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Abstract

Though the total carbon content of the mantle is largely unknown, the isotopic signatures
of its sources and sinks suggests much about how the mantle operates. Together, geochemical
and mineralogical analyses of a new diamond, a compendium of studies of the magnitude
of carbon fluxes into and out of the mantle, and a simple geophysical model suggest that the
mantle acts as two interacting reservoirs of carbon: subducting slabs (the reservoir for depleted
carbon) descend deep into the bulk mantle (the enriched-carbon reservoir) to possibly as deep
as the core-mantle boundary. These reservoirs mix to a small degree; that degree is a function
of the isotopic composition of the bulk mantle (δ13C from -8 to -3.5h) and the residence time
of carbon in the mantle (1-10 Gyr). The residence time is a function of the net flux out of the
mantle, which is itself a sum of seafloor spreading rates, oceanic sediment deposition rates,
calcium carbonate precipitation rates, and arc volcanism fluxes. This paper summarizes many
studies of these fluxes to estimate those above quantities relevant to mantle convection.

Introduction

The mantle is the largest reservoir of carbon on earth, containing more than 90% of earth’s car-
bon by some estimates, but its relatively slow fluxes compared to those of the ocean-atmosphere
and crustal systems make it less studied and less well understood. Direct measurements of the
mantle are of course impossible, and while a number of potential deep carbon-containing ma-
terials have been identified, the amount of carbon in them is largely unknown. Many of these
materials, such as silicates, sulfides, and oxides, can contain carbon in only trace proportions,
but the sizes of the reservoirs make the overall carbon quantity potentially significant (Hazen
et al., 2012). Despite the uncertainty about the mantle’s composition, its size allows us to study
it by many techniques, including seismology and tomography; mineralogy; ocean geochem-
istry; and the geology of mantle-surface access points like mid-ocean ridges, subduction zones,
and volcanoes. Taken together, the multifarious studies can draw a broad picture of the mantle.

This paper focuses on the geologic and geochemical studies of the mantle-surface access
points, and what we can infer about mantle fluxes and reservoirs over geologic time.

Reservoirs

By various estimates, the mantle holds between 6×1017 kg and 4×1020 kg of carbon (Sleep and
Zahnle, 2001; Javoy et al., 1982; Coltice et al., 2004). This is three to six orders of magnitude
more carbon than is stored in the atmosphere-ocean system, and one to one hundred times
more than that stored in the earth’s crust. Figure 1 illustrates this on a logarithmic scale.



Figure 1: The amount of carbon held in the various reservoirs on earth, plotted on a logarithmic scale.
Schidlowski (1987) defines marine bicarbonate as a single reservoir, the largest of the exosphere. This is not
in disagreement with the plotted reservoirs, as marine bicarbonate occurs mostly in oceanic crust but is also
uplifted into continental mountain ranges, like the Himalaya.

The amount of the mantle carbon that has been cycled through the exosphere1 is similarly
debated. We know from concentrations of radiogenic noble gases that the earth underwent
a catastrophic degassing of volatile elements in its early history. Since carbon is a volatile
element, without a stable mineral state in the mantle, carbon too would have entered the at-
mosphere in large quantities, with implications for the development of life on earth (Marty
and Jambon, 1987). Either is possible: if carbon did largely outgas before continents formed,
the recycling rate of carbon back to the mantle would have been 4-9 times quicker than it is
today since plate tectonics were sped up by a factor of at least 4-9 in the Archean era, due to
the earth’s higher heat output then (Sleep and Zahnle, 2001). Simple calculations using the
mantle carbon reservoir size,2 the exosphere reservoir size,3 and the elapsed time between out-
gassing and continent formation at 3.9 Ga (Schidlowski, 1987) show that the Archean recycling
rate via subduction needed to be 7-50 times higher than it is today. This is within the range of
the expected 4-9 times higher, though with little overlap. Marty and Jambon (1987) conclude,
therefore, that a catastrophic mantle outgassing event was unlikely, and that a stable mineral
phase must exist for carbon to have stayed in the mantle when the other volatiles outgassed.

Fluxes

Carbon from the mantle first enters the exosphere at ocean ridges, where seafloor spreading
brings magma up from the mantle and lays it down as mid-ocean ridge basalt (MORB), grow-

1The exosphere is defined as the volume outside the mantle: the crust, ocean, atmosphere, and biosphere.
2This study used (2.3-4.7)×1019 kg.
3This study used (5.5-9.5)×1017 kg.
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Figure 2: Diagram showing the seafloor spreading process (center), hotspot volcanism (right of center), and
subduction and arc volcanism at subduction zones (left and right). Not illustrated are the oceanic deposition
of organic sediments onto the crust and of carbonates into veins within it. From Fowler (1990, p. 255).

ing the oceanic plate. From there they begin their slow (10−1 to 10−2 m/yr) undersea journey,
during which they collect seafloor sediments on their way to collide with continental tectonic
plates. Here, the oceanic plate subducts under the continent. Figure 2 illustrates this process.

