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Energetics of the Citric Acid Cycle in the Deep Biosphere

Peter A. Canovas, III1,2 and Everett L. Shock1,2,3,4

ABSTRACT

Constraints on the internal composition of microbial cells are used together with standard state thermodynamic 
data to evaluate energy demands associated with the citric acid cycle and its individual steps to explore geobio-
chemical processes in the deep subsurface biosphere. Two pressure‐temperature ranges are considered: up to 
200 °C and to ~2 kb with the revised Helgeson‐Kirkham‐Flowers equations of state, and up to 200 °C from 10 
to 60 kilobars with the Deep Earth Water model. The former pressure‐temperature ranges encompass condi-
tions for known life in natural systems, and the latter push the upper pressures for life into those of subduction 
zones using guidance from laboratory experiments. The neutral solutes H2(aq) and CO2(aq) can diffuse freely 
across cell membranes and impose external conditions into the composition of microbial cells, and as a result 
there is a range of chemical affinities for citric acid cycle reactions that prevail throughout the deep subsurface 
biosphere. These ranges raise the possibility that the citric acid cycle releases energy when run in either the for-
ward or reverse directions depending on the affinities involved. The results of this theoretical study support the 
notion that life may extend far deeper into subduction zones than is generally appreciated.
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25.1. PHYSICAL CONDITIONS OF THE  
DEEP BIOSPHERE

It is estimated that 10%–33% of the total number of 
living cells on Earth reside within the subsurface deep 
biosphere on the continents and in the seafloor (Colman 
et  al., 2017; Hoshino & Inagaki, 2019; Inagaki et  al., 
2015; Ino et al., 2016; Kallmeyer et al., 2012; Magnabosco 
et  al., 2018; Trembath‐Reichert et  al., 2017; Whitman 
et  al., 1998). These estimates are limited by sampling, 
which means we are still just beginning to explore the 
extent, biodiversity, and potential for novel metabolic 
pathways in the deep biosphere. Our goal is to assist that 
exploration by providing a geochemical framework for 

integrating the deep biosphere into geologic processes to 
facilitate predictions. One way to approach this goal is to 
determine energetic demands of biochemical pathways 
and cycles that are met in the deep biosphere by geochem-
ical energy sources. In this chapter, we combine our stan-
dard state thermodynamic data for aqueous species 
involved in the citric acid cycle (Canovas & Shock, 2016) 
with estimates of their intercellular abundances to eval-
uate thermodynamic affinities for reactions within the 
citric acid cycle at elevated pressures and temperatures. 
We also evaluate new parameters for the same aqueous 
species consistent with the Deep Earth Water (DEW) 
model (Sverjensky, Harrison, et al., 2014), which allows 
us to extrapolate the energetics of the citric acid cycle 
into conditions of shallow subduction zones. At present, 
there are no data to indicate that shallow portions of sub-
duction zones are populated with microbes, but existing 
field and laboratory data indicate that temperatures and 
pressures in these systems are not necessarily inhibitory 
for life. We propose that shallow reaches of subduction 
zones represent the deepest habitats of the deep 
biosphere.
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Abundant evidence suggests that extant microbial 
communities inhabit the subsurface to depths of at least 
5 km with well‐documented microbial communities 
flourishing at 4.2 km beneath the Earth’s surface 
(Figure 25.1). Microbes are known to thrive at tempera-
tures in excess of 100 °C at elevated pressures, and at least 
one strain lives at 121 °C (Takai et al., 2008). These results 
are summarized in Figure  25.1a, together with conver-
sions of depth to pressure (Figure 25.1b), high‐pressure 
evidence from lab experiments (Figure  25.1c), and the 
pressure‐temperature framework of the present study 
(Figure 25.1d). Although not all reported depths can be 
converted to pressures owing to incomplete information 
in primary sources, many pressures can be estimated for 
the deep biosphere, and pressures used in laboratory 
microbial growth experiments extend well beyond those 
of currently explored subsurface habitats.

Depths and temperatures reported for subsurface sam-
ples of microbial life are summarized in Figure  25.1a, 
which also shows trajectories of crustal geothermal gra-
dients appropriate for continental (a.k.a. terrestrial, 20 °C 
km−1), oceanic (a.k.a. marine, 35  °C km−1), and hydro-
thermal (100 °C km−1) settings. Note that some tempera-
tures where subsurface life thrives are <0 °C. While depth 
may be a physical barrier for microbes to overcome, it is 
not necessarily a physiochemical barrier. Therefore, pres-
sures were estimated from depths for those cases where 
sufficient data were reported, as plotted in Figure 25.1b.

Studies of marine sediment and rock samples often 
include a seawater depth, which we converted to pressure, 
assuming that a 10.3 m column of seawater would exert 1 
atm or 1.013 bar pressure. For terrestrial (continental) 
samples, pressure was calculated as overburden using 
either lithostatic or hydrostatic pressure, whichever was 
appropriate for the system. Overburden (Pob, in Pa) was 
calculated as

 P g dob * * , (25.1)

where ρ represents density in kg m−3, g indicates the 
gravitational constant 9.806 m s−2, and d stands for the 
depth in meters. Equation (25.1) provides a close estimate 
of the pressure beyond that which the atmosphere is 
exerting on a sample at depth. If  the density of a 
particular rock type was unavailable for a sampling site 
from literature sources, an estimated average density was 
used (i.e. 2.65 g cm−3 for granite, 2.55 g cm−3 for sand-
stone, and 0.92 g cm−3 for ice, etc.). Additional estimates 
were needed for in situ down‐borehole pressures for some 
groundwater sample locations if  the available information 
was limited to the depth and the artesian head. As an 
example, one sampling site came from a depth of 1270 m 
from an artesian well with a head of 466 ft or ~142 m, 
indicating the ability of the well pressure to sustain a 
column of water 142 m above the surface, and making the 

total pressure at the sampling locale that of a column of 
water under hydrostatic pressure with an apparent depth 
of 1412 m plus one bar of atmospheric pressure at that 
location or a total of ~140 bars.

Laboratory experiments confirming microbial growth 
summarized from the literature shown in Figure 25.1c were 
conducted at temperatures and pressures throughout and 
beyond those reached in known subsurface habitats. 
Presently, laboratory experiments show that microbes are 
capable of persisting to somewhat higher temperatures 
than where they are found in nature, as indicated by the 
highest temperatures in Figure 25.1c. Researchers have also 
shown that microbes can survive and thrive at pressures of 
tens of kilobars, which are considerably higher than those 
known from natural systems. These pressures are reached 
at several tens of kilometers and suggest that the deep bio-
sphere may extend much deeper than previously thought.

Field and laboratory evidence depicted in Figures  25.1 
a–c allows the pressure‐temperature (P‐T) reference frame 
for the deep biosphere shown in Figure 25.1d, in which all 
known habitable P‐T space is encompassed in the gray zone. 
In the study summarized here, we extended the temperature 
range to 200 °C and pressures to 60 kilobars (6 GPa) to be 
inclusive. As shown in Figure 25.1d, it is not presently pos-
sible to conduct theoretical calculations over all of this P‐T 
space, and the results shown below are truncated by the 
vapor‐liquid saturation (boiling) curve for H2O at low pres-
sures and high temperatures, and by the liquid‐ice phase 
boundary at high pressures and low temperatures.

