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C Pools and C fluxes

IPCC 2007
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Basics on the Carbon Cycle

CO2 in Seawater
CO2 in seawater reacts with water and dissociates immediately after:
Only the part of CO2 , which get dissolved after Henry’s Law can
exchange with the atmosphere.

Zeebe & Wolf-Gladrow 2001
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Chemical System in Equilibrium

[H2 CO3 ] is negligible and the equation reduced to

Dissolved Inorganic Carbon — DIC

DIC,

P

CO2 also sometimes called PCO2
Equilibrium constants:
K1∗ , K2∗ = f (temperature T , salinity S, pressure P).
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Bjerrum Plot

Present day conditions and S = 35, T = 25◦ C:
[CO2 ] = 10µmol kg−1 ; [HCO3− ] = 1818µmol kg−1 ; [CO32− ] = 272µmol kg−1

[CO2 ] : [HCO3− ] : [CO32− ] ∼ 1% : 90% : 10%
Zeebe & Wolf-Gladrow 2001
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Total Alkalinity
Total Alkalinity (TA or ALK) is the excess of proton (H+ ion) acceptors
over proton donators (with respect to a zero level of protons).
Or even simpler:
Proton acceptor: negative charged ion
Proton donator: H+ or ion/molecule that can spend one H+ ion
Roughly:
TA ∼ 1 × [HCO3− ] + 2 × [CO32− ]
also called carbonate alkalinity
Or in detail:
−
+
TA = 1 × [HCO3− ] + 2 × [CO32− ] + [B(OH)−
4 ] + [OH ] − [H ]+ minors
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Basics on the Carbon Cycle

Carbonate System

Total Alkalinity and DIC are conservative quantities, meaning, their
concentrations are unaffected by changes in pH, pressure,
temperature, or salinity
2−
CO2 , HCO−
3 , or CO3 are not conservative!
2−
With two variables (out of DIC, TA, CO2 ,HCO−
3 , CO3 , pH) together
with T, S, P the carbonate system is fully described, the other four
quantities can be calculated out of them.
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Basics on the Carbon Cycle

C Pools and C fluxes

Sigman and Boyle 2000 N
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CO2 Reconstructions, 65,000,000 yr (IPCC 2007)
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In this study, we investigate the reliability and possible complicating factors of using benthic foraminiferal B/Ca and δ11B for deep
water [CO2−
3 ] and pH reconstructions. We present the ﬁrst down-core
B/Ca and δ11B records measured in mono-species C. wuellerstorﬁ from
a Caribbean core during the past 160 kyr. Our results show that,
despite our incomplete knowledge on B incorporation mechanisms
into foraminiferal carbonates, quantitatively consistent [CO2−
3 ] and
pH estimates can be obtained from these two proxies. This provides
]
and pH
conﬁdence in using these two proxies for deep ocean [CO2−
3
reconstructions.
2. Materials and methods
2.1. Samples
Samples used in this study are from core VM28-122 (12°N, 79°W,
3620 m) in the Caribbean Basin. The core was selected due to its high
abundance of benthic shells as well as its relatively straightforward
paleoceanographic history in the past. Because of the shallow sill
depth (∼ 1.8 km) of the Caribbean Basin (Ribbat et al., 1976), the core
records the water chemistry of intermediate water depth in the
Atlantic Ocean (e.g., Boyle and Keigwin, 1987; Oppo and Fairbanks,
1987). Sediment samples were disaggregated in de-ionized water and
wet sieved through 63 μm sieves. We chose to measure B/Ca and δ11B
in one of the most widely used benthic foraminifer C. wuellerstorﬁ, an
epibenthic species that records deep water chemistry (Corliss, 1985;
Lutze and Thiel, 1989). Approximately, 15–150 C. wuellerstorﬁ shells
were picked for each sample from the 250–500 μm size fraction and in
total ∼ 3370 shells were picked for this study. The relatively large
sample size is required for both B/Ca and δ11B measurements. The
chronology of VM28-122 is reported elsewhere (Yu et al., submitted
for publication).
2.2. Analytical methods

Fig. 1. Proportions and isotopic compositions of dissolved boron species changing with
deep water pH. The curves are calculated for deep seawater at T = 2 °C, S = 35, water
depth = 3500 m using [B]total = 416 μmol/kg, δ11Bseawater = 39.5‰, and α = 1.0272
(Klochko et al., 2006).

