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• H2O and CO2 inputs to arcs 
 
• Age and temperature of oceanic crust 
 
• Modeling of slab P-T paths and dehydration 
 
• Complications and known unknowns 
 
• Volatile contents of arc magmas – what controls H2O? 
 
• H2O/Ce & slab temperature variations 
 
• Serpentinite, chlorite & fluid flux melting of the slab top 
 
• CO2 fluxes from arc volcanoes 
 
• Why are arc magma CO2 concentrations so poorly known? 

Outline 



Poli & Schmidt (2002)

H2O & CO2 in Sediment & Altered Oceanic Crust 



Variations in Thermal State of Subducted Lithosphere 

Slab	  Thermal	  Parameter:	  Φ = Vc	  *	  Age	  *	  sin	  δ

East Longitude 

van Keken et al. (2011) 



Old slab (130 Ma) 

Young slab (10 Ma) 

van Keken et al. (2011) 

Geodynamic Modeling & the Effect of Slab Age 



Hacker (2008)

Typical slab depth beneath the volcanic front 
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H2O Contents of Subducted Oceanic Crust 



Lithologies and H2O Contents in Slabs during Subduction Dehydration 

van Keken et al. (2011) 



Temperatures from 2D Thermal Models 

Wada & Wang (2009)

Boundary & Interface Conditions for Thermal Models Comparison of Models 

Full coupling at 80 km depth 
Low viscosity channel limits deeper coupling 

• Models with low-viscosity channels extending to depth predict cooler slab temperatures 

Cooper et al. (2012)
Hebert et al. (2009)



Grove et al. (2012)

Modeled Slab Top P-T Paths 



Analog Experiments Simulating Mantle Wedge Flow 

MacDougall et al. (2014) 



The	  slab	  is	  very	  short	  

125	  km	   230	   310	   390	  

amount of 
subduction 

N	  

E	  

P-‐wave	  tomography	  (Darold	  &	  Humphreys,	  2012)	  

>	  2000	  km	  

slab length ~300	  km	  

Complications in Slab Geometry – Cascadia 



• Oblique subduction 
• Modest convergence rate 
• Global endmember for hot slabs 
  because of young oceanic crust 

Abundant mafic cinder cones in the 
Lassen region 

Cascadia Subduction Zone & Volcanic Arc 



The top of the slab is sufficiently hot in all subduction zones that the upper crust,  
Including sediments and volcanic rocks, is predicted to dehydrate significantly.  
 
The degree and depth of dehydration in the deeper crust and uppermost mantle  
are highly diverse and depend strongly on composition (gabbro versus peridotite)  
and local pressure and temperature conditions.  
 
The upper mantle dehydrates at intermediate depths in all but the coldest  
subduction zones.  
 
On average, ~30% of the bound H2O subducted globally in slabs reaches  
240 km depth, carried principally … in the gabbro and peridotite sections.  
 
The predicted global flux of H2O to the deep mantle is smaller than previous  
estimates but still amounts to about one ocean mass over the age of the Earth. At  
this rate, the overall mantle H2O content increases by 0.037 wt % (370 ppm) over  
the age of the Earth. 

Van Keken, Hacker, Syracuse, Abers (2014) JGR 

Key Conclusions About H2O Fluxes Beneath Arcs 



How Do Fluids & Melts Move Through the Slab & Wedge? 

Cagnioncle et al. (2007) 

Solid mantle flow deflects rising fluids &  
melts in the mantle wedge 

Wilson et al. (2014) 

Compaction pressure gradients cause  
updip flow within the slab 



Hattori & Guillot (2004) 

Downdragging of forearc mantle supplies 
fluid through multistage process 

Reaction of Fluids with the Mantle Wedge 

calculation, with the silicate liquid phase suppressed in pHMELTS,
demonstrates (Fig. 3B). If melting is not present within the wedge, for
whatever reason, then a low-viscosity “wedge” geometry may prevail.
In areas with closely spaced slab dehydration reactions, the melting

region is oriented at a slight angle to the slab–wedge interface, as
progressive depletion of the advecting slab-adjacent mantle displaces
the water-saturated solidus towards higher temperatures, further into
the wedge. Melting results in net cooling of the residue before it turns