We tackled thermodynamic calculations for the citric 
acid cycle in two stages. First, we assessed chemical affin-
ities for the overall cycle and its component reactions at 
temperatures and pressures covered by the revised 
Helgeson‐Kirkham‐Flowers (HKF) equation of state 
(Shock et al., 1992), which permits calculations to 5 kb 
(0.5 GPa). Second, higher pressure calculations were 
accomplished by estimating an additional set of revised‐
HKF parameters for the DEW model (Sverjensky, 
Harrison, et al., 2014), and then completing the extrapo-
lation of chemical affinities to higher pressures. These 
developments are described below, after the following 
discussion of the thermodynamic framework employed.

25.2. THERMODYNAMIC FRAMEWORK 
AND COMPUTATIONAL METHODS

A first step in assessing the thermodynamic viability of 
a process in the citric acid cycle is to calculate the stan-
dard Gibbs energy, ,o

rG  of  the reactions involved, which 
relate to the equilibrium constants, Kr, via

 G RT Kr
o

rln , (25.2)

where R represents the gas constant and T stands for 
temperature in Kelvin. Both standard Gibbs energies and 
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Figure 25.1 The known extent of the Earth’s biosphere in depth, temperature, and pressure using evidence from natural systems 
and laboratory experiments, together with the ranges of thermodynamic calculations conducted in this study. (A) Subsurface hab-
itats and geothermal gradients (in °C km−1) with symbols showing the depths (excluding that of seawater) and temperatures of 
subsurface samples. Note that geotherms are populated to 4 km depth. (B) Result of converting depths from (A) into pressure, as 
possible. Many reported depths had no readily available pressure data correlated with them. Our inability to estimate pressures 
means that several samples shown in (A) were left out of (B). (C) Results of microbial growth laboratory experiments at elevated 
temperatures and pressures. Note that ranges of temperature and pressure in (C) exceed those in (B). (D) The temperature and 
pressure ranges of calculations conducted in this study (dashed lines), which encompass most of those established by studies of 
natural systems and laboratory experiments (gray zone). References for data and pressure estimates include Amend and Shock 
(2001), Apps (2010), Arcuri and Ehrlich (1977), Ask et al. (2001), Bakermans et al. (2006), Bale et al. (1997), Bartlett (2002), 
Bernhardt et al. (1988), Bonch‐Osmolovskaya et al. (2003), Böning et al. (2004), Brazelton and Baross (2009), Breezee et al. 
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et al. (1972), Ekendahl and Pedersen (1994), Ellis and Ege (1975), Erauso et al. (1993), Fardeau et al. (2000), Fell (1967), Grabowski 
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equilibrium constants are functions of temperature, 
pressure, and choice of standard state.* The overall Gibbs 
energy of a reaction, ∆Gr, can be calculated from

 G G RT Qr r
o

rln , (25.3)

where Qr stands for the activity product given by

 
Q ar i i

i rv , , (25.4)

where ai stands for the activity of the ith chemical species 
in the reaction and vi, r stands for the stoichiometric reac-
tion coefficient of the ith chemical species in the rth reac-
tion, which is positive for products and negative for 
reactants.

The overall Gibbs energy change of a chemical system 
(ΔG) depends on the progress of the various reactions pos-
sible in that system. Focusing on individual reactions is facil-
itated by evaluating their chemical affinities, Ar, defined as

 
A

G
r

P Tr
k, ,

, (25.5)

where ξr represents the progress of the rth reaction of 
interest and ξk stands for the progress of all other reactions 
in the system (Helgeson, 1979). According to equation (25.5), 
as a reaction proceeds and lowers the Gibbs energy of the 
system, its chemical affinity will be positive and reach 
zero at equilibrium. Negative affinity values mean that 
the reverse reaction is favored to proceed. The above rela-
tions can be combined to yield

 
A RT

K
Q

r
r

r
ln . (25.6)

In practice, we evaluate equilibrium constants for 
reactions in the citric acid cycle with equations, data, and 
parameters from Canovas and Shock (2016), together 
with a new set of parameters developed in this study for 
the DEW model. Activity products are calculated from 
compositional constraints from natural or laboratory 
systems. In the present study, we used this approach to 
evaulate thermodynamic drives (a.k.a. chemical affin-
ities) for individual steps in the citric acid cycle, as well as 
the overall cycle over ranges of temperature and pressure 
that prevail in subsurface environments.

25.3. EVALUATING CHEMICAL AFFINITIES 
FOR THE CITRIC ACID CYCLE WITHIN 

MICROBIAL CELLS

Evaluating chemical affinities requires equilibrium 
constants and activity products, as demonstrated in the 
preceding discussion. The revised‐HKF equations of state 
together with data and parameters provided by Canovas 
and Shock (2016) make it possible to estimate standard 
state thermodynamic data, including equilibrium 
constants, for species involved in the citric acid cycle as 
illustrated in Figure 25.2. The stepwise reactions indicated 
in Figure 25.2 are listed in Box 25.1, together with defini-
tions of abbreviations. Standard Gibbs energies of these 
reactions are illustrated at elevated temperatures and up 
to 5 kb by Canovas and Shock (2016). It should be kept in 
mind that microbial metabolisms sometimes involve 
reactions as shown in Figure  25.2, and sometimes the 
reverse of these reactions. The traditional forward 
direction of the citric acid cycle reflects human metabo-
lism. Also, we have adopted the convention common to 
biochemistry in which metabolic reactions are written as 
if  involving only the fully dissociated ionic forms of acids 
and other compounds, which rarely reflects the actual spe-
ciation of these compounds at natural conditions whether 
inside or outside cells (Canovas & Shock, 2016).

In addition to equilibrium constants, activity products 
are also needed to evaluate chemical affinities, and to do 
so requires constraints on the abundances of all of the 
chemical species shown in Figure 25.2 and linked through 
the reactions listed in Box 25.1. Data for most of these 
compounds are scarce from natural environments, but 
many of their concentrations are constrained within 
microbial cells. However, these constraints are chiefly 
from Escherichia coli and not from any of the thermo-
philes or barophiles that thrive in the deep biosphere. 
Nevertheless, assuming that data from microbes provide 
better constraints than setting values to arbitrary ranges, 
we have adopted the data listed in Table  25.1 for the 
purpose of estimating a set of chemical affinities for the 
citric acid cycle within cells throughout the deep bio-
sphere. Note that we list these values as apparent activ-
ities, as a reminder that we have yet to conduct a 
comprehensive speciation of these and other solutes 
within microbial cells. When that becomes possible, and 
when a greater variety of solute concentrations are 
obtained on a wider variety of organisms through 
advances in metabolomics, improvements in the calcu-
lated affinities of metabolic processes can be anticipated.

