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Outline

• Long-term C burial in ocean sediments within the 
global C cycle

• Where is C? How does it get there?

• Inorganic (calcium carbonate)

• Calcite compensation depth and its history

• Particulate organic carbon (POC)

• POC degradation fuels the deep subseafloor 
biosphere

•Methane hydrates in the world continental 
margins

• Subduction of inorganic and organic sedimentary C



Kinds of carbon

• Organic carbon

• In compounds usually formed by living organisms

• Contains C-C and C-H bonds

• Inorganic carbon

• Not organic, e.g., CO2, CaCO3

• Reduced carbon

• Low oxidation state, e.g., methane CH4

• Oxidized carbon

• High oxidation state, e.g., CO2



Photosynthesis and respiration

Inorganic C Organic C

Inorganic COrganic C

• Schematic photosynthesis reaction 

CO2 + H2O + energy → CH2O + O2

• Aerobic respiration / organic matter oxidation 

CH2O + O2 → CO2 + H2O + energy



The short-term C cycle

Surface ocean
1,000

Atmosphere
760

Ocean biota
3

Deep ocean
38,000

Soil
1600

10 90 100
10

60

30

30

30

7474

Photosynthesis + 
respiration Air-sea 

exchange

Photosynthesis 

Land biota
600

Solid earth

Organic 
carbon

Inorganic 
carbon

Reservoir sizes in GtC, 
fluxes in GtC/yr  
(1Gt = 1015 g = 1Pg)



The short- and long-term C cycle

Surface ocean
1,000

Atmosphere
760

Ocean biota
3

Deep ocean
38,000

Soil
1600

10 90 100
10

60

30

30

30

7474

Sedimentary rocks
10,000,000

Sedimentary carbonate rocks
40,000,000

0.2

0.05

Photosynthesis + 
respiration Air-sea 

exchange

Photosynthesis 

Burial

Burial

Vo
lc

an
is

m
 +

 w
ea

th
er

in
g

W
ea

th
er

in
g

Land biota
600

Long-
term

Short-
term

0.20.05



All carbon in  
short-term cycle 
(ocean, atmosphere, 
soil, biota)  
42,000 Gt

Reservoir sizes

Sedimentary carbonate rocks
40,000,000

Organic C in 
sedimentary rocks

10,000,000



Residence times

• Total short-term C cycle: 

~42,000 Gt / 0.25 Gt/yr = 160 kyr

• Total long-term C cycle:

~50,000,000 Gt / 0.25 Gt/yr = 200 Myr



Ocean sediment types



Foraminifera:  Small animals 
with calcite shells (CaCO3)

50-400 μm

Coccoliths: Tiny plants with a 
calcite skeleton (CaCO3)

2-25 μm



Take Rome Lytton, one of Chevron’s senior-
most paleontologists. Years ago, Lytton was 
going over a paleo report on a well that had 
just been drilled in Louisiana’s Caillou Island 
Field in Terrebonne Parish. Drillers had reached 
total depth only to find a dry hole. “I looked at 
the paleontology and said to the team, ‘Wait a 
minute. See this zone above the reservoir sand? 
We haven’t penetrated it yet. We have the wrong 
correlation.’” Six months of persuasion later, 
Lytton convinced the team to go back in and 
drill the well deeper.

It hit big–that one Caillou Island well  
produced 9.1 billion cubic feet of gas and  
66 million barrels of condensate before the 
field sold in 2004.

Sometimes paleo research succeeds by 
forewarning of failure. That’s what happened 
in a deepwater U.S. Gulf of Mexico partner 
well. The sands below the salt layer and near the 
intended total depth were much younger than 
everyone expected. They were Pleistocene sands 
(less than a million years old) instead of Miocene 
sands (about 17 million years old) like those in 
Chevron’s huge Tahiti Field, now in develop-
ment. Paleo data enabled partners to stop 
drilling the well several thousand feet short of 
total depth, potentially saving millions of dollars 
in drilling costs.

*

While microfossils don’t reveal oil or gas, they do confirm when drillers have hit their  

target. And with drilling rig rates at $500,000 a day, drillers want to hit that target as quickly  

as possible.

Chevron employs about a dozen paleontologists or biostratigraphers and hires more on a 

contract basis. They work on wells all over the world–Angola, Australia, Brazil, Canada, Libya, 

Nigeria and the United States–wherever Chevron is exploring. Many of the wells Chevron is 

drilling today are in the open ocean. But before the oil and gas formed from bacteria and algae 

millions of years ago, these sites may have been in open marine settings, very near shore or even 

onshore in lakes or swamps.

Many of the marine sections of rock contain thick salt layers that distort seismic imaging. 

That makes fossils all the more important in identifying the age of strata below the salt.

Paleontologists working in the U.S Gulf of Mexico have amassed an enormous amount of 

microfossil data through the years. One Chevron paleo team reached a major milestone recently 

by recoding and integrating all Chevron, Texaco and Unocal paleo data into one online data-

base, called ePaleo.

“Chevron appears to be the only corporation that has fully integrated all of its own and 

merged-companies’ data into one workable system,” says Roger Witmer, a biostratigrapher who 

manages ePaleo. Witmer intends to expand the database beyond the Gulf of Mexico.

This desktop system allows geoscientists to quickly access paleo data for more than 22,000 

onshore wells in the U.S. states of Louisiana and Texas and 20,000 offshore wells. Geoscientists 

can search the database for individual wells or groups of wells in a number of ways. It also 

plots age-versus-depth curves for up to 10 wells at a time, enabling quick comparisons of rock 

accumulation-rate histories across regional wells. “We can get a lot of critical information in 

seconds,” says Witmer.

And that is good news for paleontologists. Better news still is the work that lies ahead for 

them. “When I was in school,” says Kahn, who earned her Ph.D. in micropaleontology in 2006, 

“I never thought I’d be able to work in my field in the petroleum industry.”

* 



Ocean surface productivity



CaCO3 in seafloor sediments

Archer, 1996



Ocean floor topography

2-25 μm



Calcite compensation depth (CCD)
• Calcite is more soluble in 

sea water as

• T decreases

• P and CO2 content 
increase

• Deep ocean waters are 
corrosive for calcite

• CCD is the depth where 
calcite dissolution rate = 
supply rate

• Below the CCD, no 
calcite is preserved in 
sediment
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Figure 1. A typical depth-distribution curve for
calcite in deep-sea sediments collected over an area of a
few million square kilometers—in this case from the
equatorial Pacific (after Bramlette, 1961).
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Figure 2. Rates of dissolution of calcite spheres sus-
pended in the water column of the central equatorial
Pacific (after Peterson, 1966). Solution rates apply to
individual calcite particles, rather than to bulk sedi-
ment.

UNDERSATURATION, RATE OF
DISSOLUTION, AND THE CALCITE
COMPENSATION DEPTH

Although Revelle and Fairbridge (1957) and
Li and others (1969), among others, suggest
that the calcite compensation depth corre-
sponds to a transition from saturation to under-
saturation in the water column, a comparison
of Bramlette's (1961) Figures 4 and 5 and
Berger's (1970) Figure 4 clearly illustrate that
this is an oversimplification (see also Pytko-
wicz, 1970). Marked dissolution of calcite
occurs 500 to 1000 m above its compensation

C i l c i t t s a t u r a t i o n ( p e r c e n t )
«ili »( d i s s o l u t i o nR i t e O f s u p p l y n _* 1 U U

C j C 0 3 c int int of s e d i m e n tJ ( O b s e r v e d o o o o o o o o
Figure 3. Parameters influencing the distribution

of calcite in equatorial Pacific deep-sea sediments. Satu-
ration curve from Li and others (1969) for the central
Pacific, recalculated using the apparent dissociation
constants of Culberson and Pytkowicz (1968), and the
apparent solubility product of calcite given by Hawley
and Pytkowicz (1969). Observed carbonate content and
rate curves from Figures 1 and 2. See text for derivation
of calculated carbonate content.

depth. The experimental work of Peterson and
Berger, which indicates that solution occurs at
all but the shallowest depths, strongly supports
the thermodynamic data that suggest a shallow
transition from super- to undersaturation in
the eastern and central equatorial Pacific (Fig.
3).

What then is the significance of the calcite
compensation depth? Since it reflects a balance
between rates of supply and dissolution, it is
clearly a dynamic level in the water column.
The abrupt nature of the boundary between
carbonate-rich and carbonate-free sediments in
a given small area of an ocean basin has been
interpreted as reflecting a marked change in
the rate of dissolution at this level. In fact, no
such change is required.

Suppose that detritus consisting of 94 to 98
percent calcite and 2 to 6 percent insoluble

Heath and 
Culberson 

1970



CCD as a snow line

CCD



Calcite compensation depth (CCD)

Present-day CCD varies between ~5.5 and 3.5 km

Deep 
CCD

Shallow 
CCD



Deep ocean 
circulation

The ocean conveyor belt

Broecker 1974



Biological pump

• As deep water moves 
along the conveyor belt, 
oxidation of sinking 
organic matter releases 
CO2 and nutrients

• More CO2 means a 
shallower CCD

• Nutrients can be 
returned to surface 
waters by upwelling 
driven by wind and 
surface currents

latitudes of the northern hemisphere, but the fringes of
the Arctic Ocean are surrounded by a wide band of
scrubby tundra vegetation with low biomass above
ground and large amounts of carbon stored below
ground. Ice sheets are free of life forms except cold-
tolerant bacteria.

