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Reaction-transport model for site GeoB15105 in Black Sea

To investigate and quantify the processes controlling distributions of dissolved and particulate
species in the upper 30 m of Black Sea sediments, the data from site Geo15105 were simulated with
a transient diagenetic reaction-transport model. The model was based on previous diagenetic models
by Burdige et al. (2016) and Egger et al. (2016) and expanded to simulate DOC cycling and its
coupling to iron and sulfur turnover.

Four pools of reactive particulate organic matter (POC;, i=1-4) undergoing remineralization at
different rates in the sediments are assumed in the model. We considered four reactive and one
refractory DOC fractions (DOC;, i=1-4 and DOC;) to link particulate organic carbon remineralization
to DOC cycling (see main text). Fe oxides are separated into three pools depending on reactivity (i.e.,
Feoxa for highy reactive, Feoxp for less reactive and Feoxy for unreactive phases). Finally, the model
simulates the distributions of 14 dissolved species (CI', SO4*, YH»S, CHa, NH4", DIC, DOC;, DOCa,
DOC3;, DOC4, DOC,, CH3COO", Fe*" and H) and 11 solid species (POC;, POC2, POCs, POC4,
Fe(OH)%, (Fe(OH)s)?, (Fe(OH);)", FeS, FeS,, FeCOs and S°). Biogeochemical reactions included are
listed in Table S1. The sources and sinks of the model variables are listed in Table S2, and Table S3
provides the model parameters.

Vertical depth profiles of the dissolved and solid species were simulated using 1-D mass

conservation equations (Berner, 1980; Boudreau, 1997):
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where x (cm) is sediment depth, ¢ (yr) is time, @ is porosity, Ds (cm® yr'') is the solute-specific
diffusion coefficient in the sediment, C;(umol cm™ of porewater) is the concentration of solute i, G;
is the content of solid species j (dry weight percent, wt.%), v (cm yr'!) is the net velocity of solutes
by burial and compaction in addition to upward fluid flow imposed at the lower boundary of the

model, w (cm yr'') is the burial velocity of solids and ERc,and ZRG]_are the sum of biogeochemical

reactions for dissolved and solid species (Table S2).

Sediment porosity in the model decreases with depth:
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Parameterization of this function was made based on measured data at site GeoB15105 (Fig. 3).

The velocity of interstitial fluids and solids was calculated as (see main text):
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The sediment burial velocity in compacted sediments (wy) was determined from the known age of
the sediment layers at reaction front #2 (agerr2 = 7995 yr BP). The resulting sedimentation velocity
was 23.3 cm kyr™!, which fits with the chronology of nearby sites (MD MD04-2760 and MD04-2788)
(Kwiecien et al., 2008). Burial results in the downward movement of both sediment particles and
porewater relative to the sediment water interface. Externally impressed fluid flow (v¢) transports
solutes upwards. The net direction of travel depends on the relative magnitude of the terms in the

numerator in Eq. (S4). For site GeoB15105, vy - ¢, > ¢ r T Wr and advection transports solutes

upwards.

The free-solution diffusion coefficient of each solute in seawater (Dum(x)) was corrected for
tortuosity using the modified Weissberg equation (Boudreau, 1997) to give the diffusion coefficient
in the sediment (Ds(x)):

Dym

Dg(x) = 2o (Eq. S7)

Dy was calculated for in situ temperature, salinity and pressure (Boudreau, 1997).

POC degradation was constrained by DOC, acetate, sulfate, DIC and ammonium data. Other
microbially mediated mineralization processes such as aerobic respiration, denitrification,
dissimilatory manganese reduction were ignored, since their quantitative significance on formation
of methane is expected to be minor in these deep water anoxic sediments (water depth = 1268m)
(Zabel et al., 2012). Since the iron (oxyhydr)oxides content is used as the upper boundary condition,
the reaction between oxygen (O2) and Fe?' is implicitly accounted for aerobic oxidation of
ammonium and hydrogen sulfide, typically in the upper mm or cm of the sediment, were ignored
since these processes were expected to make little difference to concentrations extended over several
meters of sediment.