A few notes about the data in Table 25.1 are warranted. 
As indicated, most of these values come from studies of 
Escherichia coli, which is one of the most thoroughly 
studied bacteria and from which much has been learned 
about microbial metabolism and biochemical pathways. 
Nevertheless, we expect that additional investigations 

* The aqueous solution standard state adopted in this study 
is a hypothetical one molal solution referenced to infinite dilu-
tion at any temperature and pressure. The standard state for 
gases is the pure gas at any temperature and 1 bar, that for 
liquid H2O is the pure liquid at any temperature and pressure, 
and that for minerals is the pure crystalline solid at any temper-
ature and pressure.
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would yield variations in the values selected. In the case 
of HPO4

2−, more than one concentration is reported in 
the literature, so we allowed its activity to vary between 
the minimum and maximum values reported in Table 25.1. 
In contrast, we were unable to find measurements on two 
solutes that appear repeatedly in the citric acid cycle, 
H2(aq) and CO2(aq). One reason is that neutral solutes 
diffuse more easily across cellular membranes than do 
ions, which are typically pumped through special ion 
channels. We have taken advantage of these properties of 
neutral solutes to assert that their activities within cells 
are set by their activities in the external environment. In 
the case of H2(aq), we chose a lower value set by the 
concentration in bottom seawater (McCollom, 2007; 
Shock & Canovas, 2010), and a higher value set by the 
concentration in hydrothermal fluid venting at the 
Rainbow hydrothermal field on the mid‐Atlantic ridge 
(Charlou et al., 2002; Shock & Canovas, 2010). The lower 
value for CO2(aq) is again taken from bottom seawater 

(McCollom, 2007; Shock & Canovas, 2010), while the 
higher value was measured during active fermentation 
(Merlin et al., 2003) and therefore has somewhat more to 
do directly with microbial metabolism.

As an example of how affinities are calculated, consider 
the reaction for step 3 in the citric acid cycle, given by

 

isocitrate NAD -ketoglutarate
NAD CO aq

ox
2

red

3

2
2 .  (25.7)

The version of equation (25.4) for the activity product 
of reaction (7), Q7, corresponds to

 
Q

a a NAD aCO aq

aisocitrate

red
7

2 2
2

3

-ketoglutarate

a NADox

, (25.8)

which can be evaluated with data in Table 25.1 to yield 
Q7  =  10−4.45 using the minimum activity for CO2(aq). 
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Figure 25.2 (after Canovas & Shock, 2016) Thermodynamic depiction of the citric acid cycle used to assess 
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steps represent condensed or alternative versions of reactions given in Box 25.1. See electronic version for color 
representation of the figures in this book.
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Combining this value for Q7 in equation (25.6) with values 
of the equilibrium constant for reaction (7), K7, calcu-
lated with data and parameters from Canovas and Shock 
(2016) yields the affinities for reaction (7) shown in 
Figure 25.3 for step 3 of the citric acid cycle.

The contoured plots of affinity in Figure  25.3 show 
minimum values as calculated using values of H2(aq), 
CO2(aq), and HPO4

2− from Table 25.1, which affect the 
affinities calculated for steps 0, 3, 4, 5, and the overall 
cycle. Maximum affinities for these steps using alternate 
data from Table 25.1 are shown in Figure 25.4. Note that 
the pressure‐temperature diagrams in these figures have 
inverted pressure axes to allow interpretations of changes 
with depth downward on the plots. The plots cover tem-
peratures from 0 °C to 200 °C, and pressures up to 2 kb. 
The contours are labeled in kcal mol−1 for the reactions as 
written in Box 25.1. In the case of the overall reactions, 
these are the calculated affinities for one complete turn of 
the forward cycle. One striking feature of the majority of 
the plots shown in Figures 25.3 and 25.4 is that the affin-
ities of most of the reactions in the citric acid cycle depend 
little on changes in pressure over the pressure range that 
encompasses all of the known natural occurrences of 
microbial life, as indicated in Figure 25.1a. Perhaps a use-
ful assumption for most steps of the citric acid cycle in the 

known subsurface biosphere is that affinities shift mean-
ingfully with temperature but very little with pressure.

Examination of Figure  25.3 reveals that minimum 
affinities for step 0, in which pyruvate from outside the 
cycle and oxaloacetate from inside the cycle are combined 
with H2O to form citrate and CO2(aq) coupled with 
reduction of NAD (nicotinamide adenine dinucleotide), 
are positive and decrease with increasing temperature at 
all pressures considered. Positive values of affinity mean 
that energy would be released as the reaction proceeds as 
written. Small positive values of affinity are associated 
with the dehydration of citrate to form cis‐aconitate in 
step 1, and they become slightly more positive as temper-
ature increases at all pressures. In contrast, the hydration 
of cis‐aconitate to form isocitrate in step 2 is accompa-
nied by small negative affinities that become increasingly 
negative with increasing temperatures. The results 
obtained here indicate that this step requires the input of 
energy throughout the biosphere. Minimum values of 
affinity for step 3 shown in Figure  25.3, and given by 
reaction (7) above, are positive and approximately twice 
the magnitude of the minimum affinities for step 1. 
Apparently, the oxidative decarboxylation of isocitrate to 
yield α‐ketoglutarate and CO2(aq), which is coupled to 
the reduction of NAD, can be an energy‐yielding process 

Box 25.1 Individual reactions representing forward steps in the citric acid cycle, balanced by mass and charge, as illus-
trated in Figure 25.2 using the biochemical convention of fully dissociated anions.

1. citrate3− → cis‐aconitate3− + H2O
2. cis‐aconitate3− + H2O → isocitrate3−

3. isocitrate3− + NAD−
ox → α‐ketoglutarate2− + NAD2−

red + CO2(aq)
4. α‐ketoglutarate2− + NAD−

ox + ADP3− + HPO4
2− → succinate2− + NAD2−

red + CO2(aq) + ATP4−

 4A. α‐ketoglutarate2− + CoA + NAD−
ox → succinyl‐CoA− + NAD2−

red + CO2(aq)
 4B. succinyl‐CoA− + ADP3− + HPO4

2− → CoA + ATP4− + succinate2−

5. succinate2− → fumarate2− + H2(aq)
 5A. succinate2− + FAD → fumarate2− + FADH2

6. fumarate2− + H2O → malate2−

7. malate2− + NAD−
ox → oxaloacetate2− + NAD2−

red + H+

0. pyruvate− + NAD−
ox + oxaloacetate2− + H2O → citrate3− + NAD2−

red + CO2(aq) + H+

 0A. pyruvate− + NAD−
ox + CoA → acetyl‐CoA + NAD2−

red + CO2(aq)
 0B. acetyl‐CoA + oxaloacetate2− + H2O → citrate3− + CoA + H+

Overall forward citric acid cycle resulting in pyruvate oxidation, NAD and FAD reduction, and ATP generation:
pyruvate− + 4NAD−

ox + ADP3− + HPO4
2− + 2H2O + FAD → 3CO2(aq) + 4NAD2−

red + 2H+ + ATP4− + FADH2

Substituting reaction (5) for 5A as a proxy for the reduction of FAD, as in Figure 25.4:
pyruvate− + 4NAD−

ox + ADP3− + HPO4
2− + 2H2O → 3CO2(aq) + 4NAD2−

red + 2H+ + ATP4− + H2(aq)

acetyl‐CoA = acetyl‐coenzyme A
ATP = adenosine triphosphate
ADP = adenosine diphosphate
CoA = coenzyme A
FAD = oxidized flavin adenine dinucleotide
FADH2 = reduced flavin adenine dinucleotide
NAD−