Life in the oceans depends on a different combina-
tion of the same factors as on land. Obviously, water is
abundantly available in the oceans, and CO2 is plentiful
in surface waters that exchange CO2 with the atmo-
sphere. In addition, light from the Sun is widely avail-
able in the upper layers of the ocean into which it pene-
trates (Figure 2-35).

With all these conditions favorable to photosynthe-
sis, why isn’t the surface ocean an enormous photosyn-
thesis machine? The answer is simple: a lack of the
nutrients nitrogen (N) and phosphorus (P). Nutrient
food sources are scarce in most parts of the surface
ocean.

A floating form of microscopic plant life called phy-
toplankton lives in the surface layers of the ocean and
uses sunlight for photosynthesis. These minute organ-
isms extract nutrients and incorporate them in the soft
organic tissues of their bodies. Phytoplankton have
short life spans (days to weeks), and when they die, they
sink to deeper waters, leaving the surface layer depleted
of nutrients. Thus the rates of photosynthesis in these
sunlit surface waters are limited.

Initially near the surface, and mainly later at depths
well below the surface, the slow decay and oxidation of
the soft tissues of these sinking organisms releases
nitrogen and phosphorus back into ocean water.
Because most of these nutrients are released into and
stay in the deeper ocean, their scarcity in surface waters
limits the amount of life that can exist across most
ocean areas.

In the few parts of the surface ocean where upwell-
ing occurs, nutrients are more plentiful, and they result
in greater productivity, or rates of photosynthesis by
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Vegetation biomes
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Polar ice
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Savanna, woodland, grassland, scrub, tundra  
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FIGURE 2-34 Precipitation and vegetation Global
precipitation (top) is highest in the tropics and along
mountain slopes that receive moisture-bearing winds from
the ocean, and lowest in subtropical deserts and over polar
ice. Vegetation biomes (bottom) largely reflect the patterns
of precipitation, with high-biomass forests in regions of
high precipitation and low evaporation. (Top: adapted from
L. J. Battan, Fundamentals of Meteorology [Englewood Cliffs, N.J.:
Prentice-Hall, 1979]; bottom: adapted from E. Bryant, Climate
Process and Change [Cambridge: Cambridge University Press, 1998].) Wind
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FIGURE 2-35 Photosynthesis in the ocean Sunlight
penetrating the surface ocean causes photosynthesis by
microscopic plants. As they die, their nutrient-bearing
organic tissue descends to the seafloor. Oxidation of this
tissue at depth returns nutrients and inorganic carbon to
the surface ocean in regions of upwelling. Ruddiman 2000



Plate stratigraphy

Berger and Winterer 1974
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Scientific Ocean Drilling History

• Project Mohole (1958 -1966)

• Deep Sea Drilling Project (1968 -1983)

• Ocean Drilling Program (1985 - 2003)

• Integrated Ocean Drilling Program (2003 - 2013)

• International Ocean Discovery Program (2013 - ...)



FOR ADDITIONAL INFORMATION on scientific ocean drilling, please contact 

Integrated Ocean Drilling Program, Texas A&M University, 1000 Discovery Drive, 

College Station, Texas 77845, USA. E-mail: information@iodp.tamu.edu; 

Web: www.iodp-usio.org; Telephone: (979) 845-2673.

Design of this map was supported by the Ocean Drilling Program under the 

sponsorship of the National Science Foundation. Any opinions or conclusions in 

this publication do not reflect the views of NSF or Texas A&M University. 

Deep Sea Drilling Project Legs 1–96, Ocean Drilling Program Legs 100–210, 

and Integrated Ocean Drilling Program Expeditions 301–339.

SCALE: 1:40,000,000 at Equator. Mercator (on sphere) projection.

COVERAGE: 80° North–80° South Latitude, 90° West–120° East Longitude

This map is a computer-generated image of color-shaded relief, created 

copyright-free by the National Oceanic and Atmospheric Administration’s 

National Geophysical Data Center.
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THE INTEGRATED OCEAN DRILLING PROGRAM (IODP), the third international marine 

research drilling program, began in 2003 and is dedicated to advancing scientific 

understanding of Earth processes by sampling and observing subseafloor 

environments using novel sensors and experimental techniques. Today, scientists are 

expanding deep-sea research by using multiple drilling platforms to explore IODP’s 

principal themes: the deep biosphere, environmental change, and solid earth cycles. 

IODP drilling platforms are operated by the U.S. Implementing Organization 

(IODP-USIO: Consortium for Ocean Leadership, Texas A&M University, and 

Lamont-Doherty Earth Observatory of Columbia University), Japan’s Center for Deep 

Earth Exploration (CDEX), and the European Consortium for Ocean Research Drilling 

(ECORD). IODP is supported by two lead agencies, the U.S. National Science Foundation 

(NSF) and Japan’s Ministry of Education, Culture, Sports, Science, and Technology, as 

well as by ECORD, The People’s Republic of China, Korea, the Australia/New Zealand 

Consortium, and India.
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Deep Sea Drilling Project       Ocean Drilling Program       Integrated Ocean Drilling Program



DSDP Site 137
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Figure 3. Geological synthesis at Site 137.

DSDP Site 137

• Seafloor depth:  5361 m

• 0-245 m below seafloor (mbsf):  Deep-sea clay

• 245-397 mbsf:  Calcareous ooze, 90-100 Ma

• 397-402 mbsf:  Basalt



E. Atlantic abyssal plain (26°N, 27°W)

Deep sea clay

Calcareous ooze

165 
mbsf

339 
mbsf



Ocean basement depth-age relationship

• Age t in million years (Ma), 
depth z in meters

• t < 70 Ma:  
z(t) = 2500 + 350 t1/2

• t > 20 Ma:  z(t) = 6400 – 
3200 exp(– t / 62.8)

818 parsohS an8 Sclater' Ocean Floor Bathymetry and Heat Flow 

NORTH PACIFIC 

_1 • • Mean depth and standard dewahon 
6_ •. • Theorehcal elevahon plate model 

:5000 - ",r. • ' 

_ 9• --- Linear t" relahon 
T 

6000 

io 

2000j I I I I I I I i I I I I I ' 

[• • Meon depth and standord d .... tlan ' 
5000 - • • Theorehc•l elevatlan, plate model 

• --- Linear t I1• relation 
,moo •. 

_ 

i 

7ooo • I II I I II I I !1 • I I ! ! I I • '• x L 
0 I 2 3 4 5 6 7 8 9 I0 II 12 13 14 

ß v/•GE (M Y B P) 

Fig. 8. Mean depths and standard deviations 
plotted versus the square root of age for 
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Atlantic. Predicted values for a linear 
t « dependence and for a plate model using 
lithospheric parameters discussed in the 
text are given. An additional point in the 
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Values for the following physical quantities 
are needed in order to estimate the lithospheric 
parameters' 

-3 
p = 3.33 g cm 

o 

-3 

Ow= 1.0 gcm 
C = 0.28 cal g-1 Oc-1 

P 

k = • 5 X'• '0'•'3 cal •'0c -1 -1 -1 . , cm s 

(18) 

The specific heat is based on measurements of 
typical minerals over temperatures appropriate for 

the upper part of the lithosphere [Goranson, 19h2] 
and an upper limit of 0.295 cal g-l' oc- 1 given by 
Dulong and Petit's law for olivine. The value for 
the thermal conductivity is a mean value for the 
upper 120 km of the mantle estimated from the 
results of Schatz and Simmons [1972]. Using these 
values, we can calculate successively the lithos- 
pheric thickness a from the estimate of a2/K, then 
T1, using the definition of c6, and last, the 
thermal expansion coefficient • from the defini- 
tion for c 3. The resulting best fitting param- 
eters for the North Pacific are 

a = 125 -+ 10 km 

1333 ø + 274Oc 
(3.28 _+ 1.19) x 10 -5 øC-1 

(19) 

and for the North Atlantic, 
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Paleo-depth of CCD

Berger and 
Winterer, 1974

Deep-sea clay Calcareous ooze



CCD in the geologic past

192 

Early in the Miocene the CCD rose steeply to about 
4000 m. The peak is probably indicated by a brief 
hiatus at 15 m.y.B.P, at site 223. Another hiatus at 
this time occurs at site 220 but it is poorly defined 
and probably too shallow to be related to the position 
of the CCD. Early in the late Miocene the CCD then 
fell precipitously to about 5200 m where it has re- 
mained to the present time. The position and steep- 
ness of this drop are determined entirely by sites in 
the western Indian Ocean; without these, the drop 
is more gradual and very similar to the Pacific. Sites 
248 in the western Indian Ocean and 259 near the 
Australian margin have carbonate-free intervals of 
late Cenozoic age at a somewhat shallower depth. Thus 
there may have been regional differences in the depth 
of the CCD but the available data are insufficient to 
delineate these. 