Time-dependent boundary conditions at the sediment surface were applied for CI", SO4*, DIC and

Y'H,S and solid species except S° (Fig. 2). The upper boundary conditions of Cl" and SO4* were



converted from the transient evolution of salinity assuming an initial salinity of 1 for the freshwater
lake and a linear increase to a salinity of 22 between 9300 and 2000 yr BP (Bahr et al., 2008; Soulet
et al., 2010). The transient evolution of DIC was applied to the upper boundary by using an initial
DIC concentration of 0.6 mM for the freshwater lake and a linear increase to the measured DIC
concentration of 5.25 mM at sediment surface between 9300 and 2000 yr BP. The initial DIC
concentration of 0.6 mM was calculated from the ratio between DIC and CI" in modern ocean and
the initial concentration of CI". Best results were obtained by applying measured bottom water > H>S
concentrations (Fig. 2¢) of 0.9 mM to the upper boundary after 1500 yr BP, coincident with the
establishment of modern salinity levels (Soulet et al., 2010). Simulation results with high bottom
water sulfide levels prior to this were unsatisfactory, and previous work suggests that bottom water
> HaS may been < 0.1 mM at this time (Egger et al., 2016). The age of each measured solid species
at each depth (age(x)) and its content were initially applied as time-dependent upper boundary
conditions using Eq. 7 in the main manuscript. These were then fine-tuned to provide optimal fits to
the entire suit of measured biogeochemical profiles (Fig. 3).

Constant concentrations for remaining solutes and a fixed S° content were imposed at the upper
boundary (Table S4). The model was solved with a zero-gradient condition for all dissolved and solid
species except CHy at the lower boundary (Table S4). A fixed concentration obtained was used for
CHy at the lower boundary that was adjusted to fit the CHs data. The observation of gas bubbles and
gas hydrates in the nearby sediments suggests that CHs reaches solubility with bubbles and/or
hydrates in situ (Bohrmann et al., 2011; Minshull et al., 2020). The spatial derivatives of the coupled
partial differential equations were approximated using finite differences and solved using the
method-of-lines (Boudreau, 1997) using the ordinary differential equation solver (NDSolve) in
MATHEMATICA v. 10.0. All simulations were spun-up to steady state to achieve zero gradients
(except CH4) at the lower boundary using a grid spacing which increased from 0.01 cm at the

sediment surface to 10.93 cm at depth (see main text).



Table S1: Reaction network used in the model.

Reaction and stoichiometry (Carbon transformation from POC to DOC and then to DIC or acetate) Kinetic rate law ? Reaction
number
POC degradation and DOC production: Rpoc;deg = kpoc; - POC; (i=1-4) R1
CHO(NH3)py,, + rnH' = CH0(aq) + Iy " NH, "
Rpocp = (1 —ay) - fc " Rpocydeg  (i=1-4) R2
4 R3
RDOC,.p = Z a; - fc 'RPOCideg
i=1
DOC degradation and DIC/H> or acetate production: Rpocigeg = kpoc, - DOC;  (i=1-4) R4
- (1 - fferm) (1 + fferm)
CH;0¢aq) + 2 -H,0 = -HCO;™ +2 -H, + ———-CH3;C00™ + ——-H*
2Y(aq) fferm - Ha frerm 3 fterm - Hz2 2 3 2 RDOCrdeg _ kDOCr .DOC, RS
RhyDOCdeg = Z?:l RDOCideg 'ffermi + RDOCrdeg 'ffermr R6
4
(1 - ffermi) (1 - ffermr) R7
RacDOCdeg = RDOCideg T + RDOCrdeg T

i=1




Table S1(Continued): Reaction network used in the model.

Reaction and stoichiometry (Primary redox reactions)

Kinetic rate law ?