The large amount of benthic shells separated allowed us to carry
out replicate measurements at many depths in the core. When the

sample
size was large,
shells for each2004,
sample were
Yu et al., 2010
EPSL;
Hönisch
Pgently crushed and
mixed to homogenize them as much as possible before splitting into

Peter Köhler

sub-samples.
The samples were cleaned by the “Mg-cleaning” method
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δ 11 B

CO2 reconstructions

11

δ B, boron isotopes
General approach:
Calculate surface water pH out of δ 11 B.
Determine independently another parameter of the carbonate
2−
system (CO2 , HCO−
3 , CO3 , pH, DIC, alkalinity), mostly alkalinity
is estimated.
Surface water pCO2 can be calcuated out of pH and 2nd
parameter.
Under the assumption that surface water pCO2 and atmospheric
pCO2 stays (and stayed so in the past) in equilibrium this surface
water pCO2 is a proxy for atmospheric pCO2 .
Advantage: Based on well understood marine chemistry
Disadvantage: 2nd parameter needed, atm-surf-equilibrium
might have changed over time, seems to work only for
mono-specific selections
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In this study, we investigate the reliability and possible complicating factors of using benthic foraminiferal B/Ca and δ11B for deep
water [CO2−
3 ] and pH reconstructions. We present the ﬁrst down-core
B/Ca and δ11B records measured in mono-species C. wuellerstorﬁ from
a Caribbean core during the past 160 kyr. Our results show that,
despite our incomplete knowledge on B incorporation mechanisms
into foraminiferal carbonates, quantitatively consistent [CO2−
3 ] and
pH estimates can be obtained from these two proxies. This provides
]
and pH
conﬁdence in using these two proxies for deep ocean [CO2−
3
reconstructions.
2. Materials and methods
2.1. Samples
Samples used in this study are from core VM28-122 (12°N, 79°W,
3620 m) in the Caribbean Basin. The core was selected due to its high
abundance of benthic shells as well as its relatively straightforward
paleoceanographic history in the past. Because of the shallow sill
depth (∼ 1.8 km) of the Caribbean Basin (Ribbat et al., 1976), the core
records the water chemistry of intermediate water depth in the
Atlantic Ocean (e.g., Boyle and Keigwin, 1987; Oppo and Fairbanks,
1987). Sediment samples were disaggregated in de-ionized water and
wet sieved through 63 μm sieves. We chose to measure B/Ca and δ11B
in one of the most widely used benthic foraminifer C. wuellerstorﬁ, an
epibenthic species that records deep water chemistry (Corliss, 1985;
Lutze and Thiel, 1989). Approximately, 15–150 C. wuellerstorﬁ shells
were picked for each sample from the 250–500 μm size fraction and in
total ∼ 3370 shells were picked for this study. The relatively large
sample size is required for both B/Ca and δ11B measurements. The
chronology of VM28-122 is reported elsewhere (Yu et al., submitted
for publication).
2.2. Analytical methods

Fig. 1. Proportions and isotopic compositions of dissolved boron species changing with
deep water pH. The curves are calculated for deep seawater at T = 2 °C, S = 35, water
depth = 3500 m using [B]total = 416 μmol/kg, δ11Bseawater = 39.5‰, and α = 1.0272
(Klochko et al., 2006).

The large amount of benthic shells separated allowed us to carry
out replicate measurements at many depths in the core. When the

sample
size was large,
shells for each2004,
sample were
Yu et al., 2010
EPSL;
Hönisch
Pgently crushed and
mixed to homogenize them as much as possible before splitting into

Peter Köhler

sub-samples.
The samples were cleaned by the “Mg-cleaning” method
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B/Ca

B/Ca

General approach:
Planktic foraminiferal B/Ca ratios = f (seawater borate/bicarbonate
ratios [B(OH)4-/HCO3-]) = f(pH).
similar to the δ 11 B approach.
Advantage: Based on well understood marine chemistry
Disadvantage: 2nd parameter needed, atm-surf-equilibrium
might have changed over time.
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of low pCO2 at ~2.5 Ma is associated with the
CO2 reconstructions
onset of large-amplitude
(glacial-interglacial)
cycles in deep-sea oxygen isotope records (32).
These results show that changes in pCO2 and
climate have been coupled during major glacial
transitions of the past 20 My, just as they have

Middle and Late Miocene and the Late Pliocene
B/Ca
glacial
intensification, and therefore, it is logical to
deduce that pCO2 played an important role in
driving these transitions. High-resolution records
of pCO2 and other climate parameters should help

B/Ca example I, last 20 Myr
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Fig. 1. B(OH)4–/HCO3– ratios, pH, and pCO2 from 0 to 1.4 Ma from B/Ca ratios of surface-dwelling
foraminifera compared with Antarctic ice core data (solid line) (23). Data are mean T average s. There is a
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(table S9). This uncertainty in B(OH)4–/HCO3– equates to a 10- to 20-ppmv uncertainty
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Alkenones, δ 13 C org

CO2 reconstructions

13

Alkenones, or δ C org
General approach:
Paleoatmospheric CO2 concentrations can be estimated from the
stable carbon isotopic compositions of sedimentary organic molecules
known as alkenones. Alkenones are long-chained (C37-C39)
unsaturated ethyl and methyl ketones produced by a few species of
Haptophyte algae in the modern ocean. Alkenone-based pCO2
estimates derive from records of the carbon isotopic fractionation that
occurred during marine photosynthetic carbon fixation (p ). Chemostat
experiments conducted under nitrate-limited conditions indicate that
alkenone-based p values (p37:2 ) vary as a function of the
concentration of aqueous CO2 (CO2 aq ) and specific growth rate.
These experiments also provide evidence that cell geometry accounts
for differences in p among marine microalgae cultured under similar
conditions.
Disadvantage: Based on analogue, not on chemistry,
atm-surf-equilibrium might have changed over time
Peter Köhler
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rates in oligotrophic settings, comparable
to
CO reconstructions
Alkenones, δ 13 C org
those2of the highly productive Peru upwelling
margin (Fig. 2D). Therefore, we conclude that

