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 20 
Abstract 21 
 22 
The traditional ocean chemical explanation for the emergence of suboxia is that once O2 levels 23 
decline to about 10 micromoles/kg then onset of NO3 reduction occurs. This piece of ocean 24 
chemical lore is well founded in observations and is typically phrased as a microbial choice and 25 
not as an obligate requirement. The argument based on O2 levels alone could also be phrased as 26 
being dependent on an equivalent amount of NO3 that would yield the same energy gain. This 27 
description is based on the availability of the electron acceptor: but the oxidation reactions are 28 
usually written out as free energy yield per mole of organic matter, thus not addressing the 29 
oxidant availability constraint invoked by ocean scientists. Here we show that the argument can 30 
be phrased simply as competing rate processes dependent on the free energy yield ratio per 31 
amount of electron acceptor obtained, and thus the [NO3]:[O2] ratio is the critical variable. The 32 
rate at which a microbe can acquire either O2 or NO3 to carry out the oxidation reactions is 33 
dependent on both the concentration in the bulk ocean, and on the diffusivity within the microbial 34 
external molecular boundary layer. From the free energy yield calculations combined with the 35 
~25% greater diffusivity of the O2 molecule we find that the equivalent energy yield occurs at a 36 
ratio of about 3.8 NO3:O2 for a typical Redfield ratio reaction, consistent with an ocean where 37 
NO3 reduction onset occurs at about 10 μmol O2: 40 μmol NO3, and the reactions then proceed in 38 
parallel along a line of this slope until the next energy barrier is approached. Within highly 39 
localized microbial consortia intensely reducing pockets may occur in a bulk ocean containing 40 
finite low O2 levels; and the local flux of reduced species from strongly reducing shelf sediments 41 
will perturb the large scale water column relationship. But all localized reactions drive towards 42 
maximal energy gain from their immediate diffusive surroundings, thus the ocean macroscopic 43 
chemical fields quite well approximate the net efficiency and operational mode of the ensemble 44 
microbial engine. 45 
  46 
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1  Introduction 47 
One of the most prominent and widely recognized features of ocean biogeochemistry is 48 

the remarkable transition that occurs when dissolved oxygen levels become so low that microbes 49 
begin to utilize alternate electron acceptors and reduction of nitrate and the oxidised form of some 50 
other chemical species such as iodate can readily be observed (Rue et al., 1997). Biogeochemical 51 
profiles within intense oxygen minima clearly reveals the occurrence of a secondary nitrite peak, 52 
and a concomitant decline in nitrate concentration at these depths that is recognizable over huge 53 
areas of the ocean (Gruber, 2008; Ulloa et al., 2012; Thamdrup et al., 2012). Descriptions of this 54 
phenomenon occur in almost every ocean chemistry and biology text and the wording has become 55 
routine and near universally accepted. It is typically phrased approximately as “when O2 levels 56 
decline below a critical level of about 10 𝜇mol kg −1 microbes turn to alternate electron 57 
acceptors ...”  But this description appears to imply a choice, not an obligate condition, and thus 58 
could also be phrased as “when NO3 levels become sufficiently high that the energy benefits of 59 
NO3 reduction are equal to those available from reduction of O2 then ...” The purpose of this 60 
paper is to provide a first step in clarifying the energy benefits of these ratios and relationships. 61 

 62 
The first question a chemist might ask is “Why is the critical O2 value set at 10?”  – why 63 

not 20, or 5, or any other value? The second question might be to ask why the NO3 value 64 
apparently becomes critical at that same point? And does temperature matter? – it usually does, 65 
but the apparent lack of a temperature dependence is typically not discussed and with the modern 66 
emergence of ocean warming and increasing deoxygenation some improved understanding of the 67 
fundamental controls of this apparent set point becomes important. 68 

 69 
The standard phrasing in terms of only a lower limit for O2 availability tacitly assumes 70 

that the well known Redfield C:N:O:P ratio holds, and that by specifying the dissolved O 2 71 
concentration we are automatically specifying the equivalent NO3 concentration. In practice this 72 
is only an approximation and changes in temperature and pressure which affect pO 2, and changes 73 
in NO3 from e.g. local sources such as from agricultural run off or efflux from highly reducing 74 
sediments can effectively change these limits. One of the earliest and widely cited descriptions is 75 
that by Redfield et al. (1963) who drew upon waste water treatment literature. This classic chapter 76 
helped to define the field of marine biogeochemistry. Here it was stated as: “The order and extent 77 
to which these steps proceed depends on the free energy available from the respective reactions 78 
and on the concentration of the reactants. The free energy decreases in the order 79 
oxygen>nitrate>sulfate>carbonate when these serve as electron acceptors. ... With the 80 
exhaustion of oxygen, the oxidation of organic matter should continue by the reduction of 81 
nitrate.” The phrase “exhaustion of oxygen” is of course not meant to be absolute but is typically 82 
set at some limiting value. 83 

 84 
The original description by Redfield et al. (1963), and expanded upon by Richards (1965), 85 

is based on an assumed highly oxidizing initial external boundary condition, and the 86 
thermodynamic cascade described follows from this. This is applicable over vast volumes of 87 
ocean waters, and it is the process addressed here. But in some areas such as in the eastern 88 
tropical Pacific an additional boundary condition is provided by the efflux of chemical species 89 
(H2S, CH4, NH3) from the highly reducing sediments and these will provide additional pathways 90 
for O2 consumption. 91 

 92 
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Here we investigate the chemical driving forces behind these transformations by estimating 93 
both the free energy yield per mole of electron acceptor (O2 versus NO3) and also the diffusive 94 
boundary layer limitations that control the rate at which these species may be transported through 95 
the boundary layer surrounding microbial cells to derive various “crossover” concentrations and 96 
ratios. By this we mean the point at which a given nitrate consuming respiration process yields the 97 
same amount of energy per unit of time as does a given oxygen consuming process, thus making 98 
microbial nitrate consumption thermodynamically competitive with oxygen consumption. 99 
 100 

 101 
2  Thermodynamic basis for quantifying energy yield and the diffusive electron acceptor 102 
supply rate 103 
 104 
2.1  Standard free energy yield per mole of electron acceptor 105 

