse | Climate Sens. | Cen. Cooling

Equable Climate

causes

* high altitude cloud cover?

Mark Piana

Harvard University )
Equable Climate Dynamics
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| Cenozoic Clim. | __Isotopes | Hothouse | Climate Sens. | Cen. Cooling

Eqguable Climate

causes

Polar cell

* high altitude cloud cover?
* atmospheric cell change?

Mark Piana

Harvard University )

Equable Climate Dynamics
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Equable Climate

Causes

* high altitude cloud cover?
* atmospheric cell change?
* polar stratospheric clouds?

Mark Piana

Harvard University )
Equable Climate Dynamics
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| Cenozoic Clim. | __Isotopes | Hothouse | Climate Sens. | Cen. Cooling

Eqguable Climate

Causes

* high altitude cloud cover?
* atmospheric cell change?
* polar stratospheric clouds?
* cyclone ocean mixing?

Mark Piana

Harvard University )

Equable Climate Dynamics
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Cenozoic Climate
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Carbon Isotopes
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Carbon Isotopes

« C & O isotopes can be measured from CaCO,

* C also in organics or gas
* 12C -98.9 %

BC-1.1%
* photosynthesis discriminates against *C with
a~1.25
FEEEEEErrrrrre e et e ere e e e e e e e e e e e e e e e e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e IUMQ ﬂﬂﬂﬂﬂ
Patrick Blaser — Paleoclimatology — Day 2 Hillaire-Marcel and De Vernal (2007), 63

Proxies in late cenozoic paleoceanography



Carbon Isotopes

Volcanic CO2 = -5 %o
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Cenozoic Climate
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PETM

Paleocene-Eocene Thermal Maximum

caused by massive input of greenhouse gases (CO, and/or CH))

possible causes:
* submarine methane hydrates

uplift and weathering of marine shelves

warming-induced death of tropical plants (due to photorespiration)
North Atlantic volcanism

permafrost thaw
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Cenozoic Climate
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Boron Isotopes
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Boron Isotopes

boron species in seawater:
B(OH,) und B(OH),

1OB — 19_65 % 6113(%.:,): 1(1]11;/,111:';5&?“1}"6 )_1] % 1000.
1B _ 80 .35 % / " Byisrasi

* B is fractionated between the two species

« B(OH), Is built into the shells of foraminifera

CEEEeerrer et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T EE TP EEEELEL T UNIL | Universite de Lausanne

Patrick Blaser — Paleoclimatology — Day 2 69



Boron Isotopes

boron species in seawater:
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Boron Isotopes

boron species in seawater:
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Boron Isotopes

boron isotopes in benthic foraminifera

AS'B foram - SW B(OH) 4~ (%o)
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Boron Isotopes

PH reconstructed from foraminifera
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Boron Isotopes

PH reconstructed from foraminifera
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enozoic Climate
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Age (Ma)
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Climate Sensitivity

How much does Earth warm with increasing CO,?

Equilibrium Climate Sensitivity (ECS)
* long-term, including geologic feedbacks
* usually referenced to doubling of CO,

Transient Climate Response (TCR)

* short term (~ 20 years) climate response
* including fast feedbacks

* often used for models
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enozoic Climate
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Cenozoic Climate Sensitivity
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Cenozoic Climate
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Cenozoic cooling
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Cenozoic cooling

Long term cooling trend from hot-house to ice-house
Causes debated and likely complex

* weathering?
* isolation of Antarctica?
* faunal changes?
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Cenozoic cooling

Long term cooling trend from hot-house to ice-house
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Cenozoic cooling

spread of extensive grass lands during Miocene
favoured e.g. by seasonal aridity

development of C4 photosynthesis at ~ 10 Ma
* developed multiple times

* fixes C in molecule containing 4 C atoms

* deals better with aridity and low CO,
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Cenozoic cooling

spread of extensive grass lands during Miocene
favoured e.g. by seasonal aridity

deals better with aridity and low CO,

CO,-Aufnahme

[umol-m2-g7]
A
80t C,-Pflanze
60 + /
C,-Pflanze
40 +
20..
Wikipedia
0 . . . . . . CO,-
/ 002 004 006 008 0,10 Konzentration
[Vol.-%]
20 +

CECCEEEE R P T E PR EE PP EEE P T EEEEEE T | | UNIL | Université de Lausanne
Patrick Blaser — Paleoclimatology — Day 2 85



Cenozoic cooling

spread of extensive grass lands during Miocene
favoured e.g. by seasonal aridity

development of C4 photosynthesis at ~ 10 Ma
* developed multiple times

* fixes C in molecule containing 4 C atoms

* deals better with aridity and low CO,

* today ~ 25% of plants, mostly grasses
* global food production depends on C4 plants
* fractionates °C less than C3 plants
Wil
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Cenozoic cooling

spread of extensive grass lands during Miocene
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Cen. Cooling
Cenozoic cooling i

spread of extensive grass lands during
Miocene

lumenlearning.com

modern biomes Environmental Biology
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[| Boreal forest B Tundra I Mountains [ Polar ice =0 Temperate grassland
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Cenozoic Climate
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Cenozoic Climate
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Cenozoic Climate
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Introduction Methods Planet Earth Earth History

Today’s Summary

* Eocene Hothouse was very hot
* Equable climate led to warm poles
* PETM was extreme warm event caused by GHG

 Cenozoic climate dominated by CO,

* Cooling was accompanied by CO2 reduction and
changes in weathering and fauna

* Temperature proxies: 0'*0, A47, Mg/Ca, TEX86
* Carbon proxies: 6*C & 0''B Uoid
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Outlook

Today we finish 15 min early!

Monday Introduction Earth History
Tuesday Proxies | Cenozoic Hot & Warm House
Wednesday pealie Clinels s Pleistocene G-IG climate
components
Thursday Pt :l & C"”T‘ate S Abrupt Climate Change
nteractions
Friday Current Climate Change Future & Synthesis
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