Fig. 2. Development of LVC for model CCR: (A) initial thermal structure and streamfunction (with arrows showing direction of flow), resulting from an uncoupled ConMan calculation
approaching steady-state; (B) initial viscosity structure, calculated immediately after the first coupled iteration with pHMELTS such that the water content of the ambient mantle is
reflected in the viscosity structure as well as temperature-dependent contributions; (C) increase inwater in olivine above the ambient background as fluid from the dehydrating slab
rises into the wedge and then reacts with the peridotite to form hydrous phases and hydrated NAM, a thin zone of melting is illustrated at the top of the hydrated channel where the
white region indicates meltingN1%; (D) viscosity structure corresponding to panel c, showing the marked decrease in viscosity of the solid matrix due to water-weakening from
hydration of nominally anhydrous olivine; (E) As the calculation continues, advection of the slab-adjacent wedge peridotite results in the development of a hydrated channel, bounded
at the top by a thin melt lens. The solid flow streamlines shows a marked change in trajectory upon impacting the hydrated channel, with an increasing upward component; (F) The
hydrated channel is defined by high concentrations of water in NAM (olivine up to ∼1400 ppm, clinopyroxene up to ∼5700 ppm, orthopyroxene up to ∼2800 ppm, and garnet up to
∼600 ppm as the solubility of water in NAM increaseswith pressure), which influence the viscosity through the flow law, and result in the low-viscosity channel (LVC). The peakwater
content in NAMs in the LVC, as it reflects a water-saturated zone, is primarily a reflection of the solubility of water at a particular temperature and pressure, and therefore the peak
hydration does not vary significantly among themodels tested. Note that the contour interval of the stream function in the slab and descendingmantle is twice the value in thewedge.

248 L.B. Hebert et al. / Earth and Planetary Science Letters 278 (2009) 243–256

Hebert et al. (2009) 

Hydration of olivine forms a low-viscosity 
channel 
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Figure 2 | 3D schematic drawing of a subduction zone depicting the principle elements of the mélange-diapir model. Fluid flow is marked by blue arrows,
flow of solid mass is shown by black arrows and melt zones are marked in red. The insets depict the key processes operating at the slab–mantle interface
and the arc magma-source region, respectively. The lower inset shows a schematic pressure–temperature (P–T) diagram of material that is subducted and
entrained in a mélange diapir. While heating up and rising into the mantle wedge it crosses the dehydration curves of serpentine and chlorite22, as well as
the H2O-saturated (wet) peridotite solidus22.

hydrated oceanic crust will have already transformed into rock types
composed of nearly anhydrous mineral assemblages. Yet, most arc
volcanoes are located above that largely dehydrated slab.

Diapirs and plumes that carry fore-arc mélange material diag-
onally upwards into the melting region beneath arcs, as proposed
here, solve this conundrum. Hence, this conceptual model provides
solutions to a number of questions that are not addressed in
present conceptual models: the mechanical and metasomatic
mixing processes at the slab–mantle interface and in the subduction
channel demonstrate a physical process of three-componentmixing
as required to explain the geochemical patterns of arc magmas;
the buoyant mantle-wedge plumes provide a method to rapidly
move material from the slab into the source region of arc magmas
in the hot corner of the mantle wedge; the turbulent flow in the
subduction channel and the diagonal—not vertical—path of the
wedge plumes delivers volatile and trace-element-rich fore-arc
materials into the magma-source region; individual arc volcanoes
typically show constant ratios between components derived from
sediments and those from altered oceanic crust37,38. This suggests
that the slab component is wellmixed before it interacts withmantle
rocks in the arc magma-source region. It is difficult to imagine
how separate fluid pulses derived from the two separate lithologic
sources could yield the homogeneous slab contribution suggested
by the compositions ofmagmas erupted at individual arc volcanoes.
However, mélanges comprise suchmixed reservoirs.

Mantle-wedge plumes consisting of mélange rocks with a
significant component of hydrous minerals would also dehydrate
on their way into the hot corner of the mantle wedge as pressure

decreases and temperature increases. Partial melting would bemost
significant at the margins of the plume, whereas rocks in the
slightly cooler internal part would continue to dehydrate. This is
expected to lead to a flux of hydrous fluids with fluid-fractionated
trace-element signatures into the upper parts of the plume, where
partial melting takes place. The plumes would sweat and effectively
fractionate trace elements between their cores and their intensely
melting margins (Fig. 2).

Subduction of hydrated mantle wedge and subsequent dehy-
dration at the stability limit of chlorite could release sufficient
fluid over a narrow depth range and trigger fluid-saturated melting
of peridotite20,22. However, this fluid can probably not import
necessary trace-element signatures to the melts produced in the
mantle wedge33. The mélange-diapir hypothesis presented here
does not rely on long-distance fluid-based transport of elements,
because the mélange rocks themselves already possess the necessary
trace-element characteristics.

