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Background and History
Paleoclimatology (1

Planktonic foraminifera

1a-c: Globorotalia truncatulinoides
2a-c: Globigerinoides sacculifer
3a-c: Globorotalia scitula

4a-c: Globigerinoides ruber
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Background and History of
Paleoclimatology (2)

._ .

—Louis Agassiz (1840):Realizing “ice age” hu_

pe

wiki

—Harold Urey (1947):The thermodynamic properties ntp:/fen wikipedia.org
of isotopic substances wiki/Harold_trey

* Prediction of temperature dependence of oxygen isotopic
fractionation between (H,0) and carbonate (CaCO5)

% Proposing §'80 as a paleothermometer

—Samuel Epstein (Urey’s post-doc)
% Cultured bivalves in different temperature setting
*A=298"80_,-08"80,,1,= 15.36-2.673(16.52+T)0->

http://
calteches.library.
caltech.edu/
4030/



Summary of major Paleotemperature techniques

Phases Sensitivity Estimated SE Major secondary Time scale”
(per °C) effects
Oxygen Foraminifera 0.18-0.27%0 05°Cif Effect of 0-100 Ma
Isotopes 8'%0-sw 8'%0-sw
is known
Corals ~0.2%¢ 05°C if Kinetic effects 0-130ka
5'%0-sw Effect of
is known 5"%0-sw
Opal Effect of 0-30ka
8'%0-sw
Mg/Ca Foraminifera 9+ 1% ~1°C Dissolution 0-40 Ma
Secular Mg/Ca
variations
(=10 Ma)
Ostracodes ~9% ~1°C Dissolution? 0-3.2Ma
Calibration
Sr/Ca Corals -04t0 -1.0% 05°C? Growth effects 0-130ka
Secular Sr/Ca
changes (=5 ka)
Ca isotopes Foraminifera 0.02-0.24%0 unknown Species effects, 0-125 ka
calcification
Alkenone Sediment 0.033 ~1.5°C Transport, 0-3 Ma
unsaturation organics (0.023-0.037) (global calib.) species variation
index in U5
Faunal transfer =~ Foraminifera, NA 1.5°C Ecological shifts 0-?
functions® Radiolaria,
Dinoflagellates

* Timescale over which the technique has been applied. ® Chapter 6.15. © (Imbrie and Kipp, 1971) ¢ (Miiller er al., 1998 and Pelejero

and Calvo, 2003).

(Lea 2014 Treatise on Geochemistry)



Ocean and ice core oxygen isotopes
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Present day carbon cycle
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Glacial-Interglacial pCO, change and potential mechanisms

Atmospheric pCO2
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Glacial/interglacial carbon cycling

CO, 3 pumps are important to deriver carbon to Deep sea(Maximum

reservoir of Carbon in the surface of the Earth)

DSolubility @0Organic Carbon @Carbonate
Gas exchange:SST, SSS, Wind, Sea ice

Not only Temp & light but also &6 0
nutrient(P, N, Fe)supply is also a key

Photosynthesis Photosynthesis : £
DIC > Lowering &
Carbon Carbon Alkalinity S
fixation I fixation =
@Organic @SO'Ublllty @Carbonate o —
Carbon pump pump pump 22
DIC (1—) DIC ‘ DIC (—t) DIC a3
— D O
T 2
o 2
Organic o @
matter DIC CaCOs;
* Transport physically *
sediment

Burial Burial



Paleoclimate record from Ice core and Deep Sea
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Boron isotopes as an seawater pH indicator

Seawater carbonate chemistry

pCO7 (atm)
Q Ca®* + CO3%> = CaCO3

pCO2 (aq) CaCOs + B(OH)4™ = Ca(HBO3) + HCO3™ + Ho0| 100 SO ' ' ' 60

CO, + H0 2 HCO3™ + H* coral | BOH, B(OH),| | _

HCO3 2 CO3% + H* < » Boric Acid S
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Atmospheric CQ, concentration (ppm)
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Timescale

Years Decades  Centuries Millennia  Multi-millennia /1 Myr

Clouds, water vapour,
lapse rate, snow/sea ice

>

Upper ocean

CH, (major gas-hydrate feedback;
for example, PETM)

CH,

Vegetation

Dust/aerosol Dust (vegetation mediated)

Entire oceans

Land ice sheets

Carbon cycle

-
Weathering

Plate tectonics

—
Biological evolution
of vegetation types

(PALAEOSENS Project Members, Nature 2012)
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Carbonate compensation depth (‘CCD")

continental crust

b

subducting ocean plate

Sinks of Carbon Cycle

.Carbonate precipitation by biomineralization

C82+ + 2HCO3- — CaCO3 + C02 (aq) + Hzo
2 Carbonate dissolution in deep sea
3  Carbonate precipitation by coral reefs
4  CO, release due to carbonate precipitation

