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24.1. INTRODUCTION

Subduction zones transfer material from the shallow 
crust of  the Earth to the upper mantle, including vola
tiles, such as H2O, CO2, and organic compounds, that 
are carried within hydrous and other volatile‐rich phases 
of  the downgoing sediment, slab, and mantle. Along the 
path of  subduction, volatiles move through the sub
ducted material, are transferred into the overlying 
mantle wedge. Volatiles injected into the mantle wedge 
can drive fluid‐melt‐rock reactions, including dissolu
tion, precipitation, oxidation‐reduction, melting, and 
crystallization processes. Those not transferred through 
subduction into the mantle are released at the surface in 

fluids venting at trenches, and in gases and melts erupted 
by arc volcanoes.

The release of volatiles from the subducting slab into 
the mantle wedge is linked to the pressure‐temperature‐
dependent breakdown reactions of hydrous minerals (e.g. 
Fumagalli & Poli, 2005; Grove et  al., 2006; Schmidt & 
Poli, 1998; Till et al., 2012; Ulmer & Trommsdorff, 1995). 
Models constraining the thermal structure of subduction 
zones (e.g. Abers et  al., 2006; Peacock 2003; Syracuse 
et al., 2010) and slab surface temperature (e.g. Penniston‐
Dorland et al., 2015; Syracuse et al., 2010) help us predict 
where these breakdown reactions occur (Cerpa et  al., 
2017; Hacker, 2008; van Keken et al., 2002); however, the 
compositions of the released fluids remain elusive. 
Subduction fluids have been characterized by direct sam
pling (e.g. Fryer et al., 1990; Kimura et al., 1997; Manning, 
2004) from fluid inclusions in high‐pressure metamorphic 
rocks (e.g. Vitale Brovarone et al., 2017; Frezzotti et al., 
2011; Hermann et  al., 2006; Scambelluri & Philippot, 
2001) and are constrained by experimental (e.g. Caciagli 
& Manning 2003; Facq et al., 2014, 2016; Li, 2017) and 
theoretical studies (e.g. Manning et al., 2013; Facq et al., 
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2014, 2016; Huang et al., 2017). Altogether, these studies 
indicate that shallow subduction zone fluids are relatively 
dilute with salinities similar to seawater, but that calcite 
and aragonite become highly soluble at elevated condi
tions, and methane or larger C‐compounds may be 
immiscible at high pressures. Theoretical studies suggest 
a thermodynamic drive to stabilize small organic com
pounds at high pressure‐temperature (P‐T) conditions 
(Sverjensky, Stagno, et al., 2014). These recent advances 
in the geochemical thermodynamics of high‐pressure 
aqueous solutions (Sverjensky, Harrison, et  al., 2014) 
facilitate predictive studies of subduction zone fluid com
positions at elevated pressures and temperatures, and 
inspired the research reported here. The P‐T ranges now 
accessible by aqueous thermodynamic modeling are 
shown in Figure 24.1, where they are compared to slab 
surface temperature trajectories from model D80 in 
Syracuse et al. (2010). Now that these P‐T conditions are 
accessible, we can further explore the role of pH and 
oxidation state on fluid composition.

In the subduction setting, fluids released from the slab 
are called upon to explain the oxidized nature of the 
mantle wedge (e.g. Brounce et al., 2015; Kelley & Cottrell, 
2009; Parkinson & Arculus, 1999; Wood et  al., 1990), 
although the dominant oxidizing agent is uncertain (i.e. 

carbon, iron, sulfur). Fe and S may be involved in the 
oxidation of  the mantle wedge, but aqueous carbon 
species are sufficiently abundant to influence the oxidation 
of the mantle wedge according to Sverjensky, Stagno, 
et al. (2014). When looking at the range of oxygen fugacities 
in the sub‐arc mantle relative to the fayalite‐magnetite‐
quartz (FMQ) mineral buffer, discussed in detail below, 
sub‐arc mantle xenoliths record a relatively narrow range 
of oxygen fugacities from ΔFMQ 0 to +1.5 (Figure 24.2; 
Bénard et  al., 2018; Brandon et  al., 1996; Parkinson & 
Arculus, 1999). Arc lavas are generally more oxidized, 
with positive values relative to FMQ that are thought to 
be caused by oxidizing slab fluids (e.g. Brounce et  al., 
2015; Kelley & Cottrell, 2009). Some suggest oxidation is 
via crystallization during ascent and crustal storage (e.g. 
Lee et al., 2005; 2010), but these models are not supported 
by experimental studies (Waters & Lange, 2016). Relatively 
more reduced, the MORB mantle oxygen fugacities are 
constrained from abyssal peridotites, with a wide range of 
oxygen fugacities from ΔFMQ –2.5 to +1.4 (Figure 24.2; 
Birner et al., 2018; Bryndzia & Wood, 1999).

Gas fluxes at arc volcanoes are rarely characterized 
from direct measurement of CO2 concentrations; instead, 
SO2 and CO2/SO2 measurements help constrain these 
emissions (Kelemen & Manning, 2015). Volcanic gas flux 
measurements of 3He together with 3He/CO2 measure
ments of  gases, fluids, and volcanic glasses, also help 
constrain the concentrations of CO2 emitted from arc 
volcanoes (Kelemen & Manning, 2015). Nevertheless, the 
gases emitted from arc volcanoes are oxidized (e.g. CO2, 
CO, SO2, etc.), consistent with the oxidized nature of the 
eruptive products at arcs. Diffuse degassing in the forearc 
of subduction zones is also a source of CO2 at convergent 
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Figure 24.1 P‐T trajectories of slab surface temperatures in sub-
duction zones. The range of pressures and temperature displayed 
is accessible by the Deep Earth Water model (DEW). The trajec-
tory adopted for this study is shown in black. Examples of cold 
subduction zones include Tonga and N. Marianas. Cascadia and 
Mexico are examples of hot subduction zones. The gray field 
shows a summary of slab surface P‐T trajectories from Syracuse 
et al. (2010), model D80. “Serpentine‐out” boundary represents 
the P‐T stability of antigorite serpentine for a hydrated mantle 
composition (Ulmer & Trommsdorff, 1995). See electronic version 
for color representation of the figures in this book.
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Figure 24.2 Oxygen fugacity of relevant Earth reservoirs 
relative to the fayalite‐magnetite‐quartz (FMQ) mineral buffer. 
This study targets calculations from FMQ–3 to FMQ+3. Arc 
lava values constrained by Rowe et  al. (2009), Jugo et  al. 
(2010), and Evans et al. (2012). Sub‐arc mantle values from arc 
xenoliths constrained by Brandon et al. (1996), Parkinson and 
Arculus (1999), and Bénard et al. (2018). MORB mantle values 
from abyssal peridotites constrained by Bryndzia and Wood 
(1990) and Birner et al. (2018). See electronic version for color 
representation of the figures in this book.
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margins. At depth, the bulk composition, redox state, 
pressure, and temperature of the system combine to con
trol the fluid/volatile chemistry, all of which can be visu
alized through thermodynamic modeling. For example, 
the reduction of CO2 to CH4 can be represented by