Reaction number

DOC oxidation coupled to iron reduction (hydrogenotrophic iron reduction):
CH;0¢aq) + 4Fe(OH)$ + 7H* — 4Fe?* + HCO3 + 10H,0

DOC oxidation coupled to sulfate reduction (hydrogenotrophic sulfate reduction):

CH,0(aq) + 0.5 SO3~ — HCO3 + 0.5H* + 0.5HS™

DOC oxidation coupled to methanogenesis (hydrogenotrophic methanogenesis):
CH,0(aq) + 0.5H,0 - 0.5CH, + 0.5HCO;™ + 0.5H*

DOC oxidation coupled to iron reduction (acetoclastic iron reduction):
CH;CO0~ + 8Fe(OH)§ + 15H* — 8Fe2* + 2HCO3 + 20H,0

DOC oxidation coupled to sulfate reduction (acetoclastic sulfate reduction):
S0,42~ + CH;CO0™ - HS™ + 2HCO5~

DOC oxidation coupled to methanogenesis (acetoclastic methanogenesis):
CH;C00™ + H,0 — CH, + HCO5~

Fe(OH)$
Rhyrer = 4 * Rhypocdeg - Knyrer + Fe(OH)$
SOE_ KhyFeR
R =05-R : )
hySR hyDOCdeg Kpysr + SO~ Kpyrer + Fe(OH)S
Khysr Khyrer
R =05-R : )
hyME hyDOCdeg Kpysr + SO2™  Kpyrer + Fe(OH)S
Fe(OH)$

Racrer = kacrer - CH3CO0™ .TFG(OH)%
acFe

504_ KacFeR

R =k - CH3;CO0™ - )
acSR acSR 3 Kacsr + Soi— Kacrer + Fe(OH)$

K. K.
Racm = Kaem - CH3CO0™ - ——25% et

KacSR + SOE_ KacFeR + Fe(OH)%

R8

R9

R10

R11

R12

R13




Table S1(Continued): Reaction network used in the model.

Reaction and stoichiometry (Secondary redox and other reactions)

Kinetic rate law ?

No. of reactions

Ammonium released from POC degradation:
CH,O0(NH3)ry,, + 'NH* = CH0(aq) + Iy - NH, "

Anaerobic methane oxidation with sulfate:

CH, + SO%~ - HS™ + HCO3 + H,0

Fe(OH)¥ reduction by Y'H,S:

2Fe(OH)Y + 5H* + HS™ — 2Fe?* + S° + 6H,0
Fe(OH)® reduction by YH,S :

2Fe(0H)§ + 5H* + HS™ - 2Fe?* + 5% + 6H,0
FeS precipitation:

Fe?* + HS™ — FeS+ H*

FeS» precipitation (H»S pathway):

FeS + HS™ + H* > FeS, + H,

SY disproportionation:

4S% + 4H,0 - 3HS™ + 5H* + SOﬁ_

FeS» precipitation (polysulfide pathway):

FeS + S% — FeS,

Anaerobic methane oxidation with Fe(OH)%:
8Fe(OH)¢ + CH, + 15H* - HCO3 + 8Fe?* + 21H,0
Anaerobic methane oxidation with Fe(OH)®:
8Fe(OH)® + CH, + 15H* — HCO3 + 8Fe?* + 21H,0
Fe(OH)® recrystallized from Fe(OH)%:

Fe(OH)% — Fe(OH)?

Fe(OH)Y recrystallized from Fe( OH)E:

Fe(OH)® — Fe(OH)Y

Siderite precipitation:

Fe2* + 2HCO; — FeCO + 2H*

Siderite conversion to FeS:

FeCO; + HS™ — FeS + HCO3

Carbonate reduction:
HCO3 + 4H, + H* - CH, + 3H,0

_ V4
Ramr= Zi=1 7N * Rpoc,deg " fc

L CH,
RsoscHa = Ksoachs " SO3™ -

Reeoxatizs = Kreoxanzs - Fe(OH)§ - fpe - HS™
RrpeoxpHzs = KreoxpHzs * Fe(OH)E * fre "HS™
Rreztias = kreanzs - Fe** - HS™

Rresnzs = Kresnas * FeS - fre - HS™

Rso = kso-S° - fs

Rresso = kpesso - FeS - fre - S° - fs
Reeoxacha = Kreoxacha - Fe(OH)§ - fre - CH,

RreoxpcHa = KreoxgcHa * Fe(OH)E * fre - CHy

RFeoxaFeoxB = kFeoxaFeoxB - Fe(OH)§ - fre

RFeoxGFeoxy = kFeoxBFeoxy ' Fe(OH)E 'fFe
Rgepic = kpepic * Fe?* - DIC

RrecosHzs = Krecosnzs - FeCOs - fre - HS™

Rpicuz = kpicuz - DIC- H,

Kch,aom + CHy

R14

R15

R16

R17

R18

R19

R20

R21

R22

R23

R24

R25

R26

R27

R28

ds x (1-®) x 10*

ds X (1-®) x 10* ds x (1-®) x 10*
a — p— j—
The factors, /(fo = =50 fre = e /5= mwexe

of carbon (12 g mol™!), MWF is the molecular weight of iron (55.8 g mol™!) and MWy is the molecular weight of sulfur (32 g mol™). Other parameters are described in Table S3.