Late Cenozoic calcareous deposits well below 

5200 m occur at sites 235 and 261. Mixed faunas in 
this interval at site 261 suggest downward displace- 
ment, but there is no such evidence at site 235. The 
good control for this depth and age range, however, 
supports strongly a CCD position near 5200 m. 

At site 259 a late Paleocene calcareous section occurs 
between brown clays at a paleodepth of about 4500 m. 
The assumption of a temporary deepening of the 
CCD at this time is unreasonable, however, in the light 
of the other evidence. Carbonate-free clay rests 
directly on basalt at site 250. This makes it the only 
site without initial calcareous deposits and places a 
rather shallow limit on the CCD in the Turonian. At 
site 248 there is a discrepancy between the late Paleo- 
cene or very early Eocene age of the oldest sediments 
and the K-Ar  age of the basement of 72 m.y. The 
latter agrees well with the position of the site in the 
magnetic anomaly pattern. If the sediment age were 
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Abstract Synthesis of available data allows us to de-
fine general patterns of late Quaternary carbonate pro-
duction and sedimentation in the global ocean. During
high stands of sea level, the neritic and pelagic environ-
ments appear to sequester approximately similar
amounts of carbonate, whereas during low stands of sea
level the decreased neritic zone produces and accumu-
lates approximately an order of magnitude less carbon-
ate. Assuming that global accumulation of deep-sea
carbonates remains more or less constant during gla-
cially induced changes in sea level, the ocean becomes
depleted with respect to calcium carbonate during high
stands and recharges during low stands. Before we can
achieve a better understanding of the global carbonate
system, however, we need a better understanding of
key environments and processes: (a) production and
accumulation on continental shelves both as potential
sinks (accumulation) and as sources (export to the deep
sea); (b) a better measure of pelagic carbonate produc-
tion; and (c) late Quaternary (late Pleistocene and Ho-
locene) mass accumulation rates in the deep sea.

Key words Calcium carbonate 7 Sedimentation 7
Production 7 Ocean

Introduction

Calcium carbonate is the second most abundant sedi-
ment accumulating in the global ocean, approximately
3 billion tons annually compared with approximately
15–20 billion tons of fluvially derived sediment (Milli-

man and Syvitski 1992). In contrast to fluvial sediments,
which generally accumulate on the upper continental
margin during high stands of sea level, carbonate pro-
duction and accumulation presently appear to be more
or less equally distributed between shallow-water (ner-
itic) and deep-sea (pelagic) environments. In the neritic
environment, benthic production predominates and
carbonate sediments are primarily metastable aragonite
and magnesian calcite; depending on the environment,
production ranges from approximately 40–4000 g/m2

per year. Pelagic production is several orders of magni-
tude lower than neritic production, and calcite (coccol-
iths and planktonic foraminiferan tests) is the primary
product. The lower rates of pelagic production and ac-
cumulation, however, are offset by the much larger
deep-sea area. Hence, accumulation in the pelagic envi-
ronment appears to be approximately equal to that in
the neritic (Table 1).

Two recent papers have summarized and synthe-
sized data and concepts regarding the marine carbonate
system. Milliman (1993) calculated a global budget by
collating a wide variety of data from both the benthic
and pelagic environments. Wollast’s review (1993) was
directed toward the geochemical aspects of the carbon-
ate system, but he also discussed some of Milliman’s
(1993) statements and conclusions. Both papers con-
cluded that while our knowledge regarding the carbon-
ate system has improved, a number of basic unknowns
preclude a better understanding of the global system.

A National-Science-Foundation-sponsored work-
shop in 1994 brought together nearly 30 carbonate
workers from various fields to discuss our mutual state
of knowledge and ignorance of the carbonate system.
Some carbonate environments are relatively well docu-
mented, although further study of these can have local,
regional, and global significance. In this paper we have
identified several areas where our ignorance is particu-
larly acute: (a) carbonate production on continental
shelves, how much accumulates, and how much is ex-
ported to the slope and deep sea; (b) what is the rate of
pelagic production of calcium carbonate in oceanic wa-



Vol. 9, No. 11 Novem ber 1999

GSA T OD AY
A P u b l i c a t i o n  o f  t h e  G e o l o g i c a l  So c i e t y  o f  Am e ri c a

INSIDE
• USArray In itiative, p. 8
• First GSA Field Forum , p. 16
• GSA Honors 50-Year Mem bers,

Fellow s, p. 27

ABSTRACT
The long-term  carbon

cycle is the cycle that
operates over m illions of
years and that involves the
slow  exchange of carbon
betw een  rocks and the sur-
ficial system  consisting of
the ocean , atm osphere,
biota, and soils. It is distin -
guished from  the short-
term  carbon  cycle, in
w hich  carbon  is rapidly
exchanged on ly w ith in  the
surficial system . A new
type of diagram  illustrates
the cause-effect relations
involved in  the long-term
carbon  cycle and how
these processes affect the
levels of atm ospheric O2
and CO2. The diagram  also
includes the cycle of phos-
phorus as it affects the
burial of organ ic m atter in
sedim ents. The diagram  is
distinctly different from ,
and is here com pared to ,
the m ore traditional representation  of geochem ical cycles in
term s of box  m odels. By follow ing paths leading from  causes
to  effects, one can  trace com plex  loops that dem onstrate posi-
tive and negative feedback, and th is allow s discovery of new
subcycles that deserve further study. Th is type of diagram
should be applicable in  general to  other geological and geo-
chem ical processes.

INTRODUCTION
Th e term  “carbon  cycle” m ean s m an y th in gs to m an y peo-

ple. For th ose con cern ed with  th e presen t growth  of CO2 in  th e
atm osph ere, due to deforestation  an d th e burn in g of fossil fuels,
th e carbon  cycle con sists of th ose sources an d sin ks th at
exch an ge carbon  with  th e atm osph ere on  a h um an  tim e scale.
Th is in cludes th e biosph ere, ocean s, an d soils, an d I refer to it
h ere as th e sh ort-term  carbon  cycle. Th is cycle is also th e dom i-
n an t con trol on  atm osph eric CO2 over lon ger periods, in cludin g
th e glacial-in terglacial stages of th e Quatern ary. However, as on e
goes back furth er in  geologic tim e, on e m ust take in to accoun t
th e exch an ge of carbon  between  rocks an d th e com bin ed bio-
sph ere-h ydrosph ere-atm osph ere-soil system . Th is gives rise to th e
con cept of th e lon g-term  carbon  cycle, an d it  is th is cycle th at is
th e dom in an t in fluen ce on  th e levels of atm osph eric oxygen  an d
carbon  dioxide over m illion s of years (Hollan d, 1978). (Hum an s
h ave accelerated th is cycle by th e burn in g of organ ic carbon  in

sedim en tary rocks th at oth erwise would oxidize on ly very slowly
by weath erin g.) A cause-effect–type diagram , previously used in
m odelin g ph ysiology (Grodin s, 1963; Riggs, 1970), clim ate
(Saltzm an  an d Moritz, 1980; Saltzm an  an d Maasch , 1991), an d
ocean  n utrien ts an d oxygen  (Len ton , 1998) can  be used also to
illustrate th e various kin ds of feedbacks th at con trol CO2 an d O2
in  th e lon g-term  (m ultim illion -year) carbon  cycle.

LONG-TERM CARBON CYCLE
Sum m aries of th e processes th at affect carbon  tran sfer as 

part of th e lon g-term  carbon  cycle (Fig. 1), an d h ow th ey affect
atm osph eric CO2 an d O2 can  be foun d in  a variety of sources
(e.g., Garrels an d Perry, 1974; Walker, 1977; Hollan d, 1978, 1984;
Bern er, 1989, 1998). Th e processes affectin g CO2 can  be divided
in to two subcycles. Th e first , th e silicate-carbon ate subcycle,
in volves th e uptake of atm osph eric CO2 (processed m ostly by
ph otosyn th esis an d respiration  to form  soil CO2 an d organ ic
acids) durin g th e weath erin g of Ca an d Mg silicate m in erals. A
represen tative gen eralized reaction  for Ca is:

2CO2 + H2O + CaSiO3 Ca++ + 2HCO3- + SiO2. (1)

Th e dissolved Ca++ an d HCO3- are carried by rivers to th e sea,
wh ere th ey are precipitated (alm ost always by m ean s of a biologi-
cal process) as CaCO3 in  sedim en ts:

←

A New  Lo o k  at  t h e Lo n g -t erm  Carbo n  Cycle 
Rob er t  A. Ber n er, Department of Geology and Geophysics, Yale University, New Haven, CT 06520-8109, berner@hess.geology.yale.edu

Figure 1. An idealized and simplified representation of the surficial aspects of the long-term carbon cycle. Note the
exchange of carbon between rocks, on the one hand, and the oceans and atmosphere, on the other; this is the distin-
guishing characteristic of the long-term cycle.
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Particulate organic carbon (POC)

Seibold and 
Berger 1996

• Photosynthesis

CO2 + H2O + energy 
→ CH2O + O2

• Aerobic respiration

CH2O + O2 →  
CO2 + H2O + energy
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Sedimentary control
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Fig. 4. Plot of weight percent of organic carbon (%OC) vs. 
accumulation rate for sediments from a variety of depositional 
environments. + = data from filler and Suess, 1979; 0 = data 
compiled by Henrichs and Reeburgh, 1987, Cl = data from 
Reimers et al. (various papers); 0 = data from the Washington 
Coast (Carpenter et al., 1981, 1982). 

ments in which most organic matter is stored (Fig. 
1). This tailing off of %OC at high deposition rates 
is especially pronounced in sandy deltaic sediments 
and is possible any time organic-poor mineral mate- 
rial is rapidly deposited (Doyle and Garrels, 1985). 
Other organic-poor diluents such as calcite or opal 
tests should have similar effects. 