 CO 2H O CH 2Oaq aq g2 2 4 2 , (24.1)

where the reduction of C is tied to the oxidation of H2O. 
This is an appealing representation for petrologic applica
tions because it can be linked with values of the fugacity 
of O2 (ƒO2) obtained from mineral equilibria. The dispro
portionation of H2O represented by

 
2H O 2H Oaq g2 2 2  (24.2)

can be combined with reaction (1), leading to

 
CO 4H CH 2H Oaq aq aq2 2 4 2 ,  (24.3)

which can be linked to aqueous reactions in which activ
ities of H2 (aH2) can be used to represent the oxidation 
state of the system. If  equilibrium, with respect to reac
tion (2), is attained, then reactions (1) and (3) are inter
changeable. It follows that equilibria at low values of ƒO2 
(and therefore high values of aH2) will be dominated by 
CH4, and those at high values of ƒO2 (and therefore low 
values of aH2) will be dominated by CO2.

These familiar consequences can be represented by a 
relative predominance diagram such as that shown in 
Figure  24.3. This diagram shows the equilibrium 

 concentrations of aqueous CH4 and CO2 as functions of 
the oxidation state of a system at 300 °C and 2 GPa for a 
system containing 10−3 m total dissolved carbon and only 
these two aqueous species. The oxidation state is repre
sented by differences (Δ) from that set by the FMQ 
assemblage according to

 
3Fe SiO O 2Fe O 3SiOg2 4 2 3 4 2  (24.4)

in units of log ƒO2. Note that at a slightly positive value 
of ΔFMQ, i.e. a value of ƒO2 somewhat greater than the 
value set by FMQ at this temperature and pressure, the 
distribution of dissolved carbon shifts from aqueous CH4 
to aqueous CO2.

By considering only reaction (3), it would be possible to 
conclude that these two aqueous species represent the 
speciation of carbon in a fluid found in a shallow subduc
tion system. The assemblage of minerals hosting that fluid 
in the subduction channel would impart some chemical 
characteristics on the fluid. At equilibrium, the mineral 
assemblage (i.e. rock) would lead to the formation of 
aqueous complexes with the major rock‐forming elements 
in the fluid. In fact, the rock would be able to buffer the pH 
and other solute activities. The potential for the fluid to 
have a pH value immediately raises the possibility that 
aqueous CO2 is accompanied by other fully oxidized 
forms of carbon such as aqueous bicarbonate (HCO3

−) 
and aqueous carbonate (CO3

2−). The likelihood that other 
solutes derived from the rock may also be present leads to 
the possibility that inorganic metal‐bicarbonate and metal‐
carbonate complexes could also be present. Once we allow 
these considerations, we can rapidly conclude that the 
actual speciation of carbon in a subduction zone fluid may 
be more complicated than represented by Figure 24.3. If we 
also consider the possibility that aqueous carbon species 
other than the redox endmembers CO2 and CH4 might be 
present, including compounds such as CO, or formic 
acid (HCOOH) or methanol (CH3OH), etc., we may 
wonder what sorts of true complexity may be glossed over 
by an idealized representation such as that in Figure 24.3.

Here we present a series of stable equilibrium specia
tion calculations for aqueous carbon along a model sub
duction fluid trajectory, including results for aqueous C1 
and C2 organic species. In addition, we explore the 
response of inorganic and organic carbon speciation at 
metastable equilibrium conditions, where methane 
formation from other forms of aqueous carbon is inhib
ited, in an effort to depict the potential complexity of 
aqueous organic carbon speciation near the slab‐mantle 
interface. It should be kept in mind that seeking answers 
to questions through thermodynamic modeling yields 
two types of responses: no and maybe. No is a definitive 
response, and maybe means that the potential for trans
formations may be realized if  mechanisms exist. The need 
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Figure 24.3 Speciation of aqueous methane (CH4) and aqueous 
carbon dioxide (CO2) at 300 °C and 2.0 GPa over a range of 
oxygen fugacities from FMQ–3 to FMQ+3. Concentration of 
carbon in the system fixed at 0.001 molal. See electronic version 
for color representation of the figures in this book.
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for reaction mechanisms is acutely felt when confronted 
by unknown or unfamiliar transformations of organic 
compounds in aqueous solutions at high pressures and 
temperatures and is a research area ripe for experimental 
and theoretical developments (Shock et al., 2019).

