
Evolution of the Ocean’s
Biological Pump ... in silico

Andy Ridgwell



Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T PPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

C D OS

RDOC
creation

scavenging

terrestrial
DOC input

UV creation/destruction
2+ - Ca +2HCO  ® CaCO +CO +H O3 3 2(aq) 2

calcification (1.1)

seafloor dissolution (0.4)

water-column dissolution (0.6)

2+ - CaCO +CO +H O ® Ca +2HCO3 2(aq) 2 3

neritic CaCO3

burial (0.1)

carbonate+silicate weathering (0.2)

deep-sea CaCO burial (0.1)3 

net CO  fixation (10.0)2

C  oxidation (9.9)org

C  oxidation (0.1)org

mixing

u
p

-w
e

lli
n

g

d
o

w
n

-w
e

lli
n

g

pCO2(g)

out-gassing (70) in-gassing (70)

warm cold

pCO2
pCO2

RDOC [630 PgC]

SLDOC [6]

SRDOC [14]

neritic Corg

burial (~0.05)

organic carbon pumpsolubility pump

microbial carbon pumpcarbonate pump

kerogen weathering (0.05)



deep
ocean

surface
ocean

RDOC [630 PgC]

RDOC
creation

scavengingT
e

rr
e

s
tr

ia
l 

D
O

C
 i

n
p

u
t 

(?
)

UV creation/destruction

SLDOC [6]

SRDOC [14]

60° S

Pacific Ocean

60° S

40° S

40° N

60° N

Atla
ntic

 Ocean

0

200

400

1,000

2,000

3,000

4,000

5,000

6,000

20° S

20° N

0°

40° S 20° S 0° 20° N 40° N 60° N

   20° N

IndianOcean

0

200

400

1,000
2,000
3,000
4,000
5,000
6,000

0

200

400

1,000

2,000

3,000

D
epth (m

)

4,000

5,000

6,000

0°

40 50 60 70 80
–1DOC (µmol kg )

Hansell [2012]

Evolution of the Biological Pump



200015001000500 2500 3000 35004003002001000
-15

-10

-5

0

+5

+10

+15

-1.0

+0.0

+1.0

+2.0

+3.0

+4.0

53.0 54.0 55.0 56.0 57.0 58.0

500 550 600 650 700 750
Time (Ma)

Time (Ma)

-15

-10

-5

0

+5

+10

+15

1
3

d
C

 (
‰

)

1
3

d
C

 (
‰

)

Ridgwell and Arndt [submitted]

Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T PPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

C D OS



Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T PPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

C D OS

RDOC
creation

scavenging

terrestrial
DOC input

UV creation/destruction

neritic CaCO3

burial (0.1)

carbonate+silicate weathering (0.2)

net CO  fixation (10.0)2

C  oxidation (9.9)org

C  oxidation (0.1)org

mixing

u
p

-w
e

lli
n

g

d
o

w
n

-w
e

lli
n

g

pCO2(g)

out-gassing (70) in-gassing (70)

warm cold

pCO2
pCO2

RDOC [630 PgC]

SLDOC [6]

SRDOC [14]

neritic Corg

burial (~0.05)

organic carbon pumpsolubility pump

microbial carbon pump

kerogen weathering (0.05)



Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T PPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

C D OS

neritic CaCO3

burial (0.1)

carbonate+silicate weathering (0.2)

mixing

u
p

-w
e

lli
n

g

d
o

w
n

-w
e

lli
n

g

pCO2(g)

out-gassing (70) in-gassing (70)

warm cold

pCO2
pCO2

neritic Corg

burial (~0.05)

solubility pump

kerogen weathering (0.05)

0
0

-2
-1

F
lu

x 
o
f 
P

O
C

 (
g
 m

 y
r

)
1

2

3

4

5

6

7

10 20 30 40
-2 -1Flux of CaCO  (g m  yr )3

2
R  = 0.49

‘b
al

la
st

in
g’



Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T PPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