Blco, + H,0 + CaCO, — Ca?* + 2HCO,-

6 Thermal breakdown of Carbonate
CaCO, + Si0, — CO, + CaSiO,

.Silicate weathering
2CO, + H,0 + CaCO,; — Ca?"+ 2HCO, + SiO,

8 Volcanic degassing

(Ridgwell and Zeebe, 2005 EPSL)



Various Orographic Precipitation

(b) Partial blocking of the  (b)
impinging air mass

(a) Stable upslope ascent (@) (c) Down valley flow induced by

evaporative cooling

(d)

(d) lee-side convergence (e) Convection triggered by (f) Convection owing to mechanical

solar heating lifting above level of free convection

Changing in hydrological cycle

(Roe 2005)

(g) Seeder-feeder mechanism



Erosion
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Climate 4

. Water storage b -—
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[ Sublimation R
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- Seawater alkalinity , pCO,
(Berner et al., 1983; Raymo et al., 1988)
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Surface runo

|
& Global change -Physical erosion - weathering
- / (Hilley et al., 2008; Willenbring et al., 2013)

Water storage
in oceans

ol v ow  ww ¢ «c we we o |t had been difficult to quantify
' erosion rate

45°N

Quantities of sand deposited  (Beaty, 1970)

U

Cosmogenic radionuclides (Lal, 1991)
Depth profile of CRN (Siame 2008)

45°S

(Hilley et al., 2008
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Interactions with Earth surface elements (Si, O, Ca, K, Mg, Fe)

Secondly cosmic ray In situ nuclides
@ ncutron ® muon

\ / Land surface

/
~‘\ Nuclide Half-life (years) Important target element(s) ’T% W @m .
: in terrestrial rocks i.! s .

*He Stable O.Mg.Si,Fe  iiiits

’Be 15x10° O. Mg 75 :

HC 5.73x10° 0

INe Stable Mpg, Al S1

Al 7.1x10° Si

IC1 30x10° ClL K.Ca,Fe

*Ar Stable CLK, Ca

BAr Stable K, Ca

HCa 10x10° Ca, T1, Fe

*Mn 37x10° Fe |

| 1.56 x 10 Te. Ba, REE 1 Geol Soc J)




Direct comparison of site-specific and basin-scale erosion rate

Depth profile

80(n,4p3n) 1°Be
28Si(n,p2n) 26Al

Nakamura, Yokoyama et al., (2014) N

Cosmic rays Cosmic rays

Cosmogenic nuclide
production

Landslide
(non-steady erosion)

If production = export
for steady erosion, no decay
N=Pl/e
N: Nuclide concentration
P : Average production rate
L: Cosmic ray penetration depth

(A/p =60 cm)
¢: Catchment-averaged erosion rate

Sediment storage in
terraces

Cosmogenic nuclide export
JETU R T SE ranger & Schaller (2014)




. . A; (m? C, (at /
Basin scale averaged erosion rate ’, ((m”}y)r) D) tontongth

p (g/cm3) densi

Considering sediments in basin.

If we divide basin in polygons, n C. = PO/1

n n i POE .
C = ic,.giAl./i £, 4,

When A/p <<t€&; < pg/A >>A

C

Spatially averaged erosion rate

(Brown et al., 1995; Granger et al., 1996)
(Matsushi et al. 2008)



Erosion rate calculation using CRN

16Q(n,4p3n) °Be
28Si(n,p2n) 2°Al

n? Cosmic rays

production erosion
oC —0X dC
— = OeL +e—-CA
ot A ox (Lal et al., 1991)

ground

In-situ CRN concentration

C nuclide concentration (atoms/g)

t time (yr)

x depth (cm)

P, production rate at the surface (atoms/g/yr)
N attenuation length (g/cm?)

A radioactive decay constant

p density

€ erosion rate (cm/yr)

depth




Depth profile is depending on steady state erosion rate

Cosmogenic Nuclides concentration

>

.’
=
Q.
. )
prod | | erosion O
JC —oX JC
= _pe P T _ca
ot A ox ]
Neutron spallation Muon capture High energy muon reaction
PPS a = _(}H-Apg )t PPso = _(}H-Aps )l PPas - _()H-Ap‘€ Jt
C(X,t) _ & Aspal 1 e spal + %elxslop 1 —e stop + %el\fw 1 —e fast
+ A pe_ A P, A
spal stop fast
C nuclide concentration (atoms/g)
t time (yr)
¢ (erosion rate) = stable x depth (cm)

P, production rate at the surface (atoms/g/yr)
A attenuation length (g/cm?)