Alkenones, example I, last 60 Myr
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es in Pliocene temperature change. Warm-pool regions
opical western Pacific Ocean (ODP Site 806) and western
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Alkenones mixed with δ B, example III, last 5 Myr
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O. Seki et al. / Earth and Planetary Science Letters 292 (2010) 201–211

Fig. 9. Multiproxy Plio-Pleistocene pCO2 evolution. (a) Published estimates of Plio-Pleistocene pCO2 including the EPICA ice core record (green, Lüthi et al., 2008; Petit et al., 1999), pCO2
based on δ11B of G. sacculifer and mixed species from ODP Sites 871 and 872 in the equatorial Paciﬁc (blue diamonds and error envelope, Pearson and Palmer, 2000), pCO2 based on the
stomatal density of fossil leafs (red circles and error envelope, Kürschner et al., 1996), pCO2 based on the δ13C of bulk organic material from ODP Site 806 (open diamonds, Raymo et al.,
1996) and on alkenones based pCO2 records from the ODP Sites 925 (blue), 806 (green) and 1208 (grey) (Pagani et al., 2010). (b) G. ruber boron-based pCO2 determined using δ11B derived
pH with [CO32−]MOD (blue diamonds with ±25 ppm error bar) or modern TA (red circles with uncertainty band relating to ±5% modern TA). (c) Alkenone-based pCO2 estimates
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sequence (1.99–1.90 m) and this occurrence is con-

CO
Stomata
sistent
with the pollen record. Also
needles of Pinus
2 reconstructions

Stomata
Geochemistry
Geophysics
Geosystems

3

G

rundgren and beerling: fossil leaves

sylvestris and Picea abies were recorded in the mid
part at 2.23–1.28 and 2.46–1.20 m, respectively. P.
sylvestris needles were only found in unit 3, although
relatively high Pinus pollen percentages are seen
10.1029/2002GC000463
already in the lower part of unit 2. The samples
with the highest needle concentrations coincide with
0

1000

2000

3000

despite relatively high pollen percentages. This may
reflect less favourable conditions for preservation of
needles (and leaves) in the diatomite.
4.2. CO2 reconstruction
Reconstructed CO2 values for each sample and
species are presented in Fig. 4A together with running
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re 1. Stomata and CO2. (a) Effects of climate on leaf stomatal density (SD) and stomatal
(SI). Underatmospheric CO2 concentrations, with 95% confidence intervals, based on stomatal index data obtained from Betula
hted conditions, leaf epidermal cells are small and the stomata tightly packed. Under non-droughted
conditions
pendula (open
circles) and Quercus robur/Quercus petraea (full circles) leaf fragments preserved in the Hollerup lake sediment sequence. (A)
rmal cells are fully expanded forcing the spacing of the stomatal pores further apart, Smoothed
thereby decreasing
SD. CO2 records (five-point running mean values) for B. pendula (thin line) and Q. robur/Q. petraea (thick line). (B)
taxon-specific
use the proportion of epidermal cells that are stomata has not changed between eitherSmoothed
condition,composite
SI remainsCO record (five-point running mean values). Chronology is according to Björck et al. (2000).
ant. (b) Comparison of a Holocene terrestrial reconstruction of atmospheric CO2 partial pressure, based on 2
ges in the SI of fossil S. herbacea leaves [Rundgren and Beerling, 1999], with atmospheric CO2 records from
ctic ice cores [Etheridge et al., 1996; Indermühle et al., 1999]. The SI record is in CO2 partial pressure because
ata respond to partial pressure rather than mole fraction [Woodward, 1987], and the leaf materials were cored
a site 999 m above sea level. The approximate timing of the Medieval Warm Period (MWP) and Little Ice Age
are indicated. (c) Comparison of Lateglacial CO2 changes reconstructed from fossil leaves of three species of
shrubs, each independently calibrated, for the Lateglacial [Rundgren and Björck, 2003], and the Dome C ice
ecord [Monnin et al., 2001]. Fossil leaves were obtained from a Swedish site close to sea level enabling direct
struction of past CO2 concentrations in parts per million ( ppmv). Timescales in Figures 1b and 1c are in years

Rundgren 2003 GGG, Rundgren 2005 GPC
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Stomata

Stomata
A

B

C

D

(39)

(2, 41, 42)
(3)
(4, 5)

(2, 37, 38)

Late Oligocene–Miocene stomatal index records, inferred atmospheric CO2 fluctuations, and effects on global temperature compared with majo
Kuerschner
2008until
PNAS
al ecosystems. (A) SI of fossil leaf remains between 25 and
12 Ma (late Oligocene
late middle Miocene. For a list of locations and their age asse
3). The lines represent trends in SI: blue, L. pseudoprinceps; black, L. nobilis; red, O. foetens; green, G. biloba. The values represent means per stratig
or bars indicating the standard deviation of the SI. The age error bars indicate the minimum and maximum ages of the sample. The stratigraphic
ishedPeter
by vertebrate
SI Table 3). (B) Reconstructed late Oligocene–middle
Miocene CO
2 leve
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Ice Sheets, ∆T and benthic δ 18 O
B. de Boer et al. / Palaeogeography, Palaeoclimatology, Palaeoecology xxx (2011) xxx–xxx