ox = oxidized nicotinamide adenine dinucleotide
NAD2−

red = reduced nicotinamide adenine dinucleotide
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throughout the known biosphere. Minimum affinity con-
tours for step 4 are shaped differently than contours for 
all other steps in the citric acid cycle, revealing a broad 
shallow trough of small positive values in pressure 
and  temperature associated with the conversion of α‐
ketoglutarate to succinate and CO2(aq) coupled to pro-
duction of adenosine triphosphate (ATP) from adenosine 
diphosphate (ADP) and reduction of NAD. The positive 
values of affinity for steps 3 and 4 are consistent with the 
notion that the CO2(aq)‐producing steps of the forward 
citric acid cycle are associated with energy release cou-
pled to biosynthesis. In contrast, step 5, in which succinate 
is oxidized to form the double bond in fumarate, is ener-
getically costly, as revealed by the negative values of 
affinity at all temperatures and pressures shown in 
Figure 25.3. However, these results show that the ener-
getic cost of this step decreases with increasing tempera-
ture. The hydration of fumarate to malate in step 6 
requires energy as indicated by the negative affinity values 
at all temperatures and pressures, but the magnitudes are 
much lower than those associated with step 5. Note that 
the energy cost of step 6 is predicted to increase slightly 
with increasing temperature at all pressures. The only 
step in the citric acid cycle that exhibits a change in the 
sign of its affinity is step 7, in which malate oxidation 
to  oxaloacetate is coupled to NAD reduction. Step 7 
requires the input of energy at low temperatures, is 
accompanied by a release of energy at high temperatures, 
and is predicted to be the least pressure‐dependent of all 
of the affinities shown in Figure 25.3.

Finally, the plot in the lower right‐hand corner of 
Figure 25.3 shows minimum affinities for the overall for-
ward citric acid cycle in which pyruvate is oxidized to 
CO2(aq) and coupled to the reduction of NAD and pro-
duction of ATP. The minimum affinity values shown for 
the other steps combine to yield contours that are closely 
spaced at high temperature and approach an increasingly 
flat plateau as temperatures decrease, suggesting that 
energy from the overall citric acid cycle at low tempera-
tures is nearly independent of pressure. They also yield 
the surprising result that the affinity for the overall for-
ward cycle can be negative at low temperatures and 
positive at high temperatures while having only a slight 
pressure dependence. This implies that the citric acid 
cycle run in reverse would release energy at temperatures 
below 100 °C at all pressures when using minimum affinity 
values. Portions of the reverse citric acid cycle are often 
recognized as aspects of microbial metabolism, and 
results shown in Figure  25.3 are consistent with the 
release of energy during CO2 fixation into larger organic 
compounds via the citric acid cycle under these condi-
tions. This combination of CO2 fixation into organic 
forms with the release of energy is an example of how 
biochemical cycles may have emerged from geochemical 
precursors (Shock & Boyd, 2015).

Table 25.1 Chemical species in and associated with the citric 
acid cycle and their apparent activities within microbial cells 
used in the present study (see text).

Chemical Species Apparent Activity

citrate−3 2 * 10−3a

cis‐aconitate−3 1.6 * 10−5a

isocitrate−3 2 * 10−3b

α‐ketoglutarate−2 4.4 * 10−4a

succinate−2 5.7 * 10−4a

fumarate−2 1.2 * 10−4a

malate−2 1.7 * 10−3a

oxaloacetate−2 3 * 10−5c

pyruvate− 9 * 10−4d

NAD−
ox 2.6 * 10−3a

NAD−2
red 8.3 * 10−3a

ADP−3 5.6 * 10−4a

ATP−4 9.6 * 10−3a

FAD 1.7 * 10−4a

FADH2 3.8 * 10−5e

H2(aq) 1.6 * 10−2 (4 * 10−10)f

CO2(aq) 2 * 10−2 (4.93 * 10−5)g

HPO4
−2 5 * 10−3 (2 * 10−2)h

H+ 1 * 10−7i

H2O 1j

a Bennett et al. (2009)
b Set equal to that of citrate because no in situ measurement is 
available
c Peng et al. (2004)
d Sundararaj et al. (2004) and Phillips et al. (2008)
e Ishii et al. (2007)
f There are no measurements, but easily diffuses across 
membranes, and intracellular concentration and apparent 
activity are assumed to mimic that of the extracellular 
environment (see text). Value without parentheses corre-
sponds to the dissolved hydrogen concentration from vent 
fluid at the Rainbow hydrothermal field from Charlou et al. 
(2002), while the value in parentheses corresponds to that of 
bottom seawater from McCollom (2007).
g Value without parentheses was measured by Merlin et al. 
(2003) during active fermentation and is used as the value 
that provides the lowest calculated apparent affinity, while 
that in parentheses corresponds to the concentration of 
CO2(aq) of bottom seawater and therefore aligns with 
statement by Lu et al. (2009) that the internal CO2(aq) 
concentration of cells is essentially that of the external 
environment.
h The value outside of the parentheses corresponds to the 
concentration from Sundararaj et al. (2004) and Phillips et al. 
(2008) and provides the lowest calculated apparent affinity, 
while that in parentheses is the value assumed by Bennett 
et al. (2009).
i Set to neutrality at 25 °C and 1 bar to simplify the calcula-
tions, though it should be noted that neutrality depends on 
temperature and pressure.
j Set to unity to simplify the calculations, though it should be 
noted that the actual activity of water could deviate from this 
value depending on salinity.
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The notion that the overall forward citric acid cycle 
would cost energy to run is at odds with its role in human 
metabolism, but it must be kept in mind that the minimum 
affinity values from Escherichia coli and geochemical con-
straints used to generate the plot in Figure  25.3 are 
unlikely to correspond to conditions within human cells. 
In fact, the notion of the overall forward cycle costing 
energy at environmental conditions may be challenged by 
the maximum affinity values shown in Figure  25.4. As 
mentioned above, steps 0, 3, 4, and 5 all involve either 
CO2(aq) or H2(aq) that can diffuse freely across microbial 
membranes and impose external environmental condi-
tions inside cells. The plots for these steps in Figure 25.4 
reflect the maximum affinities enabled by the ranges of 
values shown in Table 25.1. The consequences of external 

control of CO2(aq) and H2(aq) are that affinities for steps 
0, 3, and 5 can be about 10 kcal mol−1 more positive at the 
maximum values shown in Figure 25.4. In the case of step 
5, which is energetically costly regardless of composi-
tional constraints, maximum affinities are considerably 
less costly than the minimum values shown in Figure 25.3. 
Note also that the differently shaped contours for step 4 
exhibit considerably more positive, energy‐releasing values 
in Figure 25.4 than in Figure 25.3, and that the trough has 
shifted to lower temperatures. The combined effects of all 
of these differences cause the maximum affinities for the 
overall forward cycle to be large and positive at all temper-
atures and pressures, as shown in Figure  25.4. If these 
conditions for H2(aq) and CO2(aq) are attained in subsur-
face environments, then the reverse citric acid cycle would 
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not be a source of energy as it evidently is when minimum 
affinity values are considered. The consequences of the 
differences between results in Figures 25.3 and 25.4 under-
score the need for development of clever methods to 
determine solute abundances within microbial cells in lab-
oratory experiments and in natural ecosystems.