C D OS

RDOC
creation

scavenging

terrestrial
DOC input

UV creation/destruction

neritic CaCO3

burial (0.1)

carbonate+silicate weathering (0.2)

mixing

u
p

-w
e

lli
n

g

d
o

w
n

-w
e

lli
n

g

pCO2(g)

out-gassing (70) in-gassing (70)

warm cold

pCO2
pCO2

RDOC [630 PgC]

SLDOC [6]

SRDOC [14]

neritic Corg

burial (~0.05)

solubility pump

microbial carbon pump

kerogen weathering (0.05)



50

5
0 50

10
0

100

10
0 100

1501
5
0

1
5
0

1
5
0

2
0
0

200 2002
5
0 250

3
0
0

50

5
0 50

10
0

100

10
0 100

1501
5
0

1
5
0

1
5
0

2
0
0

200 2002
5
0 250

3
0
0

Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T PPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

0 30 60 90-30-60-90

-1Dissolved oxygen (mmol kg )

0 300

D
e

p
th

 (
k
m

)

0

4

2

5

1

3

Modern Pacific (zonal mean)

0 30 60 90-30-60-90

-1Dissolved oxygen (mmol kg )

0 300

-1
Dissolved H S (mmol kg )2

300 0

Evolution of the Biological Pump

==
?

Modern: High atmospheric pO2 Early Earth: Low atmospheric pO2

C D OS



Exploring the evolution of the biological pump in silico

! calculate carbonate alkalinity

loc_ALK_DIC = dum_ALK &    
& - loc_H4BO4 - loc_OH - loc_HPO4 - 2.0*loc_PO4 - loc_H3SiO4 - loc_NH3 - loc_HS &            
& + loc_H + loc_HSO4 + loc_HF + loc_H3PO4 

! estimate the partitioning between the aqueous carbonate species             

loc_zed = ( &            
&   (4.0*loc_ALK_DIC + dum_DIC*dum_carbconst(icc_k) - 
loc_ALK_DIC*dum_carbconst(icc_k))**2 + &           
&   4.0*(dum_carbconst(icc_k) - 4.0)*loc_ALK_DIC**2 &            
& )**0.5       loc_conc_HCO3 = (dum_DIC*dum_carbconst(icc_k) - 
loc_zed)/(dum_carbconst(icc_k) - 4.0)       

loc_conc_CO3 = &            
& ( &            
&   loc_ALK_DIC*dum_carbconst(icc_k) - dum_DIC*dum_carbconst(icc_k) - &            
&   4.0*loc_ALK_DIC + loc_zed &            
& ) &            
& /(2.0*(dum_carbconst(icc_k) - 4.0))       

loc_conc_CO2 = dum_DIC - loc_ALK_DIC + &            
& ( &            
&   loc_ALK_DIC*dum_carbconst(icc_k) - dum_DIC*dum_carbconst(icc_k) - &            
&   4.0*loc_ALK_DIC + loc_zed &            
& ) &            
& /(2.0*(dum_carbconst(icc_k) - 4.0))               

loc_H1 = dum_carbconst(icc_k1)*loc_conc_CO2/loc_conc_HCO3       

loc_H2 = dum_carbconst(icc_k2)*loc_conc_HCO3/loc_conc_CO3
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loc_ALK_DIC = dum_ALK &    
& - loc_H4BO4 - loc_OH - loc_HPO4 - 2.0*loc_PO4 - loc_H3SiO4 - loc_NH3 - loc_HS &            
& + loc_H + loc_HSO4 + loc_HF + loc_H3PO4 

! estimate the partitioning between the aqueous carbonate species             

loc_zed = ( &            
&   (4.0*loc_ALK_DIC + dum_DIC*dum_carbconst(icc_k) - 
loc_ALK_DIC*dum_carbconst(icc_k))**2 + &           
&   4.0*(dum_carbconst(icc_k) - 4.0)*loc_ALK_DIC**2 &            
& )**0.5       loc_conc_HCO3 = (dum_DIC*dum_carbconst(icc_k) - 
loc_zed)/(dum_carbconst(icc_k) - 4.0)       