24.2. SPECIATION CALCULATIONS FOR  
HIGH P‐T AQUEOUS FLUIDS

Prior to the development of the Deep Earth Water 
(DEW) model (Sverjensky, Harrison, et al., 2014; see also 
Facq et al., 2014), speciation and mass‐transfer calcula
tions involving aqueous fluids were limited to 1000  °C 
and 0.5 GPa (Shock et al., 1992, 1997; Sverjensky et al., 
1997). The DEW model extended the pressure range of 
such calculations to 6.0 GPa, which has allowed new pre
dictions for the lower crust, upper mantle, and subduc
tion zones. In the present study, we expanded on the 
variety of aqueous organic solutes and metal‐ligand 
complexes included in the DEW model and used the EQ3 
speciation code (Wolery & Jarek, 2003) with a completely 
customized database of equilibrium constants generated 
with the DEW model. A complete list of aqueous species 
included in these calculations is shown in Table  24.1, 
together with the abbreviations used in subsequent fig
ures and the average oxidation state of carbon in each 
compound (ZC). DEW parameters for newly added 
species are listed in Table 24.2. Note that standard state 
thermodynamic properties at the reference conditions of 
298.15 K and 0.1 MPa for these aqueous species are taken 
from sources that maintain internal consistency with 
minerals and aqueous species used in the DEW model. 
As in the case of other applications of the DEW model, 
activity coefficients are set equal to 1, and activities are 
equated with molalities (Sverjensky, Stagno, et al., 2014). 
Results may differ once a suitable activity coefficient 
model is developed.

Initial fluid compositions used in the speciation calcu
lations are selected to be simple yet representative of gen
eral features of subduction zone fluids that would allow 
for experimental testing of the predictions. Manning 
(2004) showed that sampled subduction zone fluids are 
similar in composition to seawater; thus, a seawater‐like 
salinity was chosen for these calculations. Na+ and Cl− 
are both input with concentrations of 0.5 m, similar to 
the composition of seawater, and the total dissolved inor
ganic carbon (DIC) was set to 0.001 m, which is a conser
vative estimate of the DIC in seawater (Manning, 2004; 
McCollom, 2008; Shock & Canovas, 2010).

All speciation calculations were conducted at 
equilibrium with diopside, forsterite, and antigorite to 
represent a hydrated mantle assemblage relevant for min
eralogies observed above the slab‐mantle interface, within 
the subduction channel. As a consequence, the activities 

of Ca2+, Mg2+, and SiO2(aq) in the modeled subduction 
zone fluids were fixed by this assemblage in a manner 
analogous to fluid‐rock reactions that control the pH and 
activities of major rock‐forming elements within subduc
tion zone fluids. Predicted total concentrations of 
 dissolved calcium, magnesium, and silica are shown in 
Figure 24.4. Note that these total concentrations are cal
culated by summing the molal abundances of all aqueous 
species containing each of these constituents. Also shown 
in Figure  24.4 are calculated pH values in equilibrium 
with the diopside‐forsterite‐antigorite assemblage, which 

Table 24.1 C1 and C2 compounds included in speciation 
calculations arranged according to ZC, the average oxidation 
state of carbon in each compound.

Name Symbol Zc

Methane CH4 −4
Acetaldehyde* CH3COH −3
Ethane C2H6 −3
Ethanol CH3CH2OH −2
Ethylene C2H4 −2
Methanol CH3OH −2
Calcium formate* CaCH2O

+ −1
Ethyne* C2H2 −1
Magnesium formate* MgCH2O

+ −1
Sodium formate* NaCH2O −1
Acetate CH3COO− 0
Acetic acid CH3COOH 0
Calcium acetate* CaCH3COO+ 0
Formaldehyde* CH2O 0
Magnesium acetate* MgCH3COO+ 0
Sodium acetate NaCH3COO 0
Calcium glycolate* C2H3CaO3

+ +1
Glycolate HOCH2CO2H +1
Glycolic acid C2H4O3 +1
Magnesium glycolate* C2H3MgO3

+ +1
Sodium glycolate* Na(CH3OCO2) +1
Calcium diformate* Ca(CHO2)2 +2
Carbon monoxide CO +2
Formate HCOO− +2
Formic acid HCOOH +2
Magnesium diformate* Mg(CHO2)2 +2
Sodium diformate* Na(CHO2)2

− +2
Oxalate* C2O4

2− +3
Oxalic acid* HOOCCOOH +3
Bicarbonate HCO3

− +4
Calcium bicarbonate Ca(HCO3)

+ +4
Calcium carbonate CaCO3 +4
Carbon dioxide CO2 +4
Carbonate CO3

2− +4
Magnesium bicarbonate Mg(HCO3)

+ +4
Magnesium carbonate MgCO3 +4
Sodium bicarbonate NaHCO3 +4
Sodium carbonate NaCO3

− +4

* Species has been added to the Deep Earth Water (DEW) 
model as part of the current study.



Table 24.2 Nonsolvation parameters for species added to the DEW model in the current study. Estimated in accordance with Sverjensky et al. (2014).

Zc a1 x 10 a2 x 10−2 a3 a4 x 10−4 c1 c2 x 10−4

Name Symbol cal mol−1 bar−1 cal mol−1 cal K mol−1 bar−1 cal K mol−1 cal mol−1 K−1 cal K mol−1

Acetaldehydec CH3COH −3 9.8306 5.0765 0.5815 −2.9889 23.2243 4.0745
Calcium formated CaCH2O

+ −1 4.6033 0.0997 4.7545 −2.7831 27.4191 3.2190
Ethynea C2H2 −1 10.8770 6.0729 −0.2540 −3.0301 33.0425 7.7615
Magnesium formated MgCH2O

+ −1 4.0399 −0.4367 5.2043 −2.7609 34.0760 4.2375
Sodium formated NaCH2O −1 8.0897 3.4191 1.9712 −2.9203 19.2524 1.6098
Calcium acetateb CaCH3COO+ 0 7.3852 2.7483 2.5337 −2.8926 58.2181 13.8929
Formaldehydec CH2O 0 6.5616 1.9642 3.1912 −2.8602 11.8522 0.1635
Magnesium acetateb MgCH3COO+ 0 6.8123 2.2028 2.9911 −2.8701 64.6340 14.8910
Calcium glycolated C2H3CaO3

