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The ratio of stable carbon isotopes ('*C/'2C) in different environments serves as a significant limitation in
estimating the global balance of methane [Hornibrook et al., 2000]. In this case, the value of '3C/!2C largely depends
on the kinetic isotope effect associated with the metabolism of microorganisms that produce and consume CH,. The
article suggests a dynamic model of the processes of methane formation and its anaerobic oxidation with nitrate by
methanotrophic denitrifying microorganisms (DAOM), which allowed estimating the fractionation factor of stable
carbon isotopes. In the experiment with peat from the minerotrophic bog [Smemo, Yavitt, 2007], the dynamics
of the amount of methane and 8'3CH, was measured. The dynamic model showed that the introduction of nitrate
leads to a slow decrease in the partial pressure of methane. Since methane in the DAOM process is a substrate,
methane is enriched with heavier carbon '3C in the system under study. This leads to an increase in the value
83C-CH,.The carbon isotope fractionation factor during methane oxidation with nitrate was equal to 1.018 and
comparable with the fraction of carbon isotope fractionation in the process of acetoclastic methanogenesis (1.01).
Model calculations have shown that during incubation the apparent fractionation factor of carbon isotopes with
the simultaneous formation of methane and DAOM slowly decreases. The ratio of 3C/!2C isotopes in dissolved
and gaseous methane practically does not differ. The model showed that an increase in the initial concentration of
nitrate increases the rate of DAOM, which leads to a decrease in the concentration of dissolved methane. In this
case, the value of 13C/2C increases. In field studies, Shi et al. (2017) showed that the presence of DAOM in peat
bogs in which fertilizers penectrate can be controlled by the amount of nitrate used and the depth of penetration
into the anoxic layer. Two MATLAB files describing DAOM are attached to the article!.

Key words: methane formation; anaerobic methane oxidation; microorganisms; nitrate; kinetic isotope effect.

OTHOIIEHNE CTaOMIIBHBIX M30TOMMOB yriepona (13C/12C) ciykuT BaxkHBIM (haKTOPOM TP OLIEHKE ITI0GATHLHOTO
Ganmanca merana [Hornibrook et al., 2000]. ITpu sToM BenmuuHa '3C/2C B 3HAYMTENBHON CTETIEHW 3aBUCUT OT
KMHETHUYECKOTO M30TOIMHOTO 3(p(deKTa, CBI3aHHOTO ¢ METab0IM3MOM MUKPOOPTaHU3MOB, KOTOPhIC IMTPOU3BOISIT U
niotpe6istior CH,. B craThe npemaraeTcst amHaMmudeckast MOIelTb MPOIIeCCOB 00Pa30BaHMSI METaHA U €TO aHAPOOHOTO
OKHUCJIEHU S HUTPATOM METAHOTPOMPHBIMU AEHUTPUDULIMPYIOIMMHU MUKpoopraHudMaMu (DAOM), 4To 1o3BOIUIO
OLICHUTDb KO3(ULMEeHT (PpaKLMOHUPOBAHUS CTAaOMJIBHBIX M30TOMNOB yriepoaa. B skcrnepumeHTe ¢ TopdoMm U3
MuHepoTtpodHoro 6osora [Smemo, Yavitt, 2007], usMepsuiach ITMHAMMKA KOJIMYECTBA MeTaHa U BeauunHbl 8'3CH,.
INpennaraemast HaM1 MOJIEJIb ITOKAa3aJja, 4YTO BBeICHWE HUTpaTa MPUBOIUT K MEIJICHHOMY CHIKEHUIO TTapLIMaIbHOTO
nmasiaeHus MetaHa. [Tockonbky MeTaH B mpouiecce DAOM gBisgeTcs cydocTpaToM, B UCCIEAYEMOM CUCTEME TIPOVC-
XOIUT oboraieHne MeTaHa 6oJee TSKeTbIM yriepomaoM BC. DTo MPUBOAUT K Bo3pactaHuio BesmauHbl 8°C-CH,.
KoadduumeHTt hpakiimoHpoBaHUSI N30TOIOB YIJIEPO/Ia B IIPOIIECCE OKMUCIEHUSI MeTaHa HUTPATOM OKa3aJICsl PaBHBIM
1.018 u comocTaBUMBIM ¢ KO3(PPUIIMEHTOM (PpaKLIMOHUPOBAHMS U30TOIOB YIJIepoaa B Mpoliecce alleTOKIacThue-
ckoro MetaHoreHesa (1.01). MoaenbHble pacyeThl TOKa3aau, YTO KaxXYIIMicsa KoadduimeHT GppakiimuoHUpOBaHUS
M30TOIOB yTIjiepoaa IpU OIHOBpeMEeHHOM oOpa3oBaHuu MeTaHa 1 DAOM B xone MHKYOaliu MeIJIEHHO CHUXKAETCSI.
OtHorrenne uzoromnos *C/?C B paCTBOPEHHOM M Ta3006pa3HOM MeTaHe MPAKTUYECKH HE OTINYAIOTCS.

KmoueBble cjioBa: oOpa3oBaHME MeTaHa; aHadpOOHOE OKUCJIECHUWE MeTaHa, MUKPOOPTaHW3Mbl; HMTpAT;
KMHETUYECKUII U30TOIMHBIN 3 dheKT.