A radioactive decay constant

p density

€ erosion rate (cm/yr)

P i Pstop Prase CONtribution rates
(Siame et al., 2004; Shiroya et al., 2010 GJ; Nakamura et al., 2014 PEPS) spal * stop’ © fast
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What controls erosion rate?

Erosion rate =f( Precipitation, Slope, tectonics, Temp, lithology, relief, vegetation. etc)
(Portenga et al., 2011; Willenbring et al., 2013)

10000 10000 n = 1000
i‘ 1000 é‘ 1000
£ £
> % Y
= 100 . % e < 100
b } b
C C
9o 9o
(7] 0
o 10 o 10
L L
R2=0.08 +»  R2=0.40 (p < 0.01)
1 { { 1 1 > e | T T
0 1000 2000 3000 0 10 20 30 40 50
Precipitation (mm/yr) Slope (deq)
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What controls erosion rate?

Erosion rate =f( Precipitation, Slope, tectonics, Temp, lithology, relief, vegetation. etc)
(Portenga et al., 2011; Willenbring et al., 2013)
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Lack of data for mid latitude high precipitation areas



Atacama Desert
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Transport vs kinetic limitation with regards
to silicate cation denudation rate

mineral type reactivity, the supply of

hemical theri
(CzimiEE] EElEIe] &2 minerals, water and acid reactants

100 v T | T :
I Fit to transport limited data," O Continental Cratons ¢ Submontane Catchments
T 2 =0.94 1. Canadian Shield 5. British Columbia
N>-" 7a 7b "?17 2. Siberian Shield 6. Sabah Malaysia
S AEc 10 *f' '-f@ 3. African Shield 7. Puerto Rico
= A 10 9 i 4. Guyana Shield a. Long Term Erosion
oL o 10 : b. Modern Day Erosi
s g 4 F B Alpine Catchments - viodern Day Erosion
S - ] ?f‘ 11 *18 13. Colorado Rockies 8. East Southern Alps
=2 1 ><P "%' 14. Sierra Nevada 9. Lesser Himalaya
© 3 2 I 115 10. Cote d’Ivoi
S A2 14 45 15. Svalbard - Lote dlvoire
0.1L ! . . - |
1 10 100 1000 10 18. Swiss Alps

Total Chemical + Physical
Denudation Rate (t.km=2.yr)

(West et al. 2005 EPSL)



Table 1
Range of laboratory- and field-based reaction rates used in this study (compiled from
White and Brantley, 2003).

Silicate weathering rates are controlled  Mineral phase Laboratory-based Field-based
by erosion rate/ fresh mineral supply :‘53 kA, range :‘53 kA range
(A)
Albite —10.9to —9.2 —133to —10.9
K-feldspar ) —11.4to —9.0 —144t0 — 134
Erosion pFi =ri€oGi-rie qi2) = Hornblende  (H) —106to —83 —142t0o —12.9
/\ Fi € odi [1-exp(-kiAiZ/e)] Biotite ®) —10.1to —8.1 ~132to—11.0
"/';—-l— """""" ?‘;y‘-/- A A1 _2:;::;:::: ﬂ::l‘:eﬁ:;’;:’::lllodel B_ ;zﬁfgmhﬁmigxﬂﬁz
d 0.8}
% = -kiAj q;
0.6 .
Weathering Zone Supply Limited,

Reaction Limited Reaction Limite,

041 - Reaction Limited

(K)

0.2}

Fresh mineral flux =¢ ,q;

— N

~€

10 102 10°
Field-based Kinetic Constants D Laboratory-based Kinetic C
Exponential Weathering Zone Model Limited by Relief Exponential Weathering Zone Model Limited by Relief

pFi* (for mineral weathering fields)

Cumulative Fraction (for erosion rates)
(@)

Erosion rate (ie. providing
fresh minerals) is the
most important factor to
control chemical
weathering

Supply Limited

Reaction Limited

(Hilley et al. 2010 EPSL) % = 10° 107 T ‘ 00

Denudation Rate (mm/yr)



Prediction of chemical weathering

180°W 135°W 90°WwW 45°W 0° 45°E 90°E 135°E 180°E
90°N 1 1 1 1 1 1 1
==
45°N -
0°=
45°S + -
Predicted Si-fluxes
(mol ha™! yr)
N
90°S 0 2(')000
Fig. 1. Spatially explicit predicted Si fluxes (mol-ha=1-year—1) for each 0.5° X 0.5° region (excluding Antarctica). The black line highlights the regions where P >

PEt, all other regions are assumed not to contribute to silicate weathering. The scenario shown here is based on modern dust fluxes and our deep weathering
zone scenario (DWZ). LGM and SWZ scenarios, evaluated for both P-Et 0 and P-Et 500 are available in SI.