  106 
 Traditionally respiration reactions are tabulated according to their free energy yield per mole of 107 
available organic matter ( e.g. Redfield et. al, 1963; Richards, 1965; Froelich et. al, 1979; 108 
Canfield et. al, 2005; Strohm et. al, 2007). But the ocean science description typically considers 109 
the sequence as occurring not on the basis of the availability of organic matter but on that of the 110 
electron acceptors thus requiring a re-writing of the standard form of the thermodynamic 111 
equations to match this. 112 
 The rate of supply of electron acceptors is typically not considered to be limiting yet as noted 113 
above this appears to be implied in the wording of the standard oceanographic descriptions. For 114 
example it is stated (Canfield et al., 2005) that the next following reaction (in terms of 115 
thermodynamic efficiency of organic matter use) commences once the “other electron acceptors 116 
are depleted”. Froelich et al. (1979) report that: “When this oxidant is depleted, oxidation will 117 
proceed utilizing the next efficient ... oxidant”. In this view an electron acceptor is either present 118 
in such an abundance so as not to pose any supply limitations on the efficiency of organic matter 119 
oxidation, or it is “depleted”. This may mean either not present at all, or present in concentrations 120 
so low that supply limitations are present. It is also implied in these abbreviated descriptions that 121 
all organic matter oxidation is abruptly shifted to the next electron acceptor, whereas in practice a 122 
gradual transition may occur. 123 

In practice observations show that once a critical threshold is reached oxygen levels 124 
continue to decline simultaneously with losses of NO3; that is that oxic mineralisation and 125 
denitrification occur concurrently. Here we examine the energetics of this process as a continuum, 126 
a gradual shift with the utilization of multiple electron acceptor strategies as microbes seek to 127 
extract the maximum energy from their local environment. For this we need to calculate the 128 
supply limitations for the different electron acceptors. 129 

The essential step required is to tabulate organic matter oxidation reactions in terms of 130 
their energy yield per mole of electron acceptor. We first show in Table 1 the standard 131 
representation of a tabulation of representative O 2 and NO 3− consuming organic matter 132 
oxidation reactions (see Table A.1 in the appendix for an explicit redox-balance and references 133 
for these reactions) with their free energy yield values per Redfield ratio molecule (Δ𝐺0,𝑂𝑀). We 134 
also list the more familiar per mole glucose equivalent (Δ𝐺0,𝐺𝐿) as a comparative check. These 135 
values are derived from the standard energies of formation of the reactants and products (see 136 
Table A.2 in the appendix for an excerpt of Table 15 in Thauer et. al. (1977), which contains the 137 
relevant energies of formation). 138 
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In Table 2 we provide a re-formulated list of organic matter oxidation reactions with their 139 
free energy yields per mole of electron acceptor as required for matching to ocean observations of 140 
the profiles of O2 and NO3. In Table A.3 we provide further details on the exact steps required for 141 
reformulation of these equations. From these results it becomes clear as to which electron 142 
acceptor allows for the most efficient use of organic matter, or organic matter equivalents, and 143 
under which conditions. 144 

 145 
2.2  Free energy yield ratio per amount of electron acceptor reacted 146 

 147 
 We first calculate an energy yield ratio (YR) per amount of electron acceptor for the 148 

various reaction pairs using the free energy yield values per mole of electron acceptor for the 149 
reactions given in Table 2  150 

 Y𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

=
Δ𝐺

R𝑖
𝑂2
0,𝑂2

Δ𝐺
R𝑗
𝑁𝑂3

−
0,𝑁𝑂3

− (1) 151 

 152 
where the indices i and j indicate the pairing of reactions given in Table 2. 153 

The upper panel of Table 3 shows Y𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 ratios per amount of electron acceptor 154 
reacted for all combinations of the oxygen and nitrate consuming reactions listed in Table 2.  155 

  156 
From these yield ratios we then calculate an equivalence oxygen [O2] concentration for a 157 

given nitrate concentration [NO3] and a given reaction pair 𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3− such that the 158 

concentration ratio [NO3
-]/[O2] is equal to the energy yield ratio Y𝑅𝑅𝑖

𝑂2 ,𝑅𝑗
𝑁𝑂3

−

 159 
 160 

 [𝑂2]𝑦𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

= [𝑁𝑂3−]

𝑌𝑅
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
− (2) 161 

 162 

The lower panel of Table 3 shows equivalence oxygen concentration [𝑂2]𝑦𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 values  163 
for a given NO3 concentration for each combination of the reactions shown in Table 2. 164 

 165 
 166 
 167 

2.3 Maximal electron acceptor diffusion limited energy yield of a respiration reaction 168 
 169 

 Electron acceptors need to be transported to the cell across the diffusive boundary layer 170 
(DBL). This diffusive electron acceptor supply can be the ultimately limiting criterion for 171 
microorganism growth and survival and has been shown to be critical even at very low levels 172 
(Stolper et al., 2010). Diffusive electron acceptor EA (either O 2 or NO 3− here) flux per area of 173 
exchange across the DBL around a respiring microorganism can be expressed by the standard 174 
discretization of Fick’s first law (eg., Santschi et al., 1991; Boudreau,1996; Zeebe, 2001; 175 
Hofmann et. al., 2011b,a). 176 

 177 



6 
 

 F𝐷𝐸𝐴 = 𝐷𝐸𝐴

𝐿
  �[𝐸𝐴]𝑓 − [𝐸𝐴]𝑠� (3) 178 

 179 
 With F𝐷 being the diffusive flux of electron acceptor EA in 𝜇mol s −1 cm −2 across the DBL, 180 
D𝐸𝐴 the molecular diffusion coefficient for the electron acceptor EA in cm 2 s −1 , [𝐸𝐴]𝑓 and 181 
[𝐸𝐴]𝑠 the electron acceptor EA concentrations in the free stream (subscript f) and at the surface 182 
of the organism (subscript s) in 𝜇mol cm −3. L is the thickness of the diffusive boundary layer in 183 
cm. All diffusivities used are taken at a standard temperature of 5°C and in sea water. 184 
 185 
For particles much smaller than the smallest eddies (diameter of ≈1 mm), the effective thickness 186 
of the DBL is set by the radius of the spherical organism (Zeebe and Wolf-Gladrow, 2001, p. 133 187 
& 135). We thus assume L = r with r = 0.5 10 −4 being the assumed standard radius of a spherical 188 
microorganism (about the size of the denitrifying bacterium (Canfield et. al., 2005)). With A = 189 
4πr2 being the surface area of the microorganism, this yields an expression for the total diffusive 190 
electron acceptor flux per organism in 𝜇mol s −1 of  191 
 192 

 F𝐷𝐸𝐴 = 4  𝜋  𝑟  𝐷𝐸𝐴  �[𝐸𝐴]𝑓 − [𝐸𝐴]𝑠� (4) 193 
 194 

 Equation 4 is an expression commonly used to describe limitations of diffusive boundary layer 195 
transport around microorganisms ( e.g. Stolper et. al., 2010) and can be modified to represent 196 
electron acceptor concentrations [𝐸𝐴]𝑓 and [𝐸𝐴]𝑠 in gravimetric units of 𝜇mol kg −1 with 197 
𝜌𝑆𝑊, the density of seawater in kg cm −3. 198 
 199 