INTRODUCTION

Methane is an important greenhouse gas, and
understanding of the mechanisms that influence
methane formation and oxidation is a necessary
element for the transition from local to global level
of estimates of methane emissions into the atmo-

sphere [Bridgeham et al., 2013]. Cellulose is the
major organic substance in most natural ecosys-
tems [Lynd et al., 2002] that transforms to meth-
ane and carbon dioxide. The ratio of stable car-
bon isotopes (13C/12C) of methane is an important
factor in assessing the global balance of methane
[Hornibrook et al., 2000]. The value of 3C/2C

I Supplementary materials are available here https://edgccjournal.org/EDGCC/rt/suppFileMetadata/10534,/0/4975
JlonoHUTeTbHBIE MaTepHralibl K cTaThe pa3MeltieHb https://edgcecjournal.org/EDGCC/1t/suppFileMetadata/10534/0/4975
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largely depends on the kinetic isotope effect associ-
ated with the metabolism of microorganisms that
produce and consume CH,.

The kinetic isotope effect consists in changing
the rate of a chemical reaction when an atom is
replaced by an isotope in a molecule of a reacting
substance [Galimov, 1973, p. 4]. When making cor-
rections for the kinetic isotope effect, the weighted
sum of the '¥3C/!2C ratios in methane coming from
various water bodies should be equal to the ratio
for the atmospheric methane. However, in some
anaerobic environments, a wide range of 6'*C-CH,
values often occurs, making it difficult to estimate
the average value for each water body. The simul-
taneous proceeding of processes such as the forma-
tion and oxidation of methane significantly affects
this value. In addition, it is necessary to take into
account the kinetics of methane oxidation in air,
which also affects the '3C/!2C ratio of atmospheric
methane. Understanding the nature and causes of
d13C-CH, changes provides the basis for the use of
balance estimates of changes in CH, in the atmo-
sphere [Hornibrook et al., 2000].

Since the ‘heavy’ isotope is less abundant com-
pared to the ‘light’ one, the isotope ratio is usu-
ally expressed through the established international
standards in ppm (%o) [Craig, 1957]:

o = 3 R —
8(%,1=10 [R lj, ()

'std

where R and R, isotope ratios (1*C / 2C) in the
sample and standard respectively.

The Rayleigh equation [Rayleigh, 1898] origi-
nally proposed to describe the fractionation dur-
ing the diffusion of a gas mixture, is also used to
calculate the fractionation of stable isotopes:

R [ R, =(S, [ S) /e, 2

where R, and .S,, S, and .S, are the ratio of isotopes
in the substrate and the concentration of substrates
at the beginning of the reaction and at the time ¢
respectively; o is the coefficient of isotope frac-
tionation during the transformation of a substrate
into a product in a closed and perfectly mixed sys-
tem. Equation (2) is traditionally derived, assum-
ing the validity of the reaction of the 1st order
for the concentration of substrate with light and
heavy isotopes. In this case, the isotope fraction-
ation coefficient is defined as

o= klight / kheavy s (3)

which represents the ratio of the rate constants of
the reaction of the Ist order for a substrate with
a light and a heavy isotope. The reaction for the
light isotope substrate is somewhat faster than the
reaction with the heavy isotope. During the reac-
tion, the value can be considered constant with
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good accuracy, which led to the generally accepted
opinion about the prevalence of 1st order reactions
in isotopic transformations. However, the Rayleigh
equation, in fact, does not describe the dynamics
of the process [Vavilin, Rytov, 2015].

Assuming that the concentration of the '2C light
isotope substrate is much greater than the concen-
tration of the substrate with the heavier '3C iso-
tope, the fractionation equations for the substrate,
products, and microbial biomass can be written as

d 3¢S 1 13¢S

dt o S
dlSCP
dt

51113CB~ 1 3¢S
dt ~+a S YP(S,B), (4)

p(S.B),

1 13C§
+1250-v)p(s.B),

where S, P, B are the total concentrations of
substrate, product corrected for biomass growth,
and the biomass itself, containing both '?C and
BC; p (S, B) — the rate of substrate consumption
by biomass, 3¢S, 3¢P 13CB _ the concentration
of substrate, product and biomass with 3C; o —
the fractionation factor of substrates containing
isotopes 12C u 13C; Y — yield coefficient associ-
ated with the growth of biomass and reflecting the
share of the transformation of the substrate into
biomass.

Thus, the dynamics of substrate, product and
biomass with the heavier isotope can be expressed
through the dynamics of a common substrate without
considering its isotopic composition [Vavilin et al.,
2017; Vavilin et al., 2018 (a, b)], and the dynamics
of fractionation of stable isotopes is a consequence of
the dynamics of chemical and biological processes.
The redistribution of stable isotopes makes it possible
to specify the metabolic pathway of the substrate
utilization and determine the corresponding kinetic
parameters and fractionation factors.

In the process of methane formation from cellu-
lose material (C¢H,(Os),, several types of microorga-
nisms take part, carrying out the depolymerization
of cellulose, enzymatic acidogenesis, acetogenesis
and methanogenesis. The main product of the
enzymatic decomposition of cellulose represents
monosaccharides that are further transformed into
hydrogen (H,), carbon dioxide (CO,) and volatile
fatty acids (VFA) such as acetate (CH;COOH):

C6H1005 + 3H20 —>
— 2CH,COOH + 2CO, + 4H,. 5)
The main substrates for methanogenic micro-
organisms are acetate and hydrogen + carbon
dioxide, respectively [Zinder, 1993]:
CH;COOH — CH, + CO,, (6)
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From equations (5)—(7), it follows that the con-
tribution of acetoclastic methanogenesis is 2/3 of
the total methane production [Conrad, 2005].