Temperature and time constraints
Temperature estimates for the surface of the subducting slab and
the thermal structure of themantle wedge have been a longstanding
matter of debate. At present, these temperatures are thought to
be relatively high, mainly on the bases of numerical models, the
composition of melt inclusions in olivine and the composition
of basalts4,14,39–41. Numerical models now take into account a
strong mechanical coupling between the slab and mantle at a
relatively shallow depth of ⇠50–80 km (refs 4,14,40,42). However,
the formation of chlorite- and talc-richmélanges at the slab–mantle

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

Marschall & Schumacher (2012) 

Diapiric Rise of Sediments or Melange from the Slab Top 
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Figure 4 | Calculated timescale for the initiation of a sediment diapir.
a, Instability time versus temperature and sediment layer thickness for a
density contrast of �200 kg m�3, background strain-rate of 10�16 s�1, and
initial perturbation amplitude 33% of the layer thickness. For typical
subduction rates, diapirs form between 2 and 4 GPa if the instability time is
1 Myr (thick black contour). b, Location of diapir formation (stars) on
slab-top geotherms for Cascadia (red) and Izu-Bonin (black) assuming a
sediment thickness of 500 m. Grey region shows instability times for
background strain-rates ranging from 10�14 to 10�18 s�1. Diapirs are
predicted to form at 685 �C and ⇠2.3 GPa in Cascadia and 730 �C and
3.2 GPa in Izu-Bonin.

2.2–3.0GPa, with a slightly greater formation depth in Izu–Bonin
due to the colder incoming slab.

Based on slab-top geotherms8 and the estimated thickness of
the downgoing sediment layer38,39, we explored the conditions of
diapir formation for 17 different subduction systems (Fig. 5). For
all subduction systems, diapirs form between 500� and 850 �C
(Fig. 5a), with higher temperatures corresponding to thinner
sediment layers because instability growth rates scale positively
with layer thickness31,34,35. These temperatures are near the fluid-
saturated sediment solidus, but significantly below the ⇠1,050 �C
required to deplete metasediments in Th, Sr, Pb and Nd (Fig. 1).
Thus, we conclude that diapirs of buoyant metasediment detach
from the downgoing slab and rise buoyantly into the mantle wedge,
where they are heated to temperatures>1,000–1,100 �C.
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Figure 5 | Summary of conditions for sediment diapir formation in global
subduction zones. a, Diapir initiation temperature versus sediment layer
thickness30, and b, diapir initiation depth versus subarc slab depth (as
compiled in ref. 8) calculated for 17 slab-top geotherms8. Subducting
sediment layer thicknesses are corrected for compaction to a density of
2,800 kg m�3. Numbers (in order of increasing slab thermal parameter)
correspond to subduction zones: 1—Cascadia, 2—Nankai, 3—Mexico,
4—Colombia-Ecuador, 5—SC Chile, 6—Kyushu, 7—N. Sumatra, 8—Alaska,
9—N. Chile, 10—N. Costa Rica, 11—Aleutians, 12—N. Hikurangi,
13—Mariana, 14—Tonga-Kermadec, 15—Kamchatka, 16—Izu, and
17—NE Japan.

A key difference between these results and previous work is that
we predict diapiric rise for sediment layers with wet quartz rheology
that are as thin as 100m, whereas Currie et al. (ref. 29) concluded
that buoyant ‘wet quartz’ layers less than 1-km thick would not
form diapirs unless the magnitude of the density contrast was
>200 kgm�3. Thus, because the sediment layer thickness is <1 km
for all but one of the subduction zones in Fig. 5a, Currie et al.

29

would not predict instabilities for any of these unless the density
contrast was consistently significantly greater than 200 kgm�3. Such
high density contrasts are inconsistent with our calculated density
contrasts formetasediments at UHP conditions (Fig. 2).

Our calculations predict that in all but four subduction zones
with very thin sediment layers, diapirs form within ±40 km of

644 NATURE GEOSCIENCE | VOL 4 | SEPTEMBER 2011 | www.nature.com/naturegeoscience

Behn et al. (2011) 



Modified from Richards (2011) 

Magmatic Volatile Contents – The View from Above 

Cinder cones 



•  Melt inclusions trapped in olivine phenocrysts provide a record of volatiles & 
trace elements. 