The fate of the oceanic plate is matter of ongoing debate: tomographical evidence (e.g.
Grand et al. (1997); Ren et al. (2007)) suggests that the plate continues to descend most of
the way through the mantle to reach the core, while thermal and mineralogical arguments
(e.g. Kellogg et al. (1999); Hamilton (2003); Anderson (2001)) imply that plates are halted at
the transition zone, the boundary between the upper and lower mantle layers at about 660 km
depth. These are the opposing arguments of mantle convection models: if plates can descend
to the core, then whole-mantle convection is possible; if not, then convection must occur in
separate cells above and below the transition zone.

Regardless of the type of mantle convection, the bulk of the slab continues its descent to
at least 660 km. But a fraction of its carbon and other volatile materials rise to the surface
again through back-arc volcanoes. Other volcanoes (from hotspots) also provide a conduit for
mantle material to reach the surface, although geochemical studies (e.g. Sun and McDonouch
(1989)) show that the hotspot material must originate from the deep mantle, and that the overall
contribution of hotspots to the mantle carbon budget (2.5×106 kg yr−1) is small (Sano and
Williams, 1996).

The fluxes between the exosphere and the mantle have proven to be difficult to measure
precisely or consistently. Here I present a literature review of the existing measurements for
each flux. I follow the “balanced cycle” of Sleep and Zahnle (2001), which combines the conti-
nental crust, atmospheric, and oceanic reservoirs. I additionally simplify the weathering cycle
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so that the only input into the continental-atmospheric-oceanic reservoir is volcanism, and the
only output is ocean sedimentation.

Mid-ocean ridge basalt fluxes

Carbon exits the mantle to the exosphere at mid-ocean ridges in two ways: by being laid down
as basalts on the oceanic crust, and by outgassing to CO2 which dissolves in the ocean water.
Measurements of carbon content made by heating basalts from the East African Rift Valley and
MORBs indicate that as much as 30-65% of carbon is outgassed (Gerlach, 1989). This carbon
is later deposited on the oceanic crust in carbonate veins, in a process termed seafloor alter-
ation (Shilobreeva et al., 2011).

The standard method for estimating carbon content of freshly-upwelled basalts is through
the 3He isotope tracer, which is used because the 3He flux is well-known and the C/3He ratio is
thought to be unfractionated during mantle degassing. With a lack of fractionation, the MORB
carbon flux is found to be 2.6×1010 kg yr−1 (Marty and Jambon, 1987). This measurement and
flux has been called the “most reliable” (Sano and Williams, 1996) in part because it agrees with
independent carbon flux measurements based on hydrothermal vents (Gerlach, 1989).

To account for the differing δ13C signatures of the mantle (-5h) and some MORBs (as low
as -26h), though, Javoy et al. (1982) argue that the C/3He ratio is fractionated: they calculate
a fractionation factor of 0.014, suggesting that much more carbon stays in the mantle than
is outgassed to MORBs or the ocean water. The resulting carbon exiting the mantle through
MORBs is just 6-70×109 kg yr−1 (Marty and Jambon, 1987).4

A mineralogical model of the partial melting of carbon at mid-ocean ridges suggested that
the MORBs have a much higher carbon content than previously thought (120-1200 ppm), giv-
ing a MORB carbon flux of (0.12-3.4)×109 kg yr−1, an order of magnitude higher than other
measurements of basalts. This large flux would suggest that the mantle reservoir of carbon
could overturn in 1-4 Gyr – that is, at least once in the 4.5 Gyr age of the earth (Dasgupta and
Hirschmann, 2006).5

Seafloor alteration fluxes

Carbon that is outgassed from mid-ocean ridges as CO2 enters the seawater as an inorganic
component. In the tens to hundreds of millions of years between the oceanic plate’s birth at the
spreading center and its death by subduction, the plate collects that seawater carbon in veins

4This number differs between the paper that calculated it, Javoy et al. (1982), and a paper that cites it and places it
into context with its own MORB measurements, Marty and Jambon (1987). The difference is of two orders of magnitude:
Javoy et al. (1982) find 6-70×1011 kg yr−1, which is actually greater than the unfractionated C/3He MORB carbon flux.
Unfortunately, this seems to be a common occurrence in the mantle carbon cycle literature: the fluxes cited by Coltice
et al. (2004) also did not agree with the studies they cited, Alt and Teagle (1999) and Staudigel et al. (1989) (seafloor
alteration), and Sano and Williams (1996) (arc volcanism). Coltice et al. (2004) do cite the MORB carbon flux from Marty
and Jambon (1987) correctly.