+ +1 7.2320 2.6025 2.6559 −2.8866 57.8082 13.9947
Magnesium glycolated C2H3MgO3

+ +1 6.6165 2.0164 3.1473 −2.8624 63.4637 15.0132
Sodium glycolated Na(CH3OCO2) +1 10.7698 5.9708 −0.1684 −3.0258 50.2551 12.3855
Calcium diformated Ca(CHO2)2 +2 11.5661 6.7289 −0.8040 −3.0572 42.6363 9.7374
Magnesium diformated Mg(CHO2)2 +2 10.7310 5.9338 −0.1374 −3.0243 48.3211 11.7133
Sodium diformated Na(CHO2)2

− +2 15.6445 10.6120 −4.0599 −3.2177 32.2630 6.1319
Oxalatee C2O4

2− +3 8.8670 4.1591 1.3508 −2.9509 −8.7110 −17.9658
Oxalic acide HOOCCOOH +3 10.9784 6.1694 −0.3348 −3.0340 16.7460 1.5894

a Shock and Helgeson (1990).
b Shock and Koretsy (1993).
c Schulte and Shock (1993).
d Shock and Koretsky (1995).
e Shock (1995).
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are mildly alkaline at these pressures and temperatures 
(7.7 to 4.5) and similar to those observed in mafic lithol
ogies modeled by Galvez et al. (2016). Neutral pH along 
this P‐T path is shown in Table 24.3, along with log ƒO2 
fixed in these calculations, at the FMQ mineral buffer. An 
abbreviated range of concentrations is shown in 
Figures 24.5 through 24.9 (10−3 to 10−12 molal).

24.3. EQUILIBRIUM SPECIATION OF AQUEOUS 
ONE‐CARBON (C1) COMPOUNDS

The results presented in Figure 24.5 summarize calcula
tions for a variety of  aqueous C1 species, including 
inorganic carbon oxides and metal complexes, as well as 
organic compounds and methane (CH4 (aq)). The three 
panels in Figure 24.5 contain plots for speciation calcula
tions along the subduction fluid trajectory of Figure 24.1 
at oxygen fugacities relative to FMQ. The left panel shows 
the calculated equilibrium speciation of carbon at three 
log ƒO2 units below FMQ (FMQ‐3), and the center and 

right panels show results for FMQ (FMQ0) and three log 
ƒO2 units above FMQ (FMQ+3), respectively. As a frame 
of reference, predicted concentrations for aqueous CO2 
and aqueous CH4 are shown as slightly bolder curves than 
the other aqueous species. Any C1 aqueous species listed 
in Table 24.1 that fail to attain predicted concentrations of 
at least 10−12 m do not appear in these diagrams.

The center panel in Figure  24.5 at FMQ provides a 
framework for interpreting the results in all three panels. 
Predicted equilibrium concentrations of various C1 
aqueous species are shown as functions of temperature 
at  the pressures indicated in Figure 24.1. At FMQ, the 
equilibrium speciation of aqueous carbon is domi
nated  by oxidized species, especially carbonate (CO3

2−), 
bicarbonate (HCO3

−), and their calcium complexes at the 
pH values and total Ca abundances of the modeled fluid. 
The aqueous CaCO3 complex is predicted to dominate 
the speciation of  dissolved carbon below ~450  °C at 
these  conditions. The Mg complexes of bicarbonate 
(Mg(HCO3)

+
(aq)) and carbonate (MgCO3(aq)) are predicted 

to be at much lower abundances than their Ca counter
parts owing to the difference in total concentration of 
Mg relative to Ca (see Figure 24.4). In contrast, the Na 
complexes are predicted to be less abundant than Ca 
complexes owing to their lower stability, despite the 
greater abundance of total Na in the model fluid (see 
Figure 24.4). Note that the combined effects of pH values 
set by equilibrium between the diopside‐forsterite‐antig
orite mineral assemblage and the fluid, together with the 
shifting pK values for the carbonic acid system, lead to 
the prediction that relative abundances of bicarbonate 
and carbonate aqueous species tend to decrease with 
increasing temperature, with the exception of Ca(HCO3)

+, 
and that aqueous CO2 becomes more abundant than 
bicarbonate or carbonate ions above about 550  °C. In 
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Figure 24.4 ΣCa, ΣMg, ΣSi, ΣNa, and pH vs. temperature for the calculations presented in Figures 24.5 through 
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Table 24.3 Input parameters for speciation calculations. Log 
ƒO2 and neutral pH values were calculated using the DEW 
model. Neutral pH is shown here for comparison to pH 
controlled by antigorite‐diopside‐forsterite.

Temperature (°C) Pressure (GPa) Log fO2 Neutral pH

300 2.0 −32.5 3.77
350 2.5 −28.2 3.50
400 2.5 −25.3 3.42
450 2.5 −22.7 3.37
500 3.0 −20.0 3.17
550 3.0 −18.2 3.14
600 3.0 −16.5 3.11
650 3.0 −15.1 3.10
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effect, the decrease in pH with increasing temperature 
moves from more alkaline conditions where CO3

−2 > 
HCO3

− > CO2(aq) at temperatures below ~420 °C to more 
acidic conditions where CO2(aq) > HCO3

− > CO3
−2 above 

~560  °C. As temperature decreases, the predicted 
concentration of CO2(aq) plunges over six orders of mag
nitude, reaching nearly 10−10 m at 300 °C.

Turning to redox relations, the curves showing calcu
lated concentrations of CH4(aq) and CO2(aq) cross at about 
325 °C and FMQ0, as could be anticipated from the sim
plified system depicted in Figure 24.3. However, in con
trast with the streamlined version in Figure 24.3, neither 
CO2(aq) nor CH4(aq) are expected to be major contributors 
to the speciation of carbon at these conditions. Where the 
curves cross, they both represent concentrations <10−9 m. 
The sinuous curve showing the predicted concentration of 
CH4(aq) increases by ~two orders of magnitude as temper
ature increases. This shift reveals that, even though the 
predicted speciation of aqueous carbon is progressively 
dominated by CO2(aq), the oxidation state set by FMQ 
shifts to conditions that are slightly more reduced relative 
to speciation in the C‐O‐H system as temperature increases 
at the varying pressures along the subduction fluid trajec
tory. This subtle shift is also the reason why calculated 
concentrations of aqueous CO, methanol, and formic 
acid increase with increasing temperature. Note that the 
predicted concentrations of aqueous formate and the 
metal‐formate complexes show maxima with increasing 
temperature, which reflects the shift in the calculated pH 
relative to the predicted speciation of formic acid.