•  Published data for 100 volcanoes from 18 subduction zone segments. 
 

Data & Methods 

100	  μm	  

Cooper et al. (2012) G-Cubed 
Ruscitto et al. (2012) G-Cubed 
Plank et al. (2013) EPSL 



Compositional Variations in Arc Melt Inclusions 
 

Global arc database of melt inclusions from Ruscitto et al. (2012)



Volatile Contents of Primitive Arc Magmas 

Ruscitto et al. (2012)

H2O release in A from van Keken et al. (2011)

• Each data point represents a single volcano based on melt inclusion data 
• All compositions have been corrected to equilibrium with Fo90 olivine 



Comparison of Volatile Contents & Slab Thermal Parameter 

Ruscitto et al. (2012)



Ruscitto et al. (2012)

Subduction Recycling of Seawater Chlorine 



• Arcs With Hotter Slabs Have Lower H2O Outfluxes 
• Consistent with prediction that hot slabs strongly dehydrate beneath the forearc 

Ruscitto et al. (2012) 

H2O Fluxes from Subduction Zone Magmatism 



Modified from Plank et al. (2013) 

H2O Contents of Arc Magmas 
 



Flux Melting in Subduction Zones 

Grove et al. (2006) 

H2O-rich magma 

• H2O-rich magmas form as fluids 
or hydrous melts percolate upward 
through the inverted thermal 
gradient in the mantle wedge 
 



Mantle Melt Fraction vs. Mantle H2O Concentration 

Plank et al. (2013); Kelley et al. (2010)
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Interpretation 1: Feedback between mantle H2O & degree of melting limits melt H2O 



H2O and Trace Elements in Cascades Melt Inclusions 

•  Correlation of volatiles and 
LILEs indicates variable 
addition of a hydrous 
subduction component. 

•  Mixing calculations show that 
the subduction component 
accounts for 70-98% of the 
H2O dissolved in Lassen 
region mafic magmas. 

Walowski et al. (2015) 



Modified from Grove et al. (2012)

Comparison of Melt Inclusions & Experimental H2O Estimates 

Interpretation 2: Arc magmas start with higher H2O than is recorded in melt inclusions 

Arc melt inclusions 



How Hot is the Slab Top? – H2O/Ce Slab Geothermometer 

• Geochemical data for arc magmas can be used to infer slab top temperatures 
• Requires allanite and/or monazite to be present in metasediment & metabasalt 

Plank et al. (2009); Cooper et al. (2012)
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Cooper et al. (2012)

Slab Temperatures Predicted from H2O/Ce 

Temp. (°C) 



• Relatively good agreement between geodynamic models & H2O/Ce temperatures  

• Suggests mainly vertical rise of slab components 

Comparison of Temperatures from H2O/Ce & Geodynamic Models 

Cooper et al. (2012)



Relationship of H2O/Ce to Other Slab Tracers 

Ruscitto et al. (2012) 



Slab Component (SC) H2O Contents 

Ruscitto et al. (2012) 

• Slab components become more solute-rich (more melt-like) with increasing  
   slab temperature 



Hot Temperatures Can Cause Melting of the Slab Top Beneath Arcs 

Walowski et al. (2015); solidi from Poli & Schmidt (1998), Hermann & Spandler (2008)

Southern Cascade  
Arc 



Modeling of H2O Released from the Downgoing Slab 

Localized	  	  
hydraRon	  
Uniform	  	  
hydraRon	  

•  Model results for the southern Cascades 
using localized hydration and 2 km of 
hydrated upper mantle 

•  Modeling uses methods of Wada et al. 
(2012) & assumes localized hydration & 
vertical fluid migration Walowski et al. (2015) 



Liu et al. (2012)

Shear Velocity Model for the Southern Cascades 

Moho 

Arc 



Fluid Release & Slab Melting 

•  Because slab surface temperatures are at or above the MORB + H2O solidus, the  
   upper oceanic crust is likely flux-melted by fluids rising from the slab interior 

Fluid  released  from  
hydrated  upper  mantle	

Region  of  partial  
melting	

Walowski et al. (2015) 



higher than that of Hilton et al. (85) and other recent reviews
because of improving data quality and data density.
The source of CO2 in arc volcano emissions can be ambiguous.