5Note that this is not in direct disagreement with the conclusions of Marty and Jambon (1987) (see Reservoirs sec-
tion), who argue that much of the mantle’s carbon stayed in the mantle during the early-earth catastrophic outgassing
event. Though the high-recycling-rate conclusion of Dasgupta and Hirschmann (2006) requires the mantle carbon to
not be primordial, it allows the carbon to cycle to the exosphere gradually rather than catastrophically.

4



however, suggest minor incorporation of organic carbon into
solutions within the alkalic section, where minor thin sediment
layers are intercalated with basalts.

4. DISCUSSION

4.1. Average CO2 Content of Altered Ocean Crust

Data for calculation of the depth-weighted average CO2
content of altered ocean crust are given in Table 1, with the
lithostratigraphy based on the average thickness of ocean crust
(7 km, White et al., 1992) and ODP Hole 504B (Alt et al.,
1996b). There is no clear relationship between the frequency of
veins and the amount of core recovery for the sites considered
here, but because recovery is less than 100% it is possible that
carbonate-rich veins and breccia material may have been pref-
erentially lost during drilling. The bulk crustal CO2 contents for
the volcanic sections in Table 1 and the resultant net sink of
carbon in altered crust thus may be considered minimum val-
ues.
Given heterogeneities in the upper crust, the differences

between sites 843 and 801 are probably not significant, so an
intermediate value of 3.0 wt% CO2 is chosen for the carbon
content of the upper volcanic section. The data indicate a
decrease in CO2 contents with depth in the extrusive section
(Figs. 1 and 2; Staudigel et al., 1989). In order to estimate the
carbon content of the lower volcanic section, it is assumed: 1.)
that the bulk CO2 content of the lower volcanic section exhibits
a variation similar to that of the upper volcanics (a factor of 2,
or 0.14–0.28 wt% for 6 Ma lower volcanics); and 2.) that a
five-fold increase of carbon contents occus in the lower volca-
nics from 6 to 100 Ma, similar to that in the upper volcanics.
Thus, we use a value of 1 wt% CO2 for the lower volcanic
section in Table 1. Hole 504B is the only oceanic drill hole that
penetrates sheeted dikes, so this section affords unique con-
straints on the CO2 contents of deeper crust. Carbonate veins in

the 200 m thick transition from lavas to dikes formed from
hydrothermal fluids at temperatures of 100–200°C (Alt et al.,
1986). This section contains an average of 0.8 carbonate veins
m!1 (Alt and Teagle, unpublished data) and 0.18 wt% CO2 in
whole rocks (n " 55; Alt et al., 1996b), yielding a bulk crustal
CO2 content of 0.58 wt% for this zone. Carbonate veins are
essentially absent in the 1.2 km thick dike section, so the bulk
CO2 content of the dike section is taken as the mean whole rock
CO2 content for this interval, 0.07 wt% (n " 228; Alt et al.,
1996b). Whole rock CO2 contents are available for lower
crustal gabbros sampled by the Ocean Drilling Program from 3
sites: Hess Deep in the eastern Pacific, the MARK area on the
mid-Atlantic Ridge, and the Atlantis II fracture zone on the
southwest Indian Ridge. Excluding 2 samples containing sec-
ondary calcite veins related to late fracturing and uplift of lower
crust, 89 analyses have a mean value of 0.02 wt% CO2 (Alt and
Anderson, 1991; Gillis et al., 1994; Karson et al., 1995). These
data for CO2 contents of dikes and gabbros are restricted to
young crust (#11 Ma), but with the exception of local fractur-
ing during tectonic exposure these deeper portions of the crust
are essentially sealed to later low-temperature, off-axis circu-
lation and alteration (Alt et al., 1996b), so they can be consid-
ered representative of deep altered crust.
The depth-weighted average CO2 content for altered crust is

0.214 wt% (Table 1). Using a crustal production rate of
7.0 $ 1016 g y!1 (3.4 km2 y!1, 7 km thick, density " 2.9 g
cm!3; Parsons, 1982; White et al., 1992) then gives an annual
storage rate of 3.4 $ 1012 mol C y!1. This surpasses the total
production rate of carbon in new oceanic crust (1.0–1.9$ 1012
mol y!1; Gerlach 1989) and, besides accounting for uptake of
all CO2 lost via degassing at MOR (0.63–1.26$ 1012 mol y!1;
Gerlach, 1989), results in a net sink in the oceanic crust of
1.5–2.4 $ 1012 mol C y!1. Although the potential of prefer-
ential loss of vein and breccia material during drilling would
already render our estimate a minimum, assuming reasonable
lower values for the CO2 contents of the volcanic section (2.4
and 0.5 wt% for upper and lower portions, respectively) only
reduces our calculated total storage of carbon in the crust by
0.7$ 1012 mol y!1, which can be considered an estimate of the
uncertainty in our flux calculation.
Our results are similar to that of Staudigel et al. (1989), who

calculated a total storage rate of 3.7 $ 1012 mol C y!1 in
altered ocean crust, despite using a different approach (analyz-

Table 1. Bulk CO2 content of altered ocean crust.