In the works [Vavilin et al, 2017; Vavilin et al.,
2018 (a, b)], it has been showed that the contri-
bution of acetoclastic methanogenesis changes sig-
nificantly with a significant role of such processes
as syntropic oxidation of acetate and homoaceto-
genesis. Since the fractionation of carbon isotopes
as a result of acetoclastic and hydrogenotrophic
methanogenesis is very different, the following
expression for the magnitude of the apparent frac-
tionation coefficient is often used to determine
the dominant pathway for methane formation
[Whiticar, 1999]:

813C, + 1000

orp = X
813C,, +1000

®)

In [Vavilin et al., 2017; Vavilin et al., 2018 a],
a mathematical description of the dynamics of cel-
lulose conversion to methane and carbon dioxide in
bottom sediments of tropical lakes and peat from
boreal bogs, including the redistribution of a stable
isotope, has been proposed.

The formation and oxidation of methane by
prokaryotes is considered in a review [Kallistova
et al., 2017]. Anaerobic oxidation of methane
is an important process controlling the release
of methane into the atmosphere in marine and
freshwater ecosystems. This process takes place
in connection to processes such as sulfate reduc-
tion, denitrification, and reduction of ferric iron
[Bridgeham et al., 2013]. The intracellular path-
way of methane oxidation and nitrite reduction by
methanotrophic denitrifying culture of Candidatus
Methylomirabilis oxyfera has been discovered by
Ettwig et al. [Ettwig et al., 2010].

Rasigraf et al. [2012] investigated this reaction
(DAOM) by measuring isotopes *C and ?H. Vavilin
and Rytov [2016] used their data when modeling
the process. For mathematical description, the fol-
lowing stoichiometric reaction has been used:

CH, 827

4-13Y

NO; =

=Y C,H,NO, +

4 8§-23Y
3

N, +(1-5Y)CO, +

OH- +¥Hzo, )

where Y is the biomass yield coefficient, reflecting
the partial transfer of substrates to biomass. The
Monod function with two substrates limiting the
total rate has been used to describe the growth of
biomass, the consumption of substrates (methane
and nitrite) and the formation of products (nitro-
gen and carbon dioxide) in accordance with reac-
tion (9). The process of mass exchange of methane

ENVIRONMENTAL DYNAMICS

AND GLOBAL CLIMATE CHANGE

and carbon dioxide in liquid and gas phases has
been taken into account as well as inhibition by
an increased concentration of nitrite.

PROBLEM SETTING

The possibility and potential mechanism of
DAOM in some northern ombrotrophic and
minerotrophic fens is discussed in Smemo and
Yavitt [2007]. In a later work [Smemo, Yavitt,
2011] it has been reported that, without taking
into account the processes of anaerobic oxidation
of methane, the emission of methane into the
atmosphere may be easily overestimated.

The main goal of our work was to develop a
dynamic model of DAOM in the anaerobic system,
in that methane formation and oxidation processes
take place at the same time, based on experimen-
tal data from Smemo and Yavitta [2007]. Since
microbiological processes take place in water, and
the value of 3C/12C is usually measured in gas
(too small values of dissolved methane), the mass
exchange between the gas and liquid phases was
taken into account in the proposed mathematical
model. According to the model, the isotope ratio
of BC/2C in dissolved and gaseous methane is
practically the same.

As a result, the model allowed to evaluate the
effect of various parameters on the DAOM process
and to determine the fractionation factor of stable
carbon isotopes.

MATERIALS AND METHODS
Experimental data

A detailed description of the experiments has
been given earlier [Smemo, Yavitt, 2007]. The fen
of Michigan Hollow (New York, USA), fed by
groundwater (minerotrophic fen), was studied. The
predominant plant species were Carex laucustris
and Typha latifollia. During batch experiments
(six replications) at 25°C with a 250 ml vessel and
a volume of liquid containing peat from a depth
of 5—15 cm, approximately equal to 150 ml, the
dynamics of methane and the 8'3CH, value were
measured. To initiate the DAOM process, initially a
certain amount of methane was introduced into the
gas phase, and nitrate with an initial concentration
of 10 mM was added to the liquid phase. The con-
trol was an experiment without addition of nitrate.

Scheme of methane formation and oxidation
with nitrate

The general scheme of the formation of methane
and its oxidation with nitrate is shown in Figure 1.
The mathematical model used below does not
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Fig. 1. Scheme of the parallel formation of methane from cellulose and anaerobic oxidation of methane by nitrate
(DAOM). In the mathematical model, the processes of synthrophic acetate oxidation and homoacetogenesis are

not considered

Pnc. 1. Cxema coBMECTHOro o0pa3oBaHMsI METaHa U3 LIEJUTIOJI03bl U aHa9POOHOTO0 OKUCIEHUsI MeTaHa HUTPATOM
(DAOM). [Ing ucciemyemMoii CUCTEMbl B MaTEMAaTUYECKOW MOJMEJIM MPOLeCChl CUHTPOMHOTO OKMCJIEHUS alerara

1 TOMOANCTOTrCHE3a HE pacCMaTpMUBarOTCA

consider the processes of syntrophic acetate oxi-
dation and homoacetogenesis, presented in Fig. 1.
For simplicity, in the model the same microbial
biomass formula CsH;NO, is used [Rittmann,
McCarty, 2001] for various microorganisms.