Where CO2 contents correlate with 3He, it is inferred that most
of the CO2 is introduced from the mantle into the base of arc
crust. Where CO2 and 3He are correlated, and 3He/CO2 ratios
are lower than in other tectonic settings, and/or where δ13C reflects
input of nonmantle carbon, this is ascribed to recycling of carbon
from subducting sediment and altered oceanic crust. However,
arc volcanoes—particularly in continental arcs—may also emit
CO2 added to magmas during metamorphism of carbon-bearing
lithologies within the crust (31).

CO2 contents in melt inclusions in phenocrysts in arc lavas can
be used to place lower bounds on CO2 in parental magmas
passing from the mantle into arc crust, as reviewed by Wallace
(7). However, because the extent of prior degassing of CO2 from
decompressing melts currently cannot be determined with
confidence, melt inclusion data have little utility in estimating an
upper bound for magmatic input of CO2 into arc lithosphere (e.g.,
ref. 86). Wallace (7) and Blundy et al. (86) arrive at similar esti-
mates for CO2 contents in primitive magmas passing from the
mantle into arc crust. However, the estimate of Wallace was
derived using inferred arc magma fluxes together with the vol-
canic CO2 flux estimated by Hilton et al. (85), so these values are
not independent. The estimate of Blundy et al. is based on the
assumption that observed andesites are produced by 80% crystal
fractionation from parental basalts, which could be too high; for
example, using a value of 40% crystal fractionation would in-
crease the estimated magmatic CO2 flux by a factor of 2 com-
pared with that of Hilton et al.
Additional studies of 3He/CO2 are warranted to separate

subduction zone versus arc crust contributions to CO2 in arc
volcanoes. Meanwhile, available results seem to indicate that
most CO2 emerging from arc volcanoes is derived from recycling
of subducted CO2. Estimates of CO2 in parental magmas, before
crystal fractionation, need to be refined.

Diffuse Outgassing of Carbon at Forearcs and Arcs: 4–12 Mt
C/y or More
Diffuse outgassing of subducted carbon as CO2, methane, and
other hydrocarbons could be an important part of the global
carbon budget (5, 63, 87). However, even the most up-to-date
reviews reflect measurements on a large range of scales that
make it difficult to extract global estimates. We focus here on
diffuse outgassing of CO2 in arcs (forearc, arc, backarc). Evi-
dence for such output is abundant. Haggerty and coworkers (ref.
88 and SI Text) first documented carbonate chimneys and
authigenic carbonate deposited by fluids from subducting sedi-
ment and oceanic crust at and near seamounts in the Mariana
and Bonin forearcs. Fryer and coworkers subsequently found

Fig. 5. Major fluxes of carbon estimated in this paper, with values from Dasgupta and Hirschmann (1) for comparison.

Fig. 4. PT trajectory for partial melts of subducting material and for buoyant
diapirs. Melting of metabasalt and most metasediments, and melting along
peridotite–marble contacts, will produce CO2-bearing silicate melt. Reaction
of these melts with peridotite will produce a range of CO2+H2O-bearing
liquids from andesite to alkali basalt to carbonatite. CO2-rich, H2O-poor melts
will crystallize and evolve CO2-rich fluid at the carbonated lherzolite solidus
(refs. 79 and 119 and additional references in SI Text). Hydrous melts will
exsolve CO2-rich fluids. Remaining melts and fluids will ascend past the car-
bonated lherzolite solidus and form carbon-bearing minerals in the mantle
lithosphere and crust.
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Reevaluating carbon fluxes in subduction zones, what
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Carbon fluxes in subduction zones can be better constrained by
including new estimates of carbon concentration in subducting
mantle peridotites, consideration of carbonate solubility in aque-
ous fluid along subduction geotherms, and diapirism of carbon-
bearing metasediments. Whereas previous studies concluded that
about half the subducting carbon is returned to the convecting
mantle, we find that relatively little carbon may be recycled. If
so, input from subduction zones into the overlying plate is larger
than output from arc volcanoes plus diffuse venting, and substan-
tial quantities of carbon are stored in the mantle lithosphere and
crust. Also, if the subduction zone carbon cycle is nearly closed on
time scales of 5–10 Ma, then the carbon content of the mantle
lithosphere + crust + ocean + atmosphere must be increasing.
Such an increase is consistent with inferences from noble gas data.
Carbon in diamonds, which may have been recycled into the con-
vecting mantle, is a small fraction of the global carbon inventory.

carbon cycle | subduction | aqueous geochemistry | metasediment diapirs |
peridotite carbonation