Crustal
interval

Interval
thickness
(km)

Bulk crust wt% CO2

a
Lower
crust*

b
Site
504

c
Site
896

d
Site
843

e
Site
801

f
Altered
crust

Upper volc. 0.3 0.21 0.51 2.4 3.55 3.0
Lower volc. 0.3 0.14 1.0
Transition 0.2 0.58 0.58
Sheeted dikes 1.2 0.07 0.07
Gabbros 5.0 0.02 0.02

Mean altered crust: 0.21

Columns a–e are calculated CO2 contents from this work, f is
estimate for old altered crust.
* Data for ODP sites 735, 894, 921 and 923 (see text).

Fig. 5. Photograph of typical rock from site 801 illustrating multiple
stages of carbonate vein formation. The large vein exhibits at least two
stages of fracturing and carbonate formation (1 and 2), and is cut by a
later carbonate vein (3), which is in turn cut by a still later vein (4).
Each vein generation has distinct trace element and stable isotopic
compositions (Alt and Teagle, unpublished data).

1530 J. C. Alt and D. A. H. Teagle

(a) Carbonate Vein

of plumes cannot exceed 20% of the slab flux [Sleep, 1990].
It is noteworthy that the carbon flux coming from this deep
layer would be carried by a mass flux less than 2% of the
lithospheric subduction flux. Considering that the unde-
gassed mantle contains 100 ppm of carbon, a slab must
carry less than 7 ppm of carbon. This composition appears
unrealistic as carbonate veins in the altered oceanic crust
already account for 50 ppm of carbon in a 70 km thick slab.
[32] Following Javoy [1995] who proposed that the

undegassed mantle has a lower d13C of !15%, the com-
position of the deep mantle reservoir could accommodate
the heavy carbon flux carried by slabs. In this case, the deep
flux would be reduced by a factor of 3. However a factor of
10, as shown above, is required to explain the carbon
concentration in slabs. A satisfactory model for the carbon
isotope cycle could also be obtained by combining this
model with a crustal segregation above the deep layer
instead of the core-mantle boundary.

4. Conclusions

[33] Despite that no change is observed in the d13C of
sediments and mantle rocks over the Earth’s history, the
carbon isotope cycle is probably not at steady state. The
mantle constitutes a net sink of 13C whose source is
inorganic carbon mainly derived from hydrothermal veins
trapped in the oceanic crust. However the mantle d13C does
not evolve and this paradox could be solved by considering
that the sedimentary organic carbon reservoir is growing
with time, and that the excess 13C could be stored in the D00

layer as segregated oceanic crust. Another source of carbon
that could help maintain the mantle d13C would be the
presence of a deep primitive mantle reservoir.
[34] The ideas presented here applies if the present-day

composition of subducted carbon was similar in the past, i.e.,
if hydrothermal carbonates were present in recycled oceanic
crust. This is expected since hydrothermal alteration has been
a major process through Earth history. The paradox presented
in this paper is similar to that already proposed for ferric iron:
the redox state of the shallowmantle remained the same for at

least 3 Gyrs though Fe2+/Fe3+ differs greatly between
extracted basalts and subducted oceanic crust [Lécuyer and
Ricard, 1999]. Similarly, it has been proposed that accumu-
lation of altered oceanic crust in the deep mantle would
explain this iron paradox.

[35] Acknowledgments. The authors thank J. C. Varekamp for his
constructive review. Ph. Gillet, Y. Ricard and P. Cartigny helped us to
improve the scientific content of the manuscript.
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Figure 3. Predicted mantle d13C as a function of residence
time and ratio of the deep carbon flux/slab carbon flux,
considering entrainment of a deep undegassed reservoir in
mantle plumes.
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(b) Deep Mantle Reservoir

very long residence times (>10 Gyrs) the contribution of
subducted carbon is negligible and the d13Cmantle does not
change.
[20] Our consistency test requires a residence time larger

than 1010 yrs; This means that either the degassing rate is
low or the mass of carbon is larger than 4 ! 1020 kg
considering the present-day rate of mid-oceanic ridge
degassing for reference. If the shallow mantle extends down
to the core-mantle boundary, the carbon concentration
would be larger than 100 ppm, and even greater in the case
of a layered mantle.
[21] This carbon content of 100 ppm is at least twice the

estimates proposed for the shallow mantle concentration
[Jambon, 1994; Saal et al., 2002], and matches the sug-
gested content of the undegassed mantle [Jambon, 1994]. It
seems that the shallow mantle cannot accommodate the
recycling of heavy carbon without changing drastically its
d13C.