 F𝐷𝐸𝐴 = 4  𝜋  𝑟  𝐷𝐸𝐴  𝜌𝑆𝑊  �[𝐸𝐴]𝑓 − [𝐸𝐴]𝑠� (5) 200 
 201 
 202 
Because our objective is to describe the oceanic supply side limited by physico-chemical 203 
processes in the ocean in a non-organism specific way, we assume [𝐸𝐴]𝑠 = 0𝜇𝑚𝑜𝑙𝑘𝑔−1, i.e 204 
assuming maximally efficient electron acceptor transport into the cell. The expression for the 205 
diffusive electron acceptor flux can thus be simplified to 206 
 207 

 F𝐷𝐸𝐴 = 4  𝜋  𝑟  𝐷𝐸𝐴  𝜌𝑆𝑊  [𝐸𝐴]𝑓 (6) 208 
 209 
 Assuming diffusion limitation for the electron acceptor [EA] flux to the cell, a maximal energy 210 
yield rate in nJ s −1 for a given respiration reaction R𝑖

𝐸𝐴 can then be calculated. 211 
 212 

 E𝑚𝑎𝑥
𝑅𝑖
𝐸𝐴

= F𝐷𝐸𝐴    Δ𝐺𝑅𝑖𝐸𝐴
0,𝐸𝐴 (7) 213 

 214 
 215 

2.4  Electron acceptor concentration crossover point for equal 216 
electron-acceptor-diffusion-limited energy yield 217 

   218 

Based on E𝑚𝑎𝑥
𝑅𝑖
𝐸𝐴

 values, one can calculate concentrations [O 2] and [NO 3−], for two given 219 
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respiration reactions R𝑖
𝑂2 and R𝑗

𝑁𝑂3− where E𝑚𝑎𝑥
𝑅𝑖
𝑂2

 = E𝑚𝑎𝑥
𝑅𝑗
𝑁𝑂3

−

, meaning both reactions,  when 220 
running at their electron-acceptor-diffusion-limited rate, yield the same amount of energy per unit 221 
of time.  222 

 223 
For a given nitrate concentration [NO 3−], the corresponding oxygen concentration 224 

[𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 at the “energy crossover point” can be defined as 225 
 226 

 [𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

: = 𝐸𝑚𝑎𝑥
𝑅𝑖
𝑂2
�[𝑂2]𝑐𝑟

𝑖,𝑗� =! 𝐸𝑚𝑎𝑥
𝑅𝑗
𝑁𝑂3

−

([𝑁𝑂3−]) (8) 227 
 228 

 Figure 1 provides a detailed graphical explanation of the definition of [𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

. The nitrate 229 

– oxygen crossover ratio C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 at the point of equal electron-acceptor-diffusion-limited 230 
energy yield for the two paired reactions can then be calculated as 231 
 232 

 C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

= [𝑁𝑂3−]

[𝑂2]𝑐𝑟
𝑖,𝑗 (9) 233 

 234 

Table 3 shows [𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 (upper panel) and C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 (lower panel) for all combinations 235 
of each an oxygen and a nitrate consuming reaction from Table 2. 236 
 237 
3  Discussion 238 
The physico-chemical descriptions given here are intended to be reasonable approximations to the 239 
opportunities presented to microbes as they seek to extract the maximum chemical energy from 240 
their environment. The arguments cannot be true in the instantaneous sense as intense local 241 
gradients come and go, but these should be a good match over longer space and time scales. We 242 
assume that microbes are near perfect chemical engineers and can be quickly out-competed if a 243 
more favorable energetic pathway emerges within their detection space. 244 

 245 
3.1  Model Assumptions 246 

 247 
For simplicity we have used only the standard free energies (Δ𝐺0). This requires that we assume 248 
the respiratory quotient Q in the equation 249 

 250 
 Δ𝐺 = Δ𝐺0 + 𝑅𝑇ln(𝑄) (10) 251 
 252 

to be equal to 1. This naturally follows from our objective of describing the “oceanic supply 253 
side”, i.e. the boundary layer limitations outside of the organism only, as then [EA], the 254 
concentration of the electron acceptor (either O 2 or NO 3−) inside the cell - i.e. the variable 255 
quantity that might effect Q in our calculations - is not clearly defined. This appears to be 256 
reasonable again if very short term changes in Q are neglected since this implies maximum 257 
utilization of the resource on the larger scale. 258 
 259 
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We therefore assume that inside the microbe there are mechanisms bringing the concentration 260 
ratio Q always to a certain favored value. This will happen at required energy spent, but we 261 
assume that there is always enough energy (organic matter + oxidising agent) available. Thus for 262 
our calculations and relative comparisons we assume (without loss of generality), that Q = 1 263 
always, which renders the term R𝑇ln(𝑄) zero. This allows us to use Δ𝐺0 values for all our 264 
calculations.  265 

As a consequence, the absolute energy gains E𝑚𝑎𝑥
𝑅𝑖
𝐸𝐴

 per unit of time that we calculate (cf. Fig. 1) 266 
are not the exact energy values found in nature, but are maximal values used for relative 267 
intercomparison of different organic matter reactions. Since a focus of our work is to assess the 268 
chemical ratios in the bulk ocean at which this transition occurs then absolute values are not 269 

necessary and this relative comparison is sound. As noted above the calculated C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 270 
values only consider standard free energy and external diffusive limitation considerations for the 271 
primary oxidants O 2 and NO 3−; other trace chemical species are present and the reduction of 272 
IO3

- readily occurs, but these concentrations are so low that they do not affect the larger scale 273 
properties. As a first approximation we use concentrations, not partial pressures (for O 2) and 274 
activities (for NO 3−) to avoid unneccessary complicated considerations. These may readily be 275 
included in later studies of cross-over ratios if required. An example of the formal inclusion of the 276 
partial pressure terms within diffusive boundary layer fluxes is given in Hofmann et al. (2013a). 277 
 278 

   For all our calculations we use a constant temperature of 5°C . There is only a small 279 

change in the temperature dependence of the concentration crossover ratio C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 since the 280 
diffusion coefficients for O 2 and NO 3− have only slightly different slopes with temperature (Fig. 281 
2). This may be significant when comparing ratios for warm surface waters and cold deep waters 282 
(similar to the arguments concerning hypoxia given in Hofmann et. al., 2011c) and against the 283 
backdrop of global oceanic warming ( Lyman et. al., 2010). 284 

 285 
We show in Fig. 2 the temperature dependency of diffusive boundary layer transport 286 

limitation of electron acceptor supply only; it may be possible that other processes, especially 287 
inside the microbial cell might exhibit a much stronger temperature dependency but we not aware 288 
of any evidence for this. Also, if O 2 and NO 3− reactions in the cell happen at different 289 
respiratory quotients Q (i.e., not Q=1 as assumed here), then the there may be a differential 290 
temperature effect on the free energy yield of the O 2 reaction vs. the NO 3− reaction; again, we 291 
expect any such effect to be small. 292 