In an attempt to avoid dilution effects and mathe- 
matical interdependency, the recent trend has been 
toward using OC burial efficiency as a preservation 
indicator (Henrichs and Reeburgh, 1987; Betts and 
Holland, 1991; Cowie and Hedges, 1992). Organic 
burial efficiency is defined as the accumulation rate 
of organic matter below the diagenetically active 
surficial sediment divided by the organic flux to the 
sea floor. The organic input term can be (1) mea- 
sured directly with deep sediment traps, (2) esti- 
mated from local primary production using an empir- 
ical function for the attenuation of POC flux down 
marine water columns (e.g. Suess, 19801, or (3) 
calculated from the sum of OC that is mineralized 
above and preserved below a specified sediment 

horizon (Canfield, 1993). Such burial efficiencies 
generally range from less than 1% for slowly accu- 
mulating open ocean sediments (10-4-10-3 cm 
yr-‘) to almost 80% for some shallow-water deposi- 
tional hot spots, and correlate directly with sediment 
accumulation rate (Fig. 5). This relationship typically 
is linear up to sedimentation rates of N 15 mg cm-’ 
yr-’ (- 0.06 cm yr-‘; Betts and Holland, 1991) 
beyond which burial efficiencies begin to approach 
the 100% ceiling and level off (Fig. 5). 

While directly applicable to the issue of organic 
matter preservation, burial efficiencies are mechanis- 
tically meaningful only if the preserved organic ma- 
terial is deposited fresh for the first time. Exclusive 
deposition of fresh plankton remains, however, is 
unlikely within continental margins where almost all 
organic matter burial occurs. Recycled organic mate- 
rials will be, on average, more refractory than re- 
cently biosynthesized matter raining directly out of 
the water column and thus will increase net burial 
efficiencies (Hedges et al., 1988). Coastal sediments 
in particular can include an appreciable fraction of 
riverine POM, most of which already has been ex- 
tensively degraded on land (Hedges et al., 1994) and 
should be relatively resistant to further mineraliza- 
tion at sea. In addition, resuspended sediments are 
common in most coastal zones (e.g. Sternberg, 1986; 

100 
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+ +* * 
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Fig. 5. Plot of percent burial efficiency of sedimentary organic 
carbon vs. sediment accumulation rate at different sites. Burial 
efficiency is defined as the organic carbon accumulation rate 
below the diagenetically active surface layer divided by the input 
rate to the sediment/water interface (data compiled from Hen- 
richs, 1992, 1993). 
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Fig. 7. Weight percent of organic carbon plotted vs. mineral 
surface area for bulk mat&ial (B) as well as sand- (S), silt- (L), 
and clay-sized (C) fractions from samples of suspended sediments 
in the Columbia River estuary and surface (O-5 cm) sediments 
from four sites along the adjacent continental shelf and slope off 
Washington state. This plot shows data for sediments from which 
discrete particles of organic matter have been removed by heavy 
liquid flotation. Corrections of total surface areas for a small 
measured component of interbasal surfaces in expandable clay 
minerals have also been applied (data from Keil et al., 1994a). 

stabilized in association with mineral grain surfaces 
(Mayer, 1994a). These studies also indicate that 
sediment particle surfaces are highly irregular and 
appear to have a major portion of their total accessi- 
ble areas in mesopores less than 10 nm in width 
(Mayer, 1994a). E xceptions to the general pattern of 
monolayer-equivalent loadings include lower organic 
concentrations in red clay regions of the open ocean 
and in many river deltas, and greater-than-monolayer 
loadings under highly productive coastal regions such 
as off Peru (Mayer, 1994a,b). 

Our recent studies of organic and inorganic matter 
distributions in modem surface sediments from the 
Washington continental shelf and slope (Keil et al., 
1994a-c) strongly support Mayer’s conclusions. The 
Washington coast study complements Mayer’s previ- 
ous work in that multiple size fractions were ana- 
lyzed from different sediments deposited under 
well-defined but contrasting conditions within the 
influence of a single river. Nine clay- to sand-size 
fractions were separated by hydrodynamic sorting 
and wet sieving, and the surface area, mineralogy, 
and elemental compositions of the inorganic materi- 
als in each fraction were determined. Sorbed organic 
matter and discrete organic debris (where separable 
in appreciable amounts) were also quantified and 

analyzed for their elemental, stable carbon isotope, 
and major biochemical compositions. 

The distributions of organic matter in the studied 
Washington sediments closely resemble those de- 
scribed by Mayer (1994a) for bulk coastal deposits 
from other sites (Fig. 7). Discrete organic debris 
accounts for < 10% of the total organic carbon in 
the bulk Washington sediments and most of their 
size fractions (Keil et al., 1994a). The major excep- 
tions are whole diatoms in suspended particulate 
material from the extensively impounded lower 
Columbia River and woody plant debris in the two 
continental shelf samples. After these sand- and silt- 
sized particles are removed by heavy-liquid flotation, 
and the measured surface areas are corrected for 
small contributions from interbasal faces of expand- 
able clays, the data give an excellent fit (r = 0.96) to 
a straight line with a slope of 0.76 mg OC m-* (Fig. 
7). This relationship holds well even though the 
mineralogy of the predominant particle types (e.g. 
smectite, chlorite, opal, and quartz) changes several 
times over the size spectrum, and corresponding 
surface areas vary by more than an order of magni- 
tude (Keil et al., 1994a). It is unlikely that physically 
separate organic and mineral particles would be so 
proportionately distributed over such a broad textural 
range within contrasting depositional settings. The 
close agreement of sediment subsamples and the 
range (0.5-1.0 mg OC m-*) reported by Mayer 
(1994a,b) for bulk coastal sediments indicates that 
mineral particles of all sizes carry monolayer-equiv- 
alent organic coatings. The depositional environ- 
ments which have been studied to date contrast 
sharply in local primary production, bottom water 
oxygen concentration, sediment accumulation rate, 
water depth, and proximity to the riverine sources 
(Keil et al., 1994a; Mayer, 1994a,b). Surface area 
therefore appears to be the most important factor 
influencing the organic matter content of marine 
sediments accumulating along continental shelves 
and slopes. 

The inference that almost all marine sedimentary 
organic matter is sorbed to mineral surfaces, often in 
monolayer-equivalent coatings, has a number of im- 
plications. One of the most fundamental is that the 
sorbed organic molecules were at one time dissolved. 
Organic particles would not spread so uniformly or 
thinly over the surfaces of all sedimentary minerals 

Grain size
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C in ocean sediments

• Inorganic, as CaCO3 in biogenic sediments

• Carbonate oozes on mid-ocean ridge flanks

• Relatively thin sediment column 

• High concentrations (up to almost 100% = 12% C)

• Organic, as POC in mostly terrigenous 
sediments

• Continental margins

• Sediment column can be thick

• Low concentrations (0.1-1% C)



Input to subduction

Plank 2014wealth of data available for DSDP and ODP drill cores, includ-
ing lithological information (e.g., estimates of biogenic
material and turbidite layer thicknesses) and core index infor-
mation (carbonate analyses, density, and water content).
Downhole logging data can also be remarkably accurate, espe-
cially for K, U, and Th, which are commonly measured from
gamma activity in the borehole after drilling. Plank et al.
(2007) showed that these nearly continuous logging data
yield unit averages that may agree within 5% (e.g., for Th) of
discrete core analyses, supporting both the accuracy of the logs
and the robustness of averages based on few samples (n!10).
Other studies have also estimated uncertainties in core aver-
ages of 20–30% (Carpentier et al., 2009; Plank and Ludden,
1992). The approach here takes advantage of the elemental
systematics outlined above, specifically in the use of trace
element ratios (e.g., Pb/K2O), which may be consistent within
individual lithological units and so used to estimate trace
element concentrations from major element information. For
example, shipboard CaCO3 data can be used to calculate the
mean CaO for a site (from stoichiometry) and then simple
dilution relationships with elements like K2O can be used to
derive mean K2O frommean CaO. Ratios of trace elements like
Th or Nb to K2O can then be used to estimate site-averaged Th
and Nb. Similar calculations can be carried out with natural
gamma log K. The success of this approach is supported by the
close similarity between GLOSS and GLOSS-II (see below).