3.3. Model 2: Segregation of Subducted Oceanic Crust

[22] The segregation of the oceanic crust in the deep
mantle would prevent the oceanic crust to mix back in the
mantle and would maintain the d13Cmantle constant.
[23] High-pressure experiments showed that the basaltic

component of the descending lithosphere is slightly denser
than the surrounding mantle down to great depth [Kesson et
al., 1994]. Many numerical models of mantle convection
taking that effect into account predict a layer of dense crust
at the core-mantle boundary [Christensen and Hofmann,
1994].
[24] The corresponding box-model equation describes a

system where the carbon mantle mass can decrease because
of the subtraction of the subducted crust that accumulates at
the core-mantle boundary to form a thin layer:

d

dt
d13Cmantle ¼

X d13Csubducted # d13Cmantle

! "

t þ ðX # 1Þt ð2Þ

where X, the recycling fraction, is the proportion of the
descending crust that ends up mixing with the mantle.

[25] By analogy with model 1, high residence times favor
constancy of d13Cmantle as well as low recycling fractions X
(Figure 2). At low recycling fractions X, residence times as
low as 3.5 Gyrs can however accommodate the constancy of
the isotope records. Assuming a carbon concentration of
40 ppm for the shallow mantle and a degassing flux of 4 !
1010 kg yr#1, the recycling fraction should be lower than
40%.
[26] The segregation of 60% of the oceanic crust at the

present rate of crustal formation generates a volume com-
parable to that of D00 in 3.5 Gyrs. Such a model where the
oceanic crust segregates at the bottom of the mantle would
explain the seismic origin of D00 and more generally most of
the geophysical and geochemical observations [Coltice and
Ricard, 1999].

3.4. Model 3: Deep Carbon-Rich Reservoir

[27] This model involves a reservoir feeding the shallow
mantle with primitive carbon (d13C = #5%) that compen-
sates the input of subducted surficial carbon. This kind of
model has been set as a standard model in geochemistry to
explain shallow mantle depletion in incompatible elements
and noble gases of hotspots [Allègre et al., 1983]. The
primitive reservoir was supposed to be the lower mantle
before high resolution tomographic images showed deep
slab penetration [Grand et al., 1997]. Recently, some
authors suggested that a primitive reservoir of half the
mantle in size would explain the seismic velocity anomalies
and geochemical observations [Kellogg et al., 1999].
[28] Assuming again steady-state for the mantle carbon,

the rate of degassing must equal the subduction rate plus the
flux of carbon coming from the primitive reservoir:

Fdegassed ¼ Fsubducted þ Fprimitive: ð3Þ

In this model, the mass of sedimentary carbon Msurface must
entirely come from the carbon flux of the deep reservoir. A
constant flux of 2 ! 1010 kg yr#1 is required to account for
the observed mass of sedimentary carbon. The degassing
rate at oceanic ridges being higher, partial slab decarbona-
tion is likely.
[29] The equation describing the evolution of the carbon

isotope composition in the shallow mantle is

d

dt
d13Cmantle ¼

1

t
ðd13Csubducted þ X d13Cprimitive# ð1# X Þd13CmantleÞ

ð4Þ

where X is the fraction of carbon coming from the deep
mantle reservoir.
[30] As shown in Figure 3, large residence times imply a

constant d13Cmantle as well as large carbon fluxes from the
deep reservoir. Residence times lower than 2 ! 109 yrs are
obtained for deep carbon fluxes larger than 60% of the
degassing flux. Assuming 40 ppm of carbon in the shallow
mantle (having a volume half of the whole mantle), and a
flux of 4 ! 1010 kg yr#1, the deep carbon flux exceeds 35%
of the subducted carbon flux.
[31] Geochemical studies based on the abyssal layer

mantle model suggest that no more than 10% of the plume
mass come from a deep undegassed mantle [Coltice and
Ricard, 2002]. Geodynamical modeling reveals that the flux

Figure 2. Predicted mantle d13C as a function of residence
time and fraction of recycling, considering segregation of
the oceanic crust at the core-mantle boundary.
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(c) Slab Graveyard

Figure 3: (a) Photograph of a 165 million-year-old rock from western Pacific oceanic crust, showing the
deposition of CaCO3 in veins. From Alt and Teagle (1999). (b) and (c) Models of Coltice et al. (2004).
Residence time is a proxy for mantle reservoir size: M=τΦ, where τ is residence time and Φ is MORB flux,
approximately 1010 kg yr−1. Contours show the δ13C of the bulk mantle at each parameter point. (b) Model
of mixing ratio between the deep reservoir and the reservoirs that subducting slabs penetrate. “Flux” refers
to the carbon flux supplied to MORBs. (c) Model of slab segregation within the mantle. Recycling per-
centage is the fraction of subducted slabs that do not descend all the way to the “slab graveyard” at the
core-mantle boundary: this mass reenters the mantle carbon cycle.

which fill with calcium carbonate precipitates. This can be commonly observed in mountains
made of uplifted seafloor sediements (e.g. the Olympics) and is illustrated in Figure 3(a). This
is termed “low-temperature seafloor alteration” since it happens at geologically cool (< 60◦C)
temperatures. A survey of carbonates of various ages on the Pacific plate showed that the plate
becomes essentially saturated with carbonates after 10-100 million years (Alt and Teagle, 1999).