 293 
We are aware that assuming the electron acceptor concentration directly at the surface of 294 

the organism to be zero, i.e. [𝐸𝐴]𝑠 = 0𝜇𝑚𝑜𝑙𝑘𝑔−1, assumes a high rate of electron acceptor 295 
transport into the cell. Other authors assume, e.g. [𝐸𝐴]𝑠 = 0.5  [𝐸𝐴]𝑓 (Stolper et. al., 2010). 296 
Here we are concerned mainly with relative energy comparisons between various reactions and 297 
wanted to provide an outer envelope for the oceanic ”supply side“ that each organism faces. For 298 
those reasons and to obtain more tractable mathematical expressions, we choose to assume 299 

[𝐸𝐴]𝑠 = 0𝜇𝑚𝑜𝑙𝑘𝑔−1. As a result, obtained E𝑚𝑎𝑥
𝑅𝑖
𝐸𝐴

 values may overestimate true values, however 300 
the energy crossover ratios and concentrations that are the focus here are not affected by this 301 
assumption. 302 

 303 
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3.2  Free energy only vs. diffusion limitation and free energy 304 
 305 

 As a comparison between Tables 3 and 4 shows, the pure energy yield ratios Y𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 306 

are considerably smaller than C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 ratios which additionally include diffusive limitations 307 
for both electron acceptors. This is a direct effect of the higher diffusivity of oxygen as compared 308 
to nitrate and it shows that looking at only the free energies would underestimate the difference in 309 
thermodynamic efficiency between O 2 and NO 3− reactions; importantly considering the 310 
diffusive limitation changes the energy yield ratio between oxygen consuming and nitrate 311 
consuming reactions by about 25 % and this appears to be key in matching observations to theory. 312 

 313 
3.3  Crossover points derived here vs. classical thresholds and in situ data 314 

 315 
Fig. 3 shows the [NO 3−] vs. [O 2] free energy and diffusive limitation crossover lines 316 

([𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

([𝑁𝑂3−])) for three different reaction combinations: oxic mineralisation (R1
𝑂2) and 317 

denitrification to NO 2− (R7
𝑁𝑂3−): blue line; oxic mineralisation and denitrification to NO 2− 318 

including the oxidation of the organic matter amines (R8
𝑁𝑂3−): red line; as well as oxic 319 

mineralisation including the oxidation of the organic matter amines (R2
𝑂2) and denitrification to 320 

NO 2−: black line. Dashed horizontal and vertical lines represent typical nitrate concentrations and 321 
typical oxygen concentration thresholds for the onset of suboxia.  322 

 323 
The crossover points of the horizontal and vertical lines fall close to all energy and 324 

diffusive limitation crossover lines, which makes our theoretical calculations consistent to 325 
classical observed ocean thresholds. The crossover point between the suboxia threshold [O 2] = 326 
10 𝜇 mol kg −1 amd the nitrate concentration around the oxygen minimum zone and the onset of 327 
nitrate consumption in the open Pacific [NO 3−] = 30 𝜇 mol kg −1 is very close to the black 328 

C𝑅𝑅2
𝑂2 ,𝑅7

𝑁𝑂3
−

 crossover line, which might be interpreted as a strong hint towards the dominant 329 
reactions occurring in the open ocean. Similarly, the crossover point between [O 2] = 10 𝜇 mol 330 
kg −1 and [NO 3−] = 40 𝜇 mol kg −1, the nitrate concentration at the inflection point of the nitrate 331 

profile in Santa Monica Bay is close to the red and blue C𝑅𝑅1
𝑂2 ,𝑅7

𝑁𝑂3
−

 and C𝑅𝑅1
𝑂2 ,𝑅8

𝑁𝑂3
−

 crossover 332 
lines and might be similarly interpreted as dominant in that local environment. 333 
 334 

Figure 4 shows depth profiles of [O 2], [NO 3−], [𝑂2]𝑐𝑟
𝑅1
𝑂2 ,𝑅7

𝑁𝑂3
−

 (oxic mineralisation vs. 335 

denitrification to NO 2−), and [𝑂2]𝑐𝑟
𝑅1
𝑂2 ,𝑅8

𝑁𝑂3
−

 (oxic mineralisation vs. denitrification to NO 2− incl. 336 
oxidation of the organic matter amines) in Santa Monica Basin. These data were obtained by us in 337 
an AUV survey carried out in June 2011 (Hofmann et al., 2013c). It can be seen that 338 

[𝑂2]𝑐𝑟
𝑅1
𝑂2 ,𝑅7

𝑁𝑂3
−

 intersects [O 2] at about 650 m depth (Fig. 4, left panel), the same depth as the 339 
inflection of the nitrate concentration profile (Fig. 4, right panel). Similar nitrate drawdowns in a 340 
mid-water oxygen minimum zone in the Pacific are argued to be the result of water column 341 
denitrification (e.g. Rue et. al.,1997), while for Santa Monica Basin and other Southern California 342 
basins, it is argued that all denitrification happens in the sediments and draws down water column 343 
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nitrate concentrations (Berelson et.al.,1987, 1996). Sigman et. al., (2003) estimate, based upon the 344 
NO3 N15/N14 isotope ratio, that 75% of the observed decrease in the Santa Barbara basin is due to 345 
sedimentary denitrification.  346 

Our calculations show that the inflection in the nitrate profile, both locally around the 347 
southern California Basins and far more broadly within the intense OMZ of the eastern tropical 348 
Pacific, happens at the same depth at where oxic mineralisation and denitrification to NO 2− 349 
become equally thermodynamically efficient when their standard free energies and diffusive 350 
electron acceptor supply limitations are considered. The thermodynamic basis is the same for 351 
these scenarios, but the local intensity drives our perception of the dominant signal source. 352 

 353 
4  Conclusions & Outlook 354 

 355 
 We believe that these relationships offer an improved description of the conditions for 356 

the onset of suboxia and the sucession of organic matter oxidation reactions with various electron 357 
acceptors. The classical wording implying that the succession of organic matter oxidation 358 
reactions is a series of “step-functions” has been known to be outmoded for some time but 359 
improved descriptions of the energetic basis for this have only been latently acknowledged and 360 
we have not been able to find a specific account. Clearly O 2 consumers do not stop consuming 361 
O 2 when NO 3− reduction becomes favorable and the reactions appear in parallel. Thus a 362 
continuum or a gradual succession process, where the transition can be tied to the 50:50 energy 363 
efficiency crossover points between organic matter oxidation with different electron acceptors, 364 
appears to be better able to describe ocean processes. For the onset of suboxia, it is clear that a 365 
certain [NO3−]

[O2]
 ratio has to be the key. These arguments can only go so far and it appears that the 366 

next major transition, that of SO4 reduction, is controlled by the functional absolute loss of O2 and 367 
not by a ratio. We have not considered here several other possibilities involving metal ions such 368 
as Mn and Fe based reactions. 369 