), are used to convert between solid and dissolved species concentrations, where MW is the molecular weight



Table S2: Mass balance of model variables.

Modeled

. Rates
species

Dissolved species

Cl- 0
S03%~ —Rnysr—RsoacHs — Racsr + Rso
YH,S +Rnysr+Rsoacta + Racsr — (Rreoxatizs + Rreoxphzs) — Rreznzs — Rresnas + 3 - Rso — RrecosHzs
CH, +Rnyme—Rsoacta + RacMe — (Rreoxachs + Rreoxpcna) + 0.25 - Rpicnz
NHZ RamF
DIC 2 Rnysr + RnyMe+Rs0acHs T 2 * Racsk + RacMe + (RreoxacH4 T+ RFeoxpcha) — Rrepic + Rrecosnzs + 0.25 * Rnyrer + 2 - Racrer
- 025 - RDICHZ

DOC; RDOCip - RDOCideg (i=1-4)
DOC, Rpoc,p — Rpoc,deg
CH3COO_ +RacD0Cdeg - RacSR - RacME_RacFeR
Fe?* +2 * (Rreoxatizs T Rreoxprzs) — Rreznzs + 8 - (Rreoxachs + Rreoxpcia) — Rrepic + Ruyrer + 8 * Racrer
H, +Rgesn2s — Rpicuz
Solid species
POC; —Rpocideg  (1F1-4)

-2-R -8R ~R — Riyrer — 8- R
Fe(OH)% FeoxaH2S FeoxaCH4 FeoxaFeoxf3 hyFeR acFeR

fFe
Fe(OH)E -2 RFeoxBHZS -8 RFeoxBCH4 + RFeoxaFeoxB - RFeoxBFeoxy
fFe
Fe(OH)g +RFe0xBFeoxy
fFe
FeS +Rpe2n25 — Rresuzs — Rresso + RrecosHzs
fFe