Seafloor alteration provides a mechanism for inorganic carbon to enter the mantle by sub-
duction. It is of similar size to, if not larger than, the deposition by biological sediments on
the ocean floor. Seafloor alteration fluxes are calculated as the product of the weight percent
of CO2 in carbonate veins of oceanic crust (measured from cores of the oceanic crust), crustal
density, and the rate of seafloor production and subduction (of order 0.5 km3 yr−1). Calcula-
tions from cores in all oceans and of various ages agree reasonably well: the net flux of carbon
onto oceanic crust (and eventually the mantle) is reported as 2.8×108 kg yr−1 (Alt and Teagle,
1999; Sleep and Zahnle, 2001), (2.1-2.7)×108 kg yr−1 (Shilobreeva et al., 2011), and (1.8-2.4)×108

kg yr−1 (Staudigel et al., 1989) – numbers which agree to within a factor of three.6

More chemically-based models calculate the carbonate deposition rate as a function of hy-
drothermal flux, which is calculated from the concentration of magnesium in sediments. These
estimates tend to produce lower deposition rates – warmer waters have low deposition rates
(total carbon flux into carbonate veins (1.4-8.6)×106 kg yr−1), while the deposition rates in

6Coltice et al. (2004) report seafloor alteration fluxes two orders of magnitude higher than these, citing the work
of Staudigel et al. (1989) and Alt and Teagle (1999) but quoting the values incorrectly (see Footnote 4).
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cooler waters (1.4×108 kg yr−1) agree reasonably well with the weight-percent estimates (Sleep
and Zahnle, 2001).

Subduction fluxes

The total return flow of carbon to the mantle is the sum of the precipitation of carbonate into
veins and the deposition of organically derived sediments onto the oceanic crust. Calcula-
tion of carbon-containing sediment on the subducting slab is simple and similar to the cal-
culation of the carbon production rate at MORBs: the flux is the product of the sediment
thickness, sediment density, fraction of carbon present, and the subduction rate. Estimates
by this method span an order of magnitude, from 1.2×1010 kg yr−1 (Coltice et al., 2004) to
(2.8-5.6)×1011 kg yr−1 (Javoy et al., 1982).

Alternatively, one may calculate the total subduction flux as the sum of the vein carbonates
from seafloor alteration and the net deposition of organic kerogens. The organic flux amounts
to about 1×1011 kg yr−1, about 10−2 − 10−3 of global primary production (Schidlowski, 1987).
This agrees well with the above subduction-rate estimates. It also suggests that biological
productivity is one to three orders of magnitude more important than seafloor alteration, which
seems to be a matter of contention among the scientists of each field.7

The subducted carbon may not continue into the mantle: a fraction of the mass of a sub-
ducting slab returns to the exosphere through the nearby arc volcanoes driven by subduction.
Since carbon is a volatile element, it is prone to melt and subsequent exhalation by volcanism.

Arc volcanism fluxes

Sano and Williams (1996) measured 3He fluxes from arc volcanoes and converted them to car-
bon fluxes using the C/3He ratio. Unlike Javoy et al. (1982), they assumed this ratio is unfrac-
tionated during magma outgassing. They found a total flux of 2.6×108 kg yr−1, about 90% of
which was sourced from the mantle. The remaining 2.5×107 kg yr−1 was recycled from the
subducting oceanic plates, thus diverting that carbon from returning to the mantle.

This proportion is higher than other studies have estimated: Sleep and Zahnle (2001) found
that 10% of subducted carbon rose back to the exosphere through arc volcanoes; Shilobreeva
et al. (2011) calculated 40%, and Coltice et al. (2004) almost 50%. Regardless, arc volcanism
carbon fluxes are always smaller than subducted carbon fluxes, and thus at least some of the
exogenic carbon returns to the mantle.