 370 
When looking at the electron acceptor sucession as a continuous process governed by 371 

electron acceptor supply, it is required that an electron acceptor is not only assumed to be present 372 
“sufficiently” or to be “depleted”, but that physico-chemical supply limitations of the electron 373 
acceptors have to be made explicit. Calculations based solely on the chemical free energy terms 374 
do not yield a result that usefully mimics the observed ocean. But by including the diffusive terms 375 
and accounting for the ~ 25% increased diffusivity of the O2 molecule over the NO3 ion then a 376 
much better fit is found. The apparent lack of a temperature dependence appears simply to be due 377 
to the fact that all reactants are contained within the Redfield ratio in constant proportions, and 378 
that the temperature dependence of the diffusivity of O2 and NO3 is very similar. We note that 379 
these relationships may be experimentally testable. 380 
 381 
 We only describe processes happening outside the microbial cell - i.e. we describe the “oceanic 382 
supply side”. True measured nitrate to oxygen crossover ratios may be organism specific 383 
depending on exact local micro-environments and reaction pathways that are favored. Field data 384 
and laboratory experiments can surely shed more light on this matter, both in terms of a census of 385 
microorganisms in certain environments, but also in terms of net ecosystem function such as in 386 
estimates of the large scale estuarine filter function (Hofmann et al., 2008) under varying nitrate 387 
vs. oxygen ratios. 388 

Determining criteria that can predict the onset of suboxia and nitrate consumption is 389 
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especially important since declining oceanic oxygen concentrations due to climate change (e.g. 390 
Nakanowatari et. al., 2007; Stramma et. al., 2008; Helm et al., 2011) will bring many low oxygen 391 
systems close to the [NO3−]

[O2]
 “crossover point” where NO 3− will begin to be consumed. 392 

From our calculations it is clear that the oxidative capacity of the oceanic NO3 system is 393 
quite small, and for a typical maximum concentration of about 40 μmol/kg the equivalent O2 394 
concentration is only about 12 μmol. Since the loss of O2 from the solubility effect alone of an 395 
ocean warming of 2° is about 14 μmol then even this modest effect will exceed the NO3 capacity 396 
as a buffer against emergent anoxia. In practice the solubility term appears to explain only 15% of 397 
the O2 losses now being observed (Helm et al., 2011) and it appears inevitable that given the 398 
functional anoxia that now exists in some areas (Canfield et al., 2010) will transfom into a true 399 
anoxic zone with the permament emergence of free sulfide in the ocean water column. There is no 400 
record of this in modern times although sporadic sulfide eruptions have been observed (Weeks et. 401 
al., 2004) and thus it would seem to be a true and deeply disturbing “tipping point” for the ocean 402 
with the NO3 buffer offering only very modest protection. 403 

We also note that there are many other processes involving nitrogen transformations and 404 
the analysis provided here considers only one, although major, facet of the reaction complex. For 405 
example we do not here consider the possible pH dependencies although the transition from 406 
microbial production of NO3 to microbial utilization of NO3 involves the switch from acidic 407 
export to acidic import. 408 
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symbol   name   reaction  
 
𝚫𝐆𝟎,𝐎𝐌  

 
𝚫𝐆𝟎,𝐆𝐋  

R2
𝑂2   oxic min. incl. NH3 

ox.  
  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 138𝑂2−> 106𝐶𝑂2 +
16𝐻𝑁𝑂3 + 122𝐻2𝑂   -56528   -3200 

R3
𝑁𝑂3−   denitrification incl. 

NH3 ox.  
  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 94.4𝐻𝑁𝑂3−>
106𝐶𝑂2 + 55.2𝑁2 + 177.2𝐻2𝑂   -52926   -3000  

R1
𝑂2  

 oxic mineralization  
  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 106𝑂2−> 106𝐶𝑂2 +
16𝑁𝐻3 + 106𝐻2𝑂   -50739   -2870 

R2
𝑁𝑂3−  

 denitrification to N2  
  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 84.8𝐻𝑁𝑂3−>
106𝐶𝑂2 + 16𝑁𝐻3 + 42.4𝑁2 + 148.4𝐻2𝑂   -47972   -2710  

R8
𝑁𝑂3−   denitrification to NO2- 

incl. NH3 ox.  
  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 260𝐻𝑁𝑂3−>
106𝐶𝑂2 + 276𝐻𝑁𝑂2 + 122𝐻2𝑂   -36065   -2040 

R7
𝑁𝑂3−  

 denitrification to NO2-  
  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 212𝐻𝑁𝑂3−>
106𝐶𝑂2 + 212𝐻𝑁𝑂2 + 16𝑁𝐻3 + 106𝐻2𝑂   -35021   -1980 

R1
𝑁𝑂3−  

 ammonification  
  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 53𝐻𝑁𝑂3−> 106𝐶𝑂2 +
69𝑁𝐻3 + 53𝐻2𝑂   -31562   -1790 

 522 
 523 
 524 
Table 1: Representative organic matter oxidation reactions. Standard free energy gain values in 525 
kJ
mol

 - per mole of organic matter with Redfield stoichiometry in C and N (Δ𝐺0,𝑂𝑀) and per mole 526 
of glucose equivalent (Δ𝐺0,𝐺𝐿), as derived from the energies of formation of the reactants and 527 
product given in Thauer et al.(1977). R1

𝑂2 and R1
𝑁𝑂3−: ( e.g. Strohm et al., 2007); R2

𝑂2, R2
𝑁𝑂3− and 528 

R8
𝑁𝑂3−: (e.g. Froelich et al. 1979). See Table A.1 for explicit redox balances of all reactions. By 529 

dividing the value for oxic mineralisation by 106
6
≈ 17.67 (Froelich et al. 1979) to get to a value 530 

per mol of glucose, one obtains Δ𝐺0′ ≈ -2870 kJ
mol

, consistent with Eq. 1 in Strohm et al. (2007). 531 
  532 
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 533 
symbol   name   reaction   𝚫𝐆𝟎,𝐄𝐀  
R1
𝑁𝑂3−  

 ammonification  

𝐻𝑁𝑂3 + 1
53

((𝐶𝐻2𝑂)106(𝑁𝐻3)16)−>

2𝐶𝑂2 + 69
53
𝑁𝐻3 + 𝐻2𝑂    -596 

R2
𝑁𝑂3−  

 denitrification to N2  

𝐻𝑁𝑂3 + 5
424

((𝐶𝐻2𝑂)106(𝑁𝐻3)16)−>
5
4
𝐶𝑂2 + 10

53
𝑁𝐻3 + 1

2
𝑁2 + 7

4
𝐻2𝑂    -566  

R3
𝑁𝑂3−  

 denitrification incl. NH3 ox.  