There is considerable similarity between the more 
 oxidized conditions at FMQ+3 shown in the right panel 
of Figure 24.3 and the moderate redox conditions (FMQ0) 
of the center panel. As an example, the speciation of the 
most oxidized forms of aqueous carbon (i.e. CaCO3, 
CO3

2−, HCO3
− Ca(HCO3)

−, CO2, MgCO3) are virtually 
unchanged at FMQ+3 compared with FMQ0. In contrast, 
CH4(aq) is predicted to attain extremely low concentrations 
(~10−16–10−14 m) at FMQ+3, which fall below the lowest 
concentration shown. The relative positions of formate to 
formic acid and of formate to its complexes remain the 
same, but the curves have shifted by 1.5 orders of magni
tude to lower concentrations at FMQ+3. Likewise, CO(aq) 
is predicted to attain lower concentrations than in the 
FMQ0 case and reaches concentrations above 10−12 m only 
above 440 °C. The methanol curve has shifted to concen
trations below the plotted range (10−19 to 10−15 m).

At strongly reduced conditions (FMQ‐3) shown in the 
left panel of Figure 24.3, CH4(aq) is the dominant aqueous 
carbon species at all temperatures above ~365  °C, and 
thus no crossover between CH4(aq) to CO2(aq) is observed 
over the range of temperatures considered. However, the 
interplay between the shifts in pH, association constants 
for carbonic acid species and complexes, and the relative 

effects of the redox state on the C‐O‐H system means that 
carbonate and especially the aqueous CaCO3 complex are 
predicted to decrease in abundance as temperature 
increases. With increasing temperature, the predicted 
concentrations of these forms of oxidized aqueous 
carbon decrease as CH4(aq) dominates the carbon specia
tion. It can be seen that the pH‐driven temperature tran
sitions in carbonic acid speciation described for FMQ0 
and FMQ+3 persist at FMQ‐3, though at lower relative 
concentrations, especially at high temperatures. Reduced 
conditions at FMQ‐3 enhance the concentrations of 
formic acid, formate, and its complexes at lower tempera
tures compared with FMQ0, but the overwhelming pre
dominance of CH4(aq) with increasing temperature drives 
several of the formate species to lower concentrations 
than at corresponding temperatures at FMQ0. The distri
bution of aqueous carbon among minor species is pre
dicted to be particularly complicated between ~400  °C 
and ~500 °C, where six different aqueous species attain 
concentrations around 10−5 m, including forms of car
bonate, bicarbonate, and formate. The interplay of subtle 
shifts in ƒO2 and pH, together with the redox‐ and pH‐
dependence of reactions between C1 species, leads to 
undulations in the predicted concentration curves, 
including several local maxima around 500 °C. Note that 
the predicted concentrations of methanol are consider
ably enhanced at FMQ‐3 compared with FMQ0, and 
that formaldehyde concentrations actually attain values 
within the plotted concentration range.

In summary, results in Figure 24.5 demonstrate that the 
speciation of C1 compounds can be considerably more 
complex than a binary choice between CO2(aq) and CH4(aq). 
Several oxidized forms of aqueous carbon (i.e. CaCO3, 
CO3

2−, HCO3
−, Ca(HCO3)

−) are more abundant than 
CO2(aq) along this subduction fluid trajectory. In particular, 
the speciation results for both FMQ0 and FMQ+3, where 
oxidized forms of aqueous carbon dominate, CO2(aq) 
never reaches predicted concentrations as high as aqueous 
CaCO3 at low temperatures or Ca(HCO3)

+ at high tem
peratures. At FMQ‐3, where CH4(aq) dominates the pre
dicted speciation at most temperatures, formate and 
Ca(For)+ concentrations rival those of  carbonic acid 
species, indicating a thermodynamic drive for transfer 
of  carbon between inorganic and organic C1 forms. 
Experimental confirmations of such transformations are 
provided by McCollom and Seewald (2003a, 2003b) and 
Seewald et al. (2006).

24.4. EQUILIBRIUM SPECIATION INCLUDING 
AQUEOUS TWO‐CARBON (C2) COMPOUNDS

The making and breaking of carbon‐carbon bonds 
influences the complexity of carbon speciation in sub
duction fluids. While mechanisms for these reactions are 
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underconstrained at present, a thermodynamic analysis 
can reveal conditions where C2 compounds may exist 
together with the C1 compounds considered above. 
Speciation results including both C1 and C2 aqueous 
species are shown in Figure 24.6 for the subduction fluid 
trajectory adopted in this study. The C1 speciation 
depicted in Figure 24.5 is largely unchanged in the calcu
lations of both C1 and C2 species in Figure 24.6.

At FMQ0, as shown in the center panel of Figure 24.6, 
Ca(Ac)+, acetate, and Ca(For)2 appear at concentrations 
below 10−10 m. The concentrations of these C2 species 
maximize between 400  °C and 550  °C, with broad pla
teauing curves. In contrast, at the more oxidized condi
tions (FMQ+3) shown in the right panel, C2 compounds 
are not observed above concentrations of 10−12 m; thus, 
the speciation of aqueous carbon is predicted to be the 
same as the C1 case shown in the right panel of Figure 24.5.