loc_conc_CO3 = &            
& ( &            
&   loc_ALK_DIC*dum_carbconst(icc_k) - dum_DIC*dum_carbconst(icc_k) - &            
&   4.0*loc_ALK_DIC + loc_zed &            
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& /(2.0*(dum_carbconst(icc_k) - 4.0))       

loc_conc_CO2 = dum_DIC - loc_ALK_DIC + &            
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&   loc_ALK_DIC*dum_carbconst(icc_k) - dum_DIC*dum_carbconst(icc_k) - &            
&   4.0*loc_ALK_DIC + loc_zed &            
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& /(2.0*(dum_carbconst(icc_k) - 4.0))               

loc_H1 = dum_carbconst(icc_k1)*loc_conc_CO2/loc_conc_HCO3       

loc_H2 = dum_carbconst(icc_k2)*loc_conc_HCO3/loc_conc_CO3

https://svn.ggy.bris.ac.uk/subversion/
genie/tags/cgenie.Harvard2014



www.seao2.info/misc_harvard2014.html

!

5771

5774

/genie-wind-dev

/branches

5817

5786

/Marsh_et_al-2009-GMDD

/branches

6879

5794

5800

/cgenie

/branches

6158

6159

/cgenie-0.9.0

/tags

7167

7168

./cgenie.muffin

7256

7260

/cgenie.muffin-0.1

/tags

7310

7311

/cgenie.muffin-0.2

/tags

7313

7314

/cgenie.muffin-0.3

/tags

7473

7654

./cgenie.swissroll

7678

7679

/cgenie-Monteiro.PO.2012

/tags

8183

7638

7639

/rel-EC4.2012-1.0

/tags7642

./cgenie.EC4.2012

7912

7691

7693

./cgenie.muffin.Li

7704

7705

/cgenie.muffin-0.4

/tags

8261

8312

./cgenie.cheesecake

8318

8517

8518

./cgenie.GEOGM1xxx.2013

8522

8664

8665

/cgenie.AGU2013

/tags

8763

8764

/cgenie.Stanford2014

/tags

8765

/cgenie.UCSC2014

/tags

8767

8768

/cgenie.UCR2014

/tags

8843

8844

./cgenie.MADGATE

8845

8846

/cgenie.Harvard2014

/tags

7269

7315

./cgenie.makewinds

7637

7935

5899

5902

/rel-2-7-4

/tags

5975

/DESIRE_CC

/branches

6000

5903

/rel-2-7-4-tuning

/branches

6085





Exploring the evolution of the biological pump in silico



Exploring the evolution of the biological pump in silico



1
3

d
C

 (
‰

)

1.0

1.5

2.0

2.5

3.0

65.2 65.3 65.4 65.5 65.6

Time (Ma)
Ridgwell et al. [in prep]

1210

465
Planktic
(bulk carbonate)

Benthic
(foraminifera)

Paleogene Cretaceous

Evolution of the Biological Pump in silico #1

1
3

D
d

C



high nutrient & DIC
13

low d C

low nutrient & dissolved
inorganic carbon (DIC)

13high d C

1
3

d
C

 G
R

A
D

IE
N

T

(microbial) degradation:
organic matter ® nutrients+DIC

Biological productivity:
nutrients+DIC ® organic matter

g
ra

v
it

a
ti

o
n

a
l 
s
e
tt

li
n

g

u
p

w
e
llin

g
 a

n
d

 m
ix

in
g

o
f n

u
trie

n
ts

 a
n

d
 D

IC

-20 to -30‰

Evolution of the Biological Pump in silico #1



65.2 65.3 65.4 65.5 65.6

Time (Ma)

1
3

d
C

 (
‰

)

1.0

1.5

2.0

2.5

3.0

Ridgwell et al. [in prep]

1210

465
Planktic
(bulk carbonate)

Benthic
(foraminifera)

Evolution of the Biological Pump in silico



O
ce

a
n
 d

e
p
th

 (
km

)

5

4

3

2

1

0

13d C  (‰)DIC

-0.5 0.0 0.5 1.5 2.51.0 2.0 3.0

modern observations (Pacific mean)