Cellulose methane production model

The dynamic model previously published was
used [Vavilin et al., 2017; Vavilin et al., 2018
(a,b)]. To describe the process of methane for-
mation from acetate carried out by acetoclastic
methanogens, the following stoichiometric equa-
tion was considered:

CH,COOH +Y NH; =

=YC,H,NO, +(1-2.5Y)CO, +

+(1-2.5Y)CH, +3YH,0+YH-, (10)
where the stoichiometric coefficient (1—2.5Y) is
obtained from the equality of the number of atoms
of the chemical elements C, H and O in the right
and left sides of the equation (10). Two groups
of acetoclastic methanogens Methanosarcina and
Methanosaeta were used in the model to describe
acetoclastic methanogenesis.

Tom 10 <> Bobinyek 1 <> 2019

To describe the formation of methane from car-
bon dioxide and hydrogen carried out by hydroge-
notrophic methanogens, the following stoichiomet-
ric equation was considered:

CO, +(4-10Y)H, + Y NH; = YC,H,NO, +
+(1-5Y)CH, +(2-2Y)H,0+YH*,  (11)

where the stoichiometric coefficients (4—10Y),
(1-5Y) and (2—2Y) are obtained from the equality
of the number of atoms of the chemical elements
C, H and O in the right and left sides of equa-
tion (11).

Admitting that the ammonium concentration
does not limit the rate of acetoclastic methano-
genesis, the corresponding Monod functions can
be written as:

Ac
= B, ———— 12
pSar pmSar Sar Ksar +AC7 ( )

Psae = Prmsae Bsue =
Sae mSae = Sae KSE+AC,

.

where Ac are the acetate concentrations;

Bs,,, Bg,, — are the concentrations of acetoclastic
methanogens Methanosarcina and Methanosaeta
(they are known to be the main groups of aceto-
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clastic methanogens: Methanosarcina dominates
with significant concentrations of acetate, and
Methanosaeta dominates with small concentra-
tions of acetate);

are the maximum specific rates of
conversion of acetate to methane by two groups of
acetoclastic methanogens, respectively;

Pmsars PmSae —

K, 50 K,sqe — the corresponding half-saturation
constants for the acetate concentration. For hydro-
genotrophic methanogenesis, we get

H CO
Pt 2= Promern” : : (14)

homet gy +Hy Ko +CO,°

where H, and CO, — are the concentrations of
hydrogen and carbon dioxide, respectively;

By, _mem 1s the concentration of hydrogenotrophic
methanogens;

pH2/CO% i the maximum specific rate of H, + CO,
transformation to methane by hydrogenotrophic
methanogens;

Kco,» Kuo, are the half-saturation constants for
carbon dioxide and hydrogen.

To ensure the overall material balance (with
respect to carbon) in the formation of methane
from cellulose, it is necessary to take into account
the decomposition of inactive biomass and its fur-
ther transformation as a result of lysis back into
acetate, carbon dioxide and hydrogen:

14
CH,NO, + 2 H,0 -
— 2CH,COOH +3CO, +12H, +NH,.  (15)

As a result, taking into account the stoichiometric
equations (5), (10), (11), (15), the formation of meth-
ane from cellulose occurring in water is described
by the following system of differential equations:

ANAEROBIC OXIDATION OF METHANE BY NITRATE: THE KINETIC ISOTOPE EFFECT

dH 10 H, /CO:
d_t2:4kh Cel+?kh3 an _(4_10YH2/C02 )Pmﬁm 2,
dCoO
—2 =2k, Cel+3k,, B, +(1-2.5¥, )py,, +
+ (1 -2.5 )/Sae ) Psae ~ p:i‘t/hCOZ >
dCH
= (1-2.5Y, )pg, +(1-2.5¥,)pg, +
+(1-5 Yl—[2 /CO, )prl-:,iz/hcoz >
dB ar
di = Sar pSar - dear BSar >
dBg,
di = Sae pSae - deae BSae >
dBHz—meth _ Hy /COy k B
dt ~ T Hy/CO, pmeth dHy—-meth"~Hy-meth >
dB
d:v = _kthv an + dear BSar + deae BSae +
+ dez—methBHz—meth ’ (16)

where Cel, Ac, CH,, H, and CO, are the concen-
trations of cellulose, acetate, dissolved methane,
hydrogen, and carbon dioxide, respectively;
t is time;
k, is the kinetic reaction constant of the 1st order
for the hydrolysis of cellulose, B, is the inactive
biomass concentration;
kg 1s the 1st order rate constant in the process
of lysis of inactive biomass;
Kasars Kasaes Kari,-mem are the corresponding biomass
decay constants;
Ysurs Ysaer Yam,co, are the corresponding biomass
yield coefficients for the acetoclastic methanogens
Methanosarcina, Methanosaeta and hydrogeno-
trophic methanogens. In the model (16), the total
carbon balance is maintained.