Deconvolute stacked benthic δ 18 O into climate variables
(∆Tdeep o , ∆Tatm (40−80 N) , size of ice sheets, sea level, snow cover)

The inverse modelling technique explained graphically. Starting in the top left corner, every 100 years the NH continental mean surface air temperature relative to
ted using the inverse routine, Eq. (1), for which an increase in δ18 O leads to a drop in temperature. Next, the temperature anomaly is forwarded to the ice-sheet an
emperature models, resulting in an increase in ice volume, a drop in δ18 Oi and a drop in the deep-water temperature anomaly ΔTo. Finally, the benthic modelled
ted according to Eq. (2), and is forwarded to the inverse ◦
routine to determine the next time step temperature anomaly.

Furthermore, to calculate the benthic δ18 O in the model, we u

ossibility of forcing ice-sheet models in a transient mode with
ic δ18 O records as one of the key climate-related variables which
ilable over the past 40 Myr.

(Bintanja et al., 2005; de
Boerbased
et on
al.,mass
2011)
equation
conservation (De Boer et al., 2010):

Peter Köhler

33

h

i

!
18
δ OV

2 ! 3
18
δ O V 04/05/2011, AWI

CO2 reconstructions

Validation of different approaches

18

1
0

40
0
-40

-2

TNH (K)

-80
20
15
10
5
0
-5
-10
-15
-20

-120

Sea level (m)

80

-1

-160
-200
500
450

?

400
350
300
250

CO2 (ppmv)

18

O (permil)

∆T, Sea level
=f(benthic δ O)
2

200
150
20

15

10

5

0

Time (Myr BP)

(after Bintanja et al., 2005; van de Wal et al., 2011; de Boer et al., 2011)
Peter Köhler

34

04/05/2011, AWI

CO2 reconstructions

Validation of different approaches

Modelling ice sheets over last 20 Myr out of δ 18 O

Van de Wal et al., 2011, CPD
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Greenhouse Effect

Planck’s Law
Planck’s Law:
Radiation of every black body as function of temperature and wavelength.
Birth of Quantum Mechanics: Light
(photons) have discrete energies
Plancks Constant h ∼ 6.6 · 10−34 Js
E = h · ν. ν: frequency
Planck’s Law brought together 2
approximations (Wien; Rayleigh-Jeans)
Wien’s displacement law:
λmax · T = 2.9 · 10−3 m K.
Sun (T = 5500 K): λmax = 527nm (VIS)
Earth (T = 255 K): λmax = 11µm (IR)

Integration over all wavelength: Energy emission = f (T )
⇒ Stefan-Bolzmann-Law: R = σT 4
Peter Köhler
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Greenhouse Effect

Radiation at Earth

Ruddiman 2001
Peter Köhler
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Greenhouse Effect

Black Body Radiation
Stefan-Bolzmann-Law: R = σT 4
Stefan-Bolzmann-Constant: σ = 5.6710−8 W /(m2 · K 4 )
Solarconstant: S = 1367W /m2 ; average radiation: SM = 342W /m2 .
Albedo: α = 0.3
Steady state:
Incoming = Outgoing
S(1 − α)πr 2 = R4πr 2
or
SM (1 − α)4πr 2 = R4πr 2
(1/4)

Te,0 = S(1−α)
4σ
Te,0 = 255K (−18◦ C)
Measured:
Land: 9.84◦ C(1.077 × 1014 m2 ) [Leemans and Cramer(1991)]
1931–1960 Ocean: 18.1◦ C(3.578 × 1014 m2 ) [Levitus and Boyer(1994)]
Global Mean: 16◦ C
Difference (∆T = 34 K) has to be explained by radiative forcing
Peter Köhler
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Greenhouse Effect

Energy Budget of Atmosphere (IPCC 2007)
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Greenhouse Effect

Simplified Energy Budget (Köhler et al., 2010, QSR)

α P = 0.30

I

αA = 0.212

ε = 0.60
a = 0.20

GHG

α = 0.15
S
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αS: 0.10 0.55

0.75

4

R0 = σ TE
0.20

SW
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Greenhouse Effect

∆TNH —CO2 2: Theoretical Relationship
CO2
∆TNH = C · ln CO
with C =
2,ref

αβγSC
1−f

LGM parameters:
α = ∆TNH /∆Tglobal = 15 K/6 K = 2.5
β = 5.35 : radiative forcing of CO2
γ = 1.3: enhancement factor for non-CO2 GHG (CH4 , N2 O)
SC = 0.72 : Charney climate sensitivity (fast feedbacks: Planck, water
vapour, lapse rate, clouds, sea ice, albedo)
f = 0.72: feedbacks of slow processes (land ice, dust, vegetation)
C = 43K theoretical calculation based LGM data and constant climate sensitivity
For comparision:
pure SCharney (f = 0; γ = 1; α = 1) ⇒ CC = 3.9 K and ∆Tglobal = 2.7 K
(van de Wal et al., 2011, CPD)
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CO2 reconstructions, the last 20 Myr
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CO2 reconstructions, the last 20 Myr
500

alkenones (Pagani 2005)
alkenones (Pagani 2010)
11
Bp (Pearson 2000)
Stomata (Kürschner 2008)