0 60 120
-90

0

90

180-120 -60-180

0

Ocean depth (km)
3 6

Evolution of the Biological Pump in silico #1



O
ce

a
n
 d

e
p
th

 (
km

)

5

4

3

2

1

0

13d C  (‰)DIC

-0.5 0.0 0.5 1.5 2.51.0 2.0 3.0

0 60 120
-90

0

90

180-120 -60-180

0

Ocean depth (km)
3 6

model vs. modern observations

‘Suess Effect’

!Evolution of the Biological Pump in silico #1



O
ce

a
n
 d

e
p
th

 (
km

)

5

4

3

2

1

0

13d C  (‰)DIC

-0.5 0.0 0.5 1.5 2.51.0 2.0 3.0

0 60 120
-90

0

90

180-120 -60-180

0

Ocean depth (km)
3 6

model ( ) vs.13choosing: d C  = -4.5‰atm  latest Maastrichtian proxies

!Evolution of the Biological Pump in silico #1

Pre-impact



O
ce

a
n
 d

e
p
th

 (
km

)

5

4

3

2

1

0

13d C  (‰)DIC

-0.5 0.0 0.5 1.5 2.51.0 2.0 3.0

model vs. early Paleogene

!Evolution of the Biological Pump in silico #1

Post-impact



O
ce

a
n
 d

e
p
th

 (
km

)

5

4

3

2

1

0

13d C  (‰)DIC

-0.5 0.0 0.5 1.5 2.51.0 2.0 3.0

0% biological activity

!Evolution of the Biological Pump in silico #1



-90 -60 -30 0 6030 90

D
e
p
th

 (
km

)

5

S N
1
3

d
C

 (
‰

)

3.0

-0.5

4

3

2

1

0

D
e
p
th

 (
km

)

5

4

3

2

1

0

increasing fractionation between pCO  and [CO ]2 2

with decreasing temperature towards to poles

a
b

io
ti

c
b

io
ti

c

!



O
ce

a
n
 d

e
p
th

 (
km

)

5

4

3

2

1

0

13d C  (‰)DIC

-0.5 0.0 0.5 1.5 2.51.0 2.0 3.0

30-40% biological activity

Answer:

A somewhat 
reduced biological 
pump ...

Evolution of the Biological Pump in silico #1



O
ce

a
n
 d

e
p
th

 (
km

)

5

4

3

2

1

0

13d C  (‰)DIC

-0.5 0.0 0.5 1.5 2.51.0 2.0 3.0

shallow (150 m) organic matter remineralization

Answer:

A somewhat 
reduced biological 
pump ...

... or, a strange and 
different biological 
pump, consistent 
with profound 
ecological change 
post impact?

Evolution of the Biological Pump in silico #1



? ?

‘i
c

e
-h

o
u

se
’

‘h
o

t-
h

o
u

se
’

‘h
o

t-
h

o
u

se
’

‘i
c

e
-h

o
u

se
’

Evolution of the Biological Pump in silico #2

Mesoproterozoic
Neoproterozoic

Phanerozoic

Cm

Era
Eon Proterozoic Archean

Paleoproterozoic

Phanerozoic

Cenozoic Mesozoic Paleozoic

KPgNg J T PPeriod

200015001000500 2500 3000 35004003002001000
Time (Ma)

C D OS



(warm == stratified) && (stratified == anoxic) == .true. 

???
( ‘stratified’ || ‘sluggish’ || ‘stagnant’  )

Evolution of the Biological Pump in silico #2
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Benthic (>1000m) [O ]2
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Evolution of the Biological Pump:
Planktic carbonate production and ‘ballasting’
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Compilation of sediment trap observations: 
depths >= 2000 m (to exclude hydrodynamically distorted 
fluxes and relationships) and differentiated by basin:

, , , .

[Wlison et al., 2012; GBC 26, doi:10.1029/2012GB004398]
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Spatial distribution of carrying capacity (ballasting) coefficients 
calculated using geographically weighted regression

analysis for CaCO .3

Wilson et al. [2012]

Evolution of the Biological Pump:
Planktic carbonate production and ‘ballasting’
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