25.4. THE CITRIC ACID CYCLE IN A  
SUBDUCTION ZONE DEEP BIOSPHERE

Does the deep biosphere extend only to the depths we 
have explored? We doubt it. Laboratory experiments sum-
marized in Figure  25.1c indicate that microbes survive 
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pressures of tens of kilobars. Coupled with the success of 
life at temperatures >100 °C, these data suggest a deep bio-
sphere that is far more extensive than revealed by observa-
tions of natural systems. Specifically, high pressures and low 
temperatures found in some subduction zones overlap the 
conditions of extreme laboratory growth experiments. 
Based on evidence from these experiments, depths up to 50 
km at many continental margins where subduction zones 
inject cold, altered oceanic crust into the mantle could pro-
vide stable and habitable zones where microorganisms could 
thrive. Habitable depths might be even deeper at fast sub-
duction zones that are also characterized by old, cold slabs 
with high slab dip angles, such as those occurring at Tonga.

Geophysical models of the relations between depth, 
pressure, and temperature in the Tonga subduction zone 
(Syracuse et al., 2010) are shown in Figure 25.5. The warmer 
slab surface intersects the 121 °C isotherm at about 50 km 
depth, corresponding to a pressure of about 15 kb in all 
models. The cooler Moho, which is deeper in the insulated 
interior of the slab, would intersect the 121 °C isotherm at 
a little more than 100 km depth and a pressure of about 35 
kb. These observations lead to the conclusion that the high-
est temperatures and pressures of laboratory microbial 
experiments are attained within the upper 100 km, or so, of 
the Tonga subduction zone. In this study, we conducted cal-
culations up to 200  °C to include additional conditions 
where life may thrive in excess of the currently established 
upper temperature. Note that the slab surface intersects the 

200 °C isotherm at about 20 kb in Figure 25.5. The models 
for conditions at the Moho diverge as temperatures increase 
and intersect the 200 °C isotherm at pressures from ~44 kb to 
~52 kb. These conditions are within the pressure‐tempera-
ture limits of the DEW geochemical model (Sverjensky, 
Harrison, et al., 2014), which allows us to calculate stan-
dard state thermodynamic data throughout this deepest of 
potential subsurface biospheres.

The DEW model accounts for experimentally deter-
mined properties of water and aqueous solutions to 60 kb 
(6.0 GPa) and has enabled new perspectives on the 
progress of water‐rock‐organic reactions in subduction 
zone fluids and the upper mantle (Facq et al., 2014; Guild 
& Shock, 2019; Huang et al., 2017; Sverjensky, Stagno, 
et  al., 2014; Tao et  al., 2018). The development of the 
DEW model is accompanied by changes in how some of 
the revised‐HKF equation of state parameters are esti-
mated. Specifically, extrapolations to high pressures 
required revision of the way that standard partial molal 
volumes of aqueous species are calculated with the 
revised‐HKF parameters. Correlation methods provided 
by Sverjensky, Harrison, et al. (2014) allow estimates of 
these parameters in the absence of experimental data, 
which is the case for everything involved in the citric acid 
cycle other than H+ and CO2(aq). These methods were 
used together with existing standard state data from 
Canovas and Shock (2016) to obtain the revised‐HKF 
equation of state parameters in Table  25.2 that can be 
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Table 25.2 Summary of standard partial molal thermodynamic data at 25 °C and 1 bar for aqueous species in the citric acid cycle (Canovas & Shock, 2016) 
and related biomolecules that take part in reactions in the citric acid cycle (LaRowe & Helgeson, 2006a, 2006b) that are not included in the Deep Earth Water (DEW) 
database, along with equation of state parameters required to calculate the corresponding properties at high temperatures and pressures between 10 and 60 kb. 
Unless otherwise indicated, revised‐HKF equation of state parameters were estimated using the software from DEW model version 11.0.1 (Sverjensky, Harrison,  
et al., 2014).

Species o
fG a o

fH a S o b Cp
o b V o c a1 × 101d a2 × 10−2d a3

e a4 × 10−4f c1
b c2 × 10−4f ωe×10−5a

Citric acid −297180. −364527. 78.89 73.47 112.98 23.4335 18.0278 −10.2781 −3.5243 48.6718 11.9312 −0.06g

H2‐citrate− −292912. −363530. 67.92 47.04 102.48 22.1425 16.7987 −9.2475 −3.4735 47.5542 6.5474 1.50g

H‐citrate2− −286417. −362947. 48.09 7.71 91.08 20.3986 15.1383 −7.8553 −3.4048 33.5330 −1.4641 2.48g

Citrate3− −277690. −363750. 16.13 −43.16 74.08 17.2265 12.1182 −5.3229 −3.2800 6.2075 −11.8263 2.75g

Cis‐aconitic acid −236200. −291400. 63.9 64.0 108.7 22.5524 17.1890 −9.5747 −3.4896 42.1636 10.0022 −0.1640h

H2‐cis‐aconitate− −233600. −290480. 58.2 37.6 98.2 20.9505 15.6638 −8.2958 −3.4265 35.0910 4.6245 0.7477h

H‐cis‐aconitate2− −227700. −289900. 40.4 −1.7 86.8 19.6254 14.4022 −7.2380 −3.3744 29.1329 −3.3809 2.6010h

Cis‐aconitate3− −218970. −290700.  8.4 −52.6 69.8 17.3231 12.2102 −5.4000 −3.2838 18.4954 −13.7492 4.6843h

Isocitric acid −295880. −363960. 76.4 74.5 114.3 23.6793 18.2619 −10.4743 −3.5339 49.0727 12.1411 −0.0820h

H2‐isocitrate− −291390. −362960. 64.7 48.1 103.8 21.9908 16.6543 −9.1264 −3.4675 40.3381 6.7634 0.6493h

H‐isocitrate2− −284960. −362380. 45.1 8.8 92.4 20.6788 15.4052 −8.0790 −3.4158 34.6306 −1.2420 2.5298h

Isocitrate3− −276230. −363180. 13.1 −42.1 75.4 18.3766 13.2132 −6.2410 −3.3252 23.9941 −11.6104 4.6132h

α‐ketoglutaric acid −201800. −245700. 76.1 39.9 95.7 20.0660 14.8217 −7.5897 −3.3917 28.7766 5.0930 −0.0840h

H‐α‐ketoglutarate− −198800. −242300. 77.1 2.9 88.9 19.0070 13.8134 −6.7443 −3.3500 12.1179 −2.4439 0.4615h

α‐ketoglutarate2− −191800. −240400. 60.1 −49.9 82.7 18.6860 13.5078 −6.4881 −3.3374 −1.8644 −13.1992 2.3026h

Succinic acid −177800. −218000. 62.3 53.3 82.44 17.4474 12.3285 −5.4993 −3.2887 35.7970 7.8226 −0.1744h

H‐succinate− −172060. −217350. 45.2 9.3 69.99 15.5663 10.5375 −3.9975 −3.2146 20.3194 −1.1402 0.9446h

Succinate2− −164380. −217350. 19.5 −50.5 56.32 13.8575 8.9105 −2.6333 −3.1474 3.4443 −13.3215 2.9170h

Fumaric acid −154820. −186260. 60.62 47.00 77.9 16.5601 11.4838 −4.7909 −3.2537 31.9979 6.5393 −0.1860h