𝐻𝑁𝑂3 + 5
472

((𝐶𝐻2𝑂)106(𝑁𝐻3)16)−>
265
236

𝐶𝑂2 + 69
118

𝑁2 + 443
236

𝐻2𝑂    -561 
R1
𝑂2  

 oxic mineralization  

𝑂2 + 1
106

((𝐶𝐻2𝑂)106(𝑁𝐻3)16)−> 𝐶𝑂2 +
16
106

𝑁𝐻3 + 𝐻2𝑂    -479 
R4
𝑁𝑂3−  

 H2S ox. w. NO3- (1st step)  
𝑁𝑂3 − +4𝐻2𝑆 + 2𝐻 + −> 4𝑆0 + 𝑁𝐻4 +
+3𝐻2𝑂    -466  

R5
𝑁𝑂3−  

 H2S ox. w. NO3- (2nd step)  

𝑁𝑂3 − + 7
3
𝐻2𝑂 + 4

3
𝑆0−> 𝑁𝐻4 +

+ 4
3
𝑆𝑂42− + 2

3
𝐻 +    -434 

R2
𝑂2  

 oxic min. incl. NH3 ox.  

𝑂2 + 1
138

((𝐶𝐻2𝑂)106(𝑁𝐻3)16)−>
53
69
𝐶𝑂2 + 8

69
𝐻𝑁𝑂3 + 61

69
𝐻2𝑂    -410  

R6
𝑁𝑂3−  H2S ox. w. NO3- (combined)  𝑁𝑂3 − +𝐻2𝑆 + 𝐻2𝑂−> 𝑁𝐻4 + +𝑆𝑂42−    -326 

R7
𝑁𝑂3−  

 denitrification to NO2-  

𝐻𝑁𝑂3 + 1
212

(𝐶𝐻2𝑂)106(𝑁𝐻3)16−>
1
2
𝐶𝑂2 + 𝐻𝑁𝑂2 + 4

53
𝑁𝐻3 + 1

2
𝐻2𝑂   -165 

R8
𝑁𝑂3−  

 denitrification to NO2- incl. 
NH3 ox.  

𝐻𝑁𝑂3 + 1
260

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + −>
53
130

𝐶𝑂2 + 69
65
𝐻𝑁𝑂2 + 61

130
𝐻2𝑂   -139 

 534 
 535 
Table 2: Representative organic matter oxidation reactions and dissimilatory nitrate reduction 536 
coupled to hydrogen sulfide oxidation (Sayama et al., 2005) tabulated according to their free 537 
energy yield per mole of electron (𝑒−) acceptor (Δ𝐺0,𝐸𝐴) Δ𝐺0,𝐸𝐴 values are in kJ

mol
 - per mole of 538 

electron (𝑒−) acceptor, as derived from the energies of formation of the reactants and product 539 
given in Thauer et al. (1977). Reaction equations from Table 1 are reformulated as detailed in 540 
table 7. 541 
 542 
  543 
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 544 
 545 
 546 
  547 
 548 
 549 
 550 
 551 
 552 
 553 
 554 
 555 
 556 
 557 
 558 
 559 
 560 

 561 

Table 3: Free energy yield ratio Y𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 per amount of electron acceptor reacted (top part) 562 

and equivalence oxygen concentration Y𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 for a given nitrate concentration [NO 3−] = 40 563 
𝜇 mol kg −1 (example value: as observed at the onset of nitrate consumption in Santa Monica 564 
Basin Hofmann et. al., 2013c). Both values are given for all combinations of an oxygen 565 
consuming reaction and a nitrate consuming reaction from Table 2. 566 
 567 
  568 

𝐘𝐑𝐑𝐢
𝐎𝟐 ,𝐑𝐣

𝐍𝐎𝟑
−

  
 

R1
𝑁𝑂3−  

 
R2
𝑁𝑂3−  

 
R3
𝑁𝑂3−  

 
R4
𝑁𝑂3−  

 
R5
𝑁𝑂3−  

 
R6
𝑁𝑂3−  

 
R7
𝑁𝑂3−  

 
R8
𝑁𝑂3−  

R1
𝑂2  

 
0.80  

 
0.85  

 
0.85  

 
1.03  

 
1.10  

 
1.47  

 
2.90  

 
3.45  

R2
𝑂2  

 
0.69  

 
0.72  

 
0.73  

 
0.88  

 
0.94  

 
1.26  

 
2.48  

 
2.95  

         

[𝐎𝟐]𝐲𝐫
𝐑𝐢
𝐎𝟐 ,𝐑𝐣

𝐍𝐎𝟑
−

  
 

R1
𝑁𝑂3−  

 
R2
𝑁𝑂3−  

 
R3
𝑁𝑂3−  

 
R4
𝑁𝑂3−  

 
R5
𝑁𝑂3−  

 
R6
𝑁𝑂3−  

 
R7
𝑁𝑂3−  

 
R8
𝑁𝑂3−  

R1
𝑂2  

 
49.8  

 
47.3  

 
46.8  

 
38.9  

 
36.2  

 
27.2  

 
13.8  

 
11.6  

R2
𝑂2  

 
58.1  

 
55.2  

 
54.7  

 
45.5  

 
42.3  

 
31.8  

 
16.1  

 
13.6  
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 569 
 570 

[𝐎𝟐]𝐑𝐢
𝐎𝟐 ,𝐑𝐣

𝐍𝐎𝟑
−

  
 

R1
𝑁𝑂3−  

 
R2
𝑁𝑂3−  

 
R3
𝑁𝑂3−  

 
R4
𝑁𝑂3−  

 
R5
𝑁𝑂3−  

 
R6
𝑁𝑂3−  

 
R7
𝑁𝑂3−   R8

𝑁𝑂3−  

R1
𝑂2 

   
39.8  

 
37.8  

 
37.5  

 
31.1  

 
29.0  

 
21.8  

  
11.0    9.3  

R2
𝑂2 

 
46.5  

 
44.2  

 
43.8  

 
36.4  

 
33.9  

 
25.4  

  
12.9    10.8  

𝐂𝐑𝐑𝐢
𝐎𝟐 ,𝐑𝐣

𝐍𝐎𝟑
−

  
 

R1
𝑁𝑂3−  

 
R2
𝑁𝑂3−  

 
R3
𝑁𝑂3−  

 
R4
𝑁𝑂3−  

 
R5
𝑁𝑂3−  

 
R6
𝑁𝑂3−  

 
R7
𝑁𝑂3−   R8

𝑁𝑂3−  

R1
𝑂2 

 
1.00  

 
1.06  

 
1.07  

 
1.28  

 
1.38  

 
1.84  

 
3.63   4.31  

R2
𝑂2 

 
0.86  

 
0.91  

 
0.91  

 
1.10  

 
1.18  

 
1.57  

 
3.11   3.69  

 571 
 572 

Table 4: Diffusion limited free energy crossover oxygen concentration [𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 (upper 573 

panel) and the respective concentration crossover ratio C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 (lower panel) for a given 574 
nitrate concentration [NO 3−] = 40 𝜇 mol kg −1 (example value: as observed at the onset of 575 
nitrate consumption in Santa Monica Basin (Hofmann et. al., 2013c). Both values are given for all 576 
combinations of an oxygen consuming reaction and a nitrate consuming reaction from Table 2. 577 
 578 
 579 
 580 
 581 
 582 
 583 
  584 
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 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