+Rpesn2s + Rresso

FeS, T FeSHzs T ThesSo
R fFe R

+ —

FeCO, repic — Rrecosns
Fe

g0 +(Rreoxans + Rreoxpns) =4 * Rso — Rresso

fs




Table S3: Imposed and best-fit parameters for site GeoB15105

Parameter  Description Baseline Unit Source
T Bottom water temperature 282.15 K M
L Length of sediment column 3000 cm C
S Bottom water salinity 22 - M
ds Dry sediment density 2.31 gcm’ L
dsw Seawater density 1.033 gcm? L
wr Burial velocity of compacted sediment 0.023 cm yr! C
XRrF2 Depth of the boundary between Unit II/I1I 417 cm M
agegp, Calibrated '*C age of the boundary between Unit II/I1I 7995 yr L!?
P Pressure at seafloor 129 bar M
Vo Upward fluid velocity 0.13 cm yr! C
? Sediment porosity at zero depth 0.95 - M
@r Sediment porosity at infinite depth 0.5 - M
p Depth attenuation coefficient of porosity 1/395 cm! C
Dso, Diffusion coefficient for SO4> 220 cm? yr! L?
Dcp, Diffusion coefficient for CHa 343 cm? yr! L?
Dyn, Diffusion coefficient for NH4* 417 cm? yr! L}
Dpic Diffusion coefficient for DIC 238 cm? yr! L3
Dyh,s Diffusion coefficient for YH,S 382 cm? yr! L3
D¢ Diffusion coefficient for CI 335 cm? yr! L3
Dpoc Diffusion coefficient for DOCj, i=1.4, DOC; 50 cm? yr! L4
Dcu,coo-  Diffusion coefficient for CH3COO® 221 cm? yr! L’
Dpee+ Diffusion coefficient for Fe?* 147 cm? yr! L}
Dy, Diffusion coefficient for Hz 605 cm? yr! LS
kpoc, First order rate constant for POC1 degradation 4x104 yrl C
kpoc, First order rate constant for POC: degradation 1.72x107 yr! C
kpoc, First order rate constant for POC3 degradation 3.27x107 yrl C
kpoc, First order rate constant for POCs degradation 5.04x108 yrl C
a; Fraction of POC: degradation that produces refractory DOC: 1% - C
a, Fraction of POC: degradation that produces refractory DOC: 2% - C
as Fraction of POC3 degradation that produces refractory DOC: 2.07% - C
a, Fraction of POCs4 degradation that produces refractory DOC: 0.78% - C
frerm, Fraction of DOC; degradation that produces DIC/Ha 100% - C
frerm, Fraction of DOC: degradation that produces DIC/Ha 10% - C
frerm, Fraction of DOCs3 degradation that produces DIC/Ha 0 - C
frerm, Fraction of DOC4 degradation that produces DIC/Ha 0 - C
frerm, Fraction of DOC: degradation that produces DIC/H2 20% - C
kpoc, First order rate constant for the degradation of DOC;i 35.88 yr! C
kpoc, First order rate constant for the degradation of DOCz 1.00x1072 yr! C
kpoc, First order rate constant for the degradation of DOCs 1.02x10* yr! C
kpoc, First order rate constant for the degradation of DOC4 1.36x10 yr! C
kpoc, First order rate constant for the degradation of DOC: 5.10x107 yr! C
KhyFer Limiting concentration of Feox for hydrogenotrophic iron 0.5 Fe g/g C
reduction
Khysr Limiting concentration of SO4* for hydrogenotrophic sulfate 1 mM C
reduction
Kacrer Limiting concentration of Feox for acetoclastic iron reduction 0.5 Fe g/g C
Kacsr Limiting concentration of SO4? for acetoclastic sulfate reduction 1 mM C
Kch,a0M Limiting concentration of CH, for anaerobic methane oxidation 0.001 mM C
with sulfate
rN N:C mineralization ratio of POC; i=1-4 1:8 - C
Kacrer Kinetic constant for R,.per 0.014 yr! C
Kacsr Kinetic constant for R,.sg 0.131 yrl C
KacME Kinetic constant for R,.mg 0.036 yrl C
Kso4cHa Kinetic constant for Rggacia 1.16x10* mM-1yr! C
Kpeoxarizs ~ Kinetic constant for Reoxatizs 38 mM-1yr! C
kreoxpuzs  Kinetic constant for Rgeoxghzs 34.5 mM ! yr! C
kreonzs Kinetic constant for Rgeptizs 9.375 mM ! yr! C
krestzs Kinetic constant for Rgespzs 0.012 mM ! yr! C
kso Kinetic constant for Rg 3 yr! L’
kresso Kinetic constant for Rgegsg 1 mM-!yr! L’
kreoxacha  Kinetic constant for ReoxacHa 4.0x10° mM ! yr! C
kpeoxpcua  Kinetic constant for Rpeoxgcra 2.5%x1010 mM ! yr! C
Kpeoxareoxp Kinetic constant for Rpeoxareoxp 0.6 yr! L’
Kpeoxpreoxy Kinetic constant for Rreoxgreoxy 2.6x107 yr! C
kgenic Kinetic constant for Rgepic 1.62x10* mM ! yr! C




krecosnzs  Kinetic constant for Rgecosnzs 1.33x10* mM ! yr! C
kpichz Kinetic constant for Rpicyo 1x10° mM ! yr! C

2 Parameter values were based on the following sources: C. Constrained with the model. M. Measured. L. Assumed value from
literature: 'Lamy et al. (2006); 2Kwiecien et al. (2006); *Boudreau (1997); “Burdige et al. (2016); *Egger et al. (2016); *Schulz,
2000.