450

B/Ca (Tripati 2009)
11
Alk+ Bs (Seki 2010)
11
Bh (Hönisch 2009)
ice cores (EDC+Vostok)

CO2 (ppmv)

400
350
300
250
200
our approach
400 kyr running mean

150
20

15

10

5

0

Time (Myr BP)

Assumption: relation CO2 -∆T unchanged with time!!!
after van de Wal et al., 2011 CPD
Peter Köhler

48

04/05/2011, AWI

CO2 reconstructions

Greenhouse Effect

Validation Summary

Calculate sea level, ∆T within one modelling framework leads to
self-consistent results.
Evaluate proxy-based CO2 with modelling ∆T shows
inconsistencies in some of the proxies (stomata, alkenones,
multi-species δ 11 B)
Regression of ∆T and best proxy-CO2 can be understood based
on theoretical background of radiative forcings
Reconstructed CO2 declines from 450 ppmv (20 Myr BP) to 280
ppmv at pre-industrial times.
Van de Wal et al., 2011, CPD
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The Faint young sun Paradox

The Faint young sun Paradox I
Solar luminosity increased over earth’s history: Early sun was about
30% weaker than today.

At present-day atmospheric composition, temperature should have
been below freezing point of water for most of earth’s history
Peter Köhler
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The Faint young sun Paradox I
Solar luminosity increased over earth’s history: Early sun was about
30% weaker than today.

At present-day atmospheric composition, temperature should have
been below freezing point of water for most of earth’s history
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The Faint young sun Paradox II

But:
Geologic evidence for liquid ocean over at least 3.5 billion years:
Sediment rocks, microfossils showing presence of life
Something must have prevented earth from freezing
But if there is a heating process, it must be less active today
Earth seems to posess a thermostat

Peter Köhler
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The Faint young sun Paradox

Greenhouse Effect
The main candidate: A stronger greenhouse effect in early earth
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The Faint young sun Paradox

Carbon Pools
This requires more CO2 in the early atmosphere. Where did it come
from? The largest reservoir nowadays is in rocks

How can CO2 exchange between atmosphere and rocks?
Peter Köhler
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Carbon Pools
This requires more CO2 in the early atmosphere. Where did it come
from? The largest reservoir nowadays is in rocks

How can CO2 exchange between atmosphere and rocks?
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CO2 outgassing

Rock to Atmosphere Flux: Volcanic Emissions
Volcanoes presently emit ca. 0.15 Pg C a−1 , mostly in the form of CO2
(also some emission of CH4 ). This activity might have been stronger.
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CO2 outgassing

Rock to Atmosphere Flux: Volcanic Emissions
Residence time of C in A/O/B with respect to volcanic outgassing:
41700PgC
≈ 278000yr .
τ = 0.15PgC
yr −1

Peter Köhler

60

04/05/2011, AWI

Processes

CO2 outgassing

Rock to Atmosphere Flux: Volcanic Emissions

But:
Volcanic emissions may be drivers of a changed CO2 content, but
they don’t react to changes in climate.
A thermostat requires some form of feedback.
Some other process required!
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Atmosphere to Rock Flux: Weathering
The process opposing the long-term build-up of CO2 through volcanic
outgassing is continental weathering.
Continental weathering is the chemical transformation of exposed
rocks with rainwater and dissolved reactive gases CO2 and O2 .
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Atmosphere to Rock Flux: Weathering
weathering reactions with carbonic acid in rainwater
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Limestone
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Carbonate Weathering

Limestone (CaCO3 ) is easily broken down in the dissolution reaction
H2 O + CO2 ⇒ H2 CO3

(1)

rain + atmosphere ⇒ carbonic acid
CaCO3 + H2 CO3 ⇒ Ca2+ + 2HCO−
3

(2)

limestone + carbonic acid ⇒ continental weathering

Peter Köhler
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Silicate Minerals

Typical silicate minerals: Olivine, feldspar and quartz
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Silicate Weathering

Typical silicate weathering reaction: Na-feldspar is converted to
secondary mineral kaolinite

H2 O + CO2 ⇒ H2 CO3

(3)

rain + atmosphere ⇒ carbonic acid
2NaAlSi3 O8 + 2H2 CO3 + 9H2 O
⇒ 2Na2+ + 2HCO−
3 + 4H2SiO4 + Al2 Si2 O5 (OH)4
All C in silicate weathering comes from the atmosphere!
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After Weathering
What happens with the dissolved minerals?
They are precipitated inorganically or organically.