Flux of carbon that is returned to Earth’s interior by sub-
duction is important but poorly constrained. There have been

several recent reviews of the subduction carbon cycle (1–8). These
studies estimate that about half of subducted carbon is removed
from the downgoing plate beneath forearcs and arcs and returned
to Earth’s surface [40% in Gorman et al. (8); 20–80% in Dasgupta
and Hirschmann (1); and 18–70% in Johnston et al. (6)].
Key carbon reservoirs and transport mechanisms can now be

better quantified. These include carbon concentration ([C]) in
altered mantle lithologies (this paper plus refs. 9 and 10), carbon
solubility in aqueous fluids at subduction zone conditions (this
paper plus refs. 11 and 12), the volume of altered peridotites in
subducting oceanic plates (especially ref. 13), the volume of al-
tered peridotite in the mantle wedge, and the nature of meta-
sedimentary diapirs rising from subducting crust (14).
In this paper, we reevaluate carbon fluxes in several tectonic

settings. We start with carbon uptake during hydrothermal al-
teration near midocean ridges, followed by an estimate of carbon
addition during alteration of shallow mantle peridotite at the
“outer rise,” where subducting oceanic plates bend before sub-
duction. We then consider carbon transfer in fluids and melts
derived from the subducting plate. Finally, we review carbon
outputs from arc volcanoes and via diffuse venting.

Carbon Uptake During Hydrothermal Alteration of Basaltic
Oceanic Crust: 22–29 Mt C/y
Following Alt and Teagle (15), we compiled data on [C] in al-
tered oceanic crust (Dataset S1; also see SI Text). [C] is now
thought to be higher in volcanic rocks and lower in gabbros.
These differences offset each other, so our estimate of 500–600
ppm carbon in oceanic crust agrees with Alt and Teagle. Oceanic
plates are consumed at an average of ∼0.05 m/y along the
∼44,500-km length of global subduction zones (4). These values
and [C] in altered oceanic crust yield a carbon flux of 22–29 Mt
C/y (Dataset S2).

Seismic data and seafloor outcrops imply that 5–15% of oce-
anic crust that formed at slow- and ultraslow-spreading ridges is
composed of altered mantle peridotite, with the extent of ser-
pentinization varying from ∼100% at the seafloor to ∼0% at
∼7 km depth (16, 17). Because slow- and ultraslow-spreading crust
is formed at ∼30% of midocean ridges (18, 19), crust composed of
altered peridotite is 1–4% of the total, and not a significant part of
the global carbon budget. However, almost all available data on
[C] in altered peridotite come from seafloor samples.
We compiled data on [C] in altered mantle peridotite from

seafloor and ophiolite samples (Dataset S3). After eliminating
outliers—six samples with much higher [C] than the other 223
samples—these data yield an average of 681 ± 45 ppm carbon
(1σ). This is consistent with studies of metamorphosed sea-
floor peridotites (3, 20–22). Fig. 1 illustrates the relationship
of [C] versus H2O content in altered peridotites. In turn, we
relate this to the volume proportion of serpentine because al-
most all H2O in these samples is in serpentine.

Subduction of Carbon-Bearing Sediments: 13–23 Mt C/y
[C] in oceanic sediments was reviewed by Rea and Ruff (23),
Plank and Langmuir (24), and Plank (25). These studies do not
fully account for organic carbon, particularly in pelagic sedi-
ments and turbidites. Where measured (e.g., ref. 26), organic
carbon averages around 1 wt% in hemipelagic ooze that is nearly
free of carbonate. Samples of such sediments in which [C] was
not measured were assumed to be carbon free. On this basis, and
the observation that these lithologies are more common than

Significance

This paper reviews carbon fluxes into and out of subduction
zones, using compiled data, calculations of carbon solubility in
aqueous fluids, and estimates of carbon flux in metasedimentary
diapirs. Upper-bound estimates suggest that most subducting
carbon is transported into the mantle lithosphere and crust,
whereas previous reviews suggested that about half is recycled
into the convecting mantle. If upper-bound estimates are correct,
and observed output from volcanoes and diffuse outgassing is
smaller, then the mantle lithosphere is an important reservoir for
carbon. If the subduction carbon cycle remains in balance, then
outgassing from ridges and ocean islands is not balanced, so that
the carbon content of the lithosphere + ocean + atmosphere has
increased over Earth history.
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Volcanic Gases 
• Measure SO2 flux by remote sensing 
• Collect & analyze fumarole gases 
• Use fumarole gas ratios (e.g., CO2/SO2) to calculate fluxes of 
   other components 