7Shilobreeva et al. (2011), a study of carbonate veins, found that the organic / inorganic sediment ratio was ap-
proximately 3 to 1. Staudigel et al. (1989), on the same “carbonate team”, found a ratio more like 1 to 1, as did the
review of Sleep and Zahnle (2001). On the other hand Coltice et al. (2004), a geophysical paper, found a ratio of 1 to 4.
Kump, Kasting, and Crane (2004), the textbook quoted by a PCC 588 lecture slide, also finds a 1 to 4 ratio. No paper
that compiled both inorganic and organic seafloor fluxes found a difference even approaching the order of magnitude
suggested here.
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Table 1: Compiled fluxes into and out of the mantle. Each row represents a different set of fluxes, summa-
rized from three different studies (“high-magnitude”, Coltice et al. (2004) and “earth-age-averaged”, Shilo-
breeva et al. (2011)) or reviews (“geologic”, Sleep and Zahnle (2001)). Fluxes are in kg yr−1 and are defined
with respect to the mantle: positive is into the mantle. Arc stands for arc volcanism. The subduction
category is the sum of carbonate-containing crustal veins (“veins”) and organic seafloor precipitates (“sed-
iment”). The total flux for each set shows either a net exhalation from (-) or deposition to (+) the mantle.

Fluxes out of mantle Subduction into mantle Total
MORB Hotspots Arc Veins Sediment Total Flux

High-mag - 2.4×1010 -2.5×106 -2.0×1010 3.0×1010 1.2×1010 4.2×1010 -2.0×109

Geologic -2.1×108 -2.5×106 -6.6×107 1.3×108 2.1×108 4.9×108 +2.1×108

Earth-age-avg
1.7×108

2.5×106 1.3×108 2.4×108 7.4×107 3.1×108
+7.5×106

1.7×109 -1.5×109

Balance of fluxes

The myriad methods for determining the four basic carbon-exospheric fluxes yield widely dif-
fering results. This is discouraging, as it is not the fluxes themselves but their total balance that
we are interested in. In Table 1 I attempt to balance the carbon budgets for three different sets
of fluxes: a “high magnitude” set quoted by Coltice et al. (2004),8 a “geologic” set collected
in the review by Sleep and Zahnle (2001), and an “earth-age-averaged” set summarized by
Shilobreeva et al. (2011). Though different techniques were used to assemble the fluxes,each
set contains fluxes of the same magnitude and is in near-balance.

Unfortunately, despite being in near-balance, each set predicts a different net flux into or
out of the mantle. In two cases the net flux is of order 109 kg yr−1 out of the mantle, and in
the other two cases (depending on the MORB flux) the net carbon flux is into the mantle, but
of lower magnitude (107 to 108 kg yr−1).

Net mantle-to-exopshere flux

The terrestrial biosphere requires that the net carbon flux averaged over the age of the earth
be negative, that is out of the mantle. The total biosphere mass is of order 1018 kg (Sano and
Williams, 1996) or 1019 kg (Coltice et al., 2004; Javoy et al., 1982); if it accumulated over approx-
imately 4 Gyr, then the net flux out of the mantle needs to be of order 108 to 109 kg yr−1, in
agreement with the high-magnitude flux set based on Coltice et al. (2004) and the earth-age-
averaged flux set (with a high MORB carbon flux) based on Sleep and Zahnle (2001).

8Recall from the Mid-Ocean Ridge Basalt Fluxes section that this paper incorrectly cited three studies’ fluxes.
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Figure 4: Apart from excursions of much shorter duration (10 Myr) than mantle timescales, the δ13C sig-
natures of both inorganic sediments (carbonates) and organic sediments (kerogens) have been quite constant
over time. From Schidlowski (1987).

Evolution over geologic time

As discussed in the Reservoirs section, plate tectonics operated more quickly on the hot early
earth (Sleep and Zahnle, 2001). Thus, the carbon cycle would have been sped up then and
without a change from today’s imbalance, there would be much more carbon in the exosphere
than there is today. The evolution of the biosphere and its waxing and waning over time must
therefore exert an important control on the long-term carbon cycle. Indeed, the relative sizes
of the organic and inorganic sedimentary exogenic reservoirs of carbon can be seen to vary
through geologic time by looking at their δ13C timeseries (Schidlowski, 1987).

Geochemistry

Analysis of MORBs shows that the upper mantle has a δ13C value between -8 and -3.5h,
a value which has been essentially constant throughout earth’s history (Coltice et al., 2004;
Javoy et al., 1986). The mantle carbon is biologically fractionated in the exosphere: the ki-
netic isotope effect during photosynthesis makes organisms depleted in 13C (enriched in the
lighter 12C). This fractionation is furthered in C4 photosynthesis, where thermodynamically
controlled equilibrium fractionations preferentially select 12C in bicarbonate pathways. Thus,
organic compounds are quite depleted in the heavier isotope and have δ13C signatures of -
24 to -28h (Schidlowski, 1987). This range is commonly approximated as -25h. In contrast,
carbonate sediments carry an abiogenic δ13C near 0h (Coltice et al., 2004).