H‐fumarate− −150600. −186150. 46.83 10.0 65.4 14.6630 9.6775 −3.2764 −3.1791 20.5021 −0.9976 0.9199h

Fumarate2− −144320. −186830. 23.48 −42.8 51.7 12.9315 8.0290 −1.8941 −3.1109 7.4061 −11.7530 2.8572h

Malic acid −213530. −259310. 68.21 56.43 82.22 17.4231 12.3054 −5.4799 −3.2877 37.9851 8.4602 −0.1360h

H‐malate− −208810. −258610. 54.75 19.4 75.40 16.5476 11.4718 −4.7809 −3.2532 24.9065 0.9172 0.8000h

Malate2− −201860. −258890. 30.48 −33.4 69.19 16.2774 11.2146 −4.5662 −3.2426 11.9385 −9.8382 2.7512h

Oxaloacetic acid −200000. −235100. 72.9 29.1 79.1 16.8320 11.7426 −5.0080 −3.2644 22.2537 2.8931 −0.1050h

H‐oxaloacetate− −196600. −231300. 74.0 −7.9 72.3 15.8056 10.7654 −4.1886 −3.2240 6.2205 −4.6438 0.5084h

Oxaloacetate2− −190600. −230300. 57.2 −60.7 66.1 15.4832 10.4584 −3.9312 −3.2114 −7.7894 −15.3992 2.3465h

(Continued)

0004507397.INDD   313 17-12-2019   07:30:36



Table 25.2 (Continued)

Species o
fG a o

fH a S o b Cp
o b V o c a1 × 101d a2 × 10−2d a3

e a4 × 10−4f c1
b c2 × 10−4f ωe×10−5a

Pyruvic acid −117000. −140300. 62.1 36.3  64.6 13.9819  9.0291  −2.7327 −3.1523  25.8192  4.3597 −0.1760h

Pyruvate− −113600. −137400. 60.4 −3.7  51.5 11.8649  7.0134  −1.0426 −3.0689  10.5798 −3.7883  0.7144h

NAD2−
red −524441. −783126. 137.2 177.2 335.8 70.7652 63.0924 −48.0643 −5.3872 187.4039 33.0608  8.4i

NAD−
ox −529811. −776066. 147.6 169.7 335.9 70.7846 63.1109 −48.0798 −5.3880 183.0056 31.5321  8.4i

ADP3− −452649. −624106. 52.17 41.5 191.7 40.6730 34.4416 −24.0408  4.2028 67.3629  5.4271  4.0i

ATP4− −657038. −859264. 47.96 21.3 196.8 42.1334 35.8320 −25.2067 −4.2603 64.7373  1.3124  5.0i

a cal mol−1,
b cal mol−1 K−1,
c cm3 mol−1,
d cal mol−1 bar−1,
e cal K mol−1 bar−1,
f cal K mol−1,
g LaRowe and Helgeson (2006a),
h Canovas and Shock (2016),
i LaRowe and Helgeson (2006b).
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used with the DEW model, which already includes H+, 
H2(aq), CO2(aq), and HPO4

2−. It should be noted that 
these parameters can be used reliably at pressures bet-
ween 10 kb and 60 kb, but not below 10 kb.

Equilibrium constants for the reactions in Box 25.1 were 
calculated with the DEW model for temperatures up to 
200 °C and pressures from 10 to 60 kb. At the lower temper-
atures and higher pressures considered, a polymorph of ice 
is stable rather than liquid water, so equilibrium constants 
for reactions involving aqueous solutes were not calculated 
at these conditions. Values of activity products were calcu-
lated as described above using data from Table  25.1 and 
combined with the DEW‐based equilibrium constants to 
evaluate affinities throughout low‐temperature conditions 
of subduction zone fluids in the Tonga model shown in 
Figure  25.5. The results are shown in Figure  25.6 for 
minimum affinity values and in Figure 25.7 for maximum 
affinity values, using the same constraints as in the 
construction of Figures 25.3 and 25.4.

The plots in Figure 25.6 show minimum affinity con-
tours on P‐T plots that extend from 10 to 60 kb and from 
0 °C to 200 °C. These plots also show depths on the right‐
hand ordinate. The contours are truncated where they hit 
the edge of the ice stability field. Also shown in each plot 
are traces of the slab surface (solid curve) and the Moho 
(dashed curve) from the Tonga subduction models 
adopted from Figure 25.5. A striking feature of the plots 
in Figure 25.6 is that the affinity contours have consider-
ably lower slopes than the corresponding low‐pressure 
plots shown in Figure 25.3. In fact, rather than being able 
to conclude that the minimum affinities for the citric acid 
cycle and most of its individual steps change with tem-
perature but are nearly independent of pressure, which is 
the case of the low‐pressure predictions, at the higher 
pressures of Figure  25.6, affinities depend strongly on 
both pressure and temperature. In several cases, the tra-
jectory of the slab surface in pressure and temperature is 
roughly parallel with the affinity contours of individual 
steps, suggesting that slab surface conditions are energet-
ically similar for these reactions regardless of depth. In 
contrast, the trajectory of the Moho cuts across the 
affinity contours. The implication is that the energetic 
consequences for the citric acid cycle at the Moho are 
considerably more variable than at the slab surface.

Minimum affinities for step 0 in Figure 25.6 are positive 
and increase with increasing pressure, indicating that this 
reaction yielding citrate and CO2(aq) from pyruvate and 
oxaloacetate is predicted to release energy throughout 
shallow conditions in steeply dipping subduction zones. 
Affinities for step 0 at the conditions of the slab surface 
vary from 17 kcal mol−1 at the initiation of subduction to 
12 kcal mol−1 at 200  °C and depth >60 km, which is 
equivalent to the affinity at 25 °C and ~1 kb for step 0 in 
Figure 25.3. In contrast to the subparallel trajectory of 

the slab surface, the trajectory for the Moho crosses sev-
eral affinity contours and is consistent with greater energy 
releases with increasing depth, maximizing at about 29 
kcal mol−1 at 200  °C and nearly 160 km. Although the 
slopes of the affinity contours for step 1 are similar to 
those for step 0, the magnitudes of the affinities are 
opposite in sign and become more negative with increasing 
depth and pressure. This means that the dehydration of 
citrate to form cis‐aconitate is not favored at these condi-
tions and would require the input of energy. The energy 
requirements at slab surface conditions are considerably 
milder than along the trace of the Moho. These results 
contrast with affinities for step 1 at low pressures shown 
in Figure 25.3, which are small and positive at all pres-
sures and temperatures considered.