(Hilley and Porder 2008 PNAS)



Ecosystem change

Vegetation structure % C, vegetation «%s o .

(faunas, phytoliths, (paleosol % % C, diet .
fossil soils, isotopes, carbonate §'°C)  .°. (tooth enamel 5°C)
tooth wear)

“voodand,sama, = Max Coveg.e C; and C, vegetation changes

mosaic, grassland (conservative estimate of 0% C,)
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Soil production rate is “roof less” and reached up

to 2.5mm/yr

Larsen et al.

(2014 Science)
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Reactive. In Iceland, fast-eroding mountains create
young soils rich in fresh, easily weathered minerals.

Cooling mechanism, not freezing...

Hydrologic regulation of Chemical weathering
(Maher and Chamberlain 2014 Science )
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Chemical weathering - Runoff and duration of silicate minerals contacting to fluids
are important

Mountain building modify hydrologic cycle that can affect weathering via solute production
—>thermodynamic load limit and low temp. reins weathering prevent runaway coolingeffect



Climate shifted into colder states since 34 Ma...
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Elevation (km)

Himalaya reached to

the present level at

around 20Ma .m.
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Global cooling and Tibetan Plateau aridification at the
Eocene-0Oligocene transition
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« Uplift was earlier than the cooling
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Tectonic driven climate change??

(Dupont-Nivet et al 2007, Nature)
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Colder, Maximum upper-
drier air tropospheric temperature

Himalayas

Monsoon
circulation

Moderate
entropies

Maximum
subcloud

Onshore, moisture-laden winds

North South
Figure 1| A new model monsoon. Boos and Kuang’s thinking' centres on the role of moisture convection

rather than heat absorbed and radiated by the Tibetan plateau. Maximum subcloud moist entropy occurs
south of the Himalayas, and the heat released as water vapour rises and condenses is reflected in peak
temperatures in the overlying upper troposphere. The Himalayas keep the moist warm air over South Asia
separated from the colder, drier air to the north, so the high energy of this air mass is undiluted, remains
favourable for moisture-driven convection and underlies the strength of the South Asian monsoon.

(Cane 2010 Nature)



Accelerating erosion of mountains
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 Rates of erosion increased for the last 8Ma

(Herman et al. 2013 Nature)
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Meteoric 1°Be/?Be as a tracer
for chemical weathering
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y Schematic diagram of a soil profile and the ways in which '°Be can become incorporated into the soil. The weathering front follows the downward movement of
0 0 1 0 1 water from surface precipitation and (not shown) ground water. (b) Schematic diagram of a soil profile and definitions of variables in Egs. (4)-(21).
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Tectonics, Climate and Mountain topography

Lithosphere

10
< >
6
TECTONICS «— «——| CLIMATE
2| EROSION & DEPOSITION 1
3 7 > A 5 8 > A

Landscape (elevation & relief) 2

Are there anyways to untangle the complex relations? ...

(Champagnac et al 2012 JGR)



Greenland
«High relief, cold and dry climate

2 . : | siberia, Russia
«Limited physical or chemical weathering

« Low relief, cold and wet climate
™« Limited physical or chemical weathering

-~ 7

Mount Hood, Oregon, USA
+High relief, temperate and wet climate
The way to move forward... R

chemical weathering

Papua New Guinea
+High relief, hot and

. . p humid climate
Need to consider different types o 2 intese hemical and
. . mazon Basin ) | physical weathering
of weathering regimes. Thus... g -
«Low physical weathering, «Low relief, hot and

intense chemical weathering " dry climate
«Practically no
weathering except
for wind action

Atacama Desert, Peru |/

«High relief, temperate and
very dry climate

«Limited physical or
chemical weathering

Multi Proxy-Multi Process Matrix

Dome C, Antarctica

ow relief, cold and dry climate| .

Process Proxy "LSLi | St/ | ¥705"®0s | “Ca*°Ca | *6S1*8Sr | St/Ca | Mg/Ca | cticaly no weathering
River Flux
(total weathering input) v v v v v v v
Rock Type Weathered
Calcite - \ - \ N N N
Aragonite - \ - \ v N \
Dolomite - v - \ \ N N
Silicates v v v \ N N N
Shales - \ \ - - - _
Basalts \ \ \ \ \ N N
Evapoites - * - * ? v N,
Weathering Regime N - - - -
Hydrothermal Flux \ \ N N \ - \
Sedimentation/Dissolution
of Seafloor/Shelf - * ? v \ N N
Carbonates
Reverse Weathering \ ) - - - - N
Cosmogenic Dust Input - - - - - -
Subduction Fluid Expulsion \ - - - - - -
ot -] : Y B I
(temperature, vital effects) (Paytan 2012)