Table S4: Model boundary conditions for site GeoB15105

Variable Surface? Unit Bottom Unit

Cl- Cl=(t) mM aCl~ /ox=0 mM/cm
S0%~ S0Z~(¢t) mM 0S03~ /9x =0 mM/cm
YH,S YH,S () mM 0YH,S/0x =0 mM/cm
CH, 0 mM 60 mM

DIC DIC(t) nM dDIC/dx =0 mM/cm
DOC; 0 mM adD0OC, /ox =0 mM/cm
DOC, 0 mM dDOC, /0x =0 mM/cm
DOCs 0 mM dDOC; /0x =0 mM/cm
DOC, 0 mM dDOC, /0x =0 mM/cm
DOC, 2.6 mM dDOC, /0x =0 mM/cm
CH;C00~ 0 mM ACH;C00~ /dx =0 mM/cm
Fe?* 0 mM dFe?* /9x =0 mM/cm
H, 0 mM 0H, /0x =0 mM/cm
POCy POC, (t) wt.% dPOC; /0x =0 wt.%/cm
POC, POC, (1) wt.% dPOC;, /9x =0 wt.%/cm
POC; POC;5(t) wt.% 0POC3 /9x =0 wt.%/cm
POC, POC,(t) wt.% dPOC, /9x =0 wt.%/cm
Fe(OH)$ Fe(OH)§(t) wt.% 0Fe(OH)§ /dx =0 wt.%/cm
(Fe(OH)3)# (Fe(OH)3)B(t) wt.% d(Fe(OH)3)B /ax =0 wt.%/cm
(Fe(OH)3)Y (Fe(OH)3)Y(¥) wt.% d(Fe(OH)3)Y /dx =0 wt.%/cm
FeS FeS(t) wt.% dFeS /dx =0 wt.%/cm
FeS, FeS,(t) wt.% dFeS, /0x =0 wt.%/cm
FeCO5 FeCO5(¢) wt.% dFeCO; / dx = 0 wt.%/cm
S0 0 wt. % 0Sy/0x =0 wt.%/cm

2 Cl=(t) and SO3~(t) concentrations are the function of salinity (Fig. 2) (Cl‘(t) = %; S02~(t) =

salinity(t)x103

1.80655-MWSO§-_-dSW

). For other time-dependent boundary conditions, see Fig. 2 in main text.
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Fig. S1: Schematic representation of the reaction-transport model for interactions between
organic carbon, inorganic carbon, sulfur and iron species in the solid and dissolved phases which
link the primary and secondary redox reactions and other chemical reactions under non-steady
state conditions. The number below the underlined element is the oxidation state. Elements
undergoing a change in oxidation state are represented by solid arrows and those with no change
by dashed arrows. The figure builds on the conceptual models of Burdige et al. (2016) and Egger
et al. (2016). Note that only one intermediate DOC step is included in our model.
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Fig. S2: Model sensitivity analysis of POC; and POC; content at the upper boundary at site
GeoB15105. Baseline values are shown in black curves and measured data as symbols. The
gray bars represent the depths of three reaction fronts. The simulated profiles are extracted
from the last simulation year. The results show that POC; and POC; inputs and reactivity are
the main driving forces for the redox reactions at RF1 and RF2, respectively.
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Fig. S3: Model sensitivity analysis of DOC; and DOC> degradation producing DIC/H> (R6)
and acetate (R7) at site GeoB15105. Baseline values are shown in black curves and measured
data as symbols. The gray bars represent the depths of three reaction fronts. The simulated
profiles are extracted from the last simulation year. The results show that DOC; is the main
source of acetate rather than DOC;.
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Fig. S4: Model sensitivity analysis of POCs; and POC4 content at the upper boundary at site
GeoB15105. Baseline values are shown in black curves and measured data as symbols. The grey
bars represent the depths of three reaction fronts. The simulated profiles are extracted from the
last simulation year. POC3; and POC; inputs and reactivity were constrained by the measured
POC contents and DIC and NH4" concentrations.
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Fig. S6: Model sensitivity analysis of iron oxide reduction coupled with methane oxidation and
hydrogen sulphide oxidation at site GeoB15105. Baseline values are shown in black curves and
measured data as symbols. The gray bars represent the depths of three reaction fronts. The
simulated profiles are extracted from the last simulation year. Results show that Fe?" production
is mainly through the cryptic sulfur cycling pathway rather than by coupling with methane
oxidation (R22 and R23). Note the break in the axis in (f). The blue and red curve are
superimposed in (1).
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