The slab‐surface trajectory is also subparallel to the 
minimum affinity contours for steps 2, 3, and 5 as shown 
in Figure 25.6. Those for step 2 hover around zero, those 
for step 3 are slightly negative, and those for step 5 are 
strongly negative, which means that the hydration of cis‐
aconitate to isocitrate is predicted to effectively break 
even, the oxidation of isocitrate to α‐ketoglutarate and 
CO2(aq) requires a small input of energy, and the oxidation 
of succinate to fumarate is cost intensive. Comparison 
with analogous plots in Figure 25.3 shows that differences 
in the magnitudes of affinities between the low‐pressure 
and high‐pressure calculations are least for step 2 and con-
siderably more dramatic for steps 3 and 5. The effects of 
pressure are particularly noteworthy for step 3, as strongly 
negative affinities can be encountered at subduction zones 
of Figure 25.6 that are not seen at the lower pressures in 
Figure 25.3. It should be kept in mind that negative affin-
ities for forward reactions also mean that the reverse 
reactions would release energy. It is particularly notable 
that the reduction of fumarate to succinate, the reverse 
version of step 5, would release considerable energy at 
slab‐surface conditions. The Moho trajectory for step 2 
crosses the affinity contours much like it does for steps 0 
and 1, and like step 0 becomes more energetically favor-
able with depth. In contrast, the Moho trajectories for 
steps 3 and 5, which also cross many affinity contours, 
extend into conditions where these reactions are increas-
ingly costly with increasing depth. Again, this means that 
the reverse reactions would be energy releasing, and both 
are capable of releasing impressive amounts of energy 
along the Moho trajectory.

The minimum affinity contours shown in Figure 25.6 
for steps 4, 6, and 7 are steeper than the trajectories for 
the other steps, and as a consequence, the changes along 
slab‐surface and Moho trajectories appear to be more 
dramatic. However, the spacings between contours for 
steps 4 and 6 are considerably smaller than in the plots 
for steps 0, 1, 3, and 5, and those for step 7 are comparable 
to those for step 2. In the case of  step 4, in which the 
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Figure 25.6 Contours of minimum affinity values (in kcal mol−1) as functions of temperature and pressure for steps 
in the citric acid cycle as given in Box 25.1 and calculated with equation (25.6) using the compositional data listed 
in Table 25.1 and equilibrium constants calculated with the DEW model using data and parameters from Table 25.2. 
Slab‐surface and Moho trajectories for the Tonga subduction zone shown in Figure  25.5 are indicated. See 
electronic version for color representation of the figures in this book.
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oxidation of  α‐ketoglutarate to succinate and CO2(aq) is 
coupled to the production of  ATP from ADP, minimum 
affinities change along the slab surface from slightly 
positive to zero with increasing depth. The Moho trajec-
tory for step 4 crosses into negative affinity values, 
 consistent with energy release if  the reaction were to pro-
ceed in the reverse direction of  how it is written in 
Box  25.1, leading to production of  α‐ketoglutarate. 
Small positive affinity values accompany step 4 at the 
lower pressure plots in Figure 25.3 as well. As in the case 
of  step 4, slab‐surface and Moho trajectories for step 6 
in Figure  25.6 also move to somewhat more negative 
values with depth, which means that hydration of  fuma-
rate to malate becomes increasingly costly, and the 
reverse reaction more energetically favorable over the 
course of  shallow subduction. Note that the magnitudes 
of  the affinities for step 6 at the high‐pressure conditions 
shown in Figure  25.6 are similar to the those at much 
lower pressures shown in Figure 25.3. In contrast to the 

high‐pressure behavior shown by step 6, the Moho and 
slab‐surface trajectories for step 7 move to more positive 
affinities with increasing depth, indicating that the 
oxidation of  malate to oxaloacetate yields increasing 
energy with depth. The steep contours for step 7 indicate 
that changes in temperature tend to have more profound 
effects on the minimum affinities than do changes in 
pressure, which is a conclusion reached for most steps 
in  the citric acid cycle at low pressures illustrated in 
Figure 25.3.

Minimum affinity contours for the overall citric acid 
cycle shown in Figure  25.6 almost all show negative 
values, indicating that the forward citric acid cycle costs 
energy and that the reverse citric acid cycle would be 
capable of releasing energy. The slab‐surface trajectory 
moves to less negative values with increasing depth, but 
the Moho trajectory moves steadily to more negative 
values with increasing depth before becoming essentially 
parallel to the affinity contours at depths greater than 

10

Step 6 Step 7
Slab
Surface Moho

40

60

80

100

120

140

160

180

15

20

25

30

35

P
 (

kb
ar

s)

D
ep

th
 (

km
)

D
ep

th
 (

km
)

40

45

50

55

60
0 50 100

T (celsius)

150 200

10

Slab
Surface Moho

40

60

80

100

120

140

160

180

15

20

25

30

35

P
 (

kb
ar

s)

40

45

50

55

60
0 50 100

T (celsius)

150 200

Overall Citric Acid Cycle

D
ep

th
 (

km
)

10

Slab
Surface Moho

40

60

80

100

120

140

160

180

15

20

25

30

35

P
 (

kb
ar

s)

40

45

50

55

60
0 50 100

T (celsius)

150 200

Figure 25.6 (Continued)
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140 km. Note that deep Moho trajectories for steps 0, 1, 
2, 3, and 5 also approach constant affinity values at these 
depths, which is why the overall cycle affinities show this 
behavior. All subduction zone affinities for the overall 
cycle in Figure  25.6 are more negative than any of the 
affinity contours for the overall cycle in Figure 25.3. In 
terms of minimum affinities, this means that increasing 
depth increasingly favors the reverse citric acid cycle.

As in the low‐pressure examples discussed above, vari-
ations in activities of H2(aq), CO2(aq), and HPO4

2− from 
Table 25.1 will affect the affinities of steps 0, 3, 4, and 5, 
and therefore the affinities of the overall cycle as well. 
Maximum affinities attainable owing to these activity 
variations are shown for these steps in Figure  25.7 for 
high‐pressure conditions. Note that affinities for step 0 in 
Figure 25.7 are about 6 kcal mol−1 more positive than in 
Figure 25.6. Similarly, those for step 3 are about 4 kcal 
mol−1 more positive, and those for step 5 are about 15 
kcal mol−1 more positive. The curved contours for step 4 
fall in somewhat different positions in Figure 25.7 than 
they do in Figure 25.6, and affinities are generally bet-
ween 3 and 6 kcal mol−1 more positive in Figure 25.7. The 
consequences of these more positive affinities in the 
maximum case are dramatic for the affinities of the 
overall cycle shown in Figure 25.7. Neither the slab‐sur-
face nor the Moho trajectories are predicted to cross into 
negative affinity territory, although the Moho trajectory 
reaches a broad minimum of about 2 kcal mol−1 below 
about 120 km. In contrast, the slab‐surface trajectory is 
predicted to cross into more and more positive affinity 
values with depth. Unlike the minimum affinity values 
shown in Figure  25.6, which are consistent with the 
reverse citric acid cycle releasing energy throughout shal-
low subduction conditions, maximum affinity values lead 
to the prediction that the forward citric acid cycle would 
release energy. These dramatic differences underscore the 
influence of changes in the composition of the external 
geochemical environment on how basic biochemical 
processes can operate, which can be anticipated from the 
principles of geobiochemistry (Shock & Boyd, 2015).

The two pressure‐temperature ranges described above 
do not overlap, owing to constraints of  the revised‐HKF 
and DEW models, and the vertical axes vary enor-
mously in range. Nevertheless, it is possible to envision 
how contours connect from the lower pressure plots in 
Figure  25.3 and 25.4 to the higher pressure plots 
in Figures 25.6 and 25.7. The nearly vertical contours in 
Figures 25.3 and 25.4 must bend at higher pressures to 
become the much flatter contours in Figure  25.6 and 
25.7, reflecting the increasing influence of  changes in 
reaction volumes as pressure increases. It is useful to 
take the scales of  the figures into account. As an 
example, the Ar = –2 kcal mol−1 contour toward the left 
of  the step 2 plot in Figure 25.3 has a slope of  ~0.125 °C 
bar−1, and the same Ar = –2 kcal mol−1 contour in the 

upper right corner of  the Step 2 plot of  Figure 25.6 has 
a slope of  0.007 °C bar−1. In the eight‐kilobar gap bet-
ween the two figures, this contour apparently moves 
from <50 °C at 2 kb to ~ 150 °C at 10 kb, with a change 
in slope of  ~95%.