Modified from Fischer et al. (2002) 

Measuring Volatile Fluxes from Volcanoes 



Fluxes of Volatiles from Subduction-related Magmatism 

Gas Flux & Composition

W

Assuming 2–4 km3/yr 
magma flux

Kelemen &  
Manning (2015) 

K 

K 

Wallace (2005) 



Minimum for arc magmas
based on global CO2 flux

Mariana arc

Wallace (2005) 

Magma flux  
= 8 km3/yr 



Minimum for arc magmas
based on global CO2 flux

Mariana arc

Arc basaltic magmas 
CO2 = 0.6–1.3 wt.%

Wallace (2005) 

Magma flux  
= 2–4 km3/yr 



Required input: wt% H2O in the melt and ppm CO2 by
weight in the melt (both relative to melt+dissolved
volatiles, but not including crystals), temperature in 1C.
Output: Pressure, H2O speciation (H2Omol and OH!)
and vapor composition (in mol% H2O and CO2).

4.3. Isobaric calculations

The Isobars macro calculates the locus of all melt
compositions in equilibrium with CO2–H2O vapor for a
given temperature and pressure (Fig. 1a). Each point on
the curve yields a different melt composition (in terms of
dissolved volatiles) and a different corresponding vapor.
Such a curve is useful for modeling isobaric processes
(e.g., crystallization) or simply to demarcate isobaric
conditions for comparison with polybaric degassing
paths.
Required input: Pressure in bars, temperature in1C,

number of points desired along the isobar. Output: wt%
H2O dissolved in the melt, ppm CO2 dissolved in the
melt, melt H2O speciation (H2Omol and OH!) and vapor
composition (in mol% H2O and CO2)

4.4. Isopleth calculations

The Isopleth macro provides a curve for all melt
compositions in equilibrium with a fixed vapor compo-
sition at a set temperature (Fig. 1b). The polybaric curve
displays the varying melt compositions in equilibrium
with a vapor of fixed composition. Such conditions are
probably not realistic in nature, but isoplethic contours
on saturation plots (Fig. 1) are useful for interpretive
purposes.
Required input: Temperature in 1C, vapor composition

in mol% H2O, amount to increment CO2 (in ppm by
weight: default=50), number of points along the
isopleth (default=25)
Output: wt% H2O dissolved in melt, ppm CO2

dissolved in melt, H2O speciation (H2Omol and OH!)
and pressure for each point along the curve.

4.5. Degassing path

The degassing path macro calculates the series of
compositions (both melt and vapor) that a magma
would follow during depressurization (Fig. 1c). It can
calculate one of two options: Open-system degassing––
the magma is depressurized along a series of steps. At
each step, the melt composition and vapor compositions
are re-calculated until they are in equilibrium with the
vapor exsolved during that step; Closed-system degas-
sing––the magma is depressurized along a series of steps.
At each step, the melt composition and vapor composi-
tions are re-calculated until they are in equilibrium with
the total vapor exsolved from the melt along all previous
steps. Closed-system runs allow the user to specify the
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Fig. 1. Examples of output from VolatileCalc. (a) Isobars
represent locus of values for dissolved H2O and CO2 in rhyolitic
melt in equilibrium with H2O–CO2 vapor at 8001C and selected
pressures. (b) Similarly, isopleths represent locus of rhyolitic
melt compositions in equilibrium with the given vapor
compositions (20, 50 and 80mol% H2O shown here) at
8001C. Overlaid in gray are isobars from Fig. 1a. (c) Degassing
trends are shown for 12001C and demonstrate paths taken by
basaltic (49wt% SiO2) melt with 4wt% H2O and 3000 ppm
CO2 under open- and closed-system conditions. One path
demonstrates closed-system trend where melt ascends with
2wt% exsolved vapor present at initial pressure (relative to
total system of melt plus vapor).
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Effect of low CO2 solubility on degassing 

Newman & Lowenstern (2002) 
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Problem 1: Low CO2 Solubility at Crustal Pressures

• When basaltic magma reaches the magma chamber beneath the summit of 
  of Kilauea, most of the original dissolved CO2 has already been degassed. 



Problem 2: Formation of Shrinkage Bubbles

Wallace et al. (2015)

Mauna Loa melt inclusion
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Post-Entrapment Modification of Melt Inclusions
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How Much CO2 is Lost? – Raman Results on Bubble CO2 Densities

Aster et al. (in prep.)