These efforts have led to a dramatic improvement in the
confidence levels for many trench sections (originally esti-
mated by Plank and Langmuir (1998) from excellent, 1, to
poor, 4). Eleven margins improved from confidence level 3–4
to 1–2. Some moved from 4 to 1 (Ryukyu, Izu, and Cascadia),
while others that did not even exist in GLOSS (New Zealand
and Chile) are now at confidence level 2. On the other hand,
the greatest uncertainty in GLOSS still remains – the thickness

and composition of the thickest sections, Andaman and Mak-
ran. These convergent margins flanking India involve subduc-
tion of the large Bengal and Indus fans and constitute!40% of
the mass of GLOSS-II. And yet little is known about the volume
of material subducted, the lithological composition of
undrilled deep sections, or the chemical composition of these
sediments, aside from a handful of analyses. Some new data
from DSDP Site 211, and for the sediments of the rivers and
fans that feed these systems, have led to improvements in
GLOSS-II. On the other hand, most thick sections are com-
posed of terrigenous turbidites, similar in composition to av-
erage upper crust, and so this is unlikely to change the strong
upper crustal contribution already in GLOSS.

4.17.4.2 Comparing GLOSS-II to GLOSS

For most elements, GLOSS-II varies from GLOSS by less than
10% (Figure 8(a)). This should provide some comfort to those
who have used GLOSS to make various geochemical argu-
ments over the years. This also supports the robustness of the
method by which many elements were estimated in GLOSS.
For example, Plank and Langmuir (1998) used the limited
high-quality Nb data that existed at the time to demonstrate
strong correlations with Ti and Al; this justified the use of Nb/
Ti and Nb/Al ratios to estimate bulk Nb concentrations for
many trenches with no actual Nb data. The estimates have
proved to be remarkably accurate when compared to some
here that are based on new ICP-MS analyses, within 5–10%
for some trench averages (Mexico and Columbia) but more
than 50% off for others (South Sandwich and Lesser Antilles).
The agreement in Pb between GLOSS and GLOSS-II is also
surprising given the lack of data that guided original guesses,
which were based mostly on ratios to Th and REE.
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Figure 7 Sedimentary thickness and summary lithology subducting at each trench. See supplementary Table B for a more detailed version of this
figure, with site-specific lithological descriptions and reference drill sites.
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inferred to be the primary source of electron donors for microbes
in most subseafloor sediment (2, 18). The rate of organic matter

oxidation in subseafloor sediment has been described as declining
with age according to a power-law function (19) or logarithmically
(20). Correlation between concentration of intact phospholipids
(a proxy for microbial biomass) and total organic carbon con-
tent in subseafloor sediment shows a clear relationship between
subseafloor microbial biomass and buried organic matter (10),
indicating that the availability of electron donors, with organic
matter being the quantitatively most important one, strongly
controls microbial activity and abundance.
Factors that affect organic burial rate include the productivity

of the overlying ocean, water depth, the flux of organic matter
from land, and sedimentation rate (21, 22). Some of these
parameters influence organic burial rate directly (mean sedimen-
tation rate), whereas others influence it indirectly, by influencing
organic flux to the seafloor (water depth), marine productivity
(sea-surface chlorophyll, sea-surface temperature, and gross pri-
mary production), or flux of organic matter from land. Organic
burial rates have been estimated from many of these properties
for most of the world ocean (22, 23). Other potential electron
donors include reduced metal [e.g., Fe(II), Mn(II)] and H2 from
water radiolysis. However, in the anoxic sediment that constitutes
the vast majority of sediment in near-shore regions and open-ocean
upwelling systems, sulfate is the predominant external electron

Fig. 1. Subseafloor sedimentary cell counts used for this study. (A) Counted
cell concentration vs. depth (mbsf) for the sites used in this study. (B) Site
locations overlain on a map of time-averaged sea surface chlorophyll-a (34).

Table 1. Percentage of variance for (i) cell count at 1 mbsf (b)
and (ii) rate of cell count decrease with depth (m) explained by
various parameters

Variable
Cell count at
1 mbsf (b)

Rate of decrease with
sediment depth (m)

Mean sedimentation rate 72 42
Distance from land 58 56
Sea-surface chlorophyll 22 4
Gross primary production 29 9
Water depth 38 15
Sea-surface temperature 10 13
Sedimentation rate and

water depth
72 45

Sedimentation rate and
distance from land

85 62

Data sources are provided in SI Text.

Fig. 2. Distributions of cell abundance at 1 mbsf (b)
and the power-law rate of decrease of cell abun-
dance with depth (m) relative to sedimentation rate
and distance from land. (A) Distribution of residuals
for b. (B) Distribution of residuals for m. The histo-
grams show the distributions of the actual residuals.
The blue lines are the probability density functions
for normal distributions with the appropriate SDs.
(C) Distribution of b vs. sedimentation rate and
distance from land. (D) Distribution of m vs. sedi-
mentation rate and distance from land. Colored
fields in C and D mark the actual range of combi-
nations of sedimentation rate and distance from
land in the world ocean. Note that data used for this
model (shown as dots in C and D) occur throughout
this range of actual combinations. Dot colors in-
dicate actual values of b and m for each site.

16214 | www.pnas.org/cgi/doi/10.1073/pnas.1203849109 Kallmeyer et al.
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degradation or 
remineralization

• First step: conversion 
POC to dissolved OC 
(DOC)

• DOC then becomes 
available to 
microorganisms

Burdige 2006
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Diagenetic reactions

6.11.2.1.2 Kinetics of organic matter
degradation

The second “pillar” in our understanding of
organic matter diagenesis and benthic flux con-
sists of advances in quantifying the rates of
organic matter degradation and burial. The
kinetics of organic matter degradation have
been determined by modeling environmental
pore-water data and in laboratory studies. Most
models of organic matter degradation have
derived in some way from the early studies by
Berner on this subject (e.g., Berner, 1980). In
its simplest form, one-dimensional diagenesis,
the change in organic carbon concentration

(Cs, g C gs
21; s ¼ dry sediment) with respect to

time and depth is

›

›t
ðrð12 fÞCsÞ ¼

›

›z

!
Db

›ðrð12 fÞCsÞ
›z

"

2
›

›z
ðvrð12 fÞCsÞ þMR

ð1Þ
where z is depth below the sediment–water
interface (positive downward), f is porosity
(cmpw

3 /cmb
3; where pw is pore water and b is

bulk), r is the dry sediment density (g cms
23),

M (g mol21) is the molecular weight of carbon,
Db (cmb

2 s21; s ¼ second) is the sediment biotur-
bation rate, v is the sedimentation rate (cmb s

21),
and R (mol cmb

23 s21) is the reaction term.
Organic matter degradation is usually considered
to be first order with respect to substrate
concentration so

R ¼ kCsð12 fÞr=M ð2Þ
where k is the first-order degradation rate
constant. Probably the largest simplification
here is that stirring of sediments by animals is
modeled as a random process analogous to
molecular diffusion. This is a gross simplification
to reality. It has been shown that different tracers
of bioturbation yield different results and animal
activity varies with organic matter flux to the
sediment–water interface (Aller, 1982; Smith
et al., 1993; Smith and Rabouille, 2002).

The reaction–diffusion equation for the con-
centration of the pore-water constituent, Cd

(mol cmpw
23) is

›

›t
ðfCdÞ¼

›

›z

!
D
›ðfÞCd

›z

"
2

›

›z
ðvfCdÞþgR ð3Þ

where D now represents the molecular diffusion
coefficient and v (cm s21) is the velocity of
water (which is only the same as the sediment
burial, v, when porosity is constant and there is
no outside-induced flow; Imboden (1975)) and g
is a stoichiometric ratio of the pore-water
element to organic carbon. At steady state with
respect to compaction and the boundary con-
ditions, the left side of Equation (3) is zero and
v and v are equal below the depth of porosity
change. A very detailed treatment of many
different cases is presented in Berner (1980)
and Boudreau (1997).

After application of the diagenesis equations to
a variety of marine environments, it became clear
that the organic matter degradation rate constant,
k, derived to fit the pore water and sediment
profiles, was highly variable. The organic fraction
of such sediments is thus often modeled as a
mixture of a small number of discrete components
(Gi), each of which has a finite initial amount and

Figure 1 A schematic representation of the pore-water
result of organic matter degradation by sequential use of

electron acceptors.

Figure 2 The cumulative fraction of carbon burial and
the respiration pathways as a function of depth in the
ocean derived from the global diagenesis model of

Archer et al. (2002) (after Archer et al., 2002).
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(Fig. 3.11). Usually, these reactions are based on a
very simplified organic matter with a C:N:P-ratio of
106:16:1 (‘Redfield-ratio’) as described by Redfield
(1958) (cf. Sects. 5.4.4 and 6.2). The standard free
energies for these model reactions are also listed
in Figure 3.11 (cf. Sect. 5.4.1). The reactions in this
figure are listed in order of declining energy yield
from top to bottom.

Based on these reactions, a succession of dif-
ferent redox zones is established:

• Close to the sediment surface, dissolved
oxygen is usually transported from the bottom
water into the sediment either by molecular
diffusion or as a result of biological activity.
In this upper zone (the oxic zone), dissolved
oxygen is the electron acceptor for the degra-
dation of organic matter. Products of this
reaction are carbonate, nitrate and phosphate
derived from the nitrogen and phosphorus in

the organic matter. For details of these
reactions, see Chapter 6.