25.5. GEOCHEMICAL INFLUENCE 
ON THE POTENTIAL ENERGY YIELD OF THE  

CITRIC ACID CYCLE

In an effort to emphasize how geochemical composi-
tional differences affect the energy yield of the citric acid 
cycle and even which direction yields energy, we have 
assembled the four overall citric acid cycle plots from 
Figures 25.3, 25.4, 26.6, and 25.7 in Figure 25.8 and used 
color scales to illustrate the differences in affinities. It 
should be kept in mind that it is the variations in H2(aq), 
CO2(aq), and HPO4

2−, all of which depend on differences 
in geochemical processes, that drive the differences in 
affinity ranges in these figures.

The top two plots in Figure 25.8 show affinities for the 
overall cycle for the minimum case on the left and the 
maximum case on the right, and both use the same color 
coding indicated by the upper right bar. Using the same 
scale allows the observation that the plot for minimum 
affinity conditions is considerably flatter, varying from 
about 10 to about −5 kcal mol−1, than the maximum 
affinity version, in which affinity values range from 
about 10 to about 45 kcal mol−1. Note that the 
equilibrium, Ar = 0, contour appears on the minimum 
affinity plot and not on the maximum affinity plot. It 
follows that all affinities in the maximum case are 
positive and consistent with energy release through the 
citric acid cycle by its operation in the forward direction. 
In the minimum affinity case, most of  the left side of  the 
plot is in negative affinity space, and much of  that nega-
tive affinity space encompasses the known subsurface 
biosphere as illustrated in Figure 25.1d. Therefore, this 
analysis is consistent with the citric acid cycle domi-
nantly operating to release energy in the reverse direction 
at minimum affinity ranges controlled by geochemical 
processes in the subsurface.

A similar story is revealed by comparing the minimum 
and maximum affinity plots for subduction zone pres-
sures and temperatures shown in the lower two plots in 
Figure 25.8, which use the color coding indicated by the 
lower right bar. As shown in the plot in the lower right, 
maximum affinity values are consistent with positive 
affinities for the overall citric acid cycle throughout con-
ditions attained along the slab‐surface and Moho trajec-
tories, although the latter approaches the Ar = 0 contour 
at the greatest depths. Geochemical compositions leading 
to these maximum affinity values would be consistent 
with energy release through the forward citric acid cycle 
in subduction zone habitats. In contrast, the lower left 
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plot indicates that minimum affinity values are consistent 
with negative affinities over most of the pressures and 
temperatures considered, which means that the reverse 
citric acid cycle would be associated with energy release 

in subduction habitats. In general, conditions along the 
slab‐surface trajectory fall at about −10 kcal mol−1, while 
those along the Moho trajectory reach −30 kcal mol−1 at 
the greatest depths.
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Figure 25.7 Contours of maximum affinity values (in kcal mol−1) as functions of temperature and pressure calcu-
lated as in Figure 25.6 for steps in the citric acid cycle affected by variations in H2(aq), CO2(aq) and HPO4

2− from 
Table 25.1. See electronic version for color representation of the figures in this book.
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25.6. CONCLUDING REMARKS

Uncertainties in the internal compositions of microbial 
cells inhibit full assessments of affinities for the citric acid 
cycle and its individual steps throughout the deep 
 biosphere. We have tried to limit ambiguity by selecting a 
single set of compositions for most of the compounds in 
the cycle. At the same time, we allowed activities of H2(aq) 
and CO2(aq) to vary in response to plausible ranges of 
geochemical compositions. These uncharged solutes are 
likely to diffuse more easily across cell membranes than 
ions, which means their activities can be imposed on 
microbial cells from external geochemical processes. The 

inescapable influence of external processes on these con-
stituents of the citric acid cycle raises the possibility that 
geochemical processes can determine whether energy is 
released as the citric acid cycle operates in either the for-
ward or reverse directions in the deep biosphere.

We find from this analysis that our proposal that con-
ditions in shallow ranges of subduction zones may be 
conducive to life is tenable. The deep biosphere may 
indeed extend much further into the subsurface than we 
presently have access. There is even the possibility that 
these results could refresh thinking about early life on 
Earth. Genetic evidence from all known life sends a 
strong message that use of chemical energy sources 
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 preceded the use of sunlight to power life on Earth (Shock 
& Boyd, 2015). The inescapable conclusion from this 
existing evidence is that there is no compelling reason to 
think that life emerged at the surface or that early habi-
tats should be equated to those at the surface. Instead, life 
itself  seems to indicate that it had geologic origins that 
were plausibly internal to the planet. The energetic anal-
ysis performed in this study shows that one of the central 
biochemical cycles that is deeply engrained in biological 
energy transfer may be intimately tied to geochemical 
compositions that can vary enormously with depth.

We anticipate that calculations of this kind can be 
improved upon. Here are some ways:

 • The main source of constraints for the abundances of 
compounds involved in the citric acid cycle is studies of 
Escherichia coli, which is hardly a denizen of the deep 
biosphere. Perhaps the ongoing metabolomic revolution 
will provide economical ways to inventory internal cel-
lular compositions of a wider variety of microbes, 
including deep residents. The results could be used in a 
far more comprehensive analysis of how compositions 
affect affinities and therefore the directions that the citric 
acid cycle can be run for an energetic profit in subsurface 
habitats, and the magnitudes of those energy releases. 
Additional advances in theoretical estimations could 
open other biochemical pathways to investigation.

 • Subsurface exploration for life can expand through 
scientific drilling, especially if  those drilling efforts focus 
on extreme conditions in the accessible subsurface that 
may be most similar to those that persist in the far less 
accessible reaches of subduction zones that may indeed 
be habitable. Intensive sampling and analysis of subsur-
face fluids for inorganic and organic solutes, together 
with live capture of subsurface residents, will improve the 
compositional framework adopted here.

 • The standard state properties for the citric acid cycle 
used here come from our critique of the available data 
(Canovas & Shock, 2016), and we refer to the review there 
for extensive and obvious gaps in current knowledge. While 
we are optimistic that our predictions are applicable to 
high pressure and temperature extremes of the biosphere, 
we would also not be surprised to find that crucial refine-
ments are possible. Specifically, measurements of partial 
molar properties of solutes involved in the citric acid cycle 
at high temperatures and pressures would revolutionize the 
accuracy of predictions of the type attempted here.

 • We adopted pressure‐temperature‐depth relations for 
the Tonga subduction zone because it is steep, which 
allows subducted materials to reach high pressures while 
still in the relatively low temperature range compatible 
with known life. Other pressure‐temperature‐depth 
models are likely to lead to other conclusions about how 
chemical energy can be accessed through the citric acid 
cycle in other specific locations.
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