In the reduced case (FMQ‐3), nine new forms of 
aqueous carbon with concentrations greater than 10−12 m 
join the speciation results: acetate, Ca(Ac)+, Mg(Ac)+, 
Na(Ac), acetic acid, ethane, ethanol, Ca(For)2, and 
Ca(Glyc)+. This is a consequence of the average oxidation 
state of carbon (ZC) being lower for C2 compounds than 
corresponding C1 compounds. As an example, ZC for 
acetic acid is 0 and ZC for formic acid is +2. Curves show
ing predicted concentrations for all of these compounds 
exhibit a similar positive excursion at 500  °C, observed 
for  the C1‐only results in Figure  24.5. The highest 
concentration curves are for acetate and Ca(Ac)+. These 
curves are nearly parallel with Ca(Ac)+, predicted to be 
around an order of magnitude higher in concentration. 
The Na(Ac) curve is similar in shape to that of acetate 
and Ca(Ac)+ but falls off  with a steeper slope to lower 
concentrations at temperatures below 400 °C. Predicted 
concentrations of ethane and methanol switch in relative 
abundance across the diagram, with ethane > methanol 
at lower temperatures and methanol > ethane at higher 
temperatures. Methanol is predicted to reach higher con
centrations than any of the C2 compounds above ~550 °C. 
The ethanol concentration curve increases more than two 
orders of magnitude between 300  °C and 500  °C, after 
which it plateaus, varying in concentration between 2 and 
3 × 10−10 m.

Compared with the results for C1 shown in Figure 24.5, 
speciation results that include C2 compounds in 
Figure 24.6 indicate the potential for three C2 species to 
attain equilibrium concentrations > 10−12 m at FMQ0, 
and at FMQ‐3, six additional C2 species can reach such 
concentrations. In the FMQ+3 case, no C2 compounds 
attain equilibrium concentrations above 10−12 m. It is 
worth emphasizing that including the C2 species has neg
ligible effects on the predicted concentrations of the C1 
species. Instead, the calculated results attain a greater 
richness owing to the inclusion of many more aqueous 

species. We anticipate that including additional species 
with higher carbon numbers will cause small changes in 
C1 or C2 speciation. In general, the control of pH and ƒO2 
by water‐rock reactions dictates how the predicted 
concentration curves are distributed. The main influence 
on relative concentrations is the ZC values of the various 
aqueous organic species, which largely determines how 
they will respond to changes in ƒO2. The abundance of C2 
(and higher carbon number) compounds will also corre
late positively with the total dissolved carbon in the 
system. Superimposed on these patterns are variations 
driven by pH changes that affect relative abundances of 
the organic acids and their complexes.

24.5. SENSITIVITY OF AQUEOUS CARBON 
CHEMISTRY TO OXYGEN FUGACITY

The oxidation states selected for Figure 24.6 frame the 
dependence of aqueous carbon speciation on ƒO2, and 
the sensitivity can be explored more thoroughly in the 
isothermal results in Figure 24.7 that show how predicted 
concentrations depend on ƒO2. By examining the 300 °C 
panel, for example, it can be seen that the most oxidized 
forms of aqueous carbon are nearly insensitive to changes 
in ƒO2, with curves that gently slope to lower concentra
tions as the oxidation state is progressively more reduced 
than FMQ. A ranking of oxidized forms of carbon shows 
that aqueous CO2 is among the least abundant forms, 
owing to the pH of the fluid and the relative stabilities of 
aqueous carbonate and bicarbonate complexes. Note 
that the predicted concentration of aqueous CH4 
increases dramatically, indicating that its speciation is 
highly sensitive to small changes in ƒO2. The various for
mate‐containing species also increase with decreasing 
ƒO2, although less dramatically than aqueous CH4. Note 
that C2 compounds attain concentrations > 10−12 m only 
at the most reduced conditions considered. The trajec
tories of the acetate‐bearing compounds are nearly 
parallel with that of aqueous CH4. Ethane is the steepest 
curve in the plot. At 400 °C, shifts in pH and cation con
centrations lead to shifts in the relative abundances of the 
most oxidized forms of aqueous carbon, as well as subtle 
shifts among the formate‐containing species. Aqueous 
CO2 is more abundant than in the calculations for 300 °C, 
but it is still a minor contributor to the speciation of oxi
dized carbon in these fluids. The concave downward cur
vature of the oxidized aqueous carbon species toward 
more reducing conditions (negative ΔFMQ values) is 
directly related to the dramatic increase in predicted con
centrations of aqueous methane. Likewise, there is more 
curvature in the formate curves at 400 °C than at 300 °C. 
Note that the C2 compounds appearing in the lower 
left  portion of the plot attain higher concentrations at 
400 °C than at 300 °C, all else being equal. All of these 
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observations are consequences of the interplay between 
oxidation states set by mineral equilibria, ZC of the var
ious aqueous carbon species, and the shifts in equilibrium 
constants with temperature and pressure.

The contrast between results at 300 °C and 400 °C in 
Figure  24.7 sets precedents for observable differ
ences in the plots for 500 °C and 600 °C. Aqueous CO2 
climbs  up in a ranking of  the relative abundances of 

 oxidized carbon species with increasing temperature, 
again because of  shifts in pH and cation abundances. 
Increasing curvature is evident for the fully oxidized 
carbon species and formate‐bearing compounds 
throughout. Even the curves showing predicted abun
dances of  aqueous CH4 show curvature as temperature 
increases, which results from the interplay of  stabilities 
of  aqueous CH4 and the other reduced forms of  carbon, 
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including the C2 species. Note, however, that the C2 
species are comparatively more abundant in the results 
for 400 °C and 500 °C than they are at 600 °C, which is 
a consequence of  the shift to rock‐dominated condi
tions that are more oxidized overall at the highest tem
perature relative to the stability of  carbon‐bearing 
compounds. To summarize, it is not that C2 and other 
reduced‐carbon species are inherently less stable than C1 
compounds at higher temperatures, but the fact that 
rock‐influenced oxidation states shift to relatively more 
oxidized conditions, allowing fully oxidized forms of 
carbon to reach higher abundances than their reduced 
counterparts as temperature increases.