Peter Köhler

69

04/05/2011, AWI

Processes

Weathering

Carbonate Precipitation

carbonate Precipitation: done by several groups, e.g. coccolithophorids
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Budget of CaCO3 pump
Organic production of CaCO3 in the ocean:
Net reaction formula:
Ca2+ + 2HCO−
3 ⇔ CaCO3 + CO2 + H2 O

(4)

1 mol CaCO3 reduced DIC by 1 mol
1 mol CaCO3 reduced alkalinity by 2 mol
It is not that each mol CaCO3 produces 1 mol CO2 as might be
suggested from this equation and the illustrations. Most of the CO2 is
immediately transfomed into HCO−
3.
However, the asynchronous changes in alkalinity and DIC change the
carbonate system.
Peter Köhler
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Carbonate Cycle
CO2 gas exchange:
∆(TA) = 0
⇒: CO2 uptake reduces pH +
increases [CO2 ]
CaCO3 cycle:
∆(ALK ) = 2 × ∆(DIC)
⇒: CaCO3 production reduces pH +
increases [CO2 ]
Org C cycle:
∆(ALK ) = −1.14 × ∆(DIC)
⇒: Org C production increases pH +
decreases [CO2 ]

Zeebe & Wolf-Gladrow 2001

Peter Köhler

72

04/05/2011, AWI

Processes

Weathering

Bjerrum Plot

A reduced pH shifts the carbonate system towards higher CO2 values
Zeebe & Wolf-Gladrow 2001
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Silicate Precipitation
Silicate precipitation: today mostly done by diatoms
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Weathering

The net effect of weathering can be summarized into the basic
equation:
igneous rocks + acid volatiles ⇒ sedimentary rocks + salty ocean
Silicate weathering and precipitation removes CO2 from atmosphere!
Carbonate weathering and subsequent precipitation has no net effect
on CO2 .
But both weathering processes introduce alkalinity into the ocean. So
long-term effects of weathering might exists via chemical reaction of
the oceanic sediment.
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Weathering

The net effect of weathering can be summarized into the basic
equation:
igneous rocks + acid volatiles ⇒ sedimentary rocks + salty ocean
Silicate weathering and precipitation removes CO2 from atmosphere!
Carbonate weathering and subsequent precipitation has no net effect
on CO2 .
But both weathering processes introduce alkalinity into the ocean. So
long-term effects of weathering might exists via chemical reaction of
the oceanic sediment.
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Weathering

The net effect of weathering can be summarized into the basic
equation:
igneous rocks + acid volatiles ⇒ sedimentary rocks + salty ocean
Silicate weathering and precipitation removes CO2 from atmosphere!
Carbonate weathering and subsequent precipitation has no net effect
on CO2 .
But both weathering processes introduce alkalinity into the ocean. So
long-term effects of weathering might exists via chemical reaction of
the oceanic sediment.
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Weathering

Rate of chemical weathering depends on:
surface to volume ratio of rock: mechanical weathering increases
chemical weathering!
temperature: reactions proceed faster in warmer climate
precipitation: water is needed
acidity of ground water: atmospheric CO2 and organics have an
influence
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Weathering Feedback
Temperature: higher weathering in warmer regions
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Weathering Feedback

Precipitation: highest weathering in tropics
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Weathering Feedback
Plant growth: increases with temperature
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Weathering Feedback
Warmer and wetter climate leads to increased weathering
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Weathering Feedback
Sediment yield is a measure for intensity of weathering
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Summary Weathering
Over long timescales, greenhouse strength is driven by the balance
between
source of CO2 from volcanism
sink of CO2 from silicate weathering

Important to notice:
Changes in climate driven e.g. by CO2 changes from volcanism.
Negative weathering feedback dampens climate changes.
But that does not mean that climate does not change at all!
Peter Köhler
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Stable Cenozoic Weathering???
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LETTERS
Long-term stability of global erosion rates and
weathering during late-Cenozoic cooling
Jane K. Willenbring1 & Friedhelm von Blanckenburg1

Willenbring 2010 N

Over geologic timescales, CO2 is emitted from the Earth’s interior and
Atmospheric CO2 concentrations derived from ocean palaeo-pH
is removed from the atmosphere by silicate rock weathering and
and stomatal indices do not testify to a significant decrease over this
organic carbon burial. This balance is thought to have stabilized
period. Concentrations were around 300 parts per million by volume
greenhouse conditions within a range that ensured habitable condi- (p.p.m.v.) during the Pliocene and Miocene epochs11. The significant
tions1. Changes in this balance have been attributed to changes in
drop from ,1,000 p.p.m.v. occurred long before the apparent
topographic relief, where varying rates of continental rock weatherincrease in erosion. In particular, during the Pliocene and the
1,2
ing and erosion are superimposed on fluctuations in organic carbon
Quaternary period, the fourfold increase in erosion was accompanied
Peter Köhler
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Stable Cenozoic Weathering???