Along with the traditional variables contained

d; ,e = —k, Cel , in system (16), the model additionally included
variables containing the isotope '3C:
dAe ok, Cel+3k,, B, —py, —p
dt h 3 hB “nv Sar Sae
d 13CCel 13C
Co_ZCd 1 g Cel,
dt Cel Ay
13C 4 ‘3CAc( I 1 1 13CCel 1 5 B, 1
=— Oy +—— Olg,, +—— Ol ]+2 k, Cel += kB, ,
dt Ac A gc0x o Sar ¢ Sae “ Cel Ocer 3 nv aB,,v '
1 1
1-2.5Y,, )og,. +—(1-2.5Y, )a
d 13C02 _y 13CCel 1 k. Cel+ 13C 4 gy Sar Sar gy Sae Sae ~
= h
a cel el ¢ + (2 -5 YACOx ) —— & gcox
AcOx
13C02 1 H,/COy | 5 13Can 1 k.. B
- CcO meth § hB “nv >
2 %Hy/c0, v B,
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dBCCH, 1cye( | 1 13Co, 1 H, /CO
o (1-2.5Yg, ) tgy + —— (1=2.5¥g, ) tgye [+ 0= ——(1=5%, co, ) 0,272
Lsar A sge 2 OLH2 /€O,
d 13CBS 13CAC 1
dt o= Ac Osar YSW(XSW B dear 13CBSar >
d 13CBS 13CAC 1
dt = Ac oo YSae Asge — deae 13CBSae >

d BCB . .ox L 13Cge ]

_ 13C
di e Y 4e0x % acox — Kaacox Z Bacoxs
0(Ac0x
13C
4 "Buyco, _PCO, 1, o H2/Cor g e
T = Co H, /COy Fmeth dH, /CO, H, /CO,
2 OH,/co,

d3CB, K S

13C 13C 13C 13C
= kg By + Kasar P Bsar + Kysae " Bsae + Ky scox P Bacox T Kan, jco, B, jco,> (17)

dt an aan

13C 13C 13C
where BSar’ BSae, 13CBHz—meth and an are
the concentrations of the ‘heavier’ biomass

of Methanosarcina, Methanosaeta acetoclastic
methanogens, hydrogenotrophic methanogens and
inactive biomass containing *C, respectively; 0.c,;
Olsars Olsaes Obgcoxs Oy, o, » Otn, are the carbon iso-

tope fractionation coefficients in the process of
hydrolysis and acidogenesis, acetoclastic methano-
genesis, hydrogenotrophic methanogenesis and
decomposition of inactive biomass, respectively.

Note that in the model combining (16) and (17),
the balance of both total carbon (C) and its iso-
tope (13C) is observed, which allows us to correctly
describe their dynamics.

Model of anaerobic oxidation of methane
by nitrate

For the mathematical description of DAOM,
the following stoichiometric reaction was used:

CH, +*~2YNO; =

= YCH,NO, + =2

OH- +§(1—Y)H20.

N, +(1-5Y)CO, +

8§-23Y
5

The Monod function for AOM with two sub-
strates limiting the total rate (dissolved methane
and nitrate) was used to describe the growth of
biomass, consumption of the substrate and product
formation:

(18)

CH, NO;
Koy, +CH, Ko +NO;

, (19)

Paom = Pmaom Baom *

where B4, is the biomass concentration of meth-
ane-oxidizing microorganisms; CH,, NO; are the
concentrations of dissolved methane and nitrate
ion, respectively; p4oa is the methane consumption
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rate; p,ionm 1S the maximum specific rate of

methane consumption; Kcy,, K, are the cor-
3

responding half-saturation con stants. As a result,
the DAOM process was described by the following
system of equations:

dCH,

d1 = ~Paom>

dNO;  8-23Y,,,

dr 3 )
dcC

(0]
72: (1=5Y 400 ) Paom»
dN, 8-23Y,,,

dt 10 AoM >
dB
;fM =Y om Paorr —Ka Baou» (20)

where N,, CO, are the dissolved nitrogen and car-
bon dioxide concentrations, respectively; Y o, is
the economic coefficient, reflecting the share of
the substrate, turning into the biomass of methane-
oxidizing microorganismes.

The change in the concentration of dissolved
3C-CH, as a result of microbiological reactions
was described by the following equation:

d 13C-CH4 BC-Ac ]
- 1-25Y, N
dt Ac Ol Acetocl ( Acetocl ) pAcetacl
13C—CO2 1 .
- ]_5 Y 2/COy _
COZ OLH, /CO, ~meth ( H; /COy —meth ) Pomern
I3C_CH
G, Prow Q1)
CH4 A aom

From (21) it thus follows that the content of
13C in methane depends on the rates of acetoclas-
tic and hydrogenotrophic methanogenesis, as well
as on the rate of the DAOM process. Moreover,
according to (21), the contribution of these pro-
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cesses has different signs (in the process of metha-
nogenesis, methane is the product of the reaction,
and in the process of DAOM it is the substrate of
the reaction). In the mathematical model, the mass
exchange of CH,, CO, u H, between the liquid
and gaseous phases [Vavilin et al., 2018a] was also
taken into account:

dPF,

Vv, Vv,
COp L M

dr _KPC02 (kH CO, Pcoz_ COZdis ) Z 1000°
dPCH4 _ k P C Ve Vu

dr B pcHy ( HCHy ' CHy 4dis ) Z _1000 s
dp, v, V,

2 _ _ _ L M
dt - KPH2 (kH Hj PH2 2dis ) VG 1000 B (22)