24.6. DISEQUILIBRIUM AND ITS EFFECTS 
ON THE SPECIATION OF AQUEOUS CARBON

The results summarized in Figures  24.5 through 24.7 
apply to systems that have reached stable thermodynamic 
equilibrium. Therefore, the predicted concentrations of 
organic compounds are all minimum values, and there is 
no thermodynamic drive for them to be lower than shown. 
However, in some settings, invoking stable equilibrium 
may not be valid. Disequilibrium between CO2 and CH4 is 
observed in crustal fluids and is more pronounced at tem
peratures below 500  °C (e.g. Charlou et al., 1998, 2000; 
Janecky & Seyfried, 1986; Manning et al., 2013; McCollom 
& Seewald 2001; McDermott et  al., 2015; Shock, 1988, 
1989, 1990, 1992, 1994; Shock & Schulte, 1998; Shock 
et al., 2019; Wang et al., 2015, 2018). In order for CO2 and 
CH4 to reach equilibrium (i.e. react reversibly), a kinetic 
barrier, involving breaking bonds and transferring eight 
electrons, must be overcome (Manning et al., 2013). Stable 
equilibrium between CO2 and CH4 may only be attained 
at high pressures and temperature (Manning et al., 2013), 
but constraints on kinetic rates at these conditions are 
lacking.

The conditions where metastable equilibrium states 
can form in the aqueous C‐O‐H system correspond to 
low‐grade metamorphic conditions and shallow, cold 
subduction zone paths (e.g. Tonga, N. Marianas; 
Figure 24.1). Therefore, it is possible that reaction path
ways from dissolved inorganic carbon compounds to 
small organic solutes are available during subduction, 
even though complete reduction to methane is inhibited. 
If  metastability persists, even transiently, along cooler 
P‐T paths of subduction zones, then fluids in such sys
tems could contain aqueous organic solutes produced 
abiotically during subduction. We simulated the presence 
of kinetic barriers to methane production by removing 
CH4(aq) from our thermodynamic database in a set of cal
culations. These results illustrate the potential for greater 
diversity in speciation of carbon in subduction zone 
fluids under conditions that permit disequilibria.

Suppressing methane to simulate metastability leaves 
the speciation of aqueous carbon for the FMQ+3 shown 
in Figure 24.6 unaffected, as shown in Figure 24.8. The 
only visible difference at FMQ0 is the lack of a curve 
showing CH4(aq) concentrations in Figure  24.8. Because 
the amount of carbon represented by CH4(aq) at stable 
equilibrium is quite small, the other curves are not dra
matically affected by its absence from the model. In con
trast, suppression of aqueous CH4 to simulate metastable 
equilibrium at the most reduced conditions (FMQ‐3) 
drives all concentrations of organic and inorganic 
aqueous carbon species higher, and several species appear 
in the plot in Figure  24.8 that are not present in the 
corresponding plot in Figure  24.6. Furthermore, the 
slopes in the FMQ‐3 plot in Figure 24.8 tend to be steeper, 
especially at temperatures above 400  °C, where CH4(aq) 
dominates the stable equilibrium speciation shown in 
Figure 24.6. The changes in both the position and slopes 
of the curves at FMQ‐3 for metastable equilibrium com
pared with stable equilibrium are explained by the redis
tribution of the dissolved carbon from CH4(aq) to other 
species.

Comparison of the FMQ‐3 plots in Figures 24.6 and 
24.8 also shows that the diversity of carbon species is 
greater in the metastable equilibrium case. In the absence 
of CH4 (aq), the speciation of the fully oxidized forms of 
aqueous carbon (i.e. CaCO3, CO3

2−, HCO3
−, Ca(HCO3)

−) 
in the FMQ‐3 plot have the same speciation pattern 
observed at FMQ0 in either the stable (Figure 24.6) or 
metastable (Figure  24.8) examples. Comparison of the 
plots for FMQ‐3 and FMQ0 in Figure 24.8 reveals that 
the curves from formate‐bearing aqueous species plot at 
higher concentrations at FMQ‐3. Note that in this plot 
the Ca(For)+ and formate curves are superimposed upon 
the bicarbonate curve at low temperatures (below 400 °C), 
and that the Ca(For)+ and HCO3

− curves cross one 
another three times as temperature increases. Formate is 
predicted to be more abundant than Ca(HCO3)

− at tem
peratures <~450 °C, and nearly as abundant as Ca(HCO3)

− 
between 450  °C and 500  °C. Ca(Ac)+ concentrations, 
which are calculated to exceed those of aqueous CO2 up 
to ~525 °C, maximize in the range of 10−5 m, representing 
a two‐orders‐of‐magnitude positive shift in concentration 
relative to the equilibrium case. All acetate‐bearing 
species show increasing concentrations with increasing 
temperature at FMQ‐3, and all but acetic acid 
(CH3COOH) maximize above 550 °C, owing to the shift 
in pH relative to the speciation of acetic acid. Methanol 
and ethanol are predicted to increase in abundance with 
increasing temperature at FMQ‐3, with the calculated 
abundance of ethanol approaching that of methanol at 
higher temperatures. Calculated abundances of aqueous 
ethane rival those of aqueous CO2 at lower temperatures 
and continue to increase at the highest temperatures 
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shown, despite the overall shift to relatively more oxidizing 
conditions favoring CO2. These same conditions allow 
species with ZC values of +1 (i.e. glycolate, Na(Glyc), 
Ca(Glyc)+, and Mg(Glyc)+) to appear at concentrations 
greater than 10−12 m. Calculated Ca(Glyc)+ and glycolate 
concentrations maximize at 550 °C, with similarly shaped 
curves, while Na(Glyc) and Mg(Glyc)+ plateau at 550 °C 
and maintain concentrations of 4 × 10−11 m and 2 × 10−11 
m, respectively, as temperature increases.