Left: Increased sedimenation rate indicate increase in weathering
Right: 10Be/9Be ratio as weathering proxy (only 10 Myr!!!)
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LETTERS
No climate paradox under the faint early Sun
Minik T. Rosing1,2,4, Dennis K. Bird1,4, Norman H. Sleep5 & Christian J. Bjerrum1,3

Rosing 2010 N
Environmental niches in which life first emerged and later evolved
isotope composition of Archaean sea water was the same as at
on the Earth have undergone dramatic changes in response to
present20,21. Such high temperatures and required greenhouse gas conevolving tectonic/geochemical cycles and to biologic interventions1–3,
centrations, as well as the consistency of the oxygen isotope composition of sea water over geologic time, are not universally accepted22,23,
as well as increases in the Sun’s luminosity of about 25 to 30 per cent
over the Earth’s history4. It has been inferred that the greenhouse
and would have required a partial pressure of atmospheric CO2 of
effect of atmospheric CO2 and/or CH4 compensated for the lower
pCO2 < 2–6 bar at ,3.3 Gyr ago (assuming pCH4 , 0.01 bar). Furthersolar luminosity and dictated an Archaean climate in which liquid
more, predicted changes in the oxygen isotope composition of sea
water Köhler
was stable in the hydrosphere5–8. Here we demonstrate, 87water over geologic time is consistent with a warm,04/05/2011,
but not a hot,
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AWI
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Atmospheric environments

Fe2O3 [in minerals] 1 H2 [gas] 5 2FeO [in minerals and solutions] 1 H2O (1)
Upper stability of H2O, ptotal = 1 bar

0

Likewise, increasing CO2 would favour formation of siderite (FeCO3)
relative to Fe(II) silicates, and Fe(III)-containing minerals such as
magnetite (FeOFe2O3) would react to form siderite while consuming
hydrogen:
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FeOFe2O3 [in minerals] 1 3CO2 [gas] 1 H2 [gas] 5
3FeCO3 [in minerals] 1 H2O

(2)

Ferric iron is present in the Earth’s mantle and in mantle-derived
melts where equilibria involving ferrous iron silicates and Fe(III)-rich
spinels (nominally magnetite) define the intrinsic oxidation state of
the Earth’s mantle and crust. Ferrous iron silicates can be oxidized by
water to form magnetite while releasing aqueous silica and hydrogen,
which may escape to the ocean–atmosphere system through hydrothermal vents (the reverse of reaction (1)). Reactions involving fluids
that have equilibrated with silica-rich rocks and/or CO2-rich reservoirs such as the ocean–atmosphere system will, on the contrary,
consume hydrogen as magnetite reacts to form Fe(II) carbonate
through reaction (2) and to form Fe(II) silicates as illustrated by
reaction (3), taking into account the fayalite component in olivine.
2FeOFe2O3 [magnetite] 1 3SiO2 [aqueous or quartz] 1 2H2 [aqueous] 5
3Fe2SiO4 [olivine] 1 2H2O
(3)
The mantle and its magmatic derivatives will thus be reducing relative
to silica- and/or CO2-poor fluids, but oxidizing relative to silica- and/
or CO2-rich fluids. The reverse of reaction (3) represents hydrothermal oxidation of ultramafic rocks producing magnetite and
releasing H2, which, together with CO2, provides important niches
for methanogenic bacteria1,2 according to:

Existience of Fe(II-III) oxides (magenite) in banded iron formations is
inconsitent with high CO2 necessary under fain young sun paradox.
Their solution: Lower albedo of early Earth sufficient for above freezing
point.
CO2 1 4H2 5 CH4 1 2H2O
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Marine sediments
(ref. 27)

(4)

Although the Gibbs energy of reaction (4) is dependent on temperature and the relative partial pressures (concentrations) of CO2, H2
and CH4, extant methanogenic organisms that metabolize H2 in subsurface and shallow marine environments are able to deplete H2 to
,1025 bar (Fig. 1) where the Gibbs energy of reaction is about
9–15 kJ mol21 (refs 27–29). This would be in the range of about
23.5 to – 4.5 at pCO2 compatible with magnetite–siderite stability.
This is the order of magnitude for the lower limit of predicted atmospheric H2 on the early Earth determined by coupled atmospheric–
ecosystem models involving metabolic processes of methanogens,
acetogens and anoxygenic phototrophs30,31. Conversion of H2 to
CH4 or organic matter by hydrogen-consuming methanogens and
phototrophs is in effect an oxidation of the04/05/2011,
environment, and AWI
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Summary
Pre-ice core CO2 is estimated from different proxies (δ 11 B, B/Ca,
stomata, δ 13 C ORG ) which rather low resolution and large
uncertainties.
Validation with model-based ∆T = f(δ 18 O) and theory on radiative
forcing highlights “good” and “weak” CO2 proxies.
Faint Young Sun Paradox can be explained if continental
weathering acts as a thermostat, which dampens climate change.
Silicate weathering extracts CO2 from the atmosphere and puts it
in the ocean sediments.
Carbonate weathering does not extract CO2 from the atmosphere.
New data weakens weathering hypothesis and Faint Young Sun
Paradox.