As with MORBs, the δ13C record for organic and inorganic materials is also remarkably con-
stant over time, as shown in Figure 4. These sediments together comprise the subduction flux;
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the organic to inorganic ratio of approximately 1 to 4 (see Seafloor Alteration Fluxes footnote)
suggests that the overall δ13C of subducted carbon is 1h. This sets up a paradox: the mantle
and sedimentary reservoirs have different δ13C values, yet both mantle and sedimentary δ13C
are constant over time. The implication is that either one reservoir is sufficiently large that it
can buffer the other reservoir’s carbon signature without an observable change of its own δ13C,
or that the two reservoirs stay separate in the mantle.

Mantle Convection

Coltice et al. (2004) develop simple time-dependent descriptions of the isotopic signature of
the mantle and subducted reservoirs for each case. For the “buffer reservoir” model, they find
that the upper mantle is likely insufficient to act as the buffer: it would need to contain at least
2.4×1020kg C, which is on the upper end of their estimates for the entire mantle. They propose
instead a deep-mantle reservoir that holds primordial carbon (δ13C of -5h) and accounts for
about half of the mass of the mantle. This model is consistent with a model for layered mantle
convection that explains seismic anomalies at depth (Kellogg et al., 1999). The MORB carbon is
sourced partly from this reservoir and partly from recycled sediments; the δ13C is determined
by this mixing fraction and the total carbon mass in the deep mantle, as shown in Figure 3(b).

In contrast, the separate reservoir model allows the cold, dense subducting slabs to descend
all the way to the bottom of the mantle, where they would lie stably for geologic time in a “slab
graveyard” of sorts. Indeed, their negative thermal buoyancy and numerous tomographical
observations (Grand et al., 1997; Ren et al., 2007) suggest that this happens. Figure 3(c) shows
how the fraction of the slab carbon that is recycled into MORBs affects the bulk δ13C of the
mantle: for a residence time of 2 Gyr (i.e. a total mantle carbon content of 5×1019 kg, well
within estimates), 60% of the slab carbon must be segregated at the core-mantle boundary
(40% of the slab carbon is recycled). This is an attractive model because the accumulation of
this amount of oceanic crust9 at the core-mantle boundary could explain the mass of the D”
seismic reflector there (Coltice et al., 2004).

The “slab graveyard” model of Coltice et al. (2004) may also explain the δ13C of some singu-
lar diamonds. All diamonds are sourced from deep in the mantle; they are exhumed rapidly10

to the surface in kimbralite formations. Most diamonds have δ13C near -5h, identical to that of
MORBs and the bulk mantle, but a minority of diamonds are depleted in 13C, having δ13C from
-10 to -30h. Previously, these light diamonds were thought to be upper-mantle-derived, thus
taking their light δ13C from subducted sediments (Javoy et al., 1986). All known diamonds
sourced from the deep mantle had MORB-like δ13C until recently.

Walter et al. (2011) made a major discovery of deep-mantle-sourced diamonds that are iso-
topically light. The suite of mineral inclusions they identified in these 100 million-year-old
Brazilian diamonds show definitively that they originated in the lower mantle (between 1400
and 700 km depth), while their δ13C range of -5 to -24h show a clear contribution from biologic

9This assumes that the bulk oceanic crust is recycled at the same percentage as the carbon within it, i.e. that carbon
has a similar volatility to the bulk oceanic crust. This seems like a poor assumption since carbon is much more volatile
than average earth minerals.

10Geologically rapidly: their exhumation takes tens of millions of years.
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sediments transported to the deep mantle by subducted slabs. This has important implications
for mantle convection: if subducting slabs can penetrate the transition zone phase boundary at
660 km depth and enter the deeper mantle, the mantle must be well-stirred and convect as one
unified cell.11

Conclusion

Though our knowledge about the total amount of carbon that exists in various mineral states
in the mantle is limited, we have been able to measure the various fluxes of carbon into and
out of the mantle, with some success. A wide array of studies of these fluxes were made in
the 1980s, with different measurements of the same flux often yield widely varying results.
Thus the total flux into the mantle is not well-known: different budgets yield different values
and even different signs. We do know from the amount of accumulated carbon on the earth’s
surface that the net flux of carbon over the age of the earth has been of order 108 to 109 kg yr−1.

The isotopic fractionation of carbon by biological processes also has wide-reaching implica-
tions. Geological evidence shows that the fractionation has been quite constant over the age of
the earth, yet the mismatch between the δ13C of the bulk mantle and of subducting sediment
suggest that subducting slabs descend to a largely separate reservoir. The δ13C of diamonds
suggest that this reservoir is deeper than the transition zone, and may even be at the core-
mantle boundary. Thus, analysis centered on the relatively inaccessible carbon content of the
mantle provide clear and simple evidence for full- rather than layered-mantle convection, one
of the largest questions in geophysics.
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