where K is the corresponding mass transfer con-
stants [1 / day] determining how rapidly the con-
centration of the dissolved gas approaches an
equilibrium value, these constants were considered
equal for all gases;
Kucoy Kucny Kun, are the Henry constants (35,
1.36 and 0.87 mmol /1 bar) for CO,, CH, and H,,
respectively;
Pco,, Pcy,, Py, are the partial pressures CO,, CH,,
and H,; CO,,,, CH,,, and H,,;, are the dissolved
gas concentrations;
V,/Vg is the ratio of the volumes of the liquid and
gas phase in the incubation vessel;
V), is the volume of one mole of gas in ml.
Additionally, mass transfer between the dissolved
and gaseous forms of nitrogen N, was considered.
To describe the mass transfer of gases containing
the 3C isotope ('3CO, and '3CH,), the following
equations were considered:

dPDcoz 1
= — KL X
dt aexCOZ
VL VM
X (kHCOZR3C02—gas - 13CC02‘ﬁ3) V_ 1000 ’
G
dP13CH4 1
=— K, x
dt Qo CH,
VL VM
X (kHCH4})l3CH4*gas - 13CCH4‘1[S) V_ ]000’ (23)
G

where o, is the fractionation coefficient in the
process of mass exchange of '3CO, and '3CH, in
the liquid and gas phases. In the systems of equa-
tions (22) and (23), the variables CO,,;,, CH,g;,,
3CO,,;,, BCH,,;, mean concentrations of dissolved
gases and their isotopes.

The ratio of 3C and '2C isotopes in cellulose,
methane, carbon dioxide, acetate, and biomass was
calculated by the formula:

ENVIRONMENTAL DYNAMICS
AND GLOBAL CLIMATE CHANGE

(24)

13, _ 13
810 [%O]{ %.{)51%372@_1}

where 13Q is the concentration of enriched 3C sub-
strates, products and biomass; Q — concentration
of components without consideration of their iso-
topic composition.

The contribution of hydrogenotrophic metha-
nogenesis to the total methane production was
calculated on the basis of the ratio:

f B CH:I2 /€Oy
c— CH:{Z /€0y Cchetale

-1, (25)

where CH}?/“? and CH#* is the amount of
methane formed from H, + CO, (11) and ace-
tate (10), respectively.

To solve the system of differential equations
presented above, the odel5s solver was used, which
implemented a multi-step method of numerical
integration of variable order (5 order was used)
of the MATLAB system [MathWorks Inc., 1984].
Valid values of relative (10~'#) and absolute (10~'°)
errors were specified. The solver was used in the
mode of solving a system of differential equations
written explicitly.

The model calibration consisted of two stages.
At the first stage, only experimental data were used
for the generated methane without considering its
isotopic composition. Note that the coefficients
found of microbial biomass growth and decay are
not unequivocal, since microbial biomass concen-
trations are usually not measured, and the substrate
utilization rates (12)—(14), (19) depend primarily
on the biomass concentration and maximum spe-
cific rate of substrate consumption.

In this case, the higher the initial biomass con-
centration B,, the lower the value should be cho-
sen for the maximum specific substrate consump-
tion rate p,,. Kinetic coefficients characteristic of
anaerobic microbiological processes are contained,
in particular, in a summary paper [Batstone et al.,
2002]. The key parameters used in the proposed
model are listed in Table 1. In the model, the
concentrations were calculated in moles, then they
were recalculated to g /1. At the second calibration
stage, 6'3CH, experimental data were used. As a
result, the isotope fractionation coefficients o were
determined.

The article is supplemented with two files
(MATLAB): 1). the main (“main”) with a graphical
representation of the results of calculations and 2).
a subprogram (“equations”) containing the equa-
tions themselves. This allows the reader to directly
analyze the dynamics of the DAOM process. It
also contains the values of all parameters and the
initial conditions of the variables of the model. The
total number of model variables, including isotopic
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Table 1/ Tabana 1
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Key parameters (o<, p,, Ks) and initial biomass concentrations B, in the mathematical model describing the formati on
and anaerobic oxidation of methane in incubations with minerotrophic peat. In the simulations for the concentrations,
mol / | units were used in accordance with the experimental data, then they were converted into weight units

KAtouesble napameTpbl (<, Ppm, Ks) M HOYOABHBIE KOHLIEHTPALMM 6UOMACChl Bo MOTEMATUYECKOM MOAGAW,
onucbiBaoLme 06pa30BAHNE U AHOIPOGHOE OKUCAEHUE METCAHA B MHKYBALUUIX C MUHEPOTPOdHbIM TOpHOM.
Mpy MOAGAMPOBAHUN AAS KOHLIEHTPALMI UCMOAB3OBAAUCH €AMHMLBI MOA/A. B COOTBETCTBUM C 9KCNEPUMEHTAABHBIMU

ACHHbIMU, 3ATEM OHU NEepPeCYUTbLIBAAUCH B BECOBble e ANHULIbI

*rate constants
Process By, g/l ky day Ks, mg/I **ole

Hm = prY, day™
Hydrolysis and acidogenesis of cellulose k,=0.012 1.001
Acetoclastic methanogenesis *** 7.3 x 103 0.02 0.2 1.01
Hydrogenotrophic methanogenesis 1.1 x 103 0.1075 2 x 1078 (H,) 1.075
DAOM 1.4 x 102 0.014 1.6 X 10-3 (CH,) 1.018

*The model for all groups of biomass used the same biomass yield coefficients Y, equal to 0.025 mol mol! and the

biomass decomposition coefficient k,, equal 0.040c,;

**The last column indicates carbon isotope fractionation factors (o) for individual processes of hydrolysis / acido-
genesis, acetoclastic and hydrogenotrophic methanogenesis and anaerobic oxidation of methane, respectively;
***For calculations, only one group of acetoclastic methanogens was assumed in the model.

variables, is 30. The total number of parameters,
including the initial concentrations of the variables
is as high as 70. The dimensions of the variables
and parameters of the dynamic model, close to
that used in this article, were given in a recently
published article [Vavilin et al., 2018b]. The matrix
form of the model is also presented there.