Peter Köhler

90

04/05/2011, AWI

Summary

References I
Bintanja, R., van de Wal, R., and Oerlemans, J.: Modelled atmospheric temperatures and global sea levels over the past
million years, Nature, 437, 125–128, doi: 10.1038/nature03 975, 2005.
de Boer, B., van de Wal, R. S., Lourens, L. J., and Bintanja, R.: Transient nature of the Earth’s climate and the implications
for the interpretation of benthic records, Palaeo3 , In Press, doi:10.1016/j.palaeo.2011.02.001, 2011.
Hönisch, B. and Hemming, N. G.: Ground-truthing the boron isotope-paleo-pH proxy in planktonic foraminifera shells:
partial dissolution and shell size effects, Paleoceanography, 19, PA4010, doi: 10.1029/2004PA001 026, 2004.
Hönisch, B., Hemming, N. G., Archer, D., Siddall, M., and McManus, J. F.: Atmospheric Carbon Dioxide Concentration
Across the Mid-Pleistocene Transition, Science, 324, 1551–1554, doi:10.1126/science.1171477, 2009.
Köhler, P., Bintanja, R., Fischer, H., Joos, F., Knutti, R., Lohmann, G., and Masson-Delmotte, V.: What caused Earth’s
temperature variations during the last 800,000 years? Data-based evidences on radiative forcing and constraints on
climate sensitivity, Quaternary Science Reviews, 29, 129–145, doi:10.1016/j.quascirev.2009.09.026, 2010.
Kürschner, W. M., Kvac̆ek, Z., and Dilcher, D. L.: The impact of Miocene atmospheric carbon dioxide fluctuations on
climate and the evolution of terrestrial ecosystems, Proceedings of the National Academy of Sciences, 105, 449–453,
doi:10.1073/pnas.0708588105, 2008.
Leemans, R. and Cramer, W. P.: The IIASA climate database for land areas on a grid with 0.5o resolution, vol. RR-91-18
of Research Reports, International Institute for Applied Systmes Analysis, Laxenburg, Austria, 1991.
Levitus, S. and Boyer, T.: World Ocean Atlas Volume 4: Temperature, NOAA Atlas NESDIS 4, U.S. Department of
Commerce, Washington, D.C., 1994.
Pagani, M., Zachos, J. C., Freeman, K. H., Tipple, B., and Bohaty, S.: Marked Decline in Atmospheric Carbon Dioxide
Concentrations During the Paleogene, Science, 309, 600–603, doi:10.1126/science.1110063, 2005.
Pagani, M., Liu, Z., LaRiviere, J., and Ravelo, A. C.: High Earth-system climate sensitivity determined from Pliocene
carbon dioxide concentrations, Nature Geoscience, 3, 27–30, doi:10.1038/ngeo724, 2010.
Peter Köhler
91
04/05/2011, AWI

Summary
Pearson, P. N. and Palmer, M. R.: Atmospheric carbon dioxide concentrations over the past 60 million years, Nature, 406,
695–699, 2000.
Rosing, M. T., Bird, D. K., Sleep, N. H., and Bjerrum, C. J.: No climate paradox under the faint early Sun, Nature, 464,
744–747, doi:10.1038/nature08955, 2010.
Ruddiman, W. F.: Earth’s Climate, past and future, Freeman, 2001.
Rundgren, M. and Beerling, D.: Fossil leaves: effecitve bioindicators of ancient CO2 levels?, Geochemistry, Geophysics,
Geosystems, 4, 1058, doi: 10.1029/2002GC000 463, 2003.
Rundgren, M., Björck, S., and Hammarlund, D.: Last interglacial atmospheric CO2 changes from stomatal index data and
their relation to climate variations, Global and Planetary Change, 49, 47–62, 2005.
Seki, O., Foster, G. L., Schmidt, D. N., Mackensen, A., Kawamura, K., and Pancost, R. D.: Alkenone and boron-based
Pliocene pCO2 records, Earth and Planetary Science Letters, 292, 201 – 211, doi:10.1016/j.epsl.2010.01.037, 2010.
Tripati, A. K., Roberts, C. D., and Eagle, R. A.: Coupling of CO2 and Ice Sheet Stability Over Major Climate Transitions of
the Last 20 Million Years, Science, 326, 1394–1397, doi:10.1126/science.1178296, 2009.
van de Wal, R., de Boer, B., Lourens, L., Köhler, P., and Bintanja, R.: Continuous and self-consistent CO2 and climate
records over the past 20 Myrs, Climate of the Past Discussions, 7, 437-461, doi:10.5194/cpd-7-437-2011, 2011.
Willenbring, J. K. and von Blanckenburg, F.: Long-term stability of global erosion rates and weathering during
late-Cenozoic cooling, Nature, 465, 211–214, doi:10.1038/nature09044, 2010.
Yu, J., Foster, G. L., Elderfield, H., Broecker, W. S., and Clark, E.: An evaluation of benthic foraminiferal B/Ca and δ 11 B for
deep ocean carbonate ion and pH reconstructions, Earth and Planetary Science Letters, 293, 114 – 120,
doi:10.1016/j.epsl.2010.02.029, 2010.
Zachos, J. C., Dickens, G. R., and Zeebe, R. E.: An early Cenozoic perspective on greenhouse warming and carbon-cycle
dynamics, Nature, 451, 279–283, doi: 10.1038/nature06 588, 2008.

Peter Köhler

92

04/05/2011, AWI