• Below the oxic zone follows a zone where
manganese(IV) oxides in the solid phase of
the sediment serve as electron acceptors.
Products of this reaction are usually car-
bonate, nitrogen, phosphate and dissolved
Mn2+-ions in the pore water. These dissolved
Mn2+-ions are usually transported either by
diffusion or by bio-activities to the oxid zone
where manganese is re-oxidized and precipi-
tates again as manganese(IV) oxide. These
reactions belong to a manganese cycle, by
which oxygen is transported into deeper parts
of the sediment. For details of these reactions,
see Chapter 11.

• Below this zone, nitrate serves as an electron
acceptor, which is a product of the redox-

3.2 Calculation of Diffusive Fluxes and Diagenetic Reaction Rates

Fig. 3.11 Degradation of organic matter with different electron acceptors (Froelich et al. 1979). The columns represent
the different amounts of resulting energy. The oxidation of organig matter by nitrate describes a reaction of the nitrate to ele-
mentary nitrogen and leaves the nitrogen of the organic matter as ammonium. Other reactions are possible (cf. section 6.3). Froelich et al., 1979

Anoxic

Electron acceptors

- Microbes accelerate diagenetic reactions
- Main products of metabolism: CO2, NH3, CH4



Interpreting concentration profiles
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analyzing low concentrations obtained from small
sample amounts. Actually, one would prefer to
gain all results by in situ measurements at the
bottom of the ocean, which is feasible, however,
only in very few exceptional cases.

3.1 Introduction:
How to Read Pore Water
Concentration Profiles

The processes of early diagenesis - irrespective
of whether we are dealing with microbiological
redox-reactions or predominantly abiotic reac-
tions of dissolution and precipitation - are
invariably reflected in the pore water of sedi-
ments. The aquatic phase of the sediments is the
site where the reactions occur, and where they
become visible as time-dependent or spatial
distributions of concentrations. Thus, if the early
diagenesis processes are to be examined and
quantified in the young marine sediment, the
foremost step will always consist of measuring
the concentration profiles in the pore water
fraction.

For reasons of simplification and enabling an
easy understanding of the matter, only three
fundamental processes will be considered in this
section, along with their manifestation in the pore
water concentration profiles:

•     Consumption of a reactant in pore water (e.g.
consumption of oxygen in the course of
oxidizing organic material)

•    Release of a substance from the solid phase
into the pore water fraction (e.g. release of
silica due to the dissolution of opal).

•    Diffusion transport of dissolved substances in
pore water and across the sediment/ bottom
water boundary.

Figure 3.2 shows schematic diagrams of some
possible concentration profiles occurring in ma-

rine pore water. Here, the profile shown in Figure
3.2a is quite easy to understand. In the event of a
substance that is not subject to any early dia-
genetic process, the pore water as the formation
water contains exactly the same concentration as
the supernatant ocean water. If the concentration
in the ocean floor water changes, this change will

3.1 Introduction: How to Read Pore Water Concentration Profiles

Fig. 3.1 Concentration profiles in the pore water frac-
tions of sediments obtained off the estuary of the River
Congo, at a depth of approximately 4000 m. The sedi-
ments contain a relatively high amount of TOC. Values
ranging from 1 to 3.5 wt. % indicate that this sediment is
characterized by the high reaction rates of various early
diagenesis processes. These processes are reflected by dif-
fusion fluxes over gradients and by reaction rates deter-
mined by gradient changes (after Schulz et al. 1994).

Fig. 3.2 Principal concentration profile shapes as in
measured pore water:
a: Profile of a non-reacting substance (e.g. chloride);
b: profile of a substance that is depleted in the upper
layers of the sediment (e.g. oxygen); c: profile of a sub-
stance that is consumed in a particular reactive layer;
d: profile of a substance that is released into pore water
in the upper layers of the sediment (e.g. silica); e: pro-
file of a substance that is released into the pore water in
specific reactive layers; f: profile of a substance that is
released into pore water in one discrete depth (reactive
layer 2), and, in two other depths (reactive layers 1 and
3) is removed from the pore water by consumption (e.g.
manganese).

Schulz, 2006
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End-member sites
 
Type A sites: Type B sites: 
Leg Site Location Leg Site Location 
199 1218 Paleogene equatorial 

Transect (Pacific Ocean) 
204 1251 Gas Hydrates (Cascadia 

Margin) 
201 1225 Microbial communities, 

Eastern equatorial Pacific 
and Peru Margin 

201 1230 Microbial communities, 
Eastern equatorial Pacific 
and Peru Margin 

114 703 Subantarctic South 
Atlantic 

175 1084 Benguela Current (W 
African margin) 

157 954 Gran Canaria and Madeira 
Abyssal Plain 

150 905 New Jersey Sea-Level 
Transect 

130 803 Ontong Java Plateau 170 1041 Costa Rica Accretionary 
Wedge 

145 884 North Pacific Transect 131 808 Nankai Trough 
115 709 Mascarene Plateau 117 723 Oman Margin 
208 1263 Walvis Ridge (Southern 

Atlantic) 
155 935 Amazon Deep-Sea Fan 

181 1120 Southwest Pacific 
Gateways 

133 819 Northeast Australian 
Margin 

126 791 Izu-Bonin Arc-Trench 
System 

128 798 Japan Sea 
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Metabolic Activity of
Subsurface Life in Deep-Sea

Sediments
Steven D’Hondt,* Scott Rutherford, Arthur J. Spivack

Global maps of sulfate and methane in marine sediments reveal two provinces
of subsurface metabolic activity: a sulfate-rich open-ocean province, and an
ocean-margin province where sulfate is limited to shallow sediments. Methane
is produced in both regions but is abundant only in sulfate-depleted sediments.
Metabolic activity is greatest in narrow zones of sulfate-reducing methane
oxidation along ocean margins. The metabolic rates of subseafloor life are
orders of magnitude lower than those of life on Earth’s surface. Most micro-
organisms in subseafloor sediments are either inactive or adapted for extraor-
dinarily low metabolic activity.

During the past 15 years, studies of Ocean
Drilling Program (ODP) cores have consis-
tently identified abundant prokaryotes in
deeply buried oceanic sediments (1). Micro-
organisms have been recovered from depths
as great as 800 m below the seafloor (mbsf )
(2). The potential for in situ activity of sub-
seafloor microorganisms has been demon-
strated by geochemical (3) and radiotracer (1,
4) experiments on sediments recovered from
a range of burial depths. In recent contami-
nation-tracer experiments, most of the micro-
organisms reported from ODP cores were
inherent to the drilled sediments (5).

The number and mass of prokaryotes in
subseafloor sediments have been estimated
by extrapolation from direct counts of sedi-
mentary microorganisms at a small number
of ODP sites (6, 7). On the basis of that
extrapolation, these prokaryotes constitute
one-tenth (6) to one-third of Earth’s biomass
(7). In situ metabolic activity by at least some
of these prokaryotes is spectacularly demon-
strated by hydrates of methane (CH4) pro-
duced in deep-sea sediments. These hydrates
contain four to eight times the amount of
carbon in Earth’s surface biomass and terres-
trial soils combined (8). Porewater chemical
studies (9) and recent microbiological discov-
eries (10, 11) suggest that, on an ongoing
basis, the CH4 produced in deep-sea sedi-
ments may be primarily destroyed by sulfate-
reducing activity of microorganisms in over-
lying sediments.

The activity of subseafloor microorgan-
isms may directly affect the surface Earth.
Intermittent release of CH4 from marine sed-
imentary hydrates may have greatly affected
the global climate and/or oceans several
times in Earth history [e.g., (12)]. And rela-

tively small changes in subsurface sulfate
(SO4

2!) reduction may have appreciably af-
fected total oceanic alkalinity and, conse-
quently, the partitioning of CO2 between at-
mosphere and ocean over geologic time (13).
Despite the large apparent mass and possible
biogeochemical effects of subseafloor life,
the magnitude of its metabolic activity in situ
remains largely unknown. To assess this ac-
tivity, we have compiled and analyzed sedi-
mentary porewater chemical data from Deep
Sea Drilling Project (DSDP) and ODP sites
throughout the world ocean (DSDP Leg 1
through ODP Leg 182) (14).

We can infer that SO4
2! reduction, metha-

nogenesis (CH4 production), and fermentation
are the principal degradative metabolic process-
es in subsurface ("1.5 mbsf ) marine sedi-

ments, for three reasons: (i) At the sediment-
water interface, concentrations of dissolved
SO4

2! are more than 50 times as great as
concentrations of all electron acceptors with
higher standard free energies combined (15,
16). (ii) External electron acceptors that yield
more energy than SO4

2! typically disappear
within the first few centimeters to tens of
meters of sediment depth (15). (iii) Once all
SO4

2! has been reduced, methanogenesis and
fermentation are the principal remaining ave-
nues of metabolic activity.