RESULTS AND DISCUSSION

The dynamics of microbiological processes is
presented in Figure 2. Cellulose decomposition,
described by a simple first-order reaction, occurs
slowly (Fig. 2a). Since the biomass concentrations
of acetoclastic methanogens and hydrogenotrophic
methanogens are significant (Fig. 2e), the current
concentrations of acetate and dissolved hydrogen
are small (Fig.2a, 2c). In this case, the rate of
formation of methane is determined by the rate of
hydrolysis of cellulose. In the absence of nitrate,
the concentration of dissolved methane increases
linearly (Fig. 2c), respectively, and the pressure of
methane increases linearly (Fig. 2g). Since meth-
ane in this case is a reaction product, the value
decreases (Fig. 2h), due to the fact that heavier
carbon remains in the substrate (cellulose) and
partially passes into the biomass of microorgan-
isms (not shown in Fig.2). The proportion of
hydrogenotrophic methanogenesis in the formation
of methane at the end of the process is close to the
classical ratio of 1/3 (Fig. 2i), since the model did
not take into account such processes as syntrophic
acetate oxidation and homoacetogenesis.

The introduction of nitrate leads to the domi-
nance of the reaction rate of DAOM (18) over the

Tom 10 <> Bobinyek 1 <> 2019

rate of the multistep process of methane formation
from cellulose. The nitrate concentration in the
time interval under study decreases linearly, while
the partial pressure of methane and the concentra-
tion of dissolved methane decrease slowly (Fig. 2d,
2g, 2¢). Since methane in the process of its anaero-
bic oxidation with nitrate is a substrate, the value
d1BCH, increases (Fig. 2h). According to (19), the
rate of DAOM decreases with a decrease in the
concentration of nitrate, which leads to a slower
process of fractionation and a 8'*CH, increase
(Fig. 2h). The value of the apparent fractionation
coefficient o (8) decreases (Fig. 2f). Thus, accord-
ing to the results of incubation experiments and
the calculation of the apparent fractionation coef-
ficient, it is possible to determine whether the pro-
cess of anaerobic oxidation of methane influences
its formation. The carbon isotope fractionation rate
in the process of methane oxidation with nitrate
is 1.018, which is comparable to the carbon iso-
tope fractionation rate in the process of acetoclas-
tic methanogenesis, equal to 1.01 [Penning et al.,
2006]. At the same time, the fractionation factor of
carbon isotopes in the process of hydrogenotrophic
methanogenesis is much larger (1.075) [Whiticar,
1999] than that of acetoclastic methanogenesis.
As noted above, the dynamic model used has
a large number of variables and parameters. The
model was calibrated in 2 stages. At the same time,
at the Ist stage, the model was calibrated with-
out considering the isotopic composition of the
model variables. The values of isotopic variables
are about 1% of the values of ordinary variables.
According to the dynamic model, the assessment
of changes in isotopic variables allows us to com-
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Fig. 2. Dynamics of anaerobic oxidation with methane nitrate. Symbols: experiment [Smemo, Yavitt, 2007]; curves:
dynamic model in the absence and presence of nitrate. Key kinetic coefficients are presented in Table 1. Thick lines
show the system dynamics in the absence of nitrate (Fig. 2b, 2c, 2f, 2g and 2h). It is assumed that the conversion
of cellulose to methane is the same in the presence and absence of nitrate (Fig. 2a, 2e, 2i).

Legend: ‘a’: cellulose and acetate concentrations; ‘b’: biomass concentration of anaerobic methane-oxidizing microorganisms;
‘c’: the concentration of dissolved methane and hydrogen; ‘d’: nitrate concentration; ‘e’: concentration of biomass of
acetoclastic and hydrogenotrophic methanogens; ‘f’: apparent stable carbon fractionation ratio (8); ‘g’: methane partial
pressure; ‘h’: the ratio of 13C and '>C isotopes in methane in ppm (1); ‘i’: the proportion of hydrogenotrophic methanogenesis
in the total methane production (25)

Pnc. 2. luHaMrKa aHa3pOOHOI0 OKMCIIEHUSI MeTaHa HUTpaToM. CUMBOJIBL: 3KcIepuMeHT [Smemo, Yavitt, 2007];
KpUBbIE: IMHAMUYECKAsT MOJIeIb B OTCYTCTBMM W NMPUCYTCTBUMU HUTpaTa. KitoueBble KuHeTUUeckue KoahbUIIMeHThI
npencrasieHbl B Ta6m. 1. TojcTeiMM JMHUSIMU TIOKa3aHa JUHAMUKA CHCTEMbl B OTCYTCTBMM HuUTpaTa (puc. 2b,
2¢, 2f, 2g w 2h). IlpuHuMaeTcsi, 4TO TIpeBpallleHre 1eJUTI0NIO3bl B MEeTaH UAET OAWHAKOBO B MPUCYTCTBUU U OT-
cyrcTBUM HuUTpata (puc. 2a, 2e, 2i).