The effects of  temperature and ƒO2 on metastable 
distributions of  aqueous carbon species can be explored 
further with the plots in Figure 24.9, which shows meta
stable companions to the stable equilibrium plots in 
Figure  24.7. Comparison of  the plots in Figures  24.7 
and 24.9 reveals that the relative positions among the 
fully oxidized carbon species are the same at the selected 
temperatures, as are the relative positions among the 
formate‐bearing species and among the acetate‐bearing 
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species. Unaffected by the suppression of  methane, the 
relative positions of  the curves are maintained despite 
an increase in total predicted abundances. At 300 °C, the 
distribution of  fully oxidized carbon species is predicted 
to be virtually independent of  ƒO2 in the metastable 
equilibrium case. The suppression of  aqueous methane 
formation eliminates the curvature shown in the 300 °C 
plot in Figure  24.7. The corresponding curves in the 
plots for higher temperatures in Figure  24.9 exhibit 
small amounts of  curvature with decreasing ƒO2, 
corresponding to the increasing abundances of  various 
formate‐bearing species. Note that the elimination of 
aqueous methane from the model also means that the 
diagonal curves showing calculated concentrations of 
the various formate‐bearing species show negligible cur
vature in Figure  24.9. In all cases, the relative abun
dances of  C2 and reduced C1 compounds are calculated 
to be greater in the metastable state than in the stable 
equilibrium state shown in Figure  24.7. In addition, 
there is a greater variety of  aqueous carbon species in 
the metastable equilibrium results than in the stable 
equilibrium results, which is expected based on the 
greater variety of  compounds shown at FMQ‐2 in 
Figure  24.8 compared to the corresponding plot in 
Figure  24.6. In summary, disequilibrium conditions 
inhibiting the path to aqueous CH4 at reduced condi
tions (FMQ‐3) enhances the aqueous organic carbon 
speciation, including a strong thermodynamic drive to 
stabilize ~20 aqueous organic carbon species.

24.7. CONCLUDING REMARKS

In conceptual models of  subduction, aqueous carbon‐
bearing fluids are given critical jobs like triggering 
partial melting (Dasgupta, 2013), oxidizing the mantle 
wedge (Evans, 2012; Frost & McCammon, 2008), mantle 
metasomatism, and diamond formation (Frost & 
McCammon 2008; Sverjensky, Stagno, et al., 2014), and all 
of these are the motivations for the predictions described 
above. Some efforts have been made to model C‐O‐H sys
tems by using a mixture of neutral gases, including CO2, 
CH4, and H2O, without consideration of aqueous ions or 
organic compounds (Connolly, 2005; Zhang & Duan, 
2009). In reality, these supercritical aqueous fluids contain 
ions and neutral species whose speciation is dependent 
upon the coexisting mineral assemblage (i.e. the rock). 
Researchers are beginning to explore these systems through 
theoretical and experimental studies (e.g. Dvir et  al., 
2011, 2013; Facq et  al., 2014, 2016; Huang et  al., 2017; 
Kessel et al., 2005, 2015; Sverjensky, Stagno, et al., 2014); 
however, much of the accessible pressure‐temperature‐
compositional space remains unexplored.

The mineral assemblage coexisting with the fluid con
trols, to some extent, the bulk composition of the fluid 
and buffers the pH and ƒO2 of the fluid, especially in the 

subduction setting where the fluid‐to‐rock ratio is low 
(<<1). From a petrologic perspective, the FMQ mineral 
buffer is often assumed to be a constant frame of  refer
ence; however, from the perspective of the fluid, the 
meaning of FMQ changes as a function of temperature 
and pressure. An example of this shifting frame of refer
ence for the fluid can be seen in Figure 24.7. At FMQ0 in 
the 300  °C panel, the concentration of aqueous CH4 is 
higher than aqueous CO2 as it is in the simple speciation 
shown in Figure 24.3. This has to be the case at equilibrium 
regardless of how many additional aqueous species are 
considered in Figure 24.7. Nevertheless, it is useful to see in 
Figure 24.7 that many oxidized forms of carbon are more 
abundant than aqueous CH4 at FMQ0, which is not the 
impression left by Figure 24.3. Examining the other panels 
in Figure 24.7 reveals that at FMQ0 the concentration of 
aqueous CO2 is higher than that of aqueous CH4, reflecting 
the trend of carbon oxidation in the fluid as temperature 
increases. This change in meaning of FMQ from the fluid 
perspective is also reflected in numerous other changes in 
carbon speciation. Similarly, when the pH is buffered by a 
mineral assemblage, it imposes changes in fluid speciation 
because the mineral‐buffered pH alters the speciation of 
carbonic, formic, acetic, and other acids, which also affects 
their complexes. As demonstrated in the predictions 
outlined above, metal‐ligand complexes can be dominant 
forms of  carbon in subduction fluids, raising the possi
bility that such complexes may be intimately involved 
in metasomatism. Small shifts in pH and ƒO2 can have 
dramatic consequences in the speciation of aqueous 
carbon, as demonstrated by the results summarized above.

The calculations presented here capture only a small range 
within the accessible pressure‐temperature‐composition 
regime. It is our hope that the framework and methodology 
presented here will empower others to investigate rock‐
fluid interactions along pressure‐temperature paths, with 
fluid compositions, mineral assemblages, and ƒO2 values 
that reflect their interests in calculations or experiments. 
Future directions may include

 • In‐depth interrogations of changes in oxidation state 
that can be recorded in mineral assemblages sampled from 
subduction zones. This study reveals that small changes in 
ƒO2 may result in dramatic changes in carbon speciation 
in aqueous fluids. Each time pressure‐temperature‐ƒO2 
results are obtained from petrologic studies, they can be 
used to evaluate the composition of the fluid that was 
simultaneously present. This can be particularly useful as 
primary fluids are rarely pristine, if  preserved at all.

 • A renewed search for organic compounds in fluid 
inclusions and at grain boundaries of rock samples from 
subduction zones. Calculations of the type presented 
here provide guidance to find the samples with the 
greatest potential for organic constituents and can pro
vide prioritized lists of species to target. It should be kept 
in mind that the present study included only C1 and C2 
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organic compounds, and none containing nitrogen or 
sulfur. Vastly expanding predictions for the DEW model 
could further transform our appreciation for the com
plexity of subduction zone fluid compositions.

 • Consideration of the influence of metastable states on 
the potential for abiotic organic synthesis in subduction 
zones, which could represent nutrients for the deepest 
parts of the biosphere that may reside in shallow portions 
of  subduction zones.

 • New models might include interplay among Fe, S, 
and C species in fluids, leading to quantitative tests of 
which redox‐sensitive aqueous species are the most effec
tive oxidizing agents in diverse subduction zone settings.
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