Figure 1: Graphically determining [𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

. Consider the reaction pairs (R1
𝑂2 ,𝑅8

𝑁𝑂3−) and 599 

(R1
𝑂2 ,𝑅7

𝑁𝑂3−) (see Table 2 for reactions): E𝑚𝑎𝑥
𝑅𝑖
𝐸𝐴

 for both reactions can be plotted in the same 600 
graph. Drawing a vertical line at the given value for [𝑁𝑂3−] (here without loss of generality 40 𝜇 601 

mol kg −1) and intersecting the E𝑚𝑎𝑥
𝑅7
𝑁𝑂3

−

 line (blue) gives E𝑚𝑎𝑥
𝑅7
𝑁𝑂3

−

for [𝑁𝑂3−] = 40 𝜇 mol kg −1. 602 

Extending a line horizontally from this point to the E𝑚𝑎𝑥
𝑅1
𝑂2

 line and determining the abscissa 603 
position of the intersection provides the oxygen concentration where 604 

E𝑚𝑎𝑥
𝑅1
𝑂2

([𝑂2]) = 𝐸𝑚𝑎𝑥
𝑅7
𝑁𝑂3

−

([𝑁𝑂3−), which is by definition [𝑂2]𝑐𝑟
𝑅1
𝑂2 ,𝑅7

𝑁𝑂3
−

and has a value of ≈ 11.0 𝜇 605 

mol kg −1 for the given example. [𝑂2]𝑐𝑟
𝑅1
𝑂2 ,𝑅8

𝑁𝑂3
−

 can be determined equivalently (red lines). 606 
 607 

  608 
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 609 

 610 

 611 

Fig. 2:  Left panel. Temperature dependency of the molecular diffusion coefficients for oxygen 612 
(D𝑂2) and for nitrate (D𝑁𝑂3−) (Boudreau, 1996).  613 

 Right panel. Temperature dependency of C𝑅𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 for three different reaction combinations 614 
and [𝑁𝑂3−] = 40 𝜇 mol kg −1. 615 
 616 

  617 
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 618 

 619 
 620 

 621 
 622 

Fig. 3: Nitrate concentration [NO 3−] versus the oxygen energy and diffusive limitation crossover 623 

concentration [𝑂2]𝑐𝑟
𝑅𝑖
𝑂2 ,𝑅𝑗

𝑁𝑂3
−

 calculated as a function of [NO 3−] for three different oxygen and 624 
nitrate reaction combinations (solid lines). The gray, dashed vertical lines represent two typical 625 
ambient nitrate concentrations around the onset of nitrate consumtion: 30 𝜇 kg −1: approximate 626 
nitrate concentration at the onset of NO 3− consumption at the VERTEX stations in the eastern 627 
tropical North Pacific (Rue et al.,1997); 40 𝜇: approximate nitrate concentration at the inflection 628 
point of the [NO 3−] curve, i.e. the potential onset of NO3 consumption off Santa Monica 629 
(Hofmann et. al., 2013 and Fig. 4). The gray, dashed, horizontal line represents the classical 630 
”suboxia“ threshold ( e.g. Shaffer 2009). 631 
 632 
  633 
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 634 
 635 

 636 
 637 

Figure 4: [O 2], [NO 3−], [𝑂2]𝑐𝑟
𝑅1
𝑂2 ,𝑅7

𝑁𝑂3
−

, and [𝑂2]𝑐𝑟
𝑅1
𝑂2 ,𝑅8

𝑁𝑂3
−

 for depth profiles in the Santa Monica 638 
Basin, obtained by an AUV survey in June 2011 (Hofmann et. al., 2013). Large green dots in the 639 
right hand panel are laboratory determined nitrate values from water samples obtained with an 640 
AUV-board water sampling system. The horizontal, gray, dashed line at 650 m marks the 641 
inflection depth of the [NO 3−] profile. 642 

 643 
 644 
 645 
 646 

647 
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 Appendix 648 
  649 
5  Supplementary Material 650 
 651 
       652 

𝐑𝟐
𝐎𝟐                                      106 𝐶

0
𝐻2𝑂−> 106 𝐶

+4
𝑂2 + 106𝐻2𝑂 + 424𝑒−  653 

                        16𝑁
−3
𝐻3      −> 16𝐻𝑁

+5
𝑂3 + 128𝑒−  654 

⋅   138|                              𝑂
0
2 + 4𝑒−    −> 𝐶𝑂2  655 

       (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 138𝑂2−> 106𝐶𝑂2 + 16𝐻𝑁𝑂3 + 122𝐻2𝑂  656 

𝐑𝟏
𝐎𝟐                      (𝐶

0
𝐻2𝑂)106(𝑁𝐻3)16−> 106𝐶

+4
𝑂2 + 16𝑁𝐻3 + 106𝐻2𝑂 + 424𝑒−  657 

⋅   106|                                𝑂
0
2 + 4𝑒−  −> 𝐶𝑂2  658 

          (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 106𝑂2−> 106𝐶𝑂2 + 16𝑁𝐻3 + 106𝐻2𝑂  659 

𝐑𝟐
𝐍𝐎𝟑

−
                  (𝐶

0
𝐻2𝑂)106(𝑁𝐻3)16−> 106𝐶

+4
𝑂2 + 16𝑁𝐻3 + 106𝐻22𝑂 + 424𝑒−  660 

⋅   84.8|                         𝐻𝑁
+5
𝑂3 + 5𝑒−−> 1

2
𝑁
0
2+ . ..   661 

  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 84.8𝐻𝑁𝑂3−> 106𝐶𝑂2 + 16𝑁𝐻3 + 42.4𝑁2 + 148.4𝐻2𝑂  662 

𝐑𝟑
𝐍𝐎𝟑

−
                                    106𝐶

0
𝐻2𝑂−> 106𝐶

+4
𝑂2 + 106𝐻2𝑂 + 424𝑒−  663 

                            16𝑁
−3
𝐻3−> 8𝑁

0
2 + 48𝑒−  664 

⋅   94.4|                         𝐻𝑁
+5
𝑂3 + 5𝑒−−> 1

2
𝑁
0
2+ . ..   665 

  (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 94.4𝐻𝑁𝑂3−> 106𝐶𝑂2 + 55.2𝑁2 + 177.2𝐻2𝑂  666 