YcnoBHbIe 0003HAUYEHHUsI: 'a’s KOHLEHTPAMU LEJUTIONO03bl M alerara; 'b': KOHLEHTpalusi GMoMacchl aHa9pOOHBIX METaH-
OKHUCJISIOIINX MUKPOOPTAaHMU3MOB; 'C': KOHLIEHTPALlMsI PACTBOPEHHOTO MeTaHa M Bomopona; 'd': KOHUEHTpalusl HUTpaTa; 'e':
KOHIIEHTpALIMsI GUOMACCHI allETOKJIACTUYECKUX U BOJOPOAOTPOGHBIX METaHOTeHOB; 'f': Kaxkyiuiics koadduireHt dpakim-
OHUPOBaHUsI CTaOMILHOTO yriepoma (8); 'g": mapuuanbHoe naBieHue merana; 'h': otHoieHue uzoromnos *C u 2C B MeraHe
B npomuJisix (1); 'i's monst BomoponoTpodHOro MeTaHOreHe3a B o0llell MpoayKuuu MeTaHa (25)

2 %

pare the dominance of various processes (in our
case, the processes of anaerobic methane formation
and its oxidation). In accordance with (21), the
change in the concentration of heavier methane
3CH, depends on the fractionation coefficients of
carbon isotopes in the formation of methane and its
oxidation. The model showed that, when describing

ENVIRONMENTAL DYNAMICS

AND GLOBAL CLIMATE CHANGE

the 3CH, dynamics, the most sensitive parameter
is the fractionation coefficient in the DAOM pro-
cess (Fig. 3). From Fig. 3, it follows that for the
coefficient the third digit after the point is signifi-
cant. We emphasize once again that the change in
the reaction rate through the kinetic isotope effect
is small.
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Fig. 3. The dynamics of the §'*C-CH, value at different values of the fractionation factor a24°™
Pnc. 3. luHamuka seanuutsl 8'3C-CH, npu pasHbIX 3HaueHUsIX KoadduuyeHTa GpakIMOHNpoBaHUsS o210

According to the model, an increase in the ini-
tial concentration of nitrate increases the rate of
DAOM, which leads to a decrease in the concentra-
tion of dissolved methane and the partial pressure
of methane. The 3'3CH, value increases. During
incubation, the concentration of dissolved nitrate
limits the overall rate of the DAOM process. The
nitrate concentration decreases linearly (Fig. 2d),
and the concentration of dissolved methane var-
ies slightly (Fig. 2c). Only at the end of incuba-

X104

tion with a small concentration of nitrate, the rate
of formation of methane from cellulose begins to
prevail over the rate of methane consumption as
a result of DAOM.

In this case, the partial pressure of methane,
and, accordingly, the concentration of dissolved
methane begins to increase (Fig.2g, 2c¢). The
813CH, value begins to decrease (Fig. 2h). In field
studies, Shi et al. [Shi et al., 2017] showed that
the presence of DAOM in peat bogs penetrated

13CH,/">CH, (gas) - 3CH,/2CH, (dis)

10 15

Time, days

Fig. 4. The ratio of 13C and '>C isotopes for dissolved and gaseous methane in an incubation experiment
Pnc. 4. Otnomenue usorornos 3C u 2C m1g pacTBOPEHHOIO W ra3o000pa3sHOro MeTaHa B MHKYOALMOHHOM 3KC-

TICPUMECHTC
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by fertilizers can be controlled by the amount of
nitrate used and by the depth of its penetration
into the oxygen-free layer.

According to Knox et al. [Knox et al., 1992],
the ratio of 3C/12C isotopes in dissolved and gas-
eous methane is almost the same. The mathematical
model confirmed this (Fig. 4). In equations (23),
the fractionation factor oy, inthe mass exchange

process was small (0.001). Consequently, the main
fractionation of carbon isotopes occurs as a result
of microbiological processes, primarily in the
DAOM process.

Earlier, Smemo and Yavitt [Smemo, Yavitt, 2007]
in their calculations used a model assuming a=mixing
of methane, added at the beginning of the process
with biologically formed methane. It was assumed
that during the anaerobic oxidation of methane with
nitrate, the fractionation of carbon isotopes does not
occur. Using the experimental data from Smemo
and Yavitta, an approximate estimate of the frac-
tionation carried out by us using a dynamic model
showed that the fractional fraction of carbon iso-
topes in the process of oxidation of methane with
nitrate is significant (1.018). According to Vavilin
and Rytov [2016], the coefficient of fractionation
of carbon isotopes during the oxidation of methane
with nitrite was 1.032.

CONCLUSIONS

In the course of simultaneous formation of
methane from cellulose and its anaerobic oxida-
tion with nitrate, the anaerobic oxidation of meth-
ane prevails. During incubation, the concentration
of dissolved nitrate limits the overall rate of the
DAOM process. Since methane for DAOM is a
substrate, methane is enriched with heavier *C
carbon, which leads to an increase of 8'*C-CH,.
In contrast to [Smemo, Yavitt, 2007], an estimate
of carbon isotope fractionation using a dynamic
model showed that the fractionation factor of
carbon isotopes during the methane oxidation by
nitrate is significant (1.018) and comparable to
the fractionation factor for acetoclastic methano-
genesis (1.01) used in the calculations. It is much
less than the corresponding fractionation coeffi-
cient for hydrogenotrophic methanogenesis (1.075).
From incubation experiments and calculation of
the apparent fractionation factor, it is possible to
determine whether the process of anaerobic oxida-
tion of methane influences its formation.
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