The concentration of dissolved SO4
2! in

typical marine sediments results from the bal-
ance between diffusion of SO4

2! from the
overlying ocean and reduction of SO4

2! by
microbial activity in the sediments. Peak
SO4

2! concentrations typically occur at the
sediment-water interface (Fig. 1). Sulfate
concentrations are generally stable over
stratigraphic intervals where little SO4

2! re-
duction occurs (Fig. 1). At sites where sub-
surface microbial activity is consistently low,
SO4

2! concentrations are relatively high
throughout the sediment column (Fig. 1, A
and C). Where subsurface activity is relative-
ly high, all dissolved SO4

2! is consumed in
the upper sediment column and microorgan-
isms in deeper sediments produce CH4,
which diffuses up toward the sulfate-rich sed-
iments (Fig. 1B). Consequently, peak CH4

concentrations usually occur in sulfate-de-
pleted sediments well below the seafloor
(Fig. 1B). At sites where upward-diffusing
CH4 is entirely consumed by sulfate-reducing
methane oxidation (9), CH4 approaches lab-
oratory-background concentrations within the
sulfate reduction zone (Fig. 1, B and C).

Graduate School of Oceanography, University of
Rhode Island, Narragansett, RI 02882, USA.

*To whom correspondence should be addressed. E-
mail: dhondt@gso.uri.edu

Fig. 1. Representative profiles of SO4
2– (open squares) and CH4 (solid circles) concentrations in

deep-sea sediments: (A) open-ocean ODP Site 851, (B) ocean-margin ODP Site 798, (C) open-ocean
ODP Site 846.
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To identify geographic patterns of SO4
2!

reduction and methanogenesis in deep-sea
sediments, we created global maps of SO4

2!

and CH4 concentration data from DSDP and
ODP cores (Fig. 2). The maps exhibit two
broad patterns in subsurface SO4

2! and CH4

concentrations. First, in open-ocean sedi-
ments, dissolved SO4

2! concentrations are
high and CH4 concentrations are low
throughout the entire sediment column (Fig.
2). Second, along ocean margins, dissolved
SO4

2! concentrations are essentially reduced
to zero within a few tens of mbsf (Fig. 2A).
Below this depth, CH4 concentrations are
high because microbial activity is generally
limited to fermentation and methanogenesis
(Fig. 2B).

The continuously high SO4
2! concentra-

tions and low CH4 concentrations of open-
ocean sites indicate that rates of SO4

2! re-
duction and CH4 production are very low in
subsurface open-ocean sediments. In con-
trast, the general absence of SO4

2! below a
few tens of mbsf at ocean-margin sites indi-
cates that the rate of subsurface SO4

2! reduc-
tion is high relative to the rate of downward
SO4

2! diffusion in ocean-margin sediments.
The absence of high CH4 concentrations in
the shallowly buried sulfate-rich zone of
ocean-margin sites suggests that subsurface
sulfate-reducing methane oxidation is the pri-
mary means of CH4 destruction throughout
the world ocean.

About one-sixth of all open-ocean sites
(32 of 184 sites) contain abundant dissolved
SO4

2! and above-background CH4 concen-
trations ("10 to 1000 ppm) (Fig. 2, A and B).
These are typically sites with cool (#20°C)
organic-poor open-ocean sediments that lack
strong subsurface flow and lie hundreds to
thousands of km from the organic-rich
methanogenic zones of the oceanic margins
(17). In general, CH4 profiles mirror SO4

2!

profiles at these sites (Fig. 1C); CH4 concen-
trations are stable and relatively high over
intervals of stable SO4

2! concentrations, but
they decline to background values in the shal-
lowly buried sulfate reduction zone. This
finding indicates that methanogenesis com-
monly occurs in sulfate-rich open-ocean sed-
iments. This occurrence conflicts with the
generally accepted redox sequence, based on
standard-state free energies of reaction (18),
which predicts that sulfate will be depleted
before methanogenesis occurs.

The occurrence of methanogenic activity
in sulfate-rich open-ocean sediments may re-
sult from one or more causes. The methano-
gens and the sulfate-reducing microorgan-
isms may rely on different electron donors
(19). The relative in situ free energies of
SO4

2! reduction and CO2 reduction may de-
viate from standard-state free energies. Eco-
logical properties, such as relative predation
susceptibility, may allow methanogens to

persist in an environment energetically more
favorable to sulfate reducers. Methanogens
may be adapted to survive at lower rates of
dissolved electron donor production.

In sedimentary ecosystems where SO4
2!

is the terminal electron acceptor (e.g., 3SO4
2–

$ C6H12O6 3 3S2! $ 6CO2 $ 6H2O), the
depth-integrated rate of SO4

2! reduction is a
direct measure of total dissimilatory activity.
At open-ocean sites, where CH4 concentra-
tions are low, the dissimilatory activity of
subsurface microorganisms can be approxi-
mated by the flux of dissolved SO4

2! into the
sediment (20). Along ocean margins, where
subsurface CH4 is destroyed by sulfate-re-
ducing methane oxidation at the CH4-SO4

2!

interface, total subsurface dissimilation can
also be approximated by the flux of dissolved

SO4
2! into the sediment. In such regions,

degradative metabolic activity in sediments
deeper than the sulfate reduction zone is ul-
timately methanogenic (e.g., C6H12O6 3
3CH4 $ 3CO2). Relative to CH4, appreciable
concentrations of hydrogen (21) and dis-
solved organic products of fermentation (22)
do not occur at the CH4-SO4

2! interface or in
the upper portion of the methane-rich zone. In
these subsurface environments, SO4

2! serves
as the terminal electron acceptor for the eco-
system as a whole, because the CH4 is con-
sumed by SO4

2! reduction as it diffuses up
into the sulfate-rich zone (SO4

2–$ CH4 3
S2! $ CO2 $ 2H2O). The diffusive flux of
CH4 upward can be estimated by assuming
that all of the SO4

2! reduced in the CH4-
SO4

2! transition zone is used for methane

Fig. 2. (A) Global SO4
2– map. Symbol color indicates the depth of the shallowest sample where

subsurface SO4
2– concentrations either stabilize at a nonzero value (circles) or reach zero

(diamonds) (white, !5 mbsf ). Circle size indicates the SO4
2– concentration at which each

subsurface SO4
2– profile stabilizes. (B) Global CH4 map. Circle color indicates the depth of the

shallowest sample that exhibits a CH4 concentration above the laboratory background level (white,
!5 mbsf ). Circle size indicates the peak subsurface concentration. Crosses mark sites where CH4
never rises above laboratory background. Cross color marks the depth of the deepest sample
analyzed (36).
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= Constant sulfate 
concentration > 0 
(circle size) at depth 
indicated by color

= Zero sulfate at 
depth indicated by 
color

Sulfate

Methane

Science, 2002



Claypool & Kaplan,  1974

2 moles of C in 
organic matter

1 mole of CH4 + 
1 mole of CO2

→



Most reduced C Most oxidized C



Methane hydrates

clathrate 
(Chemistry) a compound in which molecules 
of one component are physically trapped 
within the crystal structure of another.
ORIGIN 1940s: from L. clathratus, from clathri 
‘lattice-bars’.
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this depth
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Gas hydrates are widespread

o Gas hydrate samples recovered
• Gas hydrates inferred



Gas hydrate 
samples

IODP Exp. 311



Milkov 2004



The carbon cycle with gas hydrates
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Chapter 7 Couplings Between Changes in the Climate System and Biogeochemistry

change (primarily deforestation) (Table 7.1). Almost 45% of 
combined anthropogenic CO2 emissions (fossil fuel plus land 
use) have remained in the atmosphere. Oceans are estimated to 
have taken up approximately 30% (about 118 ± 19 GtC: Sabine 
et al., 2004a; Figure 7.3), an amount that can be accounted for 
by increased atmospheric concentration of CO2 without any 
change in ocean circulation or biology. Terrestrial ecosystems 
have taken up the rest through growth of replacement vegetation 
on cleared land, land management practices and the fertilizing 
effects of elevated CO2 and N deposition (see Section 7.3.3).

Because CO2 does not limit photosynthesis signifi cantly 
in the ocean, the biological pump does not take up and store 
anthropogenic carbon directly. Rather, marine biological cycling 
of carbon may undergo changes due to high CO2 concentrations, 
via feedbacks in response to a changing climate. The speed with 
which anthropogenic CO2 is taken up effectively by the ocean, 
however, depends on how quickly surface waters are transported 
and mixed into the intermediate and deep layers of the ocean. A 
considerable amount of anthropogenic CO2 can be buffered or 
neutralized by dissolution of CaCO3 from surface sediments in 
the deep sea, but this process requires many thousands of years. 

The increase in the atmospheric CO2 concentration relative 
to the emissions from fossil fuels and cement production only 
is defi ned here as the ‘airborne fraction’.2 Land emissions, 
although signifi cant, are not included in this defi nition due 
to the diffi culty of quantifying their contribution, and to the 
complication that much land emission from logging and 
clearing of forests may be compensated a few years later by 

uptake associated with regrowth. The ‘airborne fraction of total 
emissions’ is thus defi ned as the atmospheric CO2 increase as a 
fraction of total anthropogenic CO2 emissions, including the net 
land use fl uxes. The airborne fraction varies from year to year 
mainly due to the effect of interannual variability in land uptake 
(see Section 7.3.2). 