𝐑𝟏
𝐍𝐎𝟑

−
                                    106𝐶

0
𝐻2𝑂−> 106𝐶

+4
𝑂2 + 424+ . ..   667 

⋅   53|                            𝐻𝑁
+5
𝑂3 + 8𝑒−−> 𝑁

−3
𝐻3+ . ..   668 

      (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 53𝐻𝑁𝑂3−> 106𝐶𝑂2 + 69𝑁𝐻3 + 53𝐻2𝑂  669 

𝐑𝟕
𝐍𝐎𝟑

−
                                    106𝐶

0
𝐻2𝑂−> 106𝐶

+4
𝑂2 + 106𝐻2𝑂 + 424𝑒−  670 

⋅   212|                          𝐻𝑁
+5
𝑂3 + 2𝑒−−> 𝐻𝑁

+3
𝑂2+ . ..   671 

   (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 212𝐻𝑁𝑂3−> 106𝐶𝑂2 + 212𝐻𝑁𝑂2 + 16𝑁𝐻3 + 106𝐻2𝑂  672 

𝐑𝟖
𝐍𝐎𝟑

−
                                    106𝐶

0
𝐻2𝑂−> 106𝐶

+4
𝑂2 + 106𝐻2𝑂 + 424𝑒−  673 

                           16𝑁
−3
𝐻3−> 16𝐻𝑁

+3
𝑂2 + 96𝑒−  674 

⋅   260|                          𝐻𝑁
+5
𝑂3 + 2𝑒−−> 𝐻𝑁

+3
𝑂2+ . ..   675 

   (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 260𝐻𝑁𝑂3−> 106𝐶𝑂2 + 276𝐻𝑁𝑂2 + 122𝐻2𝑂  676 
 677 
Table A.1: Explicit redox balances for representative organic matter oxidation reactions (Tab. 1). 678 
  679 
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   680 
name   formula   𝚫𝐆𝐟𝟎   comment  
𝛼-D-glucose   𝐶6𝐻12𝑂6   -917.220  
oxygen   𝑂2   0.000 
carbon dioxide   𝐶𝑂2   -394.359 
water   𝐻2𝑂   -237.178 
nitrate   𝑁𝑂3−   -111.340 
nitrite   𝑁𝑂2−   -37.200 
nitric acid   𝐻𝑁𝑂3   -151.210   𝐻 + 𝑁𝑂3−  
nitrous acid   𝐻𝑁𝑂2   -77.07   𝐻 + 𝑁𝑂2−  
ammonium   𝑁𝐻4+  -79.370 
ammonia   𝑁𝐻3   -26.570 
proton   𝐻+   -39.870    pH=7 
nitrogen gas   𝑁2   0.000 
elemental sulfur   𝑆0   0.000 
hydrogen sulfide   𝐻2𝑆   -33.560 
sulfate   𝑆𝑂42−  -744.630 
   

Table A.2 Energies of formation of relevant chemical species. Excerpt from table 15 of Thauer et 681 
al.(1977), values in kJ

mol
, at standard conditions (unit activities: 1 mol

kg
; pH=7 (thus changing [𝐻+] 682 

from unit concentration); T=25 °C). 683 
 684 
  685 
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   686 
𝐑𝟐
𝐎𝟐        138|         (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 138𝑂2−> 106𝐶𝑂2 + 16𝐻𝑁𝑂3 + 122𝐻2𝑂  687 

               1
138

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + 𝑂2−> 53
69
𝐶𝑂2 + 8

69
𝐻𝑁𝑂3 + 61

69
𝐻2𝑂  688 

𝐑𝟏
𝐎𝟐      /106|         (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 106𝑂2−> 106𝐶𝑂2 + 16𝑁𝐻3 + 106𝐻2𝑂  689 

               1
106

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + 𝑂2−> 𝐶𝑂2 + 16
106

𝑁𝐻3 + 𝐻2𝑂  690 

𝐑𝟐
𝐍𝐎𝟑

−
 ⋅    5

424
|(𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 84.8𝐻𝑁𝑂3−> 106𝐶𝑂2 + 16𝑁𝐻3 + 42.4𝑁2 + 148.4𝐻2𝑂  691 

            5
424

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + 𝐻𝑁𝑂3−> 5
4
𝐶𝑂2 + 10

53
𝑁𝐻3 + 1

2
𝑁2 + 7

4
𝐻2𝑂  692 

𝐑𝟑
𝐍𝐎𝟑

−
 ⋅   5

472
|    (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 472

5
𝐻𝑁𝑂3−> 106𝐶𝑂3 + 552

10
𝑁2 + 886

5
𝐻2𝑂  693 

            5
472

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + 𝐻𝑁𝑂3−> 265
236

𝐶𝑂2 + 69
118

𝑁2 + 443
236

𝐻2𝑂  694 

𝐑𝟓
𝐍𝐎𝟑

−
                     /3|        7𝐻2𝑂 + 3𝑁𝑂3 − +4𝑆0−> 3𝑁𝐻4+ + 4𝑆𝑂42− + 2𝐻+  695 

                       7
3
𝐻2𝑂 + 𝑁𝑂3 − + 4

3
𝑆0−> 𝑁𝐻4+ + 4

3
𝑆𝑂42− + 2

3
𝐻+  696 

𝐑𝟏
𝐍𝐎𝟑

−
        /53|   (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 53𝐻𝑁𝑂3−> 106𝐶𝑂2 + 69𝑁𝐻3 + 53𝐻2𝑂  697 

             1
53

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + 𝐻𝑁𝑂3−> 2𝐶𝑂2 + 69
53
𝑁𝐻3 + 𝐻2𝑂  698 

𝐑𝟕
𝐍𝐎𝟑

−
  212|       (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 212𝐻𝑁𝑂3−> 106𝐶𝑂2 + 212𝐻𝑁𝑂2 + 16𝑁𝐻3 + 106𝐻2𝑂  699 

             1
212

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + 𝐻𝑁𝑂3−> 1
2
𝐶𝑂2 + 𝐻𝑁𝑂2 + 4

53
𝑁𝐻3 + 1

2
𝐻2𝑂  700 

𝐑𝟖
𝐍𝐎𝟑

−
   /260|    (𝐶𝐻2𝑂)106(𝑁𝐻3)16 + 260𝐻𝑁𝑂3−> 106𝐶𝑂2 + 276𝐻𝑁𝑂2 + 122𝐻2𝑂  701 

             1
260

((𝐶𝐻2𝑂)106(𝑁𝐻3)16) + 𝐻𝑁𝑂3−> 53
130

𝐶𝑂2 + 69
65
𝐻𝑁𝑂2 + 61

130
𝐻2𝑂    702 

 703 
Table A.3: Reformulation of representative organic matter oxidation reactions (Tab. 1) and 704 
dissimilatory nitrate reduction coupled to hydrogen sulfide oxidation (Sayama et al., 2005) 705 
standardized to electron acceptors. 706 

   707 
 708 
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