Eruptive expansion down to glass transition temperature 

How Much CO2 is Lost? – Modeling Crystallization & Cooling Contraction

Aster et al. (in prep.)

∆T = Temperature difference between trapping & eruption 



Aster et al. (in prep.)

Comparison of CO2 Restoration Methods
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higher than that of Hilton et al. (85) and other recent reviews
because of improving data quality and data density.
The source of CO2 in arc volcano emissions can be ambiguous.

Where CO2 contents correlate with 3He, it is inferred that most
of the CO2 is introduced from the mantle into the base of arc
crust. Where CO2 and 3He are correlated, and 3He/CO2 ratios
are lower than in other tectonic settings, and/or where δ13C reflects
input of nonmantle carbon, this is ascribed to recycling of carbon
from subducting sediment and altered oceanic crust. However,
arc volcanoes—particularly in continental arcs—may also emit
CO2 added to magmas during metamorphism of carbon-bearing
lithologies within the crust (31).

CO2 contents in melt inclusions in phenocrysts in arc lavas can
be used to place lower bounds on CO2 in parental magmas
passing from the mantle into arc crust, as reviewed by Wallace
(7). However, because the extent of prior degassing of CO2 from
decompressing melts currently cannot be determined with
confidence, melt inclusion data have little utility in estimating an
upper bound for magmatic input of CO2 into arc lithosphere (e.g.,
ref. 86). Wallace (7) and Blundy et al. (86) arrive at similar esti-
mates for CO2 contents in primitive magmas passing from the
mantle into arc crust. However, the estimate of Wallace was
derived using inferred arc magma fluxes together with the vol-
canic CO2 flux estimated by Hilton et al. (85), so these values are
not independent. The estimate of Blundy et al. is based on the
assumption that observed andesites are produced by 80% crystal
fractionation from parental basalts, which could be too high; for
example, using a value of 40% crystal fractionation would in-
crease the estimated magmatic CO2 flux by a factor of 2 com-
pared with that of Hilton et al.
Additional studies of 3He/CO2 are warranted to separate

subduction zone versus arc crust contributions to CO2 in arc
volcanoes. Meanwhile, available results seem to indicate that
most CO2 emerging from arc volcanoes is derived from recycling
of subducted CO2. Estimates of CO2 in parental magmas, before
crystal fractionation, need to be refined.

Diffuse Outgassing of Carbon at Forearcs and Arcs: 4–12 Mt
C/y or More
Diffuse outgassing of subducted carbon as CO2, methane, and
other hydrocarbons could be an important part of the global
carbon budget (5, 63, 87). However, even the most up-to-date
reviews reflect measurements on a large range of scales that
make it difficult to extract global estimates. We focus here on
diffuse outgassing of CO2 in arcs (forearc, arc, backarc). Evi-
dence for such output is abundant. Haggerty and coworkers (ref.
88 and SI Text) first documented carbonate chimneys and
authigenic carbonate deposited by fluids from subducting sedi-
ment and oceanic crust at and near seamounts in the Mariana
and Bonin forearcs. Fryer and coworkers subsequently found

Fig. 5. Major fluxes of carbon estimated in this paper, with values from Dasgupta and Hirschmann (1) for comparison.

Fig. 4. PT trajectory for partial melts of subducting material and for buoyant
diapirs. Melting of metabasalt and most metasediments, and melting along
peridotite–marble contacts, will produce CO2-bearing silicate melt. Reaction
of these melts with peridotite will produce a range of CO2+H2O-bearing
liquids from andesite to alkali basalt to carbonatite. CO2-rich, H2O-poor melts
will crystallize and evolve CO2-rich fluid at the carbonated lherzolite solidus
(refs. 79 and 119 and additional references in SI Text). Hydrous melts will
exsolve CO2-rich fluids. Remaining melts and fluids will ascend past the car-
bonated lherzolite solidus and form carbon-bearing minerals in the mantle
lithosphere and crust.
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Summary Questions 
 
• How much hydration & carbonation of oceanic upper mantle occurs  
  during bend faulting at the outer rise? 
 
• What happens to H2O & CO2 stored in the forearc wedge? 
 
• How do fluids & melts migrate through the slab & wedge? 
 
• How do variations in mantle temperature modulate subduction  
  inputs? 
 
• How much CO2 is really in arc magmas? 
 
 
 
 