7.3.1.3 New Developments in Knowledge of the Carbon 
Cycle Since the Third Assessment Report

Sections 7.3.2 to 7.3.5 describe where knowledge and 
understanding have advanced signifi cantly since the Third 
Assessment Report (TAR). In particular, the budget of 
anthropogenic CO2 (shown by the red fl uxes in Figure 7.3) 
can be calculated with improved accuracy. In the ocean, newly 
available high-quality data on the ocean carbon system have 
been used to construct robust estimates of the cumulative 
ocean burden of anthropogenic carbon (Sabine et al., 2004a) 
and associated changes in the carbonate system (Feely et al., 
2004). The pH in the surface ocean is decreasing, indicating the 
need to understand both its interaction with a changing climate 
and the potential impact on organisms in the ocean (e.g., Orr 
et al., 2005; Royal Society, 2005). On land, there is a better 
understanding of the contribution to the buildup of CO2 in the 
atmosphere since 1750 associated with land use and of how 
the land surface and the terrestrial biosphere interact with a 
changing climate. Globally, inverse techniques used to infer the 
magnitude and location of major fl uxes in the global carbon 

Figure 7.3. The global carbon cycle for the 1990s, showing the main annual fl uxes in GtC yr–1: pre-industrial ‘natural’ fl uxes in black and ‘anthropogenic’ fl uxes in red (modi-
fi ed from Sarmiento and Gruber, 2006, with changes in pool sizes from Sabine et al., 2004a). The net terrestrial loss of –39 GtC is inferred from cumulative fossil fuel emissions 
minus atmospheric increase minus ocean storage. The loss of –140 GtC from the ‘vegetation, soil and detritus’ compartment represents the cumulative emissions from land use 
change (Houghton, 2003), and requires a terrestrial biosphere sink of 101 GtC (in Sabine et al., given only as ranges of –140 to –80 GtC and 61 to 141 GtC, respectively; other 
uncertainties given in their Table 1). Net anthropogenic exchanges with the atmosphere are from Column 5 ‘AR4’ in Table 7.1. Gross fl uxes generally have uncertainties of more 
than ±20% but fractional amounts have been retained to achieve overall balance when including estimates in fractions of GtC yr–1 for riverine transport, weathering, deep ocean 
burial, etc. ‘GPP’ is annual gross (terrestrial) primary production. Atmospheric carbon content and all cumulative fl uxes since 1750 are as of end 1994.

2 This defi nition follows the usage of C. Keeling, distinct from that of Oeschger et al. (1980).

IPCC 4th Assessment 
Report, Climate Change 
2007: The Physical 
Science Basis, Chapter 7

Methane hydrates
1,000s(?) GtC
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δ13C at the Paleocene-Eocene

The variations in the amplitude of the
Cenozoic deep sea !18O signal largely reflect
on changes in continental ice-volume and
temperature. For example, the largest oscilla-
tions are recorded over the last 800 ky during
the period of maximum NHG. The most re-
cent independent constraints on the isotopic
composition of seawater during the last major
ice advance (20 ka) suggest that "1.0‰ of
the total range of #2.4‰ for this period may
reflect changes in ice volume, the remainder
temperature (69, 70). Conversely, the lowest
amplitude oscillations (#0.2 to 0.3‰) were
in the late Eocene prior to the appearance of
permanent Antarctic ice-sheets. Slightly
higher amplitude oscillations (#0.5‰) oc-
curred in the early Oligocene, late Miocene
(71), and early Pliocene (72), when Antarcti-
ca was close to fully glaciated. Conversely,
larger amplitude (0.5 to 1.0‰) oscillations
are recorded in the latest Oligocene and early
Miocene, the period when Antarctica was
minimally or only partially glaciated.

Aberrations. Perhaps the most interesting
and unexpected discoveries of the last decade
are the aberrations. These are loosely defined
as brief (#103 to 105 y) anomalies that stand
out well above “normal” background vari-
ability in terms of rate and/or amplitude, and
are usually accompanied by a major pertur-

bation in the global carbon cycle as inferred
from carbon isotope data. The three largest
occurred at #55, 34, and 23 Ma, all near or at
epoch boundaries. This last distinction is sig-
nificant in that it implies that each of these
climate events may have also had widespread
and long-lasting impacts on the biosphere.

The most prominent of the climatic aber-
rations is the Late Paleocene Thermal Maxi-
mum (LPTM), which occurred at 55 Ma near
the Paleocene/Eocene (P/E) boundary. This
event is characterized by a 5° to 6°C rise in
deep-sea temperature ($1.0‰ negative iso-
tope excursion) in less than 10 ky (Fig. 5)
(25, 26, 73). Sea surface temperatures as
constrained by planktonic isotope records
also increased, by as much as 8°C at high
latitudes and lesser amounts toward the equa-
tor (47, 74, 75). Recovery was gradual, taking
#200 ky from the onset of the event (30). An
associated notable change in climate was glo-
bally higher humidity and precipitation, as
evidenced by changes in the character and
patterns of continental weathering (76, 77).
The event is also characterized by a #3.0‰
negative carbon isotope excursion of the ma-
rine, atmospheric, and terrestrial carbon res-
ervoirs (Fig. 5) (25, 78–80); widespread dis-
solution of seafloor carbonate (75, 81); mass
extinction of benthic foraminifera (82); wide-

spread proliferation of exotic planktic fora-
minifera taxa (74, 83) and the dinoflagellate
Apectodinium (84); and the dispersal and
subsequent radiation of Northern Hemisphere
land plants and mammals (78, 85–88). The
recovery interval is marked by a possible rise
in marine and terrestrial productivity and or-
ganic carbon deposition (89, 90).

In contrast, the next two climatic aberra-
tions are characterized by positive oxygen
isotope excursions that reflect brief extremes
in Antarctic ice-volume and temperature (27,
61). The first of these lies just above the
Eocene/Oligocene boundary (34.0 Ma) (Fig.
3). It is a 400-ky-long glacial that initiated
with the sudden appearance of large conti-
nental ice sheets on Antarctica. This transi-
tion, referred to as Oi-1 (50), appears to
involve reorganization of the climate/ocean
system as evidenced by global wide shifts in
the distribution of marine biogenic sediments
and an overall increase in ocean fertility (62,
91, 92), and by a major drop in the calcium
carbonate compensation depth (93, 94). The
second aberration coincided with the Oligo-
cene/Miocene boundary (#23 Ma) (95) and
consists of a brief but deep (#200 ky) glacial
maximum (Fig. 3) (60). This event, referred
to as Mi-1 (50), was followed by a series of
intermittent but smaller glaciations. Both
Oi-1 and Mi-1 were accompanied by accel-
erated rates of turnover and speciation in
certain groups of biota, although on a smaller
scale than at the LPTM (96). Of particular
significance are the rise of modern whales
(i.e., baleen) and shift in continental floral
communities at the E/O boundary (97, 98),
and the extinction of Caribbean corals at the
O/M boundary (99). Furthermore, both tran-
sients are characterized by small but sharp
positive carbon isotope excursions (#0.8‰)
suggestive of perturbations to the global car-
bon cycle (Fig. 2). Although records indicate
a number of lesser events in the Oligocene
and Miocene, none appear to approach Oi-1
and Mi-1 events in terms of magnitude.

Implications for Climate Forcing
Mechanisms
Has the greater temporal resolution of Ceno-
zoic climate afforded by the latest isotope
reconstructions altered our understanding of
the nature of long- and short-term climate
change? The answer to this is both yes and
no. Perhaps the most important developments
concern the glacial history of Antarctica, and
the scale and timing of climatic aberrations.
In the case of the former, it is evident that ice
sheets have been present on Antarctica for the
last 40 My, and over much of that time have
been extremely dynamic, implying a high
degree of instability and/or sensitivity to forc-
ing. As for the aberrations, their mere exis-
tence points toward the potential for highly
nonlinear responses in climate to forcing, or

Fig. 5. The LPTM as recorded in benthic !13C and !18O records (A and B, respectively) from Sites
527 and 690 in the south Atlantic (73), and Site 865 in the western Pacific (26). The time scale is
based on the cycle stratigraphy of Site 690 (30) with the base of the excursion placed at 54.95 Ma.
The other records have been correlated to Site 690 using the carbon isotope stratigraphy. Apparent
leads and lags are artifacts of differences in sample spacing. The oxygen isotope values have been
adjusted for species-specific vital effects (118), and the temperature scale on the right is for an
ice-free ocean. The negative carbon isotope excursion is thought to represent the influx of up to
2600 Gt of methane from dissociation of seafloor clathrate (111).
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δ13C and gas hydrate dissociation at 
Paleocene-Eocene Thermal Maximum

• Exchangeable organic and inorganic C reservoir:  mass 
MT = 40,000 Gt of C,  δ13CT = –2.4‰

• Hypothetical amount of dissociating gas hydrate at the 
PETM:  MH = 2,000 Gt of C,  δ13CH = –60‰

• Equation for combined reservoir after gas hydrate 
dissociation:

(MT + MH)(δ13CT+H) = MT(δ13CT) + MH(δ13CH)

• δ13CT+H is consistent with a shift of –2 to –3‰ at the 
PETM

Dickens et al. 1995



Dickens, 2000

Time constant ~100 kyr 
(residence time in the 
short-term C cycle)
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